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Ferrocene-coupled chitosan (CS-Fc) support polymer was synthesized for the immobilization of double
enzymes and single enzymes. The immobilization study was carried out after a detailed characterization
study. The binding of pepsin and lipase enzymes to the polymer was supported by the shift of peaks in
the FTIR spectra of free enzymes. The particle sizes of chitosan (CS) and CS-Fc were evaluated using
zeta potential measurement. The optimum conditions of the enzymes in the double enzyme system did
not affect each other and each showed their activity. In the presence of double enzyme immobilization,
the optimum pH remained the same with free enzyme, while the optimum temperature increased
differently with an increase of 10 °C. V.« values were 0.0020 and 0.0038 for free pepsin and lipase

enzyme, respectively. However, due to double enzyme immobilization, the V.« value increased 1.75 fold

iigzgti?j ?Stzeﬂ:racrr{ 582441 for pepsin and 3.94 fold for lipase enzyme. In the double enzyme immobilization, the substrate affinity of
pepsin increased by 0.4-fold, while the substrate affinity of lipase increased by about 0.3-fold. In the 5th
DOI: 10.1039/d4ra00842a reuse of pepsin and lipase enzymes in the presence of double enzymes (Cs-Fc-Pep) + (Cs-Fc-Lip), it was

rsc.li/rsc-advances determined as 18.21% for pepsin enzyme and 90.81% for lipase enzyme.
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1 Introduction

Environmentally friendly enzymes are important tools to reduce
energy consumption, solution utilization and by-product
formation." Enzymes have optimal properties when they
produce maximum yield with their substrates. In many cases,
the properties of enzymes must be tailored to the target
substrates to prepare a biocatalyst suitable for use in industry.
However, most industrial processes require working under high
temperature and pH conditions where enzymes denature and
lead to loss of enzymatic activity.

Today, studies on the immobilization of multiple enzymes
have gained importance due to allowing the occurrence of
subsequent reactions in shorter periods. Moreover, the immo-
bilization of multiple enzymes allows producing lower amounts
of waste and using lower amounts of solutions and chemicals.

Yanwei et al. achieved the immobilization of the double
enzyme by immobilizing alcalase and trypsin on modified chi-
tosan (Cs). In their study, the researchers determined the
optimum conditions for the free enzymes and immobilized
double enzyme and compared their K, and Vy,,x values.” The
same researchers achieved the immobilization of the double
enzyme on the magnetic Fe;O4-chitosan support and deter-
mined the kinetic parameters.® In one of the double enzyme
studies, the optimum conditions of aldolase and pyruvate
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oxidase were investigated using a sensor prepared with a multi-
carbon nanotube and chitosan.* The researchers explained their
choice to use chitosan by its non-toxicity, biocompatibility, and
controlled biodegradability. Double enzyme studies on both
immobilization and sensor design are quite rare.

Chitosan forms inter-molecular and intra-molecular
hydrogen bonds depending on the amine and hydroxyl groups
and, thus, have a hard crystal structure. Therefore, Cs is regar-
ded as an important agent for use in the paper and textile
industries.>®

It is known that instead of direct binding of metal ions to
chitosan, binding of Schiff base coordinated metals provides
a better effect.”® When ferrocene (which is an organometallic
compound) is bound to chitosan by forming a Schiff base, it has
been determined that it can be used in different application
areas.

Ferrocene is an amphiphilic compound and converts from
hydrophobicity to hydrophilicity or hydrophilicity to hydro-
phobicity through the electron transformation between Fe(u)
and Fe(m).” Therefore, Fc is used in the design of both hydro-
phobic and redox-sensitive systems.'® Pepsin is an important
enzyme in the health industry and helps protein analyses'
while lipase has attracted attention due to its use in the food
industry and the growing interest in natural products.*>*?
However, both enzymes are high-cost. Another limitation to
their use in the industry is their low resistance, activity, and
selectivity.
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Therefore, in recent years, such valuable enzymes have been
subject to certain chemical and physical processes to improve
their catalytic properties. Immobilization is one of these
processes. Thus, it is possible to recover the free enzyme
without losing its activity.* Preparation of support for immo-
bilization from biopolymers is important for human and envi-
ronment. Because biopolymers are not toxic. They can
decompose and disappear in nature. Biopolymers are preferred
in the medical field as well as in the industrial environment.
The most preferred natural biopolymers are materials such as
cellulose, chitosan, carrageenan, and alginate.

Glutaraldehyde is commonly used as an adhesive in the
immobilization of enzymes on chitosan, a natural polymer.*>'® On
the other hand, immobilization of enzymes without using an
adhesive is more cost-friendly. Furthermore, electron transfer is
known to be important in enzyme reactions producing the product
by interacting with substrates. In other words, electron transfers
are important in the formation of the reaction between the enzyme
and the substrate.”” In the double enzyme environment, steric
effects may increase. This state may affect the electron transfers
required for the enzyme-substrate interaction.

To contribute to the electron transfer between enzyme and
substrate, compounds with reversible oxidation can be used.
Ferrocene is an ideal organometallic compound that exhibits
reversible oxidation.”™ In the presented study, we considered
attaching ferrocene to the biopolymer to aid in electron transfer
between enzyme and substrate.

Ferrocene has been used in some enzyme studies.” This
study is a dual enzyme immobilisation study. In our study, we
performed a detailed characterisation and compared the
advantages and differences of dual enzyme (pepsin + lipase)
immobilisation with immobilisation performed separately.
Before all the immobilization studies, solid NMR, FT-IR, SEM-
EDX, elemental analysis, deacetyl degree determination,
conductivity and particle size analyses of the support material
were performed.

