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In the extraction of collagens from mammalian tissues, the free pepsin used in the acid—pepsin extraction
system is hard to recycle, and there is a risk of enzyme protein contamination in the extracted collagen
products, which limits their applications. To solve this problem, an immobilized pepsin was successfully
prepared via the covalent crosslinking of glutaraldehyde using a 3-aminopropyltriethoxysilane (APTES)
surface modified silica clay as the support. The immobilized pepsin was applied for the extraction of
collagen from bovine hide. The optimal immobilization process involves incubating pepsin with an initial
concentration of 35 mg mL™! and glutaraldehyde with 5% activated APTES modified silica clay at 25 °C
for 60 min, by which the loading amount of pepsin was 220 mg g~* and the activity of the immobilized
pepsin was 4.2 U mgfl. The collagen extracted using acetic acid and the immobilized pepsin method
retained its complete triple helix structure. This research thus details an effective separation method
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1. Introduction

Type I collagen, the most abundant protein in vertebrates, has
been widely used as a biomaterial as it has excellent biological
functions and properties."* Extracting type I collagen from
mammalian tissues using acetic acid combined with pepsin
has been commonly used for decades.®* Schmitt developed
methods using the enzyme pepsin and acetic acid for
extracting collagen in a high yield from bovine skin®. Pepsin is
a single chain enzyme with high specificity that is secreted by
inactive pepsinogen and its autocatalytic activation occurs at
a pH of <5, where the N-terminal group is removed to leave the
enzyme with a molecular weight of around 34 kDa.>® The
optimum pH of pepsin is between 1.5 and 2.0, and it is inactive
above pH 6.5. Residues of Asp 32 and Asp 215 at the active sites
are hydrogen-bonded by folding into two independent Asp-
Thr-Gly sequences, which allow pepsin to exhibit optimal
biological activity in acidic environments.” Pepsin is quite rich
in Asp and Glu, but it has only one lysine residue. Pepsins play
a critical role in the solubilization of extracted collagen.
During collagen extraction, pepsin preferentially acts on the C-
terminus of aromatic amino acids, such as Phe, Try, Leu and
Tyr‘3,9

Although the acetic acid-pepsin method is still preferred
for obtaining highly purified solubilized collagen from
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may be a candidate for use in biomaterial applications.

bones,**** tendon,***® and various ocean fish skins,’”*® the
added pepsin is a difficult material to recycle for reuse.
Moreover, it is difficult to separate pepsin completely from the
extracted collagen, where it may remain and serve as a poten-
tial allergen.

Therefore, the solution to these limitations may be solved by
using immobilized pepsin in the extraction process. Immobi-
lized enzymes refer to enzymes that play a catalytic role in
a certain spatial range and can be used repeatedly and contin-
uously. Immobilized enzymes can solve the problems of the
high costs associated with using free enzymes, the time-
consuming separation of enzymolysis products from
substrates, restriction of recovery and sample contamination,
and are easy to use, separate and reuse."

The immobilization process can prevent molecular inter-
action and self-digestion,***> as well as improving enzyme
stability, activity, and selectivity.>® Several methods have been
used for enzyme immobilization, such as adsorption, trapping
and covalent binding.>* The applicability and advantages of
enzyme immobilization in practical applications depend on
the specific enzyme characteristics, reaction characteristics,
substrate and product properties. Furthermore, pepsin has
been successfully immobilized on different types of support
using various immobilization methods. Santos successfully
immobilized pepsin on biochar via adsorption and covalent
binding.® Dascalu reported the immobilization of pepsin on
magnetite nanoparticles.” Moreover, pepsin can also be
immobilized on agarose,” organosilicon,” mesoporous
silica,®® and chitosan.”” Glutaraldehyde is one of the most
common tools for enzyme immobilization, as it contains two
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active aldehyde groups and can react with the primary amino
group of proteins. Glutaraldehyde is usually used to enable the
first immobilization on the support to activate the ammoni-
ated support.®

Porous silica clay (specific surface area 79 m* g~ ') has been
used as a pepsin support due to its low cost and abundance.*®
The inner surface of the porous material can prevent digestion,
and the protein can also gain a high internal surface area to
realize high load catalyst immobilization. Moreover, enzymes
located in pore channels are protected against microbial attack
and physical/mechanical damage.*

Herein, silica clay was modified with
propyltriethoxysilane (APTES) to introduce amino groups on
the surface of the support. In addition, glutaraldehyde was
used to further react with the amino group on the support
surface and pepsin was immobilized by the reaction of
glutaraldehyde with the amino group on the side chain of
pepsin®®. The properties of the immobilized pepsin were
investigated. Then, the prepared immobilized pepsin was
applied in an acetic acid-pepsin extraction process of collagen
from mature bovine hides.

