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Optimization of a dual-functional biocatalytic system for continuous hydrolysis of
lactose in milk
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In this study, an amino-functionalized silica matrix encapsulating b-galactosidase was first synthesized in situ, with
subsequent covalent anchoring of lysozyme to the outer part of the amino-grafted matrix. Fourier transform infrared
(FTIR) spectra verified that b-galactosidase was successfully encapsulated. Meanwhile, the co-immobilized enzymes
were demonstrated to retain suitable enzymatic activities and outstanding operational stability during successive re-
action cycles. Furthermore, when used for lactose removal from skim milk, the packed-bed column system achieved
both a high lactose hydrolysis rate and microbial inactivation ratio during 30 days of continuous operation. Notably, this
system exhibited favorable stability during 60 days of continuous hydrolysis of lactose in solution and thus may be
appropriate for further development for use in industrial lactose removal from milk.
� 2018, The Society for Biotechnology, Japan. All rights reserved.
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b-Galactosidase, a hydrolase (EC 3.2.1.23) that cleaves the gal-
actosidic linkage of lactose to yield glucose and galactose, holds
great promise for the preparation of low lactose milk (1,2). Never-
theless, the utilization of b-galactosidase in the dairy industry has
been limited due to the enzyme’s poor stability and high cost (3).
Because proper immobilization techniques have been used to effi-
ciently overcome such obstacles in other applications (4e9), the
encapsulation of b-galactosidase within a support matrix using a
fish-in-net method was evaluated here. The results demonstrated
that b-galactosidase encapsulation prevented enzyme leakage from
the silica matrix due to the larger size of b-galactosidase molecules
relative to the matrix pore size. In addition, because silica matrices
possess good hydrothermal stability, high mechanical stability and
resistance to biodegradation, silica matrix-encapsulated b-galac-
tosidase exhibited excellent stability and reusability (10). However,
these advantages were countered by negative effects posed by
bacterial colonization of milk during lactose removal. Such a high
microbial contamination risk underscores the importance of
addressing microbial food safety hazards and spoilage issues that
arise during processing of fluid milk (11). Such challenges must be
overcome before lactose hydrolysis can be achieved effectively in
milk using encapsulated b-galactosidase.

One solution to the microbial contamination problem utilizes
lysozyme, an important antimicrobial protein found in mammalian
milk and colostrum (12e14). Although the lysozyme content in
cow’s milk is relatively low, its counterpart in egg white is very
abundant (15,16). In our previous work, egg white lysozyme was
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employed as the antimicrobial agent for use in inhibiting bacterial
growth (17). Lysozyme lyses bacterial cells by specifically cleaving
the b-1,4 glycosidic linkage between N-acetylglucosamine and N-
acetylmuramic acid in bacterial cell walls (18). Because steric hin-
drance can affect enzyme effectiveness, lysozyme was anchored to
the outer part of the silica support through a covalent linkage to
eliminate steric hindrance between lysozyme and bacterial cell
walls.

