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ABSTRACT

CHARACERIZATION OF A PHOTOLUMINESCENCE-BASED

FIBER OPTIC SENSOR SYSTEM

Measuring multiple analyte concentrations is esakfar a wide range of
environmental applications, which are importanttfar pursuit of public safety and
health. Target analytes are often toxic chemioadmounds found in groundwater or
soil. However, in-situ measurement of such analgtél faces various challenges. Some
of these challenges are rapid response for nehtim@amonitoring, simultaneous
measurements of multiple analytes in a complexetaegvironment, and high sensitivity
for low analyte concentration without sample pratngent. This thesis presents a low-
cost, robust, multichannel fiber optic photolumicersce (PL)-based sensor system using
a time-division multiplexing architecture for myléx biosensor arrays fon-situ
measurements in environmental applications. TBeesywas designed based upon an
indirect sensing scheme with a pH or oxygen semsidie molecules working as the

transducer that is easily adaptable with variowyeres for detecting different analytes.

A characterization of the multi-channel fiber od8k-based sensor system was

carried out in this thesis. Experiments were desilgwith interests in investigating this



system’s performance with only the transducer ghresiding reference figures of merit,
such as sensitivity and limit of detection, forther experiments or applications with the
addition of various biosensors. A pH sensitive,digmresceinamine (FLA), used as the
transducer is immobilized in a poly vinyl alcohBMA) matrix for the characterization.
The system exhibits a sensitivity of 8.66XM" as the Stern-Volmer constaly, in

H* concentration measurement range of 0.002 — 89 gH\bf 3.05 — 8.69). A
mathematical model is introduced to describe tleenSt/olmer equation's non-idealities,
which are fluorophore fractional accessibility ahd back reflection. Channel-to-
channel uniformity is characterized with the maetifiStern-Volmer model. Combining
the FLA with appropriate enzymatic biosensors,sysem is capable of 1,2-
dichloroethane (DCA) and ethylene dibromide (EDBjedtion. The calculated limit of
detection (LOD) of the system can be as low as @gdB for DCA and 0.14.g/L for

EDB.

The performances of fused fiber coupler and bifiedtdiber assembly were
investigated for the application in the fiber ofic-based sensor systems in this thesis.
Complex tradeoffs among back reflection noise, tinggefficiency and split ratio were
analyzed with theoretical and experimental datsseAes of experiments and simulations
were carried out to compare the two types of fassemblies in the PL-based sensor
systems in terms of excess loss, split ratio, bbaft&ction, and coupling efficiency. A
noise source analysis of three existing PL-intgrsased fiber optic enzymatic biosensor
systems is provided to reveal the power distributbdifferent noise components. The
three systems are a single channel system witkargmeter as the detection device, a

lab-developed multi-channel system, and a commnigyomotype multi-channel system



both using a photomultiplier tube (PMT) as the deta device. The thesis discusses the
design differences of all three systems and sontieeofircuit design alteration attempts

for performance improvements.
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Chapter 1

INTRODUCTION

1.1 Introduction

The use of fluorescence or phosphorescence, atserkas photoluminescence (PL),
for sensing has grown tremendously during the feastdecades. The applications have
been expanded to many extensive fields, such &sdhioology, medical diagnostics [1],
cell and molecular biology analysis, cellular andl@csular imaging, and chemical
compounds detection, just to name a few. It isemdent that the PL is widely used in
numerous disciplines because of its fast respamdénighly sensitive in detection. This
thesis emphasizes the use of the PL as the tramsffjdor chemical or biological
sensors as the detection tool for chemical compeondentrations [3] [4]. As an
interaction of the sensor and the target analytBerenvironment occurs, the interaction
directly or indirectly alters the signal generalgcthe transducer. In this manner, the
signal generated by the transducer carries thenrgton reflecting the analyte, and thus
realizes the detection of the analyte. Chemicdliclogical sensors are often superior

choices for practical applications given their ateges of miniaturized size, real-time



response, and specificity in detection. This théstuses on the use of biological sensors
or biosensors as the sensing device for its easkevétion to detect a wide range of
analytes. Among various biosensors, enzymaticebiesrs are widely utilized for their
advantages of requiring no alteration and the §ip#giachieved through genetic

engineering processes [5].

1.2 Motivation

Measuring multiple analyte concentrations is esakfur a wide range of
environmental applications, which are importanttfer pursuit of public safety and
health. Target analytes are often toxic chemioalounds found in groundwater or
soil. Conventional methods often require pres@smaand pretreatments of the samples
prior to the measurements resulting in slow anceexjve detection processes. However,
in-situ measurement of such analytes still faces varibaflenges. Some of these
challenges are rapid response for near-real timd@torong, simultaneous measurements
of multiple analytes in a complex target environtmand high sensitivity for low analyte
concentration without sample pretreatment. A rglapid response, multi-analyie;

situ measuring sensor system is desired.

A multi-channel fiber optic fluorescence systemifesitu measurements in
environmental applications was designed and coctstlwising a time-division
multiplexing [6] architecture. The system was dasid based upon an indirect sensing
scheme with a pH or oxygen sensitive dye molecwtaking as the transducer that is
easily adapted with various enzymes for detectiffgrdnt analytes. The principles of

the sensing scheme that underlies the system disspgasented in Chapter 2. The ease



of adapting the transducer and the specificityhefgensors makes the system
architecture suitable for detecting different atedywithout major modification and for

simultaneous detection of multiple analytes shasimgmmon architecture.
1.3 Overview of the chapters

Chapter 2 of this thesis presents some criticakdgraeind subjects regarding the
enzymatic biosensor indirect sensing scheme. Baséle transducer-sensor
mechanism, two common detection methods are pessertiso, fiber optic related
subjects are covered to provide a general insigtiteoknowledge of fiber optic
transmission and coupling devices. The workingdiféérent detection devices are
provided for an understanding of the artifacts aode sources associated with system

performance.

The photoluminescence based sensor systems imtpuilications are reviewed in
Chapter 3 of this thesis. Because of the wide@isaghe sensor systems, numerous
relevant research papers have been published ghiranly closely related studies are
reviewed in the chapter. Two of the photoluminesedntensity based fiber optic sensor
systems are studied and compared in terms of gigrdand the detection abilities.
These systems have common properties such asthsisgme fundamental of hardware
and using fiber-optics as the optical transmissmmponent for its apparent advantages
in field applications. Then two multi-analyte-cafmsensor systems are presented with
comparison to the system in this thesis. Becdusétherent properties of PL intensity
based sensor systems, the optical pathway splittechanism is required. Many

methods of doing so have been explored, such essfrace coupling, fused fiber coupler



and bifurcated cables. The chapter provides a aasgn of different optical pathways
splitting methods. Furthermore, some non-idealitiethe classic principles have been
observed and reported in recent studies, and thgtehprovides a review of published

explanations and associated mathematical modéfosé non-ideal elements.

A characterization of the multi-channel fiber odticorescence detection system was
carried out and described in Chapter 4 of thisitheBxperiments were designed with for
investigating this system’s performance with oig transducer, thus providing
reference figures of merit, such as sensitivity Emdt of detection, for further
experiments or applications with the addition afimas biosensors. The transducer used
in this chapter is a pH sensitive dye, fluoresamiin@ (FLA), immobilized in a poly vinyl
alcohol (PVA). Combining the FLA with appropriaazymatic biosensors, the system
is capable of 1,2-dichloroethane (DCA) and ethyleibeomide (EDB) detection.

System configuration, experimental set up, tranedtabrication procedures, and
experimental procedures are provided. A seriexpériments for the measure of the
system sensitivity were presented with resultsdiscussions. Also, the uniformity

between channels for the multichannel system isacerized in the chapter.

The performances of fused fiber coupler and bifiedtdiber assembly were
investigated for the application in the photolunsicence (PL)-based biosensor systems
in Chapter 5. Complex tradeoffs among back reh@dnterference, coupling efficiency
and split ratio were analyzed with theoretical argderimental data. A series of
experiments and simulations were carried out topayethe two types of fiber
assemblies in the PL-based biosensor systemsms @& excess loss, split ratio, back

reflection, and coupling efficiency.



In Chapter 6, a frequency analysis of three exgdih-intensity-based fiber optic
enzymatic biosensor systems is provided to reveapower distribution of different
noise components. The three systems are a sihgleel system with a spectrometer as
the detection device, a lab-developed multi-chaepsiem, and a commercial prototype
multi-channel system. The chapter discusses thigridifferences of all three systems

and some of the design alteration attempts foropeidnce improvements.

Conclusions and future work are included in ChapteA number of appendices
document related supplementary subjects for thpgser of future references. Appendix
A provides the protocols for pH buffer solution paeation. This is used for the
characterization using the pH sensitive transducAppendix B presents an RF
interference experiment with the multi-channel Riséd fiber optic system. Effective
solutions are also provided in this appendix. ppéndix C, a new experimental
approach of oxygen sensitive transducer charaeteizis suggested. The new method
leaves out the cumbersome set-up with the nitrggen and realized a robust compact
design that is suitable fon-situ calibration procedure with the oxygen sensitive
transducers. This appendix also provides someriexpetal results as an example.
Appendix D is a further exploration of ChapterEhe appendix provides some
preliminary results on the index matching methoglggested in Chapter 5 to eliminate the
back reflection interference existed in the fusbdrfcoupler devices. Appendix E and
Appendix F are the related documentation of thenwatti-channel PL-based fiber optic
systems, and they include system block diagrarastretal circuitry schematics, Bill of
Materials, and user's manuals. Appendix G presensT-connector-induced variation

problem, and provides a theoretical analysis ahdisas of prevention.
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Chapter 2

BACKGROUND

2.1 Introduction

In this chapter, some critical background subjeelsted to this thesis are included.
Section 2.2 introduces the enzymatic biosensorestlsensing scheme, which relies on
two parts, indicators and corresponding biologoahponents. Based on this
mechanism, two very common and well developed nustlod detection using fiber
optics are presented in Section 2.3, and theynéeasity detection and phase-angle
detection. Next, basic information on fiber optes included in Section 2.4 to prepare
the audience to better understand the coupling amesims of the different types of
optical pathway splitting apparatus in Section arfiportant parameters in evaluating an
optical detector are included in Section 2.6 to/le readers with understanding and
insight of artifacts associated with system perfamoe. The workings of few different
optical detectors, such as spectrometers, photedja@hd photomultiplier tubes (PMT),
are explained in Section 2.7. Section 2.8 covensessystem performance factors that

commonly exist in electro-optical systems, and pigé solutions for them.



2.2 Optical Sensing Scheme

There are two optical sensing schemes in chemgreas and biosensors, direct and
indirect sensing. In the first, the intrinsic @il properties of the analyte are measured,
while in the second the “color” of an immobilizedicator dye, label, or optically
detectable bioprobe is monitored [1]. The direstssng scheme is beyond the scope of
discussion in this thesis, and the indirect sensatigeme is briefly introduced here. An
indirect sensing scheme often relies on luminophasethe indicator, and a

biocomponent as the sensor.

Luminophore is briefly defined as a material thaite photoluminescence (PL). PL
is the result of a process of the photonic exatatf an atomic or molecular system that
releases a portion of the excitation energy asoéophof another color [2]. To explain
from the energy states stand of point, PL procassbe schematically illustrated by a
Jablonski diagram [3], shown in Figure 2.1. Thegkt energy states of ground, first and
second vibrational states are indicated §yS5 and $ respectively. The transition
depicted as vertical lines from the ground statiaéohigher energy states is to illustrate
the process of light absorption. The large gagvbeh the ground states and the excited
states results in the photonic excitation instdatiermally induced excitation at room
temperature. After the light absorption, the flyainore is excited at a higher vibrational
state $or S, and then rapidly (< I s) relax to the lowest allowed level of tBrough a
process called internal conversion. After thatghmess of excited electrons fall back to
the ground states with the emission of photonlahger wavelength with respect to the
absorption wavelength is called fluorescence. résalting spectral shift is known as the

Stokes shift, as shown in Figure 2.2 with Hoecl3&42as an example of luminophore
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[4]. There are two types of luminophores, which morophores and phosphors, and the
corresponding PL processes are fluorescence argppbescence. The
phosphorescence has a very similar process exeeptdctrons at;an undergo a
intersystem crossing to a forbidden triplet state The transition from T1 to the ground
states is forbidden, and as a result, the relaxdtom triplet states takes longer than the

fluorescence process and has a longer wavelengtisiem

P i
| Internal
1 Conversion
1 =
g . A Intersystem
1 Y v w}.ng )
. = |
Absorption >
Fluorescence hv, £
hva 7| hv, > |
Phosphorescence,
2 3
Sy f———T—% v

Figure 2.1. A Jablonski diagram to illustrate thewfescence and phosphorescence
processes. Reproduced from Referd@te

Two parameters of the PL process are typically waportant to characterized the
emission. First is the quantum yield, which defires the ratio of the total number of
emitted photons to the absorbed number. Duringelaation from the excited states S1
to the ground state, two types of processes opbton emission with decay ratelof

and non-radiative decay with ratelgf., and the quantum yiel@ is defined as

Q= . 2-1



Second parameter is the fluorephore lifetime, wilnehaverage time an excited photon

takes to decay back to the ground state. Théntiéets defined as

2-2

A formal distinction between the two is that fluscence is characterized by a fast
radiative recombination transition with decay lifie¢s less than 10 ns and generally a
small Stokes shift, while phosphorescence hasitayllifetimes longer than 10 ns and a

larger Stoke's shift [5].

When the luminophores is encountered by the andihdrof molecules, known as
the quencher, in the adjacent environment, thetquawgireld is inhibited by the
guencher, and that process is called quenchingreTdre two types of quenching, static
and dynamic or collisional quenching. A quantitatdefinition of the collisional
guenching is known as the Stern-Volmer equationghvis described in details in the
next section of this chapter. Static quenchintésprocess involving the quencher and
the excited luminophore forming a complex and riglgxo the ground states without any

photon emission.
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Stokes shift

)

Absorbance (----)
|
Fluorescence emission (

I I | 1 I 1
300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 2.2. Absorption and emission spectra dfieréphore named Hoechst 33342

(Molecular Probes), a dye that is used to stain DNAe dye is excited with

monochromatic light, typically near thgax Of the absorption spectrum (in this case,

~350 nm), and the emission at 450 nm is measurédarspectrofluorometer. Spectra

have been normalized. Reproduced from Referpfjce

Utilizing the fluorophore mechanism and the enzyalysis mechanism can form

the enzymatic biosenosr sensing scheme. An ititiger explanation of the
luminophores-quencher pair working mechanism isvshio Figure 2.3. The quencher’s
presence in the luminophores’ near-by environmbketsathe PL efficiency of the

luminophores, and as a result, higher quenchererdration decreases the associated PL

emission under the constant excitation power.
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low quencherconcentration High quencherconcentration
-> high PL intensity -> low PL intensity

'Emft '-mn L

luminophore @ % Quencher

Emission light

Figure 2.3. A simplified illustration of a luminbpre-quencher pair working
mechanism. The presence of the quencher in tleeaaj environment of the
luminophores alters the associated PL emissiongitites under the same excitation
intensity.

In the biosensor sensing process, a biological comapt is often used to recognize
the analyte’s information. Typical components irig enzymes, antibodies,
oligonucleotides, and whole cells [1], and amoras#) enzymes are widely used.
Enzymes are proteins that catalyze chemical reetihike all catalysts, enzymes work
by lowering the activatiornergy for a reaction, thus dramatically increasiregrate of
the reaction to equilibrium. Enzymes have the athges as all catalysts that no
consumption by the reactions they catalyze, andlteoation to the reaction equilibrium;
yet enzymes are more specific than most otherystsal With those properties, enzymes
are an ideal candidate for in-situ measuremengpecific analyte. Genetically
engineered enzymes can be designed to accelenegetaon with the target analyte being
one of the substrates of the reaction, and querashene of the products. With this
mechanism, shown in Figure 2.4, a higher conceatraf the analyte produces a higher

concentration of quencher in the adjacent arefiseoénzyme.

12



low analyte concentration high analyte concentration
-=low quencherconcentration -= high quencherconcentration

J'\
A &

Enzyme A Analyte
~

Figure 2.4. A simplified diagram of an enzymatiacton with the target analyte being
one of the substrates and quencher being one girtideicts. A higher analyte
concentration in the enzyme adjacent areas rasudtiigher concentration of produced
An indirect analyte sensing scheme forms as theobiponent, enzymes, works in
conjunction with the luminophores. As shown inlg 2.5, enzymatic reaction of the
analytes produces quencher to inhibit PL efficieatthe luminophores, and in this way
the biosensor transduces the target analyte intowmanto PL intensities. Therefore, by

detecting the PL intensities from the luminophosescan tell how much analyte

concentration there is in the area of interest.

low analyte concentration high analyte concentration
-> low quencherconcentration -> high quencher concentration
-> high PL intensity -> low PL intensity

Figure 2.5. A simplified illustration of the in@ict sensing scheme using the enzymatic
biosensors working in conjunction with the luminopé-quencher pair.
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2.3 Detection M ethods

Two common detection methods used in the PL-basesbs systems are intensity
and phase-angle measurements. First, the intansi#dgurement is based on the Stern-
Volmer relationship, named after Otto Stern and Makmer. The kinetics of the PL

guenching process follows the Stern-Volmer equdédn

® = 14 K (0] = 14 kgo[0], 23
wherel andly are the PL emission intensities in the presenddrathe absence of the
guencher respectivelyQ)] is the quencher concentration, &gl is the Stern-Volmer
quenching constant, which depends on the biomaecuienching constark;, and the
unguenched decay lifetim®, As an example in Figure 2.6, the PL emissiorcspeand
the Stern-Volmer ratit/lo atA of 550 nm collected from quantum dots (QDs) faioas

analyte concentrations [7].

14
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Figure 2.6 (a) Representative PL spectra colleftted 550-nm-emitting QDs self-
assembled with an increasing ratio of dopamine-geganalyte) added to PBS buffer at
pH 9.3. (b) Plots of increasing ratio of dopamioeptide/QD in a Stern—Volmer format
(Io/l versus ratio of dopamine/QD) at pH 9.3. Repumtlfrom Reference].
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Another well-known technique used in PL-based biese system is the phase-angle
method. This method uses the PL lifetime of tlthaators as information and uses the
phase modulation technique to evaluate the lifefBheIn place of PL intensity as the
measureable parameter, the PL decay lifetim@n be used, provided that the PL decay
is a single exponential. The quenched steady sitesityl can be seen as the averaged

intensity during the decay for one time constant

I= j Lmaxe "7 dt = L, T, 2-4
0
wherert is the lifetimes with the presence of the quenchferd the unquenched intensity
lo becomes
Iy = f Imaxe™t/™0dt = ILyaxTo, 2-5
0
The take Eqn. 2-4 and Eqn. 2-5 back into Eqn. &F8¢h now becomes

1_0 _ ImaxTO _ T_O 2.6
I )

LnaxT T

Therefore, the Stern-Volmer equation, Eqn. 2-8hés written [9] as,

TT—" = 1+ Kg[Q] = 1 + k,70[0], 2.7

wheret andr, are the lifetimes with and without the presencthefquencher,
respectively. When a luminophore is excited wittusoidally modulated light, its
lifetime causes a time delay of the emitted ligghal. In technical terms this delay is

the phase angle between the exciting and emittgdisi This phase angle is shifted as a

16



function of the quencher concentration, as the @ashown in Figure 2.7 [10].

Assuming the excitation light has modulated functio

yex(t) =A- Sin(wot); 2-8
whereA is the amplitude, and, is the angular frequency of the modulation. PL

intensity has a function

pr(t) =B- Sln(wot + (p), 2'9
whereB is the magnitudep is the phase shift of PL intensity function duehte decay

lifetime, thus the function can also be seen as

ypi(t) = B - sinfw, (t + 1)], 2-10
wherer is the PL decay lifetime. Combine Eqn. 2-9 and.E410, the relationship

between the lifetime and the phase angteis given by [3] [11],

D = woT = 2T finoaT, 2-11

where® is smaller thazrm. For@® larger thar2m, the phase angle can be defined as

tan(®) = woT = 27 f0aT, 2-12
wherefoq is the excitation light modulation frequency, ahdis the phase angle. Due to
the non-linear nature of the tangent function,rttoelulation frequency has to be chosen

carefully,

1
fopt = N 2-13

wherefoy is the optimal modulation frequeneay,andz, are the upper and lower lifetime

of analytical interest, which are defined by theaswging range.
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Figure 2.7. lllustration of frequency-domain flascence lifetime measurement. The
excitation light (red) is modulated in amplitudeadtequencyoq, While the

fluorescence light (blue) is emitted with the samedulation frequency but with a phase
shift in time,®. For a single exponential lifetime, the value of herescence lifetime

is related by tan®) =2nfg. Reproduced from Reference [10].

Comparing the two methods described above, therelarous advantages and
disadvantages with both methods. In the case ohfebsities measurement, the
measured signals can depend on the surroundingpoanvent's light conditions, the
excitation light intensity, and the dark currentloé detector. However, this dependency
can be avoid by measuring those factors and suintgathem out of the measured signals
to obtain the real PL intensities. Using the pkasgle detection method can avoid any
problems that are inherent to the intensity-basedsurements, but poor modulation
frequency choices can be fatal to the measuremesatause; andr,,the upper and
lower lifetime of analytical interest, are diffetazase by case and often unknown. An
inevitable problem with both methods is when theitaxion photons carrying sufficient
energy to excite the luminophore molecules caughm@ochemical irreversible

destruction of the luminophore molecules, resulthgpermanent changes in their PL
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properties. This process is referred to as phetahling, and it affects both the PL
intensities and lifetime measurements. Photobiegatan be sufficiently controlled by
reducing the intensity of the excitation light espce, by using higher wavelength
excitation light thus reducing the photon energyhef exposure light, or by employing

luminophores that are less vulnerable to bleaching.

