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Abstract. A novel conductive nano-hydrogel hybrid support was prepared by in-situ polymerization
of polyaniline nanorods on an electrospun cationic hydrogel of poly (g-caprolactone) (PCL) and a
cationic phosphine oxide macromolecule. Subsequently, the cellulase enzyme was immobilized on the
hybrid support. Field emission scanning electron microscope (SEM) and Brunauer—Emmett—Teller
(BET) analyzes confirmed mesoporous, rod-like structures with slit-like pore geometry for the
immobilized support and exhibiting a high immobilization capacity and reduced diffusion resistance
of the substrate. For comparison, the catalytic activity, storage stability and reusability of the
immobilized and free enzyme were evaluated. The results showed that the immobilized enzymes have
higher thermal stability without change in the optimal pH (5.5) and temperature (55 °C) for enzyme
activity. A high immobilization efficiency (96 %) was observed for the immobilized cellulose catalysts
after optimization of parameters such as pH, temperature, incubation time and protein concentration.
The immobilized enzyme retained almost 90% of its original activity after four weeks of storage and
73% of its original activity after the 9" reuse cycle. These results strongly suggest that the prepared
hybrid support has the potential to be used as a support for protein immobilization.
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1. Introduction.

Enzyme immobilization on a variety of insoluble polymers and inorganic materials'~ is one of the
most attractive topics in enzyme technology. There are many reports on the effectiveness of enzyme

immobilization not only in improving enzyme stability but also in enhancing recyclability* .



Reports on the application of different immobilization strategies including covalent immobilization on
magnetic poly(ionic liquid)®, adsorption on anchored polyacrylonitrile film’, physical adsorption on
multiwall carbon nanotubes'® and so on illustrated improved features for the target immobilized
enzyme. Among various support materials, hydrogels due to the ability to simulation the
microenvironment of a free enzyme!! have the potential to be the leading carrier for keeping the
biomolecule active and stable. However, the fairly weak interaction with the target molecule is one of
their limitation'?. To overcome this drawback, many researchers have investigated the effect of surface

modifying functional groups®!3.

The use of conducting polymers such as polyaniline (PANI) either as biomolecule carriers'* or surface
modifiers™!” is extensively investigated. PANI is a relatively low-cost polymer, has ease of synthesis
and good stability to extreme temperatures and pH, and is also resistant to microbial attack!®!”. The
presence of electrically conductive materials such as PANI in hydrogels has contributed to the
development of multifunctional smart hydrogels that combine the mechanical and swelling properties
of hydrogels with the specific characteristic of conductive polymers'®!°. The use of polystyrene-
divinylbenzene microspheres coated with PANI'®, polyaniline nanofibers?® and self-cross-linked PANI
hydrogel?! showed enhanced properties for immobilization of cellulase by adsorption and
adsorption/crosslinking methods, electromagnetic shielding properties and electrochemical energy

storage, respectively.

Cellulase is the third most widely used industrial enzyme with great potential for many commercial
applications such as food, textile, biofuel and paper industries®?. There are a lot of researches on using
different support materials for cellulase immobilization. However, many of them have several
drawbacks such as low loading capacity'® and low reusability?® because of the weak stability of the

immobilized enzyme.



In a recent study?**

a cationic hydrogel was prepared via Michael addition reaction of
tivinylphosphine oxide (TVPO) and piperazine under ambient conditions. In addition to the existing
reports?® on the effects of phosphine-containing polymers on controlling the size and shape of
polymers, the synthesized gel showed other excellent properties, including response to external stimuli
(pH, ionic strength, chemicals, and their combinations), easy penetration of water-soluble chemicals,
and effective retention of biomolecule activity. More importantly, due to the cationic nature of the
hydrogel and the possibility of electrostatic interactions, we investigated the potential application of
this support for the immobilization of an acidic enzyme (cellulase with a low isoelectric point, pI=4.5)
to overcome enzyme leaching from the hydrogel. Therefore, in the present work, considering the great
advantages of nanofiber matrixes such as a high surface area to volume ratio, easy material
combination, relatively low cost and more important the compatibility of the cationic hydrogel with
the electrospinning process, a nanofiber hydrogel was fabricated through this method using in situ
gelation technique as a first step. Taking advantage of the unique properties of PANI?’, PANI
polymerization was then carried out on the prepared hybrid nano-hydrogel. PANI reduces enzyme
leakage from the porous matrix through electrostatic interactions between the positive charge of the
hybrid support and the net negative charge of the enzyme. Protein immobilization was thus preceded
by a combination of adsorption and entrapment processes. The morphology, porosity and functional
groups of the hybrid support were studied by field emission scanning electron microscope (FE-SEM),
Brunauer-Emmett-Teller (BET) and Fourier transform infrared spectroscopy (FT-IR). The optimal
immobilization conditions including temperature, pH, incubation time and protein concentration were
determined. The reusability and storage stability of the immobilized cellulase were also evaluated.
Meanwhile, the enzyme absorption capacity of PCL-Hydrogel-PANI, PCL-Hydrogel, and PCL was

also investigated.