It is well known that stability of enzymes can be enhanced
through the use of a glutaraldehyde immobilization method
(19e21). Therefore, in this study covalent linkages between the
amino groups of the silica matrix and lysozyme were formed via
the Schiff’s base reaction, with glutaraldehyde acting as a cross-
linking reagent (22). In addition to its role in covalent bonding to
lysozyme, the amino group on the surface of the silica matrix can be
protonated to promote adsorption of lysozyme, while also reducing
the pore size of the silica matrix to prevent b-galactosidase leakage
from the matrix (23). For this reason, in our earlier research the
silica matrix was grafted with aminopropyl groups using a simple
co-condensation protocol employing tetraethyl orthosilicate
(TEOS) and (3-aminopropyl) triethoxysilane (APTES) that also
achieved entrapment of b-galactosidase (17). In addition, because
the pores of the amino-silica matrix were blocked by triblock
copolymer P123 during covalent attachment, lysozyme could be
preferentially tethered to the external surface of the amino-grafted
silica via glutaraldehyde crosslinking. Subsequently, after covalent
attachment of lysozyme was complete, the P123 in the pore could
then be extracted using a washing step to subsequently facilitate
the mass transfer of lactose, glucose and galactose within the ma-
trix. When tested in the laboratory, this system of co-immobilized
enzymes was observed to provide favorable hydrolytic and
All rights reserved.
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antimicrobial activities during enzymatic removal of lactose from
milk (17). Here we extend our previous work to evaluate this sys-
tem’s performance in continuous operation after first optimizing b-
galactosidase encapsulation and lysozyme coupling protocols to
optimize enzyme activities. More specifically, immobilization pa-
rameters of both the encapsulation of b-galactosidase and the co-
valent coupling of lysozyme were evaluated to obtain optimal
enzymatic activities. Meanwhile, Fourier transform infrared (FTIR)
analysis was employed to evaluate the presence of b-galactosidase
within the silicamatrix, while N2 adsorptionedesorption isotherms
were measured to determine the pore size of the silica support.

Finally, activity assays and reuse assessments for co-
immobilized b-galactosidase and lysozyme were implemented.
Most importantly, the activities of co-immobilized enzymes within
the packed-bed reactor were assessed for lactose hydrolysis in skim
milk or a lactose solution (Fig. 1).

MATERIALS AND METHODS

Materials b-Galactosidase from Aspergillus oryzae (with activity�14,000 U/g)
was purchased from Amano Enzyme Inc. (Nagoya, Japan). Tetraethyl orthosilicate
(TEOS) and Pluronic P123 (EO20PO70EO20,Mav¼ 5800) and 4-methylumbelliferyl b-D-
N,N0 ,N00-triacetylchitotrioside [4-MU-b-(GlcNAc)3] were supplied by SigmaeAldrich
(St. Louis, MO, USA). 3-Aminopropyltriethoxysilane (APTES) was obtained from
Fluka (Buchs, Switzerland). Lysozyme was purchased from Amresco (Solon, OH,
USA). The glucose oxidaseeperoxidase kit was purchased from Beijing BHKT Clinical
Reagent Co., Ltd. (Beijing, China). All other chemicals and reagents were of analytical
grade. All aqueous solutions were prepared with Milli-Q water. Micrococcus
lysodeikticus ATCC 4698 cells were purchased from SigmaeAldrich.

Pretreatment of b-galactosidase and fabrication of preformed
precursors b-Galactosidase was entrapped within an amino functionalized sil-
ica matrix through an improved fish-in-net immobilization technique (10). During
the process of molecular imprinting, the mixed solution containing 25 ml of
lactose solution (37.5%, w/w) and 150 ml of b-galactosidase solution was
incubated in liquid nitrogen for 20 min then the frozen mixture was immediately
lyophilized. Synthesis of preformed precursors was performed as follows: TEOS
(20 g) and 5.4 g of APTES were mixed with 50 g of ethanol and 9.0 g of HCl
(0.1 M) with stirring for 2 h, followed by the addition of 30 g of ethanol
containing 8.4 g of P123. The mixture was incubated at 25�C for 72 h with stirring
to evaporate the ethanol in the solution. Next, 20 g of glycerol was added to the
synthesis system and self-assembly of preformed precursors (28e30 g) in the
glycerol solution was carried out at 25�C.

Optimization of encapsulation conditions For preparation of matrix-
encapsulated b-galactosidase, powdered enzyme (0e2.0 g) imprinted by its
natural substrate was added to a mixture containing 20 g of precursors and
subjected to magnetic stirring accompanied by dropwise addition of 5 ml of PBS
buffer (0.05 M, pH 7.0). A hydrogel formed after the encapsulation system was
incubated at 4�C for 4 h. Next, hydrogel was continually aged at 4�C for various
FIG. 1. The dual-functional continuous operation system.
amounts of time ranging from 9 to 90 h to sufficiently form a xerogel. Next, an
aliquot of xerogel was washed with PBS buffer (0.05 M, pH 7.0) at 4�C in order to
extract the polymeric surfactant (P123) and the Bradford method was used to
determine the encapsulation yield of b-galactosidase for each sample (24).
Encapsulation yields were measured by subtracting the amount of b-galactosidase
encapsulated in the matrix from the amount withdrawn in the collected
supernatant and rinsing fractions. The formula used for calculation of
immobilization yields of b-galactosidase was as follows.