2.4 Fiber Optics

In a PL-based sensor system, transmitting the aait light to the luminophores and
collecting emission light back from the luminoph®ege the primary job of the optics in
the system. Fibers are unequaled at this jobnmosi all practical applications due to
their properties of long-distance and high-bandwidansmission abilities,
environmental robustness, ease of use, and low éasbptical fiber typically consists
of a higher refractive index core surrounded bjaddaing material with a lower index of
refraction. Light is kept in the core by totaleémtal reflection to guide the
electromagnetic waves along the fiber. Some fila@ameters are summarized in Table

2.1

Table 2.1 Fiber Optics Parameters

Core radius a
Core index n
Cladding index n
Normalized index difference Ae nf —nj
2n?
Numerical Aperture (NA) NA = W .

19



Allowed angles )

ny
Normalized frequency (thé number) 2ma 2ra
V=— [n?-n?=—NA
A A
Number of modesN,,) &
Nm =7

Fibers that support many propagation paths or wexss modes are called a multi-
mode fiber, which have a larye while those that only support a single mode aited
single-mode fibers [12]. A single mode hasheumber value of 2.045. Multimode
fiber is much more suitable to the application®bfbased sensor systems because it is
significantly easier for the emission light modesitatch some modes that are supported.
In other words, with largedA, multimode fiber can capture emitted light progagaat
a larger range of allowed angl®sthus more emission power can be coupled using
multimode fiber Moreover, between the choices stegp-index multimode fiber and a
graded-index multimode fiber, in the case of cauphon-spatially coherent light, step-
index multimode fiber is a better choice becaudewever, multimode fiber is inherently
more lossy than single mode. Because high-angteemare weakly guided and so are
vulnerable to scatter from irregularities in thesfi or to bending and pressure. It can be

seen as a gradual decrease of the measured NA bbén as its length increases [13].

2.5 Optical Pathway Splitting M ethods

The objective of the optics of the system is tormmt the luminophores to an

illumination source and a photodetector at the stame Since an excitation source and
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a photodetector are two separate devices that tatlaw illumination and viewing
along the same optical path, the system requisgditing configuration in the optical
pathway. This dull but necessary work is commaldge by beam splitters or optical

fiber coupler assemblies.

First, a beam splitter is essentially a dichroicrarior filter, meaning an enhanced
reflection coating on one side and often an arftecéon coating on the other. In its
mostcommon form, a cube, it is made from two trianggllass prisms which are glued
together at their base. The diagonal internakbserfs coated with metal-dielectric
coating that allows a nonpolarized even split dfagb power between the two outputs.
A schematic representation of a beam splitter usedPL-based system is shown in
Figure 2.8. Since the light encounters the beditiesptwice, once in the reflected
excitation light and once in the transmitted enoisdight. The transmission efficiency of
each encounter is 50%, so multiplying 50% by 50@tdg the roundtrip optimal
efficiency is 25% with a 50:50 beam splitter. Hoee layers of different optical
coatings with different indices of refraction amitknesses can be designed to produce
selectively constructive interference at certaivel@angth and destructive interference at
other wavelength in order to improve the efficiembsgally up to 100%. Beam splitter is
a crucial part of most interferometers becausgreat performance in the wavefront
preservation. When it comes to other field appilaces, the disadvantage of extreme
sensitivity to shock and vibrations establishes #hlaeam splitter may not be superior to

other choices.
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Figure 2.8. A schematic representation of a baalities used in a PL-based system,
where | is the incident excitation light,;Tis the transmitted excitation light; & the
reflected excitation light,lis the incident emission light,Ts the transmitted emission
light, and R is the reflected emission light. The excitatigit has a wavelength af
and the emission light has a wavelengthof

Second, optical fiber coupler assemblies can ketamative option than a beam
splitter as the optical pathway splitting configima. There are two kinds of fiber optic
coupler assembly, fused fiber couplers and bifedtéber assemblies. Since the
emission light is difficult to guide in a single-a®fiber with sufficient intensity, the
fiber coupler assemblies we discuss here are muiiem A fused fiber coupler is usually
made by fusing two fibers together and stretchiregfised region until the coupling
region diameter is slightly less than that of gk&rfiber [14], as shown in Figure 2.9
[15]. Sometimes, manufacturers have a known ilhation source on one side of the
fused region, and monitoring the two branches erother side of the coupling region,

and apply heat to fuse the coupling region whiletshing the coupling region until the
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desired splitting ratio achieved at the monitdvkoreover, the other widely used fiber
optic coupler assembly is bifurcated fiber asseasbliA bifurcated fiber assembly is
simply combining multimode optical fibers togethgth one end bundled together
sharing the same jacket while the other end resgparate branches with each
individual jacket, as shown in Figure 2.10. Noglng between individual fibers to

each other ever occurs in the entire assembly.

Cladding
o
—— . . -
——_— Coupling region P AP
<S3Toos = o
Core
_—‘f/

L—’ Fused together S

" —
- oo
= -7~
- -
Region where cladding

has been removed

Figure 2.9. A schematic drawing of a 2x2 fuseeffiboupler shows the coupling region
between two originally separate fibers is fuseectbgr. Reproduced from Reference
[14] and[15].

SplitEnds

Bundled End
Fiber

Core = —- Core

Fiber Claddding

Figure 2.10. A schematic drawing of a 1x2 bifueckfiber assembly.
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Many factors during manufacturing can affect theficoupler assemblies, especially
the fused fiber coupler. Provided that the tapeuifficiently gentle, the reflections are
small, and the excess loss, defined as the powerafeoutput to input, for large-core
multimode splitters can be 1.5 dB, and some singdee ones reach 0.1 dB [13]. With
bifurcated fiber coupler there is less dependemncine fabrication but the configuration
at the bundled end yields worse coupling perforraariddoreover, back reflection and
split ratio also play important roles in the whelstem performance. Therefore,
between the two choices of fiber coupler assemfdies is not superior to the other. A
guantitative comparison between the two approashiesluded in Chapter 5 of this

thesis.

2.6 Optical Detection Parameters

In an optoelectronic system, the optical detectakits associated accessories are
normally the most critical components of all opticshe system simply because to be
able to extract any useful optical information riegsi the detector to be sufficiently
sensitive. Optical signals can be lost due taribéective detectors, or bad optical
characteristics matching between the light andithace, e.g. the responsivity of the
detector is low at detecting wavelength. Also,reafter the detector transfering the
optical signal into electronic signals, the sigeeh still be swamped into the intrinsic
noise of the detector. It is necessary to undedstaany parameters associated with
different workings of numerous detectors. The agido-noise ratio, quantum efficiency,

and responsivity will be discussed here.
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First, signal-to-noise (SNR) is quite often the treigaight forward measure of how
much signal is corrupted by noise in many applaeti SNR is defined as the signal
power divided by the noise power. Notice SNR isndel in terms of power, and the
SNR of the photocurrent power is square of the $RNfRe optical power. This is
because optical detectors are square-law devideshuneans the electrical power
resulting from the optical power of incident is postional to the square of the optical
power. This can be explained with the followirgvery photon with a given frequency
carries energy dfiv, and the optical power is proportional to the nemtf photons in a
fixed period of time onto a fixed area, in otherds photon flux. As the incident
photons strike the detector, each photon trangteenergy to create an electron-hole
pair, which is known as the photo-electric effé&nce, the photocurrent is proportional

to the photon flux. The photocurrent power is mdipnal to the square of the current.

Second, in optical detection devices, the quantfficiency (QE) is the most basic
parameter of how efficient a detector is. The @Hefined as the percentage of incident
photons that will create an electron-hole pairotBgraphic film typically has a QE of
much less than 10%, while charge coupled devic€D&} can have a QE of well over
90% at some wavelengths [13]. Since the shot nsidgectly proportional to the square
root of the number of photons collected, the QEaamajor factor in SNR. Although
cranking up the gain can reduce the effects ofitirmise, gain has no effect on shot

noise.

Third, the responsivity of an optical detector éfided as the output photocurreit,
divided by the incident optical powd?, shown in Eqn. 2-14 [13], usually expressed in
amperes per watt,
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2-14

whereM is the intrinsic multiplication gain of the detec{unity for photodiodes because
one photon creates one electron-hole pair; butiniby for photomultiplier because one
photon generates multiple electrortg)is the charge of an electrope is the QEhw is

the energy carried by a single photon at a givequency. The responsivity is a useful
parameter to look at because it takes in the ceralidn of both the intrinsic gain and the
QE into the same parameter. QE of a photodetectmually a strong function of
wavelength, and working its advantage towards #reefits, for instance, having a high

responsivity at desired wavelengths and cutoftla¢iowavelengths.

2.7 Workings of Optical Detectors

Among numerous kinds of photodetectors, photodiagdeshe most widely used. A
photodiode operates similarly to a PN junction t Btructured semiconductor diode
except for that the photosensitive areas are exipo&s photons strike the photodiode
and create electron-hole pairs in or near the tiepleegion, as shown in Figure 2.11, of
the junction, intrinsic or applied electric field the depletion region separates the pairs
before they recombine. The electric field swedgsdlectrons towards the cathode and
the holes towards the anode of the diode, andftirerecreates a photocurrent. The
depth of the depletion region can be varied byypgla reverse bias voltage across the
junction. The depletion region is important to fwthode performance since most of the
sensitivity to radiation originates there [16]. tiithe photo-electric effect as its
fundamental mechanism, photodiodes exhibit greatlity. The QE of the photodiodes

are sufficiently high for many applications. Alsbey are usually low cost. Integrating
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arrays of silicon photodiodes with shift registar&l on-chip amplifiers makes imaging
array detectors, such as the charge-coupled dé®CB). CCDs are commonly used in

spectrometers for PL-based sensor systems.

Silicon
P Active Area Nitride Passivation

e AR Coating
Diffusion Mask Anode
kS

)

//"“-_____-/&R“P—N

. Junction
Bulk N-Type Silicon

— N+
Il Contact
Depletion Back Metalization Diffusion

Regign Cathode

Figure 2.11. A structural illustration of a PN gtion photodiode. Reproduced from
Referencd16].

Despite operating at reverse or zero bias, photiediare also commonly operated
near breakdown region and become highly sensitia@qaletectors, known as avalanche
photodiodes (APDs). By applying extremely highsbialtages across the diode, the
photon generated electrons inherit enough energyette more electrons via impact
inonization. This intrinsic multiplying processstdts in a significant multiplication gain

M in Egn. 2-14.

Detection of extremely low intensity light signadsonly limited by the shot noise in
principles, however, in practice, Johnson noiseanglifier input noise can easily
exceed the photocurrent signals. Photomultipliees (PMTs) amplify the
photoelectrons using the electron multiplicatiortmd before the signal gets buried in
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the electronic noise. The operation of a PMT gl&xed in the following text, with the
schematic of a PMT structure shown in Figure 2.A%.photons strike the photocathode,
due to the photoelectric effect, the incident phetoause the photocathode to emit
photoelectrons from its surface. Then the phottedas are accelerated and focused
onto the first dynode due to the strong electetdt created by applied voltages. The
dynodes are coated with materials that can eaailg Becondary electron emission. As
the photoelectrons arrive the first dynode withhleigenergy, more low energy electrons
are emitted, and these electrons in turn are aedetetoward the second dynode, and so
on for 5 to 14 stages, before finally being cokecby the anode, where the accumulation
of charge results in a sharp current pulse indigatie arrival of a photon at the
photocathode [17]. At this point, the photocurreas been amplified well above the
Johnson noise level of subsequent circuits. Algjiotine amplification mechanism of the
PMT is very effective, many issues still need caraftention to be paid, such as dark

current, shock, drift, etc.

Ineoming Photomultiplier Tube

Fhaton \ Window

catngde /"
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Figul’l‘-.' 1 Meter

Figure 2.12. A schematic of PMT structure withdeson design, where light enters the
flat, circular top of the tube and passes the ptaitmde. Reproduced from Reference

[17].
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Chapter 3

LITERATURE REVIEW OF FIBER OPTIC
CHEMICAL SENSOR SYSTEMS

3.1 Introduction

This chapter reviews fluorescent and phosphoredrs®d sensor systems described
in publications. PL based sensor systems haveWigety applied in areas such as water
analysis, biological and medical research, andstrda (bio)processes corrosion and
combustion, therefore, numerous relevant studies haen published. This chapter
groups related publications together in the follogvsubjects. First, this thesis reviews a
couple PL intensity-based fiber optic sensors systeith system configurations and
experimental results. These systems have comnapegies such as using the Stern-
Volmer equation for PL intensity being a functidrtloe quencher concentration as the
fundamental working principle of the system, udibgr-optics as the optical
transmission component for their apparent advastagield applications. Those
systems do not have the ability to simultaneousdiiein multiple analytes. Second, two

other systems are reviewed for their multi-anatiggection ability using the fluorophore-
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guencher pair mechanism. Third, as mentioneddrpthvious chapter that due to the
separation of the excitation source and the detectevice for a fluorophore-quencher
pair system, an optical pathway splitting mechansnequired. Many different methods
of doing so have been reported, such as free-sag#ing, fused fiber couplers and
bifurcated cables. A comparison of those meth@dstieen carried out from the related
publications, as well as some inherent issues edsdavith certain devices have been
investigated in the literature. Fourth, the Stéolmer equation has been adopted to
guantitatively describe the quenching process, kewanany papers have described
some necessary modifications to the equation based the non-linearity in the Stern-
Volmer equation observed from the experimentalltesiBome explanations and

associated mathematical models have been repartedra reviewed in this chapter.

3.2 Intensity-Based Fiber Optic Sensor Systems

Although the scope of this thesis does not expanddrganic ion sensors, such as pH
or oxygen sensors, with the quencher ions as thieator of the luminophore-quencher
pair detecting mechanism, the ion detection figafrmerit is a critical parameter for
understanding the system performance. Numeroas diptic sensors have been reported
for measurement of pH, oxygen and other quenckac$ as sulfite. Many sensor
construction techniques have been applied includingoliths [1], thin films [2], micro-
plates with sensing [3] spots and optodes includingaturized micron-sized tips [4] and
coated optical fibers [5]. However these systemgelgenerally very similar structural
configurations due to the sensing mechanism olutmenophore-quencher pair. Results
are often reported in the form of normalized intgnsr the Stern-Volmer ratio op/l

over the range of varying quencher concentrations.
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Based on the luminophore-quencher detection mestmatie system configuration
for this type of experiments are generally simiaone another. Excluding the diversity
in components, the common objective of the appaiiatto couple the excitation
illumination source to the luminophore throughlzefioptic and collect the PL light from

the same luminophore and transport it to a photadet.

Nivens et al. has demonstrated a single channal @iptic fluorescent intensity-based
sensor system for pH measurement. In Niven’s Byséesingle fiber sensor is used as
shown in Figure 3.1, the block diagram reconstiiftem the description in Reference
[6]. The absorption and emission spectra are nmmedswith the lab-constructed system
shown in the Figure 3.1, or with a UV-VIS spectroenédHewlett-Packard Model 8453).
Two types of sensors are tested, and they are made-polymerizing
tetraethylorthosilicate and silanol-terminated pltyethylsiloxane with 3-
aminopropyltriethoxysilane (APTES) and/or 3-glycigipropyltrimethoxysilane
(GPTMS). Both sensors are used in conjunction fliibrescein isothiocyanate (FITC),
added to the dried sol-gel membranes; this dyetiaddnethod provides the advantage
of fast pH response due to the reaction is onlgssible with the surface amine groups,

and long period of storage of the sensors.
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-gated microscope slide

Figure 3.1. A system configuration block diagramroeluced from the description in
Reference [6]. The components are a xenon lamigl(Gitratford) light source, a 45
dichroic beam splitter (Chroma 507 DCSP), a 0.2dngle-beam excitation
monochromator (SPEX Model 1681), a photon couriby’ (Hamamatsu Model
R928P), a photon counter (EG & G Princeton AppReearch Model 1112,
Princeton), analog-to-digital (A/D) converter (DG#bdel D2141) and a PC
connected to the A/D converter through a RS23Zfente.

Similar configuration was adopted by Papkovskyd7al. in a phosphorescent
intensity based sulfate sensing mechanism, whersehsing active areas are
incorporated into the system fiber optics rathantkeparated from them as demonstrated
by Niven et al. Using the compact configuratiorire sensors has the obvious
advantage of the ability of real-time measuring ttuthe separation of the sensing
element and the analyte. Papkovsky’s system leasdihfiguration shown in Figure 3.2.

The phosphorescent membrane as the sensing eleneenbedded with the fiber optics.
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Figure 3.2. A block digram of Papkovsky’s systerd #re sensor tip in a flow cell
fixture configuration. This figure is reproducedrh Reference [7].

To enable to comparing the results of the two Rénisity-based fiber optic sensor
systems, data has been extracted from the origirtaications and digitized using the
GetData Graph Digitizer as shown in Figure 3.3 Bigtire 3.4. Typically, the results of
a PL intensity-based sensor are reported in forfntiseocalibration curves with the PL
intensity being a function of the quencher con@ditn, as shown in Figure 3.3 (a) and
Figure 3.4 (a); also results are often publishetthénform of the Stern-Volmer plot,

which is the PL intensity in the absence of thengher divided by the measured
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intensities/,/I. This ratio is linearly related to quencher concaion, as shown in
Figure 3.3 (b) and Figure 3.4 (b). The sensitioityhe sensor is often reported in the
form of the Stern-Volmer constaids, which is the slope of the Stern-Volmer raljg/

plot.
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Figure 3.3. (a) The calibration curves of the N&/esystem with the fluorescent intensity
normalized with the “unquenched” intensigyak the highest pH solution versus the pH
values. Different curves indicate different serfsomulations, two APTES and
GPTMS/APTES. Reproduced from Reference [6] (g Bkern-Volmer ratiooll versus
the quencher, H concentrations. Reproduced from Reference [6].
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Figure 3.4. (a) The calibration curves of the Pagkg’s system with the phosphorescent
intensity normalized with the intensitywith the absence of the quencher versus the
quencher concentrations. Different curves indicifferent types of quencher quenching
the same sensor PtCP-BSA. Quenchers being testedite sulfite, nitrite, and Fe(3+).
Conditions: 1qug/ml PtCP-BSA in 0.05 M HCL (pH 1.3), air-saturatlution, 23C.
Phosphorescence at 535/650 nm. Reproduced froerdRek [7]. (b) A plot of the Stern-
Volmer ratio b/l versus the quencher concentrations, with thencjuer being three
different types of sulfite (K= 1920 M"), nitrite (K, = 1510 M%), and Fe(3+) (K= 664
M™). Reproduced from Reference [7].

3.3 Multi-Analyte-Capable Sensor Systems

Most reported sensor systems or sensors are yntikéle used for measuring
multiple species of analyte, however, multi-analyieasurement capability is often
required in practice. Biosensor systems are widegd and demanded in complex
environments, such as ground water, body fluidp®) and products in food processing
industries, etc. These applications often requiuétiple chemical detection and/or

monitoring simultaneously. The simple replicalué entire system for multi-analyte

38



measurements is not considered as a multi-anafygekte sensor system in this work for

performance comparison, and will be discussedsiisgde channel system.

A micro-optode array sensor system has been repbytélolst et al. [4]. The sensor
relies on the basic oxygen-sensing mechanism usiodypes of sensors, ruthenium-11-
tris-4,7,diphenyl-1,10-phenanthroline-Gl@nd platinum-octyethyl-porphine both
immobilized in polystyrene matrices that have adjowchanical stability, as shown in
Figure 3.5. The sensors are coated onto the tipeofapered silica glass fiber of the
micro-optodes, and each sensor is calibrated lpgbint calibration and using the
modified (Eqn.3-1) [8] and ideal Stern-Volmer eqoas (Eqn. 2-2) to fit the calibration

data.

C o0 o 3-1
T0_1+qu0[Q] '

The system adopted the phase-angle detection mathoentioned in Chapter 2.

(@)

glass microcapillary
silica giass fiber cable + apoxy
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(b)

8 2x2-silica glass ST OF

ST fiber couplers
ey LED
/DF
et
: QF
® Ref-LED

8 microoptodes

Figure 3.5. (a) Schematic drawing of an oxygen maptode. The oxygen indicator
sensor layer is applied on to the tapered siliaagyfiber by dip-coating. The fiber is fixed
with epoxy in a glass micro-capillary for ease ahtlling. Reproduced from Reference
[4]. (b) The optical setup of the micro-optodeagrsensor system. Eight micro-optodes
are assembled in the way that the branches oretieetdr end are combined to a fiber
cable and coupled via a 60 silica-glass fiber and an optical filter in frasftthe PMT.
Acronyms in the figure are: PMT, photomultiplieb&iassembly; OF, optical filters; LED,
light-emitting diode; Ref-LED, reference light etimg diode; ST, standard fiber
connectors and receptacles. Reproduced from Rekeifd].

