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Abstract Avian eggshell membranes are good candidates as a matrix for immobilization
procedures. Chicken eggshell, a waste material available from the poultry industry as a
byproduct, is a very safe and cheap raw material. While pieces of eggshell membrane, or
even particles from whole eggshell, have been previously used for these purposes, we report
here the use of eggshell membrane powder for E. coli β-galactosidase immobilization with
glutaraldehyde as cross-linker. A kinetic characterization is provided for eggshell membrane
powder-bound enzyme compared to free enzyme. Results show a remarkable similarity
between bound and free enzyme and also that the immobilized enzyme is stable and can be
reused several times. Moreover, bound enzyme is able to produce glucose from skim milk
serum.
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Introduction

Sustainability and low environmental impact are two key demands for productive processes.
Hence, the use of what is considered waste material has become not only desirable but
necessary. Biomaterials represent an important opportunity because they are produced contin-
uously, are environmentally friendly, and can enable business opportunities. Eggshells are a
remarkable example of waste materials. Annual world egg production is about 65 million tons
that is 1.3 × 1012 eggs [1]. Because it is estimated that half of this production is used not for
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direct human consumption but for industrial purposes, the accumulation of eggshell waste
material is 6.5 million tons that must be discarded at considerable cost [2]. Avian eggshells are
one type of many biomineralizing systems that are extensively represented in nature. The
absence of cells renders avian eggshells a very stable material compared to other known
systems. In the case of chicken eggshell, this material is available from the poultry industry as
a byproduct, and it is, from microbiological and toxicological perspectives, a very safe starting
(raw) material. Thus, eggshell is an inexpensive, microbe-resistant, and mechanically suitable
material [3]. Over the last decade, much effort has been focused on using eggshell waste
material for producing novel materials or devices for several applications [4–10]. For example,
pieces of eggshells have been used to immobilize enzymes for diagnostic purposes. However,
previous attempts to use powdered eggshells have proven unsuccessful, probably due to the
presence of the mineral component (i.e., calcium carbonate). To circumvent this, isolation of
the non-mineralized part of the eggshell has been tried.

Microscopically, chicken eggshell is a highly ordered array of two layers, consisting of
calcified matrix overlying non-mineralized fibrillary membranes that serve as the foundation
for the calcified matrix. There is evidence that the role of the fibrillary membranes is to control
the shape and geometry of calcium carbonate mineralization [11–15]. The fibrillary
membranes, which comprise the innermost layer of an eggshell, are composed of two non-
mineralized sublayers, referred to as the inner and outer shell membranes. These membranes
adhere to each other around almost the entire inner surface of the shell and can be easily
isolated from the shell with mild procedures. These membranes are not membranes in the
sense that is used to describe, for example, the cytoplasmic membrane of a cell. Rather, that
name was probably used due to anatomical reasons to indicate the existence of a barrier
between the cell inside the egg (i.e., the oocyte surrounded by egg white) and the calcified
layer, or as a more mechanistic definition, such as a two-dimensional surface which separates
two compartments or to which some substances can attach or through which they can
selectively permeate. Eggshell membranes are composed of collagens (mainly type X), other
proteins, and proteoglycans, and they contain lysine-derived cross-links, which are believed to
be responsible for the insolubility and stability of eggshell membrane fibers [16–21]. In
addition, eggshell membranes have a high surface area that contains functional groups such
as hydroxyl (−OH), thiol (−SH), carboxyl (−COOH), amino (−NH2), and amide (−CONH2),
which are both suitable and available for the attachment of macromolecules, including
enzymes [8, 9, 15, 22–27].

