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  ABSTRACT 

  Many consumers are unable to enjoy the benefits of 
milk due to lactose intolerance. Lactose-free milk is 
available but at about 2 times the cost of regular milk 
or greater, it may be difficult for consumers to afford. 
The high cost of lactose-free milk is due in part to the 
added cost of the lactose hydrolysis process. Hydrolysis 
at refrigerated temperatures, possibly in the bulk tank 
or package, could increase the flexibility of the process 
and potentially reduce the cost. A rapid β-galactosidase 
assay was used to determine the relative activity of 
commercially available lactase samples at different 
temperatures. Four enzymes exhibited low-temperature 
activity and were added to refrigerated raw and pas-
teurized milk at various concentrations and allowed to 
react for various lengths of time. The degree of lac-
tose hydrolysis by each of the enzymes as a function 
of time and enzyme concentration was determined by 
HPLC. The 2 most active enzymes, as determined by 
the β-galactosidase assay, hydrolyzed over 98% of the 
lactose in 24 h at 2°C using the supplier’s recommended 
dosage. The other 2 enzymes hydrolyzed over 95% of 
the lactose in 24 h at twice the supplier’s recommended 
dosage at 2°C. Results were consistent in all milk types 
tested. The results show that it is feasible to hydrolyze 
lactose during refrigerated storage of milk using cur-
rently available enzymes. 
  Key words:    lactose-free milk ,  lactase ,  β-galactosidase , 
 lactose intolerance 

  INTRODUCTION 

  Milk is a nutrient-dense food and an important part 
of a healthy diet. Unfortunately, many consumers are 
unable to enjoy the benefits of milk due to lactose in-
tolerance (Somkuti and Holsinger, 1997; Choi et al., 
2007; Husain, 2010). Lactose intolerance is caused by 
a deficiency of β-galactosidase (lactase) in the diges-
tive tract (Panesar et al., 2007). Lactose-free milk is an 

important product that these consumers have available 
to provide the nutritional benefits of dairy consump-
tion (Somkuti and Holsinger, 1997). Lactose-free milk 
is commercially prepared by allowing β-galactosidase 
enzymes (EC 3.2.1.23) to hydrolyze the lactose present, 
before packaging. 

  Although enzyme-altered lactose-free milk is avail-
able, it is expensive, and many consumers are unwill-
ing or unable to pay the extra cost. Lopez and Lopez 
(2009) reported that high-income families are the main 
consumers of lactose-free milk. The higher cost of lac-
tose-free milk is due in part to the cost of the hydrolysis 
process used by manufacturers. It is hypothesized that 
if enzymes were sufficiently active at the temperature of 
refrigerated milk, the hydrolysis reaction could be car-
ried out under refrigeration during transport or storage 
in trucks, tanks, or final packaging. By doing this, the 
cost to manufacture lactose-free milk might be reduced. 

  The market for lactose-free milk is estimated at 30 to 
50 million consumers in the United States alone (Ad-
hikari et al., 2010). Lactose intolerance is more com-
mon in some ethnic groups than others (FDA, 2009). 
Among African Americans and Native Americans it is 
about 75%; among Asian populations it is about 90% 
(FDA, 2009). With such a large potential market for 
the product, reducing the cost of lactose-free milk could 
significantly increase its consumption. 

  Reduction of lactose in milk has been explored us-
ing many different methods. Traditionally, soluble 
β-galactosidase enzymes are added to milk. Panesar et 
al. (2007) explored the use of immobilized enzymes. 
Novalin et al. (2005) describe using an innovative 
hollow-fiber ultrafiltration process with immobilized 
enzymes. Another study described using ultrafiltration 
and concentration by evaporation, and then adding the 
enzymes to the concentrated permeate and later add-
ing the hydrolysate back to the retentate (Chen et al., 
2002). 

  Lactose-free milk that has been treated with 
β-galactosidase is sweeter than regular milk because 
the resulting combination of glucose and galactose have 
about 70% of the sweetness of sucrose, whereas lactose 
has only 20% of the sweetness of sucrose (Novalin et al., 
2005). Choi et al. (2007) have shown that the resulting 
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sweetness can be removed by utilizing nanofiltration 
and reconstituting the milk. Harju (1989) describes a 
chromatographic process to separate the lactose from 
the protein and other components of milk, completely 
removing lactose without the use of enzymes and with-
out any residual sweetness. However, none of these 
or other methods reported in the literature have the 
potential to significantly reduce the cost of producing 
lactose-free milk compared with traditional methods.