3-amino-
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2. Materials and methods

2.1. Materials

Silica clay was obtained from Ningbo Create New Materials Co.,
(Ningbo, China). Pepsin was purchased from Sinopharm
Reagent Co. (Shanghai, China). 3-Aminopropyltriethoxysilane
(APTES), glutaraldehyde, and hemoglobin were obtained from
Aladdin Biochemical Technology Co (Shanghai, China). All
other reagents were analytical grade reagents and used without
further purification.

2.2. Preparation of immobilized pepsin

The modification of silica clay (SC) and the immobilization of
pepsin onto the modified SC was conducted according to our
previous work.** The preparation is briefly described as follows.
Step 1: a quantity of 4.0 g of silica clay (SC) was dispersed in
30 mL of ethanol for 30 min using ultrasonication. Then, 8 mL
of 3-aminopropyltriethoxysilane (APTES) was injected into the
ultrasonicated solution. The mixture was heated under reflux
for 24 h under a nitrogen gas atmosphere with gentle magnetic
stirring. Then, the modified support was filtered and rinsed
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Fig.1 Scheme of the modification and immobilization process of pepsin on silica clay.
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with ethanol several times to remove the unreacted APTES.
Then, the washed APTES-modified silica (assigned as A-SC)
was dried at 60 °C. Step 2: a mixture of 1.0 g of A-SC and
10 mL of a set concentration glutaraldehyde solution was
incubated at 30 °C with gentle shaking. And then the solid
powder was rinsed several times with 0.01 mol L™" of HCI and
dried at 60 °C. The product was assigned as Glu-A-SC. Step 3: to
immobilize pepsin onto Glu-A-SC, 1.0 g of Glu-A-SC was
incubated with 10 mL of a 5-35 mg per mL pepsin solution (in
0.01 mol per L HCI) at a certain temperature (20-50 °C) for
a certain time (20-180 min). After the reaction, the mixture
was filtered, and then washed with 0.01 mol L™ of HCI several
times. The solid was lyophilized and stored at 4 °C for use
(assigned as Pep-Glu-A-SC). A scheme of the preparation
process is shown in Fig. 1.

2.3. Characterization

The Fourier-transform infrared (FTIR) spectra of the samples
were collected on a Nicolet Is10 infrared spectrometer (Thermo
Fisher Scientific, Boston, MA, USA) using the KBr pellet method
over a range from 4000 to 400 cm . The morphologies of the
samples were observed using a FEI XL-30 scanning electron
microscope (SEM) (FEI, Hillsboro, OR, USA). X-ray diffraction
profiles were obtained from an X'Pert Pro MPD DY 129 X-ray
diffractometer (Oxford Instruments, UK). The specific surface
area of the samples was measured using a Gemini VII 2390
(Micromeritics, USA) automatic rapid specific surface area and
porosity analyzer using nitrogen as the medium. The elemental
contents of C, H, N, and S of the samples were determined using
a Flash-Smart NCS element analyzer (Thermo Fisher Scientific,
Boston, MA, USA).

2.4. Activity and enzymatic properties of immobilized

pepsin

Pepsin activity was determined using hemoglobin solution (2%)
as a substrate.®® First, 0.1 mL of free pepsin solution (dissolved
in 0.01 mol per L HCI) or 20 mg of immobilized pepsin was
mixed with 0.3 mL of substrate. After incubation at 37 °C for
10 min, the reaction was terminated by adding 0.6 mL of
0.3 mol per L trichloroacetic acid, and the undigested hemo-
globin substrate was precipitated. The mixture was centrifuged
at 3500 rpm for 5 min, the supernatant was removed and the
absorbance value was measured at 280 nm on a UV1900 UV-vis
spectrophotometer (JingHua Instruments, China). The activity
(U) was calculated using eqn (1):

(4, — Ag) x 1000

Ufmg = 10 min x M

1)
where Ag and A, are the absorbance values of the sample and
control at 280 nm, respectively. M is the mass (mg) of the
pepsin added to the solution.

