OPTICAL GLUCOSE NANOBIOSENSOR

ENCAPSULATING IN ERYTHROCYTES

A Dissertation
Presented to
the Faculty of the Graduate School

at the University of Missouri-Columbia

In Partial Fulfillment
Of the requirements for the Degree

Doctoral of Philosophy

By
MAJED EL-DWEIK

Dr. Sheila A. Grant, Dissertation Supervisor

MAY 2007



© Copyright by Majed EI-Dweik 2007
All Rights Reserved



The undersigned, appointed by the Dean of the Graduate School,

have examined the dissertation entitled.

OPTICAL GLUCOSE NANOBIOSENSOR

ENCPSULATING IN ERYTHROCYTES

Presented by Majed EI-Dweik
a candidate for the degree of Doctor of Philosophy of Biological Engineering

and herby certify that in their opinion it is worthy of acceptance.

Dr. Sheila A. Grant, Department of Biological Engineering

Dr. Mark Milanick, Department of Medical Pharmacology & Physiology

Dr. Mark Haidekker, Department of Biological Engineering

Dr. Charles E. Wiedmeyer, Department of veterinary Pathobiology

Dr. Xudong Fan, Department of Biological Engineering



Dedicated to my Lord the almighty Allah then to

my parents, wife and children



ACKNOWLEDGEMENTS

All Praise is due to the almighty God; the most Gracious and the most
Merciful.

| would like to express my deepest gratitude to my advisor, Dr. Sheila
Grant, for her advice, guidance, and encouragement throughout my Ph.D.
program.

| would like to acknowledge all the members of my Ph.D. committee, Dr.
Charles Wiedmeyer, Dr. Xudong (Sherman) Fan, Dr. Mark A. Haidekker, and Dr.
Mark Milanick for reading the dissertation and for their constructive remakes.

| would like to thank Dr. David Emmerich at the University of Missouri-
Columbia, for their advice and their useful suggestions.

Also, | extend my gratitude to the entire staff of the Department of
Biological Engineering at the University of Missouri-Columbia. The technical
support of our laboratory crew, Darcy Lichlyter, senior lab assistance, David
Grant, and Krista Arnett from the Dr. Milanick laboratory during my experiments
is highly appreciated.

| would like to express my special and deepest gratitude to my parents
who supported me towards the success.

Last but not least, | would like to thank my dear wife, Cathy, for her

patience, support, sacrifices, and encouragement during the years of my study.



Also, I'd like to express my love for my two children, Sarah and Ferris,

who give me the smile and hope for the whole life.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ~ -----mmmmmmmmmommomoommoe s
LISTOF TABLES s
LIST OF ILLUSTRATIONS = —oeeeeemmmmm oo
ABSTRACT e
Chapter
1. LITERATURE REVIEW  ----ooemmmmmmm oo
1.1  Introduction to Sensors and Biosensors ---------------------
1.1.1 Sensors and Biosensors — ----------=-==-mm=m-mmmomee-
1.1.2 Sensor Components = ---------mommmsmemeooeoeoo-
1.1.2 Optical Transducer =~ -=-==--mmmmmmmmoooeeeeeee
1.2  Optical Glucose Nanobiosensor Encapsulated in
ErythroCytes --------mmmmmmmmm oo
1.2.1 Sensor Components ---------memmmmemeeeooeoo-
1.2.2 Detection Equipments = -------m-mmmemoeee oo
2. INTRODUCTION = smememmmmem oo
2.1 Background ---------memeemeee oo
2.2  SIignificCanNCe ~--—~-==m=-==m=mm=memmemmemeee e
2.3 ODjJeCtiVES  -mmmmmmmmmmm oo
3. NANOPROBES DEVELOPMENT ~ =---mmmmmmmmee

29
29

31
33

35



3.1

3.2
3.3

3.4

Optical Glucose Nanoprobes Development =~ ------------
3.1.1 IntroducCtion ----------mmmmmmmemememe e
3.1.2 FRET Method of Detection ----------=-=-=-=-=-=---------
3.1.3 Streptavidin and Biotin as Biological Markers -
3.1.4 Chosen FRET Fluorophore ~  -------—-mmmmmmmmeeo
3.1.5 Chosen Competitive Binding Markers = -------------
Materials and Methods =~ ---------------—-m-mmm oo
Results and DiSCUSSION  =-=-=-m-mmmmmmmm oo
3.3.1 Fluorescence Resonance Energy Transfer (FRET)
EXPeriments ------------mmmmm oo
3.3.2 Results of Dextran Size Effect on Glucose
ResSponNse  --------emmoemoeeem e
3.3.3 Results of the Transmission Studies of FRET
Glucose Sensors through Porcine Skin = --------------
Conclusions  -----=---m =

4. NOVEL GLUCOSE NANOPROBES  =---rm-rmmrmmemmeemmemmeameanea

4.1

Glucose Binding Protein as a Novel Optical Glucose

NanobiOSENSOr =~ —-=mmmm e
4.1.1 INtroduCtion  ===-=========m=m s
4.1.2 Materials and Method =~ -—--—--——=——mmemem -
4.1.3 Results and Discussion  =--=-=======mmmmemmmmeme e
4.1.4 ConcClUuSIONS ============ = m e

5. NANOPROBES ENCAPSULATION IN ERYTHROCYTES  ---

5.0

5.2

5.3

Encapsulation of Streptavidin Labeled with Alexa Fluor

750 in Erythrocytes -----------m-mmmmmmmmm oo
5.1.1 IntroducCtion ----------mmmmmmmememem oo
5.1. 2 Materials and Method =~ -------------mmm oo
5. 1.3 Results and Discussion = ------=-=-=-m-mmmemomomeoee-

Encapsulation of Streptavidin labeled with Alexa Fluor 680
and BSA labeled with Alexa Fluor 750 into Erythrocytes --
5.2.1 Method =  -----mmmmmmmmmmmm e
5.2.2 Results and Discussion  -----------m-mmmmmemem oo

Signal Detection of NIR Fluorescent Encapsulated

Erythrocytes through Tissue =~ -------m-mmmmmmmmme oo eeeee
5.3.1 Method =  -----s-sosmemeeeeemeeeoeoeee oo eeeeees
5.3.2 Results and Discussion = ----===-==-==m-mmmmemmmmeeeeee
5.3.3 CoNnCIUSIONS  -=-====mmmmmmmmmm oo

35
35
36
36
38
41
44
50

50

51

57
60

62

62
62
65
68
76

77

77
77
80
82

84
84
85

89
89
89
92



Vi



LIST OF TABLES

Table Page

1.1  Properties of an ideal fluorophore and FRET pair ~ --------------- 21

vii



LIST OF ILLUSTRATIONS

Figure

1. lllustration of biosensor schematic layout ~ ----------mmmmmo-
2. Jablonski diagram = —--mmmm e
3. Absorption and fluorescence emission spectra of

perylene and qUININE.  =-----mmmmmmmm s
4. Schematic of FRET spectral overlap integral =~ -------------------

5. Dependence of the energy transfer efficiency
(E) on distanCe  ---m-m-mmmmmm e e

6. Schematic diagram of a spectrofluorometer =~ ------------=m--—-
7. Schematic of @ PMT oo
8. Structure of Streptavidin = =----==-mmmmmmmmmm e
9. Streptavidin biotin-binding protein binding =~ -----------------
10.  Emission spectrum of AF 750 and Cy7 = -----------nnn-seeemmmmnaas
11. Emission and Absorption spectrum of AF 680 and Cy5.5 -----

12.  Scan of SA-AF 680 without the presence of
BSA Biotin-AF 750 e

13.  Scan of SA-AF 680 with the presence of
viii

Page

12

14

17

19
25
27
37
38
39

40

50



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

BSA BiOtin-AF 750  ---remmermmermmmer e

Glucose Response of AF680-dextran (10,000MW) and
AFT750-CON A s e

Glucose Response of AF680-dextran (3000MW)
and AF750-Con A s

Graph for determining the exponential function -------------------

Glucose Response of AF680-dextran (3000MW)
and AF750-Con A with larger detection limits--------------------

Peak Signal from two different probes with tissue
and without tiSSue ~ —==mmmmmmmmm e

The signal from different tissue thicknesses =~ -------------------
Relation between tissue thickness and intensity =~ ----------
Schematic of the geometry of the glucose-binding sites --------

Background signal of AF750 on cysteine before
the labeling with AF680 and after =~ ----------m--mmemmmmmeeee

Donor peaks at 702 nm with and without acceptor presence ----
D/A vs. glucose concentration (detection range 0 to 120uM) --
D/A vs. glucose concentration (detection range 0 to 60uM) ----
Glucose response to different samples at t=Omin. ---------------
Average glucose response to different samples at t=Omin. ---
Glucose response of three samples at t=0min. ------------------
Glucose response to different samples at t=5min. ---------------

An SEM image of red blood cell. The cells were obtained
from rabbits =~ -----—eme e

Biotechnol. Appl. Biochem. (1998) 28, 1-6 ~  -------m--mmmemmmn

Loaded red cell overall design =~ -----=-=-m=mmmmmmmmmmm oo

51

53

54

55

56

57

58

59

63

69

70

72

73

74

73

74

75

s

78

79



33.

34.

35.

36.

37.

38.

39.

40.

Fluorescence signal acquisition of AF750 dye
loaded into red cells ~ —emmememmeme e

Scan of supernatant sample 1 =----------mmmmmmmmee oo
Scan of loaded cells sample 1 = ----====-==mmmmmemmmmmm e
Scans of supernatant and loaded cells sample 2=~ ---—-----
Scan of supernatant sample 3 = ----------mmemem e
Scan of the loaded cells sample 3 -----------==---mmmmmmmmeemeeeeo
Set up of the tissue wrapped = ------=--mmmmmmmmm e

Fluorescence signal capture of AF750 dye through
a porcine aorta. = =e=emsmsmseemeeeeeeeeeeeeeeeeee e

83

85

86

87

88

88

90

92



OPTICAL GLUCOSE NANOBIOSENSOR

ENCPSULATED IN ERYTHROCYTES

Majed El-Dweik

Dr. Sheila Grant, Dissertation Supervisor

ABSTRACT

Optical nanobiosensor encapsulated in erythrocytes, Red Blood Cells
(RBC’s), is a novel nanotechnology. This nanotechnology will be utilized for In
Vivo detection such as glucose concentration in blood. The determination of
blood glucose concentration is very important in diabetics. By developing a
continuous implantable detection system, diabetics will have freedom from the

manual painful testing and also error free testing.

Diabetes has become a wide spread disease not only among adults but
also among children. In 2005 the American Diabetes Association (ADA) reported
that 20.8 million people have diabetes, making it the fifth leading cause of death
by disease in the U.S and also contributing to higher rates of morbidity. People
with diabetes are at higher risk for heart disease, blindness, kidney failure,
extremity amputations, and other chronic conditions. In 2002, the ADA reported
direct medical and indirect expenditures attributable to diabetes were estimated
at $132 billion. In July 2005 ADA reported about a new type of diabetes called

Xi



slow-onset diabetes or diabetes 1.5, which has similarities both to type 1 and
type 2. It is recognized as type 1.5, because at first, it looks like and reacts
positively to treatments for type 2. However, it ends up revealing itself as an

autoimmune form of diabetes, more like type 1.

Diabetics must closely monitor their glucose levels in order to avoid the
detrimental effects of the disease. The available glucose meter requires patients
to prick their finger (up to 7 times a day) and place a drop of blood on a test strip
to determine blood glucose concentration. To prevent patient from going through
this painful process one has to develop an ideal implantable glucose sensor that
could be interfaced with an implantable insulin pump would provide a closed loop

for an automatic control of glucose levels.

Successful implementation of nanotechnology will help in improving
glucose monitoring and management. The innovation of nanocellular glucose
biosensor arises, not only from the fluorescent probes, but also from the insertion

of the nanoprobes into RBCs.

Recently, increase focus has been placed upon the development of
sensors and biosensor devices for the long-term monitoring and managing of
health conditions. In particular, glucose sensors have been heavily investigated.
The main objective in these investigations has been to develop an ideal sensor
with ultra-sensitivity, high selectivity, reliability, limited biofouling, and low cost.
While those features could be found in some of the developed implantable

sensors, biofouling imposed a major problem.
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Implantable sensors suffer from biofouling. Biofouling is caused by
nonspecific adsorption of proteinaceous materials to the sensor surface. This
material will encapsulate the implantable device and render it inoperable. The
encapsulation accrues few days later where the fibroblasts cells migrate to the
implant surface and contribute to the encapsulation process through proliferation
then surrounding the implant to isolate from the body. The result from the above
effects is isolation of the sensing surface from the analyte, which lead to delay, or

inaccurate measurements.

There are several techniques for improving biocompatibility and thus
reducing biofouling. One of which is a polymeric material as membrane coatings
to modify the surface charge and wettability of the sensor substrate. However,

long-term biocompatibility was still a problem.

To overcome biocompatibility problems, RBCs will be utilized to isolate the

biosensor and result in fast response to glucose concentration.

While RBCs have been utilized as carrier for therapeutic agents, they
have not been used as carriers for glucose sensors. RBCs have potential
advantages for use as a glucose sensor carrier. RBCs can transport glucose in
and out of the cell for most species, and this transport is insulin independent.
Also the Hypo-Osmotic dialysis technique can quickly load a significant number
of RBCs with probes resulting in a 93% survival rate and a normal mean cell life
and cell half-life. Another advantage of RBCs, they have no organelles including

neither nuclei nor ribosome, thus RBCs can not synthesize new proteins and
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thus are designed to provide a milieu where enzymes remain functional for 120

days.