2. Experimental



2.1. Materials

Cellulase from Trichoderma reesei (Cat. No C2730, >700 U/g), bovine serum albumin (BSA),
coomassie brilliant blue G-250, Whatman filter paper (Cat. No. 1001110), carboxymethyl cellulose
(CMC), potassium sodium tartrate tetrahydrate, glucose, 3,5-dinitrosalicylic acid (DNS), aniline
hydrochloride (99%, M,,=129.59 g/mol) and ammonium peroxydisulfate (APS, 98%,
My =288.18 g/mol), were purchased from Merck AG (Germany). Poly(e-caprolactone) (PCL,
Mn=80000) and piperazine were obtained from Sigma Aldrich (United Kingdom). TVPO was
synthesized according to a published work®*. Analytical grade phosphoric acid, ethanol, methanol,
hydrochloric acid, acetone, chloroform, and dimethylformamide (DMF) were purchased from Merck

(Germany).

2.2. Preparation of hybrid support

2.2.1. Preparation of the electrospun PCL nano hydrogel (PHG)

To prepare uniform nanofibers, the PCL was dissolved in a mixed solvent containing chloroform and
DMF with a ratio of 90:10 at a concentration of 8% w/v and stirred at ambient temperature for 24
hours. Subsequently, four different amounts of piperazine and TVPO (10, 25, 50, and 75%) in a 1:1
molar ratio mix (monomers of hydrogel) were added to the 8% w/v PCL solution, based on the previous
study?*. and stirred for 3h at room temperature to form a homogeneous solution. The well-mixed
solution was pumped through the electro-spinning machine using a syringe pump. The end of the
needle was connected to a high voltage DC power supply of 7 kV. The polymer solution was pumped
at a rate of 0.18 ml/h and the distance from the tip of the needle to the collector was fixed at 12 cm
based on preliminary results. The web of electrospun nanofibers was collected on a rotating collector
which was wrapped with an aluminum foil after a run time of 3h. Then, the prepared electrospun mat

was incubated for 4h at 40 °C to obtain a crosslinked network of TVPO and piperazine, which act as



the nano hydrogel (PHG). Table S.1 summarizes the composition of different electrospun samples

prepared in this work.

2.2.2. Synthesis of PANI on the surface of PHG

In situ polymerization of polyaniline was carried out by the aniline hydrochloride monomers using
APS as an oxidizing agent. A 0.2 M solution of aniline hydrochloride was prepared by dissolving the
monomer in HCL 1M. Then the PHG web, as well as hydrogel (HG) (prepared based on the previous
study?*) were immersed in an aniline hydrochloride solution for 6h. To improve reaction yield the
stoichiometric molar ratio of 1.25 of ammonium peroxydisulfate: monomer was selected.
Polymerization was performed by the dropwise addition of APS to the already prepared monomer
solution containing the PHG and HG under continuous shaking (130 rpm) at 5 °C for 30 min. In-situ

polymerization was allowed for 6 h at 5 °C to complete the polymerization.

The green PANI coated PHG web (PHG.PN) and HG (HG.PN) were removed and washed several
times by acetone and deionized water, respectively, and dried at room temperature. Pure PANI was
also synthesized by this method for comparison. The electrospun web was weighed before and after

this treatment.

The amount of polymer loaded on the surface of the PHG web was calculated by the gravimetric

method according to the following Eq.1:
Loading percentage (%) = (M, — M,,)/M,,) X 100 (1)

Where Mw and M are the weight of nano hydrogel web before and after polymerization of aniline

hydrochloride, respectively.

2.3. Enzyme immobilization



Firstly, different starting amounts of the protein (1, 5, 10, 20, 30, 50, 70, 100 mg/ml) were dissolved
at various pH in acetate buffer (5 ml, 50mM, pH 3.5-7.5). Then, Smg of each PCLweb, PHG75 web,
and PHG75.PN (PANI coated nanoweb with 75% hydrogel) was immersed in the prepared enzyme
solution at a certain temperature (25-75°C) and continuous shaking of 130 rpm was carried out for a
specific time (1-4 hour). After the immobilization process, the sample was removed from the enzyme
solution and washed three times with the same fresh buffer solution to separate the loosely attached
enzyme and dried at room temperature overnight. The washing solutions were kept to determine the
exact amount of immobilized cellulase. The enzyme immobilized samples were preserved at 4°C

before each study.

2.4. Effect of pH and temperature on free and immobilized enzyme

To evaluate the effect of pH on the enzyme activity, the optimized sample was used for the hydrolysis
of the Whatman filter paper in 5 ml of acetate buffer 50mM, pH range 3.5-7.5 at 45 °C. The effect of
temperature on the activity of the enzyme was also assayed in the temperature range 25-75°C, in 5 ml
of acetate buffer SOmM at pH 5.5. The thermal stability of the immobilized enzyme was also

investigated at 75°C, in 5 ml of acetate buffer 50mM at pH 5.5 for 180 min.