To determine the amount of pepsin loaded onto the support,
the protein content in the solution before and after the immo-
bilization process was determined by Lowry assay** using
bovine serum albumin (BSA) as a standard. The pepsin loading
on the support was calculated according to eqn (2):
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Pepsin load mg g™ =

where C; and Cy are the initial and final pepsin concentrations
(mg mL "), respectively, V is the volume of the solution (mL),
and W is the mass (mg) of the immobilized support. All samples
were measured in triplicate.

The stability of free and immobilized pepsin on pH was
determined in disodium hydrogen phosphate-citric acid
buffer (CPBS) (pH 2.0-8.0). Enzymes (free or immobilized)
were incubated in the set pH value buffer for 30 min, and then
their hydrolytic activities towards a hemoglobin substrate were
determined. The stability of free and immobilized pepsin
towards temperature was determined by incubating the
enzymes in CPBS buffer (pH = 2.0) in the range of 20-70 °C to
their hydrolytic activity hemoglobin
substrate. The stability of the free and immobilized enzyme on
duration in CPBS buffer (pH = 2.0) at 50 °C was investigated.
The results are presented in standardized form, with the
highest activity value as 1.0.

measure towards

2.5. Extraction of collagen by using immobilized pepsin

The extraction conditions were selected as follows: 1.0 g of
pretreated bovine hide powder was placed in 125 mL of
0.5 mol L ™" of acetic acid at 25 °C for 2 h to swell and disperse
the hide powder. To cleave the terminal domains of collagen,
100 mg of immobilized pepsin was added and incubated for
24 h. Then, the solution was centrifuged at 10 000 rpm for
20 min to collect the supernatant. The resulting pellet was
then incubated with 125 mL of 0.5 mol L™" of acetic acid for
24 h and centrifuged to collect the supernatant. The pH value
of the supernatant was adjusted to 7.0 with 5.0 mol L™" of
NaOH solution, and then sodium chloride was gradually
added to a final concentration of 2.5 mol L™" for salting out
the type I collagen. The suspension was centrifuged at 10
000 rpm for 15 min. The extracted collagen was collected and
dissolved in 0.5 mol L™ of acetic acid for 24 h under magnetic
stirring. After centrifugation at 5000 rpm for 10 min, the
supernatant was dialyzed using 0.05 mol L™ " of acetic acid for
1-2 days. After dialysis, the samples were lyophilized and
stored at 4 °C, which were designated as PIEC. As controls,
collagens extracted using acetic acid alone and the acetic
acid-free pepsin method were designated as AEC and PEC,
respectively.

SDS-PAGE of the extracted collagens was performed using
a Bio-Rad Mini-PROTEAN tetra cell electrophoresis instrument
(Bio-Rad, USA). Circular dichroism (CD) spectra were recorded
on an MOS-500 CD spectrophotometer (Bio-Logic, France). Cells
with a path length of 1 mm were used, and the scanning
wavelength was in the range of 190-250 nm. Samples were
prepared at a concentration of 0.5 mg mL " in 0.1 mol L " of
acetic acid at pH 2.9. The powder X-ray diffraction (PXRD)
profiles of the lyophilized collagen samples were collected using
an X' Pert Pro MPD DY129 X-ray diffractometer employing Cu
Ko radiation (1.54 A) and scanning over a 26 range from 5 to 35°.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 FT-IR spectra of (a) SC, (b) A-SC, (c) Glu-A-SC and (d) Pep-Glu-
A-SC.

