Physicochem. Probl. Miner. Process. 51(2), 2015, 633—-646 Physicochemical Problems
of Mineral Processing

ISSN 1643-1049 (print)

www.minproc.pwr.wroc.pl/journal/
proc.p Pyl ‘ ISSN 2084-4735 (online)

Received August 14, 2014; reviewed; accepted October 1, 2014

HYDROXYAPATITE AS A SUPPORT IN PROTEASE
IMMOBILIZATION PROCESS

Jakub ZDARTA", Katarzyna BUDZINSKA", Agnieszka KOLODZIEJCZAK-
RADZIMSKA”", Lukasz KLAPISZEWSKI", Katarzyna SIWINSKA-
STEFANSKA", Przemyslaw BARTCZAK’, Adam PIASECKI ™,

Hieronim MACIEJEWSKI™™ ™" Teofil JESIONOWSKI"

“Poznan University of Technology, Faculty of Chemical Technology, Institute of Chemical Technology and
Engineering, Berdychowo 4, PL-60965, Poznan, Poland, teofil.jesionowski@put.poznan.pl

" Poznan University of Technology, Faculty of Mechanical Engineering and Management, Institute of
Materials Science and Engineering, Jana Pawla Il 24, PL-60965, Poznan, Poland

***Adam Mickiewicz University in Poznan, Faculty of Chemistry, Umultowska 89b, PL-61614 Poznan, Poland

****Poznan Science and Technology Park, A. Mickiewicz University Foundation, Rubiez 46, Poznan, Poland

Abstract: Hydroxyapatite is used as a matrix for immobilization of protease from Aspergillus oryzae by a
process of adsorption. The matrix obtained has the surface area of 26 m?g and particles in the shape of
flakes of diameters no greater than 650 nm. The efficiency of the proposed method was confirmed by the
Fourier transform infrared spectroscopy, elemental analysis and by analysis of parameters of the pore
structure of matrix and products after immobilization. On the basis of the Bradford method it was found
that the greatest amount of enzyme (132 mg/g) was immobilized from a solution of initial enzyme
concentration of 7 mg/cm?® after 24 h of the process.
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Introduction

Proteases (also termed peptidases) make a well-known group of enzymes responsible
for division of long chains of amino acids into shorter fragments through a process of
hydrolysis of peptide bonds. The biocatalysts are characterized by high activity in a
wide range of temperatures (30-80 °C) and pH (5-10), with the maximum activity at
40 °C and at pH 8 (Li et al., 2011). Enzymes from this group are produced by many
micro-organisms such as bacteria, yeast, fungi, but their industrial production is based
on the use of two fungi species from families of Aspergillus and Bacillus (Sharma et
al., 2013). Peptidases have been applied in pharmaceutical industry, leather industry as
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well as in production of food and detergents (Sarker et al., 2013). They have been also
added to fodder (Dragomirescu et al., 2012). Recently, they have been increasingly
used for bioremediation of water and sewage (Padmapriya et al., 2012). Similar use
have ureases, enzymes of a hydrolase class, that are used in wastewater
treatment (Krajewska 2009 a, b). A very good support for this group of enzymes is
hydroxyapatite (HA) (Ca1o(PO4)s(OH),) (Jesionowski et al., 2014), which is inorganic
and water insoluble mineral belonging to the family of calcium phosphates. The most
important advantages of HA are biocompatibility, bioactivity, non-toxicity and
immunogenic properties (Pahm et al., 2013). The application of hydroxyapatite is
limited because of its low mechanical strength (Liu et al., 2014).

