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ABSTRACT

Noninvasive Optical System for Real-Time Concentration M easur ement

in Optical Active Solution

Heesung Kang
Dept. of Biomedical Engineering
The Graduate School

Yonsei University

Over the last two decades, optical polarimetry methhas been applied for
concentration monitoring as a non-invasive altéveatmethod.  Commercial

polarimeter is widely used to measure the conctotraf chemical compounds with
optical activity. However, the current device iasbd on off-line measurement
method which involves sample extraction processnasure the concentration.
The process does not reflect the real-time statuscourate sample concentration.
Moreover, sample contamination may occur during shmple extraction process.
In polarimetry method, the sensitivity of measuramean be controlled by varying
optical path length. However, in current polarieretthe sample cell should be
exchanged to vary the optical path length. Thecgse requires a considerable
amount of time and may cause sample contaminatioblgm. Therefore, it is

necessary to develop a new polarimetry system whian measure exact
concentrations without performing sample extractioneal-time. In this study, we

introduced a new polarimetry probe system which rhayutilized effectively to

monitor concentration of solution. The new systeas designed to have variable

optical path lengths to control the optical rotatiangle of polarized light. The

viii



system and feasibility of concentration meter hbgen described in the following

articles.

Key words: Polarimetry, Optical activity, On-lin€pncentration meter, Probe



Chapter 1

I ntroduction

1.1 Background of research

Optical methods such as infrared and near-infregpectroscopy, Raman
spectroscopy, polarimetry, and fluorescence spsobfmy were continuously applied
for sensing the concentration of solution for salgears.[1-3] The advantages of
optical methods are non-ionizing radiation to imgate the sample, non-interference
with the sample and the needlessness of consumebgents.[1,3] Through the
1990s, optical polarimetry method was dramaticafiplied to glucose concentration
monitoring in biological media such as aqueous huama cell culture media as a
non-invasive alternative method. The advantagepobtdrimetric sensing method
are the use of readily available sources, the awitaat ability to use substantial
path lengths in aqueous solutions, and the prospkchiniaturizing the optical
components.[1-3,5-14]

Polarimeter is the optical device used for the eotr@ation measurement of
the optical active substance using the rotatiorleanfjpolarized light. The device
was firstly conducted in sugar industry and hasnbeemmonly performed in the
field of chemistry, biology and medical diagnosfits3,5-16] The foundation of
optical polarimetry for the detection of analytencentrations is initially based on the
first observation by Biot in the early 19th centurylhe observation discovered that
when a linearly polarized light passes throughtsahs with chiral molecules such as

glucose, the polarization plane was rotated in salegree. Characteristics of



molecules that exhibit this ability are call€dptically active” The applicable
equation for the interaction is given by:

; 100z
[a], “c (1)

where [a] is the specific rotation of the optically activeolecule at a given

wavelength, A, which is equal to the observed rotatiom,, divided by the sample
path length, L, and concentration,C. Therefore, the concentration of an
optically active sample can be determined as thatiom of linear polarization is
measured after passing through an optically asthmple, with the given optical path
length.[2,3,7]

In polarimetry method, the measurement sensiticiiyn be controlled by
varying optical path length as shown in equatiop (IThe optical path length is
proportional to the observed rotation angle. Hasvewhen applied to the current
polarimeter, the sample cell should be exchangedaty the optical path length.
This process is time consuming and possibly caaisple contamination problem.

Typically, most commercial techniques for monitgriconcentration of
substance were based on off-line methods suchemichl sensor, chromatography.
Off-line methods might have potential problems. rdguires sample extraction
process and additional reagents for compensati®ample extraction from the
solution can cause a contamination problem andstdkee for analysis. Such
process can not reflect the real-time status ofpsardue to discrete reading of
concentration. An alternative method for on-lineasurement is to place an

electrochemical sensor within the sample. Howeékiesr method may also initiate



problems such as difficulty of sterilization tectmés, limited lifetime and lack of
long-time stability.[4,5]

In this thesis, we introduce a new polarimetry graystem which can be
utilized for measuring the concentration of optiaative solution. It has a variable
optical path length in order to manage the seritsitof the optical rotation angle.
Also, it can be immersed in sample so that it malessible to on-line monitoring.
Therefore, it can remove potential problems of liof- method. We describe the
system and show the feasibility of the polarimgirpbe system by measuring the

