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  ABSTRACT 

  Current methods for lactose measurement in dairy 
products are time consuming and tedious and may re-
quire expensive equipment and skilled technicians. The 
aim of this research was to develop a novel and rapid 
method for the routine measurement of lactose in dairy 
products. The proposed method is based on the rapid 
hydrolysis of lactose using β-galactosidase and subse-
quently measuring glucose using a blood glucose meter. 
Blood glucose meters were developed after decades of 
research and clinical trials and are used extensively 
worldwide by individuals with diabetes to monitor 
their blood glucose levels. The method was developed 
and validated in a series of experiments. In the first 
experiment, temperature and time required for the 
near-complete hydrolysis of lactose were determined. 
Subsequently, the influence of glucose meters and their 
test strip lots were evaluated. We found that meters 
were not significantly different. However, the test strip 
lots were significantly different from each other. In 
the second experiment, the proposed method was vali-
dated using different concentrations of lactose solutions 
(1.9–6.5%) and compared with a HPLC-based reference 
method. In the third experiment, the proposed method 
was used to determine the lactose content of raw milk. 
The proposed method shows potential for rapid, rou-
tine, and low-cost measurement of lactose in milk and 
other dairy products. 
  Key words:    rapid method ,  lactose ,  blood glucose 
meter ,  milk 

  INTRODUCTION 

  Lactose is the primary carbohydrate present in the 
milk of most mammals. The lactose content of normal 
cow milk is generally between 4.4 and 5.2% (Morrissey, 
1985). Lactose is also important for its economic value 
and contributions to the sensory and functional proper-
ties of dairy products (Lynch et al., 2007). Rapid and 

accurate determination of lactose is critical in process 
control of cheese whey fermentation (Jeon et al., 1984; 
Abboud et al., 2010) as well as in membrane separa-
tion of lactose from cheese whey (Cuartas-Uribe et al., 
2009). Consequently, the availability of a rapid and 
inexpensive method for lactose determination has rami-
fications for the dairy industry (Iwasaki et al., 2008). 

  Several methods are available to determine the 
lactose content of milk and milk products, including 
HPLC (West and Llorente, 1981; Kwak and Jeon, 1988; 
Upreti et al., 2006), an enzymatic method (Essig and 
Kleyn, 1983; Kleyn, 1985; Lynch et al., 2007), polarim-
etry (method 896.01; AOAC, 2000), and a gravimetric 
method (method 930.28; AOAC, 2000). The enzymatic-
based method has several advantages over the other 
methods in terms of availability of test reagents in the 
form of a kit and an optimized procedure for milk and 
other dairy products. In a collaborative study conduct-
ed by Kleyn and Trout (1984), the enzymatic method 
was compared with the AOAC gravimetric method. 
They found that the lactose content using the enzy-
matic method was 0.49% lower than the gravimetric 
method (overall mean comparison) and concluded a 
lack of agreement between the 2 methods. In contrast 
to this, Essig and Kleyn (1983) compared the enzymat-
ic method with the AOAC copper reduction method 
(930.28; AOAC, 2000) and found good agreement be-
tween the 2 methods. Lynch et al. (2007) recommended 
path length adjustments and weight measurement for 
the enzymatic method and considerably improved the 
performance of the method. The repeatability relative 
standard deviation (RSDr) and the reproducibility 
relative standard deviation (RSDR) for the improved 
method calculated from the results of 11 laboratories 
and 8 pairs of blind replicates were found to be 0.29 
and 0.57%, respectively. 

  In addition to these methods, lactose-by-difference 
is a popular shortcut method for indirect estimation 
of lactose in dairy products such as milk, cheese, and 
whey. However, the measurement errors in determi-
nation of total solids, protein, fat, and minerals are 
combined and result in a high degree of uncertainty 
in lactose estimation (Lynch et al., 2007). Moreover, 
compounds such as organic acids and other trace com-
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pounds are miscalculated as lactose. Several researchers 
have proposed different biosensors (Lukacheva et al., 
2007; Marrakchi et al., 2008; Conzuelo et al., 2010) for 
the measurement of lactose in liquid samples. Most 
of the biosensors are based on amperometric or con-
ductometric sensing techniques and require additional 
research to be applied as a routine method for lactose 
determination in a dairy plant environment.