In nature, hydroxyapatite (HA) occurs as mineral and it also makes about 80% wit.
of bones (Daniels et al., 2010, Xing et al., 2014). Because of its properties,
hydroxyapatite is a very good substitute of bones and has been of great interest in
tissue engineering (Alves Cardoso et al., 2012). In pharmaceutics it has been used as a
support of drugs (Zhang et al., 2012), and after introduction of titanium ions into its
structure, it has been used for decomposition of pathogens in a blood purification
therapy upon UV irradiation (Kandori et al., 2013). Hydroxyapatite is also able to bind
metal ions from water solutions, especially if it is a component of composite materials.
Thus, hydroxyapatite is applied for removal of toxic metal ions from wastewater and
soil (Carro et al., 2013). HA has been also proved, to be an effective adsorbent of lead
ions (Ramesh et al., 2013, Cui et al., 2013), and when modified with lead ions, it
shows high ability to remove uranium ions (Popa 2013). Besides the application in
medicine and for remediation of natural environment, hydroxyapatite is also used in
electrochemistry for production of biological sensors (Ma et al., 2009). Another
application of hydroxyapatite is in packing of chromatographic columns used for
separation of proteins, enzymes or DNA (Dancu et al., 2011).

This study was undertaken to check a possibility of using hydroxyapatite as a
support for enzyme immobilization. The method proposed permits stabilization of
enzyme structure and improvement in its properties (Rodrigues et al., 2013).

Salman et al. (2008) used the HA matrix for multiple enzyme immobilization in
biodetectors for calorimetric evaluation of glucose and urea content. The results
proved that the method and established parameters of reaction are suitable for the
regular analysis of reversible adsorption in situ, for the same biosensors. An attempt
was also made to immobilize the recombined human morphogenetic bone protein
(rhBMP-2) on the surface of unmodified and modified hydroxyapatite. Adsorption of
the protein growth agent was confirmed. These data may be used as the basis for
formulation of theoretical description for delivery of drugs that increase the rate of
bone growth and osteointegration of implants (Zurlinden et al., 2005). Hydroxyapatite
was also tested for applications in encapsulation of alkaline phosphatase. The analysis
of results confirmed immobilization of enzyme and preservation of the biocatalyst
activity. This protein takes part in mineralization of new bones as they form. Thus, an
attempt was made to evaluate the efficiency of substance obtained during the process
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of stimulated bone formation (Jiang et al., 2010). The subject of other papers involved
the binding of fusion protein FNgrgp/OC onto the surface of hydroxyapatite. The
results illustrated the advantage of immobilized FNrgp/OC over the native FN, which
manifested as intensification in osteoblasts proliferation. Therefore, the strategy for
designing multifunctional proteins integrated into the hydroxyapatite matrix can be
used for bone regeneration (Kang et al., 2011). During immobilization, it is important
to ensure the possibility of repeated use of enzyme. The method of repeatable
adsorption and total removal of protein from the hydroxyapatite surface has been
presented. The ability to reuse the HA support for adsorption of fibrinogen and FBS
proteins has been proved (Tagaya et al., 2010).

The hitherto results have brought a substantial contribution to dynamic
development of immobilization of enzymes on the surface of hydroxyapatite.
However, there are still many problems that need detailed solutions, which have
prompted us to undertake the study reported in this work. The aim of our study was
immobilization of Aspergillus oryzae protease by adsorption on the surface of
hydroxyapatite. A comprehensive physicochemical analysis of the support was made
and the effectiveness of proposed procedure of enzyme immobilization was evaluated.
The amount of adsorbed protein and changes in the content of particular elements in
the products after immobilization were established. The changes in the porous
structure of the support after immobilization additionally confirmed the process
efficiency.

Experimental

Materials

Ethyl alcohol (purity 96%), phosphoric acid (purity 85%) and calcium chloride were
purchased from Chempur Company (Poland). Phosphate buffer of pH=7 was obtained
from Amresco Company (USA). Protease (PRT) from Aspergillus oryzae, sodium
phosphate dibasic and Coomassie Brilliant Blue were purchased from Sigma—Aldrich
(Germany).