2 Experimental

2.1. Chemicals and the degree of deacetylation (DD) of
chitosan

All materials were reagent grade (Sigma-Aldrich Company).
Elemental analyses were carried out with a LECO, CHNS-932
instrument. Metal contents were determined by using a Perki-
nElmer Analyst 400 atomic absorption instrument. Solid-13C-NMR
spectra of the studied polymers were recorded with a Bruker
Spectrospin Avance DPX-400 instrument using TMS as internal
standard and CDCl; as solvent. IR spectra were recorded on
a Mattson-5000 FT-IR instrument in KBr pellets. TGA and DSC of
the chitosan and its Schiff bases were recorded by Setaram-
simultaneous model thermal analyzer under nitrogen atmo-
sphere between 25 °C and 800 °C at a heating rate of 10 °C min™".
Scanning electron microscopy of the Au-Pd-coated compounds
was done by using a JEOL JEM 100 CX II scanning electron
microscope (JEOL, Peabody, MA) equipped with a link analytical
system. The electron energy used was 20 keV. The particle size
analyses of the Cs dissolved in the Tris-HCl buffer with a pH value
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of 10 and CS-Fc were carried out using Zetasizer NS. The conduc-
tivities of the studied polymers were measured at room tempera-
ture using a four-probe technique on pressed pellets.

2.1.1. The degree of deacetylation (DD) of chitosan. The
degree of deacetylation (DD) of chitosan is determined by acid-
base titration. Before starting the titration, viscosity-average
molecular weight was identified by viscometric measurements
using an Ubbelohde Capillary Viscometer. This value was
founded as 72.000 g mol ' in 0.15 M ammonium acetate and
0.2 M acetic acid solution at 25 °C. Excess 0.1 M HCI solution
added to chitosan (~0.05 g) and stirred under a reflux
condenser ca. 1 h, at room temperature. This solution was then
titrated with 0.1 M NaOH measuring pH with a pH-meter Orion
940. Potentiometric titrations were made three times. The
degree of deacetylation of chitosan was calculated from the
volume of NaOH used (Vond equivp — Vist equiv.p)- The first
equivalent point corresponds to neutralization of the excess of
HCI. The second equivalent point is ascribed to protonation of
amine groups of 2-amino-2-deoxy-p-glucose (glucosamine)
residues of chitosan. At acidic pH, amino groups in glucos-
amine are protonated. With the addition of 0.1 M NaOH, these
groups are neutralized and the -NH, group is formed (Fig. 3).

NaOH + HCI — NaCl + H,O first equivalent point

YCH-NH;" + NaOH — YCH-NH, + H,O second equivalent
point

The DD value was found 82.2 + 2.3% from the formula
below.

M
DD =161 g mol™ x (a — b) (Tv) x 100

DD: degree of deacetylation; 161 g mol " unit
deacetylated chitosan (glucosamine), @: Vixaom (second equivalent point)s
b: ViaoH (second equivalent poingy M: 0.1 M NaOH, w: chitosan mass (g).

2.2. Synthesis of chitosan attached ferrocene

Chitosan attached ferrocene were prepared by reacting of poly-
(1,4-B-p-glucopranosamin) (chitosan, low molecular weight,
Sigma-Aldrich) (2 g) in hot C,HsOH (60 mL) with ferrocene
aldehyde (2.14 x 10® mol) in C,HsOH (15 mL) (Fig. 1B).

Aldehyde solution was slowly added by the dropwise on chito-
san solution while stirring through 30 min. Then the reaction
mixture was boiled and stirred under a reflux condenser ca. 6 h, at
60 °C.

After the mixture cooling to room temperature, chitosan
attached ferrocene precipitated and washed by adding acetone.
The resulting clear yellow product was filtered and dried in the
oven at 80 °C.

2.3. Preparation solutions (tampon, pepsin, hemoglobin
and substrate) for immobilization studies

The pH 1 (C,H;NO,/HCI) buffer: 0.3753 g (0.05 M) C,H;NO,
(glycine) and 0.05 M HCl were dissolved in 100 mL water. Drops
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Fig. 1 Suggestion structures of chitosan (Cs), (A); chitosan attached ferrocene (Cs-Fc), (B) and TGA and DSC curves.

of the 1 M HCI solution were added to the mixture until
reaching a pH = 1. The pH 2 (KCI/HCI) buffer: 0.7456 g (0.1 M)
KCl and 0.1 M HCl were dissolved in 100 mL water. Drops of the
1 M HCI solution were added to the mixture until reaching a pH
value of 2. The pH 3-4 (C¢HsNaz0; - 2H,0) buffer: 2.941 g (0.1 M)
CeH;Naz0,-2H,0 (sodium citrate dihydrate) 100 mL water. For
PH 3 and pH 4; 1 M HCI solution were added dropwise until
reaching both pH = 3 and pH 4. The pH 6-8 (Na,HPO,/
NaH,PO,) buffer: 3.5814 g (0.1 M) Na,HPO, (di-sodium
hydrogen phosphate) 100 mL water. For pH 6/pH 7; 1 M HCl
solution were added dropwise until reaching both pH = 6 and
PH 7. For pH 8; drops of the 1 M NaOH solution were added to
the mixture until reaching pH 8. The pH 9-10 (Na,B,0,/HCl)
buffer: 2.0122 g (0.1 M) Na,B,0,/(di-sodium tetraborate phos-
phate) 100 mL water. For pH 9/pH 10; 1 M NaOH solution were
added dropwise until reaching both pH = 9 and pH 10. The
pepsin solution: 100 mg of the enzyme was dissolved in 0.01 M
100 mL HCI. The solution was kept in a refrigerator at —20 °C.
Hemoglobin solution: 2.5 g of the hemoglobin was dissolved in
0.01 M 100 mL HCI. The solution was also kept in a refrigerator
at —20 °C. The p-nitrophenyl palmitate (p-NPP) substrate solu-
tion for lipase enzyme: 0.1 g of gum arabic, 0.4 g Triton X-100,
and 0.0377 g p-NPP were dissolved in 10 mL isopropyl alcohol
and brought to 100 mL volume using a 100 mM phosphate
buffer (pH = 7).