The enzyme activity recovery was calculated using observed activity (umol. min) compared to that

of the total starting activity of the free enzyme (umol. min™!) by the following Eq.2%%:
Activity recovery (%) = (observed activity/starting activity) x 100 (2)

2.5. The Bradford method for determination of enzyme loading efficiency

protein concentration was measured by the Lowry method using bovine serum albumin (BSA) as the
standard®®. The assay reagent was made by dissolving 10 mg coomassie brilliant blue G-250 in 5 ml
0f 95% ethanol. The solution was then mixed with 10 mL of 85% phosphoric acid and made up to 100

ml with distilled water. BSA was used as a stock solution for the calibration curve. To plot the
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calibration curve, different concentrations of BSA were utilized, and the absorbance of these solutions
was measured at 595 nm after adding Bradford’s reagent, using a UV-VIS spectrophotometer
(Shimadzu UVmini-1240, Japan). The enzyme loading per unit weight of hybrid support (wt%) after
washing, immobilization yield and immobilization efficiency was calculated as following Egs. 3, 4,

and 5, respectively?®.

protein loading(wt%) = (Mg — M)V, — (M,, X V},,))/W) x 100 3)
Yield(%) = (immobilized activity/starting activity) X 100 4)
Efficiency(%) = (observed activity/immobilized activity) x 100 ®)

In equation. 3, Mo, M:, and Mw are the initial protein concentration, the amount of enzyme in the
solution after time t, and the enzyme concentration in the wash solution (mg/ml), respectively. Vs and
Vw are the volume of enzyme solution and wash solution (ml), respectively. W is the weight of

PHG75.PN (mg). All the activity terms were calculated by using the total activity (umol. min™).

2.6. Measurement of the free and immobilized enzyme activities

The total hydrolytic activity of free and immobilized cellulase was measured based on the DNS method
after enzymatic hydrolysis of the Whatman filter paper as the substrate. 100 ml assay mixture was
prepared by dissolving 1.6 g NaOH, 1 g DNS, and 25 g sodium-potassium tartrate in distilled water.
An appropriate amount of assayed sample and 3 ml DNS solution were mixed and then boil for exactly
15 min in a boiling water bath containing sufficient water. After transfer to a cold-water bath, the
intensity of the color formed was measured at 540 nm*’. To measure the amount of reducing sugar
formed after hydrolysis in the unknown solution, a standard curve of glucose was plotted by different
concentrations of glucose solution.

One unit (U) of the enzyme is defined as the amount of enzyme that catalyzes the reaction of 1 pmol

of substrate per unit of time (one minute) under standard conditions. The cellulase activity was
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determined by using Eq.6. Where A is the amount of glucose produced after enzymatic hydrolysis
(mg), M is the molecular weight of glucose (g/mol), V is the volume of the measured solution (ml)

and t is the reaction time (min).
cellulase activity(umol.ml~t.min™1) = (10004)/(MVt) (6)

2.7. Storage stability of the free and immobilized enzyme

The storage stability of the free and immobilized enzyme incubated at 4 °C was determined in an
acetate buffer (50mM, pHS5.5) after 4 weeks by calculating the residual activity. The residual activity
is defined as the fraction of hydrolytic activity after immobilization on the hybrid support compared
to the initial activity.

2.8. Reusability of immobilized enzyme

To measure the effectiveness of the immobilization reusability study was carried out using an insoluble
substrate such as filter paper and a soluble substrate like CMC. In both cases, 5 mg PHG75.PN
containing 49.08 mg of the enzyme was immersed in 5 ml water (at pH5.5 and 55 °C) containing 1%
w/v of CMC or Whatman filter paper (50mg, 1x6 cm) at 55°C. After one hour, the enzyme
immobilized sample was removed and washed three times with water (at pH5.5) before immersing it
into a fresh reaction mixture for the next cycle. After that, each reaction mixture was centrifuged

(25000 rpm, 5 min) to determine the amount of glucose produced as described in section 2.6.above.

2.9. Evaluation of kinetic constants of free and immobilized enzyme

The maximum rate of hydrolysis substrate (V},,,,) and K, were assayed by Lineweaver-Burk plot for
free and immobilized enzyme. The rate of the hydrolysis reaction for both free and immobilized
enzymes was assayed by measuring the glucose concentration as a function of time for four amounts
of CMC (0.5-2.5% w/v) in acetate buffer pH 5.5, 50mM. The initial rate of product formation in each

CMC concentration was determined by the slope of the linear fit of the data of glucose concentration



vs. time. Then the V4, (mg. mI"".min™") and K,,, (mg. ml™") were obtained by measuring the intercept
and intersection with the x-axis of the Lineweaver-Burk plot based on Eq.7. Where, V'is the initial rate

(mg. mI'".min"") and [S] is equal to the substrate concentration (mg. ml™).

V = (Vnax [SD/(Km + [ST) (7)

2.10. Characterization of the hybrid support

Field Emission scanning electron microscopy (FE-SEM (XL-30), Philips, Netherlands) was used to
evaluate the morphology of developed hybrid support. The mean fiber diameter and distribution were
obtained by measuring 100 fibers at different locations. Then, a Fourier-transform infrared
spectrometer (BOMEM FT-IR MB-series, Hartmann & Braun, Canada) was used to characterize the
functional groups of different samples. Before FT-IR analysis, the nanoweb sample and KBr were
mixed uniformly and pressed to form a tablet.

The surface area and the pore size distribution were also determined by Brunauer—-Emmet—Teller
(BET) and Barret-Joyner—Halender (BJH) methods. The adsorption isotherms were obtained at a
relative pressure (P/Po) up to ~0.95 at 77K. To ensure the accuracy of the N2 adsorption/desorption
experiment, samples were dried under reduced pressure at 40 °C for 24h.