Currently available methods for determination of 
lactose have limitations, including time requirements 
and the need for expensive instrumentation, and skilled 
technicians. Consequently, the dairy industry is in need 
of a rapid and inexpensive method that can be per-
formed with minimal training of the analyst. To meet 
these requirements, a cost-effective approach is to adapt 
an existing technology and use it for the determination 
of lactose in milk and milk products. In this regard, a 
novel method utilizing a commercially available blood 
glucose biosensor is proposed.

Blood glucose meters were developed after decades of 
extensive research and clinical trials. They are used 
worldwide to monitor blood glucose concentration. The 
technology of glucose meters and their clinical and 
technological evaluations can be found in various pub-
lications (Bergenstal et al., 2000; Briggs and Cornell, 
2004; Kimberly et al., 2006; Hones et al., 2008). Blood 
glucose meters are extremely user-friendly and require 
a very small sample size. The first step in utilizing a 
blood glucose meter for the measurement of lactose in 
dairy products is to hydrolyze the lactose into glucose 
and galactose using β-galactosidase. This step is uti-
lized in any method involving the enzymatic determi-
nation of lactose. The reaction is as follows: 
Lactose + H O  glucose + galactose.2

-galactosidaseβ⎯ →⎯⎯⎯⎯⎯
The amount of glucose formed during the hydroly-

sis of lactose is proportional to the amount of lactose 
present in the sample. Subsequently, the concentration 
of glucose is determined using a blood glucose meter. 
The output from the blood glucose meter is then used 
to determine the lactose concentration in the sample. 
The objective of the present study was to develop and 
evaluate a blood glucose meter-based method for deter-
mination of lactose in milk.

MATERIALS AND METHODS

Experimental Design

The experimental approach was conducted in 3 ex-
periments. In the first experiment, the ideal conditions 
for complete hydrolysis of lactose and the effect of blood 
glucose meters and their test strip lots were studied. In 
the second experiment, the proposed method was vali-
dated by using 25 model lactose solutions using 5 lots 

of test strips. In the last experiment, the novel blood 
glucose meter method was evaluated in milk.

Model Solutions

A lactose model solution was prepared by dissolving 
lactose monohydrate (Fisher Scientific, Pittsburgh, PA) 
in distilled water to produce a concentration of 0.38% 
(380 mg/dL) lactose. The 0.38% lactose solution was 
diluted with distilled water to produce 8 lactose model 
solutions (0.05, 0.09, 0.14, 0.19, 0.24, 0.29, 0.33, and 
0.38%). The lactose concentration was later confirmed 
using a HPLC-based reference method. Fresh lactose 
model solutions were prepared during the course of this 
research and analyzed on the same day.

Blood Glucose Meter

ReliOn Ultima self-monitoring blood glucose meters 
and their test strips (Wal-Mart, Bentonville, AR) were 
used to measure the lactose concentration in the model 
solutions as well as in the milk samples. The meters 
and their test strips were purchased from a local super-
market. The working range of the glucose meters was 
between 20 and 500 mg/dL (0.02–0.5%, wt/vol). Any 
measurement below or above this range was displayed 
on the meter as “LO” or “HI,” respectively.

Theoretically, blood glucose meters from any manu-
facturer can be used to measure the lactose concen-
tration in milk and milk products. However, the most 
important factor in selecting a blood glucose meter 
for measurement of lactose is that some blood glucose 
meters and test strips are influenced by the presence 
of galactose, maltose, or xylose. Galactose was our 
primary concern because it is one of the end products 
in lactose hydrolysis. Blood glucose meters that work 
on glucose dehydrogenase pyrroloquinoline-quinone 
(GDH-PQQ) or glucose dye oxidoreductase principles 
are not specific to glucose and can give an elevated glu-
cose meter reading in the presence of galactose (Schleis, 
2007). However, blood glucose meters and test strips 
that function on glucose dehydrogenase nicotinamide 
adenine dinucleotide (GDH-NAD), glucose oxidase, or 
glucose hexokinase are the most suitable for determina-
tion of lactose in milk. The ReliOn blood glucose meter 
used in the present work is based on GDH-NAD and 
is not influenced by galactose. Schleis (2007) provided 
a list of glucose monitoring systems along with the en-
zyme utilized in each of the systems.

