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KEYWORDS Abstract There are many parameters that may have influenced the properties of cell during immo-
Engineered E. colis bilization process. Particularly, the immobilization methods, carrier materials, and enzyme loading
Thermostable enzyme; amount that have been proved to be important for immobilization process. The physiological
Immobilization; responses of microorganisms are depending on the immobilization technique used. Typical alter-
Optimization; ations to the micro-environment of the immobilized cell involved the altered water activity, presence
Graphene oxide of ionic charges, cell confinement and modified surface tension. In this study, the graphene oxide was

selected as a suitable carrier for immobilization process of recombinant E.coli and adsorption was
chosen as an appropriate method to improve the production of engineered thermostable xylanase.
High level production of thermostable xylanase by immobilized recombinant cell in the 5 L bioreac-
tor was studied by using optimum research surface methodology (RSM) conditions was studied. The
immobilization of E. coli onto nanoparticle matrix manages to improve the cell performance by
improving the protein expression, reduced the occurrences of cell lysis as well as improved the plas-
mid stability of the host cell. Thus, immobilization contributes a physical support for both whole
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cells as well as enzymes to develop a better operative achievement system for industrialized fields and
give rise to the biological advancement existing enzyme for instance xylanase.

© 2022 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Protein enzymes are important finding in the industry of bioprocess
technology, which is produced by active cells that promote the trans-
formation of chemical species in living systems (Zhang et al., 2013;
Brena et al., 2013). The use of enzymes has become a necessary pro-
cessing strategy with extensive applications in the nanotechnology, ani-
mal nutrition, pulp and paper industry, textile, organic synthesis,
cellulose and detergent industries, medical, pharmaceutical, biofuels
industry, fine chemicals, biomaterials, cosmetic and food industry
(Jaqueline et al., 2016; Li et al., 2016).

There are numerous patents obtainable in commercially marketed
systems and significant advancement in understanding the secretory
production of foreign proteins by E. coli as well as the mechanism of
the membrane transport. However, industrialized operation has been
mounted with technical complications (Yoon et al., 2010). The primary
impediments to using enzymes in the multiple practical processes were
having low thermal stability, narrow pH range, along with the defi-
ciency of enzymatic activeness after one cycle (Mohamad et al.,
2016; Krajewska et al., 2014). To address these difficulties, researchers
have tried a variety of strategies, including directed evolution (Damis
et al., 2019), rational enzyme design (Hakimi et al., 2016), enzyme
immobilization (Cui and Jia, 2015, Cui et al., 2016), and adjusting
reaction conditions (Jamil et al., 2016). Among these approaches,
enzyme immobilization has been hailed as a promising solution for
overcoming these constraints. Immobilized enzymes have various
advantages over soluble enzymes, including higher operational stabil-
ity, increased enantioselectivity, reusability of the enzymes, and easier
reactor operation and product separation (Cui et al., 2018, Ren et al.,
2019, Feng et. al., 2021).

Whole-cell catalysts, in addition to free enzymes, can be immobi-
lized. Immobilization is one of the most effective ways for improving
the system performance of recombinant E. coli for protein excretion,
as it offers various advantages over the traditional free cell fermenta-
tion procedure. For example, lowering the risk of contamination,
reducing plasmid instability and cell lysis, improving the productive-
ness of recombinant cells, low sensitivity to pH and temperature when
compared to free cells, reducing the fermentation time, accelerating the
rate of substrate uptake, and resulting in estimated volatile component
concentration for product (Zajkoska et al., 2013; Man et al., 2016).
Adsorption-based cell immobilization is gaining popularity due to its
potential to reduce or eliminate the cell-matrix mass transfer problem.
As a result, by maintaining a continuous connection between the
matrix and nutrients, immobilization using this approach benefits the
entire cell system (Koo & Yamada., 2016).