glucose concentration in water-based glucose soluti



Chapter 2

Theory

2.1 Polarized light

The simplest manifestation of polarization to vigeais that of a plane wave,
which is a good approximation of most light wavasp{ane wave is a wave with
infinitely long and wide wavefronts). All electr@gnetic waves propagating in free
space or in a uniform material of infinite exterstvh electric and magnetic fields
perpendicular to the direction of propagation. @ontionally, when considering
polarization, the electric field vector is descdb&nd the magnetic field is ignored
since it is perpendicular to the electric field gmdportional to it. The electric field
vector may be arbitrarily divided into two perpesuar components labeled x and y
(with z indicating the direction of travel). Forsample harmonic wave, where the
amplitude of the electric vector varies in a sindabmanner, the two components
have exactly the same frequency. However, thesspooents have two other
defining characteristics that can be dissimilarirstFthe two components may not
have the same amplitude. Second, the two comp®maay not have the same
phase, that is they may not reach their maximanaimima at the same time. The
shape traced out in a fixed plane by the elecgittar as a plane wave displays the
current polarization state. The Figure 1 showsesexamples of the evolution of

the electric field vector (blue) with time (the tieal axes), along with its x and y



components (red/left and green/right), and the paited by the tip of the vector in

the plane (purple):

JUSAYORY

Linear Circular lliptical

Figure 1 Three types of polarized light

In the leftmost Figure 1, the two orthogonal (pewtieular) components are
in phase. In this case, the ratio of the strengifitts the two components is constant.
In addition, the direction of the electric vectahg vector sum of these two
components) is specifically constant. Since theofithe vector traces out a single
line in the plane, this exceptional case is cafl@tear polarizatioi. The direction
of this line depends on the relative amplitudestlaf two components. In the
middle Figure 1, the two orthogonal components hexactly the same amplitude

and are exactly ninety degrees out of phase. ifndaise, one component is zero



when the other component is at maximum or minimumplaude. There are two
possible phase relationships that satisfy this irement: the x component can be
ninety degrees ahead of the y component or it eanibety degrees behind the y
component. In this specific case, the electridaretraces out a circle in the plane.
Thus, this specific case is call¢dircular polarizatiofi. The direction the field
rotates in is determined by which of the two phasationships exists. These cases
are called right-hand circular polarization andt-kdnd circular polarization,
depending on which way the electric vector rotatesll other cases, that is where
the two components are not in phase and eitheradchave the same amplitude
and/or are not ninety degrees out of phase ared:&lliptical polarizatiof because

the electric vector traces out an ellipse in tlanpl(the polarization ellipse).[18]



2.2 Optical activity and Specific rotation

Optical activity is the ability of a chiral moleeuto rotate the plane of plane-
polarized light. When polarized light passes tlgloa substance containing chiral
molecules (or nonchiral molecules arranged asynicadity), the direction of
polarization can be shifted (rotated). Figure Bveh the rotation due to optical

activity of chiral molecule.

a
bC
T 32'; T
: b% .

Plane-polarized
light

Figure 2 The characteristic of Chiral moleculeti€q activity

The plane of polarization could rotate clockwisecounter-clockwise due to
the molecular conformation of an optically actiwpound. Molecules possessing
the ability to rotate light to the left or counteockwise are denoted as levorotatory.
Relatively, those rotate light angle to the right adockwise are referred to as

dextrorotatory as shown in Figure 3.[17,19]



Dextrorotatory Levorotatory

rotates light to the rotates light to the
right (clockwise) left (counter-
clockwise)

Figure 3 An example of optically active enantiomer

The specific rotation of a chemical compound isirdef as the observed
angle of optical rotation when plane-polarized light is passed through apsamith
a path length of 1 decimeter and a sample condemiraf 1 gram per 1 deciliter.
The specific rotation of a pure material is aniitdic property of that material at a
given wavelength and temperature. Values shouwldya be accompanied by the
temperature at which the measurement was perfoanddhe solvent in which the
material was dissolved. Often the temperatureoisspecified; in such cases it is
assumed to be room temperature. Although the fotma for specific rotation
values is deg chy-1, scientific literatures practically apply taeit of degrees as the
measurement. A negative value means levorotatmation and a positive value
means dextrorotatory rotation.[20] The amount athtion is proportional to the
number of molecules encountered by a polarized ligtam as it passes through a
sample of an optically active compound.

In equation (1), it is assumed that the wavelengthmonochromatic

polarized light is constant. If the wavelengthigay the rotation also changes in



inverse proportion to the alterations. The vaoiatin rotation with the wavelength
of the light is called optical rotatory dispersig@RD). The ORD values for
glucose through the visible spectrum are shownaibld 1.[16] The plot of specific
rotation as a function of wavelength is called ORDve, shown in Figure 4.[1]
Therefore, in equation (1), the use of single wangth is sufficient to measure the
concentration of sample and the change of wavedbtecah control the measurement

sensitivity.