Enzyme

β-Galactosidase, commonly called lactase, was ob-
tained from Enzyme Development Corp. (New York, 
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NY). The enzyme had an activity of 2,300 to 2,700 
yeast lactase units/g. It is derived from the dairy yeast 
Kluveromyces and has optimum activity between 31 
and 40°C.

HPLC-Based Reference Method

A HPLC system (Beckman Coulter Inc., Fullerton, 
CA) equipped with a solvent delivery module (System 
Gold 125), a multichannel wavelength scanning detec-
tor (190–600 nm; System Gold 168 detector), and a 
20-μL sample injection loop (Rheodyne, Rohnert Park, 
CA) was used to measure the lactose concentration 
of model solutions and milk. The HPLC system also 
included a refractive index detector (RI-2031, Jasco 
Corporation, Hachioji, Japan) and a model 631 column 
heater (Alltech, Deerfield, IL). A 300- × 7.80-mm ion 
exclusion column (ROA-Organic Acid, Phenomenex 
Inc., Torrance, CA) maintained at 65°C was used for 
separation of lactose. Sulfuric acid (0.013 N) was used 
as mobile phase at a flow rate of 0.6 mL/min. The 
mobile phase was prepared by dissolving sulfuric acid 
(Sigma-Aldrich, St. Louis, MO) in HPLC-grade water 
(Fisher Scientific, Pittsburgh, PA).

Sample Preparation of Lactose Model Solu-
tions. Model solutions of lactose were filtered through 
0.45-μm polyvinylidene fluoride syringe filter and di-
rectly injected into the injection loop of the HPLC sys-
tem. Lactose was quantified using an external standard 
method as described by Upreti et al. (2006) and was 
measured using the refractive index detector only.

Sample Preparation of Milk. Approximately 0.5 
mL of the diluted milk (1 g of milk mixed with 20 g of 
distilled water) was poured into a Microcon centrifugal 
filter (Millipore Corp., Bedford, MA) with a molecular 
weight cutoff of 3 kDa. The tubes were centrifuged 
(Jouan Inc., Winchester, VA) at 17,746 × g for 15 min. 
The collected filtrate was vortexed and injected into the 
HPLC system. Lactose was quantified in milk samples 
based on the external standard method as described by 
Upreti et al. (2006).

Experiment 1

In experiment 1, efforts were focused on reducing the 
time required for complete hydrolysis of lactose as well 
as studying the factors that influence the output of the 
blood glucose meter. Initially, an experiment was con-
ducted to optimize the conditions required for complete 
hydrolysis of lactose. For this purpose, a 0.35% lactose 
solution, which was close to the highest lactose content 
model solution, was selected. We assumed that the 
optimum conditions for complete hydrolysis for 0.35% 
lactose could be applied to the lower lactose concentra-

tions. A series of glass test tubes containing 5 mL of 
0.35% lactose solution and 0.1 mL of β-galactosidase 
were incubated at 4 selected temperatures (20, 25, 30, 
and 40°C) in a water bath [Grant Instruments (Cam-
bridge) Ltd., Barrington, UK]. The test tubes contain-
ing the lactose solutions were removed from the water 
bath at specified intervals (0, 1, 2, 3, 5, 7, 9, 12, and 
15 min) and placed in a boiling water bath for 5 min 
to inactivate the enzyme. Extreme care was taken to 
prevent moisture loss during the enzyme inactivation 
process. The hydrolyzed lactose solution was then 
cooled to room temperature and analyzed for lactose 
using the previously described HPLC-based method.

Subsequently, an experiment was conducted to evalu-
ate the effects of blood glucose meter, test strip lot, 
and concentration of lactose in models solutions on the 
blood glucose meter output. For this purpose, we used 
a randomized factorial design with 3 factors (glucose 
meters 1 and 2; test strip lots 1 and 2; and 8 model 
solutions with lactose concentrations ranging from 0.05 
to 0.38%). For this purpose, 5 mL of lactose solution 
and 0.1 mL of lactase enzyme were vortexed and incu-
bated at 40°C. After 10 min, the sample was analyzed 
with 2 glucose meters using 2 lots of test strips. In each 
test strip lot, triplicate measurements were recorded. 
The blood glucose meter readings were tabulated and 
analyzed using the PROC GLM procedure in SAS (ver-
sion 9.1, SAS Institute Inc., Cary, NC).