The physiochemical factors, for instance; cell-matrix interaction,
cultivation conditions such as a culture medium, pH, temperature,
and inducer concentration and agitation rate influence the recombi-
nant cell immobilization and cell growth (Shang et al., 2017). Immobi-
lized cells are usually demonstrated with better performance towards
temperature and pH conditions compared to free cells and can be
reused or recovered for several cycles (Zhang et al., 2013; Xu et al.,
2014). For example, one of the modified graphene oxide (GO)
nanosheets with polyethylene glycol have been utilized as consistent
aqueous carriers for insoluble drug delivery (Akhavan et al., 2015;
Zhang et al., 2010; Adhikari et al., 2014). Additionally, owing to an
exceptionally large particular surface region with the two operative
sides have the sufficient oxygen for surface functionalities; it also can
be utilized for both whole cell and enzymes immobilization
(Akhavan et al., 2015).

Bioprocess development strategies generally start from shake flask
cultivation modes to determine the optimum factors. However, these
factors could not directly apply to the higher scale production by con-
sidering the incompatible conditions between large cultivation mode e.
g bioreactor and small cultivation mode e.g shake flask (Li et al.,
2015). Hence, it is crucial to perform the shake-flask cultivations by
using the both free cell and immobilized cell culture, screening the cul-
tural conditions using full-factorial design (FFD), optimization of the
cultural conditions RSM and study of high-level xylanase excretion in
stirred tank bioreactor (using RSM condition) to determine the cells
performance (Abdul Manaf et. al., 2021).

Complex interactions among many physicochemical characteristics
are addressed by statistical experimental designs such as FFD and
RSM. RSM is a powerful statistical and mathematical tool that aids
in the identification of effective factors, the study of interactions, the
selection of optimum conditions, and the quantification of relation-
ships between one or more measured responses and key input factors
in a small number of experiments (Zhang et al., 2010, Cui and
Zhang 2011, Cui et al., 2016).

Previously, the highest xylanase excretion was exhibited by the
immobilized recombinant E. coli onto untreated GO (Nor Ashikin el
al., 2017). The strong cell attachment on untreated graphene oxide
led to the higher stability of the plasmid with lower cell lysis. Thus,
it offered better performance to the strain and demonstrated higher
efficiency on excretion of engineered thermostable xylanase.

This study demonstrates the use of GO as a convenient immobiliza-
tion matrix for recombinant E. coli to enhance the immobilization cell
efficiency and excrete high xylanase expression using statistical opti-
mization method and upscaling the production in 5 L bioreactor.

2. Material and methods

2.1. E. coli strains and plasmid selection

The recombinant E. coli strain carrying xylanase gene (xyng)
from Aspergillus fumigatus af293 used for this research was
constructed by Hakimi et al. (2016). In this study, xyng with
thermostability characteristic at 70 °C was cloned into an
expression host, E. coli BL21 (DE3) containing vector pET21a
(+). This vector contains signal peptide M5 that can direct the
expressed protein into extracellular space. E. coli BL21 (DE3)
served as the host for heterologous expression while E. coli
JM109 was utilized for storage purposes (Hakimi et al.,
2016). The SDS-PAGE examination revealed E. coli excretion
of xylanase into the extracellular space, according to the
authors. The existence of a single protein band of 23 kDa on
SDS-PAGE revealed that the recombinant protein was discov-
ered in the extracellular space and was relatively pure, with the
exception of a few additional bands identified by SDS-PAGE
(Hakimi et al., 2016).

2.2. Chemical reagents

The chemicals and reagents used in this study were all analyt-
ical grades which were obtained from several different suppli-
ers including Merck (Merck KGaA, Darmstadt, Germany),
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Sigma-Aldrich (Merck KGaA, Darmstadt, Germany), Fisher
(Thermo Fisher Scientific Inc, US).

2.3. Cell immobilization

Immobilization of cells was performed by adding 10 mg of GO
into 50 mL LB broth with 100 pg/mL ampicillin. The GO was
cultivated with recombinant E. coli strain from bacterial glyc-
erol stock at 37 °C, agitation rate 200 rpm. Then, the growth
medium was taken out from the flask after the overnight culti-
vation period (12 h). The GO was then washed thoroughly
with sterilized water to remove the non-immobilized E. coli.
Meanwhile, the immobilized E. coli were transferred to 250-
mL flasks consisted of 50 mL TB broth with 100 pg/mL ampi-
cillin concentration for cultivation medium. The free cell sus-
pension (2% v/v) was used as a control in the study and
operated under the equal expression and growth conditions
as immobilized cell.