2.4. Immobilization of pepsin and of lipase on (Cs-Fc);
general method

The (Cs-Fc) (1.0 g) were placed in a 20 mL water solution of
2.5 mg of enzyme (pepsin or lipase) at room temperature (22 °C)

1234 | RSC Adv, 2024, 14, 11232-11243

in a shaking water bath for 24 h. The immobilized (Cs-Fc) were
separated and the free enzyme was removed by washing with
buffer (pH: 7.0, 15 mL). The immobilized enzymes were freshly
used and then stored at +4 °C. Methods related to immobili-
zation experiments are shown in Fig. 2.

For desorption, the relative activity of 2.5 mg pepsin and
lipase enzymes at optimum pH before and after immobilisation
were compared. According to the formula below, the relative
activity of non-immobilized enzymes was determined as 16.8%
for pepsin and 12.4% for lipase.

Aabs(desorption enzyme) — Aabs(free enzyme, 2.5 mg) Aabs(immobilized

enzyme, 2.5 mg)

2.4.1. Effects of pH and temperature on the activities of
immobilized pepsin and free pepsin. For effects of pH; 5 mg of
immobilized pepsin (CS-Fc-Pep) was transferred to 6 flasks. 2.5 mL
of each pH buffer (pH = 1-6) and 0.5 mL of the substrate solution
(hemoglobin) were added to the flasks and the mixtures were
stirred for 20 min in an ultrasonic water bath at 37 °C. After stir-
ring, 5 mL trichloroacetic acid was added and stirring continued
for another 30 minutes. Upon the completion of stirring, the clear
portions of the centrifuged solutions were collected, and their
maximum absorbance values were determined at 280 nm using
UV-GB spectrophotometry. The absorbance values were plotted,
and optimum pH was determined.

The effect of pH on the activity of free pepsin was examined
to compare the optimum pH values of the free enzyme and
immobilized enzyme. For this purpose, 0.5 ml of the free pepsin
enzyme solution that was prepared as described above

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Procedure in immobilization studies.

(beginning of section) was transferred into six flasks and the
same procedure for the immobilized enzyme was repeated.

For effects of temperature, 5 mg of immobilized pepsin (CS-
Fc-Pep) was transferred to 7 flasks. To the flasks, 2.5 mL of the
buffer solution at an optimum pH and 0.5 ml of the substrate
solution (hemoglobin) were added. To this solution, 5 mL TCA
was added, and the mixture was stirred in an ultrasonic water
bath for 60 min. This process was repeated in the range of 20-
70 °C with increments of 10 °C. Then, the values were plotted to
determine the optimum temperature values.

In order to compare the optimum temperature values of free
pepsin and immobilized enzyme, 1 ml of the free pepsin solu-
tion prepared as described above (section 2.4.1) was transferred
to seven flasks and the same procedure was repeated for the free
enzyme.

2.4.2. Effects of pH and temperature on the activities of
immobilized lipase and free lipase. For effects of pH; 5 mg of
the immobilized lipase (CS-Fc-Lip) support was transferred to 9
flasks. To the flasks, 4 mL of each pH buffer (pH = 2-9) and
1 mL of p-nitrophenyl palmitate (p-NPP) as the substrate solu-
tion were added and the mixture was stirred in an ultrasonic
water bath at 37 °C for 30 min. Upon the completion of stirring,
the clear portions of the centrifuged solutions were collected
and the absorbance values at 405 nm were determined using
UV-GB spectrophotometry. The effect of pH on the activity of
free lipase was examined to compare the optimum pH values of
the free enzyme and immobilized enzyme also. For this
purpose, 2.5 mg of the free lipase enzyme solution that was

© 2024 The Author(s). Published by the Royal Society of Chemistry

prepared as described above was transferred into six flasks and
the same procedure was repeated.

To determine the effect of temperature on free lipase and
immobilized lipase, 5 mg of immobilized lipase (CS-Fc-Lip)
was transferred to each of 7 flasks. 4 mL of the buffer solu-
tion at optimum pH and 1 mL of the substrate solution (p-
NPP) were added to the flasks. Upon the completion of stir-
ring, the clear portions of the centrifuged solutions were
collected and the changes in absorbance at 405 nm were
measured using UV-GB spectrophotometry. This process was
repeated in the range of 20-70 °C with increments of 10 °C.
Again, in order to compare the optimum temperature values
of free enzyme and immobilized enzyme, 1 ml of the free
enzyme solution was transferred to seven flasks and the
experimental procedure described above was repeated for the
free enzyme.