Using enzymes for production and processing of products for human and animal consump-
tion, among other applications, is a well-established approach [28]. The plethora of procedures
that are available for enzyme production and purification has currently placed enzymes among
the well-established and environmentally friendly products in biotechnology. However, from a
sustainable and even economic perspective, the problem of reuse and stability of enzymes is an
unresolved issue. In this connection, the need for natural, available, biocompatible, inexpen-
sive, and safe materials for enzyme immobilization remains a relevant issue. The challenge of
increasing both enzyme availability and enzyme stability may be addressed through enzyme
immobilization, which provides an excellent approach for increasing availability of enzyme to
the substrate with continued catalytic turnover over extended times. Currently, immobilized
enzymes are preferred over their free counterpart due to their prolonged availability, which
reduces redundant downstream and purification processes [29]. The selection of an appropriate
matrix and method of immobilization are critical for retaining or improving enzyme activity
and, when needed, to enhance enzyme stability.

102 Appl Biochem Biotechnol (2019) 187:101–115



β-Galactosidase (β-D-galactoside galactohydrolase, EC 3.2.1.23) catalyzes the hydrolysis
of terminal non-reducing β-D-galactose residues in β-D-galactosides. The Escherichia coli
enzyme is a tetramer of identical subunits. Each subunit (MW 116.4 kDa) is composed of 1023
amino acid residues [30, 31]. Previous attempts have been made to immobilize β-galactosidase
with enzyme from various sources; also, different matrices have been used, such as reversible
hydrogel beads [32], agar gel [33], cellulose nanofibers [34], glyoxyl-modified supports [35],
chitosan [36], and whole eggshell [3].

As mentioned before, β-galactosidase from different sources, mainly microorganisms, has
been immobilized on numerous types of support, including the complete chicken eggshell [37,
38]. The results of these investigations have been variable both in terms of the conservation of
the properties of the enzyme and its stability. Many of the support materials used are synthetic,
and a few are natural products. The interest in immobilizing an enzyme clearly is based on the
fact that production of that enzyme is a process that requires a great deal of effort, which makes
its single use a very expensive one. If immobilization is done with a natural matrix which is, at
the same time, a waste product, two problems are solved simultaneously. In this regard, using
E. coli β-galactosidase as a model, we describe the immobilization of the enzyme on
membrane powder from the eggshell of chicken eggs, not whole chicken eggshell as described
elsewhere [3].

Materials and Methods

Materials

E. coli β-galactosidase (EC 3.2.1.23) and reagents for activity and protein assays were from
Sigma-Aldrich. The enzyme preparation, used without further purification, was essentially
pure as judged by PAGE (data not shown). Eggs and milk were from a domestic supplier.
General reagents for eggshell membrane preparation and modification were analytical grade
from Merck.

Eggshell Membrane Preparation

The inner contents (egg white and oocyte) were removed from eggs that had been carefully
punctured at one end, and the emptied eggs were washed several times with distilled water to
completely remove the egg white. Then the emptied eggs were filled with 5% (v/v) acetic acid
and allowed to stand for 40 min at room temperature. After the acetic acid was discarded, the
emptied eggs were again washed with distilled water. The eggshell membranes were then
obtained by carefully peeling them off the calcified part of the eggshell. The membrane
preparation was washed several times with distilled water, washed three times with acetone,
and dried at 40 °C overnight. Dried membranes were pulverized with a mortar and pestle in
liquid nitrogen. The resulting powder was suspended in 50 mM sodium phosphate buffer,
pH 7.0 and stored at 4 °C.

Eggshell Membrane Microscopy

Pieces of dried eggshell membranes were mounted on aluminum stubs with Scotch double-
sided tape, coated with gold, and observed in a JEOL JSM-IT300 scanning electron
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microscope at 20 kV. Eggshell membrane powder was mounted directly on a slide and
observed under a Nikon E400 light microscope with a total magnification of ×400. Random
chosen particles were used to estimate the corresponding surface.

Activity Assay

Enzyme activity was assayed by incubating appropriate quantities of enzyme (free or bound)
in assay buffer, 40 mM sodium phosphate, pH 7.0 containing 3.3 mM o-nitrophenyl-galacto-
side (ONPG) at 25 °C in a final volume of 1.2 ml. Unless otherwise stated, activity assays were
initiated by addition of substrate. The rate of o-nitrophenol (ONP) production was linear up to
60 min at room temperature. Furthermore, the initial rate, for both free and bound enzyme,
varied linearly, as expected, with enzyme concentration (data not shown).