There are many fluorescent probes that monitor glucose accurately.
Concanavalin A and Dextran were labeled with acceptor and donor dyes
respectively. In the presence of glucose, the labeled Dextran was displaced from
the Concanavalin A resulting in a change in fluorescence. The sensors are being
placed in microspheres, which have yet to be investigated for biocompatibility
and to ensure that the toxic Concanavalin A does not leach out of the

microspheres.

The merger of two techniques: Fluorescence Resonance Energy Transfer
(FRET) competitive binding method and hypo-osmotic dialysis of RBCs in order
to develop a novel RBC/nanoprobe glucose sensor. This technique offers the
advantages of reducing sensor incompatibility by utilizing RBCs as protective,
biocompatible carrier. Another advantage is stable, specific response to glucose
through the utilization of FRET nanoprobes and avoiding the need for
nanospheres, which can suffer fabrication uniformity and leaching. Also long-

term sensor is more convenient and less invasive than current sensors used.

An implantable glucose biosensor encapsulated in RBCs will become a
method for continuously measuring blood glucose concentration in diabetics. The
nanoprobes will be constructed by using competitive binding technique between
glucose binding enzyme (GBE) and dextran. Then both of them will be labeled

with FRET dye pair such as Alexa Fluor 750 and Alexa Fluor 680 respectively.

Xiv



Using a procedure modified from the Molecular Probes labeling kits. The donor
and acceptor will be encapsulated in RBCs. Dextran binds to a GBE, but in the
presence of glucose, the donor-dextran gets displaced from the acceptor-GBE,
resulting in changing in acceptor fluorescence and in donor fluorescence as the
glucose binds with the GBE. Fluorescence spectra confirmed this result.
Glucose Binding Protein (GBP) is another protein that binds with high
affinity to glucose. GBP is a monomeric periplasmic protein. It is synthesized in
the cytoplasm of Escherichia coli which functions as a receptor for transport D-
glucose. The binding mechanism is based on a hinge motion due to the protein
conformational change. This change could be used as an optical sensing
mechanism by applying a FRET system. The wild-type GBP lacks cysteine in its
structure, but by introducing a single cysteine at a specific site by site-directed
mutagenesis, this will ensure single-label attachment at specific sites with a
fluorescent probe. Site-directed mutagenesis by overlap extension PCR was
performed to prepare a mutant to introduce a single cysteine residue at positions
175. The other sites are amino sites, which will be labeled with another
fluorophore. NIR FRET pair, Alexa Flour 680 (AF680) and Alexa Flour 750
(AF750), was used. The AF680 will target the ammine sites, which become the
donor. The AF750 will label the single cysteine site, which becomes the acceptor.
Since this residue is not involved in ligand binding and since it is located at the
edge of the binding cleft, it experiences a significant change in environment upon
binding of glucose. The sensing system strategy is based on the fluorescence
changes of the probe as the protein undergoes a structural change on binding.
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This nanobiosensor has the ability to detect submicromolar, 25uM concentrations
of glucose. These results will be used as a potential technique to detect deferent

glucose concentrations in blood.
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CHAPTER 1
LITERATURE REVIEW

1.1 Introduction to Sensors and Biosensors
1.1.1 Sensors and Biosensors

A sensor is a device that detects or measures physical properties. It can
also record, indicate, or respond to physical properties. There are three types of
sensors.

a. Physical sensors, which can measure physical quantities such as
length, weight, temperature, pressure, and electricity.

b. Chemical sensors, which can respond to a particular analyte in a
selective way through a chemical reaction and can be used for the qualitative or
quantitative determination of the analyte’s properties. Chemical sensors could
detect and measure a specific chemical substance or set of chemicals.

C. Biosensors are devices that utilize a biological sensing element
connected to a transducer. Biosensors could detect and measure purely
chemical [1].

This project is based on a biosensor principle. The first biosensor was
designed in 1963 using an electrochemical electrode. Biosensors are analytical
devices incorporating a biological or biologically derived material intimately

associated with or integrated within a physico-chemical transducer or transducing



microsystem. They can be optical, electrochemical, thermometric, piezoelectric
or magnetic.

Biosensors can provide rapid measurement of alcohol in wines, biogenic
amines as indicators of food freshness, lactulose as indicator of milk quality or
the presence of contaminants such as pesticides, toxins and microbes for

instance.

1.1.2 Sensor components

Sensors consist of the following components (Figure 1.1);

a. A recognition element, which is selective to certain analyte
(substrate).

b. A transducer is where a signal will be extracted.
C. A signal processing device, which will analyze a detected signal.

w

m = .

53? > 2 | Signal Signal
= | 2e Transducer > ™ Processor
@ | 28

Figure 1.1. lllustration of biosensor schematic layout



Recognition Elements

Recognition elements enable a sensor to respond selectively to a
particular analyte or group of analytes. Also they avoid interferences from other
substances. The analysis method for specific ions has been to use ion-selective
electrodes, which usually contain a membrane selective for the analyte of choice.

The most common recognition elements in biosensors are enzyme,

antibodies, nucleic acids and receptors.

Transducers

Most sensors are known to have electrochemical transducers, because
they are easy to construction and inexpensive. The development of photon-
driven devices through the use of optical fibers will eventually compete with
electrical appliances such as telephone lines. In addition, the use of micro-mass-
controlled devices, based mainly on piezo-electric crystals, may become
competitive in the near future.

Transducers can be subdivided into four main types, electrochemical,
optical, piezo electric, and thermal.

1. Electrochemical Transducers

(i) Potentiometric.

Potentiometric involves the measurement of the potential (emf) of a cell

at zero current. The emf is proportional to the logarithm of the concentration of

the substance being determined.



(i) Voltametric.

Voltametric measurement is the increasing or the decreasing potential
when it is applied to the cell until oxidation or reduction of the substance to be
analyzed occurs. There is a sharp rise or fall in the current to give a peak current.
If the appropriate oxidation or reduction potential is known, one may step the
potential directly to that value and observe the current. This mode is known as
amperometric.

(iii) Conductometric.

Conductometric measurement is the change in the electrical
conductivity of the solution, which is a result from most reactions that involve a
change in the composition of the solution. That can be measured electrically.

(iv) Field-Effect-Transistor-based sensors.

Field-Effect-Transistor-based sensors are miniaturized type of
electrochemical transducers on a siliconchip- based field-effect transistor. This is
used with potentiometric sensors, but it could be used with voltametric or
conductometric sensors.

2. Optical Transducers
Fiber optic sensor is an example of optical transducers. This
development is allowing greater flexibility and miniaturization. These techniques
are used in absorption spectroscopy, fluorescence spectroscopy, luminescence
spectroscopy, internal reflection spectroscopy, surface plasmon spectroscopy

and light scattering.



3. Piezo-electric Transducers
These devices are designated to generate electric currents from a
vibrating crystal. The frequency of vibration is affected by the mass of material
adsorbed on its surface, which could be related to changes in a reaction. Surface
acoustic wave devices are a related system.
4. Thermal Sensors
Heat generated and produced from any reaction from any chemical or

biochemical reaction can be measured by using sensitive thermistors.

Method of Immobilization

The recognition element and the transducer have to be connected in a
sensor. This selective element can be connected to the transducer by using
several methods. Those methods are adsorption, microencapsulation,
entrapment, covalent attachment, and cross-link.

1. Adsorption

The simplest method is adsorption on to a surface.
2. Microencapsulation
Microencapsulation is the term used for trapping between membranes.
It is one of the earliest methods to be employed.
3. Entrapment
Entrapment is where the selective element trapped in a matrix of a gel,

paste or polymer. This is a very popular method.



4. Covalent attachment
Covalent attachment is where covalent chemical bonds formed between
the selective component and the transducer.
5. Cross-linking
Cross-linking is where a bifunctional agent is used to bond chemically
the transducer to the selective component. This is often used in conjunction with

other methods, such as adsorption or microencapsulation.

Performance Factors

The performance factors of a sensor are imperative to the operation.
These factors are the selectivity, sensitivity, accuracy, nature of solution,
response time, and work lifetime.

1. Selectivity

Selectivity is the most important characteristic of sensors — the ability to
discriminate between different substances. Such behavior is principally a function
of the selective component, although sometimes the operation of the transducer
contributes to the selectivity.

2. Sensitivity range

Sensitivity range usually needs to be sub-millimolar, but in special cases
can go down to the femtomolar (10-15 M) range.

3. Accuracy

Accuracy needs to be better than +5%.



4. Nature of solution
Nature of solution conditions such as pH, temperature and ionic
strength must be considered.
5. Response time
Response time is the amount of time the sensor response after being
exposed to the analyte of interest. Typically, the response times are measured in
the form of tgp, the time necessary for 90% of the total response. Preferred
response times should be less than 30 seconds. But response times are usually
much longer (30 s or more) with biosensors than with chemical sensors.
6. Recovery time
Recovery time is the time that elapses before the sensor is ready to
analyze the next sample. It must not be more than a few minutes.
7. Working lifetime
The working lifetime is usually determined by the stability of the
selective material. For biological materials this can be a short as a few days,

although it is often several months or more.

Area of Application

1. Health Care
Health care is the main area of application of biosensors and chemical
sensors (chemisensors). Measurements of blood, gases, ions and metabolites
are regularly needed to show a patient’s metabolic state — especially for those in

the hospital, and even more so if they are in intensive care. Many of these
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substrates have been determined by samples of urine and blood being taken
away to a medical analytical laboratory for classical analysis, which may not be
completed for hours or even days. The use of point-of-care sensors and
biosensors enable results to be obtained in minutes at most.

Point-of-care biosensors would obviate the need for en suite analytical
units with specialist medical laboratory scientists. A trained nurse would be
competent enough to carry out sensor tests at the bedside. Modern ‘smart’
sensors, based on field-effect transistors (FETs), may combine several
measurements into one sensor unit. This particularly applies in the case of ion
sensors for sodium, potassium, calcium and pH. Attempts are also being made to
make combination or multi-analyte biosensors, e.g. for glucose, lactate and urea.

A potential ‘dream application’ is to have an implanted sensor for
continuous monitoring of a metabolite. This might then be linked via a
microprocessor to a controlled drug-delivery system (e.g. an iontophoretic
system) through the skin. Such a device would be particularly attractive for
chronic conditions such as diabetes. The blood glucose sensor would be
monitored continuously and, as the glucose level reached a certain value, insulin
would be released into the patient’s blood stream automatically. This type of
system is sometimes referred to as an artificial pancreas. The system would be
far more beneficial for the patient than the present system of discrete blood
glucose analyses which involves pricking the fingers every time, followed by

injection of large doses of insulin every few hours.



2. Control of Industrial Processes

Sensors are used in various aspects of fermentation processes in three
different ways, i.e. (i) off-line in a laboratory, (ii) off-line, but close to the operation
site, and (iii) on-line in real time. At present, the main real-time monitoring is
confined to such measurements as temperature and pH, plus carbon dioxide and
oxygen measurements. However, biosensors that monitor a range of direct
reactants and products are available, such as those for sugars, yeasts, malts,
alcohols, phenolic compounds, and perhaps, undesirable by-products. Such
monitoring could result in improved product quality, increased product yields,
checks on tolerance of variations in quality of raw material, optimized energy
efficiency, i.e. improved plant automation, and less reliance on human judgment.
In general, there is a wide range of applications in the food and beverage
industry.

3. Environmental Monitoring

There is an enormous range of potential analytes in air, water, soils,
and other environmental situations. Such measurements in water include
biochemical oxygen demand (BOD), acidity, salinity, nitrate, phosphate, calcium
and fluoride. Pesticides, fertilizers and both industrial and domestic wastes
require extensive analyses. Continuous real-time monitoring is required for some
substances, and occasional random monitoring is needed for others. Pollution,
farming, gardening, veterinary science and mining are all areas where sensors

are needed for environmental monitoring.



1.1.3 Optical Transducer

Optical biosensors can be used to detect changes in concentration, mass,
or number of molecules. Those changes can be related to changes in the
characteristics of light. There are several techniques used such as absorption
spectroscopy, fluorescence spectroscopy, luminescence spectroscopy, internal

reflection spectroscopy, surface plasmon spectroscopy and light scattering.

1. Fluorescence
Fluorescence is considered as a primary technique to study molecular
interactions in clinical chemistry, environmental monitoring, DNA sequencing,
and genetic analysis as well as in the biological sciences [2]. The fluorescence
technique has expanded to also include optical sensing.

There are several advantages to the utilization of fluorescence detection
sensors. They are highly sensitive, operate at a high speed and relatively safe
compared to other light-based investigation methods. Fluorescence is also
considered as a non-invasive technique, which would not harm or destroy used
sample in the process nor produce any hazardous byproducts. Sensitivity is
another critical factor for designing a sensor. A fluorescence signal provides that
sensitivity and is also proportional to the concentration of the substance that is
investigated. Fluorescence detection can be used to determine distances within
macromolecules to be measured, binding of biochemical species to be easily
studied in situ, dynamics of the folding and unfolding of proteins to be studied
and concentrations of ions to be measured inside living cells. Research on
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membrane structure and function may also be performed with fluorescence
probes. Additionally, drug interactions with cell receptors can be investigated,
and minute traces of fluorescent materials can be detected and identified in
mixtures.