To determine the swelling ratio (SW%) of nanofiber samples, the known weight of dried nanofiber
web (Wo) was immersed in30 ml of water in a beaker (at pH 5.5 and 25°C) and kept for a known
duration. Then, the sample was carefully removed from the water and lightly wiped with wet filter
paper to remove excess water and weighed (Wt). The percentage of swelling% was determined using

Equation 8.
SW (%) = (W, — Wy)/ W) x 100 (8)

3. Results and Discussion

3.1. Synthesizing of the PANI coated hydrogel nano-web
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Electro-spinning is a highly desirable method to produce high surface area and long-term durable
nanostructures. The simplicity of the manufacturing process and the ability to control fiber diameter
make this technique extremely attractive to develop solid supports. As hydrogel formed by mixing two
monomers does not have a specific shape?*, electrospun PCL was used as a scaffold to generate the
nanofibers with the high specific surface area in this study. To select the appropriate concentration of
PCL for electro-spinning, the 7, 8, and 9% w/v of PCL solutions were prepared. The preliminary
observation with optical microscopy (Fig. S2) showed that nanofibers from 8% w/v PCL solution
achieved uniform and beadless morphology, while 7% and 9% were unable to form continuous
filaments and some beads were observed inside the nanofibers. Thus, this concentration of PCL was
chosen to develop hydrogel-based solid support. To do so, different concentrations (10, 25, 50, and
75% w/w) of piperazine and TVPO in a 1:1 molar ratio was added to 8% w/v PCL solution, and
nanofiber was prepared through electrospinning by adjusting different electrospinning parameters
including the needle-collector distance, flow rate, and applied voltage.

In the next step, nanofibrous-web containing 10, 25, 50, and 75 wt% of hydrogel were exposed to the
PANI polymerization. Photographs of PHG75 nano-web before and after in-situ oxidative
polymerization of PANI are shown in Fig. S1. Although the pristine PHG75 was white, after the
growth of the polyaniline, the color has changed to green. This observation revealed that the coating
of the PANI had been extended over the whole PHG75 sample. The PANI polymerization was further
confirmed by FT-IR and FE-SEM images of the coated (PHG75.PN) and uncoated PHG75.

The FE-SEM images of PANI coating nano-webs with different percentages of the hydrogel are shown
in Fig. 1. Considering the value of PANI coating percentage on hydrogel and PCL nano-webs, it was
found that a combination of PCL and hydrogel as well as increasing the percentage of the cationic
hydrogel from 10 to 75% led to the enhancement of PANI coating on the surface of nanofibers from

33% for PCL nanoweb to 76% for PHG.75. High penetration and absorption of aniline monomer into
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the gel could be attributed to the cationic absorption capacity of hydrogel that was confirmed earlier**,
followed by a possible reaction between active groups of hydrogel and aniline monomers which will
be discussed later in the FT-IR analysis section. It was noticeable from the FE-SEM result (Fig. 1) that
despite the increased amount of PANI synthesized on hydrogel nano-webs, the pristine PCL nano-web
did not show a significant amount of coating, emphasizing the vital role of the hydrogel in nano-webs

in this regard.

Fig. 1. FE-SEM images of PANI coated (a) PCL nano-web (PCL-PANI), (b) nanofibrous-web

containing 10 wt% hydrogel (PHG10), (c) nanofibrous-web containing 25 wt% hydrogel PHG25, (d)
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nanofibrous-web containing 50 wt% hydrogel PHG50 and (e) nanofibrous-web containing 75 wt%

hydrogel PHG75.

The FE-SEM images of PCL, PHG75, and PHG75.PN are shown in Fig. 2. With the increased content
of hydrogel in the support, not only the amount of PANI deposited has increased, but also some
irregular polyaniline nanorods of approximately 98+20nm in diameter were observed on the surface
of the nano-web. This result was important because some other researchers have also pointed out that
the prepration of polyaniline nanostructures (diameter <100 nm) usually requires very specific and

bulky dopants or relies on the use of templates (hard/soft templates) that require post-synthetic steps

18,20,21

for elimination

Frequency (%)
Frequency (%)

Fig. 2. FE-SEM images of (a) pristine PCL nanofibers, (b) nanofibers formed by a combination of
PCL and 75 wt% hydrogel (PHG75), (c,d) PANI coated PHG75 nano-web(PHG75.PN) with different

resolutions. (e,f) Diameter distribution of PCL, PHG75, and PANI nanorods, respectively.

3.2. FT-IR analysis

To confirm the successful reaction between monomer units and the formation of the hydrogel in the
final nanofibrous structure, FT-IR analysis was done. The FT-IR spectra of the pure TVPO, piperazine,

hydrogel, and PCL were also measured for comparison (Fig. S3). Analysis of TVPO spectra revealed
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four characteristic peaks at 1600, 3082, 1956, and 1170 cm™! corresponding to the C=C double bond,
C-H bond of the vinyl group, an overtone of C=CH2 and P=0 stretching vibration®!, respectively.
Piperazine had principal peaks in the regions around 1269 and 3236 cm™ related to the C-N and N-H
stretching vibrations of secondary aliphatic amine®?. As exhibited in Fig. 3a, the formation of the
tertiary amine is arising from the reaction between unsaturated carbon of TVPO (C=C) and NH groups
of piperazine leads to the generation of the hydrogel (HG). The appearance of a peak at 1000 cm’!
related to the newly formed aliphatic tertiary amine?® and the elimination of the N-H group (peak
at1570 in piperazine spectrum) in PHG75 and HG illustrate the formation of the hydrogel (Fig. S3).
The presence of a peak around 1658 cm™ in the HG and PHG75 spectra can correspond to the unreacted
vinyl groups of the TVPO.