2.4. Screening of the cultural conditions by using FFD

A 2° full factorial design was implemented to indicate the sta-
tistical significance of the concentration of IPTG, post induc-
tion time, post induction temperature, pH, inoculum size and
agitation rate on the xylanase excretion and occurrence of cell
lysis (indicated by release of B-galactosidase into the medium).
A two-level factorial design was a statistically based technique
that consists of concurrent adjustment of analysis factors by
using only two levels which were low and high. The settings
of ranges for variables were depending on the analysis of single
factors as mentioned by Rahman et al. 2016, Che et al. 2016.
The overall of 67 sets of experimentations were carried out
in this research to determine the critical parameters
affecting the xylanase excretion and [B-galactosidase activity
(Supplementary Data 1).

2.5. Optimization of the cultural conditions by RSM

The optimization was designed based on a central composite
design (CCD) with six parameters as the independent variables
and xylanase excretion production and B-galactosidase activity
as the dependent variables with a total of 16 experiments that
are shown in Table 1. The xylanase excretion and f-
galactosidase activity were collected as the responses. The
parameters investigated for this study were inducer concentra-
tion, mM (x;), post induction temperature, °C (x;), post induc-
tion time, h (x;), agitation rate, rpm (x,), pH (x5) and
inoculum size, % (x4) with the xylanase excretion and B-
galactosidase activity collected as the responses.

The interpretation of the experimental design results was
performed by analysis of variance (ANOVA) in a random
order. The significance of the quadratic model was resolved
by P-value. A P-value < 0.05 was considered to be significant.

2.6. Reusability of immobilized cells

The expression was conducted using 0.5 mM IPTG at 20 °C
and 50 rpm until 20 h of post induction time. After that, the
immobilized cells were separated from the expression medium
(TB), washed with sterilized distilled water for the removal of

the non-immobilized cells and reintroduce into the fresh med-
ium. The process was continued for the next cycle. Subsequent
batches were run at 24 h intervals. The parallel experiment was
also carried out with the free cell, whereby the supernatant
from the earlier cycle was utilized for the next cycle’s inocula-
tion (Man et al. 2016 & Rahman, 2016).

2.7. Batch cultivation in stirred-tank bioreactor

The production of recombinant xylanase by E. coli were per-
formed in 5 L stirred tank bioreactor (Infors HT Minifors
109,726 model, Bottmingen, Switzerland), with a working vol-
ume of 2 L. The production medium (TB) comprised of 48 g/L
yeast extract, 40 mL glycerol (20% from the working volume),
24 g/L tryptone, 25.08 g/L K,HPO, and 4.62 g/ KH,PO,.
Prior to inoculation, the stirred tank bioreactor was auto-
claved at 121 °C for 15 min. The 5% (v/v) of inoculum was
added into the 2 L TB medium complemented with 0.4 g sterile
graphene oxide and 100 pg/mL ampicillin. The cells were cul-
tured at 200 rpm, 37 °C and pH 5.0 before expression until the
4.5 h of induction time using 0.5 mM IPTG concentration
(Fuzi et al. 2011).

After the expression process, the culture was conducted at
20 °C, 100 rpm and pH 5.0 until 24 h of post induction time
for each set, before the samples were collected. The super-
natant of immobilized cell after centrifugation at 13 000 rpm
for 5 min was used for analysis. During the experiment, the
sterile air was supplied to the bioreactor with 1 vessel volumes
per min (VVM) of volumetric flow rate per min to ensure that
enough oxygen will be supplied to the cells. The pH was regu-
lated with 2 M HCl and 2 M NaOH to maintain the neutral
pH during the process (Fuzi et al. 2011). The pH was deter-
mined by using sterilizable electrode (Mettler, Toledo) while
the temperature was detected by the traceable electrode
(Cole-Parmer, USA).