Experiment 2

The goal of experiment 2 was to validate the pro-
posed method in model solutions. To conduct this ex-
periment, 1 glucose meter and 5 lots of test strips were 
used. Initially, calibration curves were derived from the 
blood glucose meter responses of each lot of test strips 
using 8 standard lactose model solutions ranging from 
0.05 to 0.38% (0.05, 0.09, 0.14, 0.19, 0.24, 0.29, 0.33, 
and 0.38%). Each standard solution was analyzed in 
duplicate to record the blood glucose meter reading. 
Simultaneously, the standard solutions were analyzed 
for lactose concentration using the HPLC-based refer-
ence method. A universal calibration model was also 
developed by pooling the data from all of the test strip 
lots to develop a single regression model. Additionally, 
the readings from each lot of test strips and their corre-
sponding lactose concentrations from the HPLC-based 
reference method were individually analyzed to develop 
a lot-specific calibration equation for each lot of test 
strips. Subsequently, 25 new model lactose solutions 
that ranged in concentration from 1.9 to 6.5% lactose 
were prepared independently (by dissolving lactose in 
distilled water) and measured for lactose concentration 
using the proposed blood glucose meter method. The 
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concentration of lactose using both the lot-specific cali-
bration equations and the calibration equation from the 
pooled data was determined.

The lactose concentrations obtained from each lot of 
test strips using the blood glucose meter method and 
the HPLC-based reference method were tabulated and 
compared using method comparison statistics including 
regression analysis. Microsoft Excel (Microsoft Corp., 
Seattle, WA) was used to develop linear regression mod-
els. From the regression analysis, statistical parameters 
such as slope, intercept, their 95% confidence intervals, 
and standard deviation of residuals were extracted. In 
addition, paired t-test was conducted to evaluate the 
agreement between the reference method and the pro-
posed method. Other indices such as mean difference 
(d) and mean percentage difference (D) were also used 
to evaluate the proposed method performance.

Experiment 3

In experiment 3, calibration equations were devel-
oped using a model skim milk solution and the method 
was validated using 10 raw milk samples. Model skim 
milks were prepared that contained 3.5% protein and 
varying concentrations of lactose (targeted at 2, 3, 4, 5, 
and 6%) using milk protein concentrate 85 (DairiCon-
cepts, Springfield, MO), deproteinized whey powder 
(VersiLac, Proliant Dairy Ingredients, Ankeny, IA), 
and distilled water. The calibration samples were then 
analyzed for actual lactose content using the previously 
described HPLC-based reference method. For the blood 
glucose meter method, approximately 1 g of model skim 
milk was diluted with 20 g of distilled water. A portion 
of the diluted sample (5 mL) was mixed with 0.1 mL of 
β-galactosidase and incubated at 40°C for 10 min. Two 
test strip lots (duplicate measurements within each lot) 
were used to evaluate each sample, and lot-specific and 
universal (by pooling the data from both the strip lots) 
calibration curves were developed.

Ten raw milk samples were obtained from individ-
ual cows at the Dairy Research and Training Facil-
ity (Dairy Science Department, South Dakota State 
University, Brookings). Each sample was analyzed for 
lactose content using the blood glucose meter method 
and the HPLC-based reference method. In the pro-
posed blood glucose meter method, 1 g of milk was 
diluted with 20 g of distilled water and vortexed. Then, 
0.1 mL of β-galactosidase was added to 5 mL of diluted 
milk sample and incubated at 40°C in a water bath. 
After 10 min, the diluted milk sample was vortexed 
and analyzed in duplicate using a blood glucose meter. 
Lactose concentration was calculated from the blood 
glucose meter reading using universal and lot-specific 
calibration models. The lactose contents obtained using 

the blood glucose meter and reference methods were 
compared.

The lactose concentrations obtained from each lot 
of test strips using the blood glucose meter method 
were compared with the HPLC-based reference method 
using method comparison statistics including regression 
analysis. Excel (Microsoft Corp.) was used to develop 
linear regression models. Statistical parameters such 
as slope, intercept, their 95% confidence intervals, and 
standard deviation of residuals were extracted from 
linear regression analysis. In addition, a paired t-test 
was conducted to evaluate the agreement between the 
2 methods. Additionally, other indices such as d and 
D were used to evaluate the proposed method perfor-
mance.