Reactions were stopped by the addition of 0.3 ml of 1 M sodium carbonate. Released ONP
was spectrophotometrically determined at 420 nm. One unit (U) is the amount of enzyme that
produces 1 μmol of ONP per minute under the conditions previously stated. When needed, the
assay mix was centrifuged (16,000×g for 5 min) and ONP measured in the respective
supernatant. Protein content of the enzyme solutions was determined by the Bradford assay
with bovine serum albumin (BSA) as standard [39].

Immobilization of β-Galactosidase

Eggshell membrane powder (800 mg) was suspended in 50 mM sodium phosphate buffer,
pH 7.0 and was incubated overnight at room temperature in the presence of 0.2% (v/v)
glutaraldehyde with continuous stirring. To remove excess cross-linking reagent, the prepara-
tion was centrifuged (3900×g for 10 min) and resuspended in an appropriate volume of 50 mM
sodium phosphate buffer, pH 7.0. After 15 min of stirring, the preparation was centrifuged
again. This washing procedure was repeated four to five times.

The modified powder was then suspended in the presence of 24 units of β-galactosidase
(0.3 mg of protein/ml). This preparation was incubated with continuous stirring overnight at
4 °C. To remove the free (unbound) enzyme, the preparation was centrifuged as indicated
above. Enzyme activity was measured in the respective fractions as described before. Pellet
fraction (bound enzyme) accounts for 30% of total enzyme activity.

Effect of Milk Serum on β-Galactosidase Activity

Milk serum was prepared by mixing 36 ml of skim milk with 4 ml of 10% acetic acid. After
vigorous stirring, the preparation was immediately centrifuged (3900×g for 20 min). Superna-
tant neutralization to pH 7.1 was accomplished by dropwise addition of 5 N NaOH. The
neutralized preparation was centrifuged again, as indicated above, and the supernatant stored at
4 °C until use. The effect of variable amounts of milk serum on free or eggshell membrane-
bound enzyme was determined at 0.25 mMONPG in 40 mM sodium phosphate buffer, pH 7.0.

Effect of pH

Appropriate amounts of enzyme (free or bound) were incubated at room temperature in 40 mM
sodium phosphate buffer adjusted to different pH values. Reactions were stopped as indicated
above, and ONP was determined spectrophotometrically.
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Stability of Bound Enzyme

An enzyme-bound eggshell membrane powder preparation, stored at 4 °C, was sampled at
various time intervals for β-galactosidase activity. Also, a preparation of free (i.e., unbound)
enzyme with similar activity was tested in the same way. All measurements were performed at
pH 7.0, room temperature, and saturating concentration of substrate.

Reuse of Bound Enzyme

An aliquot (2 ml) of eggshell membrane powder-bound enzyme was put into dialysis
tubing, which remained sealed. The dialysis tubing was placed in a chamber containing
the reaction mixture and stirred continuously. Measurements were conducted at room
temperature. Unless otherwise stated, all measurements were made at saturating con-
centration of ONPG. Between measurements, the preparation was dialyzed against
50 mM phosphate buffer (50 ml, two to three changes every 30–40 min) to remove
excess substrate and product formed in each reaction cycle. The dialysis tubing
containing the preparation was stored at 4 °C. Measurements were done two to four
times daily at defined days.

Glucose Determination

Glucose determination was done spectrophotometrically with a final point glucose
oxidase assay. A commercial kit was used according to the instructions provided by
the manufacturer (i.e., 10-min incubation time at room temperature and absorbance
reading at 505 nm).

Structural Data

Structural data for E. coli β-galactosidase were taken from a public database (PDB ID 4V44).
Lysine accessibility was assessed by means of WHAT IF software [40].

Results

Eggshell Membrane Powder Preparation

Figure 1 shows eggshell membrane as seen under SEM (1A) and eggshell membrane powder
(1B) using light microscopy. The surface area of the particles is highly variable, ranging from 3
to 410 μm2. The average value (n = 12) is 86.5 μm2 with a standard error of ± 34.