β-Galactosidase enzymes are commonly harvested 
from microorganisms such as fungus, yeast, and bac-
teria; for example, Kluyveromyces lactis is a commonly 
used yeast for producing β-galactosidase in the dairy 
industry (Dabhole and Joishy, 1998). Enzymes sourced 
from yeast or bacteria are well suited for the hydrolysis 
of lactose in milk, often displaying an activity opti-
mum near the pH of milk (Chen et al., 2009). A fungal 
β-galactosidase is typically used in acidic dairy applica-
tions, such as sour cream (Chen et al., 2009).

Several bacterial β-galactosidase enzymes, having 
optimum hydrolytic activity at temperatures lower 
than is normal for lactase enzymes, have been isolated 
(Fernandes et al., 2002; Coker and Brenchley, 2006). 
Many lactases have optimum temperatures above 30°C, 
whereas cold-active lactases can have temperature op-
timums of 15°C or below (Coker and Brenchley, 2006). 
Bacteria adapted to colder climates can be found in 
soil and isolated for β-galactosidase production (Coker 
et al., 2003). Cold-active β-galactosidase has also been 
isolated from psychrophilic yeasts, which may be suit-
able for food use (Husain, 2010). Thus, it would be 
beneficial to identify lactase enzymes with significantly 
greater activity at refrigerated temperatures than those 
that are currently commercially available.

The objective of this research was to compare the 
activities of commercially available lactases in refriger-
ated milk to evaluate their potential for use in a com-
mercial hydrolysis process within a 12- to 72-h period.

Enzymes

Five commercially available food-grade β-galactosi-
dase enzymes were obtained from 4 distributors. The 
enzymes examined included the following: GODO-
YNL2 yeast neutral lactase (DYL; Danisco A/S, Co-
penhagen, Denmark); Validase yeast lactase (VYL) and 
Validase fungal lactase concentrate (VFL), both from 
Valley Research (South Bend, IN); Enzeco Lactase NL 
(EYL; Enzyme Development Corporation, New York, 
NY); and Lactozym lactase (LYL; Sigma-Aldrich, St. 
Louis, MO).

The DYL, VYL, and LYL enzymes were derived from 
K. lactis, EYL enzyme was derived from a Kluyveromy-
ces sp., and VFL was derived from Aspergillus oryzae. 
The supplier-recommended dosages for the enzymes 
were 0.1% (wt/vol) for the DYL, VFL, EYL, and LYL 
enzymes; and 0.08% (wt/vol) for the VYL enzyme.

Milk Samples

The rate of lactose hydrolysis by the enzymes in raw 
whole milk, pasteurized whole milk, and pasteurized 
fat-free milk was determined at refrigerated tempera-
ture. The raw milk was obtained from the Brigham 
Young University creamery and originated at the El-
berta Valley Agricultural Dairy Farm (Elberta, UT). 
The composition of the raw milk, as reported by the 
supplier, was 3.51% milkfat, 3.11% protein, and 5.94% 
other solids. Raw milk data was determined by using 
a Lacticheck milk analyzer (Page & Pedersen Inter-
national Ltd., Hopkinton, MA). The pasteurized/ho-
mogenized fat-free milk and whole milk were obtained 
from the local market. The fat-free milk had less than 
0.5% milkfat and whole milk had approximately 3.25% 
milkfat. Each type of milk was tested using each time 
and concentration combination (described below), 
which required the preparation of 65 samples for HPLC 
analysis for each trial run (195 samples in total for the 
3 types of milk).

ala si ase ssay

The relative activities of the enzymes were analyzed 
using a modified version of the β-galactosidase assay of 
Miller (1972). To obtain a temperature-activity profile 
and compare relative activity, assays were carried out 
at 4, 10, 20°C, and ambient (approximately 23°C) tem-
perature. The nonambient temperature trials were per-
formed using a Percival I-36NL controlled atmosphere 
chamber (Percival Scientific Inc., Perry, IA). As the as-
say was originally intended for analyzing β-galactosidase 
production by bacteria, the assay reagents reacted very 
quickly when exposed to purified enzyme. To accom-
modate the higher activity of the commercial enzymes, 
the samples were diluted 10−5 (ambient and 20°C) and 
10−4 (4°C, 10°C) with basal buffer to allow a reaction 
time similar to the bacterial assay. Approximately 450 
μL of basal buffer was combined with 50 μL of each 
enzyme in microfuge tubes (1.5 mL). Approximately 
600 μL of assay buffer was then added to each sample 
and the start time of the reaction was recorded.