Y1 ¼ W1 �W2

W1
� 100% (1)

where Y1 is the immobilization yield of b-galactosidase, W1 is the amount of b-
galactosidase incorporated and W2 is the amount of b-galactosidase in the collected
supernatant and the rinsing fractions.

The remainder of the xerogel was stored in 4�C and was used to covalently bind
lysozyme in the next procedure. Optimal encapsulation conditions were determined
within the following ranges of parameters: (i) a b-galactosidase amount of 0e2.0 g
and (ii) aging time of 9e90 h.

Characterization of the matrix N2 adsorptionedesorption isotherms of NH2-
silica-enzymes and NH2-silica were measured using ASAP 2020 (Micromeritics,
Norcross, GA, USA) at 77 K after degassing at 100�C for 12 h. The
BrunauereEmmetteTeller specific surface areas of products were calculated within
the relative pressure range P/P0 ¼ 0.05 to 0.3. The BarretteJoynereHalenda pore size
distribution curve was plotted to determine the pore size of the silica matrix. The
FTIR spectrum was recorded using a Thermo Nicolet 5700 spectrometer (Nicolet,
Madison, WI, USA) with a resolution of 4 cm�1 using the KBr method.

Optimization of the glutaraldehyde coupling procedure Glutaraldehyde
(4 mL, 0.02%e10.0%) was added to xerogel with encapsulated b-galactosidase
(200 mg) and the mixture was incubated at 25�C with stirring for 2 h. Next, distilled
water was used to wash the resulting material several times. Meanwhile, lysozyme
was dissolved in various buffers with pH values ranging from 5.0 to 10.0. Precipitates
of xerogel coupled with b-galactosidase were harvested by centrifugation and were
suspended in 10 mL of lysozyme solutions of various pH values (pH 5.0e10.0) with
various lysozyme concentrations (0e2.0 mg/ml). Next, these covalent binding for-
mulations were placed at 4�C for variable amounts of time (1e15 h) and were stored
under refrigeration after three washes with buffer. Immobilization yields of lyso-
zyme were determined via the Bradford method (24). The formula used to calculate
immobilization yields of lysozyme was as follows.

Y2 ¼ W3 � ðW4 �W2Þ
W3

� 100% (2)

where Y2 is the immobilization yield of lysozyme, W3 is the amount of lysozyme
incorporated and W4 is the amount of protein in the collected supernatant and
washing fractions after co-immobilization. High immobilization yields of b-galac-
tosidase (96.2%) and lysozyme (93.5%) were obtained.

Enzymatic activities of co-immobilized enzymes The activity of b-galac-
tosidase towards its natural substrate lactose was assayed using a previously
described method with a slight modification (10). After encapsulated b-
galactosidase was rinsed sufficiently with distilled water to remove the P123 in
the silica matrix, there suspended precipitate was allowed to stand for 5 min in
PBS buffer (0.05 M, pH 7.0). Next, the hydrolytic activity of the encapsulated b-
galactosidase was determined toward lactose (100 mM, pH 7.0) by combining
100 mL of diluted b-galactosidase and 900 mL of 100 mM lactose in 50 mM
potassium phosphate buffer (pH 7.0) for 10 min at 37�C. The hydrolytic reaction
was terminated by heating the mixture to 90�C for 2 min to quench the activity of
the b-galactosidase. Next, the assay solution was centrifuged at 3500 � g for
3 min. Released D-glucose was determined from the absorbance at 540 nm using a
glucose (GO) assay kit. Soluble b-galactosidase activity was determined using this
protocol without centrifugation. One unit of b-galactosidase activity was defined
as the amount of b-galactosidase that released 1 mmol of glucose per min under
the defined conditions.