Preparation of hydroxyapatite

The procedure for obtaining hydroxyapatite was as follows. A proper volume of 1 M
calcium chloride solution was placed in a reactor equipped with a high-speed stirrer
(ca. 900 rpm) mounted in a water bath of 40 °C. To the reactor a 100 cm® of 0.6 M
sodium phosphate dibasic solution dissolved in ethyl alcohol was dosed. Then, the
mixture was stirred for about 15 min, filtered off under reduced pressure on a Sartorius
AG set (Germany) and washed with water. A scheme of HA preparation is shown in
Fig. 1. The product was dried at 120 °C in a Memmert dryer (Germany) and subjected
to calcination at 600 °C in a Nabertherm furnace (Germany). Finally, obtained
hydroxyapatite was ground and sieved through sieve of 63 um.
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Fig. 1. Schematic diagram of hydroxyapatite preparation

Immobilization of protease onto hydroxyapatite surface

To each of three conical flasks a portion of 500 mg hydroxyapatite was introduced and
then 15 cm® of the enzyme solution with concentrations of 3, 5 and 7 mg/cm® at
phosphate buffer of pH=7 was added. The process of immobilization was performed
in different times, from 1 min to 96 h, at ambient temperature. After completion of the
process, the mixtures were filtered off under reduced pressure and the obtained
products were dried in air at room temperature for 24 h.

Evaluation of physicochemical properties

The dispersive characteristics of hydroxyapatite were determined using a Zetasizer
Nano ZS apparatus made by Malvern Instruments Ltd. (UK), operating on the non-
invasive back-scattering method and measuring particles with sizes between 0.6 to
6000 nm.

On the basis of SEM image recorded by an EVO40 scanning electron microscope
(Zeiss, Germany), the surface morphology and microstructure of hydroxyapatite was
examined.

Fourier transform infrared spectroscopy (FTIR), recorded by an Vertex 70
spectrometer (Bruker, Germany) was used to obtain the presence of functional groups.
The investigation was performed at a resolution of 0.5 cm™.

The elemental contents of carbon, hydrogen and nitrogen were established by using
a Vario EL Cube instrument made by Elementar Analysensysteme GmbH (Germany)

The surface composition of hydroxyapatite (contents of Ca and P) was analysed by
energy dispersive X-ray spectroscopy (EDX) using a Princeton Gamma-Tech unit
equipped with a prism digital spectrometer (Germany). EDX technique is based on
analysis of X-ray energy values using a semiconductor. Before the analysis, samples
were placed on a special carbon tape. The presence of carbon materials is needed to
create a conductive layer which ensures delivery of electric charge from the sample.
Representative parts (500 pm?) were analyzed for proper evaluation of surface
composition.



Hydroxyapatite as a support in protease immobilization process 637

Hydroxyapatite was also subjected to crystalline structure determination using the
WAXS method (wide-angle X-ray scattering). X-ray diffraction measurements were
performed using CuK, (4 = 0.15418 nm) radiation. The accelerating voltage and
applied current were 30 kV and 25 mA, respectively. The other measurement
parameters were as follows: 26 angle range 5-60°, counting step (20) 0.04°, counting
time 3s.

In order to characterize the porous structure of the examined substances, their
surface area, pore volume and average pore size were determined using an ASAP
2020 instrument, Micromeritics Instrument Co. (USA). All samples were degassed at
120 °C for 4 h in a vacuum chamber prior to measurement. The surface area was
determined by the multipoint Brunauer—Emmett—Teller (BET) method (Sing et al.,
1985, Foo et al., 2010). The Barrett—Joyner—Halenda (BJH) method was applied to
determine the pore volume and average pore size (Barrett et al., 1951).

The amount of enzyme adsorbed and immobilization yield was determined
according to the Bradford method using bovine serum albumin as a standard
(Bradford, 1976). Spectrophotometric measurements needed for the calculations were
made by using a UV-1601 PC Shimadzu spectrophotometer (Japan) at 595 nm. Prior
to measurements, a reagent composed of Coomassie Brilliant Blue G-250, 85%
phosphoric acid and 96% ethyl alcohol was made and added to the albumin solution. It
was also used as a reference substance.

During evaluation of efficiency of the process, the amount of enzyme adsorbed
per a time unit g, was determined using the formula:

q=G WY @

where Cq and C; denote concentrations of enzyme (mg/cm®) in the solution
before and after adsorption, respectively; V is volume of solution (cm®), and m
is the mass of the hydroxyapatite support (g).