Wavelength(nm) 656 589 535 508 479 447

Specific
Rotation 41.9 52.8 65.4 73.6 83.9 96.6

°/(dm g/L)

Table 1 Specific rotation of glucose at various@langths of light



[ S = r T = T B I = =
[ BT ) B = L -
r T

Specific Rotation [a] in °(g/L}'dm™
&5 & & 8

ot
g

550 600 650 700 50 800
wavelength (nm)

Figure 4 Glucose ORD curve in the visible spectrum
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2.3 Polarimeter

Optical rotation is measured with an instrumentecha polarimeter. There
is a linear relationship between the observed imtagnd the concentration of
optically active compound in the sample. Polaraneils based on the cross-
polarization as shown in Figure 5. If the lightoscillated vertically, the light will
be rotated by passing through the optical activepda.  Subsequently, the light can
be passed selectively according to the rotatiorleamdnich is proportion to the

concentration of optical active sample.

Parallel-polarization
(2 pola_rlzmg filters - - = =
aligned)
Only vertically oscillating light : Only vertically oscillating Iigh't
passes through passes through

Cross-polarization

(2 polari_zing filters = = _— _—
notaligned)
Only vertically oscillating light ' Only horizontally oscillating light
passes through passes through

Figure 5 The parallel polarization and cross-poédion

Each optically active substance has its own spenifiation. Therefore, the

amount of optical rotation is determined by theagmun (1) as defined by Bitlaw.

-11-



[a]" = 10
A LC (1)

Where [a] is the specific rotation of the optically active lexule at a given

wavelength, A, which is equal to the observed rotatiom,, divided by the sample
path length, L, and concentrationC .[2,3,7]

Polarimeter is basically composed of 5 compondater, linear polarizer,
sample, analyzer (a second linear polarizer), anidatior. The basic polarimeter is
shown in Figure 6. A laser is used as light sourCEwo linear polarizers are
placed in perpendicular direction. Due to croskedpmation, the analyzer (a second
polarizer) determines the concentration by rotatiogle of polarization axis. If no
optical active substance is in sample, theoreticdiiere would be no light from
analyzer. If an optical active substance existssample, the light which is
proportional to the rotation angle according to¢bacentration would be transmitted
from the analyzer. Thus, the concentration of agbtiactive substance can be

calculated by polarimeter.

direction of light propagation

et ) - /:f’%: e
’ v \\ 1
l‘ ‘Y / ‘l\ J’ \\
Wlille T
1 V' \ l \ f
\‘ /’ ! \‘“!‘ \ "

light normal polarizer plane-polarized sample tube plane- analyzer viewer
souree light light containing a polarized
chiral compound light

Figure 6 The block diagram of basic polarimeter
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2.4 Moddling the polarimeter
Jones vector is used to represent polarizatioigbf for optical components.
Polarimeter can be expressed by the use of Jongikesa Jones matrix for each

optical component is indicated as shown in Table 2.

Optical component Jones Matrix
Horizontal Linear Polarization 1 0
00
Vertical Linear Polarization 00
01

Optically Active Sample (cos(g% ) —sin(g,)

(Clockwise rotation) S'n(%) COS(%)

Compensation Faraday [ cos(¢) sin(g)

(counter-clockwise rotation) —sin(g;) cos(¢)

Polarization Modulator cos(d, sin(wt))  sin((g,sin(w.t))
(-si n((g,sin(w,t)) cos((g,s n(wmt))j

Table 2 Jones matrices for optical polarizatiomponents

(where 8, is the depth of the Faraday modulatioy, is the modulation
frequency, tis the time, ¢ and ¢, represent the rotation angle induced by the

optical activity of compensation faraday rotatod giucose, respectively.)

-13-



In 2002, Qiujie et al proposed the modeling of palater for monitoring
glucose in the presence of varying the birefringei® They used frequency
modulation method to detect the phase differené@raday rotator was used for
modulating frequency of initial condition in thessgm. Optical components of the
system are a laser, polarizer, Faraday modulaptically active sample, Faraday

compensation, analyzer and detector.

Electric field vector can be written in the follavg form:

_(E(®
E‘(Eya) J

where E,(t) and E (t) represent the instantaneous scalar components.of

Therfore, in Qiujie’s system, the output Jones ixaian be derived by:

_(E® _(1 0) (cos(g) sin(g)) (cos(g) -sin(g)
“E, _(O Oj -sin(g) cos(g)) | sin(g) cos(g)

[ cos(g.sin(a,t)) sin(,sin(w,t)) ), (0 O 0
(—sin(@msin(wmt)) cos(Hmsin(wmt))J (O 1} 1]

:(—sin(ﬁmsin(%t)wg ~%) j
0

The output intensity | is proportional to the squaf the electric field:

| OE? =sin’(g, sin(w,t) + @) where =g, - ¢,

-14 -



Since thgd, Sn(w,t) +¢) is very small and the assumption is used:
| OE? =sin’(g,sin(aw,t) + @) 0(8,sin(w,t) +@)*

| O[8,sin(aw,t) +@]? = 6°sinqw,t) +2¢9, sin(w,t) + ¢

& 6?
= 2’“ ——zmcos(Zwmt) + 208 sin(w.t)+ ¢
& . &
=( 2’“ +¢) +2¢8,sin(@,t) - 2"" cos(2a,t) 2)