Luminescence is divided into fluorescence and phosphorescence, and it is
the emission of light from any substance and occurs from electronically excited
states [2]. Fluorescence is the phenomenon by which absorption of light at a
given wavelength by a fluorescent molecule is followed by the emission of light at
longer wavelengths. Fluorescence typically occurs from aromatic molecules such
as quinine, Fluorescein and rhodamine B. One widely encountered fluorophore is
quinine, which is present in tonic water and it is excited by the UV light from the
sun. The processes, which occur during the absorption and emission of light, are
illustrated by a Jablonski diagram (Figure 1.2). The singlet ground, first and

second electronic states are depicted by Sy, S1, and Sz, respectively.
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excited vibrational stales

S {excied rotational states not shown)
n
A = photon absorption

F =flucrescence (emission)
P = phosphorescence

€ = ginglet state

T =triplet state

IC = internal conversion
ISC = intersystem crossing

Sg—

electronic ground state

Figurel.2. Jablonski diagram [3].

Absorption usually occurs from molecules at the lowest vibrational energy
levels, So. An electron in the fluorophore is typically excited to some higher
vibrational level of either S1 or Sz and then relaxed to the lowest vibrational level
of S1, via a process called internal conversion. This process is a radiationless
transition between energy states of the same spin state, and generally occurs in
107"? s or less. Fluorescence emission usually occurs from the lowest-energy
vibrational state of S+ to the ground electronic state of the same spin state.

Fluorophores containing heavy atoms in the S1 state undergo a
radiationless transition to the different spin state, T1, which is called intersystem

crossing.
12



The emission from T1 to So is termed phosphorescence, as shown in
Figure 1.2. The lifetimes of fluorescent states are very short from 10°to 10® s,
compared to that of phosphorescence (10'4 seconds to minutes). Additionally,
fluorescence is statistically much more likely to occur than phosphorescence.

Emission spectra depend on not only the chemical structure of the
fluorescence molecules but also the solvent in which they are dissolved. The
energy spacing between the various vibrational energy levels is demonstrated by
the emission spectrum of perylene compared to quinine in Figure 1.3 [2]. The
spectrum of perylene shows significant structure because of the individual
vibrational energy levels of the ground state and excited states, whereas quinine

shows spectrum devoid of vibration structure.
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Figure 1.3 Absorption and fluorescence emission spectra of perylene and
quinine. Emission spectra cannot be correctly presented on both the wavelength
and the wave number scales. The wave number presentation is corrected in this
instance. Wavelength is shown for convenience. [2]

Generally, fluorophores are divided into two classes, intrinsic and

extrinsic. Intrinsic is naturally occurring fluorescence whereas extrinsic are

usually organic dyes that are labeled to a sample mat does not show the desired

spectral properties.
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For fluorescence, the dominant fluorophore in proteins is the indole group
of tryptophan, its absorption and emission wavelength is near 280 nm and 340
nm, respectively. Several biological molecules also display significant
fluorescence. They include reduced nicotinamide adenine dinucleotide (NADH)
and oxidized flavins adennine dinucleotide (FAD). For extrinsic fluorescence,
Diphenyl hexatriene (DPH) is one of the most commonly used membranes
probes. Membranes generally do not display intrinsic fluorescence, so DPH can
be used to label membranes spontaneously partitioned into the nonpolar side-
chain region. Two of the most widely used probes, dansyl chloride (DNS-C1) and
fluorescein isothiocyanate (FITC), react with the free amino groups of proteins,
allowing conjugation, which causes the proteins to fluoresce at the blue or green
wavelengths, respectively.

The fluorescence lifetime (1) and quantum yield (Q) are the most critical
properties of a fluorophore. The fluorescence quantum yield is the ratio of
photons emitted through fluorescence to photons absorbed. In other words, the
quantum yield gives the probability of the excited state being deactivated by
fluorescence rather than by another, non-radiative mechanism. Molecules with
the largest quantum yields generate the brightest fluorescence. The fluorescence
quantum yield, which is governed by the emissive rate of the fluorophore (I') and

its rate of nonradiative decay to So (Knr), is given by equation 1.1:

Q=T (I+Kn) (egn. 1.1)
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The quantum yield can be close to unity when the nonradioactive decay
rate is much smaller than the rate of radiative decay (Knr << I'). The quantum

The lifetime is the average time the molecules spends in the excited state
prior to return to the ground state (So), and it determines the time available for
the fluorophore to interact with its environment. Also, fluorescence lifetime
indicates the time it takes for 63% of the population to emit. Fluorescence
lifetimes are typically about 10 nanoseconds. The lifetime of fluorophore is

illustrated by equation 1.2:

(1) =T (T + Kn) (eqn. 1.2)

Quenching can reduce the intensity of fluorescence. The excited-state
fluorophore is deactivated if it contacts other molecules, i.e., quenchers, in a
solution. This phenomenon is called collisional quenching, which is illustrated by

Stern-Volmer equation 1.3:

Fo/F =1 +K[Q] = 1 +kq To[Q] (egn. 1.3)

where K is the Stern-Volmer quenching constant, kg is the bimolecular
quenching constant, T o is the unquenched lifetime, and [Q] is the quencher
concentration. The quenching occurs due to electron transfer from fluorophore to
quencher, spin-orbit coupling, and intersystem crossing to the triplet state.
Another quenching process is static quenching that occurs in the ground state.
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Static quenching results in nonfluorescence complexes being formed with
quenchers and fluorophores.

Fluorescence resonance energy transfer (FRET) is the transfer of the
excited state energy from the initially excited donor fluorophore (D) to an
acceptor fluorophore (A) [2], which is based on the distance between donor and
acceptor fluorophores. The spectrum of donor molecules emitted must overlap
the absorption spectrum of the acceptor molecules. When donor and acceptor
molecules are in close proximity (less than 100 A, known as the Forster distance)
of each other, the excited state energy from the donor fluorophores can be
transferred to the acceptor fluorophores nonradiatively not by emission of a
photon but by dipole-dipole interactions between the donor and acceptor. This
results in a reduction in the donor's fluorescence intensity and excited state
lifetime, with a corresponding increase in the acceptor's emission intensity. The
donor's fluorescent lifetime decreases with increasing FRET. A schematic of the

FRET spectral overlap integral is shown in Figure 1.4.

D{)n(}r Area Overlap Aocept'or
fluorescence absorption

Wavelength (1)

Figure 1.4 Schematic of FRET spectral overlap integral [2]
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The efficiency of FRET strongly depends on the inverse sixth power of the
two fluorophores separation distance, which makes it useful over distances
comparable to the dimensions of biological macromolecules. The efficiency of
energy transfer is determined as the fraction of photon energy absorbed by the
donor that is transferred to the acceptor, which is the ratio of the transfer rate to

the total decay rate of the donor. This fraction is given by equation 1.4:

E= K1((1/ 10) + K1) (eqn. 1.4)

where 1o is the fluorescence lifetime of donor in the absence of an acceptor, Kr is
the rate of energy transfer from a donor to acceptor and it is given by equation

1.5;

kr=1/T0(Ro/r)° (eqn. 1.5)

where Ro is the Forster distance (The distance at which FRET is 50% efficient,
which ranges from 20 to 100 A), r is the distance between donor and acceptor.
The efficiency of energy transfer can be also be rearranged as the following
equation 1.6:

E = Ro%(Ro® + r°) (eqn. 1.6)
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This equation indicates that the transfer efficiency strongly depends on
distance, when the distance between the donor and acceptor is near Ro (Forster

distance) (Figure 1.5).

1.0

0.5

0 1 2
IR,

Figure 1.5. Dependence of the energy transfer efficiency (E) on distance. Ro is
the Forster distance. [2]

As the distance between two fluorophores decreases below Ro, the
transfer efficiency quickly increases while it quickly decreases to zero when r is
greater than Ro.

The transfer efficiency can also be shown using not only the relative
fluorescence intensity of the donor in the presence (Fpa) and absence (Fp) of
acceptor, but also the lifetime of the donor in the presence (Fpa) and absence

(o) of acceptor. They are given by the following equations 1.7 and 1.8:

E= 1-(FDA/FD) (eqn. 17)
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e = 1-((Toa /D) (eqgn. 1.8)

These equations can be used to determine the transfer efficiency of the
FRET pairs in the study and only useful to FRET pairs separated by a fixed
distance.

Thus, FRET is one of the few tools that are able to measure nanometer
scale changes in distance, both in vitro and in vivo. For instance, it can be used
to measure the distance between sites on macromolecules and conformational

changes of moving domains in the case of multidomain proteins.

2. Fluorophore/FRET pair
There is large selection of fluorophores provided by different
companies. These fluorophores differ in their excitation, emission, quantum yield,
and other properties. Since the FRET technique is utilized in this project, the
chosen fluorophores must fulfill the FRET requirements discussed in the previous
section. This project requires a fluorophore/FRET pair with special properties.

Those ideal properties are listed in Table 1.
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Table 1.1 Properties of an ideal fluorophore and FRET pair

Ideal Fluorophore/FRET pair

1. high quantum yield

2.

3.

8.

9.

non-toxicity

longer emitting fluorophores

large Stokes shift

sharply spiked emission wavelengths

long excited-state lifetime

. insensitive to pH

photo-stability when conjugated

strong energy transfer (FRET pair)

10. easily to conjugate

11.can excited with commercially available

laser diodes

The Alexa Fluor 680 and the Alexa Fluor 750

The donor, the Alexa Fluor 680, has an excitation and emission at 680 nm
and 705 nm respectively. The long-wavelength the Alexa Fluor 680 exhibits
bright red fluorescence that is easily distinguished. It is also a fixable, far-red—
fluorescent tracer for long-term cell labeling. The succinimidyl ester (SE) reactive
group forms a strong covalent attachment to primary amines that occur in
proteins and other biomolecules inside of cells. With its far-red fluorescence, cell

trace far red DDAO-SE has minimal spectral overlap with most other

fluorophores and can be used with Alexa Fluor750.
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The acceptor, Alexa Fluor 750 excites and emits at 752 and 779 nm
respectively. As the longest-wavelength Alexa Fluor dye, the emission is well
separated from commonly used far-red fluorophores such as Alexa Fluor 647 dye
or allophycocyanin (APC), facilitating multicolor analysis. Fluorescence of this
long-wavelength Alexa Fluor dye is not visible to the human eye but is readily
detected by most imaging systems.

This pair is advantageous because both fluorophores are biocompatible,
have superior quantum yields, are insensitive to pH, and have lower background
than conjugates of the other commonly used fluorescent dyes. They also have

high chemical stability and very good resistance to photo bleaching.

1.2 Optical Glucose Nanobiosensor Encapsulated in
Erythrocytes

1.2.1 Biosensor Components

The target of this project is to design a biosensor to sense glucose in the
blood continuously. Therefore a biosensor design has to include all required
components such as a recognition element, a transducer and signal processing

device.

An Enzymatic Biological Recognition Element

Enzymes are protein biocatalysts. Each enzyme can act on a specific
substrate. There are several types of enzymes. The most common ones are

enzymes that catalyze the oxidation of compounds using oxygen or NAD and the
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hydrolases catalyzing the hydrolysis of compounds [4]. Glucose oxidase (GOx)
was used as a biological sensing element to catalyze oxidation of glucose for the
development of a biosensor [5]. There are several advantages of using enzymes
in sensors. They are considered as highly selective, fairly fast-acting, and
sensitive when used as recognition elements. Hexokinase is another enzyme
that has high affinity to glucose [6].

There have been several reported designs for enzymatic glucose
nanoprobes. Some of the designs utilize Fluorescence Resonance Energy
Transfer (FRET) competitive binding, which include a GOx/dextran nanoprobe,
glucose dehydrogenous (GDH)/dextran nanoprobe, and a Concanavalin A (Con
A)/dextran nanoprobe. Another nanoprobe that has been reported utilizes
conformational changes upon glucose binding to elicit changes in FRET. This
nanoprobe design includes FRET labeled bacterial glucose-binding protein

(GBP).

There are many fluorescent probes that monitor glucose accurately. For
example, a series of experiments were performed using FRET competitive
binding technique. McShane et al. [7] utilized Concanavalin A and dextran which
were labeled with acceptor and donor dyes respectively. In the presence of
glucose, the labeled dextran was displaced from the Concanavalin A resulting in
a change in fluorescence. The sensors are being placed in microspheres, which
have yet to be investigated for biocompatibility and to ensure that the toxic

Concanavalin A does not leach out of the microspheres.
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Carbon nanotubes have also been investigated as glucose sensors.
Strano et al. [8] coated carbon nanotubes with a one-molecule-thick layer of
sensing elements that react with glucose and changes the nanotubes’
fluorescence. The coated nanotubes are encased within a thin capillary tube and
implanted in the body. The capillary tube allows glucose to enter while preventing
the nanotubes from contacting surrounding cells. However, long-term

biocompatibility studies have not been performed.

1.2.2 Detection Equipments
A spectrofluorometer is an automatic scanning instrument that is used to
study a substance's fluorescence over a wide range of wavelengths. The

schematic diagram of a general spectrofluorometer is shown in Figure 1.6.
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Figure 1.6 Schematic diagram of a spectrofluorometer [2].