2.4.3. Storage stability of immobilized lipase and immo-
bilized pepsin. 5 mg of the immobilized enzyme was transferred
to flask. The buffer solution (for lipase 4 mL, for pepsin 2.5 ml)
at optimum pH and substrate (for lipase 1 mL of the p-NPP, for
pepsin 0.5 ml hemoglobin) solution were added to the flasks
and the mixture was stirred for 60 min. Upon the completion of
stirring, the absorbance values of the clear portions of the
centrifuged solutions were read using UV-GB spectrophotom-
etry (for lipase at 405 nm, for pepsin at 280 nm). This process
was repeated every four days at room temperature. In this
manner, the maintenance (%) of the activities of the immobi-
lized enzymes was determined.

RSC Adv, 2024, 14, 1232-11243 | 11235
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2.5. Preparation of the double enzyme (immobilized pepsin
(Cs-Fc-Pep) + immobilized lipase (Cs-Fc-Lip))

5 mg samples from (Cs-Fc-Pep) and (Cs-Fc-Lip) that were
prepared as described in above (page 8) were collected and
transferred to a flask to determine the optimum conditions.
5 mg of both the (Cs-Fc-Pep) and (Cs-Fc-Lip) supports were
collected and transferred to 20 flasks. 10 of the 20 flasks were
used for the optimum pH of immobilized lipase in double
enzyme medium and the other 10 for the optimum pH of
immobilized pepsin.

5 mg of both the (Cs-Fc-Pep) and (Cs-Fc-Lip) immobilized
enzymes were collected and transferred to 12 flasks to deter-
mine the effects of temperature on the activities of double
enzyme. 6 of the 12 flasks were used for the optimum temper-
ature of immobilized lipase in double enzyme medium and the
other 6 for the optimum temperature of immobilized pepsin.

2.5.1. Optimum pH for immobilized lipase in the double
enzyme. To the flasks, 2.5 mL of each pH buffer (pH = 1-10) and
method described in above (section 2.4.2) was used and the
absorbance values at 405 nm were determined using UV-GB
spectrophotometry.

2.5.2. Optimum pH for immobilized pepsin in the double
enzyme. To the flasks, 2.5 mL of each pH buffer (pH = 1-10) and
method described in above (section 2.4.1) was used and the
absorbance values at 280 nm were determined using UV-GB
spectrophotometry. The absorbance values determined for the
[(Cs-Fc-Pep) + (Cs-Fc-Lip)] in both environments were plotted to
determine the optimum pH values.

2.5.3. Optimum temperatures for immobilized pepsin in
the double enzyme. To the flasks, 2.5 mL of the citrate/citric
acid buffer solution (pH 4) and 0.5 ml of hemoglobin were
added. To this solution, 5 mL TCA was added, and the mixture
was stirred in an ultrasonic water bath for 30 min. The method
described in section 2.4.1 was used to determine the optimum
temperatures of the immobilized pepsin in the (Cs-Fc-Pep) +
(Cs-Fe-Lip) pair.

2.5.4. Optimum temperatures for immobilized lipase in
the double enzyme. To the flasks, 4 mL of pH 9 buffer solution
and 0.5 ml of p-nitrophenyl palmitate were added. To this
solution, was added and the mixture was stirred in an ultrasonic
water bath for 60 min. The method described in section 2.4.1
was used to determine the optimum temperatures of the
immobilized lipase in the (Cs-Fc-Pep) + (Cs-Fc-Lip) pair.

2.5.5. Effects of substrate concentration on the activity of
the double enzyme. To determine the effect of the hemoglobin
substrate on the activity of (Cs-Fc-Pep) + (Cs-Fc-Lip), 5 mg of the
(Cs-Fc-Pep) and (Cs-Fe-Lip) immobilized enzymes was trans-
ferred to 7 flasks. To the immobilized enzymes, varying volumes
(3.00-0.25 mL) of 0.243 M stock hemoglobin solution were
added. The total volumes of the flasks were brought to 8 mL
using the buffer solution at optimum pH and the flasks were
stirred for 30 min in an ultrasonic water bath at optimum
temperature. Then, 5 mL TCA was added to each flask and
stirring continued for another 30 min. The changes in the
absorbance values of the substrates in the flasks with six
different concentrations (0.0911-0.0075 mM) were monitored at

1236 | RSC Adv, 2024, 14, 11232-11243
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280 nm using UV-GB spectrophotometry by collecting the clear
portion of the centrifuged solution after stirring.

To determine the effect of the p-NPP substrate on the activity
of [(Cs-Fc-Pep) + (Cs-Fe-Lip)], 5 mg of the (Cs-Fe-Pep) and (Cs-Fe-
Lip) immobilized enzymes were collected and transferred to 9
flasks. To the flasks, varying volumes (5.00-0.2 mL) of the stock
p-NPP solution were added. The total volumes of the flasks were
brought to 5 mL using the buffer solution at optimum pH and
the flasks were brought to the optimum temperature and stirred
in an ultrasonic water bath for 60 min. The changes in the
absorbance values of the substrate solutions in the flasks with
different concentrations (1.00-0.04 mM) were monitored at
405 nm using UV-GB spectrophotometry by collecting the clear
portion of the centrifuged solution after stirring.