The phase-angle detection adopted by Holst et dlasically converting the phase
angle between the excitation and the PL sinusaigalals into a repetitive pulse whose
width is related to the phase angle. An block diagof the system design is shown in
Figure3.6. The PL signal gets picked up by the PMT, amdRMT outputs a current
signal that is proportional to the PL optical pow@&ihe current signal from the PMT then
gets converted into an amplified voltage proposdibn Then the voltage signal gets
bandpass filtered at its peak frequency the santigeasiodulation frequencfgy from
Egn. 2-4, and becomes a signal with only one comapbat the modulation frequency.
Then the signal gets amplified again and highpiétesed to reduce the amplifier offset

influence. After that the “de-modulated” signal gdlbrough a comparator or zero-
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crossing-detector to transfer the sinusoidal sivajpea rectangular signal. The excitation
LED signal gets converted into a rectangular sigisalvell and is compared with the PL
signal with a logical exclusive ‘OR’ (XOR). Nowhé phase-delay of the PL signal is
converted into a repetitive pulse, whose widthiieally proportional to the phase-angle
difference between the excitation and the PL. Ewdly the pulse signal goes through a
lowpass filter and yields a phase value ranged ©6no 180° corresponding to O and

9.8V in the analog-to-digital (A/D) converter.

modulation signal

LP AID
i f=1THz i rato=$Hz|

sensor & PMT P
signals v=7dB| [=5.3kHz{ | V=124

Figure 3.6. Schematic drawing of the control systéitine phase-angle detection adopted
by Holst et al. The acronyms in the figure are:TP&11/U, photomultiplier tube and
current to voltage converter; v, amplification; Bffgctronic bandpass filtef, the peak
frequency of the bandpass filter; HP, electronghbass filterf., cutoff frequency; Comp,
comparator; XOR, logical exclusive ‘OR’; LP, elemtic lowpass filter; A/D, analog-to-
digital convertor; rate, sampling rate of the cate Reproduced from Reference [4].

Some designs of Holst’s system are quite simildhi®work, however, the
differences, as concluded in Table 3.1, deseremt@in. The comparison also includes
the advantages (Pros) and the disadvantages (os)st’'s system compared to the
system of this thesis. Due to the difference irecd#&n methods, the comparison

excludes the differences in the electrical cirguitr

Unlike Holst’s system that developed the multi-gtexldetection-capable sensor
system by modifying a common single-channel sensohgme [8], Wolfbeis et al.

introduced a multi-channel system [3] that is v&ryilar to the system often used
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Table 3.1. A comparison of the optical apparatugigarations between this work and
work done by G. Holst et §].

Comparin This work G. Holst et al.
mparing . (Comparing Pros Cons
item (Baseline) unit)

Individual < Less coupling

Common source .
source filter loss

* Non-uniformity

Source filter filter for all . . i
channels for each * No source light E)J[I:Jkenswe
channel cross-talk y
* Less coupling of P
oL oy
sensing tip mm um ) Oer tapering
. - coating * Significant
fiber size X : .
uniformity fabrication
complexity and cost
* Insensitive to the « Fatal to incorrect
Detection : excitation power  choice of
method Intensity Phase-angle * Insensitive tdl/f modulation
noise frequency
No * Ability to » Back reflection
Ref-LED (Index matching Yes Mty : :
calibrate interference

material instead)

for absorption and emission spectra measuremémid/olfeis’ work, many kinds of
sensors were prepared for oxygen, pHydtassium ion, Chloride, ammonia, urea, and
glucose sensing. The corresponding indicatorynpeis, and other parameters are
compiled in Tableg.2. All the indicators are covalently immobilizedtteeir

corresponding polymers and then applied on toppflgester foil that serves as an inert
solid support. The sensor membranes then are pdnotappropriate size and placed on
either the bottom of the wells of a 96-well micrate using silicone vacuum grease, or
inside a flow cell through which samples of knovamcentration of analyte or enzyme

substrates were passed. A fiber-bundle connectbdth a light source and a
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spectrometer is used to couple the excitation haemission light by placing the

bundled end of the fiber in front of a sensor spetshown in Figura.7.

Table 3.2. Materials used for the set of lumineseatecay time based sensors for
measurement of blood gases, blood electrolyteseangme substrates, and modulation
frequencies employed in Wolfbeis’ multi-analyteet#ton sensor system, reproduced from

Referencd3].
Modulation Max change
Analyte Polymer(s) Indicator(s) Additives frequency in decay time
(kHz) (A1), ns
pH Hydrogel Ru(didipy)/N®  None 75 740
Oxygen Ormosil Ru(dpp) None 45 3100
CO; Ethyl cellulose Ru(didipy)/TB TOA 75 780
Buffer-in-
CO, silicone Ru(pzth)° None 180 160
emulsion
: PVC and - d . . 30atpH 7.4
Potassium CPDDE Ru(didipy)/BTE" Valinomycin 90 180 at pH 8.7
+ + PVC and [T d -
Na'. C& cPDDE  Ru(didipy)/BTE® lon carriers 90 -
. PVC and -
Chloride CPDDE Ru(didipy)/BTB TDMA-CI 90 250
Ammonia PVC/plasticizerRu(didipy)/CPF None 90 320-380
Carboxy- - e
Urea PVClplasticizer Ru(didipy)/CPF None 90 320-450
Glucose Hydrogel Ru(dipy)-BA None - -

All sensors operated at excitation/emission wagtteof 465/610 nm

& A reactive indicator dye

® Thymol blue

¢ Excitation/emission wavelength of 450/635 nm
€120 kHz are best

4 Bromothymol blue
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micro-plate with
integrated sensor spots

excitation

bifurcated
fiber bundle

e

emission

Figure 3.7. A schematic of the system setup of Bé&# multi-analyte system for
measurement of decay times of sensor spots codtaireemicro-plate and covered with a
sample. Reproduced from Reference [3]. The omigstem consists of a blue LED as a
light source Xpeak= 470 nm, NSPB 500, Nichia), a blue glass fil&&(12, Schott), a
bifurcated glass fiber bundle (& = 2mm), an optidtdr at the emission side (cutoff
wavelength = 570 nm, OG 570, Schott), a red-seesRMT (H5701-02, Hamamatsu), a
dual-phase lock-in amplifier (DSP 830, Stanford é&2esh).

Although, Wolfeis’ work demonstrated excellent dgsand performance with the
multi-analyte detection system, when implementhig system in practice, there are still
a few issues worth paying attention to. First,rthero-plate design requires the analyte
to be brought to the measurement site, and thignergent frustrates the situ
measurements. Wolfbeis et al. mentioned in thetteat the sensing spot can be
integrated in a flow cell where the analyte carsghsough. This can be used along with
a pumping system to achieve tinesitu measurements. Second, Wolfbeis et al. did not
describe in the paper a method for fiber bundlpldcement. Aligning the fiber bundle
with each sensor spot can be tedious and diffinypractical applications, because not

only the size scale of the fiber and sensor pa&sarall, but also, the incident angle of
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the fiber also plays an important part. A tiny atignment can results in insufficient

coupling, or cross-talk from adjacent sensor spatsing incorrect results.

3.4 Fiber-Optic Splitting M echanism

As mentioned in Section 5 of Chapter 2, the objeatif the optics of the system is to
connect the luminophores to an illumination soumed a detection unit at the same time.
Since an excitation source and a detection unitveseseparate devices that cannot allow
illumination and viewing along the same opticallpdhe system requires a splitting
configuration in the optical pathway. Because maxgellent qualities of the optical
fiber assembly, the fiber optic is often chosenr@tber beam splitting methods.
However, few publications have studied some inhtdssnies with using a fiber optic in

PL sensing related applications.

Valledor et al. [9] pointed out that the total aplipower that gets coupled back to
the detector at the tip of a fiber optic, wheregkasor film or membrane is placed, is
composed of components other than just the emigdionBoth of the cases of
‘wavelength-ratiometric methods’ and ‘dynamic-ratietric methods’ that Valledor et al.
analyzed in the paper, are intensity based methodsher words, the emission PL
intensity is a critical parameter in Valledor’'s was well as most other fiber-optic
sensor systems. In Valledor’'s work, the total cgdtpower at the detector end is
composed of three kinds of optical power, luminasedyr, Specular reflectancés,

and diffuse reflectancépg; they are defined as:

Ifluor =Ky " ley - [Ind] 3-2
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whereK; is the proportionality constant that containsdbsorption coefficient and the
guantum vyield of the sensors and the capabilityhefoptical fiber in collecting and

transmitting the light, andrd)] is the indicator (the dye molecules) concentratio

ISR = KZ ' Iex 3-3
whereK; is the fraction of the reflected excitation lighte to the refractive indices
mismatch at the fiber-sensor interface defined gllS law. The specular reflectance,

I, is referred to as the back reflection in this kvor

IDR - _K3 " Iex - [Ind] 3'4
where the diffuse reflectandeg, is pH-dependent ark is a negative proportionality
constant that is experimentally obtained. A schenildustration of this process at the

fiber-sensor interface is shown in Figua8.

Velledor et al. introduced two methods to distirstjuihe three types of optical power
at the detector end, the wavelength ratiometridoteand the dynamic ratiometric
method. Essentially the difference between therethods is that the wavelength
ratiometric method uses the optical filters while tlynamic ratiometric method digitizes
the signals and separate them using digital sigmadessing based on their frequency

components. The schematics of the two methodshenen in Figures.9.

The first method, wavelength ratiometric methoeksua bifurcated cable at the
sensing end to collect the fluorescence emissidreffectance simultaneously and then

appropriate wavelengths are selected by meansolbandpass optical filters, central
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Figure 3.8. Different optical signals presentha tollected light based on the reflectance
measurements shown in Figure 3.9. Reproduced Refarence [9].
wavelengths at 550 nm and 470 nm for fluorescenmieston and reflected excitation
light respectively. Two Si photodiodes whose s@tcesponses are adapted to the
emission of the chemical sensors are used. Aftepptical signals are interpreted into
photocurrent signals, a transimpedance circuiseduo transfer the currents into
voltages. As the excitation light is modulatedusimidally at a fixed frequency, the
fluorescence emission light signals can be sepghfeten the ambient light or the diffuse
reflectancelpg; by implementing a band pass filter whose cerfitejuency is the same

as the excitation source modulation frequency.
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Figure 3.9. (a) Schematic instrumental setup oftheelength ratiometric method with the
separation mechanism being two bandpass optitaisil Reproduced from Reference [9].
(b) Schematic instrumental setup of the dynamiomatric method with the separation
mechanism being the digitization of the signals treddigital signal processing based on
the signals frequency components. Reproduced Refarence [9].

The second method, the dynamic ratiometric metelhinates the duplicated
photodiodes and optical filters, instead, usesglsilow noise photodiode and a high
gain transimpedance amplifier £1@/A). At the same time, the sinusoidally moduthte
excitation source is monitored using a less expernshotodiode. Then, the electronic
filtering stage is used to separate the analytem#gnt signal from the reference signal
using a digital filter with a “Digital Signal Prosgor” (DSP) since an analog filtering

device is not selective enough for this application

Comparing both methods in Valledor’'s work, there ssme significant advantages

as well as disadvantages of each method. Usinggtieal filtering mechanism, the
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wavelength ratiometric method system respondsefastigh to allow fluorescent sensor
measurements where the lifetime is in the rangeaobseconds. However, the method
adopts the two sets of instruments for two ligdratels, and the publication pointed out
that this mechanism has a major drawback withédemdancy of instrumentation. Also,
two stages of bifurcating the light pathways sigaintly decreases the intensity level of
the optical signals that reaches the photodetedflareover, the imperfect filtering of the
optical filters introduce interference to the dédelcoptical signals. The dynamic
ratiometric method substitutes the optical filtgrimith the digital filtering to resolve the
redundancy problem in instrumentation. Howevez,dlyital filtering also slows down
the process so that only phosphorescence lifetimer¢seconds range) is within the

detection range of the system.

Other than the optical splitting fiber assemblyutiated fiber assembly, used in
Valledor’'s system, another widely used assembilyadused fiber coupler. In many
applications, the multimode fiber assemblies aresiciered for their better coupling,
large core radius, and large numerical apertunege O the different fabrication
procedures, as mentioned in Chapter 2, a bifurddtedassembly and a fused fiber
coupler have very distinctive properties and treeeperformances in many figures of
merit. In sets of experiments carried out by Yaial., the two types of fiber assemblies

are compared in terms of the performance as priolgisplacement sensors [10].

Yasin et al. compared a 16:1 plastic multimoderodited fiber assembly and three
plastic multimode fused fiber couplers with variamasipling ratios such as 50:50, 90:10,
and 80:20. The instrumentation setup of the erpants with both kinds of the fiber

assemblies are shown in Figu&:&0.
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Figure 3.10. Schematic of the experimental setupeftlisplacement sensor using (a) a
16:1 plastic multimode bifurcated fiber assemblg ém) a plastic multimode fused fiber

coupler. Reproduced from Reference [10].

In the first experiment with the bifurcated fibessambly, the single inner core

(diameter of 1 mm) branch of the assembly is cotatkto the light source, while the 16

outer core (diameter of 0.25 mm) branches are ateddo the detector. Ideally, this
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bifurcated fiber assembly has 3 dB coupling siteeaverall cross-section area of the 16
core is the same as the single core. In the expets, a flat mirror is used to provide the
necessary reflection that will be captured by #eeiving fibers. In the second
experiment, a similar setup as Fig@r&0(a) is used, except the bifurcated fiber assembly

is replaced with a fused fiber coupler.

Although the paper compared the two types of fassemblies in terms of the
performance of many figures of merit, such as #grestivity, linear range, and resolution
of the sensor, these results only apply to thelaigment sensors, and thus are not
directly applicable to the PL intensity-based sesgystems. However, a few conclusions
drawn from the experimental results are usefulaimigg intuition about those two types
of fiber assembly. The results shown in FigBul are the output voltage, which is
proportional to the optical power being reflectedkinto the fiber assembly from the
flat mirror, with the displacement sensor usingfarbated fiber assembly or a 2x2 fused
fiber coupler. Some conclusions we can get froeséthgraphs that are valuable towards
a PL intensity-based sensor system are the follpwfirst, when the displacement is
zero, the reflected optical power is zero withfaigiated fiber assembly; and this is due
to the fact that transmitting and receiving arerfraifferent fiber cores. When using a
bifurcated fiber assembly in a PL-intensity sers@tem, not only the connecting device
at the bundled end has to have an equal or gre@ss section area as the total area of
the bundled end, but also a non-contact couplirrgsisperior choice than an in-contact
coupling. On the contrary, an in-contact coupkegieves its maximum coupling with a
fused fiber coupler. Second, the maximum reflecigiital is obtained with a splitting

ratio of 50:50. The maximum reflected optical powbtained from a fused fiber coupler
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is still about 4 times smaller than the reflectptical power obtained from a bifurcated
cable with the same cross section area. Thisagdthe fused fiber coupler’s insertion

loss, mostly from the fused region, is significgrgteater than that of a bifurcated fiber

assembly.
Output voltage, mV (a) Output voltage, mV (b)
4 o Nonlifiear 1.0 —e— 2 x 2 coupler 50:50
,,.-——""' ¢ —a—2 % 2 coupler 90:10
- 4 08l —a— 2 x 2 coupler 80:20
3k Linear
0.6+
2L
0.4
ke 02F
| | | I ] | | | |
0 | 2 3 y 4 5 0 1 2 3 4 5 6
Displacement, mm Displacement, mm

Figure 3.11. The output voltage of the lock-in aifigr as a function of displacement using
(a) a 16:1 plastic multimode bifurcated fiber assgnand (b) a 2x2 plastic multimode
fused fiber coupler with splitting ratio of 50:380:10 or 80:20. Reproduced from
Reference 1Q].

3.5 Non-idealitiesin Stern-Volmer Relationship

The Stern-Volmer kinetic relationship was first psibed in 1919 by Von O. Stern
and M. Volmer [11] to quantitatively define the quam yields of photophysical
processes (e.g. fluorescence or phosphorescenpbptochemical reactions (usually
reaction quantum yield) with the concentration giveen reagent which may be a
substrate or a quencher [12]. It states thatdtie between the unquenched emission
intensity and the emission intensity in presencéhefquencher is linear to the quencher

concentration with a slope of the Stern-Volmer tansKs,, and an offset of 1.
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However, some publications have discovered sonterfacould cause alterations of the

Stern-Volmer relationship.

During the quenching process of the fluorophorerdtare two types of quenching,
collisional (dynamic) quenching and static quenghiithe collisional (dynamic)
guenching is quantitatively described by the St¥oimer equation, with the Stern-
Volmer quenching constant being representeipwhen the quenching is known to be
dynamic, otherwis&s,. Quenching can also occur as a result of thedtion of a
nonfluorescent ground-state complex between tteedhhore and quencher. When this
complex absorbs light, it immediately returns te ground state without emission of a
photon. Such a process is defined as the stagicaiing. Both the collisional (dynamic)
guenching and the static quenching are linearlyeddent on the quencher concentration,
as illustrated in Figur8.12. The two quenching processes can be distinguisihe¢eir
differing dependence on temperature, as shownguar€8.12, and viscosity, or
preferably by lifetime measurements. Higher terapees result in faster diffusion and
hence larger amounts of collisional quenching;,disgher temperature typically results
in the dissociation of weakly bound complexes, adce smaller amounts of static

guenching. [13]
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Figure 3.12. Comparison of dynamic and static ghigngc Reproduced from Reference
[13].

Although both types of quenching are linearly dejfssm on the quencher concentration,
in many instances, the fluorophore can be quenbdmbth mechanisms with the same
guencher. The characteristic feature of the Staimer plots in such circumstances is
an upward curvature, concave towardsyHais (positive second derivative), as shown
in Figure 3.13 (left). A modified form of the Ste¥olmer equation for describing the
case where both types of quenching processes is

F, 1
Kapp = FO - 1] 0] = (Kp + Ks) + KpKs[Q], 3-5

where the modified apparent quenching constépg, which has its plot versus the
guencher concentration to yield a straight linéhaih intercept of the sum of the
dynamic and static quenching constaHis;+ Ks, and a slope of the multiple of the two,

KKp, as shown in Figure 3.13 (right).
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Figure 3.13. Dynamic and static quenching of theespopulation of fluorophores.
Reproduced from Reference [13].

Many publications have studied the fluorescencerifiilter effects and their impact
on the non-linearity of the Stern-Volmer relatioipshThe inner filter effects is defined
by the Compendium of Chemical Terminologies ast,fein apparent decrease in
emission quantum yield and/or distortion of bangshas a result of reabsorption of
emitted radiation in an emission experiment, ammbise, absorption of incident radiation
by a species other than the intended primary absallxring a light irradiation
experiment [14]. This effects often cause the plesefluorescent intensity to be lower
than the expected value at a given quencher caatemt, and therefore, causes the
Stern-Volmer plot to curve upward with increasingegcher concentration (a positive
second derivative). Because of the nonlinearitthefStern-Volmer plot, one cannot
determine the quenching constdfd,. Such phenomena have been reported in

numerous papers, such as Reference [15], [16][1afjdin which mathematical models
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have been given for a modified Stern-Volmer quemgltonstantks,. Regardless of the
guencher being used, it is important to deternfities inner filter effects are significant,
and furthermore, correct the observed fluorescerteasities based on the effects. The
lifetime-based fluorescence measurements are imdepé of the inner filter effects due

to the fact that lifetime is independent of thetantensity.

In some other cases, the Stern-Volmer is obsevedrive downwards towards tke
axis, such as in Reference [18], which is chargstterof two populations of fluorophore,
one of which is inaccessible to the quencher. Aheraatical model of the fractional
inaccessibility of fluorophore can be describethasfollowing. Suppose there are two
populations of fluorophores, one of which is act#ego quenchers, and the other
being inaccessibld. Then, the total observed fluorescent intensitiegndl, being in

the absence and in the presence of the quenciperctely, are defined as,

IO - Ioa + IOb 3'6
I=1,+1, 3-7
Assume the accessible fluorophore fractiofy,ithus the inaccessible fraction becomes

(1-fy), as defined in an equation as

loa

=—" 3-8
IOa + IOb

fa

Then the observed fluorescent intensity in theqaes of the quencher becomes

1
-1
1 0
Oa — a + I()b

_ __ "0a 3-9
TTTRQ T T TR KylQ)
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whereKj, is the Stern-Volmer quenching constant of the ssibée fraction. Subtraction
of Egn. 3-9 from Eqn. 3-6 yields
1 K,[Q] )
Al =1y—1=—Il)| ——= 3-10
° fa° <1 + Ka[Q]
Division of Eqn. 3-6 by Egn. 3-10 yields the moddiform of the Stern-Volmer

equation:

b__1 2 3-11
Al foKq[Q]  fa

A plot of the modified form of the Stern-Volmer edion as a function af /[Q] yields

f.* as the intercept anéli)™ as the slope, as shown in Figure 3.14. Similarideality
behaviors were observed in experimental work ptteskin the later chapter of this
thesis, a mathematical model is developed to destidth the fractional accessibility

introduced here and another factor.
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Figure 3.14. Stern-Volmer (left) and modified St&toimer (right) plots for two

populations of fluorophores. Red dash-dotted Istesw all fluorphores are accessille (
= 1), green dotted lines show half of the fluorogds are inaccessiblf € 0.5) with the
quenching constant of the inaccessible fluorophkres 0.5 M* being one-tenth of the
quenching constant of the accessible populdipnReproduced from Reference [13].
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Chapter 4

CHARACTERIZATION OF THE MULTI-
CHANNEL FIBER OPTIC FLUORESCENCE
DETECTION SYSTEM

4.1 Introduction

Characterization of the multi-channel fiber optimfescence detection system is
discussed in this chapter. Measuring multiple @eatoncentrations is essential for a
wide range of environmental applications, whichiarportant for the pursuit of public
safety and health. Target analytes are often whaenical compounds found in
groundwater or soil. However, in-situ measurenoérsiich analytes still faces various
challenges. Some of these challenges are rapodmes for near-real time monitoring,
simultaneous measurements of multiple analytescongplex target environment, and
high sensitivity to allow detection of low analytencentration without sample
pretreatment. A robust, rapid response, multipkyde, in-situ measuring sensor system
was developed. Experiments were designed witlhdstén investigating this system’s

performance with only the optodes thus providirfgnence figures of merit, such as
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sensitivity and limit of detection, for further esiments or applications with the addition
of various biosensors. Because a common type (pitymen sensitive) optode, working
in conjunction with numerous kinds of enzymes, barused to detect many different
corresponding chemical compounds. The unit uresrim this chapter is the pH model
prototype assembled by OptiEnz, Inc. In Secti@ot.this chapter, the system
configuration of the unit under test is given, uihg sensing mechanism concepts and
system optical and electrical circuits. Sectidhdescribes the detailed protocols for
optode fabrication. Section 4.4 talks about theeexnental procedures. In Section 4.5,
a series of experiments for the measuring sertyitve presented with results and
discussion. Section 4.6 covers experiments onrefan-channel uniformity
measurements. Finally, Section 4.7 compares tpergrental results obtained with the

unit under test in this work to results from otpeblished work.
4.2 System Configuration

The system was designed based upon the fluoresgession mechanism of a
chemically sensitive dye used as the transducke emission intensity of the dye is

related to the quencher concentration by the Stetmer equation,

I
7 =1+Kgl0], 4-1

wherel andl, are the emission intensities with and withoutghesence of the quencher,
[Q] is the quencher concentration, dtgl is the Stern-Volmer quenching constant.
Sincel depends on excitation intensity and transducepgaties, an absolute emission

intensity valud is difficult to interpret alone or to quantitatlyeeompare with other
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results. As a result, all results of the Sternsv@t ratioly/l in this work are obtained

from the intensity ratio defined as

L, 1+Kg[Qly I 1
2Tl o0k < K 4-2
L1t Kyl 1 e @l < Kev

wherel; andl, are respectively the emission intensities withghesence of the quencher
at the concentrations of]; and RQ].. In some systems, such as a system with quencher
being H, it is not realistic to measure the unquencheehisitylo in an aqueous
environment with the quenchef ldoncentration being zero. As a reslylis

approximated to be the unquenched interigityhen Q] is very small, in other words,

I/ 11 is approximately equal to the Stern-Volmer régib. Optodes and optoelectronics

hardware of the system were built based on thisotien mechanism.