The excitation light is usually a xenon arc lamp that has continuous high
intensity at all wavelengths ranging upward from 250 nm. Monochromators with
concave gratings are equipped to select both the excitation and emission

wavelengths and decrease stray light to avoid problems caused by scattered
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stray light. A monochromator has both an entrance and an exit slit. Larger slit
widths cause higher signal-to-noise ratios. Also, to compensate for the
monochromators, optical filters are used to maximize the sensitivity. Shutters are
provided to delete the excitation light or to close off the emission channel, and a
beam splitter reflects part of the excitation light to a reference cell. The
fluorescence is detected with Photomultiplier tubes (PMTs) and the signal is
quantified using electronic devices such as computers.

Photomultiplier tubes (PMTs) are widely used in spectrofluorometer. They
can detect light from the UV to visible wavelength range. Advantages of PMTs
include ultra-fast response, excellent energy resolution, low noise, and high gain.
A schematic of a PMT is shown in Figure 1.7. They consist of a photocathode
and a series of dynodes, which are the amplification stages in an evacuated
glass enclosure [6]. Incident photons that strike the photoemissive cathode emit
electrons due to the photoelectric effect, and the dynodes are also held at
negative potentials that decrease toward zero along the dynode chain. The
photocathode is held at a high negative potential (usually, -1000 to -2000 V). This
potential difference leads to acceleration of an ejected photoelectron toward the
first dynode. The photoelectrons are accelerated towards a series of additional
electrodes, dynodes, until a current pulse arrives at the anode, generating
additional electrons at each dynode. This cascading effect creates 10° to 10’
electrons for each photon hitting the first cathode depending on the number of
dynodes and the accelerating voltage. This amplified signal is finally collected at
the anode where it can be measured.
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Figure 1.7 Schematic of a PMT [9]

Charge-coupled devices (CCDs) are imaging detectors with high
sensitivity for measurement of low light levels and linear dynamic range [6]. They
are also integrated-circuit chips containing an array of capacitors that store
charge when light creates e-hole pairs. The charge accumulates in proportion to
the total light exposure, and can be read out in a fixed time interval.

Photodiodes are P-N junctions that are specifically designed to optimize

their inherent photosensitivity. A photodiode is a linear array of discrete
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photodiodes on an integrated circuit (IC) chip that generates an output voltage
that is proportional to the current flowing through a photodiode, which is in turn
proportional to the light intensity falling on the photodiode. Light creates electron-
hole pairs and the electrons migrate to the nearest PIN junction. Array detectors
are especially useful for recording the full UV-VIS adsorption spectra of samples

rapidly passing through a sample flow cell.
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CHAPTER 2

INTRODUCTION

2.1 Background

Recently, increased focus has been placed upon the development of
sensors and biosensor devices for the long-term monitoring and managing of
health conditions. In particular, glucose sensors have been heavily investigated
[10]. The main objective in these investigations has been to develop an ideal in
vivo sensor with ultra-sensitivity, high selectivity, reliability, limited biofouling, and
low cost. While those features could be found in some of the developed

implantable sensors, biofouling imposed a major problem.

Implantable sensors suffer from biofouling [11]. Biofouling is caused by
nonspecific adsorption of proteinaceous materials to the sensor surface [12]. This
material will encapsulate the implantable device and render it inoperable. The
encapsulation accrues a few days later when the fibroblasts cells migrate to the
implant surface and contribute to the encapsulation process through proliferation,
surrounding the implant to isolate it from the body. The result from the above
effects is isolation of the sensing surface from the analyte which leads to delayed
or inaccurate measurements. Medtronic, Inc (Minneapolis, MN) is producing an

implantable electrochemical glucose sensor that could last for 72 hours.
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There are several techniques for improving biocompatibility and thus
reducing biofouling. For example, the use of polymeric materials such as
membrane coatings to modify the surface charge and wettability of the sensor
substrate has been investigated [13-19]. Quinn et al. [20] used brush polymer
materials to modify the surface of a glucose sensor. Specifically the polyethylene
glycol (PEG) chains were incorporated into polyhydroxyethylmethacryalate
(PHEMA) membranes which resulted in less fibrous encapsulation after
subcutaneous implantation in rats. However, long-term biocompatibility was still a

problem.

Researchers have investigated biocompatible intracellular sensors. For
example, Kopelman and his group have developed PEBBLES, probes
encapsulated by biologically localized embedding, which are utilized as
intracellular sensors to detect ions such as oxygen, chloride, and magnesium
[21-24]. In one of their studies, a magnesium sensitive dye along with a
reference dye was entrapped within a polyacrylamide matrix and inserted into C6

glioma cells for the development of an intracellular magnesium sensor.

To overcome biocompatibility problems, Red Blood Cells (RBCs) will be
investigated. While RBCs have been utilized as carriers for therapeutic agents
[25,26], they have not been used as carriers for glucose sensors. RBCs have

potential advantages for use as glucose sensor carriers:

1. RBCs can transport glucose in and out of the cell for most

species, except pig [27], and this transport is insulin independent;
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2. the Hypo-Osmotic dialysis technique can quickly load a
significant number of RBCs with probes resulting in a 93%

survival rate and a normal mean cell life and cell half-life [28];
3. the mean RBC survival is 120 days;

4. RBC have no organelles including neither nuclei nor ribosome,
thus RBCs can not synthesize new proteins and thus are
designed to provide a milieu where enzymes remain functional

for 120 days.

In this study, RBCs will be utilized to isolate the biosensor and result in

fast response to glucose concentration.

2.2 Significance

Diabetes has become a wide spread disease not only among adults but
also among children. Recent statistic from the American Diabetes Association
(ADA) reported that 20.8 million people - 6.3% of the population - have diabetes,
making it the fifth leading cause of death by disease in the U.S and also
contributing to higher rates of morbidity [29]. People with diabetes are at higher
risk for heart disease, blindness, kidney failure, extremity amputations, and other
chronic conditions. In 2002, the ADA reported that direct medical and indirect

expenditures attributable to diabetes were estimated at $132 billion.
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In July 2005 ADA reported about a new type of diabetes called slow-
onset diabetes or diabetes 1.5, which has similarities both to type 1 and type 2. It
is recognized as type 1.5, because at first, it looks like and reacts positively to
treatments for type 2. However, it ends up revealing itself as an autoimmune

form of diabetes, more like type 1.

Diabetics must closely monitor their glucose levels in order to avoid the
detrimental effects of the disease. A glucose meter is utilized by patients pricking
their finger (up to 7 times a day) and placing a drop of blood on a test strip to
determine glucose concentration. An implantable glucose sensor that could be
interfaced with an implantable insulin pump would provide a closed loop for an

automatic control of glucose levels.

Successful implementation of our technology will help advance the
science of glucose monitoring and managing. The innovation of nanocellular
glucose biosensor arises, not from the fluorescent probes, but from the insertion
of the probes into the RBCs. If successful, our group will be the first to report on
the utilization of RBCs as biocompatible transports for glucose sensors.
Additionally, this technique can be applicable to other analytes of interest such as
cortisol which can also diffuse through RBCs. A disclosure on our technique has

recently been filed.
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2.3 Objective

This study will use the merger of two techniques: FRET competitive
binding or conformational change methods and hypo-osmotic dialysis of RBCs in

order to develop a novel RBC/nanoprobe glucose sensor. The objectives of the

study are:
1. Development of glucose nanobiosensors using competitive binding
technique.
2. Improvement of glucose sensing by testing different dextran sizes.

3. Identifying and testing new FRET pairs.
4. Investigation of Near Infra Red (NIR) FRET pair.
5. Development of new glucose nanobiosensor utilizing protein’s

conformational change.

6. Encapsulation of nanoprobes in RBCs.
7. Encapsulation of glucose nanobiosensors in RBCs.
8. Signal detection from encapsulated RBCs through tissue.

These techniques offer the advantages of:

1. Reducing sensor incompatibility by utilizing RBCs as protective,

biocompatible carrier,

2. Providing a stable, specific response to glucose through the utilization of
FRET nanoprobes and avoiding the need for nanospheres which can

suffer fabrication uniformity and leaching.

33



3. Long-term sensor which is more convenient and less invasive than current

sensors used.

The utilization of RBCs could become a revolutionary technique to monitor

glucose and other analytes.
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CHAPTER 3
NANOPROBE DEVLOPMENT

3.1 Optical Glucose Nanoprobes Development

3.1.1 Introduction

Glucose sensing development is a very active research area. One ultimate
goal of researchers is to develop and fabricate an implantable glucose sensor.
The development of a glucose sensor starts with developing a probe that
responds well to glucose. This project will provide ideas and experiments to fulfill
the development of such a sensor.

The main objective of this investigation was to determine if AF750 and

AF680 is a viable FRET pair for implantable glucose biosensor. Three
experiments were performed:

1) AF750 and AF680 were labeled to streptavidin and biotin and the
energy transfer was determined;

2) AF750 and AF680 were labeled to Con A and dextran (MW 3000 and
MW 10,000) and glucose response was determined in a spectrofluorometer;

3) AF750 and AF680 were labeled to Con A and dextran (MW 3000) and
glucose response was determined through porcine skin.

These experiments help facilitate improvement in the development of an
implantable biosensor to monitor glucose.

A biosensor is the utilization of a protein or enzyme for detection. There

are several enzymes and proteins with high affinity to glucose such as Glucose
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Oxidase (GOx), Glucose Dehyrognase (GDH), Concanavlin A (Con A), and
others. These enzymes have been used by other researchers to detect glucose.
In this project, those enzymes will be tested as a part of nanoprobe development
which will be encapsulated in RBCs.

This biosensor development will detect changes optically. This requires
study of the different fluorescence properties. Since this nanobiosensor will
operate in vivo and FRET technique will be implemented, there will be a selective
list of fluorophores to viable for use. The FRET study will be conducted by using

the high binding affinity between Streptavidin and Biotin.

3.1.2 FRET Method of Detection

FRET is distance dependent technique. This distance is called Forster
radius (Ry). It is the distance at which energy transfer is 50% efficient (i.e., 50%
of excited donors are deactivated by FRET).The magnitude of R, is dependent
on the spectral properties of the donor and acceptor dyes [30-36]. To ensure that
close proximity of the two dyes, we have to select molecules with high affinity to
each other. Streptavidin and Biotin have high binding affinity [37]. This binding

affinity will allow the labeled sites with the two dyes to be in close proximity.

3.1.3 Streptavidin and Biotin as Biologic Markers

Biologic markers are good testing indicators. Streptavidin and Biotin are
considered as biologic markers due to their high binding affinity. They were first
exploited in histochemical applications in the mid-1970s [38, 39]. They are used
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for diverse detection schemes [40-41]. In their simplest form, such methods entail
applying a biotinylated probe to a sample and then detecting the bound probe
with a labeled streptavidin. In some applications, immobilized srteptavidin is used

to capture and release biotinylated targets.

Streptavidin

Streptavidin is a nonglycosylated protein with a near-neutral isoelectric
point. Its molecular weight is 52,800-dalton. Streptavidin contains the tripeptide
sequence Arg-Tyr—Asp (RYD) that apparently mimics the Arg—Gly—Asp (RGD)
binding sequence of fibronectin, a component of the extracellular matrix that

specifically promotes cellular adhesion [42]. This universal recognition sequence

binds integrins and related cell-surface molecules (Figure 3.1).

Figure 3.1 Structure of Streptavidin [43]
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Biotin
Biotin is a 14-atom spacer. Biotin has a molecular weight of 12,000
Dalton. It has been shown to enhance the ability of the biotin moiety to bind to

avidin’s relatively deep binding sites.

Binding Characteristics of Biotin-Binding Proteins

Streptavidin biotin-binding protein binds four biotins per molecule with high
affinity and selectivity. Dissociation of biotin from streptavidin is reported to be
fast [44]. The multiple binding sites permit a number of techniques in which
unlabeled streptavidin biotin-binding protein can be used to bridge two
biotinylated reagents. This bridging method is commonly used to link a

biotinylated probe to a biotinylated enzyme in  enzyme-linked

immunohistochemical applications (Figure 3.2).

Figure 3.2 Streptavidin biotin-binding protein binding [45]
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3.1.4 Chosen FRET Fluorophores

Alexa Fluor 750

Alexa Fluor 750 dye is the longest wavelength Alexa Fluor dye currently
available (Figure 3.3). Its spectrum is similar to Cy7 dye. Its fluorescence
emission maximum at 779 nm is well separated from commonly used far-red
fluorophores such as Alexa Fluor 647, Alexa Fluor 660, or allophycocyanin
(APC), facilitating multicolor analysis. With a peak excitation at ~752 nm,
conjugates of the Alexa Fluor 700 dye are well excited by a xenonarc lamp or

dye-pumped lasers operating in the 720—-750 nm range [46].

— Alaxa Fluor 750
— Oy

Fluorescence emission

750 BOO 850 900
Wavelength (nm)

Figure 3.3 Emission spectrum of AF 750 and Cy7 [46]
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Alexa Fluor 680

With a peak excitation at 679 nm and maximum emission at 702 nm, the
Alexa Fluor 680 dye is spectrally similar to the Cy5.5 dye (Figure 3.4).
Fluorescence emission of the Alexa Fluor 680 dye is well separated from that of
other commonly used red fluorophores, such as the tetramethylrhodamine,

Texas Red, R-phycoerythrin, Alexa Fluor 594, and Alexa Fluor 647 dyes [47].
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Figure 3.4 Emission and Absorption spectrum of AF 680 and Cy5.5 [47]
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3.1.5 Chosen Competitive Binding Markers
Dextran

Dextran is a polymer of anhydroglucose. It is composed of approximately
95% alpha-D-(166) linkages. Native dextran has a molecular weight (MW) in the
range of 9 million to 500 million [48-50]. Dextrans with lower MW have fewer
branches [51] and have a more narrow range of MW distribution [52]. Dextrans
with 10,000 MW or greater behave as if they are highly branched. As the MW
increases, dextran molecules attain greater symmetry [53,54]. Dextrans with MW
of 2,000 to 10,000, exhibit the properties of an expandable coil. At MW below

2,000, dextran is more rod-like [55] (Figure 3.5).