3. Results and discussion
3.1. Characterization of immobilized pepsin

The FT-IR spectra of the modified silica support and immobi-
lized pepsin are shown in Fig. 2. For the SC (Fig. 2a), the bands
at 3440 cm ™' and 1631 cm ™! are characteristic absorption peaks
associated with the -OH stretching and bending vibration of Si-

15.0kV x5.00k SE
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OH.?*! The peaks at 1101 cm™ ' and 797 cm ™" can be ascribed to
the strong antisymmetric and symmetric stretching vibrations
of Si-0-Si, respectively. Moreover, the band at 695 cm ™" can be
ascribed to an asymmetric O-Si-C stretching mode. For A-SC
(Fig. 2b), the two bending vibration peaks of -CH, and -CHj;
could be observed at 2975 cm ™', implying that the APTES was
successfully coated onto the support.** Moreover, the peaks at
1727 em ™" and 2851 cm ™' correspond to the C=0 and C-H
stretching vibrations of glutaraldehyde, respectively (Fig. 2c). By
comparison with Glu-A-SC, as shown in Fig. 2d (Pep-Glu-A-SC),
a new absorption band at 1538 cm ™" arises due to the amide II,
which is a typical feature of a protein®. The results indicate that
pepsin was successfully immobilized onto Glu-A-SC.

The SEM images show the typical irregular sheet structure of
SC, with thick aggregates and multiple folds on its surface
(Fig. 3a). As for A-SC and Glu-A-SC, the support appears to
decrease the thickness of the SC, and the functional modifica-
tion increases the interlayer space of the SC, showing fine

Table 1 Specific surface area and elemental content

Sample SC A-SC  Glu-A-SC  Pep-Glu-A-SC
Specific surface area (m* g~') 79.17 67.24 65.04 54.89
N (%) 020 0.66 0.79 1.05
C (%) 022 195 2.81 3.89
H (%) 0.68 0.90 1.13 1.19
S (%) 0 0 0 0.08

L s
10.0pm

8

1 L} U ' 1
10.0pm

Fig. 3 SEM patterns of (A) SC, (B) A-SC, (C) Glu-A-SC, and (D) Pep-Glu-A-SC.
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Fig.4 XRD patterns of (a) SC, (b) A-SC, (c) Glu-A-SC, and (d) Pep-Glu-
A-SC.

spherical particles with good dispersibility (Fig. 3b and c). In
Fig. 3d, it can be seen that more tiny particles were agglomer-
ated on the surface, suggesting that pepsin was well-bonded
onto the surface of support. Table 1 shows the specific surface
areas of SC, A-SC, Glu-A-SC and Pep-Glu-A-SC. After APTES
modification and glutaraldehyde crosslinking, the specific
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surface area of the support decreased from 79 m”> g * to 65 m>
¢~', while after immobilization with pepsin, the specific surface
area further decreased to 54 m* g~ . The results thus illustrate
that the surface modification process and immobilization
might destroy the porous structures. The XRD profile of SC has
characteristic peaks within the 24 range of 15°-30° (Fig. 4a). The
peaks at 20 = 21.64° and 26 = 26.60° are the diffraction peaks of
SiO,, which are consistent with previous reports.®* After APTES
modification, these typical peaks were maintained (Fig. 4b). As
for Glu-A-SC and Pep-Glu-A-SC (Fig. 4c and d), the 26 values
corresponding to the two characteristic peaks were slightly
reduced, which proved that the intermolecular distance of the
silica layer increased. The XRD patterns indicate that the
modification and immobilization processes has no effect on the
crystal structure of the support.

The elemental content of N, C, H, and S in SC, A-SC, Glu-A-SC
and Pep-Glu-A-SC are shown in Table 1. Pure SC contains
a small amount of N and C, which indicates that the silica clay
used contained certain organic components.** Compared to
pure SC, the elemental contents of N, C, and H of A-SC, Glu-A-SC
and Pep-Glu-A-SC increased significantly, which should be
attributed to the successful introduction of APTES. Further-
more, after immobilization with pepsin, 0.08% of elemental S
content could be observed on Pep-Glu-A-SC, illustrating that the
sulfur-containing pepsin was successfully immobilized onto the
support.
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Fig. 5 Effect of (a) the initial concentration of pepsin, (b) glutaraldehyde concentration, (c) temperature and (d) time on the relative activity and

binding efficiency of pepsin onto the support.
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3.2. Factors affecting the immobilization process

