
1. Background
One of the most essential and advantageous

strategies in the field of clinical and the industrial

enzyme technology is the enzymes immobilization.

Indeed, in order to improve enzyme application,

immobilization techniques, such as adsorption, multi-

point and multi subunit covalent binding, as well as

entrapment can be used. The products of the reaction

which are considered as the out puts of these methods

improve specific enzyme criteria, such as stability,

specificity, activity, and inhibition (1). 

In comparison to the free enzymes in the same

condition, the immobilized enzymes have shown the

desired functional characteristics, such as prolonged

activity and multiple reusable capability in the indus-

trial reactors (2, 3). In order to ensure the highest

retention of the enzyme activity in addition tostability

in the enzyme immobilization technique, there are dif-

ferent organic and inorganic supports, such as poly-

mers and nanoparticles (4-6). 

Collagen is among the major fibrous structural

proteins which is present in the connective tissue of the

vertebrates, and in particular in the bone and cartilage.

Indeed, it acts as the most functional backbone of these

structures (7, 8). Currently, more than twenty different

types of the collagen have been identified with the

common structural feature: the unique right-handed

triple helix. The basic polypeptide unit of collagen is

the repeating sequence (Gly-X-Y)n, where X and Y are

often proline and hydroxyproline, respectively. Type I

collagen is the most abundant type of collagen in the

human body, especially in the bones, skins, tendons,
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Background: Collagen, the most abundant protein in the human body, and as an extracellular matrix protein, has an impor-

tant role in the fiber formation. This feature of the collagen renders  establishment of the structural skeleton in tissues.

Regarding specific features associated with the collagen, such as, formation of the porous structure, permeability and

hydrophilicity, it can also be used as a biocompatible matrix in the enzyme engineering.

Objectives: The aim of the present study was to investigate the application of the type I collagen as a matrix for alkaline

phosphatase immobilization using cross-linking method.

Material and Methods: The Alkaline phosphatase was covalently immobilized on collagen matrix by using 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC). The source of the alkaline phosphatase was from the bovine

intestinal mucous. After that, the activity of the immobilized enzyme was assayed under different experimental conditions. 

Results: The optimum pH was similar to that of the free enzyme, whereas the optimum temperature and thermal stability

were shown some increments. The surface topography of the collagen matrix containing immobilized enzyme and ALP

(Alkaline phosphatase) deficient was investigated by Atomic-force microscopy (AFM). Images that have been obtained

applying AFM show significant differences between uncovered and immobilized enzyme- matrix surface topography.

Conclusions: Our findings suggest that type I collagen can be utilized as a matrix for alkaline phosphatase immobiliza-

tion via cross-linking method.
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vascular system, and organs (9). Collagen possesses

valuable properties, such as biodegradability, biocom-

patibility, non-cytotoxicity, in addition to ability to

support the cellular growth. In addition, the various

processed products of this biomolecule such as films,

sheets, beads, fibers, and sponges can be used for bio-

medical applications. 

Collagen has particular properties including ther-

mal stability, mechanical strength, and the ability to

engage in the specific interactions with other biomole-

cules. The porous structure of the collagen matrix pro-

vides a large specific surface for supplying relatively

high quantity of the enzyme loading in addition to high

porosity giving the accessibility of the active sites

along with low diffusion resistance necessary for high

reaction rate and conversion (41, 42). The fibrouse

structure of the collagen also leads to the improved

catalytic efficiency of the immobilized enzymes.

Therefore, the unique physical and biochemical prop-

erties of the collagen make it a suitable support for the

enzyme immobilization and application in the large-

scale operation.

Alkaline phosphatase (Aps; EC 3.1.3.1) is a met-

alloenzyme (two Zn and one Mg) which removes phos-

phate groups from numerous kinds of molecules and

degrades inorganic pyro phosphate (ppi) to inorganic

phosphate (10). Alkaline phosphatase has been consid-

ered as  a useful and common enzyme for different

application,  among which molecular biology laborato-

ries. The reason of this selection is the possessing of

the phosphate group at the 5′ end in DNA. Therefore,

in order to prevent ligation (attachment of the 5′ end to

the 3′ end in DNA molecule), terminal phosphates are

removed. As a result, DNA molecules remain in linear

form until the next step of the process. As well, ALP is

known as a labeling enzyme which is applied in elec-

trochemical enzyme immunoassays and immunosen-

sors  (11). 