Motivated by the need to simultaneously sense plalanalytes with a multiplex
biosensor array, several architectures for a nchlinnel system were considered. First,
the most straightforward approach is the simpldidagon of the full system for each
sensor, but this method is bulky and expensivace&sa common kind of transducer and
optode structure can be used with different enzyimeletect various target analytes, the
source, detector, filter, and fiber systems fohdaiosensor can be identical. As a result,
a second approach of optical multiplexing has begremented by others [2] and offers
the lowest component count but relies on expergigéom mechanical switches for
plastic optical fibers. A third approach adoptedhis work applies electronic
multiplexing [3]. Each optode is excited by itsrowptical source, and sources are
sequentially driven one at a time by cycling thdoad) channels with multiplexing

circuitry. All channels share a single photomdikiptube (PMT) as the detector to
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reduce cost and variations from the hardware witkaarificing the sensitivity of the

detector. Also, time division multiplexing redudaterference between channels.

The eight channel system hardware is comprisedsofgle PMT, two filters, eight
blue LEDs, fiber optic and electronic circuitryhd& block diagram of the system is
shown in Figure 4.1. In the forward signal patmiarocontroller (PAX32A-Q44,
Parallax Inc) is programmed to sequentially turrtfenLED (IF E92B 470nm, Industrial
Fiber Optics) of each channel, which launches ation light through a plastic optical
fiber (SH4001-1.3, 980um core diameter, Industiber Optics), an excitation bandpass
filter (HQ450/60m, Chroma Technologies), and a 2B&r optic splitter (IF-540 custom
order, Industrial Fiber Optics). While the fibg@liter is primarily used to divert a
portion of the return signal, as a consequen@dsdt divides the excitation light into two
forward paths, one of which is sent to a light abseofixture while the other goes to the
optodes. The excitation filter blocks LED lightvedvelengths above 480 nm that are too
close to the peak of the emission spectrum of FltAthe return signal path, the emitted
fluorescent light from the optode passes througtotttical fiber splitter, an emission
dichroic filter (D530/20x, Chroma Technologies)daventually to the photocathode of
a PMT (H5784-02, Hamamatsu). The emission filtecks reflected excitation light at
wavelengths shorter than 520 nm. Both the exoitadind emission filters were
incorporated to greatly reduce light from the LEBaching the PMT. The emitted
fluorescence optical power is measured by the PMiTprocessed by a de-multiplexing
data acquisition circuit, which consists of an Ad@inverter (AD7707BR, Analog

Devices Inc.) and the same microcontroller thatedrithe LEDs. Finally the
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fluorescence optical powers of all channels arented and recorded as scaled digital

signals at the user interface. The electroniaidirg of the unit is shown in Figure 4.2.
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Figure 4.1. Block diagram of the multi-channel ﬁbéf'i‘c fluorescence sensing system
configuration.
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Figure 4.2. A block diagram of the electronic nul#iing/demultiplexing circuitry.

4.3 Optodes Fabrication

Optodes were designed to provide a platform fotibsensors to interact with
analytes as well as to interpret the reaction métdion. An optode is comprised of a
fiber optic and immobilized fluorophore moleculdlastic fiber optics were preferred
over glass fiber optics in an optode because tige 8% refractive index step between
the core and cladding increases the numericalagetd 0.5, which allows a wider light
acceptance cone for improved collection of therfdsoent emission. Each optode’s fiber
optic was created from a 25 cm long ST connectdri2MA fiber optic cable
(SH4001-1.3 980um core diameter custom order, mdu&iber Optics) terminated with
the bare fiber end exposed. The bare end washpdliwith a 2000 grit 8m polishing
film (IF-TK4-RP2, Industrial Fiber Optics) to in@ase fluorescent light coupling

efficiency.

PH sensitive fluoresceinamine (FLA) tranducers ljoiit the biosensor) are

fabricated using cross-linked poly (vinyl alcoh@)VOH) to realize the immobilization
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of the fluorophore, FLA, onto a fiber-optic usirigetmethod published in Reference [4].
Transducer fabrication was done by CSU studentbJAdam during 2009 — 2011
academic years using following protocols. PVOHigdbrmed by combining 0.50 mL
of PVOH solution with 0.050 mL each of 2% glutaedigde in water and 4.0 M HCL.
Then to immobilize FLA is using the following step€yanuric chloride (0.5 g) was
dissolved in 20.0 mL of acetone, and 1.0 g of PV&did 10.0 mL of water were added.
The mixture was stirred and allowed to react fon#l0 at room temperature. PVOH is
insoluble in this medium and can be separateditvgtion. After the PVOH-cyanuric
chloride conjugate was washed with 50 mL of 1/l@ue-water, the conjugate was
reacted with a 10.0 mL solution containing 100mugpfésceinamine in acetone. After 30
min at room temperature the product was separatedvashed, first with acetone and
then with water until no further unreacted indicatan be observed in the washings.
This material was then dried and stored as a sdlite procedure can be repeated as
necessary to increase the amount of immobilizeata&tdr per gram of PVOH. Because
the cross-linking process may vary each fabricabiaich, the fluorophore concentration

in each batch differs.

4.4 M easur ements Protocols

The system detection figures of merit, such asiseiysand system resolution,
which is the smallest detectable change in theygmabncentration, were investigated
using FLA optodes. Three replicates of pH sensiBlLA optodes were fabricated using
the procedures described in Seciton 4.3 of thiptelna Optodes were tested in varying
pH buffer solutions ranging from 3.05 to 8.69. &&®n calculation, buffer solutions

with different pH values were made with the follogiprocedures. Buffers with pH
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from 3.0 to 4.25 were prepared with 1M HCL and 1détec acid; buffers with pH from
4.5 to 5.5 were prepared with 1M sodium acetateldndcetic acid; buffers with pH
from 5.75 to 6.25 were prepared with 1M bis-trisl &M HCL; buffers with pH from 6.5
to 8.0 were prepared with 1M potassium dihydrogeosphate (x7k0) and 1M
disodium hydrogen phosphate; buffers with pH frat® 8.75 were prepared with 1M
bicine and 1M NaOH. The pH values of all buffelusions were confirmed with a pH
meter (Accumet AB15, Fisher Schientific). A detdilpH buffer solution recipe is

attached in the Appendix A of this thesis.

The Stern-Volmer ratio was calculated from the fegzence emission intensity

readings. All fluorescence intensitiewere obtained from the following equation,

I=R—R, 4-3
whereR is the intensity reading of the optode in a pHi@us$olution, andR; is the
background correction intensity reading when thenclel is not connected to an optode
and the end connector is capped to eliminate ragimh ¢oupling.R, reading values are
typically 5% ofRvalues. |1 in Eqn. 4-2 was the fluorescence intensityeasured in the
varying pH buffer solutions, andin Egn. 4-2 was approximated lgwith the
fluorescence intensitlyin the lowest A concentration solution. Therefore, the Stern-
Volmer ratiolo/l was approximated with/l1, as derived in Eqn.4-2. The unquenched
intensitylo was obtained in the pH buffer solution with ebncentration of 1.78 nM

(pH=8.69).
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4.5 Sengitivity M easurement Results

To extract figures of merit of the system, suclthassensitivity, results of the
fluorescent intensities over various concentratimfrsnalyte are presented as the Stern-
Volmer ratio of the fluorescent intensities as iaction of the quencher concentrations.
Over the entire measurement range of H+ conceoirati 0.002 — 891 uM (pH of 3.05 —
8.69), the fluorescent intensities behave diffdyeinom what is described in the Stern-
Volmer equation, as shown in Figure 4.3. Measurgewere repeated using nominally
identical FLA optodes. In the plot, each data p@raveraged from 200 rapid
measurements with sampling rate at about 10 Hztltencklative standard deviation

between measurements for all conditions is legs @h30%.
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Figure 4.3. The Stern-Volmer ratio vs. varying ¢dncentrations shown on a log-log
scale.
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The non-linearity observed from the Stern-Volmetgls a departure from the ideal
case and has been observed [5] and verified thébeesult of two causes. First, the non-
linearity is attributed to the fractional inaccésidly of the fluorophores in previous

publications [6], and it is described as

T 1 1 4-4

wherel, andl’ are the measured unquenched and quenched fluntés@Emsities that
are affected by the fractional accessibilftyof the fluorophore. Second, the non-
linearity of the Stern-Volmer plots can be ascribthe back reflection [7] of the fiber
couplers. The back reflection is defined as wineneixcitation light from the LED gets
coupled into the fiber optic and transmits to thd ef the fiber, an interface with
different refractive indices on two sides, a porta the excitation light gets transmitted
through the interface while the other portion @& #xcitation light is reflected and
coupled back. Although the back reflected exatatight reading from the PMT is
significantly decreased in intensity by the emisditier, shown in Figure 4.1, due to the
imperfection of the optical filters, a considerahtaount of back reflection intensity can
pass the filter and still be comparable to therfisaent intensity, and thus becomes
problematic to the measurements. The impact ob#o& reflection on the Stern-Volmer
equation can be described as

Iy Igr/Iy +1

o1 ’
1+ Ky - [Q] * Ier/lo
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wherel andl’ are the measured fluorescent intensities thatwoitie back reflection
intensity, Iz, andl, is the ideal unquenched fluorescent intensityaly, as the Stern-
Volmer equation described, the ratiolgf! is a linear function with the quencher
concentration; however, due to the back reflecienmeasured ratid,’/I’, is not a
linear function of the quencher concentration. Sidering both impacts of the fractional
inaccessibility of the fluorophore and the backeetfon, the modified Stern-Volmer

model can be described as

W ]% (Usr/Io + 1)
I 1
1+ Kgy - [Q]

+ jlc Upr/lo+1) =1 46
wherel) andl’ are the measured fluorescent intensities thatféeeted by the fractional
inaccessibility of the fluorophore and the backestion. Eqn. 4-6 contains both factors,
therefore, when no fractional inaccessibility oecmg, f = 1, Eqn. 4-6 is the same as
Eqn. 4-5; when there is no back reflectifyy, = 0, Eqgn. 4-6 becomes identical to Eqn.
4-4; when neither of the non-ideal cases occur, B¢ghequals to the ideal Stern-Volmer

equation, Eqn. 4-1.

To analyze the experimental datadFigure 4.3, the non-idea model of the Stern-
Volmer equation model is applied. Since the mesasents were performed on the same
channels for all three optodes, the back refledtitensities/zg, are assumed to be
identical for all measurements. Eqn. 4-4 is wiZo fit the experimental data, as shown
in dotted lines in Figure 4\8ith R? of 0.986, 0.994, and 0.993 respectively. Fitting
parameters of the quenching const#gy§, and the accessibility fractiofy,were
extracted from Eqn. 4-4, as shown in Figure 4.4re€& optodes have an aver&ge
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value of 8.66x105 M, and an averagk/f value of 1.25f = 79.7%). The error bars in
Fig. 2 (b) show bounds within which fitting paraeet satisfy that the mean squared
error (MSE) between the model and the measurenselgss than or equal to twice the
minimum MSE. Concluded from Figure 4.4, the fractl inaccessibility model, Eqgn. 4-
4, is strongly dependent dnwvith error bounds tightly confined around the rmaom

MSE point, and on the other hand, the model isseasitive to the varying of quenching
constantKs,, because the th&;, values of all optodes only vary within the bounds.
LOD is defined as the analyte concentration cooedmg to the mean of the sum of the
blank measurement and 3 times (for a 99.7% conéel@rterval) the standard deviation
of the blank measurement [8]. Since a solutiomexit any H does not exist, a blank
measurement is assumed to be atshcentration of 1.78 nM (pH=8.69). The LOD for

all three optodes are 2.1, 0.75, and 1.3 nMof H
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Figure 4.4. Calculated quenching const&ay, (left y-axis), and calculated the inverse of
the fluorophore accessibility fractiofy,(right y-axis) three optodes are plotted. Error bars
show bounds within which fitting parameters satitigt MSE is less than or equal to
twice the minimum MSE. The dotted line shows thkig ofKs, andf averaged for all
optodes.

When the experimental results are fit with a regjasline, which models the ideal
behavior, theR? value as the coefficient of the determination doesfully reflect how
closely the model fits the experimental results a&esult, model accuracy (MA) is
introduced here as the measure of how accuratelyntidel allows determination of the
arbitrary analyte concentrations with a calibratptbde. Lower limit of detection
(LLD), as previously defined by Anderson [9], disdrom MA in that the LLD only
applies to linear regression lines. To generd2efor different types of regression

lines, first, the error between the model and tleasarement is first defined as
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where N is the number of measurements data paipis,the number of fitting

parameters in the mod&{l’ﬁ)

a is the measured Stern-Volmer ratio, é&)

measured i’ model

is the corresponding Stern-Volmer ratio from thadelat the same analyte
concentration. In the case of this watikjs 2 using Eqn. 4-7. Then, MA is defined as 3
times the errors,,..q.;, divided by the sensitivity. MA calculated frohretexisting three

optodes is 0.49, 0.32, and 0.80 pM.
4.6 Channel-to-Channel Unifor mity M easurements

Fluorescence intensity of a single optode was mredsan each channel of the multi-
channel fiber optic fluorescence detection systehetermine the channel-to-channel
uniformity. The Stern-Volmer ratio dependence @n H+ concentrations over 0.025 —

3.55 uM (pH 5.45 - 7.6) is shown in Figure 4.5tfee eight channels. The channel-to-
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Figure 4.5. The fluorescent intensity (indicatethwiarious shaped data points) for
varying H concentrations measured with a single optodel@hahnels as an indication
of channel-to-channel uniformity. The data isafith the modified Stern-Volmer model
that includes the back reflection effects (dotiadd).

channel variation in the excitation source powet te coupling efficiency of the fiber
optics are eliminated by calculating the Stern-Vamatio/,/1,. Since all channels were
measured with the same optode, the fractional atdukty, f, of all channels are the
same, the back reflection model in Eqn. 4-6 is éetbpere. The cause of the channel-to-
channel variation in is the slightly unequal baefaction intensities [7] of the fiber
couplers used in all channels. The modified Stéwhmer model in Egn. 4-5 fits the
experimental results very well with tiR value averaged at 0.996. The quenching

constantsKg,, of all channels are shown in Figure 4.6, and/é&saged at 2.05x106 M
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The error bars in the graph show bounds within tvithe MSE between the model and
the measurements is less than or equal to twicenthenum MSE. Similar to the results
for a single channel, the model is not stronglysgere to the varying of quenching
constantKs,, andKg, of all channels are varying roughly within theogrdbounds.

Figure 4.6 also shows the calculated back reflaghtensity as a fraction of the
unquenched fluorescent intensiktyg /1, for all channels with error bars showing bounds
within which MSE is less than or equal to twice thmimum MSE. The average value

of Izr /I, of all channels is 24.3%.
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Figure 4.6. Calculated quenching const#gy, (left y-axis), and calculated back
reflection intensity as a fraction of the unquernttfieorescent intensitygr/lo, (righty-
axis) for all channels are plotted. Error barsvgihounds within which the MSE
between the model and the measurements is lesstiegual to twice the minimum
MSE. The dotted line shows the valuekgf andlgr/lo averaged for all channels.
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4.7 Discussion

While numerous fiber optic photoluminescence deiadhiosensor systems have
been reported, Hols et al. [7] have demonstrati#aea optic photoluminescence system
with the ability to simultaneously detect multiglealytes. In that research, the system
uses a phase-angle detection mechanism with oxagéme quencher but did not provide

guantized system detection figures of merit to carapvith this work.

Although the system in this work was not intendedgH sensing, pH sensing ability
is a critical parameter for understanding the eratyarbiosensor system performance.
To understand the relative performance of the aygteesented here, results of other
fiber-optic systems using immobilized pH sensorprabes [10] have been compared
with the system presented here. The normalizetdkcence intensity with varying pH
values is shown in Figure 4.7 with three nominallntical optodes. For comparison
purpose, calculation of the sensitivity and theimiumm detectable change is carried out
using the method described by Nivens et al. [TTlje method is to determinp, as the
midpoint of the linear portion of the calibratioanree, and the minimum detectable
change in pH is determined by twice the standawthtien of the intensities at thek,,.
The highest pH sensitivity of this work is 0.35 pét unit %= 0.96) at pH values
between 4.5 and 7.5, and the minimum detectablegehim pH is 0.0089 pH unitpk,
=5.90). The system demonstrated by Nivens easishown in Figure 4.8, has a
sensitivity of approximately 0.10 per pH unit faetAPTES sensor and 0.08 per pH unit
for the GPTMS/APTES sensor, and the minimum debdetehange of 0.17 pH units for

the APTES sensor and 0.13 pH units for the GPTM3EAP sensor.
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Figure 4.8. The relative fluorescence intensitybeation curves of Nivens’ system with
APTES and GPTMS/APTES formulation as the sensBeproduced from Reference

[11].
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Figure 4.9. The full titration curve of Ben-Davidgstem with the dynamic range claimed
from pH 4 to 11. Reproduced from Reference [12].

Moreover, to determine how accurately the interpataformula fits the
measurement results, MA is calculated to compaeyistem performance between this
work and other published work. MA of the systenthis work is 0.52 pH units while the
MA of the system demonstrated by Nivens et al0ar@ pH and 0.26 pH units for the
APTES and GPTMS/APTES sensors, calculated withersdime linear pH range (pH 4.5
—7.5). Compared using either the method giveNibgns et al. or the method defined in
this work, the multi-channel fiber optic fluorescersystem has better figures of merit in
sensitivity and MA. The pH dynamic range of thisrwis approximately from pH 3 to
9. Nivens et al. have demonstrated the dynamigera the system from pH of 3 to 9.

Ben-David et al. have demonstrated a system wittaihyc range from pH 4 to 11, as

1



shown in Figure 4.9, and about 0.2 pH unit accufa2y. Using the digitized plot from
the publication to calculate the sensitivity and tietection limit defined in this work, the
system described by Ben-David et al. has a MA ®fgH unit; the sensitivity is 0.29 per
pH unit R% = 0.97). A summarized comparison of figures ofitritween this work

and the two systems demonstrated by Nivens andCBerd is shown in Table 4.1.