The effects of substrate concentration on the activities of free
lipase and free pepsin were also examined to compare the
kinetic parameters of the free enzymes and the double enzyme
[(Cs-Fc-Pep) + (Cs-Fc-Lip)]. For this purpose, the conditions
prepared for the double enzyme were re-applied using the same
procedure as the one used for the double enzyme. The plot of
the absorbance values against the residual substrate concen-
trations was drawn. The K, and V.« values were determined
using the Lineweaver-Burk calibration plot.*

2.5.6. Reusability of the double enzyme. To determine the
reusability of the immobilized lipase in the [(Cs-Fc-Pep) + (Cs-
Fec-Lip)] double enzyme, 5 mg of both (Cs-Fc-Pep) and (Cs-Fc-
Lip) were transferred to a flask. To the flask, 4 mL of the
buffer solution at optimum pH and 1 mL of the substrate (p-
nitrophenyl palmitate (p-NPP)) solution were added and the
mixture was stirred in an ultrasonic water bath at 50 °C for
60 min. After stirring, the clear portion of the centrifuged
solution was collected, and absorbance values were determined
at 405 nm using UV-GB spectrophotometry.

To examine the reusability of the immobilized pepsin in the
double [(Cs-Fc-Pep) + (Cs-Fec-Lip)] enzyme, 5 mg of both (Cs-Fc-
Pep) and (Cs-Fc-Lip) were transferred to a flask. To the (Cs-Fe-
Pep) + (Cs-Fc-Lip) enzyme, 2.5 ml of the buffer solution at
optimum pH and 0.5 ml of the substrate (hemoglobin) solution
were added and the mixture was stirred in an ultrasonic water
bath at 60 °C for 30 min. After stirring, 5 mL TCA was added and
the mixture was stirred for another 30 min.

2.5.7. Storage stability of the double enzyme. To determine
the storage stability of the immobilized lipase in the double
[(Cs-Fc-Pep) + (Cs-Fc-Lip)] enzyme, 5 mg of both (Cs-Fc-Pep) and
(Cs-Fc-Lip) were transferred to a flask. To determine the storage
stability of the immobilized pepsin in the double [(Cs-Fc-Pep) +
(Cs-Fe-Lip)] enzyme, 5 mg of both Cs-Fc-Pep and Cs-Fc-Lip were
transferred to a flask. The procedure described in section 2.4.3
was repeated. Thus, to what degree (%) the immobilized
enzyme maintained its activity was determined.

3 Results

Physical characterization, microanalytical and solid-
conductivity data of the Cs, Fc and (Cs-Fc) are given in
Table 1. As seen in Table 1, the conductivity of the investigated
materials was in the range of 10~7 to 100 S cm™ .2

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Analytical and solid-conductivity data of the Cs, Fc and (Cs-Fc)
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Found (calcd) % Pellets
Conductivity
Sample Suggested unit (M) C H N Fe Image Thickness (mm) (Sem™)
(C70H103N11046)n 43.88 6.81 8.53 S
(Cs) “M,, = 1887 44.52 5.78 8.16 — (5 o 0.44 5.45 x 107°
w (44.52) (5.78) (8-16) G
C,1H,oFeO 61.68 4.67 — 26.16
(Fc) M, =214 (61.11) (4.82) — (24.93) . 0.28 9.08 x 10°°
(CsoH115N14054Fe),, 46.04 6.56 7.77 (2.59)
a —
(Cs-Fe) M, = 2191 (48.74) (5.43) (6.39) 2.56 . 0.44 5.62 x 105

“ According to elemental analysis.

The greater conductivity of Fc is attributable to its high redox
activity. The increase in conductivity with the attachment of
ferrocene to chitosan is attributable to the partial charge
transfer by the Fe(u)/Fe(ur) ions. The conductivities of Cs and
(Cs-Fc) were 5.45 x 107> and 5.62 x 10 °, respectively. The
increase in the conductivity of chitosan can be regarded as
evidence for the attachment of Fc to chitosan.

3.1. Particle size measurement using a zeta potential
measurement device

The particle size analyses of chitosan and ferrocene-attached chi-
tosan using Zetasizer analysis showed that the materials were
nano-sized and for Cs, the particles showed three distributions in

the range of 11.70 nm and 4205 nm, with 11.70 nm being the most
common size with a ratio of 44.2% (Table 2). For Cs-Fc, the
particles had two sizes comprising 11.48 nm and 503.4 nm, with
11.48 nm being the most common size with a ratio of 64.7%. The
results indicated that the diversity of the particle sizes was reduced
with the attachment of ferrocene to chitosan and polymer chain
length got more simplified and had a size of about 10 nm.

The comparison of the plots showed that light sent to Cs-Fc
scattered more than light sent to Cs. The scattered light ratio of
the Cs particle was around 10% while the scattered light ratio of
the Cs-Fc particle was above 15%. This is related to the particle
size as the smaller size of the Cs-Fc particle increased the ratio
of scattered light.

Table 2 Size comparison and light intensity graphs according to Zetasizer analysis

Peak 1 Peak 2 Peak 3
Sample Sizes (nm) Intensity (%) Sizes (nm) Intensity (%) Sizes (nm) Intensity (%)
Cs 11.70 44.2 4205 43.8 373.9 8.8
Cs-Fc 11.48 64.7 503.4 35.3 0.00 0.00

Intensity %
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Table 3 3C-NMR of spectra Cs, Fc and (Cs-Fc)

Symbol Cq C, C; Cy Cs Ce,6' C; Cag/o C10/C11

Cs 172.192 22.106 103.682 81.586 74.007 59.583 — — —
56.046

Fc — — — — — — 193.303 72.736/79.330 69.762

Cs-Fc 172.515 22.420 104.223 81.747 73.895 59.897 —_ C,4—Cs overlap 68.996/17.296
56.388

3.2. Solid **C-NMR and FT-IR to 56.388 ppm and 59.897 ppm and a new peak emerged due to

The solid NMR spectra of both chitosan and ferrocene were
used to interpret the solid NMR spectrum of the support poly-
mer coded Cs-Fc (Fig. 3 and Table 3). The bands of the ring
carbons of chitosan (Cs) were broader due to the polymeric
structure. The structure of N-acetylated and N-deacetylated
chitosan is seen from the solid NMR spectrum. The signal at
22.106 ppm corresponds to the carbon peaks of N-acetyl
glucosamine. The C; peak of glucosamine was observed at
172.191 ppm. The carbon peaks of chitosan and ferrocene
emerged as expected. The solid NMR spectrum of the synthe-
sized (Cs-Fc) revealed broader peaks due to the polymeric
structure, as was the case in chitosan.

