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An enzyme-free optical method is proposed for estimating high concentrations of glucose in a
glucose-lactose mixture, based on a predictive equation that takes advantage of the reflective optical power
observed at two discrete wavelengths. Compared to the conventional absorption spectroscopy method based
on Beer’s Law, which is mainly valid for concentrations below hundreds of mg/dL, the proposed scheme,
which relies on reflection signals, can be applied to measure higher glucose concentrations, of even several
g/dL in a glucose-lactose mixture. Two probe wavelengths of 1160 and 1300 nm were selected to provide
a linear relationship between the reflective power and pure glucose/lactose concentration, where the relevant
linear coefficients were derived to complete the predictive equation. Glucose concentrations from 2 to 7
g/dL in a glucose-lactose mixture were efficiently estimated, using the established predictive equation based
on monitored reflective powers. The standard error of prediction was 1.17 g/dL.
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I. INTRODUCTION

The detection of high concentrations of glucose in complicated
mixtures has attracted an abundance of attention in the
food, beverage, and fermentation industries, as well as in
the treatment of disease in domestic animals, where glucose
mostly acts as a vital substance and is present in high
concentrations, from 1 to 10 g/dL [1-8]. Schemes employing
highly efficient liquid chromatography and glucose oxidase
have been used to predict high glucose concentrations in a
complex situation [2-8]. However, most previous approaches
were susceptible to several critical disadvantages, including
sample destruction, short enzyme lifetime, long measurement
time caused by either the catalytic reaction or substance
separation process, and high cost resulting from immobilization
of the enzyme. To mitigate these issues, optical detection
schemes have been adopted for their salient features, including
an enzyme-free process, fast response, and the potential for
noninvasive detection. Absorption spectroscopy based on
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Beer’s Law assumes a linear relationship between glucose
concentration and absorbance [9-14], which is only good
for concentrations below hundreds of mg/dL [15]. It has
been noted that a bulky, expensive spectrometer is required
to continuously monitor the absorption spectrum [10, 12].

In this paper, an enzyme-free optical method is proposed
and demonstrated to predict high concentrations of glucose
in a glucose-lactose mixture, by drawing upon the reflective
optical power observed at two probe wavelengths. It is
noted that lactose in particular is selected as the interfering
material to better mimic practical situations, considering
that it is one of the most common components of food
and beverages [16]. By investigating the wavelength-dependent
correlation coefficient (CORR(L)) for the reflection spectrum
and concentration of pure glucose/lactose solution, conspicuous
candidates for the probe wavelengths are initially selected
to exhibit a linear relationship between reflective power
and glucose/lactose concentration. A set of proportionality
coefficients is subsequently derived to develop a predictive
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equation, which is eventually validated by comparing predicted
and actual glucose concentrations.

II. PROPOSED GLUCOSE DETECTION USING
REFLECTIVE OPTICAL POWER FROM A
GLUCOSE-LACTOSE MIXTURE

Rather than using absorption spectroscopy based on Beer’s
Law, we aim to predict glucose concentrations as high as
several g/dL in a glucose-lactose mixture by exploiting the
reflective optical power available from the mixture. This
power is observed by employing a mirror, without resorting
to a spectrometer, which is potentially desirable for noninvasive
glucose detection. Actually, the prediction relies on the
relative optical power, which is tantamount to the observed
optical power normalized with respect to the signal available
from pure water. The proposed detection scheme involves
the following two equations, implying a linear relationship
between the concentration of pure glucose/lactose solution
and the corresponding reflective power [13, 17]:

P =P, +P,=aC,+bC, and

1
P =F,+P,=a,C;+bC, M

For i = 1 or 2, Ps;, P, and P; respectively represent
the reflective power for a pure glucose solution, a pure
lactose solution, and a glucose-lactose mixture, which are
obtained at a probe wavelength 4. C; and C; refer to the
concentration of the pure glucose and lactose solutions
respectively. The coefficients of proportionality are accordingly
designated by a; and b

We have chosen probe wavelengths A, and 4, under the
condition that the magnitude of CORR(1) between the
reflection spectra and concentrations is in the vicinity of 1
for both pure glucose and lactose solutions. The reflection
spectra for the pure glucose and lactose solution have been
normalized relative to the spectrum of pure water. The
correlation coefficient is determined by the following equation:

CORRMA) =" 1,(C, (A)=C(2))(R, (2)-R(1))/

(e ()-C)) (R ()-R())

For a total of n different glucose solutions, Ci(4) and
RK(A) respectively denote analyte concentration and reflection
spectrum associated with the K" glucose solution. C(1) and
R(A) are the relevant average concentration and reflection
spectrum [18]. This procedure has been similarly applied
to the case of lactose as analyte. CORR(1) may be either
positive or negative; a negative value indicates that the
corresponding reflection spectrum decreases when the concent-
ration of glucose or lactose increases. When the two probe
wavelengths had been determined, the linear coefficients

a,, b, a,, and b, for glucose and lactose, per Eq. (1),
were found by examining the reflective power from a
group of reference solutions of glucose and lactose with
different concentrations. According to Eq. (1), the glucose
concentration is given by C; = (b,P, - b,P,) / (a\b, - a,by).
The predictive performance is evaluated in terms of the
standard error of prediction (SEP):

T 0
SEP=\/HT ;(CG ~Cy, —Bias)

N 3)
for Bias = —Z (C’Gk -C, )

N =1

For a total of n glucose-lactose mixtures, Cox and Cex
are the k" actual and predicted glucose concentrations,
respectively, while the average difference between the
predicted and actual glucose concentrations is expressed by
Bias [19]. The SEP, having the same units of g/dL as the
glucose concentration, basically indicates the standard
deviation of the error between predicted and actual glucose
concentrations.