Table 4.1 A Comparison of Figures of Merit Betwddmns Work and Other Cited Works

Minimum MA
o detectable change
Sensitivity, ) (method from
System Sensors > (method fronrited .
per pH unit this work),
works), H units
pH units b
. APTES 0.10 0.17 0.72
Cited work by
Nivens et al. GPTMS/APTES 0.08 0.13 0.26
Cited work by . _
Ben-David et al. VOt specified 0.29 0.01 1.2
This work FLA 0.35 0.0089 0.51

The multi-channel fiber optic fluorescence detet8gstem is compatible with
various enzymes as the biocomponent in the biosdéosmany different types of
analytes, such as 1,2-dichloroethane (DCA) andetieydibromide (EDB). For DCA in
agueous solution measurement described in an re@iert [13], the biocomponent is
haloalkane dehalogenase, DhlIA (E.C.3.8.1.5) [14yhole cells of the soil bacterium,
Xanthobacter autotrophicus GJ10 [15]. For 1,2ahtwethane, also known as EDB, in

water measurement [5], the biocomponent is thediytic haloalkane dehalogenase
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DhaA in whole cells of R. sp. GJ70. In the enzyatalyzed reactions, 1 M of H+
production consumes 1 M DCA or 1 M EDB in the adjacenvironment of the
respective enzymatic biosensor. Assuming compégtetions occurring in a finite
volume, the factor of diffusion is neglected insthnalysis. LOD is calculated for both
DCA and EDB. Since a blank measurement, beindtloeescent intensity in absence of
the analyte, is dependent on the acidity of theistasolution; therefore, LOD of the
analyte, is also dependent on the starting pHe&tiution in the absence of the analyte,
as shown in Figure 4.10. The minimum LOD is Qug8. for DCA and 0.14.g/L for

EDB. In preliminary reports, experimental reswith similar prototype instrumentation
was reported to have LOD of 1 pg/L for EDB [5], aifldmg/L for DCA [13]. The US
Environmental Protection Agency (EPA) restricts it@ximum contaminant level

(MCL) to be 5 pg/L of DCA and 0.05 pg/L of EDB inet drinking water standards [16].
Therefore, system measurement resolution of théiHchennel fiber optic fluorescence
system readily meets the requirements for DCA nreasents but is not sufficient in
EDB measurements. Future work of improving thesgetity and system resolution is

desired for EDB measurements.
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Chapter 5

A COMPARISON BETWEEN MULTIMODE
FUSED FIBER COUPLER AND BIFURCATED
FIBER ASSEMBLY IN PHOTOLUMINESCENCE
(PL) - BASED BIOSENSOR SYSTEMS

5.1 Introduction

The performances of fused fiber couplers and béfted fiber assemblies were
investigated for application to photoluminesceriee){based biosensor systems.
Complex tradeoffs among back reflection noise, tinggefficiency and split ratio were
analyzed with theoretical and experimental datasseAes of experiments and simulations
were carried out to compare the two types of fassemblies in PL-based biosensor
systems in terms of excess loss, split ratio, baft&ction, and coupling efficiency. In
Section 5.25.2 of this chapter explains the matwvedf this analysis. In Section 5.3
provides the experimental set-up including hardveargigurations and component
details. Section 5.4 presents the results of tperiments with excess loss and split ratio
for the two types of fiber assemblies. In Secbdh, measurements were performed to

analyze the back reflection impact on the two typiefber assemblies. Experimental
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results as well as the expected calculation reavitpresented. Section 5.6 compares the
coupling efficiency of the bifurcated fiber asseynédhd the fused fiber coupler.
Calculation methods and simulation results of thigpting efficiency are presented for

the analysis.

5.2Motivation

Photoluminescence (PL)-based biosensor systems adwead field of applications,
such as environmental chemicals measurements aniiomiog, medical diagnosis and
industrial process quality control. The systentgines the biosensor transducer end to
connect with both an excitation source and an aptletector, as a result, an optial
pathway splitting mechanism is required [1]. Fspace splitting, often using dichroic
mirrors, has been implemented in research work3R]However such a method
involves precise alignment and is sensitive toatibn, which limits the system in field
applications. Optical switches have also beergdesi [4], but the cost, bulkiness and
the sensitivity to shocks are some of the assat@digadvantages. A fiber optic splitter

assembly is a good solution to the optical pathsiting problem.

Two of the most common fiber optic splitter assaawbre fused fiber couplers and
bifurcated fiber assemblies, and choosing betwieervto is not a simple matter of the
maximum output coupling, but rather complex trateshould be taken to the
consideration. The first issue is back reflecti@ack reflection is the excitation light
reflected to the detector due to Fresnel reflectibtne transducer end. The back
reflection causes an error when the detector treassa part of the signal, which should

only include the emission intensity of the PL tidunser. Adding optical filters reduces

84



the effect of back reflection, but does not congdietemove it. In low PL signal
situations, the back reflection intensity, everiafiitering, can be the same order of
magnitude as the signal. This problem becomes sewere when part of the absorption
spectrum of the PL transducer overlaps its emissp@ctrum. For instance,
fluoresceinamine (FLA) has its absorption peak7&trdn and emission peak at 520nm
[5], and the small Stoke's shift makes it diffictdteffectively block the excitation light
while passing the PL emission. Photodetectorstthe¢ no spectroscopic ability, such as
photodiodes and photomultiplier tube (PMT), arehl@do distinguish the back reflection
interference from the PL signals. PL intensitiess@ten normalized with a reference PL
intensity to compensate the variations in the ation light [6] [7], however, the back
reflection cannot be eliminated by normalizatidrhe second factor is the coupling
efficiency. To obtain the maximum coupling efficey requires balancing the tradeoff
between the excitation light coupling from sourcéfte transducer and the PL emission
light coupling from the transducer to the detect®he third considered aspect is the split
ratio. Due to the nature of manufacturing proctes split ratio of fused fiber couplers
may not be uniform from unit to unit. Simulatioasd experiments are carried out in this

work to analyze the tradeoffs in back reflectiomygling efficiency and splitting ratio.

In previous works, Yasin et al. have compared tised fiber coupler and bundled
fiber as probes in displacement sensors in terniseo$ystem sensitivity, linear range,
resolution etc. [8]. Yuan etc. have compared theoebance stability and transmittance
of three 1x3 assemblies in chemical sensor apmitstita 400 um fused glass fiber-optic
coupler, a 1000 um fused, plastic fiber-optic ceuphnd a 1000 um glass fiber-optic

bundle [9]. Myrick etc. have investigated sevéitzr configurations for PL
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measurements and Raman scattering; however, tte sewver compared the two kinds
of fiber assemblies in that work [10]. The couglefficiency of a multimode fused
coupler has been theoretically studied by Li etlalt no comparison with other

configurations was made [11].

5.3 Experimental Set-up

To evaluate the performance of the two types arfdssemblies, back reflection, split
ratio and excess loss measurements were perforirfezlblock diagram of the back
reflection experimental set up is shown in Figutke %A very fundamental difference
between the structures of the bifurcated fiberrasdies and the fused fiber couplers is
that the fused fiber couplers have multiple fibptics fused together in a common region
and branch out into separate ports at both entteedfber optics, while the bifurcated
cable assemblies have one end of multiple fibecsundled up together. Figure 5.2
shows an example of a bifurcated fiber assemblyd%an illustration. The back
reflection measurements were performed on bothskiridiber assemblies, but only the
back reflection intensity of the fused fiber cougtan adjust using the index matching
method. Three different index matching materiagsenapplied: air (n=1.00), water
(n=1.33), and silicone gel (n=1.40). An LED (IFZB) Industrial Fiber Optics) that
peaks at 470nm along with a source filter (HQ458Y/6Ghroma Technologies) were
used as the excitation source. A 2x2 3dB fusegleoassembly (IF-540 custom order,
each core diameter 98, Industrial Fiber Optics) and a 1x2 3dB bifurchteupler
assembly (BIF600-UV-VIS, each core diameter @61 Ocean Optics, Inc.) were

studied. For the optode, both experiments uséa®8core ST-connectorized plastic
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optical fiber (POF, GH4001 custom order, IndustFidler Optics). The connecterized
end of the optode was connected a ST-ST matingesigedustrial Fiber Optics) and the
distal end was covered with the transducer mixtwiech is 1 mg of Ru(dpp)dissolved

in 1 mL chloroform and then blended into 200 mgsite gel (clear RTV silicone,
Permatex Inc.). When different index matching mate were applied, the spectra were
recorded with a spectrometer (USB4000-FL, Oceanc®ptc.). In the excess loss and
the split ratio measurements, the launched inprtquiical power was determined using
a single fiber (POF, core diameter &4 Industrial Fiber Optics) in place of the fiber
couplers. Since PL does not affect the excessalodsplit ratio performances, only the
excess loss and split ratio experiments measureuitpeit ports power individually
without the optode's connected while the excitasiources is connected to one of the

input ports.

- : Poném 2x2 fused coupler
E : assembly indexmatching

material

PortiB1

iconnector

excitation
source (LED)

source filter

g 1x2 bifurcated i
_Ll | @E couplerassembly

||
excitation
source (LED)

PL transducer

Figure 5.1. The block diagram of the back reflat&xperimental set up with (top). a
2x2 fused coupler assembly and (bottom). a 1xZdated coupler assembly.
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#Bundled En

Figure 5.2. An example photo of a bifurcated fiassembly (left), and the cross
section illustration of the bundled end (righth this specific example of an assembly,
the red dot in the cross section illustration iatks the bundled port of the bifurcated
fiber assembly is composed with a single fiber thdénds into one branch and the
other six separated fibers that extend into therdtihanch (shown as the six bright dots
on the bundled end). Reproduced from Refer¢hZe

5.4 Split Ratio and Excess L oss Results and Discussion

This experiment is designed to characterize thiergpio and excess loss parameters
of two identical 1x2 bifurcated cable assemblied amother two identical 2x2 3dB fused
coupler assemblies. The excess loss is the meakhosv efficient the assembly
transmits optical power. The excess loss is deteunby the physical structure, core and
cladding indices of the assembly itself and isretdted the coupling efficiency from the
illumination source to the assembly or the coupeéffgciency from the assembly to the
photodetector. The split ratio can vary depenadinghe application and can be
customized during manufacturing. The most commaosBd split ratio of the optical
pathway splitting assemblies is 50:50 (3 dB). &wideal 3 dB splitter with mirrors at

the output ends, after a roundtrip in the assentbéyreflected optical power would be
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25% of the input power; and for a 90:10 splittbe tesultant optical power becomes 9%.
Hence, the readers may have an argument of thaptheatio has very little effect on

the optical power transmission because even witryanon-uniform split ratio the
assembly still maintains around half of the rouipdbower compared to the assembly
with an ideal 3 dB split ratio. However, fluoreace or phosphorescence emission have
very low budget in optical power, so a small lasgptical power can bury the PL signals
under the noise level. Moreover, with multipleesblies used in a multi-channel

apparatus, the uniformity of the assembly is afféice uniformity between channels.

The split ratio of an optical fiber coupler is defd as the ratio of the optical powers

between all output ports of the coupler, or

! P, P

SR'SR "SR = H C e ! —
! ? " ?=1Pi Z?=1Pi ?=1Pi

5-1

whereP; is the optical power at th& output port. For split ratio measurement with the
fused coupler assembly, the excitation sourcexeddfat port A2 of the assembly, and the
output powersP; andP,, are measured at port B1 and B2 respectively.splirratio
measurement with the bifurcated fiber assemblye#tuoitation source is placed at port B,
and the output poweP; andP,, are measured at port A1 and A2. Measured optical

power is obtained from integrating over entire noe@sent spectral range.

The excess loss is defined as the amount of ogimaeér lost in the coupler at all

outputs compared to the coupled optical powerairtput. It is defined as

i=1 P
Excess Loss (dB) = —10 - log| —— 5-2

input
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whereP; is the optical power at th8 output port, andPin is the launched optical power
at the input port. For the excess loss experimémsinput launched optical power is
measured using a 20 cm long single core with carescsectional area equal to that of

the illumination source port of the fiber assemtlie

The experimental results of the excess loss andpliteratio with both kinds of
assemblies, as shown in Figure 5.3, indicatesgessss loss and more uniformity in the
split ratio is achieved with the bifurcated fibessamblies compared to the fused fiber
couplers. Between the two types of 3 dB fibertepliassemblies, as expected, the
bifurcated fiber assemblies exhibit a split ratiaser to 50:50 due to that the coupled
optical power in both fiber branches is only retbte the cross sectional areas and NA.
Higher excess loss is observed in fused fiber @msghan it is in the bifurcated fiber
assemblies, and this is due to optical power logé fractional mismatched modes in

the coupling region of the fused fiber coupler.
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Figure 5.3. The plot of split ratio and excess lofissvo 1x2 bifurcated cable assemblies
and two 2x2 3dB fused coupler assemblies.

5.5 Back Reflection Results and Discussion

The back reflection of a fiber splitter assemblygédined as the reflected optical
power from the output ports due to the index misimdketween the fiber core and the
medium where the output ports are located. Derik@u the Fresnel reflection equation,

a theoretical expression of the back reflectisg, is

Excess Loss (dB)

P _(,.Excess Loss (dB)
BR — 10 ( 10 )-SRl%-SRZ%

1 input
. I:(”C +n 1)2 (71C +n 2)2]
c ml c m2

wherePi is the coupled optical power at the input pSR;: SR, is the measured split

5-3

ratio of the 3 dB assembliag, should be the effective refractive index of tHefiwhich
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is nearly the same as the refractive index of ither fcore for multimode fibers, amgy
andny are the refractive indices of the medium wherefitier splitter assemblies output
ports are exposed to. The index of refractioritmdrfcore material,
polymethylmethacrylate (PMMA), is 1.49. Therefdie calculate the back reflection
power as a fraction of the coupled optical powehatinput portny,; is approximated as
the refractive index of the silicone gel, 1.40, tloe output port connected to an optode,
andnp; is the refractive index of the index-matching mialewhich varies from 1.00 to
1.50. Experimental results were obtained withititkex-matching materials of ainf, =

1), water (m2 = 1.33), silicone gelng,; = 1.40), and a 50 cm long ST-connectorized
PMMA fiber tightly wrapped around a 1 cm diametad for as many times as the fiber
allows (m2 = 1.49), which creates fiber bent at a very smaallus and thus significantly
increases the loss in the connected fiber so tieasamount of optical power reaching the
interface at the fiber end is minimal. Since tifarbated fiber assembly with an optode
attached to the single output port is not compattith any index matching method, the
back reflection of the bifurcated fiber assemblgately dependent on the connected
material at the bundled end, which is an optodé e distal end covered in silicone
gel. The back reflection of a bifurcated fibereaably is

Pgr _ 10—(2 0

. 5-4
Pinput Z? Ai

Excess Loss (dB)) Adet (n —-n >2
- an C (o)

n. + n,
whereAqe is the core cross sectional area of the photottetéber branch, Port Al as
shown in Figurés.1, 3.1 A; is the sum of all core cross sectional areasl dibair

branches at the bundled end of the bifurcated flssemblyn, is the refractive index of
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the material covering the optode's distal end. dfixpental and calculation results of the

back reflection measurements are shown in Figure 5.
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0.30% & ¢ Measured Fused #2
N\ -+ = Calculated Bifurcated #1
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Figure 5.4. Experimental and theoretical resultthefback reflection as a fraction of the
input optical power with two 1x2 3dB bifurcatedditassemblies and two 2x2 3dB fused
coupler assemblies. Because the bifurcated fibsrrably has only a single output port,
the experiments with various index matching malefgere performed with only the two
fused fiber coupler assemblies. Experiments wittedl fiber coupler assemblies were
repeated three times for each kind of index matghaterial. Experimental and
theoretical results with bifurcated fiber assensblieere measured and calculated with the
unit bundled end connected to an optode with ggatiend covered in silicone gel which
is used as the carrier for the biosensors in amahgasurement scenarios.

The calculation results in Figure 5.4 show thattifercated fiber assemblies have

much less back reflection optical power than theetufiber couplers do when the index
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of the index matching materialsp, is not well matched with the index of the fibere.
This is because the large indices mismatch ofuked fiber couplers results in large
back reflection intensities. However,mg increases its value closer to the value of the
index of the fiber core., (i.e. 1.35 <y, < ng), the calculated back reflection intensity of
the fused fiber coupler drops below the back réfhadntensity of the bifurcated fiber

assembly.

The experimental results shown in Figure 5.4, wilaigtee with the calculations,
show that as the index of the index matching maltercreases closer to the index of the
fiber core, the back reflection optical power of flased fiber coupler drops from above
to below the back reflection of the bifurcated filassembly. In other words, with
appropriate index matching material, the fusedrfdmiplers have smaller back reflection
than the bifurcated cable assemblies. The sn@hisistency in the magnitude between
the measured results and the calculated resulbedfack reflection is due to small
uncertainties in the measured input power withsihgle core fiber optic due to excess

loss and coupling loss being less than the caledlatput power in the ideal case.

5.6 Coupling Efficiency Results and Discussion

PL-based biosensor systems often observe veryRaisignals, and as a result, the
system requires the optical pathway splitting me@ra to have a high coupling
efficiency between the sensor and the system.oAth the bifurcated fiber assembly
has a superior performance in excess loss compatée fused fiber coupler, the
bundled end structure of the bifurcated fiber asgdgmesults in a worse coupling

efficiency between an optode fiber and the assenalslghown in Figure 5.5. On the
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other hand, the fused fiber coupler has its brdihen core area entirely overlapping the
optode fiber's core, so the coupling efficiencyra fused fiber coupler depends only on

the excess loss and the split ratio.

cladding

Bifurcated cable

bundled end

Optode ﬂber
proximal end

Figure 5.5. A 3D illustration of the configuratiofthe coupling between an optode fiber
proximal end and a bifurcated cable bundled end.

Because of the tradeoff between using the two tgpése fiber assemblies, an
analysis was carried out to compare the couplifigieficy of both kinds of the coupler
assemblies. In the simulation, all fiber assenstdiee assumed to have no excess loss.
Simulations were performed with varying of splitioa for both types of fiber
assemblies. The split ratio is definedS&s,: SR, whereSR, is the split ratio at the
detector branch fiber arftR; is the split ratio at the source branch fiberr lBoge core
size multimode fiber coupling with the same cord aeladding materials, the coupling

efficiency is calculated based on the over lappioige area between two interfaced fiber
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optics €, orS,). For instance, coupling efficiency from the bdated cable bundled end

to the optode fiber’s proximal end is calculateshirthe following equation,
Sz
m=

= p2
TR

5-5

d2+R3-R? d2+R%2-R3\ 1
2 ge—1 2 2 pg—1 2\_1 — —
Rj cos ( 2dR; +R“ cos 2dR z\/( d+R;+R)(d+R;—R)(d—R2+R)(d+R2+R)

= 7R3 '
whered is the distance between the two centers of theee@nd branch fiber core and
the optode fiber’s proximal end fiber core, andahiger variables have their dimensions
shown in Figuré.6. So when calculating the coupling efficiencytiod fiber assembly

in the system, a roundtrip is considered with threvard path coupling of the excitation
light and the backward path coupling of PL from é&xeitation source to the optode and
back to the photodetector. Assuming the sensibreadistal end of the optode emits PL
that has the same power as the excitation optmaeépit receives, also 100% of the
emitted PL power gets coupled back into the opfim. Although this assumption is
not realistic, the PL yield of the sensor has npaot on the analysis of the fiber coupler
assembly coupling efficiency, and for the simpli@f the calculations, this assumption
stands for this analysis. When the input excitapower is independent of the source
branch fiber’s cross sectional area, the couplifigiency of a bifurcated fiber assembly
is calculated from

Ppp Sy 5

=p p == 5-6
P; T nR% TR?

wherePpp is the detected PL power aRg is the coupled excitation power. The
assumption that the coupled excitation power igpashdent of the cross sectional area of

the coupling fiber is not the case in reality bam de easily compensated by increase the
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source illumination intensity. However, if congitg the input excitation power as a
function of the source branch fiber cross sectianed, the coupling efficiency of a

bifurcated fiber assembly, modified from Eqn. 336comes

L R R e 5-7

wherer;, is the normalization factor to normalize the ceapéxcitation power of the
bifurcated fiber assembly with the coupled exaitagpower of the fused fiber coupler for
comparison purpose assuming unity coupled excitggawer with the fused fiber
coupler source branch fiber core radiu®pf490um. The cladding thickness of all
fibers is fixed to be 3(m, and the diameter of the bundled end of the b#i@d cable is
fixed at 1.32 mm, in other word2R; + 2R, is fixed at 1.2 mm, which is the simulated
upper bound value of the varying optode's fibeegadius. The values & andR; are

determined by the specific split ratio of interest,shown in Eqn. 5-8.

Ri:R, = \/S_Rl: \/E 5-8
Because for the same split ratio, the bifurcatddecassembly has a different source fiber
branch fiber core radius than the fused fiber ceupllo normalize the coupled excitation
source power, a normalization efficiency paramistémtroduced for comparison

purposes as

TR?

NNorm. = n_Rjzc 5-9

Assuming the branch fiber of the fused fiber coupkes the core diameter fixed at 980
um and cladding fixed at 30m, the coupling efficiency of a fused fiber coupker

defined as
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Peo _ op . sr, TR 5-10
Pin N L 2 T[Rlzc i

whereR is the optode fiber radiugy is the fused fiber coupler branch core radiusctvhi
Is 490um, SR, is the split ratio at the detector branch fibed 8R, is the split ratio at the

source branch fiber.

Source end
Detector end branch

branch

Optode fiber
proximal end

Figure 5.6. A cross-sectional illustration of tlwnfiguration of the coupling between an
optode fiber proximal end and a bifurcated cabledied end. In the drawing, R is the
optode fiber core radius,;i&s the detector branch fiber core radiugjRhe source
branch fiber core radius; % the overlapping area between the optode fibeximal end
and the detector branch fiber at the bundled ertbeobifurcated fiber assembly, angi&

the overlapping area between the optode fiber prakend and the source branch fiber at

the bundled end of the bifurcated fiber assembly.