As shown in equation (2), the detected output Bitgnconsists of a DC term, a
frequency-doubled term and a modulated frequenayn.te The modulation

frequency term is used as the input of the compems&araday rotator. Locking
the frequency at the modulated frequency in thé sydtem, one can calibrate the

concentration according to the input voltages ofijgensation Faraday rotator. [8]

In our polarimetry probe system, the optical trisncomposed of laser,
polarizer, optically active sample, analyzer (piakx) and detector. In our system,
Faraday rotator was not used for minimizing opticaimponents. The output
intensity is depends on the rotation angle origiddtom optical activity of sample.

Therefore, in our system, the output Jones masixte derived by:
E_(Ex(t) j_(l Oj*(cos(qo) —sin((o)j* (0 O} [ O]
E,(t) 0 0) \sin(@p) cos(@) 0 1 1

-15-



_(cos(@ -sin(g)), (0 0), 0
LI I
_(0 =sin(p)), 0
lo o N J
[ -sing)

0

The output intensityl is proportional to the square of the electricdiel

EQ® Y
| OE*=| * j =sin’(¢); ¢ (sincethey is very small) (3)
E, (t)

As shown in the equation (3), the detected outptgnisity is composed of DC term.
In our polarimetry probe system, the output intgnsan be detected according to the

rotation angle originated from optical activitysdmple.

-16-



Chapter 3

Pre-experiment

3.1 Experimental Set up

In order to examine the effect of the optical platingth,in vitro experiments
were performed. Figure 7 shows the schematic ailmgf optical system designed
to simulate the polarimetry probe system. A Sm\gfaat a wavelength of 532nm
(Stockeryale, Salem, NH) was used as a light sourCEhe laser beam was
modulated at 100Hz by an optical chopper (Thorl&yton, NJ), then focused on
an optical fiber (Thorlabs, Newton, NJ). After looktion, the laser beam was
linearly polarized by a Glan-Thompson linear pdari (Thorlabs, Newton, NJ).
The linearly polarized laser beam propagates thrdahg sample cell and the second
polarizer which is aligned at perpendicular direatito the initial polarizer. The
body of sample cell is composed of opaque plagiid #he end of both sides of
sample cell was applied with slides glass as shaviigure 8. The laser beam was
finally collected by a photodiode (Thorlabs, NewtddJ). A digital lock-in
amplifier (Standford Research Systems, Sunnyvalg,Wias operated to measure the
signal at modulation frequency and obtain betteRSNThe output signal of lock-in
amplifier was sent to the computer to collect th&ad

Glucose solution was arranged by dissolving D-gbecpowder in distilled
water. Glucose concentration ranges from 0 thro88 mg/dl in 100 mg/dI
increment. Three sample cells were prepared inlehgth of 10cm, 15¢cm, and

20cm.

-17 -



Laser
(532nm)

Chopper Lens fiber

Chopper
Controller

Polarizer
v

........ lm_,f‘

x\

_>

Sample cell»

V/

Collimator

v

A 4

Photodiode

A\ 4

Lock-in
amplifier

Figure 7 The schematic diagram of optical syssirmulate the polarimetry probe

system

Figure 8 Three sample cells: 10cm, 15cm, 20cm
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3.2 Results and Discussion

3.2.1 Validation of effect of variable path lengths

Three sets ofn vitro experiments were performed to observe the effect of
optical path length in polarimetry. The primaryadf the procedure is to show the
effect of optical path length and the detected ag#t alterations by glucose
concentration. The sample cell was placed between polarizers in the same
position along the optical train. A concentratiamges from 0 mg/dl to 600 mg/dl
in 100 mg/dl increment. Intensity of each concaidn was measured during 20
seconds and the average value was recorded as shdwgure 9. Figure 9 shows
the observed intensity as a function of glucosecentrations for each sample cell:
(a) 10cm, (b) 15¢cm, and (c) 20cm sample cell. &imegression was performed for
data analysis. Each case shows a linear trend)d¥€0.91 (b) B = 0.93 (c) R=
0.93 (Origin 8.0 version). Figure 9 shows the obse intensity with the error bar
which is standard deviation of measurement valueingu20 seconds. The
fluctuation of laser is within the purview of theasdard deviation of measurement.
In Figure 9, the result of 20cm sample cell is régtly the most ideal to discriminate
concentrations. For example, in 10cm sample dedl standard deviation of
100mg/dl can be an error in 200mg/dl measuremehineans that the range of laser
fluctuation is involved in the difference of two rezentrations intensities: 100 and
200mg/dl. In 20cm sample cell result, the lasactflation is not involved in the
difference of intensities of each concentrationmast cases. It makes possible to
reduce the possibility of measurement error caubelaser fluctuation. In

consideration of laser fluctuation, optical pathgth can be the key of discriminating

-19-



concentration. That is, in high concentrationg, short optical path length can be
practicable to discriminate the concentrations. wehler, in low concentrations, the
long optical path length is essential to discrirténtne concentrations.