A comparison of the IR spectral bands of the pure TVPO and HG indicates the absorption frequency
of P=0 is shifted from 1170 to 1145 cm!. It is assumed that the existence of nitrogen atoms as donor
groups induce a negligible amount of electron to the system and that is responsible for shifting the
vibrational frequency to a lower wavenumber. However, no such shift occurred in the PHG75 spectra.
It can be related to the overlapping of the P=0 peak with the C-O vibration peak attributed to the PCL.
Besides, the C=0 band of the carbonyl group in PCL is observed at 1724 cm™(Fig. S3).

The functional groups of PANI within the PHG75.PN was also identified by its typical peaks in the
FT-IR spectra (Fig. S4). The characteristic peak at 800 cm™' corresponds to the out-of-plane C-H
bending which illustrates the formation of emeraldine salt of polyaniline. The band observed at 1236
cm’! and the broadband at 1140 cm™!, which are overlapped with P=O of TVPO, are attributed to 7
electron delocalization and exhibit high electron conductivity!®*. The absorbance peaks located at
1475 and 1563 cm’' were assigned as the C=C stretching vibration of benzenoid (B-NH-B) and
quinoid (Q=N=Q) rings, respectively*2. The band at 1300 cm! originated from the C-N of secondary

aromatic amine stretching of PANI. More interestingly, the peak at 1658 cm™ related to the C=C of
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unreacted vinyl groups of TVPO is decreased in PHG75.PN (Fig. 3b). This result might be due to the
reaction between aniline hydrochloride and the terminal vinyl groups. The creation of PANI nanorod
morphology may be explained by nucleation and precipitation theory®*, where, aniline hydrochloride
reacts with the terminal vinyl and amino group of the hydrogel (Fig. 3c). This is confirmed by the
disappearance of the FT-IR peak corresponding to residual vinyl groups (1658 cm™) in PHG75.PN
(Fig. 3a) as well as HG.PN (Fig. S5). A similar observation has been reported in the literature to
produce star-shaped PCL-PANI®. Since the oxidation of the growing polymer chain is more desirable
than a monomer>®, the aniline monomers prefer to react with the existing growing polymer chains

rather than at the support surface and leading to the generation of PANI nanorods.
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Fig. 3. (a) Schematic representation of phosphine oxide cationic hydrogel formation from TVPO and
piperazine, (b) FT-IR spectra of PHG75 and PHG75.PN and (c) the possible reaction between

unsaturated vinyl groups of hydrogel and polyaniline monomers.

Additionally, as seen in Fig.lc, d, the formation of the three-dimensional nanofibrous structure has
created a larger surface area. So the BJH analysis was further used to examine the pore size distribution

of the PANI coated support.
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3.1.2. BET specific surface area and pore size distribution analysis

To study the effect of PANI nanorod formation on the adsorption efficiency of the produced hybrid
support, the PHG75, and PHG75.PN was analyzed using Nitrogen adsorption/desorption isotherms.
N2 adsorption/desorption isotherms of PHG75.PN (Fig. 4a) was exhibited type-IV isotherm with a
type-H3 hysteresis according to the [IUPAC classification, indicating a mesoporous structure with slit
pore geometry. The N2 adsorption/desorption isotherms of PHG75, as a control hydrogel nanofiber
before PANI polymerization, were performed and the results in (Figure S6a) show that it is a
microporous solid as it forms a type-I isotherm. For complete characterization, the pore size
distribution of PHG75.PN and PHG75 from the desorption branch were determined by the BJH method
(Figure 4b and Figure S6b). It was found that mesopores with a radius between 2 and 100 nm are
present in PHG75.PN. Thus, PHG75.PN consists of a micropore base of PHG75 and a mesopore
surface related to PANI nanorods®’. N2 physisorption experiments indicated an increase in the surface
area from 20.2 m’g ' to 31.3 m?g ! and the pore volume from 0.007 cm®g ! to 0.06 cm®>g ! for PHG75
and PHG75.PN, respectively, upon the PANI polymerization. It was obvious that the BET surface area

of PHG75.PN was about 1.55 times higher than PHG75.
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Fig. 4. (a) N2 adsorption/desorption isotherms obtained at 77k (b) pore size distribution and pore volume
of PHG75.PN.
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3.2. Immobilization of enzyme onto the prepared hybrid support

3.2.1. Effect of pH, initial protein concentration, and incubation time on the immobilization
efficiency.

As the immobilization conditions have a great influence on the loading efficiency and activity of the
enzymes, the effects of pH, protein concentration, and incubation time were individually investigated.
As shown in Fig. 5a, the highest immobilization efficiency and yield (~95% and ~90%, respectively)
was achieved at pH 5.5. The isoelectric point (pI) of the enzyme is 4.5 and the maximum enzyme
loaded on the matrix was observed at the point higher than its pl. At this pH, the average charge of the
enzyme is negative, so there was an electrostatic interaction between the positive charges of the hybrid
support arising from the protonation of PANI and the phosphine oxide macromolecules. In addition,
physical entrapment, hydrophobic forces, hydrogen bonds, and van der Waals interaction could also
contribute to the enzyme immobilization at pH 5.5,