The simulation varies the optode fiber core diamieten 0 to 2 mm, and the results
of the coupling efficiency with both the bifurcatBler assembly and the fused fiber
coupler are shown in Figure 5.7 and Figure 5.8ufé 5.7 shows the simulation results

with the input excitation power independent of sberce branch fiber’s cross sectional
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area calculated from Eqgn. 5-6 and Eqn. 5-10, whidgire 5.8 is the calculation results
with the input excitation power as a function of gource branch fiber cross sectional
area calculated from Egn. 5-8 and Egn. 5-10. Thedated fiber assembly reaches the
maximal coupling efficiency when the optode fibadius is the same as the sum of the
radii of the two fiber branches at the bundled ewvitich is 600um. The fused fiber
coupler obtains the maximal coupling efficiencyta same radius as the branch fiber,
which is 490um. In Figure 5.7, comparing the two types of filaesemblies with same
split ratios (shown in the same color in Figure) fwhen connecting the larger split ratio
branch to the detector, the bifurcated cable hgisdnicoupling efficiency than the fused
fiber coupler; on the other hand, when using thellemsplit ratio branch as the detector
branch, the bifurcated cable has comparable orrloaepling efficiency than the fused
fiber coupler. However, if the source power itixand the coupled excitation power is
proportional to the cross sectional area of thea®hbranch fiber, the results of coupling
efficiency with the bifurcated fiber assembly alter®d, as shown in Figure 5.8.
Regardless of which branch of the assembly condeotthe detector or the source,
bifurcated fiber assembly has the same couplinigieficy with the same split ratio.
Comparing the two types of the fiber assembliesfalsed fiber coupler has
approximately 3 times higher maximal coupling e#ficcy than the bifurcated fiber
assembly with the same split ratio. Keeping indrtimat the simulation does not consider
the excess loss, the experimental results suggtsiethe fused fiber coupler (with
excess loss of 2.6 dB or 55% and 1.7 dB or 68 %#®two units under test) has slightly
worse performance in excess loss than the bifudddier assembly (with excess loss of

0.39 dB or 88% and 0.57 dB or 91% for the two uarider test). However, even with
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the disadvantages in excess loss, the fused fingrier appear to have a higher coupling

efficiency than the bifurcated fiber assembly.

3 Split ratio of
045 | Bifurcated Fused
fiber assembly fiber coupler ooﬁoﬁ
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Figure 5.7. The simulation results of the coupkfiiciency with both the bifurcated fiber
assembly and the fused fiber coupler with the igxaitation power is independent of the
source branch fiber’s cross sectional area.
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Figure 5.8. The simulation results of the coupkfiiciency with both the bifurcated fiber
assembly and the fused fiber coupler with the irgxaitation power is proportional to the
source branch fiber’s cross sectional area.
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Chapter 6

EXISTING PHOTOLUMINESCENCE (PL) -
BASED FIBER OPTIC SYSTEMS COMPARISON

6.1 Introduction

To improve the measuring abilities of the existitigintensity-based biosensor
systems, signal reading fluctuations or drifts@ten observed but the noise sources of
those are not straightforward to spot without @ftdranalysis. Different noise sources
often have each own distinctive frequency charaties. A frequency spectrum is
useful to reveal not only the frequency componehtsl noise sources but also the
power distribution of all frequency components.réiéhexisting PL-intensity-based fiber
optic enzymatic biosensor systems are analyzedamgpared in this chapter. System |
is a single channel system with a spectrometenepliotodetector device; System Il is a
lab-developed multi-channel system that has baehest and evolved few times for
improvements; System lll is a commercialized prggetmulti-channel system that built
upon System Il's design with several modificatioBgction 6.2 introduces the system
opto-electronic hardware set-up as well as thaitiscschematics. Section 6.3 gives the

spectral analysis on the three systems. Few atsemguding both software and
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hardware approaches were made to improve the peafare of System Il. Results of

signal-to-noise ratio (SNR) and standard error wahh system are compared.

6.2Configurations

Although the designing guidelines for all threestixig PL-based fiber optic systems

are the same, the system configurations are qiffiezeht between each other.

System | is a single channel spectrometer systesgmoksd and built by a former
graduate student, Sean B. Pieper, at Colorado Btatersity, and its block diagram is
shown in Figureé.1. A typical measurement set up is shown at theotdhe figure, and
the hardware configuration of the modular LED seurox is shown at the bottom of the
figure. Inside of the modular LED source box, @it board of the 470 nm wavelength
LED (IF-E92B, Industrial Fiber Optics) turns on riafly by the switch at the front
panel of the box. A SMA-connecterized PMMA fibgtic cable (SH4001-1.3 98t
core diameter custom order, Industrial Fiber Optieaminated at the other end with the
bare fiber end exposed, connected the LED fibeploog housing to the in-line filter
holder (FHS-UV, Ocean Optics). The in-line filteslder is the fixture to hold the source
filter (HQ450/60m, Chroma Technology) to cut ofétnwanted wavelength of the LED
spectrum, which could overlap the fluoreophore simisspectrum and cause false PL
intensity readings. The output of the filter haldeconnected with a SMA-SMA
connecterized PMMA fiber, and the other end offtber is connected to the SMA
mating sleeve mounted on the front panel of the ldwch connects the 1x2 bifurcated
cable assembly (BIF-600-UV-VIS, SMA, Ocean OpticEhe bifurcated cable assembly

has its bundled end connected to an optode, anathiee split end connected to an
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spectrometer (USB-4000-FL, Ocean Optics) which wistphe spectral information to a
PC through a USB interface. For a detailed coméigan, pictures, and the bill of

material (BOM) of the modular LED source box, rafeReference [1].

Spectrometer
(USB4000-FL)

’-zavﬁﬁ

SMA/ST
connector

ST connecterized
POF (GH4001)

(IFE92B 1x2 bifurcated

) .
- couplerassembly

source filter (BIFG00-UV-VIS, optode
: (HQ450/60m); SMA)
Modular LED Source Box i

All Fibers (not shown) are 980 ym core (1 mm with cladding)
Mitsubishi GH-4001 Grade Obtained from Industrial Fiber Oplics

Fuse Holder with
~ 200 mA Fuse

In-line Filter Holder
LED Board with (Decean Optics, FHS-UY)
470nm LED

(Industrial Fiber Optics, IF E928B) sﬂ;ﬁ:r‘liﬁzi ’:1:‘1

LED Driver Circuit et
M Limit~29 mA
sT
Connectors

] -
SMA Connectors

LED Power \ :
Power Switch || Adiustment with Shutter with J :

: 3 ; SMA 5T
UP: ON Dcuﬁ'?e SaEt CEIEE Connector Connector

DOWN: OFF RGHA2SE,
CCW Decrease e A

Prepared by
*Most coloration is for easier viewing Sean Pieper
and not representative of actual part 25 Jul 2007

Figure 6.1. A block diagram of System | configupati Modular LED source box
schematics is reproduced from Reference [1].
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System Il is a lab-developed multi-channel systeotgbype that was constructed at
Colorado State University by multiple senior desggaups and graduate students. A
typical experimental set up is shown in Fig6r2, and the system 1/O circuit schematic
drawing is shown in Figuré3. The PMT module (H5783-01, Hamamatsu) used in
System Il has output of analog current, thus tistesy I/O circuit is composed with
current-to-voltage front end, this case the @4esistor shown in Figu@3, and a
voltage amplifier before the voltage signals ackifeo a USB data acquisition module
(IUSBDAQ - U120816, Hytek) and output to a PC. Ratetailed configuration,

pictures, and the BOM of System II, refer to Apperiel.

a=<¢—— Systeml/O

®8 . . .
Circuit

x8 .

2x2 optical
fiber splitters

Index matching
material

with biosensors

Figure 6.2. The block diagram of System Il typiegperimental set up.
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Figure 6.3. Schematic drawing of the System I/@uiirof System II.

System 11l is a commercial available prototypehasf multi-channel system built by
OptiEnz Inc, in 2010. Typical experimental setisithe same as System I, shown in
Figure6.2, and the difference is the system I/O circuitslaswn in Figuré.4. Because a
different PMT module that has a built-in transimaede (TIA) is used in System lll, the
PMT output is digitized without any pre-amplificai and read out by the
microprocessor. For a detailed configuration,pies, and the BOM of System Il refer

to Chapter 4 and Appendix F.
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Figure 6.4. Schematic drawing of the System I/@uifrof System IlI.

6.3 Noise Analysis

Before the OptiEnz commercial prototype unit, Systd, was designed and built, the
single channel spectrometer system, System |,l@thb-based multi-channel system,
System I, were first analyzed, compared, and imgdo Although the PL intensities are
not the points of interests for the frequency asialyto avoid varying unnecessary
variables, all measurements were performed usmgdme pH sensitive FLA optode
exposed in the same pH solution. Data obtained gstem Il was on Channel 2. The
number of data points taken with System | and HleAmth 136 and the same for all
cases in this chapter. A fast Fourier transforfl)Fwas performed on the two sets of
data, shown in Figuré5. The frequency range is determined by the samlequency
of each system, and the sampling frequency is foH8ystem | and 0.67 Hz for System
II. Since all measurements are DC signals, ibidaus to see the majority power is
distributed at the O frequency. For a clearer wéwhe power distribution of the rest of
the frequency components, the y-axis is zoometbim D to 2x1G in the figures. Both

systems have the noise frequency distributed evbndyighout the spectra, thus it is fair
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to conclude the most significant noise source igemioise. The signal-to-noise ratio

(SNR) is 25.6 for System | and 10.2 for Systenaslsummarized in Table 6.1.

System | System Il
1.4 T 1.4 .
12} i 12k
1 1l
z 08 s 08}
S g
o 06t o061
04r . p4t
02t i 02l
0 . : (=t : . . 1 ;
-1 -0.5 0 0.5 1 06 04 02 0 0.2 0.4 0.6
Frequency Hz Frequency Hz
X 10° System | (zoomed in) w10” System |l (zoomed in)
181
T 5
= 1 S
o o
o o

-1 -0.5 0 0.5 1 06 -04 -0.2 0 0.2 0.4 0.6
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Figure 6.5. The frequency spectra of the same nu(i36) of data points for System |
and System Il (top). For a clearer view of the podistribution of all frequency
components, the y-axis is zoomed in from 0 to 2x(tttom).

To improve the signal to noise performance of Sydieto be at least comparable to
the single channel system, first software approswelere attempted. The LabVIEW
program that controls the data acquisition unit #md communicate with the system
was modified, as shown in FiguBeés. The first method, System Il Software Method 1,
was to average every 5 data points taken aftemplgag time intervals; and the second

method, System Il Software Method 2, was to taklata points during the same
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sampling time interval and average the 5 data paméach interval. The results of the
two methods are shown in Figu8&. Spectra results are not able to provide a
straightforward conclusion of the noise level i or decrease. Calculation results
show that SNR is not improved with Software Metioahd drops from 10.2 to 8.83, but
sustained comparable or slightly improved at 10tB Woftware Method 2. Overall the

software approach does not have significant impreard to System Il.

USER INPUTS

Enter the number of channels to measure (1-8) Hytek Analog input
Enter the dwell time of a single channel {ms)(between 100 ms to 10s)

Averaging every # data points

|

.
-.II- I:l
Data is taken from LabVIEW program: version8.2_Multichannel Acquisition__darkvoltage_autosubtract_averaging.vi
USER NOTES/COMMENTS
This measurement was taken on Wednesday, March 17, 2010
Dwell Time for each channel LED (ms) 500
Total Elapsed time {ms) 10109574.02
p) Averaged from # of data points
L 5
2
3 | TIME CHAMNMELO (V) CHANMEL1 (V) Ch1StD CHANMEL2(V) Ch25tD CHAMMEL3 (V) Ch3StD Ci
1
3 4:26:24 PM 0.173 0.0744 0.00251 0.362 0.001414 0.0308 0.002775
3 4:26:33 PM 0.172 0.075 0.002915 0.367 0.004 0.0328 0.000837
7 4:76:41 PM n.17a N.O70R 0.000R37 N.3637 (0002683 N.0378 (.ON14R3

Figure 6.6. A screen shot of the modified LabVIEWgram (top) with added user's
input parameter, and the output file format (bodtdon the software approach.
LabVIEW program name that the output file generdtech shown in the header of the
file is to distinguish between Method 1 and 2.
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Figure 6.7. The frequency spectra of the same nupflata points for System Il after
the software adjustment method 1 and 2 (top). aFdearer view of the power
distribution of all frequency components, the ysaisizoomed in from 0 to 2x£0
(bottom).

The second approach to improve System Il is thrawegdware modification. The
existing design of the output signal processinguiir as shown in Figur@3, PMT
dumps the current out into the 2@0resistor followed by the first operational am@ifi
(op-amp) acting as a buffer, and the second optamwoltage amplifier. So if the front
end resistor is fairly large to maintain a deceetg@mplification, the response becomes
very slow because the signal decay time constaatR x C, becomes aggressively large
[2]. Otherwise, a small front end resistor resirita small pre-amplification which could

cause a faint signal to be buried in the systerseoMoreover, the non-inverting input
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of the first buffer op-amp has a bias current, wtaould be a significant noise source
mixed with the signal before being amplified. Tdreginal design uses an op-amp
(UA741) that has a very significant bias currentap.5uA, and the PMT current is
generally in nA angilA range. To avoid the compromise between the shoigy

response and the significant noise source, igesa idea to feed the PMT output
current directly into the summing point of a TIAasvn in Figures.8. Before building

the circuit up, a Spice simulation was performed @asults are shown in Figuse.

Both op-amps used in the new TIA circuit have Mewy bias current of 10 to 70

nV/VHz. The design can sustain a considerably larggifivation to improve the SNR
without trading in a fast clean response. Therd#sgn was breadboarded with the first
stage TIA circuit and integrated into the systebhe results of the frequency response of
the new design is shown in FiguBd0. Two different feedback resistance values(2M
and 10M2, were chosen as the Hardware Method 1 and 2.SN#® of the two methods
are bumped up to 11.1 and 23.2, which is signitigavetter than the original 10.2 and

comparable to 25.6 of System I, as shown in Taldle 6
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Figure 6.8 A schematic drawing cthe new TIA circuit design.
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Figure 6.9A Spice simulation result of the modified TIA ciit
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Figure 6.10. The frequency spectra of the same puwitdata points for System I

after implementing the new TIA circuit design witliferent feedback resistance values
of 2MQ and 10M2 (top). For a clearer view of the power distributiof all frequency
components, the y-axis is zoomed in from 0 to 2x(tttom).

Evolved from the lab-developed systems, Systewdl$ built and analyzed. Two
major improvements are using a PMT module withi#-buTIA and a higher bits A/D
converter. Frequency analysis of System Il issgiho Figure6.11. The noise level of
System Il drops significantly compared to the otsystems, and the dominant noise
source becomes thef &hd 1f° noise. SNR increases to 167.9 from the origife21 A

comparison of SNR and standard error between r@éthystems is shown in Table 6.1.
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Figure 6.11. The frequency spectrum of the samedeuwf data points for System |IlI
(left). For a clearer view of the power distritmutiof all frequency components, the y-
axis is zoomed in from 0 to 2xE@right).

TABLE 6.1
A CoMPARISON OFSNRFOR THREEEXISTING SYSTEMS
System Modification Standard Error SNR
System | N/A 0.033% 25.6
"""""""""""""""""""" NA 0100% 102
Software Method 1 0.091% 8.83
System |l Software Method 2 0.075% 11.3
Hardware Method 1 0.077% 11.1
Hardware Method 2 0.037% 23.2
""" Systemll  NAA  0008% 1679
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Chapter 7

CONCLUSION AND FUTURE WORK

7.1 Conclusion

The improvements of a multi-channel fiber optic f@haminescence (PL) based
biosensor system for environmental toxic chemicahgounds detection has been
presented. Measurements of the detection abibfi¢ise system have been carried out
with the sensitivity and the limit of detection.sidg pH-sensitive fluoresceinamine
(FLA) as the transducer of the optodes for all abtarization measurements, sensitivity
of the system is 8.66x10/™ as the Stern-Volmer constaKsy, in the H concentration
measurement range of 0.002 - 891 uM (pH of 3.069)8 Furthermore, the channel-to-
channel uniformity is characterized to have sevisgs to be within the 95% confidence
level of all channels. Based on the experimemsults in combination with the H+
production of appropriate enzymes, the calculatad bf detection (LOD) of the system
can be as low as 0.Q&/L for 1,2-dichloroethane (DCA) and 0.1d/L for ethylene

dibromide (EDB). In comparison, the minimum detbttachange calculated
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using the same approach in this work as othergtespn the literature is lower than
other reported values. During the characterizgbimtesses, non-ideality in the classic
Stern-Volmer equations were observed. Besidesdqursly reported factor of the
fractional accessibility of the fluorophores, arethon-ideality factor of back reflection
was found, proved, and mathematically modeled.hBdthe non-ideality factors of the
classic Stern-Volmer equation were incorporated antnodified Stern-Volmer equation

to describe the non-idealities of the overall segpsystem.

The performances of fused fiber coupler and bifiedtdiber assembly were
investigated for applications in the photoluminesee(PL)-based biosensor systems.
Complex tradeoffs among back reflection interfeegrmoupling efficiency and split ratio
were analyzed with theoretical and experimentad.d&ifurcated fiber assemblies have
more uniform split ratio and better excess los$goerance than those of the fused fiber
couplers. However, due to the configuration ddferes of the two kinds of the fiber
assemblies, the fused fiber coupler can elimiraedtck reflection interference to as
low as 0.04% of the input optical power by using ithdex matching method while the
bifurcated fiber assemblies do not have the optiorapply the method. Furthermore,
the coupling efficiency of both kinds of the fitessemblies were investigated through
simulations. For the two types of assemblies withsame split ratio, the fused fiber
coupler has a maximum coupling efficiency of 25%lathe bifurcated cable is only

able to achieve a 9% maximum coupling efficiency.

To improve the measuring abilities of the existifigintensity-based biosensor
systems, the noise sources that cause the fluatisadind drift in the measurements were

investigated by using the power distributions ie flequency domain. Both two

118



software approaches and two hardware approachesattempted to improve the signal-
to-noise performance of a laboratory-developed ircbiinnel fiber optic PL-based
biosensor system. The hardware approach imprdweesdignal-to-noise ratio of the
system from 10.2 to 23.2, and standard error ofitbasurements from 0.109% to

0.037%.

7.2 FutureWork

Future work is expected to continue the exploratibthe non-idealities of the classic
Stern-Volmer relationship and the correction farth The current studies in this thesis
have included some possible causes of the balectien factor, yet the causes of the
fractional accessibility factor of the non-idealityother literatures have not been
reported with experimental proof. To continue tégearch in this path, the following
aspects of the problem are suggested to be inagstigthe fluorophore concentration
dependency, the fluorophore in poly vinyl alcohatrx (PVA) layer thickness
dependency, as well as the temperature dependeiog fraction of the inaccessibility
of the fluorophore. These factors may all contiébtio the fractional accessibility of the
fluorophore and thus cause the non-ideality inclassic Stern-Volmer relationship of
the quenching process. Furthermore, a more aecomathematical model describing all

the non-ideality factors needs to be structured.

Another area to be pursued is the emission intedspendencies, such as the factors
of the excitation optical intensity, the fluoropbaroncentration, the fluorophore in PVA
matrix layer thickness, etc. How those factors aff@ct the emission intensity of the

fluorophore has not yet been quantitatively defined
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Some work towards the integration of a excitatioarse intensity monitor and
calibration system should be attempted. After espg the dependency of the excitation
source intensity, monitoring this parameter cahdpful to a calibration process in the
environmental applications. The spare branchefulsed fiber coupler in the system
can be used for the place to integrate a photoete€he readings of the photodetector
can be used to construct a feedback system fditaiataon process. The goal is to
develop an automated calibration process intoyhtem before the actual analyte

measurements.

Another area of interest may be the preservatidghebptodes (without the enzyme
component) and its impact on the sensitivity ofdieeection. A suspicion of fluorophore
degradation throughout the preservation has besedrduring the course of this thesis
research. A quantitative investigation of the det®degradation rate can be very useful

to the future measurements.
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Appendix A

PH BUFFER SOLUTIONS PROTOCOLS

A.1 Introduction

All pH buffer solutions used in this thesis for ®m characterizations with pH-
sensitive optodes measurements were made folldveegrbtocols described in this
appendix. A buffer solution is consist of an a&idl its conjugate base or a base with its
conjugate acid. Buffer solutions have the abitynaintaining a nearly constant pH
value as a small amount of acid or base is aduéith a known pH buffer solution, the
fluorophore quencher, Hconcentration can be easily calculated using efhition.

The calculation principles of the pH buffer soluisas included in Section A.2.
Procedures of making pH buffer solutions are docust First step is to make 1 M
stock solutions as stated in Section A.3. Themsgcbep is, shown in Section A.4,

mixing calculated amount of stock solutions fortepél buffer solution.
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A.2 Calculation Principles

The calculations of the pH buffer solutions follthe Henderson—Hasselbalch

equation, which describes the derivation of pHr &acid-base reaction,

HA+ H,0 = A~ + H;0™", A-1

then the pH can be determined as the Hendersorelatsh equation,

a-
pH = pK, + log (ﬁ) , A-2

where thgK,, the acid dissociation constant, determines tlfiebrange. Thus, an
important guideline to keep in mind is to make ghrechoice buffer hgK, range

covering the target pH.
A.3 Stock Solutions Protocols

First step is to make eight 1 M buffer stock sans. All work and measurements
MUST be done at 25 °C in order to be accurate. rébgpe is design to make all stock
solutions of 1 L in volume, however, it is oftentmecessary to make that much volume
every time. To conserve materials, all of the Wwegand volumes are can be
simultaneously decreased proportionally. The ma®of making the stock solutions are

the following:

a. 1 M Acetic acid
I. Add 57.42 mL of glacial (99.7% pure) acetic acid.tb volumetric flask.
ii. Fill volumetric flask to 1 L with DI water and trafer to labeled storage
container.

b. 1 M Sodium acetate
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Add 82.03¢g of sodium acetate to ~500mL DI watea ih L volumetric

flask.