Assessment of lysozyme activity was conducted according to the Shugar method
with alterations (25). Dried M. lysodeikticus powder was dispersed in 20 mL of PBS
buffer (0.05 M, pH 7.0). Next, dilutions of lysozyme solution (1 ml) were added to
9 ml of bacterial solution at 37�C. A sample was withdrawn from the reaction
mixture (1 mL), centrifuged at 1500� g for 1 min to pellet the silica matrix, then the
absorbance of the remaining cell suspension at 450 nm was measured using a
Shimadzu UV-2550 spectrometer (Shimadzu, Kyoto, Japan). One unit of lysozyme
activitywas defined as the amount of lysozyme that caused a decrease in absorbance
at 450 nm of 0.001 per min under these conditions.

Reusability The co-immobilized enzymes were tested in successive batches.
The enzymatic activity of encapsulated b-galactosidase was determined based on
the above mentioned lactose assay procedure. The hydrolytic reaction of 4-MU-b-
(GlcNAc)3 catalyzed by lysozyme was adopted to assess the reusability of bound
lysozyme (26). The hydrolytic reaction was carried out in PBS buffer (0.05 M, pH
7.0) containing 0.03 mg/ml of 4-MU-b-(GlcNAc)3 and 5 ml of appropriately diluted
co-immobilized enzymes at 37�C for 20 min. Next, the reaction system was
centrifuged at 1500 � g for 1 min and the fluorescence of the suspension at



FIG. 2. (A) The effect of enzyme amount on encapsulation yield. Encapsulation con-
ditions: PBS buffer, 0.05 M, pH 7.0; temperature, 4�C; b-galactosidase, 0e2.0 g; and
aging time, 54 h. (B) The effect of the aging time. Encapsulation conditions: PBS buffer,
0.05 M, pH 7.0; temperature, 4�C; 0.6 g of b-galactosidase and aging times within a
range of 9e90 h.

FIG. 3. FTIR spectra of the amino-functionalized silica matrix (A), encapsulated b-
galactosidase (B) and b-galactosidase (C).
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460 nm was measured using a Perkin Elmer LS-55 fluorescence spectrometer
(Perkin Elmer, Waltham, MA, USA). At the end of each batch run, co-immobilized
enzyme matrix was centrifugally separated and washed three times with PBS
buffer (0.05 M, pH 7.0). After washing, the matrix was resuspended in fresh assay
buffer and incubated with fresh substrate for execution of the next cycle. This
procedure was repeated to achieve ten runs for each tested matrix formulation.

Continuous system operation Co-immobilized enzymes (10.0 g) were
packed in columns (packed volume, 16.0 ml) of suitable dimensions
(2.0 cm � 10.0 cm). Next, skim milk was passed through the columns at different
flow rates (6e60 ml h�1) at 25�C. Lactose hydrolysis within the effluent was
determined from the amount of glucose produced using a glucose (GO) assay kit. As
for the antimicrobial assay, serial dilutions of effluent were poured into petri dishes
containing agar medium and mixed with gentle stirring. Cultures were grown at
37�C for 48 h in order to obtain punctiform colonies. The survival ratio of cells was
defined as the percentage of viable cells in suspensions relative to the total number
of the cells in untreated milk.

Lactose (0.1 M) solution containing 0.001 M sodium azide was run through the
packed-bed column under different flow rates at 25�C. The columnwas in operation
for 60 days and the glucose concentration of the effluent was measured using the
glucose (GO) assay kit every ten days.