2.8. Analysis procedures

Several analyses were done in each experiment to determine
the xylanase activity, B-galactosidase activity, plasmid stabil-
ity, cell density, extracellular enzyme size and the surface mor-
phology of immobilized cell.

2.8.1. Xylanase activity

Xylanase excretion was evaluated by incubating appropriately
diluted enzyme in sodium acetate buffer (pH 5.0) and temper-
ature of 50 °C for 10 min by using a substrate solution of 1%
(w/v) beechwood xylan (Merck). Reducing sugars were
assayed by adding 500 pL of DNS (2-hydroxy-3, 5 dinitrosal-
icylic acid) reagent, boiling for 5 min, followed by cooling and
reading the absorbance at 540 nm using UV-Vis spectropho-
tometer. One unit of xylanase excretion was described as the
amount of enzyme releasing 1 pmol of reducing sugar (xylose
equivalent) per min under the experimental condition (Hakimi
et al. 2016).

2.8.2. Beta-galactosidase activity (cell lysis)

Cell lysis was measured by determining the quantity of B-
galactosidase in the extracellular medium using 0-
nitrophenyl-B-D-galactopyranosid (ONPG). A total of 1 mL
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Table 1 Experimental design and results of central composite design. Where, x;: IPTG concentration (mM); x,: Post induction
temperature (°C); x;: Post induction time (h); x,: Agitation rate (rpm); xs5: pH; x4: Inoculum size (%). The xylanase excretion and f-

galactosidase activity were collected as the responses.

Run Actual Value Response
X; X5 X3 Xy Xs Xg Xylanase excretion (U/mL) B-galactosidase activity (U/mL)

1 0.00 30 4 150.0 7.00 15.0 0.0371 0.8644
2 0.26 30 4 150.0 7.00 15.0 0.1508 0.0343
3 0.26 30 1 150.0 7.00 15.0 0.0748 0.0261
4 0.26 30 7 150.0 7.00 15.0 0.0518 0.9514
5 0.26 30 4 150.0 7.00 15.0 0.0596 0.9407
6 0.26 30 4 150.0 7.00 32.0 0.0496 0.9722
7 0.67 30 4 150.0 7.00 15.0 0.0715 21.808
8 0.26 30 4 150.0 7.00 15.0 0.0569 0.7340
9 0.26 30 4 150.0 4.00 15.0 0.0969 0.0040
10 0.26 30 4 150.0 7.00 00.0 0.0628 0.7913
11 0.26 30 4 150.0 7.00 15.0 0.0684 0.0431
12 0.26 30 4 150.0 10.0 15.0 0.0356 1.2414
13 0.26 47 4 150.0 7.00 15.0 0.0817 0.6990
14 0.26 30 4 00.00 7.00 15.0 0.0659 0.0144
15 0.26 13 4 150.0 7.00 15.0 0.0521 0.7579
16 0.26 30 4 318.0 7.00 15.0 0.0627 0.0620

of substrate buffer consisting of 4 mg/mL of ONPG in 0.1 M
phosphate buffer (pH 7.4) was added with 0.1 mL of sample
before it was incubated in 37 °C water bath for 10 min. The
absorbance at 420 nm was recorded after the reaction was
ended by adding 0.5 mL of 1 M sodium carbonate. One unit
of xylanase excretion was described as the quantity of enzyme
that forms 10® ™! of ONPG per min under the investigation
condition (Hakimi et al. 2016).

2.8.3. Plasmid stability

The plasmid stability was determined from the proportion of
the cell counts on the LB agar ampicillin plate and non-
ampicillin LB agar plate. The immobilized E. coli were col-
lected in 2 mL micro-centrifuge tube consisting of 1 mL of ster-
ilized distilled water. After that, the samples were vortex
vigorously for 2 min. These methods were made to detach
the portion of cells from GO. Both immobilized and free cell
samples were diluted by using 10 fold serial dilutions to achieve
cell counts in the range of 30-300. All colony counts were ver-
ified from the average of minimum three repeated experiments
(Man et al. 2016).