In addition, observed intensities of each casebeareflected in comparison.
As theoretically expected, the observed intensigs\increased as a function of
optical path length. In fixed concentration, tidensity of 10cm sample cell was
increased almost two times in 15cm sample cellthrek times in 20cm sample cell.
It means that the optical path length acts as &a@loiactor in constant concentration
of sample. In 10cm sample cell, low concentratiofislOOmg/dl and 200mg/dl
were experimentally difficult to discern. Howevén, terms of effectivity it was
better to discriminate in 20cm sample cell. Thsuheproves that the increment of
optical path length increases the degree of ratatid polarized light. Thus,
improvement of measurement sensitivity was reportetbsserved. Based on the
outcome, the polarimetry probe was designed toigeogufficient sensitivity and

accuracy by varying the optical path length.

-20-
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= 20cm cell
Linear fitting

3.5+

3.0 E
2.5
2.0
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t
0.5- E

Observed Intensity (V)

0.0
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(c) 20cm sample cell

Figure 9 Observed intensity as a function of ghgcooncentration for each

sample cell
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Chapter 4

Design polarimetry probe system

4.1 First design of polarimetry probe

In polarimetry, the rotation degree of the poladizéght is linearly
proportional to the optical path length. The psscéndicates that longer optical
path length results in greater measurement scatietefcted signal. Based on the
fundamental theory, an optical polarimetry probesdasigned to control the optical
path length and therefore, the measurement sansitiv

The polarimetry probe was initially designed asvatdin Figure 10. Figure
11 shows the prototype of polarimetry probe iniyiglesigned. The diameter size
of prototype probe is 2cm. Laser beam is guidegrdbe by optical fiber(Thorlabs,
Newton, NJ) equipped with collimator. In the prodaser beam is linearly
polarized by a linear sheet polarizer (Thorlabswidéa, NJ) and then, propagates to
two right angle prism mirrors mounted at the bottoithe probe. After two right
angle prism, laser beam passes through the opartadetermine the concentration.
In the following procedure, laser beam passes tirothe second linear sheet
polarizer (Thorlabs, Newton, NJ) to determine tbhacentration by rotation angle.
The laser beam passed through the second linearizmil is collected at collimator
with optical fiber which is forwarded to the detmct The detected signal at photo-
detector is sent to the digital lock-in amplifierThe corresponding signal is

amplified and is reported to the computer to baieately recorded.
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A considerable number of problems were discoverednd experiment.
First of all, the mid-level window of probe caust® light to be depolarized.
Consequently, the depolarizing issue makes diffimumeasure the signal difference
according to each concentration. Thus, concentratican not be discriminated.
Secondly, in low concentration level, the maximuariable optical path length is
approximately 9cm. The insufficient maximum lengtields low signal output
which makes difficult to detect the difference acliog to concentration. In Figure
9, the 10cm sample cell result shows the incapgbdf differentiating the low
concentrations. Thirdly, the output collimatomigblematic to properly mount on
probe. The collimator demands to receive the lahhe center of collimator lens.
In the process of mounting right angle prism mirdhe reflection angle can be tilted.
Even a slight tilting angle allows complication adjust the output position of the

collimator.
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Figure 10 The first design of polarimetry probe

Slide movement

Figure 11 The prototype of polarimetry probe firstesigned
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4.2 Second design of polarimetry probe

To solve the problems of initial design of polartrge probe, the pre-
experiment procedure is essential. As a resulthevely conducted the polarimetry
probe to extend the variable optical path lengthhe new probe was designed to
allow dual open sample area to minimize the preingth while doubling the optical
path length. Figure 12 shows the new design ddrpuktry probe. In terms of the
structure, it has two tubes mounted in a guide rdilaser beam is guided to the
probe by optical fiber (Thorlabs, Newton, NJ) equgg with a collimator. In the
probe, laser beam is linearly polarized by a Glapsipson linear polarizer
(Thorlabs, Newton, NJ) and then, propagates to ggmnple area. With open
sample area, laser beam passes through two righg prism mirrors mounted at the
bottom of the probe. After second open area, dserl beam passes through the
second polarizer and is collected by photodiodehe Tigital lock-in amplifier
presents the electrical signal detected by theqolimte and the electrical signal is
forwarded to the computer in order to determine ¢bacentration. Due to the
limitation of laboratory technique, the probe has4l5cm square in size.