Figure 3.5 Structure of dextran molecule fragment [56]
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Fluorescence labeled dextran is used extensively in microcirculation and
cell permeability research utilizing microfluorimetry [57, 58]. FITC-dextran has
been used to study plant cell wall porosity and capillary permeability [59]. In this
study, optimization of the base line and maximum FRET is the objective. We will

study the affect of two different MW dextrans on glucose response.

Concanavalin A

The molecular structure of Concanavalin A (ConA) is composed of
identical subunits of 237 amino acid residues (M.W.: 26,000) with no covalently
bound carbohydrate or other prosthetic group [60].

ConA reacts with non-reducing a-D-glucose and a-D-mannose - it is the
ring form that participates in the reaction. The a-methyl-D-glucopyranoside acts
as a competitive inhibitor [61].

Diabetes is a world-wide disease. According to the ADA by the year 2020,
there will be 250 million people afflicted with this disease. Most diabetics monitor
their glucose levels at least several times a day, followed by appropriate actions
to maintain normal glycemia. Stricter monitoring of glucose level would help
prevent some of the adverse health effects associated with diabetes. Ideally, an
implantable glucose sensor would reduce the pain associated with the finger
stick testing while also maintaining strict control over blood glucose levels.
Currently, the commercially available test kits utilize electrochemical sensors that

require extraction of a sample of blood.
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Recently, increased focus has been placed upon the development of
sensor and biosensor devices for long-term monitoring and managing of diabetes
[62, 63]. Many scientists are investigating glucose sensors based on
fluorescence spectroscopy. It has the advantages of high sensitivity and superior
specificity provided by molecular recognition [64]. In fact, there are many
fluorescent probes that monitor glucose accurately. For example, a series of
experiments were performed using FRET and competitive binding technique.
McShane et al. [66] utilized Concanavalin A and dextran which were labeled as
acceptor and donor dyes respectively. In the presence of glucose, the labeled
dextran was displaced from the Concanavalin A resulting in a change in
fluorescence. Glucose concentration can be estimated from FRET efficiency, and
the ratiometric nature of the FRET analysis method allows compensation for
variations in instrumental parameters, assay component concentrations, and
measurement configuration [65]. By using AF750 and AF680 as an IR FRET pair,
we will be able to design in vivo sensors.

For fluorophores to be utilized as implantable sensors, high quantum yield
and near IR emission (NIR) would be ideal, but such a combination is not
currently available because red and NIR dyes generally have a lower quantum
yield than shorter-wavelength dyes. On the other hand, NIR dyes make use of
the tissue window. The judicious choice of the FRET dyes is critical in the
development of an optical implantable glucose sensor. In this study, it was
hypothesized that the fluorophores Alexa Fluor 750 and Alexa Fluor 680 would
be a viable choice for an implantable FRET biosensor for glucose detection.
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Typically, the FRET fluorophore molecule pairs are characterized via the
Forster radius (R,), which is the distance at which energy transfer is 50% efficient
(i.e., 50% of excited donors are deactivated). In this study, to ensure that close
proximity of the two dyes (0.5 to 2 R,), molecules with high affinity to each other
were utilized. Thus, streptavidin and biotin were labeled to the fluorophores.
Streptavidin biotin-binding protein binds four biotins per molecule with high
affinity and selectivity. Dissociation of biotin from streptavidin is reported to be

fast, 2.4x10™° s~ 1 [66].

Additionally, glucose sensing was conducted using this FRET pair.
Dextran is an inhibitor to Con A. When glucose is added to the solution of
dextran and Con A bound, glucose will displace dextran and binds to the Con A.
This displacement will take place due to the high affinity of glucose to Con A. As

result of the displacement there will be change in FRET.

3.2 Materials and Methods
Materials

Concanavalin A (5 mg/ml), sodium bicarbonate (84.01 MW, 0.1 M, pH
8.3), bovine serum albumin (2 mg/ml, pH 7.0), phosphate buffered saline (0.01M,
pH 7.4), and beta-D(+) glucose (180.2 MW, 100 mg/ml) were purchased from
Sigma (St. Louis, MO). Streptavidin-Alexa Fluor 680 (52,800 MW, 1mg), Alexa
Flour 680-dextran (molecular weight 10,000 Da, 1 mol AF680/mol of dextran &
molecular weight 3000 Da, 1 mol AF680/mol of dextran ), Alexa Fluor 750

carboxylic acid (succinimidyl ester, 1 mg), and FluoReporter Mini-biotin-XX
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protein labeling kit (5 labeling of 0.1-3 mg protein each) were purchased from
Invitrogen (Carlsbad, CA). Dialysis tubing (6000-8000 MWCO) was purchased
from Fisher Scientific (Hampton, NH). DMSO 78.13 MW was obtained from MU
Recycling (MU Recycling — D-5879 — lot 100F-0269). Dialysis tubing 6000-8000
MWCO was purchased from Fisher Scientific (Fisher Scientific — 21-152-3). PBS
0.01M, pH 7.4 (Sigma - P-3813 - lot 075K8206), Beta-D(+) glucose 180.2 MW,
100 mg/ml (Sigma, G5250, Batch # 014K1265), and BSA 2 mg/ml, pH 7.0
(Sigma — G2133 — lot 034K1462) were all purchased from Sigma. AF680-dextran
(molecular weight 10,000 Da, 1 mol AF680/mol of dextran & molecular weight

3000 Da, 1 mol AF680/mol of dextran) was purchased from Invetrogyn.

Instrumentation

A UV-Vis absorbance spectrometer (Beckman DU 520) was used to
collect absorbance spectra and perform catalytic activity tests. The slit size (4
nm) and scanning speed (595 nm/min) were held constant throughout all the
experiments. A scanning fluorescence spectrometer (FluoroMax-3 Jobin Yvon,
Hobira) was used to collect fluorescence emission spectra by exciting the sample

at 749 nm. The slit size and integration time were 5 nm and 0.5 s, respectively.

Preparation of Biotin

BSA 0.5 mg/ml was used in the biotinylation. It was dilute 10 mM sodium
phosphate buffer. Using the labeling kit protocol form Molecular Probes will use
the resulted stock in the labeling with AF750.
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Bio-Rad experiment was conducted to determine the final protein
concentration and the degree of labeling. The final BSA-Biotin concentration was
1.103 mg/ml and the degree of labeling (DOL) was determined by the use of UV-
VIS. The labeled BSA was scanned and the absorbance at 749 nm was

determined. The DOL was calculated according to this formula

DOL= (A max X MW) / ([Protein] X € dye )

The DOL was 0.8. This means that for every mole of protein there is a

mole of dye and the AF680-streptavidin DOL is 3.

Preparation of Con A

The Con A from Sigma was in powder form. Con A (10 mg) was labeled
with AF750 following the protocol provided by Molecular Probes.

Bio-Rod experiment was conducted to determine the final protein
concentration and the degree of labeling. The final Con A concentration was 9.86
mg/ml and the degree of labeling (DOL) was determined by using UV-VIS. The
labeled Con A was scanned and the absorbance at 749 nm was determined. The
DOL was calculated according to this formula

The DOL was 2.94 mole of dye/ mole of Con A. This means that for every
mole of protein there is approximately 2.94 moles of dye. The AF680-dextran

DOL is 1 mole of AF680 for every mole of dextran.
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FRET Experiments using AF680 and AF750

Biotin and Streptavidin have strong binding affinity for each other. Since
biotin is a small molecule, BSA was biotinylated and then labeled with AF750.
The binding affinity between the biotinylated BSA-AF750 and AF680-streptavidin
was used to allow AF750 and AF680 to be in close proximity. This distance has
to be between 20 and 100 A. When that condition is fulfilled and also an overlap
between the donor, AF680, emission spectrum and the acceptor, AF750,
excitation spectrum take place then this will result in FRET. The observation of
FRET was conducted by the addition of 1Tug AF750-BSA to the solution of the
1ug AF680-streptavidin in PBS. The total volume was 3ml. The 1ug AF680-
streptavidin, donor, in PBS was scanned to determine its peak without AF750-
BSA, acceptor. When the acceptor was added, there was a drop in the donor
peak as the sample was excited at 680 nm.

The experiments were conducted in 4 ml cuvettes. The spectrofluorometer
was adjusted to 1 nm increments and an integration time of 0.5 seconds. The
excitation was set at 680 nm. 1 ug of BSA-AF 750 was scanned by setting the
excitation at 750 nm and the slits at 5. FRET was determined by placing 1 ug of
AF680-streptavidin in a cuvette. PBS was added and a scan was conducted to
acquire the sample background without AF750-BSA biotin. Next, 1 ug AF750-
BSA biotin was added to the cuvette and more spectra were obtained. Energy
transfer from the AF680-streptavidin (donor) was determined. The final sample

was 1 ug AF750-BSA biotin in 1 ug AF680-streptavidin in 1 ml PBS.
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FRET Experiments via dextran size testing for glucose response

Since AF680 and AF750 proved to be a useful FRET pair dye, it was used
in all future experiments for detecting glucose. Con A is considered as a glucose
binding protein. Dextran binds to Con A but with lower affinity than glucose. By
using the binding property of dextran to Con A and then introducing glucose to
the sample, due to the higher affinity of glucose to Con A, dextran will be
displaced. This property is called competitive binding. This displacement will
provide a change in FRET.

In previous experiments of probes development, researchers utilized large
chains of dextran, whose molecular weight ranged from 500,000 to 2,000,000
MW. In this experiment, we tested the effect of dextran size on the glucose
detection by using the competitive binding technique. There were two sizes of
dextran selected, 10,000 MW and 3000 MW.

All experiments in this section were conducted in 4 ml cuvettes. The
excitation was set at 680 nm, which is the excitation wavelength for the AF680-
dextran. The increment was set at 1nm and the integration time was at 0.3 s. The
slits were opened to 7.

The test on the dextran with (10,000 MW) was conducted by placing 0.1
ug of AF680-dextran in a 4 ml cuvette. Then PBS was added. The total volume
was 3 ml. A scan of the sample was conducted to acquire the background
without AF750-Con A. Then 0.2825 ug of AF750-Con A was added to the same
cuvette. A scan of the sample was performed to determine the percent of energy
transfer from the FRET pair. The mole ratio was maintained at 4 moles of dextran
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to 1 mole of Con A. The same test was conducted with the same mole ratio 4:1
by using the dextran (3000MW). 0.1 ug of AF680-dextran and 0.789 ug of
AF750-Con A were placed in a 4ml cuvette. Similar scans were obtained.

After 2 hr incubation to allow binding of the dextran to Con A, each sample
was tested for glucose response. The test consisted of four additions of glucose
concentrations from 0.016 to 0.397 uM. These glucose concentrations did not fall
in the normal blood glucose concentration range in human, which range between
4.3 to 9 mM. Ten minutes was allowed for incubation with the glucose after each
addition before scanning. This incubation time allowed full displacement of
glucose to dextran. These experiments were conducted four times in order to

obtain statistical data.

Transmission Studies of FRET glucose sensors through porcine skin

The main objective from using NIR dye is to be able to detect signal from
an implantable biosensor. Skin is a barrier between the sensor and the detector.
By placing a porcine tissue in front of the cuvette holder, this will mimic signal
transmission from the sensor through skin. Porcine skin (4.06 mm thickness)
was utilized. The biosensor probes from previous experiment of glucose
response was used and then scanned. This experiment was followed by more
testing with different tissue thicknesses to determine the relation between the

tissue thickness and the fluorescence signal.
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3.3 Results and Discussion

3.3.1 Fluorescence Resonance Energy Transfer (FRET) Experiments

In the following graphs, the results of the FRET streptavidin/biotin
experiments are shown. Figure 3.7 shows the scan of the maximum peak of
1ug SA-AF680, donor without the presence of the BSA-AF750, acceptor. The
excitation was set at 750 nm and the slits opening were at 5. The scan of the
1 ug of SA-AF680 gave a maximum peak of 1499411 cps at 702 nm. This peak
represents the maximum emission of the AF680 when the donor is not present in

the sample.
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Figure 3.7 Scan of SA-AF 680 without the presence of BSA Biotin-AF 750

Next, the sample was scanned with the presence of the acceptor. The

excitation was set at 680 nm and the slits opening were at 5. Figure 3.8 provided
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peak of the donor with the presence of the acceptor which was 63624 cps at 702

nm.
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Figure 3.8 Scan of SA-AF 680 with the presence of BSA Biotin-AF 750
The energy transfer was calculated using equation (3 -1):
% Energy transfer =1 — Ipwa / Ip (eqn 3.1)

where |p is the donor’s intensity without the presence of the acceptor and | pwa is

the donor’s intensity with the acceptor presence. The results provided conclusive

observations of energy transfer in term of increase in the acceptor peak and

decrease in the donor peak. The energy transfer result was 95.76 %.
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This result provided conclusive observations of energy transfer between
the AF680 and AF-750 which will be used in future experiments as an NIR FRET

pair.