3.2.1. Initial concentration of pepsin. The effect of the
initial concentration of pepsin on its binding efficiency was
investigated. First, 1.0 g of Glu-A-SC (glutaraldehyde 2%) and
10 mL of pepsin solution (5-35 mg mL ™" in 0.01 mol per L HCI)
were incubated at 25 °C for 60 min. The binding efficiency and
relative activity of the immobilized pepsin are shown in Fig. 5a.
It can be observed that the amount of protein binding onto the
support increases with an increase in pepsin concentration. In
the presence of glutaraldehyde, pepsin is immobilized onto the
A-SC support by forming stable cross-links.*® The relative
activity reached a maximum when the concentration of pepsin
was at 30 mg mL~", while the loaded enzyme amount of the
support was at 130 mg g . When the concentration of pepsin
reaches 35 mg mL ™", the activity of the immobilized enzyme
decreases. This may be due to an excess of pepsin immobilized
on the support increasing the steric hindrance, which might
reduce the accessibility of the enzyme to the substrate. Wu*’
reported that excess pepsin causes most of the binding sites to
be hidden or destroyed. These results are consistent with the
results of Valentova.*® In addition to covalent cross-linking with
glutaraldehyde, a few pepsin molecules may be physically
adsorbed in the pores of the support.***® Therefore, the initial
concentration of pepsin for the immobilization process was set
at 35 mg mL~" for further experiments.

3.2.2. Glutaraldehyde concentration. The effects of the
glutaraldehyde concentration on the binding efficiency of
pepsin onto Glu-A-SC support were investigated. First, 1.0 g of
Glu-A-SC (glutaraldehyde 1-7%) and 10 mL of 30 mg mL ™" of
pepsin solution (in 0.01 mol per L HCI) were incubated at 25 °C
for 60 min. As shown in Fig. 5b, the amount of protein binding
onto the support increases with an increase in glutaraldehyde
concentration. Maximum binding was reached at 150 mg g~ ' at
a glutaraldehyde concentration of 3%. After that, further
increasing the glutaraldehyde concentration decreased the
binding efficiency. However, the activity of the pepsin reached
a maximum when the glutaraldehyde concentration was 5%.
The concentration of glutaraldehyde was thus set at 5% for the
following experiments.

A highly activated glutaraldehyde support may have three
different interactions with proteins (hydrophobic, ion exchange
and covalent interactions). Immobilization of an enzyme via ion
exchange has a positive effect on its stability, therefore the
twisted deactivation of the enzyme would also be slowed.*
Ferreira*' reported that the use of glutaraldehyde was beneficial
to the reticulation between pepsin molecules and could
improve the overall activity of pepsin. Monsan** showed that it
was possible to modify the main amino group in the support
with just one or two glutaraldehyde molecules or by allowing
uncontrolled polymerization of glutaraldehyde. The optimal
reactivity of the glutaraldehyde preactivated support against the
primary amino group was obtained when two glutaraldehyde
molecules were introduced into each amino group in the
support.

However, the stability of the glutaraldehyde was relatively
low.*® Since there were only two major amino residues on

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

pepsin, even if the pepsin on the glutaraldehyde preactivated
support was covalently immobilized, it took a long time to
obtain maximum multipoint covalently immobilization.*
Furthermore, due to the high loading of pepsin immobilized
with modified SC, it could be speculated that the diffusion rate
of pepsin was faster than the immobilization rate during the
immobilization process, which was similar to the results shown
in Fig. 5d. The introduction of glutaraldehyde changed the
molecular conformation of the enzyme to a certain extent and
reduced the immobilized enzyme activity.>” Moreover, due to
the irreversible denaturation of pepsin under neutral and
alkaline conditions, the Schiff base generated by the reaction of
glutaraldehyde with pepsin may be unstable,* and pepsin
molecules might be absorbed into the porous structure. Under
these conditions, the pepsin molecules are very close to each
other, and if two reactive groups meet, these molecules are
cross-linked, in some cases reinforcing the stabilization effect.

3.2.3. Temperature. Fig. 5¢c showed the effect of tempera-
ture on pepsin immobilization onto Glu-A-SC. Temperature has
little effect on the loading efficiency for the immobilization
process. The loading amount of protein onto Glu-A-SC reaches
185 mg g~ ! at 25 °C. Therefore, the following immobilization
experiments were carried out at 25 °C.