The protein immobilization efficiency at different initial concentrations of 1-100 mg/ml at pH 5.5 and
45°C is shown in Fig. 5b. It can be seen that by increasing the protein concentration from 1 to 50
mg/ml, the immobilization efficiency increased from 71% to 85% then decreased to 78% at 100 mg/ml.
Although the higher immobilization yield (~85%) at lower enzyme concentrations means that a larger
amount of enzyme was immobilized. The lowest activity was observed at the lowest immobilization
efficiency. This could be related to the inaccessibility of the insoluble substrate to the active site of the
enzyme immobilized in the fibrous structure of the support. On the other hand, the decrease in
immobilization efficiency and yield at higher concentrations (70 and 100 mg/ml) may be due to the
physical restrictions resulting from the steric hindrance of the enzyme molecules and saturation of the

support.
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A comparison between the amount of loaded protein (50 mg/ml) in this work with some reports on
using different support materials such as magnetic nanoparticles®, functionalized multiwall carbon
nanotubes'® or polyaniline coated microspheres'> with 18, 4 and 3 mg/ml enzyme capacity,
respectively, shows the high capacity of the designed support for biocatalyst immobilization. An
excessive amount of enzymes would lead to layer-by-layer adsorption of enzyme molecules and either
bury or block their active site, however, the hybrid support not only showed high protein capacity but
also had high efficiency in this protein concentration. Hence, the 50 mg/ml enzyme solution was used
in the following experiments. The FE-SEM image of the PHg75.PN after immobilizing of 50 mg/ml

cellulase in Fig. 5¢ confirms uniform deposition of the enzyme on the hybrid support.

The incubation time of immobilization was checked from 1 to 4 hours and as shown in Fig. S7 the
immobilization efficiency slightly increased to 95% after 3h. However, there was no significant
difference between the immobilization efficiency after 1 and 3h of incubation time. Therefore, the rest

of the experiments were carried out at the incubation time of 1h.
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Fig. 5. (a) Effect of pH on the immobilization efficiency and yield of the enzyme, (b) Effect of the
protein concentration on the immobilization efficiency and yield (c) FE-SEM image of PHG75.PN

after protein immobilization.

3.2.2. The effect of polyaniline on the immobilization efficiency

To study the effect of PANI on the immobilization capacity of the hybrid support, the electrospun web
of PCL and PHG75 were used for the immobilization of the enzyme under similar operating parameters
(50 mg/ml cellulase solution, pHS5.5, 1h, and 45°C ). The results in Fig. 6a showed that the amount of
immobilized enzyme increased from 13.5, 25.3, and 33.1 wt% For PCL, PHG75, and PHG75.PN,
respectively. As already mentioned, the prepared hydrogel contains tertiary amine groups. At low pH,
the tertiary amines are protonated resulting in the creation of positive charges in the network. So, the
electrostatic repulsions between positively charged groups result in the swelling of the PHG75. More

interestingly, the polyaniline chains also protonate in acidic pH, so a greater swelling behavior is
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exhibited by PHG75.PN arises from two reasons, the existence of electrostatic repulsions in the
backbone network and PANI chains and increasing hydrophilicity of PANI in its ionization state.
Fig. 6b illustrates the maximum swelling percentage of PCL, PHG75, and PHG75.PN were about
203.01%, 470%, and 572.33% after 6 h, respectively. The higher enzyme loaded in the PHG75.PN
could be ascribed to the pore space between the PANI nanorods and its higher specific surface area
besides its higher swelling ratio. The more loading efficiency of PHG75 compared to that of PCL was
also related to the swelling ratio of the hydrogel in the aqueous medium during the protein

immobilization process.
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Fig. 6. (a) Effect of support type on the amount of enzyme loading (b) swelling behavior of the PCL,
PHG75 nad PHG75.PN.

3.2.3. Catalytic activity of the free and immobilized enzyme in different pH and temperature.

The effect of temperature on the activity of free and immobilized cellulase was investigated over a
temperature range of 25-75 °C in an acetate buffer (50mM, pHS5.5). The results (Fig. 7a) showed that
the optimum temperature for both immobilized and free cellulase was 55 °C. Increase in the
temperature to 75 °C (for 1 h) led to the decrease in the hydrolytic activity of free and immobilized

enzymes to 68% and 78% respectively. This activity reduction can be attributed to the conformational
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changes in enzyme structure. As the unique structure of each enzyme is held together by weak forces
between the amino acid residues in a polypeptide chain and high temperature leads to break down of
these internal interactions resulting a a change in protein conformation including active sites.
Therefore, the substrate no longer fits in the active sites and the rate of the reaction is negatively
affected. Interestingly, the results (Fig. 7a) illustrated no significant decrease in activity of the enzyme
upon immobilization. Even the immobilized enzyme was shown a higher activity at 75°C
demonstrating the reported effect of higher thermal stability due immobilization®.