III. VALIDATION OF THE PROPOSED
GLUCOSE DETECTION SCHEME

To assess our approach for predicting high glucose
concentrations in a glucose-lactose mixture, we selected
two prominent probe wavelengths that led to high correlations
between concentration and reflective optical power. A set
of pure glucose and lactose standard solutions of various
concentrations was prepared in a volumetric flask by
dissolving D-(+)-glucose and o-lactose powder (Sigma-Aldrich)
in deionized (DI) water at room temperature. The standard
solution was then poured in a quartz cuvette of path
length 10 mm. The glucose concentration was varied from
1 to 45 g/dL, while the lactose concentration was limited
to a range of 1 to 9 g/dL, due to its lower solubility. To
investigate the reflection spectra for the reference glucose
and lactose solutions, we built a test setup as shown in
Fig. 1, incorporating a spectrometer (NIRQuest512-2.5, Ocean
Optics) and a halogen lamp (HL-2000-FHSA, Ocean Optics),
with no bandpass filter inserted. Light from the lamp,
which is delivered via the six surrounding fibers belonging
to its reflection probe, was shone onto the prepared solution.
Light transmitted through the solution was reflected back
from a mirror to the central fiber of the reflection probe,
for analysis by the spectrometer. During measurement the
solutions and detector were entirely isolated from ambient
light. The calculated reflection spectra for the two types of
solutions are presented in Fig. 2, in the near-infrared
regime from A4 = 1000 to 1700 nm. The resulting CORR
(4) for the glucose and lactose solutions was estimated
using Eq. (2). As plotted in Fig. 3, the glucose CORR(4)
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FIG. 1. Test setup for acquiring reflection spectra and
monitoring the reflective optical power from the prepared
solutions, with a bandpass filter centered at the selected
wavelengths.
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FIG. 2. Measured relative reflection spectra of pure (a)
glucose and (b) lactose solutions of various concentrations.

was revealed to be as high as 0.95 over a broad span of
wavelengths from A = 1135 to 1370 nm. In the case of
lactose, the two highest values of CORR(A) were obtained
at A = 1160 and 1300 nm. It is noted that lactose yielded
a lower CORR(A) than glucose. In an aqueous solution,
lactose exists in two isomeric forms, a- and p-lactose, with
different properties, including specific rotation and solubility.
By the process of mutarotation, lactose switches between the
two forms to reach an equilibrium state [20]. It is also
known that the dissolution of lactose declines with increasing
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FIG. 3. Calculated correlation coefficients for reflection
spectra and concentrations of pure glucose/lactose solutions,
in the spectral range from 1000 to 1700 nm.

concentration [21], thus degrading the uniformity of the
solution. As a result, the correlation between reflective
optical power and lactose concentration weakens with increasing
concentration, compared to the case of glucose. As a
consequence, the probe wavelengths used for concentration
prediction were chosen to be 4, = 1160 nm and 4, = 1300
nm, offering substantially high CORR(1) for both glucose
and lactose.

The linear coefficients ai, b1, a», and b, of Eq. (1) were
determined by analyzing the reflective optical power for
the glucose and lactose solutions at the chosen probe
wavelengths. As shown in Fig. 1, a photodetector (818-IR,
S/N 7736) in combination with an optical power meter
(Model-1830-C, Newport) was used to record the reflective
power. Two bandpass filters, centered at A = 1160 and
1300 nm respectively, were placed between the solution
and fiber. As shown in Fig. 4, the measured optical powers
Pc1, P11, Pc, and Pp, for the glucose and lactose solutions
observed at A; = 1160 nm and 4, = 1300 nm increase in
apparently linear fashion with analyte concentration. The
linear coefficients were accordingly found to be a1 =
53625 x 107, by = 83533 x 10°, @ = 10.0786 x 107,
and b, = 14.8262 x 107, which may be efficiently utilized
to estimate the glucose concentration in a glucose-lactose
mixture. Regarding Eq. (1), the final predictive equation is
given by Cg = (1.7835P, - 3.1656P;) % 10°, which was
employed to predict the glucose concentration in the glucose-
lactose mixture by monitoring the optical power. Three
pairs of mixtures were prepared, in which glucose and
lactose had respective concentrations of 2 and 6 g/dL, 4
and 3 g/dL, and 7 and 3 g/dL. Based on the reflective
powers for the mixtures at the predetermined probe wave-
lengths, we attempted to predict the glucose concentration
using the aforementioned predictive equations. For various
glucose-lactose mixtures, the comparison between actual
and predicted glucose concentrations is shown in Fig. 5. It
was finally confirmed that the predicted glucose concentration
closely mimics the ideal case, providing an acceptable
standard error of prediction SEP = 1.17 g/dL.
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FIG. 4. Fitted linear relationships between concentrations of pure glucose/lactose and the relative reflective power at (a) A= 1160 and
(b) 2= 1300 nm, where a, b1, a2, and b, represent the corresponding linear coefficients.
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FIG. 5. Comparison of predicted and actual concentrations of
glucose in glucose-lactose mixtures.

IV. CONCLUSION

An enzyme-free optical scheme for detecting high
concentrations of glucose in glucose-lactose mixtures was
realized by utilizing the reflective optical power available
from the mixture, observed at dual probe wavelengths of
1160 and 1300 nm. The predictive equation was established
based on the linear relationship between reflective optical

power and glucose/lactose concentration at the specified
wavelengths. For a glucose-lactose mixture, glucose concentrations
from 2 to 7 g/dL were successfully estimated, achieving a
standard error of prediction of 1.17 g/dL. It is noted that
to practically apply the proposed method, for initial
calibration a reference solution of pure DI water should be
measured.
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