Results and discussion

Hydroxyapatite characterization

Morphology of obtained hydroxyapatite was characterized using scanning electron
microscope images presented in Fig. 2. The SEM images show that hydroxyapatite
particles are in the form of flakes, which tend to form aggregates. Hydroxyapatite
characterized in earlier works (Bardhan, 2011) had similar morphology. To
supplement the data from SEM, the particle size distribution was determined and the
obtained results are presented in Fig. 3. Figure 3 shows that obtained hydroxyapatite
has a monomodal particle size distribution in the range of 396-615 nm, corresponding
to primary particles showing a tendency to aggregate. Over 70% of the volume
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contribution is taken by the particles of 531 nm (39.3%) and 459 nm (35.7%). The
particle size distribution is in agreement with that reported by Earl et al. (2006).

At the next step the crystalline structure of hydroxyapatite obtained was resolved.
It was shown that the proposed in this work procedure leads to formation of crystalline
hydroxyapatite, which is confirmed by the presence of diffraction maxima for 26 of
26, 32, 33, 34, 40, 47, 49 and 54 in the X-ray diffractogram (Fig. 4) (Kolodziejczak-
Radzimska et al., 2014). To confirm the presence of elemental characteristic of
hydroxyapatite, the EDX analysis as well as the elemental analysis were made.
According to the results, the content of calcium in the obtained material is higher than
that of phosphorus and the mass ratio of Ca/P is close to 1.5. Based on elemental
analysis, the presence of carbon and hydrogen was noted as 22% of C and 1.07% of
H).

Fig. 2. SEM images of obtained hydroxyapatite (at different magnifications)
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Fig. 3. Particle size distribution of obtained hydroxyapatite support
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Fig. 4. XRD pattern of hydroxyapatite support

Characterization of products after protease immobilization

To verify enzyme immobilization on the hydroxyapatite surface, the FTIR spectra of
samples were recorded and analyzed. Figure 5 presents results of spectroscopic study
of hydroxyapatite and products after 24 h of immobilization from the solutions with
different concentrations. The most important fragment of the spectra, from 1700 to
1200 cm™, was magnified. The spectrum of hydroxyapatite shows a broad signal
between wavenumbers 3550 and 3200 cm™ generated by the stretching vibrations of
hydroxyl groups, while the signal with the maximum at 1630 cm™ is assigned to
physically adsorbed water. The bands at 1200, 1050 and 600 cm™, a very
characteristic of hydroxyapatite, are assigned to the stretching vibrations of phosphate
groups (PO,*) (Uddin, 2010). The band at 800 cm™ is assigned to the hydrophosphate
ions (HPO,*) (Uddin, 2010).
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Fig. 5. FTIR spectra of hydroxyapatite and products after protease immobilization
for 24 h from enzyme solution with various concentration
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The characteristic bands of protease appear at the wavenumber of 2900 cm™, and in
the range of 1700-1200 cm™. Their presence confirms immobilization of protease on
the support. The band about 2900 cm™ is assigned to the stretching vibrations of
methyl and methylene groups (-CH, and —CHj;). The signal at about 1650 cm™
corresponds to the stretching vibrations of C=C bonds (Ozsagiroglu, 2012). The band
at about 1400 cm™ is generated by the vibrations of —C—-N bonds in the protease
molecule (Singh, 2011). The FTIR spectra after immobilization of the biocatalyst also
show the signals at 700 cm™ and 490 cm™, and their presence is assigned to the
wagging vibrations and out-of-plane vibrations of C—H bonds in protease (Zhang,
2006). Moreover, the spectra show the bands at the same wavenumbers, at which the
hydroxyapatite bands occur but of higher intensity than in the spectra of
hydroxyapatite. It is a result of the presence of —C-O bonds in the protease molecule,
which vibrations are manifested as the signals at 1150 cm™ and 1050 cm™. A similar
situation takes place for the signals assigned to the vibrations of hydroxyl groups, they
also become more intense after immobilization.