Fill volumetric flask to 1 L with DI water and trafer to labeled storage

container.

c. 1 M Bis-tris Methane (Will need to purchase | think€AS# 6976-37-0)

Add 104.6209g of bis-tris methane to ~200mL DI watea 500mL
volumetric flask
Fill volumetric flask to 500 mL with DI water ancansfer to labeled

storage container.

d. 1 MHCI

Add 50 mL of 37%(~10M) HCI to 500 mL volumetric $la
Fill volumetric flask to 500 mL with DI water anchhsfer to labeled

storage container.

e. 1 M Potassium dihydrogen phosphate

Add 136.1g of potassium dihydrogen phosphate t®+bD of DI water in
a 1 L volumetric flask.
Fill volumetric flask to 1 L with DI water and trafer to labeled storage

container.

f. 1 M Disodium hydrogen phosphate

Add 268.079g of disodium hydrogen phosphate (xGHo ~500 mL of DI

water in a 1 L volumetric flask.

Fill volumetric flask to 1 L with DI water and trafer to labeled storage

container.
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g. 1 M Bicine
I. Add 81.59¢ Bicine to ~250 mL DI water in a 500 mbilumetric flask.
ii. Fill volumetric flask to 500 mL with DI water ancansfer to labeled
storage container.
h. 1 M NaOH
i. Add 20g of NaOH to ~250 mL DI water in a 500 mL waletric flask.
ii. Fill volumetric flask to 500 mL with DI water ancansfer to labeled
storage container.
Label all stock solution flasks with the solutioanme, date that was mixed, and person

in charge, and set them aside for the next step.

A.4 Buffer Solutions Protocls

The next step is to mix the stock solutions witltgkated amount for each target pH.

The protocols of buffer solutions are the following

I.  Add 44.27 mL of 1M sodium acetate to 100 mL volumedtask
ii.  Slowly add 55.73 mL 1M of acetic acid to fill the@ mL volumetric
flask
iii.  Transfer to labeled storage container.
Iv.  Optional: Check pH with pH meter, and adjust witM HCI or 1M

NaOH.

i. Add 71.66 mL of 1M sodium acetate to 100 mL volurcdtask
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Slowly add 28.34mL 1M of acetic acid to fill the@@L volumetric
flask

Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust witl HCI or 1M

NaOH.

Add 81.75 mL of 1M sodium acetate to 100 mL volumeetask
Slowly add 18.25 mL 1M of acetic acid to fill th@@ mL volumetric
flask

Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust withl HCI or 1M

NaOH.

Add 88.80 mL of 1M sodium acetate to 100 mL volumedtask
Slowly add 11.20 mL 1M of acetic acid to fill th@@ mL volumetric
flask

Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust witM HCI or 1M

NaOH.

Add 88.10 mL of 1M bis-tris to 100 mL volumetriafk
Slowly add 11.90 of 1M HCI to fill the 100 mL volwetric flask.

Transfer to labeled storage container.
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. 6.5

6.75

Optional: Check pH with pH meter, and adjust witM HCI or 1M

NaOH.

Add 80.70 mL of 1M bis-tris to 100 mL volumetri@a8k

Slowly add 19.30 of 1M HCI to fill the 100 mL volwetric flask.
Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust witM HCI or 1M

NaOH.

Add 70.24 mL of 1M bis-tris to 100 mL volumetriafik

Slowly add 29.76 of 1M HCI to fill the 100 mL volwtric flask.
Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust withl HCI or 1M

NaOH.

Add 68.13 mL of 1M potassium dihydrogen phosphat&d0 mL

volumetric flask.

Add 31.87 mL of 1M disodium hydrogen phosphateiltaife 100 mL

volumetric flask.
Transfer to labeled storage container.
Optional: Check pH with pH meter, and adjust witM HCI or 1M

NaOH.
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j. 7.00
i
iii.
iv.
k. 7.25
ii.
iii.
iv.

Add 57.02 mL of 1M potassium dihydrogen phosphat&d0 mL
volumetric flask.

Add 42.98 mL of 1M disodium hydrogen phosphateiltaife 100 mL
volumetric flask.

Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust witl HCI or 1M

NaOH.

Add 45.43 mL of 1M potassium dihydrogen phosphat&d0 mL
volumetric flask.

Add 54.57 mL of 1M disodium hydrogen phosphateiltaife 100 mL
volumetric flask.

Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust withl HCI or 1M

NaOH.

Add 34.33 mL of 1M potassium dihydrogen phosphat&d0 mL
volumetric flask.

Add 65.67 mL of 1M disodium hydrogen phosphateiltaife 100 mL
volumetric flask.

Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust witM HCI or 1M

NaOH.
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. 7.50

m. 7.75

n. 8.00

Add 24.54 mL of 1M potassium dihydrogen phosphat&a0 mL
volumetric flask.

Add 75.46 mL of 1M disodium hydrogen phosphateiltaife 100 mL
volumetric flask.

Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust witM HCI or 1M

NaOH.

Add 16.59 mL of 1M potassium dihydrogen phosphat&d0 mL
volumetric flask.

Add 83.41 mL of 1M disodium hydrogen phosphateiltaife 100 mL
volumetric flask.

Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust withl HCI or 1M

NaOH.

Add 10.66 mL of 1M potassium dihydrogen phosphat&d0 mL
volumetric flask.

Add 89.34 mL of 1M disodium hydrogen phosphateiltaife 100 mL
volumetric flask.

Transfer to labeled storage container.
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If after the addition of the second ingredient¥b&ime is less than 100 mL, add DI

water to adjust the volume to 100 mL. Label adllsiwith target pH values, date was

Optional: Check pH with pH meter, and adjust witM HCI or 1M

NaOH.

Add 38.51 mL 1M bicine to 100 mL volumetric flask.

Slowly add 61.49 mL 1M NaOH to fill the 100 mL vohetric flask.
Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust witM HCI or 1M

NaOH.

Add 16.61 mL 1M bicine to 100 mL volumetric flask.

Slowly add 83.39 mL 1M NaOH to fill the 100 mL vohetric flask.
Transfer to labeled storage container.

Optional: Check pH with pH meter, and adjust withl HCI or 1M

NaOH.

made, measured pH values (optional), and the penstmarge.
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Appendix B

RADIO FREQUENCY (RF) INTERFERENCE
MEASUREMENTS

B.1 Discovery of the Problem

In 2009, in the improvement process of the lab-tger multi-channel system,
System Il, a strange phenomenon was observed.n@tire operation of the system, if
the operator was right next to the apparatus,gbdings of the signal were only slightly
fluctuated for most of the time, but once in a whibrge voltage drops randomly
appeared on all channels at the same time, as sinoigure B.1. These sudden voltage
drops did not occur with the absence of the opergét, reappeared once the operator
returned nearby to the apparatus. Also, whenepéoae call or a text message was
received on a phone nearby, the same voltage dmpsared. A hypothesis was made
that the observed interference was GSM phone sigdated, in other words, the
abnormal readings were resulted from RF interfezertdowever, the sampling

bandwidth of System Il was way under the scopenafyaing power distribution of RF
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components in the signal. For the above reasaheatnof author's curiosity, a couple of

small experiments were carried out to prove theohygsis.
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Figure B.1. An example of the readings of randomage drops for all channels during
experiments.

B.2 RF Interference M easurements

First experiment is to manually turn a GSM phogtnext to the apparatus on and
off roughly every minute. As seen in FiglBe, the readings from one of the channels
(Channel 7) were dramatically disturbed duringtthee when the phone was on, and
fluctuated much less during the other times wherptione was turned off. Although

System Il has all electronics contained in two mletaising boxes, as shown in Figure
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B.3, the connections wires exposed outside the baveckkely to be the cause of the RF

interference. Then a quick fix of an RF-proof ves built as the housing for the entire
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Figure B.2. The readings from Channel 7 of Systewith a GSM phone nearby
manually turned on and off roughly every minute.
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Figure B.3. Front, left side and right side vievisSgstem II.

apparatus. The housing is made out of a carddmardvith all sides wrapped in
aluminum foil. The results turned out to be sigipigly effective. The same experiment
of turning a GSM phone on and off was performedhwhie apparatus placed inside of the
housing. The results of the readings from the samaanel are shown in FiguBe4. RF

disturbs to the readings were significantly decedasith the new housing installed.
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Figure B.4. The readings from Channel 7 of Systewith a GSM phone nearby
manually turned on and off roughly every minutees&ts of the apparatus with no
housing is depicted in solid blue line, and theiltsswith the housing is depicted in
dashed black line.

Second experiment was to measure the closest desta@GSM phone can be placed
near the apparatus. A GSM phone was turned ooffagain every minute, and every
time it was turned on, the phone was placed astamite of roughly 0, 1, 2, 5, 10, 15 feet
away from the apparatus. The results of the seespdriment is shown in FiguR5.

As concluded from the results, as long as a GSMel® placed farther than 1 foot away
from the apparatus with the housing, the RF interfee can be avoid. The housing

improved the reading standard error from 1.2% 05 0%.
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Figure B.5. The readings from Channel 7 of Systewith a GSM phone nearby
manually turned on and off roughly every minutej amery time when the phone
was on, it is placed at a distance of 0, 1, 20515 feet away from the apparatus.
Results of the apparatus with no housing is degiictesolid blue line, and the results
with the housing is depicted in dashed black line.
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Appendix C

OXYGEN SENSITIVE OPTODES
MEASUREMENTS

C.1 Motivation

Previous work on the characterization of oxygersimse optodes have been
introduced with complex experimental set up, topdiiynthe set up and the procedure, a
new approach was designed and introduced in timsrapx. Originally, a former
graduate student at Colorado State University, $eaper, set up the oxygen sensitive
tris(4,7-diphenyl-1,10-phenanthroline) ruthenium(Ru(dpp}) optode experiments as
shown in FigureC.1. It constantly feeds nitrogen gas into the aeadplution to drive
out the dissolved oxygen concentration in the dalajfrhe amount of nitrogen gas is
controlled though the nitrogen regulator locatedtangas line tube. By blowing
different amount of nitrogen into the analyte, eli#int concentration levels of dissolved
oxygen can be obtained. The oxygen concentragiomeiasured by a dissolved oxygen
meter (EW-01971, Cole-Parmer). The nitrogen gad fine restricts the experiment to

labs.
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Function Generator Temperature Meter w/
HP%} 164 T-type Thermocouple Dissolved Oxygen
470nm LED Omega CN384 Meter
2 KHz rep. Cole-Parmer 01971
50 us PW 2x2 50:50
Coupler Nitrogen Via
Regulator
Ru(dpp);
620/100 Optodes _-‘H\ Glass Flask
Bandpass
Optical Filter | | Yater Bath ]‘
Photomultiplier Stir/Hot Plate
Tube (PMT)
Recirculating Water System
Pre-Amp
x10,000 V/A _
—— M Oscilloscope
HP54610B
tey < 180 ns

Figure C.1. Experimental set up for a oxygen samsRu(dpp)3 optode experiments
designed by Sean Pieper. This set up uses gagenitto feed into the container where
the analyte is to control the dissolved oxygerhmadnalyte. Reproduced from Reference

[1].

C.2 Principlesand Experimental Set-up

The set up uses the reaction between sodium s(Nf#&0;) and dissolved oxygen
in water to control the dissolved oxygen level.iténreaction, sodium sulfite consumes

oxygen produces sodium sulfate with catalyzed attsalt (CoGl- 6H,0), as the

following

137



CoCl,'6H,0
2 Na,S05 + 0, —252 Na,S0, C-1

By adding a known amount of sodium sulfite, thestonption of dissolved oxygen can
be calculated, and thus the remaining dissolved®xyn the solution is known. The
experimental set up is implemented with the aboweples, as shown in Figute.2.
System that is used in this appendix is Systeratlahy of the three systems can
substitute it. The change to be noticed herestead of using nitrogen gas, the dissolved
oxygen control is through syringing a known amoafrdodium sulfite to a fixed volume
of water that contains cobalt salt as the catalpstalyte is contained in a tinted glass
vial with the cap drilled for the optode fiber to through. The vial is sealed with
chemistry wrap to prevent oxygen to escape in bobthe vial. Besides the robust
system, the calibration set up is as simple asleavid a syringe. Although the only
disadvantage of the new set up is that the disdalxggen concentration can only
decrease from the saturated amount to zero anatgarthe other way around.

spectrometer
(USB4000-FL)

Sec + | (=
~display UsB

.............................................

SMA/ST
connector

(IF E92B) I: 1x2 bifurcated
y : couplerassembly
source filter (BIFG00-UV-VIS,
: (HQ450/60m); SMA)
: ModularLED Source Box

optode

water with

cobaltsalt PL transducer

Figure C.2. A new experimental set up for a oxygemsitive Ru(dpg)optode
experiments. This calibration set up only requaeyringe and a vial for the analyte.
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The calculation of dissolved oxygen is shown hesiagithe quantities of chemicals
adopted in this appendix as an example. Beforengdthy sodium sulfite into the cobalt
solution, the dissolved oxygen level is assumdakt8.7 mg/L in room temperature
under 1 atm pressure. For 4mL DI water, beforeaddition of the sodium sulfite, the
saturated dissolved oxygen amount in mol is

V- [Oz]sat

= C-2
0, molecular weight’

Qsat(oz)

where Ds]sa is the saturated dissolved oxygen concentratitimginis assumed to be 8.7
mg/L or ppm in room temperature under 1 atm pressuis the analyte volume, which
is 4 mL water, and oxygen molecular weight is 323000l. The dissolved oxygen
Qsat(o,) In the analyte at this point is calculated to K88 umol. Then, 0.4 mL sodium
sulfite is stored in a syringe and is divided iamall volume of 0.025 mL for each
injection. Although the reaction is an easy catoh of 2 mol sodium sulfite consumes
1 mol oxygen, by adding the sodium sulfite solutimio the analyte, the 10% volume
change is too significant to ignore. Considerimg dynamic change in volume, the
calculation gets a little bit tricky yet still mageable for an electrical engineering
student. The sodium sulfite solution used hereshasncentration of 0.6 g/L, and after
the first dose of 0.025 mL sodium sulfite addee, shturated dissolved oxygen becomes

_ (V + VNa2503) ' [02]sat

I} — c3
Q'sat(0,) 0, molecular weight ’

whereVy,,so, is 0.025 mL in this case, and the new dissolvedjer amoun®’s,:o,)

becomes 1.094 pmol. The amount of added sodiuiitesil 0.025 mL is

139



VNa,s0; [Na,S03]

= — C-4
Na,S0; molecular weight

QNa2503

whereQyq,so, has its units in mol and is calculated to be 0.4Mbl,Vy,, 50, is added

sodium sulfite volume 0.025 miNa,S05] is the sodium sulfite concentration, 0.6g/L,
and the molecular weight of sodium sulfite is 1&4gdmol. With 0.144 pmol added, the
sodium sulfite consumes half of the amount of oxygehich is 72.1 nmol. Now
subtracting the consumed amount of oxygen fromdtes saturated dissolved oxygen

Q'sat(0,) Calculated from Eqn. C-3, 1.094 umol, the remairtrggenq,, is

, 1
QOZ = Q Sat(OZ) - 5 ' QNa2503 ) C-l

whereQ,, becomes 1.022 pmol, or 8.13 mg/L, or 254.0 pMHertotal volume of 4.025

mL now. The remaining oxygen concentration ingbkuition is the quencher

concentration for the Ru(dppyptode.
C.3 Prdiminary Experimental Results

Three Ru(dpp)optodes were characterized with the above metBogeriments
with Optode #1 was performed one week before tipe@xents with the other two
optodes. The phosphorescent readings were inéegoaer wavelength of 605.01 nm to
625.14 nm. Optode #1 has an integration timesddonds, but Optode #2 and #3 have
integration time of 20 ms. The time interval betwehe two times of the sodium sulfite
addition is 1 minute for all experiments. Althoutje elapsed time for the reaction to
reach steady state is the same for all optodesyuhmber of data points taken by Optode
#2 and #3 are much larger than the number of thiedirst optode, and thus it results in

the standard deviation differences between Optdde the other two optodes. The
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phosphorescent intensity readings versus variasohblied oxygen concentrations are
shown in FigureC.3 and FigureC.4. A week long storage of Optode #2 and #3 can be
the reason for the phosphorescent intensities witbprespect to Optode #1. The
sensitivity difference between the three optodesaras when considering either the
normalized phosphorescent intensities, shown inrEig.5,or the Stern-Volmer plots,
shown in FigureC.6. Vertical error bars of all figures show thenstard deviation of
each measurement, and the horizontal error bars gf@human error introduced by the

manual addition of sodium sulfite solution of Or9L.
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Figure C.3. Phosphorescent intensity of Ru(gl@ptode #1 with various dissolved
oxygen concentrations
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Figure C.4. Phosphorescent intensity of Ru(g@ptode #2 and #3 with various
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Figure C.5. Stern-Volmer plots of the phosphoresgansities of Ru(dpg)Optodes.
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Figure C.6. Stern-Volmer plots of the phosphoresgansities of Ru(dpg)Optodes.

C.4 Noteson FutureWorks

This appendix is to introduce a simpler experimlesgaup for the oxygen sensitive
optodes characterization with an example experiateasults; however, the example
experiments have plenty of space for improvemehisst, the a dissolved oxygen meter
and a thermometer can be incorporated into thegseBecause Ru(dpphas a strong
dependency on temperature [1], monitoring the teaipee change during the
experiments would be useful. Second, measuremsatitsnultiple optodes are preferred
to be done within a short period of time. A vayief factors during the storage of the
optodes can alter the dye molecules characteristiesof the known factors is
photobleaching. Shortening the experiments tinaa lwes not avoid the optodes
degradation but eliminate some possible varyingipaters that may cause the variation

between optodes.
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[1] Sean B. Pieper, "Temperature Dependence of Oxygesittve Transducer," in
Optical Characterization of Phosphorescent Dyes for Biosensor Transducer
Applications. Fort Collins, United States: Colorado State Ursitg, 2008, ch. 6, pp.
100-124.
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Appendix D

BACK REFLECTION WITH INDEX M ATCHING
MEASUREMENTS

D.1 Motivation

Chapter 4 of this thesis has introduced the faaftdwack reflection that causes the
nonlinearity in Stern-Volmer equation, and Chaptéias given results of index matching
materials' impact on reducing the back reflectiensity for two kids of fiber coupler
assemblies. To tie the two aspects of the proldgether, this appendix shows some
preliminary results on how reducing back reflectiotensity affects the parameters in
Stern-Volmer equation. Theoretically, with a retilue in back reflection influence, the
absolute fluorescent intensities decreases faasks; yet with the reduction only in
noise intensities, the relative change in fluorasagensities with various quencher
concentrations increases, and thus the sensitfifye system increases. Also, by
controlling the back reflection intensity, the rigsican gain us more knowledge about the

non-linearity effects in the Stern-Volmer equation.
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D.2 Experimental Set-up

Experiments were set up very similarly to the chemdzation experiments from
Chapter 4 except for few variations. A block dagrof the experimental set up with
System 11l is shown in Figure D.1. All measurensawere done with the same pH
sensitive FLA optode on Channel 1 to eliminate umiadlable variables, and all the
other channels were capped to block ambient ligidex matching material is the
controlling variable in this experiment. When thdex matching material is air, that
means the end of the fiber splitter is exposetiénatir inside of a black container to block
ambient light; when the index matching materiak&ter, it means the end of the fiber

splitter exposed in the water inside of the sanrgainer.

a— <
> a— < System /O
a— < Circuit
LEDs

Emission filter

System

w8 22 optical fiber
splitters
Index Matching Material- fiber
- end exposed in the air/water
inside of a black container to
- block ambient light.

Optode —f—
E Un-used channels are

capped to block ambient

Analyte light

Figure D.1. Experimental set up to verify the beefkection effects on the Stern-Volmer
response using System lll.

146



D.3 Prdiminary Experimental Results

Results show that the varying in the index matcnagerial has a significant effect
on the response. The fluorescent intensities thigghtwo index matching materials with
varying H concentrations are shown in Figure D.2. Assurtfiegfluorescent intensity
when the H concentration is very small, 3.16 nM, is the unpieed inensityl, the
Stern-Volmer plots with different index matchingterdals are shown in Figure D.3.
The dotted lines in Figure D.3 are the models efrttodified Stern-Volmer equation

described as

jlc' (Upr/Io +1)

IO'
S D-1

1 )
m+]—c'(13,3/10+1)—1

wherel; andl’ are the measured fluorescent intensities thaaffeeted by the fractional
inaccessibility of the fluorophore with the accessifraction off and the back reflection
with intensity oflgg, andl, is the ideal unquenched fluorescent intensitye modified

Stern-Volmer model, as show in Eqn. D-1, provideshest-fit parameter valueskgy

and%- (Igr/Iy + 1) with for the minimum root mean squared error (RM&& shown in

Table D.1. For convenience purpose, the paran%ie(égR/lo + 1) is defined as the

Stern-Volmer non-linear (SVNL) parameter. As menéd in the previous section, all
measurements were done with the same optode @athe channel. Therefore,
theoretically, the fluorophore-only-related paraengKsy andf are consistent between
the two sets of index-matching-material measuremémiother words, the only
difference between the two sets of measurementddbe fromlgg /1,. A second

fitting method is adopted with the same calculatitethod as the minimum RMSE
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method except for that thé&;, parameter is fixed at 2.5, and the results arevsho

Table D.1.