RESULTS AND DISCUSSION

Experiment 1

Hydrolysis of Lactose. Lactose hydrolysis us-
ing β-galactosidase was the first step in the proposed 
blood glucose meter method. Figure 1 illustrates the 
gradual reduction of lactose during incubation with 
β-galactosidase. Lactose was not detected in the HPLC-
based method after 15, 10, 8, and 6 min of incubation 
at 20, 25, 30, and 40°C, respectively. Consequently, 
lactose was completely hydrolyzed within 10 min when 
the incubation temperature was between 25 and 40°C. 
Kosinski (1981) reported that the rate of hydrolysis 
of lactose was dependent on the temperature. In the 
remainder of our research, hydrolysis conditions were 
standardized at 2% enzyme addition with incubation 
at 40°C for a minimum of 10 min.

Effect of Glucose Meter, Test Strip Lot, and 
Lactose Concentration. As shown in Table 1, blood 
glucose meter output was significantly (P < 0.05) influ-
enced by test strip lot and initial lactose concentration 
in the model solutions. However, glucose meter and 
the interaction terms were not significant (P > 0.05). 
Kristensen et al. (2005) studied the between-lot varia-
tion in external quality assessment of glucose meters. 
The authors concluded that the between-lot differences 
were significant and found as much as a 1.3 mmol/L 
(23.4 mg/dL) difference in control solutions. As shown 
in Table 2, the average absolute difference between 2 
test strip lots was relatively high (16 mg/dL) at the 
highest lactose concentration (381 mg/dL) analyzed. 
However, for the remaining lactose concentrations (48 
to 333 mg/dL), the average absolute difference was less 
than 7.4 mg/dL. Our results show that the variation 
was less than previously reported values, probably due 
to advancements in test strip technology since the pre-
vious study by Kristensen et al. (2005).
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Figure 2 shows the linear relationship between the 
actual lactose concentration (HPLC-based method) 
and the corresponding average glucose meter reading. 
The average glucose meter reading was obtained by 
averaging all the data points (2 meters, 2 strip lots, 
and 3 replications). Regression analysis yielded a cor-
relation coefficient of 0.999 with a slope of 0.855 and an 
intercept of −18.77. Of note is the observation (Table 
2) that the average glucose meter reading was higher 
than the theoretical glucose concentration of the model 
solution, except for the lowest lactose concentration. 
Hydrolysis of lactose yields equal proportions of glucose 

and galactose (Holsinger, 1997). The theoretical glu-
cose concentration was calculated as half of the lactose 
concentration (e.g., a 1% lactose solution hydrolyzes 
into a solution containing 0.5% glucose and 0.5% galac-
tose). It was also observed that the difference between 
the theoretical glucose concentration and blood glucose 
meter reading increased linearly (r2 = 0.998) as the 
theoretical glucose concentration increased, indicating 
a proportional error in the glucose measurement. It 
was also found that the elevated glucose meter reading 
was not due to interference of galactose. The lack of 
interference from galactose was confirmed by analyzing 

Figure 1. Changes in the remaining lactose content during the hydrolysis of lactose incubated at 20, 25, 30, and 40°C for different times.

Table 1. Mean squares and probabilities of glucose meter output when exposed to different concentrations of 
lactose 

Source of variation df

Glucose meter reading

Mean squares P > F

Test strip lot 1 513.5* 0.0086
Meter 1 65.3 0.3438
Concentration 7 243,227.0* <0.0001
Strip lot × meter 1 1.7 0.8789
Strip lot × concentration 7 22.9 0.946
Concentration × meter 7 37.3 0.8223
Strip lot × meter × concentration 7 16.7 0.9774
Error 160 72.46  
Total 191   

*P < 0.05.
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lactose model solutions containing 0.25% lactose that 
were spiked with varying concentrations of galactose (0, 
0.05, 0.1, 0.25, and 0.4%). Each solution was analyzed in 
duplicate and the average glucose meter readings were 
found to be 163, 161.5, 161.5, 164.0, and 161.5 mg/dL 
for the model solutions containing 0.25% lactose and 0, 
0.05, 0.1, 0.25, or 0.4% galactose, respectively. Because 
all samples gave similar results even though they had 
a wide range of galactose contents, the presence of ga-
lactose did not interfere with glucose measurement by 
the glucose meter.