2.8.4. Cell density

The dry cells weight of immobilized cell was measured by sub-
tracting the mass of recovered GO 95% from the initial GO
(9.5 mg). The amount of recovered GO was obtained from
the average value of 3 batch experiments in the early stage of
immobilization process. The difference in the weight of initial
and recovered GO showed the number of cells attached to the
matrix (Rahman, 2016). The dry cell weight of immobilized
and free cell was calculated based on the Equation (3.1) and
Equation (3.2) respectively.

X(mg/ml) =

(W — W)

X(mg/ml) = %

(3.2)

Where, X is the cell density, Wy is the filter paper weight,
Wi is the filter paper weight, dry cell and the dry GO, and V
is the volume of sample, 9.5 mg is the standardized initial mass
of recovered GO.

2.9. Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) was performed to
observe the structure formed when the cell was immobilized
with the carbon nanomaterial. The samples were prepared by
fixation in 3% glutaraldehyde (24 h) and in 1% osmium
tetroxide (3 h), followed by dehydration with ethanol (30, 50,
70, 80, 90, 95 and 100%, each for 10 min) and drying by
lyophilization, and were then covered with gold. (Abdul
Manaf et al. 2021). The samples were observed under a high-
resolution electron microscope, FEI Versa 3D Dual Beam
(Czech Republic).

2.10. Xylan reaction process

The xylan reaction process was determined by pre-incubating
the enzyme at the temperature 70 °C, using 50 mM sodium
acetate buffer and pH 7 in the present of xylan substrate for
30 min before standard xylanase activity assay was carried
out (Hakimi et al., 2016).

2.11. Liquid chromatography mass spectrometry (LCMS)

The production of xylooligosaccharides was determined using
a Liquid Chromatography Mass Spectrometry (LCMS),
equipped with a Waters ACQUITY UPLC BEH Amide col-
umn (100 mm x 2.1 mm x 1.7 pm). The mobile phase used
for solution A was LCMS Grade Water and 0.1% Ammonium
Hydroxide. While for solution B was LCMS Grade Acetoni-
trile and 0.1% Ammonium Hydroxide. Before measurements,
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all samples were centrifuged down and filtered through
0.22 um syringe filter. The extracted samples were used for
sugar content detection.

3. Results and Discussion

3.1. Screening of cultural conditions of immobilized E. coli on
xylanase excretion and cell viability using design of experiment
(full factorial design)

In this study, the two-level of full factorial design (FFD) was
implemented to determine the significant variables of cultiva-
tion conditions for cell viability and xylanase excretion of
immobilized E. coli. The significant of post induction temper-
ature, IPTG concentration, pH, post induction time, agitation
rate and inoculum size were analyzed by 2° full factorial
design. The results and the experimental designs were tabu-
lated in Supplementary Data 2. The P-value indicates that
the post induction temperature (x,) was the significant variable
that affected the xylanase excretion, Supplementary Data 3.
Meanwhile, the pH condition (xs) was the significant variable
that affected the incidence of cell lysis (Supplementary Data 4).

The model precision is denoted based on the correlation
coefficient (R) and coefficient (R?) are shown in Supplementary
Data 5. All terms despite of their significant were comprised in
the regression equations (Equation (4.1), 4.2) that were
achieved from ANOVA method.

Final equation in terms of coded factors:

Xylanase excretion = + 0.088 — 0.026 * x;, (4.1)

P — galactosidase activity = 4+ 0.19 — 0.11 * x5 (4.2)

Therefore, the most significant parameters with P-value
which is less than 0.05 were then further optimized by means
of Central Composite Design (CCD) as these factors manage
to influence both of xylanase excretion and B-galactosidase
activity.

3.2. Optimization of cultural conditions on engineered
thermostable xylanase excretion and cell viability of immobilized
E. coli using response surface methodology (central composite
design)

In this study, the optimization using FFD conjunction with
CCD model has been developed. The results gain from the
total of 67 experimental design runs from FFD were aug-
mented to another 16 experimental design runs of RSM using
central composite design method (Table 1).