However, the newly designed polarimetry probe alided a problem.
Two right mirrors causes the polarized light depekd. It also makes hard to

differentiate the concentrations as the first golatry design.
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Figure 12 The second design of polarimetry probe
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4.3 Final design of polarimetry probe

For the final conduct, we modify the previously idesd polarimetry probe.
Figure 13 displays the design of the modified poletry probe. In comparison
with first-designed polarimetry probe, it relatiye¢ias a longer variable optical path
length and employs the hosing-photodiode. It rezsothe difficulty of mounting
optics and makes easy to receive the output ligBompared with the collimator of
first-design, housing-photodiode increases the maofjdetect area. Therefore, it
allows the suitable mounting and provides the stalkasurement. By using micro
optics such as pin-photodiode, the polarimetry eraan be further downsized
compactly. The compact size has a potential tintegrated into other instrument
Compared with second-designed polarimetry probeelétively has single optical
path. Sizewise, the probe can be closely decrgas2dc 2 cm square. Moreover,
the final design does not employ any window andranér which prohibits the
possibility of depolarization. Figure 14 shows tfiral prototype of optical

polarimetry probe.
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Figure 13 The final design of polarimetry probe
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(a) Polarimetry probe

(b) The top of probe (c) The bottom of probe

Figure 14 The final prototype of polarimetry probe
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Chapter 5

Polarimetry probe system experiment

The polarimetry probe system consists of two urdtmtrol part and probe
part. The primary function of control part is twdulate the light and to process
signals while that of probe part is to measuredigeal. Figure 15 and Figure 16

shows the schematic diagram and the image of podary probe system.

Laser
(532nm

\ 4

A
<4
«—

\

_______ ?4\‘* Collimator

\
<+

. i— Polarizer
Chopper N LOCk-'lljl :
Controller] | amplifier .'
54—.’
v <«—— Photodiode
< Control Part > < Polarimetry Probe >

Figure 15 The schematic diagram of polarimetnbpreystem
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Figure 16 The image of polarimetry probe system
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5.1 In-vitro experiment

To characterize the probe systein;vitro experiment was performed.
20cm sample cell is used as optical path lengttaaiple. Sample cell is placed on
the guide rail during experiment. Measurement queris 20 seconds in each

concentration

5.1.1 Characterization of water based glucose concentration in
probe system

Similarly to the preliminary experiments, the wabersed glucose solution
was used to evaluate the performance of opticarjpoétry probe system. Glucose
concentration range of 0-1000mg/dl in 200mg/dl émeent was used in this
experiment.

Figure 17 shows the observed intensity resultech fitee function of glucose
concentration that demonstrates the same patteth Wie pre-experiment.
According to the linear regression analysis, thecame shows the linearity with
correlation coefficient of 0.988 (Origin 8.0 Versjo Although observed in voltage
scale to measure the intensity of experiment asvsha Figure 17(y axis), the
differentiation of concentration would be shown imudearer when the scale of

observation adjusts to milli voltage scale.
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Figure 17 Observed intensity as a function of ghgcconcentration
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5.1.2 Comparison with theoretical value

For research evaluation, the experiment data waspamd with the
theoretical value that linear regression analysis ywerformed in particular to
confirm the correlation of theoretical and expenitealues.

The predicted value can be calibrated using thatemu (1) and Malus’s law
with the information of wavelength, specific rotatiangle of glucose and glucose
concentration. Given the specific rotation of gise at 532nm, the rotation angle of
glucose concentration can be calculated from theatan (1). Accordingly the
output light intensity can be calculated by Maluklay equation (4) with the input

light intensity and the calculated rotation angle.
| =1,cos 8 4)
Where |, is the intensity of linearly polarized light begothe analyzer and is

the intensity after passing the analyzer afdis the angle between the plane of
vibration and the axis of the analyzer. Table 8idates the theoretical values
calculated by the equation (4), which implies lineglationship between theoretical
value and concentration.

The predicted versus actual values were plotteignre 18. It shows the

linearity with the correlation coefficient of 0.85Drigin 8.0 Version)
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Concentration (mg/dl)

Theoretical value (V)

0 0
200 2.471*10
400 0.884 * 10
600 22.239 * 10
800 39.536 * 10
1000 61.776 * 10

Table 3 The theoretical value according toglueose concentration

0.00007

0.00006

0.00005

0.00004

0.00003

0.00002

0.00001

Theoretical value (V)

0.000004q =

0.0 0.2

0.4 06 08
Actual value (V)

1.0 1.2

Figure 18 The theoretical versus actual value
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5.1.3 Validation experiment
In order to validate the repeatability of experitmeralidation experiment
was performed. The result of Figure 17 can be @ased calibration function that

resulted in equation (5).

y =0.24081* - 0.2237 ()