The spectrophotometric analysis performed on the basis of the Bradford method
(Bradford, 1976), permits estimation of the amount of enzyme adsorbed on the support
surface per 1 g of the matrix. The relevant data are presented in Table 1.

Table 1. Amount of immobilized enzyme

Enzyme concentration (mg/cm®)

Immobilization time 3 5 7

Amount of immobilized enzyme (mg/g)

1 (min) 52 70 76
5 (min) 53 73 96
10 (min) 58 75 108
30 (min) 59 78 115
60 (min) 60 80 118
120 (min) 63 82 123
24 (h) 67 91 132
96 (h) 68 91 132

The analysis of the data from Table 1 shows that with increasing initial
concentration of enzyme in solution, the amount of protease immobilized on the
hydroxyapatite matrix increases. The greatest amount of protease (132 mg) per gram
of the matrix was immobilized from the protease solution of 7 mg/cm® after 24 h of
the process. Immobilization is the most effective in the first minutes of the adsorption
process. The rate of adsorption decreases with time and after 24 h the increase in the
mass of protease is no longer detectable. The time of 24 h was found to be the
optimum for immobilization by adsorption of protease onto the hydroxyapatite
surface. Based on the increase of amount of immobilized enzyme, which raises with
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raise of initial concentration of peptide solution, curves presenting dependence of g; on
time were evaluated (Fig. 6).
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Fig. 6. Effect of contact time on enzyme adsorbed by HA
(enzyme concentration 3, 5 and 7 mg/cm?®, HA dose 0.5 g)

Figure 6 shows a plot of the amount of enzyme adsorbed (mg/g) versus contact
time for different initial enzyme concentrations of 1, 5 and 7 mg/cm®. Noteworthy, for
each model concentration of enzyme in solution (3-7 mg/cm®) the adsorption
equilibrium is reached after 24 h. The equilibrium concentration () was equal to 68,
91, 132 mg/g for 1, 5 and 7 mg/cm?®, respectively.

Based on the data from Table 1, the effectiveness of proposed method was
calculated and the results are presented in Table 2. The immobilization yield (%) was
calculated basing on the following equation:

A -100%
A

where I, is immobilization yield (%), A, amount of immobilized enzyme and Ar is
amount of immobilized enzyme with 100% vyield.

Tables 1 and 2 show that the yield of the process is not correlated with the amount
of immobilized enzyme. The highest yield of 75.6 % was obtained for adsorption from
the initial enzyme solution of concentration 3 mg/cm? for the reaction time of 96 h.
The lowest yield of about 60% was obtained for the process performed from the initial
enzyme concentration of 5 mg/cm?®. It should be noted that for each initial enzyme
concentration the yield after one minute of the process is higher than half of its
maximum value, what means that over half of the enzyme amount gets immobilized at
the beginning of the process. This observation can be explained by the fact that most
of the active sites of the hydroxyapatite matrix saturated at the beginning of adsorption
because of a high concentration of protease in the initial solutions.

| (2)
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Table 2. Protease immobilization yield

Enzyme concentration (mg/cm®)
Immobilization time 3 5 7

Immobilization yield (%)

1 (min) 57.8 46.7 36.2
5 (min) 58.9 48.7 457
10 (min) 64.4 50.0 51.4
30 (min) 65.6 52.0 54.8
60 (min) 66.7 53.3 56.2
120 (min) 70.0 54.7 58.6
24 (h) 74.4 60.7 62.9
96 (h) 75.6 60.8 63.0

Effective immobilization of protease on the surface of hydroxyapatite is also
confirmed by the results of elemental analysis. The results revealed changes in the
contents of the most important elements (N, C, H) in the samples after immobilization.
The changes dependent on time of adsorption and concentration of enzyme solution.
The results are shown in Table 3. The hydroxyapatite used contained 1.07% of
hydrogen and 0.22% of carbon. After enzyme immobilization, the samples revealed
increase in contents of hydrogen and carbon, but also in content of nitrogen coming
from enzyme (Xiaochun, 2013). The elemental analysis showed the increase in the
content of C, H, N elements in the samples after immobilization, irrespective of
adsorption time. The most pronounced changes were noted in the content of carbon. In
the samples after immobilization lasting for 96 h from the solution of initial
concentration of 7 mg/cm?, the content of carbon increased over twice with respect to

