Proc. 2 Saudr Sci. Conf. fuc. Sci, KAU, 15-17 March 2004, Part II, pp. 123-129 (2005 A.D./1425 AL,

Laser Interference Measurement of Glucose in Liquids
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ABSIRACT. In this study. we arc developing a new method. which has been
invented hy one of our investigators, for measnring the glucose concentration in
liquids, The mecthod 1s called the laser sheet method. The proposed method
allows ns to performt an accuratc measurement of refractive imdex of liguid
samples. We used this techmque to measure glucose eoncentration in distilled
water {ranging from 10 to 30%). We obtained a good correlation hetween the
glucose concentration and the refractive index. This method will be lurther
developed to measure glucose concentration in plasma and iu anti-coagulated
blood from human volunteers. If the technique is successful, it has the potential
of becoming the principle of a4 new hlood diagnostic machine based on lascr
interference.

Introduction

There are reportedly more than 150 million diabetic people in the world at the moment,
and this figure is expeeted to double within the next ten years. Diabetes mellitus is a
serious disease that not only atfects the patient’s internal organs, circulation system and
eyesight, but also his/her entire life. It is a medical condition in whiech the body docs not
adcquately produce the quantity or quality of insulin needed to maintain normal circulating
blood glucose. In diabetic patients, the synthesis and metabolism of glucosc is abnormal
that lcads to abnormal blood glucose levels in the body tissues. Diabetic patients suffer
from many aeute and chronic symptoms and diseases. They are at high risk of heart
discase, blindness, reduced blood circulation in extremities often leading to ulcers,
gangrencs and limb imputations. It is vilal for diabetic patients to monitor blood glucose
levels and take medication to control rhe glueose level in their body. Many types of
glucose meters are commercially available, Glucose meters arc a 3 billion dollar business
worldwide. In this study we are investigating a new technique for measuring the glucose
level in liquids using laser refraction technique.

In lahoratory, the most traditional methods in measuring the glucose concentration
are classified as: 1) Enzymatic (for cxample glucose oxidase and hexokinassc) 2)
Colorimetric {for example O-tolidine). In the glucose oxidase method, the enzyme glucose
oxidase catalyses the oxidation of glucose to gluconic acid and hydrogen peroxide.
Consequently, addition of the cnzyme peroxidasc and a chromogenic oxygen acceptor,
such as o-di-anisidine, results in formation of color that can be mecasured. It is
characterized by high scnsitivity, accuracy and reliability. Other traditional methods, such

123



124 Nahf Mualel. H. Ft Ghandoor. Daflad A-Tammare and T Nasser

s

as potcniiometery or ampceremetry can be used to delermine the glucose content during the
glucosc oxidation reaction. These methods are suinmarized in reference [1].

Optical techniques have been used cxtensively at the cnd of the last century (o
measure the glucose concentration. Good overviews over non-invasive optical techniques
are provided by references [2-4], Tn 1975, the first precision optical polarimeter using the
Faraday effect was introduccd by Gillhamn [5]. Now, there are many other optical, non-
invasive and promising technologies used in a blood glucose monitoring system, which
are: 1) ncar-infrared light (ransmission and reflection) (NIR), 2) far-infrared (FIR)
radiation spectroscopy, 3} radio wave impedance, 4) optical rotation of polarized light and
5) fluid extraction from skin 6) Spatially-resoived diffusc reflectance 7) frequency-domain
reflectance 8) oplical cohercnee tomography 9) Raman specetroscopy 10} pulsed
photoacoustic,

The objective of this study is to mcasurce the refractive index of a clear liquid with
accuracy better than 107 and relate it to its glucose concentration. The method was
recently developed to examine crude oils and optical fibers [6-9], and has been moditied in
this work to include capillary thes filled with glucosc solution. In this mcthod, a laser
beam impinges on the capillary tubes in a forin ot a sheet that covers the whole width of
the capillary tubes. Consequently, transverse interference {ringes will be formed in a
vertical arrangement with locations directly related to the angles of refractions and, hence,
to the rcfractive index of the liquid inside the capillary tuhe. The refractive index changes
due to changes in glucose concentration.

Experimental Setup

A schematic diagram of the experimental setup is shown in Fig. |. Capillary tubes
(inner and outer diameters 0.5mm and | mm, respectively) filled with glucose solution were
placed on a fixed holder, one at a time, and were illuminated by a laser shect trom a 50-
W HeNe laser in the z-direction. The shect was formed hy passing the laser beam
through a microscope-objective lens, a collimating lens, and a eylindrical lens whose axis
was parallel to the axis of the capillary tube (along the x-dircction). The formed shect had a
length of approximately 5cm, and a thickness wide enough to illuminate the whole width
of the capillary tubc. The resulting interference pattern was formed at the capillary tube
itself and also in the region behind it where it was projected onto a fixed screen whose
planc was kept perpendicular to the 7-axis. A digital image of the projccted interference
pattcrn was then taken using a CCD camera, storcd in a computer and later retrieved for
carrying out the analysis.