Analysis of Variance (ANOVA) is substantial to identify
the significance and adequacy of the quadratic models in Sup-
plementary Data 6 & 7. The significant models were designated
by the P-value which is below 0.05. The model terms x,, x7and
x,x3; were significant parameters that affected on xylanase
excretion. While, the model terms x3, x5, X3, x2 and x,xs were
significant parameters that affected on cell lysis as showed by
the amount of B-galactosidase released into the cultivation
media. The regression equivalent Equations (4.5) and (4.6)
were achieved from the Analysis of Variance (ANOVA) and
all parameters were comprised in the equivalent equations
below:

Final equation in terms of coded factors:
Ln (Xylanase excretion) = —2.92 —0.027 * x; — 0.28

* Xy — 5.961x1077 * x3
—0.11 % x4 — 0.049 * x5
+0.021 * xg 4 0.053 * x}
+0.099 % x3 — 0.14  x3
+0.11 % x5 +0.19 % x3
+0.097 * x7 — 3.408x10°
* X1X — 0.074 % x1x;3
—0.028 * x1x4 + 0.070
* x1x5 — 0.011 % x7 x4
+0.092 % x,x3 + 0.018
* X3X4 + 0.036 % x,x5
—0.017 % xx6 — 0.028
* X3X4 + 0.028 % x3x5
4 0.012 * x3x40.020 * x4x5
4 0.059 * x4x6 + 0.015 * x5x4
(4.5)
Ln(f — galactosidase) = —0.080 + 0.18 x x; 4+ 0.029
*xy —0.34 % x3+0.22 % x4
—0.41 * x5 +0.25 * x¢
—0.28 % x7 — 0.95 % x3 + 0.26
*x3 — 0.56 % x; — 0.40 * x3
—0.77  xg + 0.042 % x; x,
—0.17 % x1x3 + 0.032 % x1x4
4+ 0.070 * x1x5 + 0.013 * x7 x4
—5.782x107% % x,x3 — 0.089
* XoX4 + 0.056 * x,x5 — 0.11
* X2X¢ + 0.081 * x3x4 + 0.083
* X3x5 — 0.027 % x3x6 — 0.37
* XaX5 + 0.20 % x4x6 — 0.15 * x5x4
(4.6)

Table 2 shows the actual production of xylanase was 0.4821
U/mL which representing 99.47% of the predicted value
(0.4847 U/mL). This amount is close enough to the predicted
value than that in free cell (0.1264 U/mL). While, for the cell
lysis, the actual production of B-galactosidase was 0.0299 U/
mL, that was slightly higher than the predicted one (0.0237
U/mL), which is still close with the predicted value. Hence, this
model was measured as successfully validated. From the anal-
ysis, the response surface plots shows that the optimum pre-
dicted cultural conditions for the optimum xylanase
production were found to be: IPTG 0.5 Mm, 20 °C, induction
time 4.5 h, 50 rpm, pH 7 and inoculum size 5%.

3.3. Reusability of immobilized recombinant E. coli

The free cells and immobilized cells were reused in seven
sequential fermentation cycles of 24 h cultivation each. Under
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Table 2 Summary of the optimized cultural conditions for the
xylanase excretion and B-galactosidase activity.

Before After
optimization optimization
Cultural condition:
Inducer concentration (mM) 0.1 0.5
Post induction temperature (°C) 30 20
Post induction time (h) 2 4.5
Agitation rate (rpm) 200 50
pH 5 7
Inoculum size (%) 5 5
Response:
xylanase excretion (U/mL)
Predicted 0.4847
Actual 0.0603 0.4821
Free cell (using optimized 0.1264
conditions)
p-galactosidase activity (U/mL)
Predicted 0.0237
Actual 0.1487 0.0299
Free cell (using optimized 0.1273
conditions)

the optimal cultural conditions that were established before,
the immobilized E. coli demonstrated a higher and stable xyla-
nase excretion until the 4th reused cycles before the activity
was continuously declined until the end of 7th cycles, Fig. 1
(a). Conversely, the free cell displayed lower stability from
the 2nd cycle until the end of 7th cycles.