Table 3. Results of elemental analysis for hydroxyapatite matrix and products

Enzyme Elemental analysis (%)
concentration Immobilization time
(mglem®) N C H
Hydroxyapatite (HA) - 0.22 1.07
60 (min) 0.10 0.32 1.13
3 24 (h) 0.11 0.33 1.14
96 (h) 0.11 0.34 1.14
60 (min) 0.10 0.37 1.14
5 24 (h) 0.12 0.38 1.15
96 (h) 0.12 0.39 1.15
60 (min) 0.12 0.41 1.16
7 24 (h) 0.13 0.44 1.19

96 () 0.13 0.44 1.19
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that in the hydroxyapatite matrix. The increase in the content of hydrogen and nitrogen
was not so great, but with increasing the initial enzyme concentration and time of
immobilization process, the percentage contribution of these elements in the samples
increased.

In the next step, the parameters of porous structure of hydroxyapatite matrix
and samples after immobilization were determined to analyse the effect of
immobilization on the surface area, pore size and pore volume. The results for selected
times of immobilization are presented in Table 4. Hydroxyapatite has BET surface
area of 26 m*g, which decreases as a result of immobilization. The changes are most
pronounced in the samples obtained after adsorption lasting 96 h, irrespective of the
enzyme concentration in the initial solution. The smallest surface area was determined
for the sample after immobilization from the solution of the highest concentration.
Similar tendencies were observed for the pore size and total pore volume. The
hydroxyapatite matrix contained pores of 2.7 nm in diameter (on average) and total
volume of 0.018 cm®/g. The changes in the porous structure observed after the process
of immobilization, i.e. decreased surface area, average pore diameter and total pore
volume, evidence the effectiveness of the process (Gustafsson et al., 2012). With
increasing time of the process and initial concentration of enzyme solution, a
significant decrease in the values of above mentioned parameters was observed (Table
4). The smallest average pore diameter and total pore volume were found in the
sample after immobilization of protease for 96 h from the enzyme solution of initial
concentration 7 mg/cm® (pore size 1.3 nm and pore volume 0.005 cm®/g). It should be
added that the results obtained for the samples after immobilization lasting for 24 h
and 96 h did not differ much, what suggests on small changes in the hydroxyapatite
structure taking place after 24 h of immobilization.

Table 4. Porous structure parameters of obtained HA and products after immobilization

Enzyme conce3ntration Immobilization time BET surzface area  Pore vg)lume Pore size
(mg/cm) (m°/g) (cm®/g) (nm)
Hydroxyapatite (HA) 26 0.018 2.7
60 (min) 17 0.011 2.1
3 24 (h) 15 0.009 1.7
96 (h) 15 0.008 1.7
60 (min) 15 0.010 1.7
5 24 (h) 13 0.007 15
96 (h) 13 0.006 15
60 (min) 14 0.008 15
7 24 (h) 12 0.005 1.3

96 (h) 11 0.005 1.3
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Conclusions

The proposed in this work method for synthesis of hydroxyapatite gave a product
made of particles in the shape of flakes of sizes not exceeding 650 nm. The obtained
matrix had well-developed crystalline structure characteristic of hydroxyapatite and
the Ca/P mass ratio of about 1.5. The obtained data showed that the method proposed
for immobilization of protease is effective and leads to immobilization of enzyme on
the matrix surface. The evidence of successful immobilization was provided by the
FTIR study, Bradford method measurements, elemental analysis and character of
porous structure of products after immobilization, with respect to those of the initial
matrix. The process of immobilization on the hydroxyapatite surface was performed
for different times, where the optimum duration was 24 h since after this time no
significant increase in the amount of enzyme was noted. The greatest amount of
enzyme (132 mg/g) was immobilized from the solution of initial concentration of 7
mg/cm?, however, the highest yield of the process (over 75%) was obtained from the
solution of initial enzyme concentration of 3 mg/cm®.
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