The attachment of the ferrocene group shifted the peak of
the carbon (C,) from 22.106 ppm to 22.420 ppm and a new peak
emerged at 17.296 ppm. The emergence of this peak (C;;) was
attributed to the formation of the Fc-C=N/Fc-C-N imine bond
due to the addition of aldehyde.** The carbon peaks of chitosan
shifted due to the addition of ferrocene carboxaldehyde to
chitosan. The double carbon peak (Cg) at 56.046 ppm and
59.583 ppm, which is attributed to the ~-CH,OH group, shifted

1238 | RSC Adv,, 2024, 14, 11232-11243

the addition of ferrocene carboxaldehyde to chitosan.

The FT-IR spectra of chitosan (Cs), ferrocene carboxaldehyde
(Fc), ferrocene attached chitosan (Cs-Fc), lipase, pepsin, Cs-Fc-
Lip, and Cs-Fc-Pep were individually and carefully examined.
In the FT-IR spectrum of chitosan, the peaks at 3357 cm ™' and
3286 cm ! were attributed to the amine groups and the broad
peak at 3428 cm ™' was attributed to the hydroxyl group. The
aliphatic v¢ g vibration was observed at 2870 cm™! and the
amide I and amide II bands were observed at 1655 and
1591 cm ™, respectively.

In the FT-IR spectrum of Fc, the characteristic carbonyl peak
of the aldehyde group at 1680 cm ™" was observed and the peaks
at 1455 cm™ ', 1412 em™ ', and 1369 cm ™" belonged to the CH
peaks of the Fc ring. The peaks corresponding to the vibration
frequencies at 488 cm ™" and 842 cm ' were observed to be the
characteristic peaks of the Fe (Cp) ring. The FT-IR spectrum of
Cs-Fc showed that the peaks of Fc at 1455 cm ™', 1412 cm ™', and
1369 cm ™ * shifted to 1422 em ™%, 1372 cm™ %, and 1319 cm ™ * due
to the changing chemical environment.” The comparison of the
peaks of 6 (CH)., observed in the spectra of Fc and Cs-Fc
revealed that the peaks of Fc at 488 cm ' and 842 cm™*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Free and immobilized enzyme FT-IR spectra, (Pep: pepsine, Cs-Fc-Pep: immobilized pepsine, Lip: Lipase, Cs-Fc-Lip: immobilized lipase)
and SEM imaging of (Cs-Fc-Pep) (a) and (Cs-Fc-Lip) (b); magnitudes of 2500.

shifted to 485 cm ™" and 821 cm ™, indicating that the reaction
took place. FT-IR spectra of the immobilized (Cs-Fe-Lip and Cs-
Fc-Pep) and free (Lip and Pep) enzymes with respect to the
regions of 3370-3250 cm ™', 1650-1200 cm™ " and 700-550 cm ™"
(Fig. 4).

The co-evaluation of the FT-IR spectra of Cs-Fc-Pep and
pepsin showed that the peaks of pepsin at 707 cm ™, 1203 cm ™%,
and 1260 cm ! shifted to 711 ecm™?, 1201 cm ™!, and 1257 cm™*
in Cs-Fc-Pep. The interaction with Cs-Fc resulted in the shifting
of the triple-peak of pepsin at 631 cm ™ '/601 cm™'/551 cm ™ to
634 cm™ ' to 555 cm™ ' as a broad peak. The comparison of all
vibration frequencies revealed that the vibration frequencies of
pepsin were also observed in Cs-Fc-Pep, leading to its inter-
pretation as evidence for the successful attachment of pepsin to
Cs-Fc. The co-evaluation of the FT-IR spectra of Cs-Fc-Lip and
lipase showed that the peak of lipase at 709 cm ' shifted to
a peak at 713 em ! in Cs-Fe-Lip and the peak at 1246 cm ™'
shifted to a peak at 1257 cm ™~ '. A more detailed evaluation could
not be made due to the formation of broad peaks.

3.3. TGA and SEM analysis

On the TGA curve, the weight losses corresponding to 95 °C
were 6.6% for Cs (3 mol H,0) and 5.3% for Cs-Fc (2 mol H,0).
Moreover, the examination of the DSC curves for both Cs and
Cs-Fc led to the conclusion that the endothermic peak under
100 °C was due to the loss of crystal water.>* The one-step
denaturation temperature for Cs started at 278 °C while it
started at 272 °C for (Cs-Fc). The TGA curves revealed that

© 2024 The Author(s). Published by the Royal Society of Chemistry

denaturation occurred in a single step both for Cs and (Cs-Fc)
and heating up to 800 °C resulted in weight losses of 68.7%
and 69.1%, respectively. The Tg temperature was 264 °C for CS
and 257 °C for (Cs-Fc). The TGA and DSC curves of Cs and (Cs-
Fc) are given in Fig. 1.