The thin capillary tubcs made it possible [or the interference patterns from the
glucose solution 1o be visible in transmission, while the design of the capillary-tube holder
made it possible Lo reeord the interference patterns immediately after securing the glucose
solution sample in place. The measurements were carried out independently from each
other. Thercfore, the analysis of the resulting interference image of each samplc was madc
on all the interfercnee fringes to scarch for the correct interference order, All samples were
trcated under the same exact experimental conditions of room temperature (26°C) and
duration of exposure.
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Fig. |. Schematic diagram of the experimental setup.

Results and Discussion

Image of the resulting transverse interference patterns for one of the samples is
shown in Fig. 2.a. The interference patterns shown in Fig. 2.a corresponds to the upper
halt of the capillary tuhe only; those corresponding to the bottom half arc symmetrically
inverted in shape and arc not shown in the figure. The palterns comprise only a focw
number of interference fringes, which werc found to be typical for homogeneous liquids
and could be explaincd in terims of two-beam type intcrferenee hetween pairs of laser rays
passing through different optical media. Figurc 3 shows the ray-traeing diagrams of a few
of the possible combinations that can producc interference fringes. A tringe can be formed
as a resull of interfercnce between R3. which passes entirely (hrough the wall of the
capillary tube, and R6, which passes perpendicularly through the middle of the capillary
tubc. Another fringe can he formed by the interference hetween a laser ray that enters the
tiquid medium at an angle, 1.e. R5, and one of the non-refracted rays that passecs through
the air on top of the capillary wbe, i.c.. R2, and a different fringe ¢an also be formed due to
interference between R4, a ray that suffers total internal reflection at the glass/liquid
interface, and another ray {from the group that passes on top of the capillary tube, i.c., R1.

(a) (<)

Fig. 2. (a} Example of a raw imagce of the wansverse interierence pattern obtained from one expenment; (b)
and (¢) Digually processed images of the raw image in (a).
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Fig. 3. Ray tracing of sclected rays impinging on the uppcer hemisphere of the capillary wbe. The locations ol
threc possible fringes arc shown on the screen at the right.

The reason that the interference fringes are bell-shaped has to do with two combined
factors. The first 1s the curved surface area of the capillary tube and the second is the fact
that the combination of the lenses in the setup creates a thin laser sheet whose rays are
parallel along the y-axis only but not along the x-axis. Therefore, along the x-axis, the axis
of the capillary tube itself, the laser sheel acts as a one-dimensional extended source whose
rays travel through the mcdia in a tilted, but symmetric, manner. This leads 1o the
formation of lip, corresponding to the ray that is exactly perpendicular to the x-axis, and
two symmetric wings, corresponding to pairs of rays having the same angle at each sidc of
the perpendicular ray (in the x-z planc).

The optical paths of thesc six rays between the tangential lines |; and 1; defined on
Fig. 3 can be expressed in terms of the refractive indices of the air (n,), glass (n,), and
liquid (r,), without taking into consideration the phase change occurring at the media
interfaces, as follows:

OPL, =2 n, R, . (1)
OPL>»=2 ny Row (2)
OPL:= 2n R, (1—cosf,) + ng AB , (3)
OPL= 2n R, (1-cost,) +2ny CD | (4)
OPLs= 2n R, (1—cos®.) +2 ng FG +m, GH , (5)
OPL6=2 iyt (Rou — Run) + 2 1y R (6)

where R;, and R, are the inner and outer radii of the capillary tube, respectivcly, 64, B¢,
and Or arc tbe incident angles at points A, C, and F, respectively. (Explicit equations for
these optical path differences in terms of the angles of incidenee can be found in Ref. 8).

Before an accuratc analysis can bc made the images in Fig. 2.a had to be digitally
processed. This was donc by using MATLAB-based software that was dcveloped to



Laser tnterference Measurement of Glucase in Liguids 127

conduct a search for the maximum and minimum brightness of the fringes and to report
them as functions of position (x and y). This allowed highly contrasted constructive and
destructive interference fringes to be exactly defined, Figure 2.b and ¢ show the ocutcome
of this digital processing on the transverse interference patterns of crude oils D and F.

The refractive indices of glucose solutions were determined for glucose
concenurations of 10, 20, 30, 40 and 50% by weight. Figure 4 shows a plot of the refractive
index as a function of the glucose concentration, The plot demonstrates an merease in
refractive index with the increasing glucose eoncenuration. The accuracy of these data
points is based on the parameters that define the locations of the fringes which in turn
correspond to displacemenls that are proportional to Y2 X, and is estimated to be 5x10°°.
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Fig. 4. A plot of the glucose solunon refractive index as a Tunction of the alucose concentration.

Conclusiou

In conclusion, our work represents an attempt to measure the glucose concentration in
liquids in lerms of its refractive index using a capillary tube interferometer. The (est tubes
filled with glucose solutions were illuminated hy a thick He-Ne laser sheet and he
resulting transverse interference patterns were projecled on a screen whose plane was
perpendicular (o that of the laser sheet. The patlerns showed a few numbhers of bell-shaped
fringes. The pattcrns are analyzed using a modified soltware package and the reflractive
indices of the glucose samples were delermined with accuracy of 5x10™ hy measuring the
defllection angles of the fringes and Lthen by using Ahbe’s transformation. We ohtained a
good correlation between the refractive index and the glucose concentration in water. The
high accuracy obtained makes this technique a valuable one for measuring the
concentration in our samples. It may also prove uselul as a tool for many other applications
such as testing the glucose concentration and variation in hlood.
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