Kinetic Studies

To characterize free and eggshell membrane powder-bound enzyme, we studied the depen-
dence of initial rate on substrate (ONPG) concentration. Figure 2 shows that there is hyperbolic
behavior for both of them. Accordingly, respective double reciprocal plots were linear, as
expected. Km values estimated from these data indicate values of 0.19 and 0.14 mM for free
and eggshell membrane powder-bound enzyme, respectively.
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Effect of Milk Serum on β-Galactosidase Activity

For further comparison, the inhibitory effect of milk serum (which contains lactose) was
assessed. As shown in Fig. 3a, the similarity of that effect on free and bound enzyme is
evident. In both cases, the quantity of milk serum needed to obtain 50% inhibition (expressed
as microliters of milk serum) is approximately 35 μl. Based on this result, a kinetic study with
fixed quantities of milk serum (10 and 20 μl) and variable concentrations of substrate (ONPG)
shows a competitive pattern of inhibition for both forms of the enzyme (Fig. 3b, c). Moreover,
Ki values estimated from these data are in the same order of magnitude (as described in
BDiscussion^ section).

Effect of pH

The pH dependence for both free and bound enzyme, measured in sodium phosphate buffer, is
similar, as shown in Fig. 4. The optimum pH for free enzyme was about 7.0, a value slightly
higher than the observed value of 6.8 for the eggshell membrane powder-bound enzyme.

10 m

b

20 m

a

Fig. 1 Eggshell membranes and eggshell membrane powder. a Scanning electron micrograph of a piece of
eggshell membrane (×550). b Light microscopy of eggshell membrane powder (×400). Both specimens were
prepared as indicated in the BMaterials and Methods^ section
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Stability and Re-Utilization of Eggshell Membrane-Bound Enzyme

As shown in Fig. 5a, the activity of different aliquots of free and bound enzyme, sequentially
measured at various times, indicated that the enzyme was stable up to at least 150 h (i.e., more
than 6 days). Free enzyme, stored in the same conditions, behaved similarly. As shown in
Fig. 5b, when one single aliquot of bound enzyme was sequentially used several times during a
period of more than 90 days, the enzyme showed significant retention of its activity.

Eggshell Membrane Powder-Bound Enzyme Produces Glucose from Skim Milk
Serum

Previous data were obtained with an unnatural substrate (ONPG) under strongly controlled
conditions. Therefore, to further test the activity of eggshell membrane powder-bound enzyme,
experiments were done with a source of native substrate. Briefly, a piece of dialysis tubing
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Fig. 2 Dependence of initial rate of free (a) and eggshell membrane powder-bound (b) β-galactosidase on
ONPG concentration. Initial rates were measured in the presence of variable quantities of ONPG incubated with
appropriate quantities of enzyme (free or bound) in assay buffer, 40 mM sodium phosphate, pH 7.0 at 25 °C as
described in the BMaterial and Methods^ section. Insets show double reciprocal plots of the data
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(3500 CO) filled with 5 ml of eggshell membrane-bound enzyme suspension (approximately
35 mU) was incubated in the presence of 10 ml of skim milk serum (diluted 1/10) for 16 h at
4 °C with continuous stirring. A diluted milk serum control (10 ml) was incubated under the
same conditions, but in the absence of enzyme-bound suspension. After the indicated time, a
glucose oxidase assay was used to determine the glucose content for both the enzyme-treated
and untreated milk serum. The quantity of glucose measured in the enzyme-treated milk serum
was 418 μg, while in the control glucose was, as expected, undetectable. The total carbohy-
drate content for that milk was reported as 49 g/l. Assuming that all of the reported carbohy-
drate content was lactose (or at least 95% of that value), then the diluted milk serum contained
about 2450 μg of glucose. Thus, this enzyme-bound preparation produces about 17% of the
expected glucose.