Furthermore, since ALP is essential in bone min-

eralization, its immobilization can be applied in bone

tissue engineering. 

The three common methods for immobilization of

the ALP are: cross-linking, covalent binding, and

adsorption. The enzyme was immobilized by cross-

linking method on different matrices such as micro-

scope glass and fibrin. The most common functional

reagents that are used for cross linking the enzyme are

1-ethyl-3-(dimethylaminopropyl) carbodiimide hydro-

chloride (EDC), N-hydroxysuccinimide (NHS), diazo

and Glycidoxypropyletrimethoxysilane (12-14).

Although the ALP has been immobilized on aminated

glass surface under vacuum condition without involve-

ment of chemical reagent (15), but, collagen has not

been used as matrix yet for ALP immobilization. 

2. Objectives
The aim of the present study was to investigate if

type I collagen can be used as matrix for alkaline phos-

phatase immobilization with cross-linking method.

3. Materials and Methods

3.1. Activation of the Collagen Fiber and
Immobilization of the Enzyme

The collagen matrix (Viscofan cell carrier) was

treated with 10 mg/mL of 1-ethyl-3-(dimethylamino-

propyl)- carbodiimide hydrochloride (EDC) (Piers

22980) in phosphate buffer for 30 minutes (16).

Activated matrix was washed with PBS and was incu-

bated in the aqueous bovine intestinal mucosa alkaline

phosphatase (3 U) (Sigma P6774) for 2 h. The collagen

matrix was rinsed four times with PBS 15 min each on

a shaker.

3.2. The Alkaline Phosphatase Activity Assay
The Taylor et al. (2006) method was used for esti-

mation of the enzyme activity. The p-nitrophenylphos-

phate (pNPP) (Sigma P4744) was chosen as the sub-

strate (15). A Stock solution of pNPP was prepared

(350 μM pNPP in 25 mM glycine at pH 9.5) and col-

lagen matrix with the immobilized enzyme was treat-

ed with 2 mL of the substrate solution at room temper-

ature.  90 μL of 1 M NaOH and 1 M EDTA was added

every minute to the reaction mixture to stop reaction,

and absorbance was determined at 405 nm. The alka-

line phosphatase activity was calculated using the

methods Taylor et al. 2005 applying the following for-

mula.

3.3. Quantification of the Immobilized Enzyme
The standard curve was plotted applying 2 mL of

substrate against different concentrations of free enzyme

(3.2, 6.3, 12.5 25, 50 unit.mL-1). Subsequently, enzyme

activity of ALP immobilized on collagene surface was

measured in accordance to standard activity curve.

3.4. Estimation of the Optimum pH of the Free and
Immobilized ALP

The alkaline phosphatase activity (both free and

immobilized) was determined at 37ºC and at different

pHs (8.5, 9, 9.5, 10, and 10.5) with 350 μM of the pNPP

as substrate.
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3.5. Determination of the Optimum Temprature for
Free and Immobilized ALP

The activity of the free and immobilized enzymes

was detected at different temperatures ranging from

30ºC to 50ºC  in presence of 2 mL of 350 μM pNPP. 

3.6. Thermal Stability of the Free and Immobilized
Enzyme

The free and immobilized enzymes were incubat-

ed at 37ºC  and every 5 min the activity was deter-

mined up to 50 min.

3.7. Reusability of the Immobilized ALP
The activity of 3 units of the immobilized enzyme

on the matrix was calculated first.Then the matrix was

washed using phosphate buffer at pH range 6.5-7.5. 

3.8. Storage Stability of the Immobilized ALP
The storage condition for the collagen matrix with

immobilized enzyme was determined in PBS buffer

with pH range 6.5-7.5 at room temperature for one

month and the activity was assayed as a function of the

time.

4. Results

4.1. Properties of the Immobilized ALP
In the presen study the optimum pH and tempera-

ture, thermal stability, reusability, and storage stability

of the immobilized enzyme were studied. The total

amount of the immobilized enzyme on a surface area

of 2.25 cm2 of the synthesized collagen matrix was

determined. It was found that 3 units of the enzyme

has covered this unit area (Figures 1, 2).