Table D.1. Fitting Parameters Of The Modified Steoimer Model

index - Ky 95% SVNL, SVNL 95%
Matching g K Confidence 1 Confidence R?
; Method sV — - (Igr/Ip + 1)
Material Interval f “BR/TO Interval
Minimum 5 559 (0.9365,3.181)  1.76 (1.695, 1.825D.9704
_ RMSE
Air )
Fixed Ky (ﬁx'g’d) N/A 1.771 (1.692, 1.85)0.9691
M&”,\'Argll‘zm 2977 (1.743,4211)  1.461 (1.431, 1.49) 0.983
Water
FixedKgy (ﬁié‘r’ 0 N/A 1.455 (1.418, 1.491p.9817
16001
< Air (n=1.0)
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= F]
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Figure D.2. Results of the fluorescent intensitiessus varying Hconcentrations with
the index matching material being air (blue diamaatt water (red square).
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Figure D.3. Results of the Stern-Volmer plots with index matching material being air
(blue diamond) and water (red square). The dditted are the non-linear model
modified from the Stern-Volmer model.

Although some of the results turned out differetitign expected, the results are still
valid for discussion and future improvements. dservations are worth attention.

The intensity difference between the absolute #soent intensities for the two kinds of
index matching materials is not a constant througkite measurements, in other words,

a correlation is observed between the reduced telaction intensity and the absolute

fluorescent readings, as shown in Figure D.4.héoty, the reduction of the back

reflection from the index matching is constant vatrelationship to the incident optical

power defined by the Fresnel equation
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Figure D.4. A plot of the reduced back reflectiotensities versus the absolute
fluorescent intensity readings (for index matchingterial is air).

Pgg. (nf - ni>2 D-2
PInc.

“\nptm
whereP,,,. andPgy are the incident and the reflected optical povagtbe interface of
refractive indices mismatch respectivety,andn; are the refractive indices of the
incident material, fiber core, and the other sifithe interface, the index matching
material. Therefore, as long as the incident apppower does not change, the same
index matching material should results in the sasflected optical power, but this does
not agree with the experimental results. One p@sgixplanation is, the illumination
source power stayed constant for all measuremehish means the incident optical
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power at the indices mismatch interfaBg,. , is the same for all measurements. As the
reflected opticaPz; changes as; changes for aim; = 1.0) and water#{; = 1.33), the

transmitted poweP;,.,,,s. varies accordingly, because

Ptrans = Pme. — Ppr.- D-3
In the case of our application,.,,. is the excitation light of the fluorophore, ane th
variations in the excitation light power may chatige response of the fluorophore in
terms of with different quencher concentrations this sense, the experiments in this

appendix are not well controlled.
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Appendix E

SYSTEM || DOCUMENTS

E.1 Introduction

System Il is the lab developed multichannel PL-Odg#er optic system designed,
assembled, and altered by many former studentslat&tio State University. The
earliest documentation on this system is the sat@eign reports of spring 2004 by
Jonathon Jaeger and fall 2005 by Evan GartnersuRrably the photodetector circuit
assembled by the senior design students was peeseAfter that, former Master
students Sean B. Pieper and Manasi Katragaddaefuatiolved the system from single
channel into a multichannel system. Although thetichannel system has a commercial
prototype version, System lll, that functions mad¥anced, System Il is still valuable
for research purposes with the great advantagenplisity in software alteration. This
appendix includes all System Il related documenitdife convenience of future
modification and references. All documents arg @nsnapshot of the current set up as
of August 2011. For any of the earlier documentation this system, please refer to

Sean B. Pieper's Master thesis.
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E.2 Electronic Schematics

A schematic drawing of the System Il electronicshiswn in Figurde.1.
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Figure E.1. A electronics block diagram of Systém |

E.3 Bill Of Materials

System Il is comprised with two modules, a souroelate and a photodetector
module. The Bill of Materials of both modules af®wn in Table H and Table E.2.

Unit price with a * represents an estimation of timé cost.
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Table E.1. Bill of Materials of the Source ModuleSystem I

Part . Unit
ltem Manufacturer Number Quantity Price
2 x 2 fiber couplers (3 IE-540
couplers with bare ends_ and Industr!al fiber custom 8 $65.00
only one output end with optics
order
ST-connector)
Plastic fiber optic 470 nm| Industrial fiber
blue LED optics IF E92B 8 $8.58
Bare Plastic Optical Fiber,
1mm fiber diameter, step- N
index profile, Core Industrtliilsflber UIEOCC:)O 1 $6.00
Refractive Index 1.49, P
Numerical Aperture 0.5
1m ST-ST fiber patchcords Indusgtliilsflber IF-640-1-0 4 $16.70
450/60 bandpass normally Chroma HQ fn50/60 1 $50.00*
incident optical filter technologies 0S02295
Filter holder 1 $200
ST female-ST female Allied 512-6506 8 $1.55
adapter electronics
Enclosure, Al - .04 in. thick Allied
12 in.x7in. x3 in. electronics AC-408 1 $21.70
Plate, bottom, Al, .04 in. Allied
thick, 11.812 in. x6.812 n. . 736-1595 1 $7.07
electronics
natural
Self-adhesive rubber feet, |5  Allied
in x .5inx .22 in electronics | 20-3°81 4 $0.43
5 mm Fresnel Lens LED Allied
Panel Mount Indicator, Red . 670-1321 1 $1.21
electronics
(635 nm) peak wavelength
Toggle switch, mount,
round, SPDT, On-none-on, Allied
rated 5 A @120 V AC OR| electronics 676-3000 1 $3.10
28V DC
2 kohm, 15-turn trimmer
Potentiometer0.5 Watts,
Rectangular package, 0.748" — SP043-
L x 0.185" W x 0.252" H Digi-key 2.0K-ND 8 $1.42

(19.00mm x 4.7mm X

6.40mm)
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Part . Unit
ltem Manufacturer Number Quantity Price
Eurostyle Terminal Strip,
connector terminal, 5 Digikey Wl\{ll\llg903 1 $2.64
position, 8 mm
IC socket, DIP 14, through
hole mounting type, pitch
.1"(2.54mm), 0.3" (7.62 - A24808-
mm) row spacing, closed Digikey ND 2 $0.60
frame, contact finish-- tin,
undefined
Standoffs- Digikey 2210K-ND 8 $0.408
Prototype Boards - .
Perforated, ... Digikey V1042-ND 1 $8.10
Power adapter, AC to DC
Universal, digital camera, : q
selectable 3.5.6.6.5.7 or 715 Radio shack 273-1696 1 $32.99
V output, rating upto 2A
47 kohm resistors Radio shack 2711342 8 $0]20
Screws- 6-32 Round-Head
Machine Screws .
(assortment of 1/4", 1/2" Radio shack | 64-3012 1 $1.99
3/4")
High-tech silver bearing
solder, 0.015" diameter, 1] Radio shack 64-03E 1 $3.49
0z
DC powerjack, Size M, | g i shack | 274-1563 1 $2.99
Coaxial, solder lug
Hook-up wire, 18 gauge, : 1
1/64" PVC. 13.7 m Radio shack 278-1223 1 $5.49
Table E.2. Bill of Materials of the Source ModuleSystem I
Item Manufacturer Part Quantity | Unit Price
Number
Photomultiplier Tube | ) amatsu | H5783-01 1 $1,000.00*
(PMT)
Shutter Block Hamamatsu A10036 1 $300.00*
Fiber stand 1 $50.00*
Coaxial cable 1 $5.00*
500hm Coaxial cable Belden 8262 15" $5.00
520/20 bandpass filtef . SMOM& | p520/20m 1 $150.00
Technologie
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ltem Manufacturer Part Number | Quantity I;Jr?(;te
Fairchild
Op-Amp Semiconductor LM741CN 2 $0.39
LCD Display |~ +oN Industries DK543 1 $39.80
Screen
Connector | \1qlex connector WM15903 1 $2.82
terminal
Miniature 2 Pole|
Power Rocker | C&K Components| DM64J725205Q3 1 $6.34
Switch
2x2 fiber splitter -
(1 ST, 3 bare Industrlgl Fiber IF-540 1 $65.00
Optics custom order
ends)
ST-ST mating Industrial Fiber
sleeve Optics IF-820063 1 $1.55
Toggle switch Allied Electronics| 676-3000 1 $3.10
trimmers Bourns 3266-W-1-502 2 $2.94
Aluminum Bud Industries AC-408 1 $21.20
enclosure
Aluminum )
bottom plate Bud Industries 736-1595 1 $6.90
Rubber foot Bud Industries 736-3581 4 $0.40

E.4 User's Manual

The measurements with System Il should set up@srsin FigureE.2 and Figure

E.3. Operational details of the program and DAQpavided here as future guidelines.

To install the IUSBDAQ U120816, the drivers and mi@acturer software need to be

downloaded from hytek automation’s website. Hlisays necessary to make sure the
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K he Detector Module ef

Figure E.2. A front view of System Il. In the picé: 1. the Source Module: in which
contains the optical excitation circuitry and US&alacquisition module (iUSBDAQ
U120816); 2. the Detector Module: in which contatms luminescence detecting
circuitry and signal amplifying circuitry; 3.Charadinterface on the front panel); 4.
excitation power adjust knobs (corresponding thedm@annel): counterclockwise
rotation increases resistance, which decreasesitooppical power; 5. On/Off switch
of the Source Module; 6. optodes; 7. gain contnaltk counterclockwise rotation
increases signal amplification goes from 0 to 0&8Gain control display; 9. co-ex
cable.

he Detector Module

Figure E.3. Side views of System Il. In the lafitpre: 1. power supply for the Source
Module: 5VDC; 2. power supply for the Detector MElUL2VDC. In the left picture:
1. USB cable.

157



Hytek USB cable is always plugged into the same 8B that was selected while
installing the software. Otherwise, the unit widitrbe able to detect the installed software
later on. For operating LabVIEW, installing versi®.2 or above is required.

Specifically, since the original Vls (virtual ingtents) provided by Hytek were
specifically written for versions 8.2 or above, dower version of LabVIEW is not
compatible with these Vls. All the digital /O cominication VIs are collected in a
library file provided by Hytek automation, and dadownloaded from the website

(http://www.hytekautomation.com/iDAQDownload.hdmlAfter the proper software

installation, operate the multi-channel sensoravild an interface shown as in Figure E.4
will display. Make sure the USB cable is connedtethe Hytek, otherwise an error
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Figure E.4. A screenshot of the user LabVIEW irgeeffor System Il measurements.
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message of “device index exceeds the max dimemsiorber of that type” appears.

After opening the VI file, it will prompt a warnings shown in , and click "OK". Once
the "run" button of the LabVIEW VI is pressed, #ystem starts recording data from the
PMT. To abort the operation without saving theordings, press the "abort" button of
LabVIEW. Otherwise, once the VI is stopped by pieg the "STOP" button on the user

interface, a prompt will appear to ask user to sheedata into a XML file.

i3 anmnes |__JL3

\Warnings

CDocuments and SetkingstirisyziiMy DocumentsiManasis Deskioplversiond, 2_Multichannel
Acquisition__darkyvoltage Folder\versiond, 2_Mulkichannel Acquisition_read_PMTsignal Folder!,
iIJSEDAQ_DIO_1 noBinary . wi

- The %I expected to be at "<vilib = AUSBDAG Al vis(2), IBNUSEDAD _Errordut, wi' was
lnaded Fram "C:\Documents and Settingstirisyzji My DocumentsiiManasis Deskioph,
versiond. 2_Mulkichannel Acquisition__darkyvoltage FolderiUSBEDAC Al Wis. b
iLSBDAG_Errorout, i,

- The control expected to be at " <vilib=USEDAC_all_visiZ) IBNUSEDAD _Session, ctl" was
|oaded From "C:\Documents and SettingshirisyziiMy Documents\Manasis Deskioph, —
versionS, 2_Multichannel Acquisition__darkyvoltage FolderiuseDag_all_vis, B!
iIUSBDAD Session.ct”,

[ Save ko File. .. ] [ Help ]

Figure E.5. A screenshot of the warning messageapd when starting the
LabVIEW program for System Il measurements.

A typical experiments procedures are the following:

1. Plug in both power supplies, and turn on the sweclor both boxes.

2. Open VI file as following the steps shown above.

3. Warm up the instrument for 20-30 minutes, or uhiéd “Analog voltage(V)
dark” indicates voltage readings higher than zero.

4. Calibrate the instrument.

5. Precede experiments.
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6. Save file and exit.

Some advices and tips of operating the experimaetsffered here:

1. Turn on and run the system at least 20 minutes fwiperforming the
experiments for stability.

2. Clean the ST connectors of the optodes with metldreached Kimwipe
tissues on the optodes before any experiments.

3. Detach the ST connecterized fibers from the insidbe front panel of the
Source Module, clean the ST connecters of thediberwell as the ST
connector mating sleeves mounted on the front pansufficient cleaning of
the fiber tips can cause significant variations.

4. For a set of experiments with the purpose of comapar leave the optodes
connected to the front panel as much as possibke cénnect/disconnect
motions of the ST connectors could cause over 1D@teovariations in the
experiment results. Refer to Appendix G for STramtor related problems
analysis and cleaning procedures.

5. Clean optodes' sensor end with distilled wateryetiere when changing
analytes.

6. Keep both the instrument and the analyte in daakgd while performing the
experiments.

7. Keep any devices that could generate significatibriiequency
signals in at least distance of 10 feet. Keepirgitistrument in the insulation

box during the experiments is recommended.
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Appendix F

SYSTEM Il DOCUMENTS

F.1 Introduction

System 11l is the commercial prototype versionted tnulti-channel PL-based
enzymatic biosensor system. It was designed haseadl the lab developed multi-
channel PL-based enzymatic biosensor system, Sykten2010 by Chad Busse from
OptiEnz Sensors LLC. The system has two modelksj®designed for pH sensitive
optodes and the other one is for oxygen sensifitedes. Two models are essentially
exactly the same in terms of electronics and soéyand the only difference is the
emission optical filters in the two have differspiectral passband. This appendix
provides System Il related documents for the psepaf future references. Documents
include electronic system diagram, electronic satendrawings, bill of materials, and

user's manual.
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F.2 Electronic System

A block diagram of the electronics of System liswn in Figure F.1 with labeled
IC numbering corresponding to the schematic drawigcause the size of the drawing
is too large to fit into this thesis' margin, thawing is divided into three parts shown in

FigureF.2, FigureF.3, and Figurd-.4.
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FigureF.2. A schematic drawing (Part 1) of the electronicSgétem IlI.
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Figure F.3. A schematic drawing (Part 2) of the®taics of System III.
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F.3 Bill Of Materials

This appendix only includes a bill of materialsatifintegrated circuit (IC)

components in the circuit.

Table F.1. Bill of Materials of all IC components$ystem llI

Item Description Manufacturer Part Number

Ul Custom part footprint N/A N/A

u2 Microcontroller Parallax P8X32A-Q44

u3 Digital Potentiometer Microchip MCP41XXX

3-Channel 16-Bit, Sigma- .

U4 Delta ADC Analog Device AD7707

U5 28-pin USB UART IC FTDI Chip FT232RL

U6 High Side Power Switch STMicroelectronics ST890

u7 DC-DC Converter, PMT V-infinity VASD1-SIP

power supply

us USB Host Shield Standard Standard
. National LP2950ACZ-

U9 +3.3 Linear Voltage Regulator Semiconductor 3.3/NOPB

F.4 User's Manual

The measurement procedures of System Il are the s& System Il except for slight
difference in the software operation. The softwaterface for System Ill uses a .NET
framework. After installing the hardware driverglahe FiberReader.exe program, the
system is ready for measurements. Open the FibddRexe file, the user interface is
very self-explanatory, as shown in Figl:®. After connecting the USB connecter from

the system to the computer, select "Comm Port'bopinder the "Settings", as shown in
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Figure F.6. Select the "COM Port" to the port usminected the USB to, then select

"Save", as shown in Figufe7. Once the "Start" button from the main interfece

pressed, the software starts to read and dispé&aklthntensities, and store the data into a

XML file once the program is manually stopped.

':"i:j Fiber Reader i |:|| [=]
File  Settings Help
| sTART | ‘ [ Cretof | PMTGan025t003 025  Channels 1 | CearData |
Channel 1 |E| |:| |I| Channel 1 Ehainel |§| |:| |:| Channel 5
Min 0 Min 0
Mean 0 Mean 0
Max 0 Max 1]
0 B 20 o i 10 M0 e o
Channel 2 |@ |:| |Z| Channel 2 Channel 6 |E| |:| |I| Channel 6
Min 0 Min 0
Mean 0 Mean 0
Max 0 Max 0
10 15 20 o oom 0 5 10 15 20y oom
Channel 3 |Q| |:| |I| Channel 3 L bannehs |@ |j |I| Channel 7
Min 0 Min ]
Mean 0 Mean 0
Max ] Max 0
1 1 1 1
Volts  0.000 18 20 gy g0
Channel 4 Channel 8 (@] (] (1] Channel 8
Min i} Min 0
Mean 0 Mean 0O
Max 0 Max ]
Volts  0.000

Figure F.5. A screenshot of the user interfaceSimtem 11l measurements.

ny Fiber Reader

| (B

File | Settings | Help
| Comm Port i
| STA Configuration

Figure F.6. A screenshot of the user interfaceSimtem 11l measurements.
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EE SerialPort Terminal lu:t [=].

COM Seral Port Settings Diata Mode
COM Paort: Baud Rate: Parity: Data Bits:  Stop Bits: i@ Text
115200 + |Mone | 8 v [one. = ® Hex

Line Sionals

[ Clear on Cpen

[T DTR [O] RTS =TS
[] Clear with DTR

| save || Cancel

Figure F.7. A screenshot of the user interfaceStem 11l measurements.
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Appendix G

ST CONNECTOR RELATED PROBLEMS

G.1 Introduction

During the measurements using System I, by actidenobservation was made that
by simply disconnecting and immediately re-conmgrthe ST-connectorized optode's
fiber to the system, the fluorescent readings gagigte significantly. Without the
motion of disconnecting and re-connecting the optdide normalized standard deviation
of 10 measurements is 1%, while the disconnectmiraconnecting the optode brings
up the relative standard deviation to 5%. Becaus8T-ST connector is an in-contact
connection, meaning the fiber surface becomesntaco with the connecting fiber's
surface. Theoretically, if the surface areas efdbnnecting fibers are the same, the
coupling efficiency should be 100% and consisteneery connection. Therefore the
optode fiber surface was inspected. An theoreéinalysis of the impact of the defects

on the optode fiber surface to the insertion |laasations of the measurements.
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G.2 Fiber Ingpections

An inspection of the fiber surface was performedhore subject optodes. The
results are shown in Figure G.1. Optode 1 (top iefa rarely used optode, while the
other two optodes are frequently used optodes. fiEg@ently used optodes have

obvious defects and particles on the fiber surface.

Figure G.1. Fiber surface inspections of threeexttlpptodes: top left picture shows
Optode 1; top right picture shows Optode 2; anddnofpicture shows Optode 3.
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G.3 An Analysison theVariation

One may wonder how much difference can a smallctiéi@ve on the insertion loss
of a fiber. To answer the question, a simple asialgf the defect impact on the insertion
loss variation is carried out here. Using Optode 2n example for the calculation, the
entire surface of the fiber has an aredgfand the defects and particles take up areas of
A; andA,, as shown in Figure G.2. The calculation of tisertion loss caused by the

surface defects are the following:

A, =mr?, G-1

wherer is the radius of the fiber core. The areas ofdéfects shown ifigure G.2 are

YRR (U <2 )2 REC <4 )2 G-2
T2 =300 |T T3 | T 3600 |T "5 |
where the angles are an estimation.
Pout Ao — A’ G-3
= =87.7%
1:)in AO

Therefore, the insertion loss variations causethbydefects on the fiber surface can be
lower than the ideal scenario by 12.3%. Also,mecHied by the ST mating sleeve (IF
830063, Industrial Fiber Optics) datasheet, theriien loss variation after 500

connections is less than 0.10 dB.
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Figure G.2. An illustration of the surface aredsmed to in the calculation.

G.4 Cleaning Procedures

Instructions of cleaning the ST connector and therfating sleeve is shown in

Figure G.3 [1].
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Clean ST Connector and Adapter

Clean exposed connector ferrule by lightly moistening lint-free wipe with fiber optic
cleaning solution (or >91% isopropyl alcohol), and by applying medium pressure, first
wipe against wet area and then onto dry area to clean potential residue from end face.
Clean connector ferrule inside adapter by inserting lightly moistenad cleaning stick with
fiber optic cleaning solution {or 291% isopropyl alcohol) inside the adapter until contact is
made with connector on opposite end. Rotate cleaning stick with medium pressure in
one circular motion as it is pulled away from the adapter. Repeat process using dry
cleaning stick.

Caution: Signal strength will be affected if end and sides of ferrule are not thoroughly
cleaned. Discard cleaning sticks after each use. Do not turn cleaning sticks back and
forth pressing against connector end face. This may cause scratches if large
contamination is present. Always inspect connector end face for contamination after

each cleaning.
Clean sides
__ of ferrule
=1 | BN s
= of ferrule

Clean adapter by inserting adapter cleaning stick (or fiber adapter sleeve brush)
maoistened with fiber optic cleaning solution (or >91% isopropyl alcohol) inside the
adapter and gently pull out with twisting motion. Repeat process with a dry cleaning
stick.

Caution: Discard cleaning sticks after each use. Do not fry to clean the adapter with
cleaning stick if a connector is mounted in one side.

un |

(LAY Y]

Cleaning stick

Figure G.3. Instructions on how to clean an ST eator and an ST-ST mating sleeve.
Reproduced from Reference [1].

172



G.5 References

[1] Comm Scope. (2008, Nov) Comm Scope Instruction tSh@aline].
docs.commscope.com/Public/700_074 628.pdf
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