The B-galactosidase activities of immobilized and free cells
were compared under repeated fermentation. In case of free
cells, it showed the increased of cell lysis on the 3rd cycle;
29.3467 U/mL before it dropped to 20.966 U/mL and declined
slowly until the end of 7 reused cycles, Fig. 1(b). Conversely,
the immobilized cells display better resistant for cell lysis from
the 1st cycle until the end of 7th cycles. The lower plasmid sta-
bility demonstrated by free cells may cause by the lower energy
level reserved by the free cells as a result of high motion in the
cultivation medium, Fig. 1(c). Hence, it proved that, the plas-
mid stability was improved by immobilization system com-
pared with free cell cultivation. This data was supported by
several studies conducted by Duarte et al. (2013) and Xu
et al. (2014), the immobilization system generally showed bet-
ter stability towards the physiochemical factor changes than
the free system which consequently correlated with higher sub-
strate conversion, higher production rate as well as can be
recovered and reused multiple times. In Fig. 1(d), the dry cell
weight was lower for immobilized cells compare to free cell.
Adsorption-based cell immobilization can influence cell devel-
opment in both positive and negative ways. Study conducted
by Joanna et al. (2016) point out that the potential causes
for the reduced growth rate perceived in immobilized cells is
due to the nutrient and oxygen gradients formation within
the matrices, which lead to the restriction of mass transfer as
the immobilized cells focus on the exterior surface of the matri-
ces, whereas the interior parts remain free deprived of nutri-
ents. On the other hand, immobilized cells correlated with
higher constant cell growth due to the protection by matrix

that increase the tolerance to inhibitors or the change of envi-
ronmental condition and toxic compounds (Gungormusler
et al., 2015; Joanna et al., 2016).

During this study, non-immobilized cells were removed and
the immobilized cells were reintroduced into a fresh expression
medium, which encouraged the formation of new cells. The
outcomes can be observed by the consistent rise of dry cell
weight over the 7th cycles. Similarly, Hutchinson et al., 2020
found that the number of microbial cells on the surface of
corncobs rose during cycled fermentation in the investigation
of reusability of immobilized cells for successive balsamic-
styled vinegar fermentations.

3.4. Xylanase excretion of free cells cultivation, FFD cultivation,
RSM cultivation and bioreactor.

Fig. 2 shows the highest xylanase activity during the 6th h for
bioreactor and RSM cultivation which demonstrates that the
consistency in enzyme productivity from small scale to the lar-
ger scale before drastically drop at 8th h and continuously
declined slowly to the end of the cultivation. According to
Radwan et al. (2011) when undesired components were pro-
duced in parallel with a desired product, the xylanase activity
will decline and leads to the reduction of enzyme production.
Nonetheless, from the data shown in Fig. 2 it proved that, this
research could be potentially brought to a mass scale produc-
tion as the productivity of the reactor scale could be main-
tained from the prior scale (flask cultivation) as the enzyme
productivity from the reactor scale that applied the optimized
RSM condition was 6% higher (0.506 U/mL) than RSM flask
cultivation (0.483 U/mL).

Bioreactor cultivation showed resistant in cell lysis through
the low B-galactosidase activity occurred during the cultivation
process due to the imobilization system that made the strong
cell attachment to the surface of matrix. Hence, cell resistant
to the higher shear stress and mechanical force that comes
from shaking condition during the cultivation process
(Ramirez-Nuiez et al., 2011).

In order to observe the growth phase of E. coli, the dry cell
weight method can be used to determine the increase in cell
mass and number of the cultivation cells. Thus, from Fig. 2
(¢) the dry cell weight of FFD cultivation was continuously
raised until the end of the cultivation, while for bioreactor cul-
tivation, the maximum exponential phase at 16 h then slowly
declined until the end of 24 h cultivation. During bioreactor
cultivation, as the maximum exponential phase at 16 h then
slowly declined until the end of 24 h cultivation. Thus, as
demonstrated from the Fig. 2(c) the first phase or starter phase
observed during the cultivation process of bioreactor from 0 h
to 4 h was the lag phase in which the growth rate was basically
zero. This was happened when the inoculum was placed into
the fresh medium, the growth phase after the first h was called
as the lag phase. The lag phase was defined as the transition to
the exponential phase after the initial population has doubled
(Yates & Smotzer, 2007). The lag phase usually lasts from min
to several hours.