4.2. The Optimum pH
The effect of the pH on immobilized alkaline phos-

phatase activity was investigated and compared with the

free enzyme (Figure 3). Result indicated that the optimal

pH value for the immobilized and free enzyme was the

same (≈9.5). The pH changes in the immobilized

enzyme can be associated with the polymer characteris-

tics and product accumulation on the matrix. Moreover,

observed perturbations on the pH profiles are likey due

to the product accumulation on matrix in such a way that

enzyme activity itself could be hindered.

4.3. Optimum Temperature
The best temperature for free enzyme activity was

35ºC which was enhanced to 40ºC for immobilized

enzyme (Figure 4). 

4.4. Thermal Stability
The thermal stability of the free and the immobi-

lized enzymes on the collagen matrix was determined.

According to the plots that are shown in the figure
Figure 5, the immobilized ALP displays a rise in the

thermal activity in comparison to the free enzyme. The

covalent immobilization of the alkaline phosphatase

increased denaturation resistance which was probably
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Figure 1. Assessment of the immobilized alkaline phos-
phatase according to the Taylor’s method with p-nitro-
phenylphosphate as a substrate

Figure 2. Standard activity curve, this curve was used to
estimate the amount of the immobilized enzyme

Figure 3. The effect of pH on the activity of the free and
immobilized enzymes. Both enzymes show the highest
activity at pH 9.5 although the immobilized enzyme shows
higher activity for a wider range of pHs



a consequence of the multipoint attachment acquired

in the immobilization process. 

4.5. Reusability
Reusability of the immobilized enzymes has been

considered a valuable property in the enzyme engi-

neering. Our results indicated that alkaline phos-

phatase activity was remained about 48.6% after 9

times (Figure 6).

4.6. Storage Stability and AFM Characterization of the
Collagen 

The immobilized enzyme was stored at the room

temperature for one month and the activity was

assayed during this period. It was found that the resid-

ual enzyme activity is approximately 40% after one

month of the storage. The surface topography was

investigated by applying AFM on collagen matrix con-

taining the immobilized ALP and the matrix without

ALP as shown  in Figure 7. The images demonstrated

significant differences between bare and immobilized

enzyme matrix surfaces topography, which revealed

that the process of enzyme immobilization was suc-

cessfully performed. 

4. Discussion
Up to now, different kinds of enzymes have been

immobilized on collagen membrane with either of the

three methods including impregnation, entrapment,

and electrolytic co deposition (12-14). However, ALP

immobilization on collagen as a matrix has not been

carried out yet.  Vissink has immobilized heparin on

collagen by using EDC and NHS in 2002 (16) and

Yeminiet et al. (2006) have utilized collagen-like pep-

tide as a matrix for immobilization of the horseradish

peroxidase (17). Therefore, in the present study we

have selected collagen for ALP immobilization. We

selected collagen as it is mechanically stable with high

tensile strength and could be altered into different sizes

and shapes by various physical and chemical modifi-

cations. On the other hand, collagen has suitable func-

tional groups such as carboxyl groups on glutamates

and amine groups on lysines, and arginine amino acids

that can participate in cross-linking reaction. These

advantages make collagen suitable for biomedical and

biomaterial applications. 

In this study, EDC was used as the cross linking

reagent, the most common form of 1-ethyl-3-(3-

dimethylaminopropyl)- carbodiimide, and  a water sol-

uble hydrochloride derivative of the carbodiimide. The

optimum pH ranges for this compound are 4.0-6.0 .

The goal for using this compound as a carboxyl acti-

vating agent was the coupling of the primary amines to

yield amide bond. Indeed the EDC can be coupled
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Figure 4. The effect of temperature (30-50ºC) on the
enzyme activity of the free and immobilized enzymes. The
immobilized enzyme shows an optimal activity at a higher
temperature (40ºC)

Figure 5. Thermal stability of the free and the immobilized
enzyme after 50 min of the incubation at 37ºC.
Immobilization of thr ALP has resulted in an increased ther-
mal stability

Figure 6. The effect of the repeated use (N) on the activity
of the immobilized enzyme. The immobilized enzyme
keeps around 50% of the enzymatic activity upon 9 times of
the application



with carboxyl groups of Glutamates or Aspartat, and

amino group of lysine or hydroxylysine  residues. The

most important properties of EDC include lack of

cytotoxicity and slow enzymatic degradation which

make it as a suitable candidate for in vivo studies  in

living systems. Furthermore, EDC increases intra and

inter helical linkages in the tropocollagen molecules

without an intermicrofibrillar crosslinks. These prop-

erties makes it suitable for enzyme immobilization,

because  no major change could occur in the enzyme

structure  during the process of the immobilization. 