3.3.2 Results of Dextran Size Effect on Glucose Response

Since the previous experiments determined that AF680 and AF750
fluorophores are viable FRET pairs, the next step was to utilize the fluorophores
in a FRET-based glucose biosensor. First, two different molecular weight
dextrans were examined. The two different sizes, MW 10,000 and MW 3000, of
the labeled dextran had similar concentration and F/P ratio. In these
experiments, four moles of dextran to one mole of Con A was maintained. This
ratio increased the probability of dextran to bind to one or more of the four-sugar
binding sites on Con A.

Figure 3.9 shows the glucose response when the dextran (10,000MW)
was used. A high concentrated glucose was prepared to use for the additions.
Those additions were added in smaller volumes to prevent any dilution effect.

Then the donor/acceptor fluorescence ratio was calculated.
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Figure 3.9 Glucose Response of AF680-dextran (10,000MW) and
AF750-Con A.

The data was plotted as D/A ratio vs. glucose concentration, there was an
inconsistency in the decrease of the D/A ratio as the glucose concentration was
increasing. The response basically had a flat slope after the initial addition of
glucose due to the low sensitivity.

The above data is representation of the inconsistency distance change
between the donor and the acceptor. After the first addition, it seems that the
distance between the donor and acceptor decreased since there was a drop in
the donor signal and increase to the acceptor signal. However after the second
addition the donor increased and the acceptor decreased. This means that the

distance between the donor and the acceptor decreased.
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In Figure 3.10, the glucose response is shown for the 3000 MW dextran.
Unlike the results from using the higher molecular weight dextran (10000MW),
there was an exponential decrease of the D/A ratio as the glucose concentration
was increasing. Also the change in D/A ratio was small due to the small change

in the glucose concentration.
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Figure 3.10 Glucose Response of AF680-dextran (3000MW) and AF750-Con A

Figure 3.9 shows an average of all four experiments performed. For the
first glucose addition of 0.016 uM, there was drop in the D/A peak ratio then there
was an increase followed by decrease in the D/A ratio. This inconsistency in
responding to different glucose concentrations would make it difficult to monitor

glucose concentration change. On the other hand, Figure 3.10 shows an average
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of four experiments results with exponential decrease of the D/A ratio peak as
the glucose concentration increase. It is possible that this inconsistency in
glucose response when larger dextran was used is due to large sugar branch.
Since there is no control over the sites to label on the dextran molecules, the
smaller the dextran molecules the higher the possibility would be to label a site
that could be in close proximity to the labeled binding site on the Con A.

Figure 3.11 was used to determine the mathematical representation of the

behavior of the response. The exponential equation is

y = 14.076 &%

The R? is 0.6831.

D/A ratio

y = 14.076¢ 0%
R? = 0.6831

13.3 ; 1 1
0 0.0167 0.167 0.266 0.397

Glucose Conc. (uM)

Figure 3.11 Graph for determining the exponential function.
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The detection range was calculated in accordance to the number of moles
of dextran and Con A in the sample. Therefore by using 0.1 ug of AF680-dextran
(3000MW) and 0.789 ug of AF750-Con A in a 4 ml cuvette with 3 ml PBS added,
0.397uM of glucose concentration would be the maximum detection range. To
improve this detection range, an adjustment can be made by adjusting the
amount of AF680-dextran and AF750-Con A.

Figure 3.12 shows the average results of AF680-dextran (3000MW) and
AF750-Con A after increasing the concentration of dextran and Con A. In these
experiments, 0.2 ug of AF860-dextran with 2988 ul PBS was placed in a 4ml
cuvette, and then 105.7 ug of Con A was added. These samples were incubated
for 2 hours. The glucose concentration range in this test was between 3.33mM

and 33.65mM.
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Figure 3.12 Glucose Response of AF680-dextran (3000MW) and AF750-Con A
with larger detection limits
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The maximum tested range exceeds the normal human blood glucose
concentration. Again Figure 3.12 shows the exponential decrease to the peak of

the D/A ratio as the glucose concentration increase.

3.3.3 Results of the Transmission Studies of FRET Glucose Sensors
Through Porcine Skin

Implantable glucose sensors require the capture of transmitted glucose
signal response through skin. In this experiment porcine skin was used to
determine how much signal can be transmitted through it. A 4.06 mm thick
porcine skin was place in front of the cuvette holder. Figure 3.13 shows results of
the experiments with dextran (10,000MW) and (3000MW) with and without the

tissue.
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Figure 3.13 Peak Signal from two different probes with tissue and without tissue
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There was a drop of 98.2% to the peaks which means only 1.98%
transmitted peak signal was captured.

The results from testing different tissue thickness compared to the
fluorescence captured showed a drop in the signal as the thickness of the tissue

increases, as shown in Figure 3.14.
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Figure 3.14 The signal from different tissue thicknesses.
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When looking at the relation between tissue thickness and the resulting
florescence, there is a decrease in the signal as the tissue thickness increases.
As shown in Figure 3.15, this relation is described by the following equation:

y = - 10045 X2 + 34922 X + 37998

The R? value was 0.9926.
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Figure 3.14 Relation between tissue thickness and intensity

These results imparted some important information and will be useful in

the final in vivo nanoprobe design. The placement of the light source and

detector will be extremely important. These components need to be placed in a
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location where the skin thickness is minimal. The light source should be powerful
enough to penetrate the skin and elicit a strong fluorescence response or else

longer wavelength FRET pairs are needed.

3.4 CONCLUSION

FRET is a ratiometric optical technique. It can be utilized as a chemical
transduction system to detect glucose. By using NIR FRET pairs in glucose
sensing, it allows the idea of in vivo glucose sensing feasible, and avoids
complete quenching of the signal from blood and tissues. These experiments
provided fulfilment of most of the necessary FRET conditions for the AF750 and
AF680 as a FRET pair. By exploiting the high affinity between biotin and
streptavidin, testing the two dyes was feasible and provided the proximity within
the Forster distance, which resulted in FRET. The optimization of the energy
transfer was achieved by utilizing different concentrations of the labeled biotin
and streptavidin.

The above FRET dye pair was used in testing the effect of dextran size on
energy transfer when dextran was bound to Con A. Labeled Con A and dextran
were used in detecting glucose optically. Since FRET is a distance dependent
technique, the size of the labeled dextran will have an effect on the binding
between Con A and dextran. The test on dextran size revealed that Dextran

(3000 MW) gave the best results. Also the detection range was adjusted to cover
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the upper limit of the normal blood glucose concentration in humans, which is
25mM.

Finally, detecting of peak signal through 4.06mm thick tissue was possible
but only 1.92% of that intensity captured. If the tissue thickness is reduced then
the captured signal will increase. All the above results can be used in designing
more sensitive optical glucose biosensor. These sensors may eventually be
deployed for in vivo glucose sensing with superior sensitivity and without the

concern of toxicity.
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CHAPTER 4

NOVEL GLUCOSE NANOPROBES

4.1 Glucose Binding Protein as a Novel Optical Glucose
Nanobiosensor

4.1.1 Introduction

In vivo glucose sensing has gained more focus by scientist and
researchers, but remained a difficult area due to the number of problems, such
as biofouling, poor optical transmission, and poor glucose sensitive probes.
There are several enzymes used to detect glucose. But a major problem with
these enzymes is the byproduct produced. In the case of glucose oxidase, the
hydrogen peroxide will cause major problems with the optical dyes that are pH
sensitive. To overcome this problem, Glucose Binding Protein (GBP) will be used
to detect glucose. In this research project the GBP structure provides a glucose
binding site in a shape of a pocket. When glucose is introduced, it will bind to the
glucose binding sites and will cause a conformational change.

The glucose binding protein of Escherichia coli (E. coli) is considered as
an initial component for both chemotaxis towards glucose and high-affinity active
transport of sugar. E. coli is a bacterial periplasmic binding protein. It is an
essential component that serves as initial receptor for active transport systems
[67-69]. The X-ray structures of this protein have provided a molecular view of

the sugar-binding site and of the site for interacting with the Trg transmembrane
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signal transducer [70-73]. Figure 4.1 provides a schematic of the geometry of the
sugar-binding site. It is located in the cleft between the two lobes of the bilobate
protein. It is designed for tight binding and sequestering of either the alpha or
beta anomer of the D-stereoisomer of the 4-epimers galactose and glucose [74].

The diameter of glucose binding protein (GBP) is 50 A [75].

Figure 4.1 schematic of the geometry of the glucose-binding site [76]
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Mature GBP consists of 309 amino acids with a molecular weight of
33,310 Da [77]. It is ellipsoidal in shape with two different but similarly folded
domains connected by three different peptide segments that serve as a flexible
hinge and produce a cleft between the two folded domains. The ligand-binding
site is deep within this cleft. Each domain has a core of six B-sheet strands
flanked by two or three helices on both sides [78]. In the absence of D-glucose,
the two domains remain far apart with the cleft accessible to solvent. Glucose
induces a hinge motion in GBP and the sugar becomes completely engulfed in
the deep cleft between the two domains. This conformational change in GBP
results in the exclusion of solvent molecules from the binding site and enables
efficient hydrogen-bonding interactions between the sugar and the residues in
the binding site. D-glucose binds to GBP with dissociation constants, Kd, of 0.4
mM [79]. The conformational change produced in GBP upon binding glucose
constitutes the basis of FRET nanobiosensor development strategy.

AF750 and AF680 is a viable FRET pair that will be used to label the GBP.
Wild-type E. coli GBP has multi sites of amino but no cysteine moieties. By
incorporating a unique cysteine to the protein, this will permit site-specific
labeling with fluorophore and the optimization of the induced fluorescence
change in the presence of glucose.

Site-directed mutagenesis was performed to incorporate a single cysteine
in GBP at site 175 to produce GBP mutant. This site was chosen because the
crystal structure of GBP [80] shows that these residues are located near the
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binding cleft. The response of this labeled mutant GBP upon binding with sugar
was monitored by following the changes in the fluorescence intensity of the
probes. Calibration plots were then constructed by relating the changes in signal

with the amount of ligand present.

4.1.2 Materials and Methods
Materials

Glucose binding protein from E.Coli that contains a unique cysteine at
position 175 was purchased from Senseomics (Lexington, KY). Dithiothceitol
(DTT) was purchased from Sigma Chemical Co. (St. Louis, MO). B-D-Glucose
and PBS also were purchased from Sigma Chemical Co. (St. Louis, MO). Alexa
Fluor 750 C5-maleimide, which was used to label the unique cysteine on the
GBP, was obtained from Invitrogen. The Alexa Fluor 680 caboxylic acid,
succinmidyle ester was also purchased from Invitrogen. DMSO 78.13 MW was
obtained from the MU Chemical Recycling (Columbia, MO). Dialysis tubing 6000-

8000 MWCO was obtained from Fisher Scientific (Fairlawn, NJ).

Instrumentation

A UV-Vis absorbance spectrometer (Beckman DU 520) was used to
collect absorbance spectra. The slit size (4 nm) and scanning speed
(595nm/min) were held constant throughout all the experiments. A scanning

fluorescence spectrometer (FluoroMax-3 Jobin Yvon, Hobira) was used to collect

65



fluorescence emission spectra by exciting the sample at 680 nm. The slit size

and integration time were 7nm and 0.3s, respectively.

GBP purifying

The GBP was mixed in Tris-HCI buffer. The addition of Dithiothreitol (DTT)
to the GBP was carried out to reduce the disulfide bonds in the GBP. This was
accomplished by making a 1 M solution of DTT and then adding GBP. Then the
solution was dialyzed in PBS to eliminate the excess DTT. With this process the
GBP was ready to allow the cysteine site to be conjugated. The labeling of GBP
with AF750 was prepared by using the labeling kit protocol from lvitrogen.

Bio-Rod experiment was conducted to determine the final protein
concentration and the degree of labeling. The final GBP-AF750 concentration
was 0.8091 mg/ml and the degree of labeling (DOL) was 1 since there was only

one cysteine.

AF680 labeling on the GBP amine sites

By following the protein conjugation protocol from lvitrogen; the AF680
was conjugated on the GBP amino sites. The conjugated stock was dialyzed in
PBS to remove the excess AF680. Then the final conjugated GBP concentration
was determined by using a Bio-Rod kit. The final concentration was 0.7842

mg/ml. The DOL was calculated according to this formula

DOL= (A max X MW) / ([Protein] X € dye) (eqn 4.1)
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where Anax is the absorbance at the maximum peak of the fluorophore used in
conjugation, and eqye is the extinction coefficient at Amax in cm M, and [M] is the
molarity of the agent. MW is the molecular weight of the protein. The DOL was

1.5, which means that for every mole of protein there was 1.5 moles of dye.

The existence of AF 680 and AF 750 on the GBP

Experiments were conducted in 2 ml total volume of PBS. First, 11.32 ug
of GBP-AF750 was placed in the 4 ml cuvette. It was scanned for background
signal of the AF750. The excitation was set at 750 nm with slit opening at 5. The
increment was set at 1 nm and the integration time was at 0.3 sec. Second,
11.32 ug of GBP-AF680-AF750 was placed in the 4 ml cuvette with 2 ml PBS.
The scanning fluorescence spectrometer was adjusted to conduct the experiment
according to the fluorophore used. The excitation was set at 680 nm, which was
the excitation wavelength for the AF680 located on the amine sites. The

increment was set at 1 nm and the integration time was at 0.3 sec.