Color development was measured at 420 nm using a 
spectrophotometer (Milton Roy Spectronic 1001, Mil-
ton Roy Instrument Group, Rochester, NY). Samples 
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were allowed to react until a faint but stable yellow 
color developed (between 0.1 and 1.0 on the spectro-
photometer). The reaction required 20 to 40 min on 
average, after which a stop buffer (sodium carbonate) 
was added to halt the reaction.

Enzyme activity, based on optical density, was calcu-
lated as described in Miller (1972). The protein concen-
tration (mg/mL) of each enzyme preparation was ob-
tained using the Dumas method (Nielsen, 2003). Based 
on the activity comparisons of the enzymes, 4 out of 5 
of the enzymes were sufficiently active at refrigerated 
temperatures to be evaluated further. The VFL enzyme 
demonstrated low activity under refrigeration and was 
not evaluated in milk.

y lysis in e i e a e  Milk

Duplicate experiments were conducted for each type 
of milk using 2 different lots. Lactose content was de-
termined after 12, 24, 48, and 72 h of reaction time. 
Concentrations of 0.25×, 0.5×, 0.75×, and 1× were 
used for DYL and VYL and 0.5×, 1×, 1.5×, and 2× 
were used for EYL and LYL, where 1× = the supplier’s 
recommended level of enzyme concentration. Greater 
activity was observed in DYL and VYL compared with 
EYL and LYL; hence, the higher concentrations for the 
latter 2 enzymes.

The selected milk was put into 16 flasks (100 mL of 
milk each). Four flasks were used for each enzyme to 
allow all 4 concentrations to be tested. Once enzymes 
were added to the flasks and swirled, the samples were 
stored at 2°C. Aliquots of 30 mL were removed at each 
time point, transferred to 50-mL test tubes with screw-
on caps, heated to 82°C, and held for 15 s to ensure 
inactivation of the enzymes to stop the hydrolysis reac-
tion. Lactose content was determined by HPLC. The 
experiment was conducted with each type of milk to 
determine if the process of pasteurization or the pres-
ence of fat would affect the rate of hydrolysis.

 nalysis

The HPLC method of Wehr and Frank (2004) was 
used to determine percentage lactose hydrolysis based 
on disappearance of lactose. Milk or enzyme-treated 
samples (10 g ± 0.0030) were weighed into 100-mL 
volumetric flasks using an analytical balance. Sulfuric 
acid (1 mL of 0.9 N) was added using a mechanical pi-
pette. The mixture was swirled to precipitate proteins. 
Approximately 50 mL of deionized distilled water was 
added to the milk-acid mixture and the mixture swirled 
again. Samples were then brought to volume (100 mL) 
with deionized distilled water. Each flask was sealed 
and shaken vigorously for 20 s.

Samples were allowed to stand for at least 5 min., fol-
lowed by filtering through 0.45-μm polytetrafluoroeth-
ylene (PTFE) syringe filters (Nalge Nunc International, 
Rochester, NY). Approximately 1 mL of each filtered 
sample was placed in auto-sampler vials and sealed in 
preparation for HPLC analysis. Lactose analyses were 
conducted using an Agilent Model 1100 HPLC (Agilent 
Technologies, Palo Alto, CA) equipped with a Zorbax 
70 A carbohydrate column, 5-μm, 4.6 × 250 mm (Agi-
lent Technologies). For comparison purposes, reference 
samples made from untreated milk were analyzed in the 
same manner for each run.