Skim milk was passed through the column at a flow rate of 6 ml h�1 at 25�C for
30 days. Aliquots of effluent were withdrawn at regular intervals to measure the
amount of glucose formed and the survival ratio of cells in the treated milk. In batch
mode, properly diluted co-immobilized enzymes were incubated with skim milk at
25�C with stirring for 8 h in the batch system. Next, the mixture was centrifuged at
1500� g for 1 min to determine the amount of glucose formed and the survival ratio
of cells in the treated suspension. The collected co-immobilized enzymes were
washed three times with PBS buffer (0.05 M, pH 7.0) and then stored at 4�C before
being transferred into untreated skim milk the next day. This procedure was
repeated until completion of 30 cycles.

Statistical analysis The data obtained in various studies was plotted using
Origin 8.5 and expressed as (�) standard error. Each value represents the mean of
three independent experiments implemented in duplicate, with average standard
deviations <5%.

RESULTS AND DISCUSSION

Optimizing the encapsulation of b-galactosidase The spe-
cific activities for different amounts of encapsulated b-galactosi-
daseweremeasured to determine the optimal enzyme amount. The
experimental data confirmed that the specific activity of the
encapsulated b-galactosidase significantly increased with an in-
crease in the amount of added enzyme within the range of 0e0.6 g
then slowly declined with further increases in enzyme amount
from 0.6 to 2.0 g (Fig. 2A). The increase in specific activity was likely
due to the increase of enzyme loading amount when the amount of
added enzyme was less than 0.6 g. However, as the amount of
added enzyme increased above 0.6 g, the surplus b-galactosidase
brought about the diffusion limit of substrate and products,
leading to subsequent decreases in specific activity. Therefore,
0.6 g was chosen as the optimal enzyme amount used in this study.

To obtain the optimal aging time, specific activities of encap-
sulated b-galactosidase were surveyed to study the effect of aging
time on the specific activity of encapsulated b-galactosidase
(Fig. 2B). Linear increases in specific activity had been observed
with increasing aging time up to 72 h, while a slight decrease in
activity was found with prolonged aging to 90 h. The reduction of
aging time may cause instability of the silica skeleton in the host
matrix that resulted in its collapse after extraction of the solvent
and would thus negatively impact specific activity (27). On the
other hand, if the aging time was too long, the pore volume of the
host matrix tended to decrease to that of the corresponding xero-
gel, also causing reduction of specific activity (28). Therefore, 72 h
was selected as the optimal aging time in this study.

N2 adsorption/desorption isotherms After rinsing, N2
adsorption/desorption isotherms of NH2-silica and NH2-silica-en-
zymes were measured to investigate the BJH pore diameter, BET
surface area and pore volume of samples. N2 adsorption/desorption
isotherms of the samples exhibited narrow hysteresis loops of H3
types, as classified by the International Union of Pure and Applied
Chemistry (IUPAC) (29) (Fig. S1A and B). As shown in Table S1,
higher BJH pore diameter, total pore volume and BET surface
area of NH2-silica were observed and are compared with
corresponding values observed for NH2-silica-enzymes.
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FTIR analysis As shown in Fig. 3, peaks around 1220 cm�1

and 1070 cm�1 corresponding to Si-O-Si stretch originating from
the condensed silica skeleton could be found in curve A.
However, absorbance of amino groups at 687 cm�1 and
1510 cm�1 displayed in curve B indicate successful incorporation
of amino groups into the silica matrix. Meanwhile, the amide I
and amide II infrared peaks of b-galactosidase in the range of
1500e1700 cm�1 (region I) could be observed in both curve C
and in curve B; however, in curve B peaks corresponding to Si-O-
Si stretch could also be seen (Fig. 3), confirming the existence of
b-galactosidase within the amino-functionalized silica matrix. The
broad peaks arising from amino groups at 2700e3400 cm�1 were
observed in all curves (region II). As for curve A, the broad peaks
in region II likely are due to amino groups in the silica matrix,
while in curve C the broad peaks in the same region likely
correspond to amino groups from b-galactosidase. As for curve B,
the broad peaks in region II correspond to amino groups of
both the silica matrix and b-galactosidase. After the cross linking
of lysozyme was complete, a 2.73-fold decrease in peak area
ratio between Si-O-Si to that of amide I for the co-immobilized
enzymes was observed compared with the encapsulated
b-galactosidase (Fig. S2), indicating the amido bond formation
between lysozyme and amino-grafted silica carrier. The peak
areas ratios were determined by the Gaussian modeling
using origin 8.5 software (OriginLab Corporation, Northampton,
MA, USA) (30).