The SEM images showed that all compounds had different
surface morphologies. The SEM images of chitosan at magni-
tudes of 2500 were compared to those of (Cs-Fc). The compar-
ison of both magnitudes showed that the addition of ferrocene
carboxaldehyde to chitosan caused certain changes in surface
morphology and the addition of Fc caused the Cs polymer to
adopt planar orientations. This is attributable to the magnetic
properties of ferrocene. Furthermore, the EDAX spectra clearly
showed the peaks of the isotopes of Fc, indicating the addition
of Fc. For a more efficient comparison of the EDAX spectra of
the Cs and (Cs-Fc) polymers, the EDAX spectrum of ferrocene
carboxaldehyde was taken. According to the EDAX spectrum of
ferrocene carboxaldehyde, the peaks of the Fe isotopes were
intensely observed in the 6.30 keV region, dual isotopes of Fe
were observed in the region between 0.45 and 0.9 keV, and low-
intensity Fe isotopes were observed in the 6.75 keV region. The
peaks of the Fe isotopes that were observed in the EDAX spec-
trum of ferrocene carboxaldehyde were also observed in the
EDAX spectrum of (Cs-Fc). The EDAX spectrum of (Cs-Fc)
showed the peaks of Fe isotopes in, again, the 6.30 keV region
and the peaks of low-intensity Fe isotopes in the 0.45 keV region
and 6.30 keV-region.

RSC Adv, 2024, 14, 11232-11243 | 11239
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Fig. 5 SEM-EDAX analyses of Cs, (Cs-Fc) and Fc.

The EDAX spectra of the immobilized supports allowed us to
attribute the peaks of the iron isotopes of ferrocene in the
immobilized support to its remaining in the structure due to
immobilization (Fig. 5). SEM imaging of (Cs-Fc-Pep) (a) and (Cs-
Fc-Lip) are given in Fig. 3. The SEM-EDAX analyses were per-
formed to observe the morphological changes on the surface of
(Cs-Fc) due to enzyme immobilization. The immobilizations of
both pepsin and lipase caused changes on the surface of (Cs-Fc)
with the addition of the enzymes. The morphological change of
(Cs-Fc-Pep) led to a vein-/rhizoid-like appearance while (Cs-Fc-
Lip) had a web-like appearance. Furthermore, Fe was detected
in the EDAX images of (Cs-Fc-Pep) and (Cs-Fc-Lip) and the
images revealed that the structure contained ferrocene due to
immobilization.

3.4. Effects of pH and temperature on the activities of free
enzyme and immobilized enzyme

The effects of pH and temperature on the activities of free
pepsin, lipase and immobilized pepsin, lipase on the Cs-Fc
polymer were examined using the methods described in page
4 and page 6, respectively, and the plots in Fig. 6 was obtained.

The optimum pH values of free pepsin and lipase were 2 and
8, respectively (Table 4), and the optimum pH values of the
immobilized enzymes (Cs-Fc-Pep) and (Cs-Fc-Lip) were 4 and 9,
respectively. The difference is attributable to the changes in the
chemical environment due to the immobilization of the
enzymes.*® The results for the optimum temperatures revealed
that the optimum temperatures of immobilized pepsin and
lipase on (Cs-Fc) were the same as those of free pepsin and
lipase.

3.5. Effects of pH and temperature on the activity of the
double enzyme

The method described in page 8, 9 was used to determine the
effects of pH and temperature on the activities of pepsin and

1240 | RSC Adv, 2024, 14, 1232-11243

lipase in the presence of the double immobilized enzyme [(Cs-
Fc-Pep) + (Cs-Fc-Lip)] and the plots in Fig. 5 was drawn. The
optimum pH of pepsin in the presence of the double immobi-
lized enzyme [(Cs-Fc-Pep) + (Cs-Fc-Lip)] was 4 while lipase had
an optimum pH value of 9. This indicated that the pepsin in the
presence of the double enzyme did not change compared to free
pepsin while the lipase in the presence of the double immobi-
lized enzyme changed compared to free lipase. The optimum
temperatures of pepsin and lipase in the presence of the double
immobilized enzyme [(Cs-Fc-Pep) + (Cs-Fc-Lip)] were 60 °C and
50 °C, respectively. This indicated that both pepsin and lipase
did not change in the presence of the double immobilized
enzyme compared to free pepsin and free lipase.

3.6. Storage stability and reusability of immobilized pepsin
(Cs-Fc-Pep)/[(Cs-Fc-Pep) + (Cs-Fe-Lip)] and immobilized lipase
(Cs-Fe-Lip)/[(Cs-Fc-Pep) + (Cs-Fe-Lip)]

Storage stability analyses were carried out to monitor the
storage and how long the activities of immobilized pepsin and
immobilized lipase were maintained at room temperature.
Taking the absorbance values at 280 nm for immobilized pepsin
and 404 nm for immobilized lipase into account, relative
activity (%) plots against time were drawn. The measurements
for immobilized pepsin and immobilized lipase continued
every four days. The results revealed that immobilized pepsin
[(Cs-Fe-Pep)] maintained 47.02% of its activity while immobi-
lized lipase [(Cs-Fc-Lip)] maintained 61.81% of its activity.
Storage stability was examined to monitor the storage of
pepsin and lipase that were immobilized on the double support
at room temperature and for how long they maintained their
activities. Relative activity plots against time were analyzed
using absorbance values at 280 nm and 405 nm in UV-GB
spectra. The measurements taken at four-day intervals showed
that pepsin in double immobilized enzyme and lipase in double
immobilized enzyme maintained 32.58% and 46.22% of their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Optimum pH, temperature activities and Lineweaver—Burk plots of immobilized pepsin and immobilized lipase in the immobilization of

the double enzyme.