The HPLC separation conditions were as follows: 
gradient mobile phase of 75% acetonitrile, 25% water; 
30°C; 1 mL/min flow rate; 20-μL injection volume; 
refractive index detector. Data were quantified using 
external calibration based on a standard curve.

a a nalysis

Data were analyzed using SAS software version 9.2 
(SAS Institute Inc., Cary, NC). A mixed model ANO-
VA procedure was used. The dependent variable of the 
model tested for difference from 95% lactose hydrolysis 
(i.e., difference from 95%) with P < 0.05. Analyses 
were also run at 98 and 99% lactose hydrolysis (dif-
ference from 98 or 99%). The independent variables 
included time, enzyme concentration, and the time × 
concentration interaction.

ela i e i i y  mme ial Enzymes

In initial activity tests in buffer (β-galactosidase as-
say), DYL and VYL showed steep increases in activity 
with increasing temperature, whereas EYL, LYL, and 
VFL were less affected by the temperature range tested 
(Figure 1). Of the 5 enzymes evaluated at the manu-
facturers’ recommended levels, DYL and VYL showed 
greater activity than EYL, LYL, and VFL (Figure 1). 
This may be due to the higher protein concentration 
of DYL and VYL compared with the other enzyme 
samples. The VFL enzyme, specified for use in acidic 
dairy products, had very little enzyme activity com-
pared with the other 4 enzymes, presumably because 
of its pH optimum (4.0 to 5.0) not being within the 
pH range of native milk (6.6 to 6.8; Validase Fungal 
Lactase Concentrate Specification, Valley Research, 
South Bend, IN); VFL was not included in further ex-
perimentation.

Lactase enzymes produced by K. lactis commonly 
have a temperature optimum above room temperature. 
Schneider et al. (1990) found that lactase derived from 
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this microorganism had an 85 to 95% increase in activ-
ity at 38°C compared with the activity between 4 and 
5°C. Both DYL and VYL showed about a 4-fold increase 
in activity at ambient temperature (~23°C) compared 
with the activity at 4°C; EYL and LYL showed much 
more modest increases.

When the results of the β-galactosidase assay were 
adjusted for protein content of the enzyme samples [ac-

tivity per mass (ng) of protein], the activities of the en-
zyme preparations were similar to the activities of the 
enzymes when measured per volume, except for LYL 
(Figure 1). At refrigeration temperatures, LYL had the 
highest activity per unit of protein, yet it performed 
more poorly than the other enzymes during the assay. 
This is likely due to LYL having the lowest concentra-
tion of protein among the enzyme preparations tested, 

Figure 1. Comparison of β-galactosidase activity of 5 commercial lactases at different temperatures. Panel A shows the results expressed as 
change in optical density at 420 nm (ΔOD420) per minute per volume of enzyme based on the adjusted Miller assay. Panel B shows the ΔOD420 
per minute per mass (ng) of protein for each enzyme. The mass of protein calculation adjusts for protein content of each enzyme solution and 
allows for comparison of the efficiency of each enzyme preparation. DYL = GODO-YNL2 yeast neutral lactase (Danisco A/S, Copenhagen, 
Denmark); VYL = Validase yeast lactase (Valley Research, South Bend, IN); VFL = Validase fungal lactase concentrate (Valley Research); 
EYL = Enzeco Lactase NL (Enzyme Development Corporation, New York, NY); and LYL = Lactozym lactase (Sigma-Aldrich, St. Louis, MO). 
Color version available in the online PDF.
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which would result in lower activity levels in the very 
short (20–40 min) timeframe of the assay.

a ase i i y in e i e a e  Milk

To determine lactose hydrolysis in milk for each en-
zyme, the lactose content of pretreatment milk samples 
in each trial was compared with the lactose content 
after treatment. The galactose and glucose peaks eluted 
at the same retention time during analysis and were 
inseparable without a specialized column; this was con-
sistent with the results of Sharma et al. (2009). Thus, 
percentage hydrolysis was determined by disappearance 
of lactose.

The HPLC lactose peak area of each treated milk 
sample was divided by the area of the respective un-
treated milk sample to obtain a percentage of lactose 
remaining. That percentage was then subtracted from 1 
to determine percentage hydrolysis. Percentage hydro-
lysis of lactose in refrigerated milk varied, depending on 
the enzyme source, enzyme concentration, and reaction 
time. Performance of the enzymes correlated well with 
the results of the β-galactosidase assay; the enzymes 
showing greatest activity in the β-galactosidase assay 
also hydrolyzed the most lactose in milk.