Baseline scan from the FRET pair labeled GBP

It is imperative to establish baseline scans from the FRET labeled GBP.

The baselines provide background spectra prior to the addition of glucose.

Glucose Response Experiments

After 2 hr incubation of the 1.56 pg of labeled GBP in PBS buffer probe

samples were tested for glucose response. The tests consisted of six additions of
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glucose concentrations, 0 to 60 uM. For each glucose addition, 5 min. was
allowed for incubation at room temperature. Calibration plots were obtained by
relating the average fluorescence change with the concentration of glucose in the
sample. The data points shown in the figures are the average of three

measurements +1 SD.

4.1.3 Results and Discussion

GBP Labeling and Fluorescence Resonance Energy Transfer (FRET)

Experiments

Figure 4.2 indicates a successful labeling of the AF750 on the one
cysteine site and AF680 on the amino sites. When GBP-AF680 was excited at
680 nm, an emission peak signal was detected at 702 nm. After the labeling of
AF750, the labeled GBP with AF680 and AF750 was excited at 680 nm. There
were two emission peaks. One peak was at 702 nm, which is an indication of
the presence of AF680, and another peak was at 776 nm, which is an indication

of the presence AF750.
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Figure 4.2. Background signal of the labeld GBP-AF750-AF680

The successful labeling of GBP with the NIR FRET dye pair will allow us
to quantify FRET results after exposure to glucose. When the GBP was first
labeled with the donor, AF680, a scan of GBP-AF680 in PBS was obtained. The
maximum peak from the AF680 without the presence of the donor was
24480 CPS as shown in Figure 4.3. The labeled GBP with AF680 and AF750
was scanned, the donor peak result was 2610. Both peaks of AF680 without the
presence of the acceptor and with the presence of the acceptor was used to
quantify the energy transfer that took occurred between the donor and the

acceptor prior to glucose additions.
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Figure 4.3. Donor peaks at 702 nm with and without acceptor presence

Equation 4.2 was used in the quantification.

% Energy transfer =1 —lpwa /|l p (eqn 4.2)

where |p is the donor’s intensity without acceptor and Ipwa is the donor’s intensity
with acceptor present. The result indicated an energy transfer of 89.34%. These
results provided conclusive observations of energy transfer in terms of an
increase in the acceptor peak and decrease in the donor peak prior to glucose

additions.
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GBP Glucose Response Experiments

Since it was determined that the AF680 and AF750 fluorophores were
labeled to the GBP, the next step was to utilize the fluorophores in a FRET-
based glucose biosensor. In these experiments glucose response was studied
by utilizing1.56 ug of GBP-AF750-AF680 in 2ml PBS as a baseline and adding
various concentrations of glucose.

The labeled GBP was incubated in the PBS for 2 hours in PBS. Then
three different D-glucose concentrations were added: 10uM, 40uM, and 120uM.
The scanned data was plotted as donor/acceptor (D/A) ratio vs. glucose
concentrations. As shown in Figure 4.4, there was an exponential decrease to
the ratio as glucose concentration was increased. This change in the signal is
due to the conformational changes of the GBP. As glucose binds to its GBP
binding site, the distance between the labeled sites was changed. The results of
the increase in the acceptor peak and decrease of the donor peak indicated a
decrease in the distance between the donor and the acceptor, resulting in an

increased in energy transfer.
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Figure 4.4. D/A vs. glucose concentration (detection range 0 to 120uM)

At 120 uM glucose, the D/A ratio was not consistent with the other two D/A
ratios. That result was further investigated by looking into the detection range for
the labeled GBP.

A smaller dynamic range of the glucose concentration was tested from O
to 60 uM. Figure 4.5 provided a consistent decrease in sensor response as the

glucose concentration was increased.

72



11.8,
11.7

11.6
pa 11.5
114
11.3 ¢ . .

11_2 I I I I I I 1
0 10 20 30 40 50 60 70

Glucose conc. (uM)

Figure 4.5. D/A vs. glucose concentration (detection range 0 to 60uM)

The final experiments were to target improvements in the signal by
modifying the labeling process. In the following section, the ratio of mole
dye/mole protein was about 3.6:1. We had 8.7 pmole of dye to every 2.38 pmole
of protein. There were more glucose concentration additions within the same

tested range of 0 to 60 uM.

Glucose response was also studied at t=0 min. and t = 5 min. At t=0 min.,
the scan of the sample was performed immediately after mixing. No time was
allowed for incubation. The result still showed an exponential decrease to the

D/A ratio as the glucose concentration increase as shown in Figure 4.6.
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Figure 4.6. Glucose response to different samples at t=0min.

Figure 4.6 show the final graph all three experiments. This result is
represented by the following exponential equation was obtained.

Y =10.43 g 00000

The R? value is 0.8583

At t = 5min., the D/A ratio was more consistent in the exponential

decrease as the glucose concentration was increasing as shown in Figure 4.7.
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Figure 4.7 Glucose response of three samples at t=5min

Figure 4.7show the final graph all three experiments. By using Figure 4.7,

we got the following exponential equation was obtained.

Y =10.391e 09

The R? value is 0.7317.

It is conclusive that incubation time is very important after the addition of

different glucose concentrations.
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4.1.4 Conclusion

Glucose binding protein (GBP) is a monomeric periplasmic protein. It
binds glucose with high affinity. The binding mechanism is based on a hinge
motion due to the protein conformational change. This change was used as an
optical sensing mechanism by applying Fluorescence Resonance Energy
Transfer (FRET). With the introduction of a single cysteine at a specific site by
site-directed mutagenesis, a single-label attachment at specific sites with a
fluorescent probe, AF750, was ensured. The other sites are amino sites, which
were labeled with a donor fluorophore, AF680. Since this residue was not
involved in ligand binding and since it was located at the edge of the binding
cleft, it experienced a significant change in environment upon binding of glucose.
The sensing system strategy was based on the fluorescence changes of the
probe as the protein undergoes a structural change on binding. This structure
change allowed a reduction in the distance between the donor and the acceptor,
which allowed more energy transfer as glucose concentration was increasing.
Also by allowing 5 min for glucose to incubate, the respond from the biosensor
was decreasing exponentially as glucose concentration was increasing. The
detection range was determined between 0-60 uM. The dynamic range could be

improved by increasing the GBP concentration.

All the above results can be used in designing more sensitive optical
glucose biosensor. These sensors may eventually be deployed for in vivo

glucose sensing with superior sensitivity and without the concern of toxicity.
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CHAPTER 5
NANOPROBES ENCAPSULATION IN ERYTHROCYTES

5.1 Encapsulation of Streptavidin labeled with Alexa Fluor 750
into Erythrocytes

5.1.1 Introduction

An essential task of erythrocytes, (Red Blood Cells, RBCs) is to carry
oxygen to different body tissues. RBCs are biconcave disks, which allow
maximum oxygen transport. There are 5-million/micro liters of RBCs in the
circulation (totaling 30 ftrillion in humans), and they have long lifetimes of 120

days [81]. Figure 5.1 details the shape and dimensions of RBCs.

DIAMETER = T.65 um

VOLUME = 98 um?

2.5um SURFACE AREA = 130 um?

Figure 5.1 An SEM image of red blood cell. The cells were obtained from
rabbits [82]

Erythrocytes have remarkable capacity to undergo reversible membrane
swelling. This flexibility in the membrane allows large pores to open up where
metabolites and macromolecules can cross that barrier [83]. For more than 20

years this property has been carefully investigated by a number by different
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researchers and laboratories [84] due to the idea of using red cells as storage
containers (erythrocyte encapsulation) [85-88]. Encapsulated erythrocytes have
been proposed as carriers and bioreactors, which would be suitable for use in the

treatment of various diseases [89-90].

There are several methods currently in use that allow the encapsulation of
agents in erythrocytes. They are based on a high-hematocrit dialysis procedure
[91]. The procedure for the encapsulation of RBCs starts by placing the washed
RBCs in dialysis tubing together with the substance to be encapsulated. The
suspension is then dialyzed against a hypotonic solution until the erythrocytes
have been lysed. The dialyzed cells, once in equilibrium with the exogenous
substance, are resealed by restoring the physiological isotonicity, then washed
and resuspended in plasma or in a physiological saline solution as shown in

Figure 5.2.

Substance to be
encapsulated

Loaded

erythrocyte
Erythrocyte - (0] L/ v

(o] —-

@0
o

Membrane swelling
and opening of pores

Resealing Washing

Figure 5.2 Biotechnol. Appl. Biochem. (1998) 28, 1-6 (Printed in Great Britain) 1
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Erythrocytes are attractive systems due to their ability to deliver proteins
and therapeutic peptides. They have also been used as transport for enzymes
destined for the correction of metabolic alterations as L-asparaginase, alcohol
dehydrogenase (ADH) and aldehyde dehydrogenase (AIDH) among others.

The overall goal of this project is to utilize RBCs as carriers for biosensors.
But first the possibility of loading RBCs with just fluorescence dyes was
examined. To determine the loading success of a fluorescence dye, Alexa Fluor
750 was utilized to encapsulate in RBCs. Then we used optical equipment to
excite the dye and examine its emission after the loading.

The illustration of the RBCs encapsulation with AF750 is shown in Figure
5.3. The hypo-osmotic dialysis technique was utilized to load the RBCs. The
specific objective was to acquire data on:

1. The hypo-osmotic technique with longer emitting fluorophores loaded into

red cells to demonstrate signal capture through red cells.

2. Signal acquisition through porcine aorta of longer emitting fluorophores

mixed with red cells to demonstrate signal capture through tissue.

®0-20-%0
MO, @ .
Figure 5.3. Loaded red cell overall design. a) Lyses of the red cell; b) Exposure
to nanoprobes; c) Sealed and washed red cell encapsulated nanoprobes.

\ 4
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The results from these experiments will be utilized in designing optical

sensors encapsulated in RBCs.

5.1.2 Materials and Methods
Materials

In the experiment 10,000 MWCO slide-a-lyzer cassettes (Cole-Parmer
EW-02905-42) were used. 20G needles and 3ml syringes were also utilized. 500
ml phosphate buffer, pH 7.4 was made by using 202.5 ml 200 mM Na,HPO, and
47.5 ml 200 mM Na;HPO.4. 1 L of Dialysis buffer was made by using 250 ml
phosphate buffer from above added to 36.4 ml of 110 mM MgCl,. Alexa Fluor
750 1100 MW, 1mg (Invitrogen — A-20011) was purchased from Invitrogen
(Carlsbad, CA). DMSO 78.13 MW (MU Recycling — D-5879 — lot 100F-0269) was
obtained from MU Recycling. PBS 0.01 M, pH 7.4 (Sigma - P-3813 - lot
075K8206) was purchased from Sigma. 500 ml BV WH Blood NS Heprin (Pal-

Freez Arkansas — 37132-1) was purchased form Pal-Freez.

Instrumentation

The Beckman centrifuge, which spins down and purifies the RBCs from
plasma, platelets, and white cells was utilized. Also, a fluorescence spectrometer
(FluoroMax-3 Jobin Yvon, Hobira) was used to collect fluorescence emission
spectra by exciting the sample at 749 nm. The slit size and integration time were

5 nm and 0.5 s, respectively.
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Methods

There are several methods currently available for the encapsulation of

macromolecules into erythrocytes [81]. Most of these procedures involve the

dialysis of erythrocytes against a hypotonic solution, the addition of the

substance to be encapsulated and the resealing of the lysed cells. Other

methods are also available (e.g. electroporation, drug-induced endocytosis and

the osmotic pulse method) [80] but usually these are best suited for the

processing of very small volumes of erythrocytes. The hypo-osmotic dialysis

method we have used is based on the following steps:

1.

Washed red blood cells (bovine) were mixed with an isotonic solution
containing isotonic NaCl and the relevant dyes. In the experiment, the
suspension contained 90% cells and 10% dye solution.

Two mls of the mixture were placed in a Pierce dialysis slide (MW cut off
~10,000). The slide was placed in a beaker of ice cold solution containing
4 mM MgCI2, 25 mM Na phosphate, pH 7.4. The incubation time was 30
minutes.

During this time, the red blood cells lyse and the contents equilibrate with
the solution inside the slide (hemoglobin and dye mix) and the small

molecules escape out of the dialysis slide.

. The dialysis slide was then transferred to a beaker with ice cold 165 mM

NaCl, incubated for 30 more minutes on ice during which time the NaCl

enters the slide and the cells.
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5. Then the slide was transferred to 200 mis of an ice cold solution
containing 150 mM NaCl, 10 mM Pi (Na salt) pH 7.4, 5 mM adenosine, 5
mM glucose, 5 mM MgCl; and incubated an additional 30 minutes.

6. Then the cells were incubated at 37C for 1 hour to reseal.

7. The red blood cells were then removed from the dialysis slide and washed
twice in 165 mM NaCl by centrifuging for 3 minutes at 10,000 rpm. (Note
that red blood cells do not need to be in a buffered solution because of the
high buffer capacity of hemoglobin and the robust pH equilibration via the
anion exchanger).

With the completion of loading the RBCs, they were ready to scan. The
loaded cells were placed in a cuvette with buffer. The cuvette will be scanned in
the spectrometer. The excitation was set at 750nm with slits size 5.