Optimizing covalent immobilization of
lysozyme Antibacterial activity depended on the concentration of
lysozyme usedwithin the concentration range of 0e2.0mg/ml, where
by antibacterial activity significantly increased with increase in
FIG. 4. (A) Effect of lysozyme concentration. Covalent binding conditions: PBS buffer, 0.05 M,
of glutaraldehyde concentration. Covalent binding conditions: PBS buffer, 0.05 M, pH 7.0; ly
reaction time. Covalent binding conditions: PBS buffer, 0.05 M, pH 7.0; lysozyme, 2.0 mg/ml
Covalent binding conditions: PBS buffer, 0.05 M, pH 5.0e10.0; lysozyme, 2.0 mg/ml; glutar
lysozyme concentration within the range of 0e1.5 mg/ml (Fig. 4A).
With further increase in concentration within the range of
1.5e2.0 mg/ml, the antibacterial activity of bound lysozyme reached
a plateau, with the highest antibacterial activity observed at a
lysozyme concentration of 2.0 mg/ml (Fig. 4A).

Effect of glutaraldehyde concentration Glutaraldehyde
concentration is an important parameter that influences covalent
binding of enzyme to the support surface (31). In this study, the
relationship between glutaraldehyde concentration and
antibacterial activity of bound lysozyme was examined within the
glutaraldehyde concentration range of 0.02%e10.0%. It was
observed that the antibacterial activity of bound lysozyme
significantly increased in the concentration range of 0.02%e2.0%,
which may be due to an increase in the amount of lysozyme
bound to the amino-functionalized silica matrix (Fig. 4B). The
antibacterial activity of bound lysozyme slightly decreased with
further increase of glutaraldehyde concentration in the range 2%e
10% (Fig. 4B). The slight final decrease of antibacterial activity
might be due to the distortion of the lysozyme structure caused
by extensive cross-linking by glutaraldehyde (32). Because the
maximum antibacterial activity was observed at 2.0%
glutaraldehyde, this glutaraldehyde concentration was chosen as
the optimal reaction concentration in this study.

The effect of immobilization reaction time on bound
lysozyme The influence of reaction time within the range of
1e15 h on the covalent immobilization process was investigated.
The results demonstrated that the antibacterial activity of bound
lysozyme did not obviously change in step with the extension of
reaction time (Fig. 4C). Considering that the antibacterial activity of
bound lysozyme at a reaction time of 6 h was slightly higher than
pH 7.0; glutaraldehyde, 0.5%; lysozyme, 0e2.0 mg/ml; and reaction time, 12 h. (B) Effect
sozyme, 2.0 mg/ml; glutaraldehyde, 0.02%e10.0%; and reaction time, 12 h. (C) Effect of
; glutaraldehyde, 2.0%; and reaction time, 1e15 h. (D) Effect of pH on coupling reaction.
aldehyde, 2.0%; and reaction time, 6 h.
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that of the other sample times, the covalent linkage reaction
between lysozyme and the amino-functionalized silica matrix
was performed for 6 h in this study. In general, although ambient
temperature had been used for glutaraldehyde immobilization of
enzymes within 4 h or less (33,34), in this experiment the
reactions were carried out at low temperature (4�C) to protect
the enzymatic activity of encapsulated b-galactosidase and bound
lysozyme. This lower temperature necessitated a longer
immobilization reaction time (6 h), in agreement with published
results (35).