Percentage hydrolysis for each of the 4 enzymes over 
time at a series of concentrations is reported in Table 
1. Statistics for these values are reported in Table 2. In 
pasteurized whole milk, DYL hydrolyzed, on average, 

99% of the lactose present in 24 h at the supplier’s rec-
ommended dosage. Enzyme VYL showed an average of 
98% hydrolysis in 24 h at the supplier’s recommended 
dosage. Both EYL and LYL were able to hydrolyze 95% 
of the lactose on average in 24 h, when added at 2×.

Because lactase is a catalyst, lactose hydrolysis can 
be achieved with less enzyme if the reaction is allowed 
to proceed for a longer time. Enzyme DYL achieved 
95% average lactose hydrolysis in 72 h while using one-
fourth the recommended dosage in pasteurized whole 
milk and 99% hydrolysis under the same conditions 
using one-half the recommended dosage. Enzyme VYL 
achieved 99% hydrolysis in 72 h using one-half of the 
recommended dosage. Enzymes EYL and LYL both ac-
complished approximately 99% hydrolysis on average in 
72 h by using the recommended dosage.

Statistics shown in Table 2 indicate that the target 
levels of hydrolysis were achieved under the stated con-
ditions. Actual hydrolysis levels were not different from 
specified target levels, as indicated by the P-values. 
Because the intent of the process was to achieve at 
least the target level of hydrolysis, P-values > 0.05 are 
indicative of the target hydrolysis levels being met un-
der the conditions indicated.

E e   i e en  Milk ypes

The hydrolysis rate was not affected by fat content or 
processing. Hydrolysis in raw whole milk, pasteurized 

Table 1. Time-dependent lactose hydrolysis (%) in pasteurized whole milk at 2°C for 4 selected commercial 
enzymes at different concentrations1 

Enzyme2 Concentration3

Time, h

12 24 48 72

DYL 0.25× 49.95 71.77 89.19 95.61
 0.5× 75.36 89.38 98.55 99.70
 0.75× 86.43 95.72 99.99 99.86
 1× 92.78 99.08 99.99 99.99
VYL 0.25× 49.62 67.44 84.92 91.57
 0.5× 67.34 88.90 98.27 99.43
 0.75× 80.00 95.29 99.54 99.81
 1× 90.13 98.59 99.99 99.99
EYL 0.5× 41.55 63.41 83.08 91.40
 1× 62.29 85.23 96.67 99.05
 1.5× 75.16 90.74 98.71 99.64
 2× 85.86 97.32 99.99 99.99
LYL 0.5× 39.62 58.26 79.62 88.46
 1× 61.36 82.96 96.39 98.94
 1.5× 74.11 91.27 99.44 99.99
 2× 82.37 95.89 99.99 99.99
1The values listed in the table represent the average percentage lactose hydrolysis for the time/concentration 
pairs.
2DYL = GODO-YNL2 yeast neutral lactase (Danisco A/S, Copenhagen, Denmark); VYL = Validase yeast 
lactase (Valley Research, South Bend, IN); EYL = Enzeco Lactase NL (Enzyme Development Corporation, 
New York, NY); and LYL = Lactozym lactase (Sigma-Aldrich, St. Louis, MO).
3Concentrations represent the fraction of the suppliers’ recommended dosages used.
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fat-free milk, and pasteurized whole milk all proceeded 
at approximately the same rate. For illustrative pur-
poses, Figure 2 shows the similarity of hydrolysis in 
different milk substrates for LYL. All enzymes tested 
behaved similarly. The higher fat content of whole 
milk did not impede enzyme performance. Enzyme 
concentration per volume was the same in every milk 
type, even though the lactose content of whole milk 
is somewhat lower than that of fat-free milk due to 
the higher fat content. Despite the slight difference in 
lactose concentration between fat-free and whole milk, 
the observed hydrolysis rates were similar across all 3 
milk types.

ppli a ili y  e n s y

Lactose hydrolysis during refrigerated storage could 
be applied several different ways to produce lactose-
free milk. Adding the enzyme after pasteurization and 
homogenization, and then bottling or packaging the 
milk without further processing is one possibility. By 
the time the consumer purchased the milk, the lactose 
would be sufficiently hydrolyzed. The enzymes would 
have to be sterile-filtered before adding to milk post-
pasteurization (Cody Huft, Utah Department of Agri-
culture, Salt Lake City, personal communication).