Based on the previous result, the rest of the suspension (15 ml) was tested directly on milk
serum (diluted 1/10). To this end, the preparation was centrifuged as described in BMaterials and
Methods^ section and then suspended in 10 ml of milk serum. This mixture was incubated for
120 min at room temperature with continuous stirring. Bound enzyme was removed by
centrifugation, and glucose in the supernatant was measured as described above. Under these
conditions, 476 μg of glucose was detected, which represents about 19% of the total value
expected. Finally, after extensive washing, the enzyme-bound preparation was again suspended
in diluted milk serum and incubated for 24 h at 4 °C with continuous stirring. Under these
conditions, 1286 μg of glucose were detected, which is about 52% of the total value expected.

Discussion

As shown by Makkar and Sharma [3], whole eggshell can be effectively used for β-
galactosidase immobilization of Lactobacillus bulgaricus enzyme. However, in that short

Fig. 3 Effect of milk serum on free and bound β-galactosidase activity. a Initial rate was measured for both free
enzyme (filled circles) and eggshell membrane powder-bound enzyme (open circles) in the presence of variable
quantities of milk serum. For both preparations, the initial rate measured in the absence of milk serum was taken
as 100%. All determinations were done at 0.25 mM ONPG. For free (b) and bound (c) enzyme, initial rates for
control (triangles) and 10 μl (circles) or 20 μl (squares) of milk serum were measured in the presence of variable
quantities of ONPG. Insets show slope replots as a function of the amount of milk serum. Ki values were
estimated from lactose in milk serum, as measured with a glucose oxidase assay
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communication using whole eggshell, not eggshell membranes, a final concentration of 2%
glutaraldehyde was used. In our conditions, 0.5% glutaraldehyde was enough to inactivate
50% of the enzyme activity (data not shown), which may be understood considering the
enzyme source or the pH conditions that they used. Moreover, although kinetic parameters are
mentioned, no supporting data are shown, as well as no explanation for the reported similarity
between free and bound enzyme. Other studies used eggshell membranes for the immobiliza-
tion of enzymes other than β-galactosidase with a concentration of cross-linking agent of 2%
[41]. Finally, in other studies undiluted cross-linking agent has been directly used on eggshell
membranes [42].

Our data show that the effect of glutaraldehyde on β-galactosidase activity was marginal at
the concentration that we used (i.e., 0.2%). The dependence of the initial velocity of the
reaction on the ONPG substrate was remarkably similar for free and bound enzyme. In fact, the
Km values for both preparations are similar and comparable to that reported previously [43].
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Fig. 5 Stability and re-utilization of eggshell membrane powder-bound β-galactosidase over time. a The activity
of different aliquots of free (filled circles) and eggshell membrane powder-bound (open circles) β-galactosidase
was measured at the indicated times. Values are the average of four determinations. b The activity of one single
aliquot of eggshell membrane-bound β-galactosidase was measured on the indicated days. All data in the graph
were obtained with the same aliquot of bound enzyme, which was measured two to four times daily (except on
day 84). All measurements were done with a 10-min incubation time at a saturating concentration of ONPG
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Moreover, when the effect of different amounts of milk serum as a source of lactose was tested
on both preparations, it was observed that, as expected, the inhibition pattern was competitive
and the Ki values are again in the same order of magnitude. From the data of Kuby and Lardy
[43], we calculated a value of Ki that is similar to the one calculated from our data for the free
enzyme. Finally, we found that the optimal pH for both preparations is similar.

The above results suggest that the remarkable similarity of the properties we report should
be a consequence of at least partial conservation of the quaternary and tertiary structure of the
enzyme after immobilization. The rather low concentration of cross-linking agent that was
used at least partly explains this assertion. Most notably, the available structural information
accounts for the results described. In fact, the evaluation of the lysine residues exposed to the
solvent shows that two of them (773 and 774) are on the surface rather far from the active site
of the enzyme (Fig. 6). Because the active site of E. coli β-galactosidase is shared between
subunits [30, 31, 44], we suggest that the immobilization compromises the indicated lysine
residues without greatly affecting the quaternary or tertiary protein structure. This would
explain, at least in part, the similarity of kinetic behavior between free and immobilized
enzymes.