Four random glucose concentrations were used $netkperiment: 150, 350,
550, 750 mg/dl. Table 4 shows the comparison betvealibration value from the
equation (5) and measured value of concentratidiine calibration versus measured
values was plotted in Figure 19. It shows the higlyree of linearity with the

correlation coefficient of 0.989. (Origin 8.0 Veon)
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Concentration (mg/dl)

Calibration value (V

Meaglxalue (V)

150

-0.007

0.154446

350

0.281971

0.369764

550

0.570943

0.597032

750

0.859915

0.899798

Table 4 Calibration value versus measured value

1.0+
0.94
0.84
0.7+
0.6 1
0.54
0.4+
0.3 1
0.2
0.1+

Measured value (V)

0.0

T T T
0.2 0.4 0.6

Calibration value (V)

1.0

Figure 19 Calibration versus measured value
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5.2 In-situ (Immersion) experiment

5.2.1 Characterization of water based glucose concentration in

probe system

For the purpose of performance evaluatiorsitu experiment was performed.
During experiment, polarimetry probe is placedhe solution as immersion state.
Glucose concentration range of 0-3000mg/dl in 50@dirigcrement was used in this
experiment. Measurement period is 20 secondsdh eancentration. Figure 20
shows the observed intensity resulted from theagaconcentration. It shows the

linearity with the correlation coefficient of 0.93®rigin 8.0 Version)
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Figure 20 Observed intensity as a function of ghgcconcentration
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Chapter 6

Conclusion and Futurework

The aim of this study is to develop an optical patmgth variable
polarimetry probe for optical active sample measwnet. The polarimetry probe is
designed to vary the optical path length thus #assibility of concentration meter is
confirmed.

Commercial polarimetry system is based on off-lmeasurement which
causes potential problems to measurement suchngdesaontamination, unstability
and time delay. However, the polarimetry probaeysin this research has adopted
on-line measurement for several advantages: nosivevanethod, variable optical
path length, needless of sample extraction and eaosgiion reagent, and
compactness and simplicity.

In 1997, Cote’ et al developed the closed-loop fwolatry system using
phase measurement technique for measurement ofosglucconcentration.
Compared with the phase measurement system, optitalimetry probe system is
simple and easy to measure. Cote’ et al employ&taalay rotator to verify the
measuring phase difference to decide compensatalge vfor initial condition
setting.[6,7] However, the optical polarimetry lpeothat is developed in this
research is rather simple due to its dependendigluriransmittance originated from
optical rotation.

The future research will focus on two aspects. @ri® make a complete

product. The system that developed to prove oocept could have been realized
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by the inspiration from the prototype that servedaaguide rail. Made with round
shape aluminum material, the final product wilbkosimilar to Figure 11 that is
easily applicable in solution.

Some problems have also found during experimenirstlf; compared with
the result of pre-experiment aivitro experiment, the observed intensityiofsitu
experiment was decreased. Accordingly, the rafig®centrations was increased
to detect the signal im-situ experiment. The difference betwenvitro andin-
situ experiment was the state of sample. infitro experiment, the solution was
contained in sample cell while the solution wasamtact with polarizer inn-situ
experiment. The difference between three expetisnen suspected to the result
from unknown interaction between polarizer and sofu Secondly, reflection
light was depolarized proving the inappropriatenessecond design polarimetry
probe regardless of the polarization-maintain righgle prism. The improvement
of this problem could shorten the length of prdteg wwould optimize the appearance
of the final design polarimetry probe.

Another aspect is related to application field. laFimetry probe can be
applied in many fields. For example, in cell crdtyprocess, glucose concentration
can be defined by the variation of cell culture vehthe time of exchanging medium
is crucial. Polarimetry probe can detect the gbec@oncentration of medium
without the extraction of sample nor the chasm lisevvation time. Also, it can
control the measurement sensitivity by variable iogpt path length in low
concentration. Consequently, the polarimetry pragstem can be used as an
indicator of culture medium and warning system Whigforms the time of medium

exchange.
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Current system is verified in water-based glucoskiti®n. It has only
single optical active substance easily detectablie.a mixture such as cell culture
medium, one optical active substance will affeabthar optical active substance’s
rotation angle in detected signal, which causemeaasurement error. Therefore, if
the application field is to required to detect taranore optical active substances, the
method to differentiate rotation angle independeit mixture needs to be further
studied.

Polarimetry probe system might have less accuratit has an advantage of
variable optical path length. In addition, on-limeasurement is possible in
polarimetry probe system. The prototype of polatiy probe system still has some
problems. However, the polarimetry probe systeamiges good performance with

few complements.

-43-



Chapter 7

Reference

[1] R. J. McNichols and G. L. Coté, “Optical glueosensing in biological fluids: an
Overview,” J.Biomed. Opt, 5 (1) 5-16 (2000).