Table 2 also shows the lactose concentration of the 
model solutions and the glucose meter digital output 
along with the standard deviation and CV calculated 
from the triplicate measurements. The CV was less 
than 5% at all concentrations. The lowest concentra-
tion had the lowest CV (1.99%), whereas that at other 
concentrations ranged from 2.3 to 4.2%. Cohen et al. 
(2006) presented similar results when they compared 
the performance of 5 blood glucose meters. However, 
none of those meters was the model used in the cur-

rent study. Using the control solutions provided by 
the manufacturer, they reported CV between 2.8 and 
5.5%. They also reported that the variation was less 
at higher concentrations and greater for lower glucose 
concentrations in the control solutions. The variability 
in glucose meter readings could be dependent on the 
manufacturing conditions of the test strips and the 
principle behind the blood glucose meters. Because the 
test strip lot significantly influenced the glucose meter 
reading, the next logical step was to complete an in-
depth analysis of the lot-to-lot variability in test strip 
performance.

Experiment 2

The lactose contents of 25 independently prepared 
model lactose solutions that ranged in concentration 
from 1.9 to 6.5% were measured using the HPLC-based 
reference method and the proposed glucose meter 
method. The method comparison parameters for the 
universal calibration model and 5 lot-specific calibra-
tion models are shown in Tables 3 and 4, respectively.

Universal Calibration Model. The linear regres-
sion parameters obtained using the universal calibra-
tion model for different test strip lots are provided in 
Table 3. The slopes and intercepts of the regression 
lines between the actual lactose content (HPLC-based 
method) and the lactose content obtained using the 
glucose meter method ranged from 1.008 to 1.07 and 
from −0.131 to 0.076, respectively. None of the inter-
cepts was significantly (P > 0.05) different from zero. 
However, one of the lots (lot 4) produced a slope that 
was significantly (P < 0.05) different from 1. An in-
tercept and slope that are not significantly different 
from 0 and 1, respectively, usually indicate agreement 
between the reference method and the method under 
development. The standard deviation of the residuals 
(Sy,x) was between 0.093 and 0.133 for the 5 lots of 

Table 2. Average glucose meter reading obtained, with SD and CV, when exposed to different concentrations 
of lactose 

Lactose  
concentration1  
(mg/dL)

Theoretical  
glucose  

concentration  
(M; mg/dL)

Average  
glucose meter  

reading  
(N; mg/dL)

M − N2 
(mg/dL) SD % CV

Average absolute  
difference  

between 2 lots  
(mg/dL)

47.7 23.9 20.3 3.6 0.4 1.9 0.1
95.0 47.5 62.2 −14.7 2.6 4.2 3.6
142.7 71.4 103.5 −32.1 3.5 3.4 4.1
190.4 95.2 144.4 −49.2 3.4 2.3 5.0
236.2 118.1 185.9 −67.8 5.3 2.9 7.4
285.4 142.7 227.0 −84.3 8.0 3.5 5.7
333.1 166.6 266.6 −100 10.4 3.9 4.0
380.7 190.4 303.7 −113.3 12.1 4.0 16.1
1Obtained from the HPLC-based reference method.
2Difference in theoretical glucose concentration (M; 2nd column) and average glucose meter reading (N; 3rd 
column.

Figure 2. Average response of the blood glucose meter at different 
concentrations of lactose in model solutions.
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test strips (Table 3). The mean difference between the 
HPLC method and the proposed method is also shown 
in Table 3 and it ranged from −0.03 to −0.36 for lots 2 
and 4, respectively. Lots 2 and 3 had a mean difference 
<0.1, whereas the remaining lots produced a relatively 
high mean difference. We also observed that the mean 
difference was always less than zero, indicating that 
the proposed method produced lower values when com-
pared with the HPLC-based method. Mean percentage 
difference (D) followed a similar trend. The average 
CV, calculated by considering the 5 lots as replications, 
was calculated to be 3.8%. The relatively high CV and 
lot-to-lot variation in the mean difference between the 
glucose meter method and HPLC-based method sug-
gest that development of lot-specific calibration equa-
tions may be required.