The immobilized enzyme reported here was shown to be reasonably stable over time.
Indeed, as mentioned above, a single sampled preparation with different aliquots was stable for

Fig. 6 Structural analysis of β-galactosidase from E. coli (PDB ID 4V44). a The quaternary structure of E. coli
β-galactosidase with the molecular surface colored by monomers. b Ribbon representation of a monomer with 2-
fluoro-2-deoxy-lactose in its active site (shown as spheres). Lysines with total accessibility values between 20
and 40 are colored in red (residues 229, 347, 551, 661, and 811), while lysines with accessibility over 40 are
shown in blue (residues 677, 773, and 774). Accessibility was assessed by means of WHAT IF software
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up to 150 h and a single aliquot showed significant retention of its activity for up to 91 days.
This result contrasts with those previously reported by Makkar and Sharma [3], who showed a
rapid loss of enzyme activity. The difference may be explained again in terms of the enzyme
source (i.e., structural differences), the concentration of cross-linking agent used, or a combi-
nation of both. In this regard, an inspection of the primary structure of the L. bulgaris and
E. coli enzymes shows only 33% identity, and the lysines in positions 667, 773, and 774 of the
E. coli enzyme are replaced with threonine, arginine, and glutamate, respectively, in
L. bulgaris. While the stability of the free and immobilized enzyme is similar, the immobili-
zation of the enzyme allows its reuse for a long time. We think that this is partly because the
interaction of the enzyme with the matrix stabilizes the quaternary structure that is necessary
for the activity of the enzyme since the active sites are at the interfaces of the subunits. In this
connection, it has been proposed that the stability of immobilized urease using eggshell
membrane as a support is due to the cross-linking agent (polyethyleneimine) providing a high
concentration of amino groups [45].

Finally, our preparation was capable of producing glucose when we used skim milk as a
source of lactose at 4 or 25 °C. Certainly, as was reasonable to expect, it only took 120 min to
produce, at 25 °C, a quantity of glucose comparable to that produced when the preparation was
incubated at 4 °C overnight. Moreover, when incubating the same preparation for 24 h at 4 °C
the amount of glucose produced reached a value close to 50% of the expected value. We think
that any potential application of this immobilized enzyme should consider its use under the
conditions provided by a standard refrigerator (i.e., 4 °C).

We believe the results reported here are useful in at least two ways. First, the use, with very
little manipulation and manipulation at low cost, of a byproduct of the poultry industry as a
carrier for the immobilization has evident benefits from an economic and environmental point
of view. Second, lactose intolerance has been recognized as a health problem for a long time.
Lactose intolerance is a condition in which people, due to a deficiency of lactase activity, have
symptoms that result from a decreased ability to digest lactose, a sugar found in milk products.
Lactose-intolerant people require lactose-free milk products, which are produced by treatment
of milk with lactase (β-galactosidase) from different sources. This procedure requires large
amounts of enzyme, which are lost in the process. Immobilization of β-galactosidase to a
suitable matrix appears to be a useful approach to improve this process.

While the production of milk without lactose by the addition of soluble β-galactosidase
(from various sources) has been the usual solution, an obvious, sustainable, and better solution
is the use of an immobilized enzyme. In this regard, understanding the conservation of the
properties of the immobilized enzyme is basic for the design of new solutions for different
problems from both the production and health sectors.

Conclusion

In summary, the use of eggshell membrane powder for immobilization of β-galactosidase not
only maintains the enzyme properties relative to unbound enzyme but also allows the re-
utilization of a single aliquot several times over an extended period of time. Also, the
immobilized enzyme is able to hydrolyze lactose in the presence of skim milk serum. Our
results suggest that eggshell membrane powder is a very promising material for the immobi-
lization of enzymes, which allows reuse of the enzymes and thus makes the process beneficial
both from an environmental and economic point of view.
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