[2] B. D. Cameron, H. W. Gorde, B. Satheesan anl. @oté, “The use of polarized
laser light through the eye for noninvasive glucos®nitoring,” Diabetes

Technology & Therapeutics 1, 135-143 (1999).

[3] B. D. Cameron and H. Anumula, “Development of real-time corneal

birefringence compensated glucose sensing polaifiddiabetes Technol Ther, 8
(2):156-64 (2006 Apr).

[4] B. Jung, S. Lee, I. H. Yang, T. Good and G.Qote’, “Automated on-line

noninvasive optical glucose monitoring in cell oot system,” Appl. Spectrosc, 56
(1), 51-57 (2002).

[5] G. L. Cote’ and B. D. Cameron, “Noninvasive &udnetric measurement of
glucose in cell culture media,” J. Biomed. Opt3% 75-281 (1997).

[6] G. L. Coté, M. D. Fox and R. B. Northrop, “Noniasive optical polarimetric
glucose sensing using a true phase technique,” IEEHBSs. Biomed. Eng. 39(7),
752756 (1992).

[7] B. D. Cameron and G. L. Coté, “Noninvasive glae sensing utilizing a digital

closed-loop polarimetric approach,” IEEE Trans.Béu. Eng. 44, 1221-1227 (1997).



[8] Wan. Q, “Dual wavelength polarimetry for momnitay glucose in the presence of
varying birefringence,” Master Dissertation, TeXe&M University, College station,
TX(2002)

[9] J. S. Baba, B. D. Cameron, S. Theru and G. dtéC"Effect of temperature, pH,
and corneal birefringence on polarimetric glucogsmitoring in the eye,” J.Biomed.
Opt. 7, 321-328 (2002).

[10] T. W. King, G. L. Coté, R. McNichols and M. &otez, “Multispectral
polarimetric glucose detection using a single Plsckell,” Opt. Eng. 33(8), 2746-
2753 (1994).

[11] H. Anumula, A. Nezhuvingal, Y. Li and B. D. @eron, “Development of a
noninvasive corneal birefringence compensated gkis®nsing polarimeter,” Proc.
SPIE 4958, 303-312 (2003).

[12] Q. Wan, G. L. Coté and J. B. Dixon, “Dual-wéumgth polarimetry for
monitoring glucose in the presence of varying bingence”, J Biomed Opt.
10(2):024029 (2005).

[13] B. Rabinovitch, W. F. March and R. L. AdamsiNdhinvasive glucose
monitoring of the aqueous humor of the eye. PaiMéasurement of very small
optical rotations,” Diabetes Care 5, 254-258 (1982)

[14] W. F. March, B. Rabinovitch and R. L. AdamsiNdhinvasive glucose
monitoring of the aqueous humor of the eye. ParAflimal studies and the scleral
lens,” Diabetes Care 5, 259-265 (1982).

[15] J. McMurry, “Organic Chemistry,” 3rd ed., Brk&/Cole Publishing Company,

Pacific Grove, California (1992)

-45-



[16] C. A. Browne and F. W. Zerban, “Physical ande@ical Methods of Sugar
Analysis”, 3rd ed., Wiley, New York (1941)

[17] E. L. Eliel and S.H. Wilen, “Stereochemistr§ @rganic Compounds”, John
Wiley & Sons Company, New York (1994)

[18] http://en.wikipedia.org/wiki/Polarization

[19] http://en.wikipedia.org/wiki/Optical_rotation

[20] http://en.wikipedia.org/wiki/Specific_rotation

- 46 -



e okl A

ol
=~

5
o}

EREEERE

i -~
WE X

o,

el

N

Z

=K

N

—_—

ol
ﬂ

R

KH
™
o}

=)
0
o

G

ruze)

Nr
o

o
N
{|m
!

o]

I

AR L
0=

=4 vk (Polarimetry)e

A3

A2

AoA, # A=el 7}

29

T
2
)l

—_—

)

=0
=

-47 -



	TABLE OF CONTENTS
	ABSTRACT
	1. Introduction
	1.1 Background of research

	2. Theory
	2.1 Polarized light
	2.2 Optical activity and Specific rotation
	2.3 Polarimeter
	2.4 Modeling the polarimeter

	3. Pre-experiment
	3.1 Experimental Set up
	3.2 Results and Discussion
	3.2.1 Validation of effect of variable path lengths


	4. Design polarimetry probe system
	4.1 First design of polarimetry probe
	4.2 Second design of polarimetry probe
	4.3 Final design of polarimetry probe

	5. Polarimetry probe system experiment
	5.1 In-vitro experiment
	5.1.1 Characterization of water based glucose concentration inprobe system
	5.1.2 Comparison with theoretical value
	5.1.3 Validation experiment

	5.2 In-situ (Immersion) experiment
	5.2.1 Characterization of water based glucose concentration inprobe system


	6. Conclusion and Future work
	7. Reference
	국 문 초 록