Another possibility would be to add the enzyme to 
raw milk before the milk is processed at the plant. The 
enzyme could be added in the farm bulk tanks or in 
the tanker trucks used for transport, allowing sufficient 
time for the lactose to be hydrolyzed before pasteuriza-
tion and homogenization. Such a process would require 
the farms or trucks to have dedicated tanks for the 

purpose of lactose-free milk production. The enzyme 
could also be added to the holding tanks at the plant, 
and hydrolysis could be accomplished while the milk is 
waiting to be processed.

The possibility of Maillard browning may be of con-
cern when hydrolyzing the lactose before pasteuriza-
tion; however, this does not appear to be a problem 
with lactose-free milk products currently on the mar-
ket. Maillard browning occurs when reducing sugars 
are heated in the presence of protein (Fennema et al., 
2008). The amount of reducing carbohydrate groups 
is doubled once lactose is hydrolyzed into glucose and 
galactose (Messia et al., 2007). Dattatreya et al. (2010) 
found that once glucose and galactose have accumulated 
in sweet whey protein, the whey might be predisposed 
to brown more readily. This may also be true of milk. 
Addition of sterile β-galactosidase post-pasteurization 
would avoid this problem (Messia et al., 2007).

The possibility of browning may also be avoided by 
using additional methods of processing, such as the 
nanofiltration method utilized by Choi et al. (2007) to 
remove glucose and galactose before heating. However, 
Messia et al. (2007) found lactose-free milk that is ultra-
pasteurized after hydrolysis and stored at refrigerated 
temperatures to be acceptable. This is in agreement 
with our own assessment of lactose-free milks from the 
local market.

s  nalysis

Enzyme cost for each of the 4 enzymes was deter-
mined at the time of the study. Costs of the enzymes 
correlated well with the activity and protein concentra-

Table 2. Mixed model statistics for lactose hydrolysis by 4 commercial enzymes in whole milk at 2°C after 
24 and 72 h 

Enzyme1 Concentration2
Target  

hydrolysis, %

Hydrolysis, %

P-value3Mean SE

24 h
 DYL 1× 99 99.1 2.75 0.9715
 VYL 1× 98 99.6 3.52 0.8557
 EYL 2× 95 97.3 1.81 0.1876
 LYL 2× 95 95.9 1.18 0.2240
72 h
 DYL 0.25× 95 95.6 2.75 0.4780
 DYL 0.5× 99 99.7 2.75 0.9473
 VYL 0.5× 99 99.4 3.52 0.9900
 EYL 1× 99 99.1 1.81 0.5367
 LYL 1× 99 98.9 1.18 0.8319
1DYL = GODO-YNL2 yeast neutral lactase (Danisco A/S, Copenhagen, Denmark); VYL = Validase yeast 
lactase (Valley Research, South Bend, IN); EYL = Enzeco Lactase NL (Enzyme Development Corporation, 
New York, NY); and LYL = Lactozym lactase (Sigma-Aldrich, St. Louis, MO).
2The concentrations are based on the suppliers’ recommended dosages.
3The statistics show that the target levels (determined during preliminary experimentation) of lactose hy-
drolysis were achieved under the conditions indicated. A P-value > 0.05 indicates that the mean percentage 
hydrolysis and the target percentage hydrolysis were not significantly different.
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tion of each enzyme. As the cost increased, the activity 
also increased. By using a smaller dose and a longer 
time for lactose hydrolysis, enzyme cost for a liter of 
lactose-free milk could be minimized.

Commercially available lactase enzymes are suffi-
ciently active in milk at refrigeration temperatures to 
enable the hydrolysis process to be carried out during 
refrigerated storage. With appropriate time and con-
centration combinations, >99% lactose hydrolysis can 
be achieved. By facilitating the reaction in milk during 
cold storage, the hydrolysis process can be simplified 
with greater flexibility, potentially reducing the cost of 
manufacturing lactose-free milk. Sweetness in lactose-

free milk made by this method is comparable to that of 
current products on the market. It is not expected that 
this process will otherwise alter the taste or functional-
ity of the milk. Current lactose-free products indicate 
the presence of lactase enzyme in the ingredient dec-
laration, indicating that it is an ingredient not used 
in regular milk. Lactose-free milk processed using the 
refrigerated holding treatment described here would 
also be labeled in this way.
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