The effect of pH on lysozyme immobilization
reaction Generally speaking, the reaction of glutaraldehyde
with enzymes is shown to be pH-dependent (31). In this study, the
covalent immobilization of lysozyme was carried out for various
phosphate buffer pH values (0.05 M, pH 5.0e9.0) and it was
observed that the change of enzyme activities with pH exhibited
a bell-shaped curve, with bound lysozyme exhibiting maximum
enzyme activity in 0.05 M phosphate buffer at pH 8.0 in this
study (Fig. 4D). At low pH (pH 5.0e7.0) or high pH (pH 9.0e10.0),
enzyme inactivation led to decreased antibacterial activity.

Relative activities of free and immobilized enzymes As
shown in Fig. 5A, bound lysozyme co-immobilized with b-
galactosidase retained 96.3% of the antimicrobial activity of free
lysozyme. The 3.7% loss in antimicrobial activity might be
ascribed to the conformational change of lysozyme induced by
the interaction between lysozyme and the host silica matrix
FIG. 5. Comparison of relative activities of immobilized and free enzymes. (A) 1, the
relative activities of free lysozyme; 2, bound lysozyme without b-galactosidase; and 3,
bound lysozyme with entrapped b-galactosidase. (B) 4, the relative activities of soluble
b-galactosidase; 5, entrapped b-galactosidase without anchored lysozyme; and 6, co-
immobilized enzymes. The specific activities of free lysozyme and b-galactosidase
were used as controls (100%).
(36). As for b-galactosidase, whether or not lysozyme was
attached to the outer surface of the silica matrix, the hydrolytic
activity of the encapsulated b-galactosidase in the silica matrix
did not change (Fig. 5B), indicating that diffusion of lactose,
galactose and galactose were not affected by the presence of
lysozyme anchored to the outer part of the silica matrix. Indeed,
encapsulated b-galactosidase in the silica matrix exhibited
approximately 40% higher specific activity than did free enzyme,
indicating that favorable conformers of b-galactosidase
within the silica-based matrix induced by molecular imprinting
technique could be retained and enriched via fish-in-net
encapsulation (10).

Operational stability Operational stability of co-immobilized
enzymes was investigated to assess their potential for practical use
in the dairy industry. The results obtained in this study demonstrate
that encapsulated b-galactosidase and bound lysozyme exhibited
excellent reusability (Fig. 6), with encapsulated b-galactosidase
maintaining almost 100% of its initial activity after ten cycles.
Since the pore size of the amino functionalized silica matrix
(2.7 nm) was smaller than the three-dimensional size of b-
galactosidase (11 nm), leakage of b-galactosidase from the silica
matrix was avoided. A slight loss in antimicrobial activity of
bound lysozyme occurred during continuous operation, which
might be ascribed to the slight leakage of bound lysozyme
throughout the continuous batch mode.
FIG. 6. (A) The operational stability of entrapped b-galactosidase. Reaction conditions
for each run: PBS buffer, 0.05 M, pH 7.0; lactose solution, 100 mM; the properly diluted
co-immobilized enzymes, 5 ml; and temperature, 37�C. (B) The operational stability of
covalently immobilized lysozyme. Reaction conditions for each run: PBS buffer, 0.05 M,
pH 7.0; 4-MU-b-(GlcNAc)3, 0.03 mg/ml; properly diluted co-immobilized enzymes,
5 ml; and temperature, 37�C.



TABLE 1. Lactose hydrolysis (%) of co-immobilized enzymes in continuous packed-
bed reactors at different flow rates.

Number of days Flow rate

6 ml h�1 7.5 ml h�1

0 97.32 � 1.11 96.89 � 1.03
10 93.57 � 1.01 93.25 � 0.64
20 93.59 � 0.56 92.61 � 0.59
30 92.12 � 1.05 92.63 � 1.01
40 92.01 � 0.78 91.35 � 0.88
50 90.55 � 0.68 90.43 � 0.76
60 90.26 � 1.06 90.02 � 1.03

TABLE 2.Hydrolysis of lactose and inhibition of bacterial growth in slimmilk treated
in different modes within 30 days.