Lot-Specific Calibration Models. Lot-specific 
calibration models were developed for the 5 test strip 
lots and then used to calculate the lactose concentra-
tion in model solutions. Table 4 provides linear regres-
sion parameters obtained using the lot-specific calibra-
tion models for the 5 lots of test strips. The regression 
coefficients were between 0.94 and 1.025. All regression 
coefficients except for those of lot 3 were not signifi-
cantly different from 1. The intercepts of the regression 
lines were also not significantly different from zero for 
all 5 lots. Slopes not significantly different from 1 and 
intercepts not significantly different from zero indicate 
good agreement between the methods. Using the uni-
versal calibration model, lot 4 yielded the highest d and 
D values (Table 3). However, d and D were drastically 
reduced to 0.02 and 2.19%, respectively, for lot 4 when 

Table 3. Comparison of the proposed method with the HPLC-based method for measurement of lactose in model solutions using different lots 
of test strips and universal calibration model 

Parameter Lot 1 Lot 2 Lot 3 Lot 4 Lot 5

Slope 1.032 1.008 1.054 1.070* 1.033
Intercept 0.056 −0.004 −0.131 0.076 0.047
r2 0.991 0.990 0.994 0.996 0.994
95% CI for slope 0.989 to 1.075 0.963 to 1.052 1.017 to 1.091 1.039 to 1.101 0.998 to 1.067
95% CI for intercept −0.126 to 0.237 −0.189 to 0.181 −0.285 to 0.023 −0.052 to 0.205 −0.098 to 0.192
Sy,x (standard deviation of residuals) 0.130 0.133 0.111 0.093 0.105
Paired t-test (P-value) <0.01* 0.34 <0.01* <0.01* <0.01*
Mean difference (d)1 −0.18 −0.03 −0.09 −0.36 −0.28

(−0.44 to 0.12) (−0.20 to −0.33) (−0.45 to 0.09) (−0.65 to −0.16) (−0.43 to −0.02)
Mean percentage difference (D)2 5.40 2.90 2.51 9.16 4.6

(0.91 to 9.7) (0 to 9.4) (0.4 to 7.6) (4.9 to 14.2) (0.4 to 8.7)
Average % CV3 3.8 (1.9 to 5.8)
1d = A – B, where A is the HPLC-based method and B is the proposed method (range is shown in parentheses).

2D
A B

A
 (%) ,=

−
×100  where A is the HPLC-based method and B is the proposed method (range is shown in parentheses).

3Calculated between lots 1 to 5 for 25 samples.
*P < 0.05.

Table 4. Comparison of the proposed method with the HPLC-based method for measurement of lactose in model solutions using different lots 
of test strips and lot-specific calibration model 

Parameter Lot 1 Lot 2 Lot 3 Lot 4 Lot 5

Slope 0.980 0.995 0.940* 0.987 1.025
Intercept 0.060 0.107 0.166 0.031 −0.127
r2 0.988 0.990 0.990 0.994 0.994
95% CI for slope 0.935 to 1.026 0.951 to 1.039 0.899 to 0.981 0.954 to 1.020 0.990 to 1.060
95% CI for intercept −0.132 to 0.253 −0.079 to 0.292 −0.007 to 0.338 −0.109 to 0.171 −0.272 to 0.019
Sy,x (standard deviation of residuals) 0.139 0.134 0.124 0.101 0.105
Paired t-test (P-value) 0.52 <0.01* 0.02* 0.34 0.25
Mean difference (d)1 0.02 −0.09 −0.07 0.02 0.03

(−0.17 to 0.33) (−0.28 to 0.26) (−0.20 to 0.34) (−0.18 to 0.24) (−0.21 to 0.19)
Mean percentage difference (D)2 2.99 (0 to 8.5) 3.89 (0.2 to 10.2) 3.44 (0 to 10.5) 2.19 (0.5 to 5.1) 2.32 (0 to 5.6)
Average % CV3 3.1 (1.3 to 5.8)
1d = A – B, where A is the HPLC-based method and B is the proposed method (range is shown in parentheses).

2D
A B

A
 (%) ,=

−
×100  where A is the HPLC-based method and B is the proposed method (range is shown in parentheses).

3Calculated between lots 1 to 5 for 25 samples.
*P < 0.05.
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the lot-specific calibration model was used to predict 
the lactose concentration. The D value was always <4% 
for all 5 test strip lots when the lot-specific calibration 
models were used. From Tables 3 and 4, we concluded 
that the lot-specific calibration equations provide better 
predictability of lactose in models solutions compared 
with the universal calibration equation. The paired t-
test also yielded a similar interpretation. The results 
obtained on the model lactose solutions encouraged us 
to extend the proposed method to milk samples.