The thermal stability of the free and immobilized cellulase was also investigated at 75°C after 180 min
(in acetate buffer SOmM at pH 5.5 ). As shown in Fig. 7d, the immobilized cellulase could retain 41%
of'its activity after 180 min, while the free enzyme retained only ~20% of its initial activity. The higher
thermal stability of the immobilized enzyme might be due to the ionic interaction between the protein
molecules and the hybrid support which offered more rigidity for the enzyme's 3-D structure and has
decreased conformational changes at high temperatures. In fact, the assumption was that the given
energy to the system at high temperatures at first is consumed to dissociate the interactions between
the enzyme and hybrid support instead of denaturing the active sites of the enzyme. The effect of the
different support materials on the maintenance of immobilized cellulase activity at high temperatures
is shown in Table. S3. As the table shows, the designed hybrid support had the best effect on the
tertiary structure of the enzyme, having highest residual activity after 3 h (41%), compared with 10%,
40%, and 35% residual activity for cellulase immobilized on magnetic and silica nanoparticles*’, clay*!

and magnetic nanoparticles at 80 °C*.
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Fig. 7. Effect of (a) temperature and (b) pH on the activity recovery of the free and immobilized
enzyme, (c) Storage stability of immobilized and free enzyme at 4 °C for 4 weeks, (d) Thermal stability
of the free and immobilized cellulase at 75°C in an acetate buffer S0mM, pHS5.5

The effect of pH on the activity recovery of the free and immobilized enzyme was examined within
the pH range of 3.5 -7.5. Both free and immobilized enzymes displayed highest activity at pHS5.5 (Fig.
7b). In particular, the activity of the immobilized enzyme was higher than those of free enzymes at the
alkaline pH. Enzymes are amphoteric molecules containing a large number of amino acids with
different charges according to their acid dissociation constants. The total net charge of the enzyme at
different pH has a critical effect on the reactivity of the active sites. As the optimal activity pH for the

free and immobilized enzymes were similar, it can be confirmed that the immobilization process
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caused no changes in the protein structure and the microenvironment of the enzyme. Additionally, the
high stability of immobilized enzymes over a wider pH range might be attributed to the buffer function
of the hybrid support. In acidic solutions, the hybrid support would contain positive charges caused by
the protonated PANI and the cationic hydrogel. Thus, the repulsion force between H' ions and positive
charges in the hybrid support prevented the absorption of hydrogen ions by the active site and changing
the net charge. On the other hand, at the higher pH, the concentration of H' in the reaction solution
became lower while the charge of the hybrid support was still positive, so the OH™ ions could be
absorbed and consumed by the positively charged hybrid support. Therefore, the cellulase stability and
activity enhanced in a wide pH range via the protection and buffer function of the prepared hybrid
support.

3.2.4. Storage stability of the free and immobilized enzyme

The stability of enzymes during storage is one of the most vital issues because of the high sensitivity
of enzymes toward denaturation. The effect of storage time on the activity of the free and immobilized
enzyme was determined over a period of 4 weeks (at pH5.5 and 4 °C). Free enzyme lost ~50% of its
initial activity after 4 weeks (Fig. 7¢), whereas the immobilized enzyme retained 90% of its activity.
This could be ascribed to the reduced flexibility of immobilized enzymes due to the formation of ionic
interactions between the enzyme and PHG75.PN, which led to a reduced denaturation of the enzyme.
Positive effect of immobilization on storage stability of laccase, peroxidase, and cellulase is already

reported in literatures 404344,

3.2.5. The kinetic constant of the free and immobilized enzyme
The kinetic parameters including Km and Vmax values of the immobilized and free enzyme were
calculated with the Lineweaver-Burk plot (Fig. S8) and mentioned in Table 1. As shown in Fig. S8,

these values were 2.893 g/l and 7.626 g.I''min™! for immobilized cellulase and 1.539 g/l and 6.799 g.I

22



'min"! for free enzyme, respectively. According to Eq.7, when the Km is equal to the substrate
concentration ([ S]=Km), the reaction rate is half of the maximum value (V=Vmax/2). Therefore, a partial
increase in Km after immobilization indicated the reaction achieved its maximum catalytic efficiency
at slightly higher substrate concentrations. It can be attributed to the substrate access restriction to the
enzyme active site and/or conformational changes of the enzyme and decreasing the possibility of
formation of an enzyme-substrate complex.

The increase in the Vmax of immobilized cellulase compared to that of the basic enzyme may be due to
increased stability of the enzyme after immobilization which reduces its denaturation. Table 1 shows
a comparison between thye results of this study and some other studies. As shown in Table 1, the
hybrid support developed in this work not only had no significant effect on substrate affinity as Km
increased slightly, but also showed a better effect on reaction rate than other nanostructure support
materials. Although Km increased from 1.5 to 2.9 mg/ml after immobilization, it was still almost as
high as other reports showing the positive effects of the developed hybrid support. More interestingly,
the reaction rate (Vmax) in this study was almost 2 times higher than other reports, which is a valuable

result for industrial processes.

Table 1. Comparison between kinetic constants of immobilized enzyme in different literature.