Moreover, enzyme structural alterations during

the process of immobilization and formation of bind-

ing between enzyme and matrix, must be kept mini-

mized. Therefore, providing information regarding

immobilized enzymatic properties is considered as an

important step in this context. The reason for this

importance is its application in the immobilization of

the enzymes and illustration of the relationships

between structure-function and the mechanism of

enzyme reaction. Therefore, in this study the optimal

pH and temperature , thermal stability, reusability, and

storage stability of the immobilized enzyme were stud-

ied. 

According to the earlier studies, the optimum pH

for hydrolysis is variable based on the nature and con-

centration of the substrate (18). Therefore, optimum

pH for hydrolysis of the selected substrate at certain

concentrations can be compared for alkaline phos-

phatases which are obtained from different sources.

The effect of the pH on immobilized alkaline phos-

phatase activity was investigated using free enzyme

and comparing its activity with the immobilized

enzyme. The result have indicated that the optimal pH

value for immobilized and free enzyme are quite similar

(≈9.5) which is in agreement with the previous reports

(19, 20). Interestingly, the immobilized enzyme showed

higher activity in pH 10 compared to the native enzyme

which might be attributed to the effect of the pH on elec-

trostatic interactions of the collagen (21).

The optimal temperature for the free enzyme

activity was found to be 35ºC which shifted to 40ºC for

the immobilized enzyme. Such significant increase

could be primarily as a result of the enzyme stabiliza-

tion, particularly the structural stabilization, that has

occurred during the immobilization process (22). 

The thermal stability of the immobilized enzyme

is one of the most important criteria for application.

The immobilized enzymes, particularly in the cova-

lently bound systems are known to be more resistant to

heat and denaturing agents compared to the soluble

forms (23). The thermal stability of the free and the

immobilized enzyme on the collagen matrix were

determined. The immobilized ALP showed a rise in the

thermal activity in comparison to the free enzyme. The

covalent immobilization of the alkaline phosphatase

has resulted in an increased denaturation resistance

which was a probable consequence of the multipoint

attachment that was occurred during the immobiliza-

tion process. 

The reusability of the immobilized enzyme is an

extremely valuable asset in the enzyme engineering.

Our results have indicated that alkaline phosphatase

activity remained approximately 48.6% after 9 times

of application, which is  lower than the ALP reusabili-

ty immobilized on other matrices (24, 25). 
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Figure 7. The AFM images of the collagen matrix surface, before (left) and after immobilization (right). The coarse surface
was decreased following to the bindingwith the enzyme



The immobilized enzyme was stored at the ambi-

ent temperature for one month and the activity was

measured. We found that the residual activity was still

40% even after a month elapsed. 

The surface topography of the collagen matrix

containing immobilized enzyme and without ALP was

investigated using Atomic-force microscopy. AFM is a

high-resolution type of scanning probe microscopy

which makes it possible to measure the roughness of a

sample surface at a high resolution. The obtained

images have shown significant differences between

uncovered and immobilized enzyme matrices’ surface

topography which suggest the  successful enzyme

immobilization performance. Similar studies were

conducted by Joshi et al. (2007) to characterize immo-

bilized antibody molecules on SU-8 (26) as well.

5. Conclusions
The out put of the results from the present study

conclude that type I collagen could be introduced as a

possible matrix for alkaline phosphatase immobiliza-

tion applying cross-linking method. Compared to the

free enzyme, some physiochemical properties of the

ALP could be improved but it should be mentioned

that at present collagen may not be a suitable matrix

for industrial applications as the harsh conditions asso-

ciated with the industry. Regarding to the considera-

tion of the collagen as a protein compound and an ideal

matrix for tissue engineering, we plan to use collagen

in the future researches on cell differentiation studies.
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