3.2.4. Time. The effect of the incubation time on the
immobilization process of pepsin onto Glu-A-SC is shown in
Fig. 5d. The loading amount of pepsin reached a maximum
after 60 min and tended towards equilibrium after that time.
The relative activity of pepsin reached a maximum value at
120 min, after that the relative activity decreased, maybe due to
the distortion of the enzyme conformation by the crowded
molecules binding on the support. Santos® suggested that the
substrate must be transferred to the -catalytic site by
surrounding the support surface and diffusing into the pores
before reaching the enzyme active site.

The results showed the load of pepsin immobilized by the
modified SC support was close to 220 mg g~ . Since the lack of
a primary amino group on pepsin (only one Lys residue),
adsorption between the porous SC support and pepsin should
occur in addition to a certain extent of covalent cross-linking
with glutaraldehyde.*®* The NH, and C=O groups of pepsin
interact with the silanol groups on the SC support.*® In
summary, the optimal process conditions for the immobiliza-
tion of pepsin onto modified SC were found to be incubation of
an initial pepsin concentration of 35 mg mL " and a glutaral-
dehyde concentration of 5% at 25 °C for 60 min, by which the
loading amount of pepsin was 220 mg g~ '. The activity of the
immobilized pepsin was 4.2 U mg™ .

3.3. Enzymatic properties of immobilized pepsin

Fig. 6a shows the pH dependence of the free and immobilized
enzyme activities. The maximum enzyme activity measured was
100%. Both enzymes decreased with an increase in solution pH,
and showed a maximum activity when the pH was 2. At pH 7.0,
neither free nor fixed pepsin showed any activity.

The most reasonable explanation for the irreversible dena-
turation of pepsin above pH 6.0 is N-terminus specific

RSC Adv, 2022, 12, 34548-34556 | 34553
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denaturation caused by the carboxyl ionization of some resi-
dues in the neutral and alkaline ranges.””*® However, for
immobilized pepsin, the mutual aggregation of the support
prevented the substrate from approaching the active site of the
pepsin, which reduced the stability of the multi-point covalent
immobilization of the pepsin in an unsuitable pH environ-
ment, and even prevented the immobilization of the pepsin,
resulting in a sharp decrease in its activity. Fig. 6b shows the
influence of temperature on the activity of free and immobi-
lized pepsin at pH 2.0. The activity of immobilized pepsin was
relatively high in the range of 20-40 °C, and maximum
hydrolysis activity was reached at 30 °C, while free pepsin had
high activity in the range of 20-50 °C and reached a maximum
at 40 °C. This is consistent with that reported by David.** The
change in the optimum temperature may be related to the
binding of pepsin onto the support surface.*” Compared with
the free enzyme, the decrease in the optimal temperature of
the immobilized enzyme may be due to the change in the
enzyme conformation by the covalent bonds formed by the
amino groups, thus affecting the temperature tolerance.
Moreover, when the pepsin is crosslinked with glutaraldehyde
on the surface of the support, it may adsorb to the silica.
Different from immobilized lipase, these conditions will
inhibit the activity of pepsin to a certain extent. The results
showed that the immobilized pepsin needs to be conducted at
a lower temperature to maximize the expansion of the inter-
face of the enzyme to achieve good recognition and binding of
substrate molecules. Gamze*” immobilized porcine pepsin on
chitosan beads and observed the high stability of the immo-
bilized enzyme at 40-50 °C. Free pepsin showed high stability
at 40 °C. Therefore, the activity of the enzyme will be very
different while the enzyme immobilized by different immo-
bilization methods and supports.

Fig. 6¢ studied the thermal stability activities of the free and
immobilized enzymes stored at 50 °C at pH 2, under acidic
conditions for 0-12 h. The results showed that both enzymes
maintained high activity before the 8 h of incubation. The
relative activity of immobilized and free enzymes reached
a maximum at around 5 h. The immobilized pepsin was inac-
tivated after 11 h, while the free enzyme retained about 30%
activity at 12 h. The results showed that the free and immobi-
lized pepsin were stable at 50 °C.