Table 4 The optimum pH, temperature values and kinetic parameters of free enzymes and immobilized enzymes

Pepsine in [(Cs-Fc-Pep) +

Lipase in [(Cs-Fc-Pep) +

Conditions Free pepsin Cs-Fc-Pep (Cs-Fe-Lip)] Free lipase Cs-Fc-Lip (Cs-Fe-Lip)]
pHoptimum 2 4 4 8 9 9
Temperatureoptimum (°C) 60 60 60 50 50 50

K (mM) 0.0177 — 0.0075 0.5310 — 0.1770
Vinax (MM dkfl] 0.0020 — 0.0035 0.0038 — 0.0150

relative activities, respectively. In the reusability of the double
enzyme; the reusability of pepsin and lipase in the presence of
the double enzyme (Cs-Fc-Pep) + (Cs-Fc-Lip) showed that pepsin

© 2024 The Author(s). Published by the Royal Society of Chemistry

had reusability of 4 runs and maintained 20.42% of its activity
while lipase had reusability of 10 runs and maintained 89.42%
of its activity. When five times reuse of pepsin and lipase
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enzymes in the presence of double enzyme (Cs-Fc-Pep) + (Cs-Fc-
Lip) was compared, it was determined as 18.21% for pepsin
enzyme and 90.81% for lipase enzyme.

3.7. Effect of substrate concentration on the activity of the
double enzyme

The method described in section 2 was used to examine the
effects of the concentrations of hemoglobin, which was as the
substrate for the activity of pepsin, and p-NPP, which was used
as the substrate for the activity of lipase, on the double enzyme
[(Cs-Fc-Pep) + (Cs-Fe-Lip)]. The Ky, and V. values were ob-
tained by drawing the Lineweaver-Burk plots. As seen in Fig. 6,
in the presence of the double enzyme [(Cs-Fc-Pep) + (Cs-Fe-Lip)],
operation conditions at pH 4 and 7 60 °C for pepsin and pH 9
and T 50 °C for lipase were used and the 1/V against 1/[S] plot
was obtained through the calculations that were made using the
absorbance values. The K, value was calculated using the point
at which the line intersects the x-axis while the V.« value was
calculated using the point at which the line intersects the y-axis.
The effects of the substrates on free pepsin and free lipase were
also examined to compare the Ky, and Vy,.x values of the free
enzymes and the double enzyme (Fig. 6).

The kinetic parameters of immobilized pepsin and immo-
bilized lipase in the immobilization of the double enzyme (K;,, =
0.0075, Vinax = 0.0035; Koy = 0.1770, Vinax = 0.0150) were lower
than those of free pepsin and lipase (K, = 0.0177, Viax =
0.0020; Ky, = 0.1770, Vpax = 0.0150). This indicated that the
immobilized pepsin and immobilized lipase in double enzyme
[(Cs-Fc-Pep) + (Cs-Fe-Lip)] had a higher substrate affinity.
Moreover, the (Via/Km) of immobilized pepsin in double
enzyme [(Cs-Fc-Pep) + (Cs-Fc-Lip)] and (Viyax/Km) of immobilized
lipase in double enzyme [(Cs-Fc-Pep) + (Cs-Fc-Lip)] ratio (0.4666;
0.0847) showed that the pepsin in the immobilization of the
double enzyme had a good value than that in the free pepsin
and lipase ratio (0.1129; 0.0071).

When keae and kea/Kin values of free enzymes and double
enzyme were determined, larger values were obtained for
immobilized pepsin and immobilized lipase enzymes in the
double enzyme. For the immobilized pepsin and immobilized
lipase enzymes, the k. was 0.27 min~' and 0.095 min*,
respectively, and the k../K, values were 15.07 min~* M~" and
0.1789 min~ ' M, respectively.

The kea/Km (62.67 min~' M) of immobilized pepsin in
double enzyme [(Cs-Fc-Pep) + (Cs-Fc-Lip)] and Kkea/Km
(2.12 min~" M) of immobilized lipase in double enzyme [(Cs-
Fc-Pep) + (Cs-Fe-Lip)] showed that had a good value than that in
the free pepsin and lipase data. In other words, the k.,«/K;,, value
of immobilized pepsin in the double enzyme increased
approximately 4-fold and the k.,/K;, value of immobilized
lipase in the double enzyme increased 12-fold compared to free
enzyme.

4 Conclusions

The differences in FTIR and solid-state NMR spectra indicate
that ferrocene doped chitosan was synthesized. In our study,
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the optimum conditions of the enzymes in the dual enzyme
system did not affect each other and each showed its own
activity. While the optimum pH values increased in the immo-
bilization of the enzymes, the optimum temperatures remained
the same. On the other hand, in the presence of double enzyme
immobilization, the optimum pH remained the same, while the
optimum temperature increased differently in 10 ©°C
increments.

In the case of double enzyme immobilization, the substrate
affinity of pepsin increased by 0.4-fold, while the substrate
affinity of lipase increased by about 0.3-fold. The reusability of
lipase activity was 2.5 times higher than that of pepsin.
Compared to the free enzyme, the k.,:/K;, value of immobilized
pepsin in the double enzyme increased approximately 4 times
and the k.,/K. value of immobilized lipase in the double
enzyme increased 12 times.
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