We have utilized the hypo-osmotic dialysis technique to successfully make
“ghosts” that were loaded with the fluorophore, AF750. After encapsulation, the
red cell solution was placed in 1.26 mm (inner diameter) tygon tubing. A special
holder was machined to hold the tube in an ISA spectrofluorometer. The

fluorescence or absorbance spectra of the cell pellets was then determined.

5.1.3 Results and Discussion

The objective was to demonstrate the ability to capture fluorescence from

fluorophore-encapsulated red cells.
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Figure 5.5. Fluorescence signal acquisition of AF750 dye loaded into red
cells.

Figure 5.5 displays fluorescence spectra of the cells loaded with AF750.
Hemoglobin absorbance at ~800 nm is 200 liter/mol-cm. AF750 is 250,000
liter/mol-cm. Thus, AF750 has ~1000 times greater absorption and we see a

strong fluorescence peak at ~770 nm. The volume of the dye in the red cells was

~10 pym.
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The graph demonstrated the success of the loading procedure and our

ability to measure dye fluorescence even in the presence of hemoglobin.

5.2 Encapsulation of Streptavidin labeled with Alexa Fluor 680
and BSA labeled with Alexa Fluor 750 into Erythrocytes

5.2.1 Method
We will use the same method of encapsulation of macromolecules into

erythrocytes as we did in the previous experiment. The procedure involves the
dialysis of erythrocytes against a hypotonic solution, the addition of the
substance to be encapsulated and the resealing of the lysed cells. This method

allowed maximum loading technique.

There is a large number of RBCs, 5 million/ul. This number of cells will be
used to estimate the number of loaded cells after the encapsulation. The volume
of a RBC is 179.5 femto liters (fl). The 5 million cells will require 0.8975ul of

probes to load.

In this experiment, the RBCs will be loaded with SA-AF680 and BSA-
AF750. The objective is to detect a FRET signal of the bound SA-AF680 and

BSA-AF750. There will be three different samples of packed cells to load.

a. Sample 1 has about 500 (million) RBCs. The probe volume will be

18ul of bound SA-AF680 and BSA-AF750.

b. Sample 2 has about 1100 (million) RBCs. The probe volume will be

180ul of bound SA-AF680 and BSA-AF750.
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C. Sample 3 has about 30,000 (million) RBCs. The probe volume will

be 36ul of bound SA-AF680 and BSA-AF750.

The loaded cells will be scanned after the dialysis. The first scan will be

the supernatant and then will scan the final sample after several washes.

5.2.2 Results and Discussion

The Detection of signal from loaded RBCs was performed by placing each
sample in 1ml cuvette and then scans. The spectrometer was set to excite at
680nm with slits open to 5. The integration time was 0.3s.

Sample 1 was scanned several times. Figure 5.7 Show a clear signal of
the donor, SA-AF680, and the acceptor, BSA-AF750. This sample was taken

after the first wash, which called supernatant 1.

100000
80000 -
D 7\
2 60000 \
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[
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690 740 790 840

wavelength (nm)

Figure 5.7 Scan of supernatant 1 from sample 1
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When the loaded RBCs were separated, then they were scanned in a

buffer, the signal on both the donor and the acceptor was reduced (figure 5.8).

5000

4000
& 3000
L
= 2000 -
<
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0 | | |
690 740 790 840

wavelength (nm)

Figure 5.8 Scan of loaded cells in buffer

This drop of about 97% in peak signal is due to the low number of loaded
cells.

Sample 2 showed better results than sample 1. This was due to the large
number of the loaded cells. In this sample the there were about 1100 (million)
RBCs which require about 197.45ul of probes. The total volume of probes used
was 180ul. Those numbers indicated that an estimated 91.16% of the cells were

loaded with probes, whereas in sample 1, there were about 20.06% of the cells
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loaded. Figure 5.9 show both scans of the supernatant and the loaded cells in

buffer.
400000
300000 [ \
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< 200000 V\ / \\\ tant 1
= Loaded
= 100000 Qj‘f/m\ < RBCs
N
O | | |

wavelength (nm)

Figure 5.9 Scans of supernatant and loaded cells in buffer

Sample 3 provided a very low percentage of loaded cells. There were only
0.67% of the cells loaded. Figure 5.10 shows an indication of the existence of the
probes. This was a scan of the supernatant 1. But when the cells were placed in

buffer after the last wash, there was no signal (Figure 5.11).
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Figure 5.10 Scan of supernatant 1 for sample 3
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Figure 5.11 Scan of the loaded cells in buffer
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It is conclusive that sample 2 showed the best results and provided the
best signal. These results will be used in reaching consistency and repeatability

in the loading process.

5.3 Signal Detection of NIR Fluorescence Encapsulated
Erythrocytes through Tissue

5.3.1 Method

We will use the same method of encapsulation of macromolecules into
erythrocytes as we did in the previous experiment. The procedure involves the
dialysis of erythrocytes against a hypotonic solution, the addition of the
substance to be encapsulated and the resealing of the lysed cells. This method

allowed for the maximum loading technique.

With the completion of loading the RBCs, they are ready now to be
scanned. The loaded cells will be placed in a cuvette with buffer. The cuvette will
be wrapped with porcine aorta tissue that has a thickness of 2.26 mm. This
experiment will mimic the ability to detect a signal from a loaded cell though a
tissue. The spectrometer will be used to scan sample. The excitation will be set

at 750nm with slits size 5.

5.3.2 Results and Discussion

The objective from this experiment is to determine if fluorescence from
AF750 (1 uM or 10 uM) in red blood cell solution can be captured through

porcine aorta tissue. The loaded RBCs are placed in a 1ml cuvette. Then they
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will be flowing through 1.26 mm tygon tubing. This tubing runs through a holder,

which it wrapped with a porcine aorta (figure 5.12).

SPEX fluorometer

Figure 5.12 Set up of the tissue wrapped

We have utilized the hypo-osmotic dialysis technique to successfully make
“ghosts” that were loaded with the fluorophore, AF750. After encapsulation, the
red cell solution was placed in 1.26 mm (inner diameter) tygon tubing. A special
holder was machined to hold the tube in an ISA spectrofluorometer. The
fluorescence or absorbance spectra of the cell pellets were then determined.

Figure 5.13 displays fluorescence spectra of the cells loaded with AF750.
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Hemoglobin absorbance at ~800 nm is 200 liter/mol-cm. AF750 is 250,000
liter/mol-cm. Thus, AF750 has ~1000 times greater absorption and we see a
strong fluorescence peak at ~770 nm. The volume of the dye in the red cells was

~10 pym.

The graph of Figure 5.13 demonstrated the success of the loading
procedure and our ability to measure dye fluorescence even in the presence of

hemoglobin.

Bovine red cell solution with and without AF750 was placed in a 1.26 mm
(inner diameter) tygon tubing. Again, the special holder was utilized to hold the
tube in the spectrofluorometer. Next, an aorta ~2.26 mm thick (porcine) was
wrapped around the tube holder as shown in Figure 5.12. Fluorescence scans
were acquired of the blood + tissue wrap + 1 uM (or 10 uM) AF750 after

subtraction of the background.

Also Figure 5.13 displays the intensity scans. At a 10 uM concentration of
AF750, there is a large fluorescence peak captured through the tissues. And,
there is a distinguishable peak with the lower concentrations of dye, above that of

the red blood cell solution.
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Figure 5.13 Fluorescence signal capture of AF750 dye through a porcine aorta.

It is possible to capture the fluorescence from AF750 not only at 10 uM,
but also 1 uM when encapsulated in red blood cells and passed through porcine
aorta tissue. These results will be use to further pursue a more sensitive

detection system.
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5.3.3 Conclusion

This experiment provided important finding. They hypo-osmotic technique
was a good method for loading the RBCs. NIR fluorescence dye is very important
long wave dye, which could be excited, and its signal detected through all the

substances in the RBCs.

This paper provided a good and important finding. The encapsulation of
RBCs with fluorophore is possible. This finding could be used in developing
optical sensors for detecting several analytes. One of which is glucose. By using
Fluorescence Resonance Energy Transfer (FRET) for glucose sensing that will
allow the idea of in vivo glucose sensing without worrying about the signal
interference of the blood. These sensors may eventually be deployed for in vivo

glucose sensing with superior sensitivity and without the concern of toxicity.

In this experiment, we took it to a further step by wrapping the cuvette with
a 2.26 mm porcine aorta tissue. Successfully, a signal was detected form that
setup. This setup is a simulation of loaded RBCs in a body and the aorta is the

skin barrier.

The success of capturing the fluorescence from AF750 at not only 10 uM,
but also 1 uM when mixed in a red blood cell solution and passed through
porcine aorta tissue, will allow further work toward the development of
implantable sensor. These results also let us work on more sensitive detection

system.
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CHAPTER 6

SUMMARY AND FUTURE WORK

The development of a novel glucose biosensor was successfully achieved.
This FRET-based biosensor has shown detection sensitivity in the micromoler.

The main objective was to utilize NIR FRET pairs in order to label GBP and
other proteins so that we can detect changes in blood glucose concentration. There
was several FRET dye pairs used. FITC and TRITC, AF-647 and Texas Red,
AMCA and FITC, and AF-750 and DDAO-S were some of those FRET pair used.
However the main objective was to detect in the IR range, therefore AF-680 and
AF-750 were chosen for use as FRET pair. When the donor and the acceptor were
labeled with AF-680 and AF-750 respectively, changes in the signal detected was
affected by the type of protein used.

There were two techniques chosen for optical detecting of glucose
concentration, competitive binding technique and conformational change of a
protein.

The competitive binding technique was applied to the GOx, GDH, and Con
(A). Dextran (donor) was used as an inhibitor to bind with each of the GOx, GDH,
And Con (A) (acceptors). When the labeled dextran binds with the labeled protein
and the glucose is introduced to the solution, the glucose will displace dextran due
to the high affinity of the enzyme and protein to glucose. This displacement will

affect the energy transfer between the donor and acceptor.
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There were different enzymes and proteins used in detecting glucose such
as GOx, GDH, Con (A), and GBP. Each of the above has different affinities for
glucose and also produce different byproducts. GOx was good in detecting glucose
but the production of the H-O: provided difficulties for detecting a change in signal
after encapsulating in RBCs. Another problem was the weak binding affinity of the
dextran to the GOx. This was also a problem with GDH. On the other hand, Con (A)
was good protein to use in the competitive binding with dextran. This protein was
also used to conduct a study on the effect of the dextran molecular weight on
glucose response. The only problem with using Con (A) was the toxicity that will
present itself when it is encapsulated in RBCs. It will cause the RBCs to clump
during the encapsulation of the nanobisensor in RBCs. The last protein used was
GBP.

GBP provides a hinge type motion due to the conformational change when
glucose is present. This motion will be used in detecting glucose by applying FRET.
A cysteine site was expressed on GBP and was labeled with a fluorophore
(acceptor). The other amino sites were labeled with another fluorophore (donor).
When different glucose concentrations were added, a change in FRET took place
due to the conformational change. The detection limit was between 0 to 60 pM.

After the development of the glucose nanobiosensor, the encapsulation of
RBCs with those nanoprobes was conducted. The RBCs provided shield and
protection to nanobiosensors from other proteins and white blood cells. In addition
to that, RBCs worked as transporters for glucose, which allowed glucose to enter
and exit the RBCs. The optical nanobiosensor was encapsulated in RBCs by using
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the Hypo-Osmotic technique. There was a measurable change in signal as the
glucose concentration increased.

The detection of signals through porcine tissue such as the skin and aorta
was also conducted. The objective was to detect glucose changes from the
encapsulated RBCs, but skin is a barrier through which a signal has to be detected.
There was different tissue thicknesses used for detection. The range was from
1.41mm to 3.8 mm. A detectable signal was best when the thinnest tissue was
used.

Future work will include finding a better NIR FRET pair that has a better
quantum vyield, a larger area overlap, a larger stokes shift, and remains non-toxic.
Several fluorophore vendors such as Molecular Probes and Sigma show increasing
advancement in developing more IR dyes. By selecting and testing different FRET
dye pairs, it could provide better in vivo detectable signals.

GBP provided good results for detecting glucose, but the detection range
needs to be improved. There is a need for more study on the effect of the cysteine
site position when it is labeled with one of the fluorophores. Also, further studies are
needed on providing several cysteine sites on GBP and how it will affect the
glucose response. Different literatures show different results when the cysteine site
is at a different position. In this project, the cysteine site was at position 175.

There is a need to develop a better flow system to mimic blood flow in the
capillary. Ocean optics will be a highly sensitive tool for detecting signal from the

loaded RBCs and also for detecting glucose response.
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The long-term effect on the physiology of the encapsulated RBCs is a very
important area to study. It appears that the morphology of the loaded cell
maintained its shape. In Vivo study will be required to look at any effect on the
morphology, as well as the lifetime of the loaded cell.

In conclusion, the development of an optical nanobiosensor for detecting
glucose has been achieved. FRET technique is a very simple ration metric
technique that will make the determination of blood glucose concentration change
easy to identify. By encapsulating those glucose nanobiosensors in RBCs, those
glucose nanobiosensors will be protected from any immune response, which could
cause biofouling to the nanobiosensors. The obtained results will be a good
foundation for the development of the implantable system for continuous monitoring
of blood glucose concentrations optically from outside the body. This system will be
minimally invasive during the implantable step and could last for the lifetime of
RBCs. This technology will come as a relief to all diabetics who receive treatment

from the painful electrochemical system.
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