34554 | RSC Adv, 2022, 12, 34548-34556

However, compared with the characteristics of free enzymes,
the activity characteristics of pepsin changed after immobili-
zation. The correlation between enzyme stability and activity is
very complex and inverse. It is not always possible to achieve
100% of recovered activity of the enzyme after the immobiliza-
tion process.*® The activity of pepsin was closely related to the
orientation of the active center. Glutaraldehyde directly immo-
bilized pepsin on the pre-activated support, with a change in the
orientation of the enzyme to some extent.””*>** Therefore, the
load of immobilization was higher, and the chance for pepsin
molecules to react with substrates may be smaller.

Furthermore, a certain amount of pepsin was adsorbed onto
the inner surface of the porous support, and the spatial struc-
ture of pepsin may have been distorted.> Even though the
support retained its ability to interact with pepsin**, the mole-
cules gathered together to a certain extent and exhibited no
mobility, resulting in additional steric hindrance. Haresh
indicated that the low catalytic activity of hemoglobin as
a substrate can be attributed to the fact that the hemoglobin
macromolecule is a large substrate that cannot reach the inner
pores of SC.>® The substrate could only interact with pepsins
attached to the surface of the support, which confirmed that
pepsin was primarily adsorbed within the pores. Santos® found
that the activity value of free enzymes was higher since they have
greater mobility in the solution. The thermal stability of the
immobilized pepsin was affected greatly at a higher tempar-
ature in compasion to the free enzyme.

3.4. Application of immobilized pepsin for collagen
extraction

The immobilized pepsin was separated from the extraction
mixture via centrifugation. The supernatants were collected and
salted out. Then the collected protein was dialyzed for 3-5 days,
followed by lyophilization. The collagen extracted by acetic acid
and immobilized pepsin was designated as PIEC.

SDS-PAGE profiles show that the o, and a, chains of the
collagen molecule are clear for collagens extracted using acetic
acid (AEC), acetic acid-free pepsin (PEC), and acetic acid-
immobilized pepsin (PIEC), indicating that the triple helical
structure of the collagen was retained (Fig. 7a). Compared with
PEC, PIEC exhibits fewer degraded bands, demonstrating

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a lower degree of degradation using immobilized pepsin*>*'.
The circular dichroism (CD) profiles of the collagen samples are
shown in Fig. 7b. A negative peak at 198 nm and a positive peak at
223 nm for the extracted collagens are characteristic of collagen
triple helix conformation detected by CD,** where the R, values
of AEC, PEC, and PIEC are 0.12, 0.11, and 0.18, respectively,
indicating that all three samples retained the unique secondary
structure of collagen.®* The FTIR spectra show bands appeared
3422 em™ ! and 2923 cm ™, which can be ascribed to amides A
and B, respectively (Fig. 7c). The bands at 1636 cm ™, 1554 cm™*
and 1238 cm ™' can be ascribed to the amide I, IT and III bands of
collagen, respectively.*® The ratios of the AEC, PEC and PIEC
amide III bands to the absorbance at 1450 cm™* (Ajyy/A1450) Were
0.984, 0.983 and 1.005, respectively, which further indicated the
integrity of the triple helix structure.> The 26 profile of PIEC with
peaks at 7.26° and 21.65° is typical of collagen (Fig. 7d).
Furthermore, an indistinct characteristic peak also appeared at
around 30°, implying that the extracted collagen self-assembled
into fibrils during the lyophilizing process.>

4. Conclusions

In summary, to prepare immobilized pepsin, a covalent
immobilization method was carried out by using glutaralde-
hyde with pepsin and APTES modified silica clay. FTIR, SEM
and elemental analysis results confirmed that the immobilized

© 2022 The Author(s). Published by the Royal Society of Chemistry

pepsin was successfully prepared. The optimal immobilization
conditions of the pepsin were obtained under experimental
conditions by incubating 35 mg mL™"' of pepsin and 5%
glutaraldehyde with A-SC at 25 °C for 90 min. The loading
amount of pepsin reached 220 mg ¢~ * and the activity of the
immobilized pepsin was 4.2 U mg™'. The optimum pH of the
free and immobilized enzymes was 2.0, and both showed good
activity under acidic conditions. The collagen extracted by the
immobilized pepsin retained a good triple helix structure.
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