The lactose contents in the 5 model skim milk solu-
tions were targeted at 2, 3, 4, 5, and 6%, respectively. 
However, the actual lactose concentrations measured 
using the HPLC-based reference method in the model 
skim milks were found to be 2.05, 3.05, 3.74, 4.74, 
and 5.80%, respectively. Figure 3 shows the calibra-
tion equations obtained for lots 1 and 2. The slopes 
and intercepts were found to be 0.91 and −17.36 for 
lot 1 and 0.94 and −28.75 for lot 2, respectively. The 
calibration equations were used to predict the lactose 
content of the raw milk samples. Table 5 provides the 
statistical parameters obtained during the comparison 
of the glucose meter method against the HPLC-based 
method. The average bias (mean difference) between 
the 2 methods was found to be −0.05 and 0.08% for 
the 2 lots of test strips. It was also observed that the 
lot 1 strips underestimated lactose content, producing 
a negative bias. On the other hand, lot 2 overesti-
mated lactose content, producing a positive bias. The 

CV calculated between the 2 lots of test strips were 
between 1.4 and 3.3% with an average CV of 2.2%. 
Kwak and Jeon (1988) reported similar findings dur-
ing comparison of HPLC and enzymatic methods. In 
their work, the HPLC method and enzymatic method 
produced CV of 1.02 and 2.75%, respectively, and the 
mean difference between the 2 methods was 0.15%. 
Kleyn (1985) also reported a CV between 2.89 and 
5.66% for the enzymatic method during measurement 
of the lactose content of milk samples. However, Lynch 
et al. (2007) reported the lowest repeatability relative 
standard deviation of 0.29% for the enzymatic method 
when they used modifications to improve the original 
method.

Based on the findings in this work and from our expe-
rience with the proposed blood glucose meter method, 
the following protocol is recommended to measure lac-
tose in milk.

 1.  Prepare calibration samples that contain 3.5% 
protein and varying concentrations of lactose (2, 
3, 4, 5, and 6%) using milk protein concentrate 
85, deproteinized whey powder, and distilled 
water.

 2.  For both calibration and milk samples, dilute 
0.25 mL of sample with 5 mL of distilled water 
in a test tube and mix thoroughly. Add 0.1 mL of 
lactase enzyme (approximately 270 yeast lactose 
units) and incubate at 40°C for 10 min.

 3.  Use a suitable blood glucose meter (ReliOn 
Ultima or any other compatible blood glucose 
meter) and corresponding test strips. A complete 

Figure 3. Calibration curves for lactose determination in model skim milk samples using blood glucose meter method.
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list of compatible meters can be found in Schleis 
(2007). Detailed instructions on the operation 
and troubleshooting are available with the blood 
glucose meter.

 4.  Develop a linear lot-specific calibration model 
from the actual lactose concentrations and the 
blood glucose meter readings of the calibration 
set. From slope and intercept of linear calibra-
tion model, and dilution factor (0.0467) calculate 
lactose concentration in the sample using equa-
tion 1:

 Lactose  %
Glucose meter reading + Intercept

Slope × 0.046
( ) =

77 × 1,000
. [1]

To summarize the advantages of the blood glucose 
meter method, the proposed method is simple to per-
form and does not involve extensive sample preparation. 
Moreover, the glucose meter method does not require 
any special instruments, such as a spectrophotometer, 
or the handling of hazardous chemicals. The method 
can be performed in 10 to 12 min.

CONCLUSIONS

This paper evaluated the potential of a method based 
on a blood glucose meter for rapid determination of 
lactose in milk. The standardized procedure is simple 
and rapid and requires minimal training to perform. It 
can be a useful method for the dairy industry for rapid 
determination of lactose in milk and milk products. 
The low cost of the test for lactose (supplies to conduct 
a single test is $0.40 for the test strip and a one-time 
cost of approximately $10 for the glucose meter) makes 

it feasible for routine analysis in the dairy industry. 
This method could be extended to other dairy prod-
ucts, such as whey or cheese, with minor modifications 
in the method.
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