Number of
days

Continuous mode Batch mode

Lactose
hydrolysis (%)

Relative cell
viability (%)

Lactose
hydrolysis (%)

Relative cell
viability (%)

0 90.32 � 1.11 15.35 � 0.63 90.44 � 0.57 15.75 � 1.03
5 90.07 � 1.01 15.59 � 0.73 86.47 � 0.91 16.89 � 0.86
10 89.59 � 0.56 15.68 � 0.48 83.09 � 1.16 17.73 � 0.99
15 88.12 � 1.05 15.80 � 0.94 81.35 � 0.78 18.02 � 0.75
20 88.01 � 0.78 15.77 � 0.87 78.01 � 0.38 19.26 � 0.91
25 87.55 � 0.68 16.23 � 0.51 76.55 � 0.54 19.80 � 1.01
30 87.26 � 1.06 16.56 � 0.89 74.31 � 0.77 20.02 � 0.93
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Continuous operation of the system The rate of lactose
hydrolysis and the survival ratio of cells in skim milk were moni-
tored at different cycle time points in a packed-bed column filled
with co-immobilized enzymes. As shown in Fig. 7A, the rate of
lactose hydrolysis dramatically increased with length of residence
time with matrix. It was observed that 87.66% and 87.25% of
lactose was hydrolyzed by co-immobilized enzymes in packed-
bed columns when residence times were 160 min and 128 min,
respectively, which conformed to the required amount of time
observed previously for low-lactose milk production (37).
Moreover, the survival ratio of cells significantly dropped as
residence time increased, with co-immobilized enzymes
exhibiting 15.75% and 19.44% cell survival rates after 160 min and
128 min treatment, respectively (Fig. 7B).

The extent of lactose hydrolysis was higher at a 6 mL h�1
flow

rate than at a 7.5 mL h�1
flow rate, with 90.26% and 90.02% of

lactose hydrolyzed by co-immobilized enzymes in a packed-bed
reactor after 60 days of treatment cycles, respectively (Table 1).
Overall, in skim milk 90.32% of the lactose hydrolytic rate and
15.35% of the microbial inactivation ratio were achieved after the
first treatment cycle of the co-immobilized enzymes in the packed-
bed column (Table 2). Notably, in the continuous mode the hy-
drolytic rate and microbial inactivation ratio remained stable for 30
days, with the good performance observed for the packed-bed
reactor attributed to the high stability of co-immobilized en-
zymes. These results demonstrate that a packed-bed column filled
with co-immobilized enzymes has great potential for industrial
applications. In contrast, in the batch process, the lactose hydrolysis
ratio of the co-immobilized enzymes gradually decreased to 74.31%
and the microbial inactivation ratio increased to 20.02% after 30
FIG. 7. Hydrolysis of lactose (A) and microbial inactivation (B) in skim milk treated with
co-immobilized enzymes in a packed-bed column.
days of treatment cycles (Table 2), with the slight loss of the co-
immobilized enzymes resulting from repeated washing, centrifu-
gation and decanting operations during the treatment process.

In this study, b-galactosidase was entrapped within an amino-
grafted silica matrix employing TEOS and APTES silica sources.
FTIR spectra verified the presence of b-galactosidase within the
silica matrix. After b-galactosidase entrapment, covalent attach-
ment of lysozyme to the surface of the silicamatrix was achieved by
glutaraldehyde fixation. Notably, host matrices loaded with the two
enzymes exhibited good enzymatic activities and excellent reus-
ability under continuous operation. Finally, the packed-bed column
reactor loaded with co-immobilized enzymes offered a high lactose
hydrolysis rate and microbial inactivation ratio in skim milk during
30 days of continuous operation. Indeed, during 60 days of
continuous operation, the packed-bed column reactor still main-
tained good lactose hydrolysis performance. This work paves the
way for the production of low lactose milk using silica matrix
loaded with the two enzymes.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.07.009.
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