Support Vmax (g. I'min) Km (g. 1) Ref.
Fe304@SiO2—graphene 5.047 2.31 45
oxide composites
Superparamagnetic 0.14 6.51 46
nanoparticles
magnetic nanocomposite 0.580 3.49 8
multiwalled carbon 1.7 2.5 47
nanotubes
silica nanoparticles 0.565 1.3 38
Present study 7.6 2.9 -

3.2.6. Reusability of immobilized enzyme
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Although hydrogels have gained considerable attention as a solid matrix for protein immobilization,
an inherent drawback of such supports is leaching of the immobilized enzymes, which reduces their
reusability. Therefore, a PANI-cationic hydrogel composite nanofiber support was developed to
achieve ionic interactions between protonated PANI-cationic hydrogels and the anionic enzyme, in
addition to physicochemical interactions (polar and hydrophobic forces) to minimize leaching. A
reusability study with 9 catalytic cycles (at 55 °C) using both insoluble (filter paper) and soluble
(CMC) substrate was followed (Fig. 8). It was known that the insoluble substrate could only be
hydrolyzed by the loose and surface enzymes, while the immobilized enzymes could access the soluble
substrate such as CMC. Thus, the use of both soluble and insoluble substrates for recycling highlights
the importance of the immobilization of the enzyme on the designed support.

The retain activity of the immobilized enzyme after the 9™ hydrolysis cycle of CMC and filter paper
was found to be 73.0% and 12.0%, respectively. In general, the gradual loss of activity for both
substrates could be related to the denaturation of the enzyme during the different cycles. We assumed
that if the immobilized enzyme molecules, when leached, would have access to the insoluble substrate.
Therefore, in the case of the insoluble substrate, the enzymatic activity would not decrease
significantly in the subsequent cycles.

In our case, high enzymatic hydrolysis was observed in insoluble support (filter paper) in the first three
cycles, which then decreased in subsequent cycles. The increasing activity in the first cycles can be
attributed to the swelling of the support (Fig. 6b), which allows the loosely bound enzymes to be
released. The subsequent decrease in hydrolysis of filter paper shows the decreased release of enzymes
as well as the inaccessibility of the insoluble substrate to the active sites. On the other hand, the
enzymatic hydrolysis of CMC (soluble support) does not decrease significantly, indicating that it is
almost intact over 9 cycles, indicating excellent activity of the immobilized enzyme and its reusability.

Comparision of the reusability results in this study with physically adsorbed or entrapped enzymes in
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other reports®!74°

shows the influence of applied chemical adsorption in addition to entrapment on
enzymatic function.

From Fig. S9. it can be seen that the free enzyme has the same activity toward CMC and filter paper,
whereas the immobilized enzyme has a lower activity toward filter paper ( decrease to 88%) than
toward CMC (decrease to 94%), which is due to the intermolecular steric hindrance of the enzyme,
blockage of the active site, decrease in the flexibility of the 3D structure of the enzyme, change in the
microenvironment of the enzyme, random orientation of the enzyme on the support and so on.
However, despite these disadvantages, immobilization would lead to improvement in thermal stability,
storability and recyclability, which are crucial in industrial processes. Considering these advantages,

it seems that by choosing a suitable support material and immobilization method, we can balance the

advantages of activity and immobilization.
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Fig. 8. Reusability of the immobilized enzyme using CMC and Whatman filter paper as the substrate.

4. Conclusion
In summary, a simple two-steps approach was developed to fabricate a conductive nano hydrogel.
First, the cationic nano hydrogel was prepared by the electrospinning method with a diameter of around

469 nm followed by template-less PANI nanorods synthesis via in situ polymerization. The formation

25



of the hybrid matrix was confirmed by FT-IR, FE-SEM, and BET analysis. The hybrid support was
used to immobilize the enzyme and immobilization efficiency of up to 96% was achieved just after 1h
incubation time owing to the swelling behavior, porosity, and high specific surface area. There was no
change in the optimum pH and temperature of immobilized enzyme activity compared to that of the

free enzyme. The immobilized enzyme displayed excellent stability at 75°C after 180 min.

The hydrolysis of cellulosic materials with the immobilized enzyme will often have problems of
separating the biocatalyst from the final residue of the process. As portability is one of the benefits of
nanofibrous matrixes, we used this nanostructure to overcome this drawback. Therefore, we used a
newly synthesized cationic hydrogel that showed high adsorption capacity in our previous study and
could be prepared in the form of nanofibers in combination with other polymers. In other words, in
addition to being a nanostructure, the support texture is like fabric so we can simply take it out and
immerse it into another reaction bath without any significant decrease in the enzyme activity. To
overcome the blockage of the active site and facilitate the protein to access the substrate, we
successfully synthesized highly porous PANI nanorods on the surface of the nanofiber hydrogel
without using any templates, contrary to some reports [18, 20-21]. We have eliminated one step and
do not need any post-synthesis steps after polymerization. All in all, fabric texture-like of the designed
hybrid support leads to having easy-to-use support which can simply separate from the final residue
of'a process. In addition, due to the good conductivity and biocompatibility of PANI which is reported
in some literature, the ability of the prepared support can be investigated as a blood sugar biosensor
immobilizing glucose oxidase, urease, etc. Furthermore, the ability of enzyme attachment of support,

its biocompatibility, and conductivity makes it a good candidate as a scaffold in tissue engineering.
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