On the other hand, Fig. 2(d) is in contrast to the data in
Fig. 2(c), which shows an increase in the dry cell weight for
each time point during the FFD cultivation. However, as illus-
trated in Fig. 2(d), the plasmid was unstable and displayed a
decline pattern at each time point. Accordingly, Chen et al.
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Fig. 1 (a) Xylanase excretion between immobilized cell (onto non-treated graphene oxide) and free cell by repeated fermentation (b) p-
galactosidase activity of immobilized cell (onto non-treated graphene oxide) and free cell by repeated fermentation (c) Plasmid stability of
immobilized cell (onto non-treated graphene oxide) and free cell by repeated fermentation (d) Dry cell weight of immobilized cell (onto
non-treated graphene oxide) and free cell by repeated fermentation.

(2009) pointed out that the cells are exposed to the metabolic 3.5. Characterization of immobilized E. coli
burden that occasioned in the development of plasmid loss

cells at the time of cell division which occurred at the doubling 3.5.1. SEM characterization

time of the cell mass. The occurrences of plasmid loss in
recombinant E. coli cultivations are perceived once the mass
of cells become doubled after induction process, which corre-
lated to the cell fission timing. Thus, it is necessary to control
the doubling time of cells after induction to regulate the occur-
rence of plasmid free cells during the cell fission process
(Soares et al., 2019). Interestingly, the immobilization tech-
nique was able to restrict the growth rate by slowing the dou-
bling time due to the immobilized cells’ limited mobility, which
resulted in fewer cell divisions and, as a result, reduced plasmid
partitioning. When cells divide infrequently, less energy is
diverted toward replication, which lowers the metabolic load
of plasmid maintenance on the cells.

Furthermore, the kinetic parameter values of free and
immobilized recombinant E. coli were obtained for a better
knowledge of the fermentation process and a higher produc-
tion rate (Table 3).

Free cells and immobilized E. coli had dimensions of 435 nm
and 772 nm, respectively, and lengths of 1.7-2.8 um, as shown
in Fig. 3(b) and Fig. 3(d). While the average size distribution or
pore diameter of GO was in the range of nanometer scale, 5—
100 nm as shown in Fig. 3(a). Hence, there was no possibility
for the microbial cell to make an entrance inside the GO
(Zhang et al., 2009; Rostro et al., 2016). It exhibited that the
immobilization process takes placed by adsorption method
onto the GO’s exterior surface Fig. 3(c). Meanwhile, the pro-
cess occurs involved the physicochemical bonds or electrostatic
interactions (van der Waals forces) among the charge support
and microorganisms (Zajkoska et al., 2013; Gungormusler
et al., 2015).

The SEM results revealed that biofilm development is the
primary cause of the most substantial alterations in microbial
metabolism observed in cells immobilized by adsorption.
Biofilm development is responsible for the most substantial
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Fig. 2 (a) Xylanase excretion of free cell, immobilized cell using FFD condition, immobilized cell using RSM condition and bioreactor

(b) B-galactosidase activity of free cell, immobilized cell using FFD condition, immobilized cell using RSM condition and bioreactor (c)
Dry cell weight of free cell, immobilized cell using FFD condition, immobilized cell using RSM condition and bioreactor (d) Xylanase
excretion of free cell, immobilized cell using FFD condition, immobilized cell using RSM condition and bioreactor.

alterations in microbial metabolism found in cells immobilized
by adsorption as previously mentioned by Zur et al., 2016. Bio-
film is a complex surface-attached or associated with the inter-
faces of microbial communities that forms in response to
environmental circumstances like nutrition and oxygen avail-

ability. Bacteria produce high molecular weight biopolymers
that enable cell-to-cell and cell-surface/interface adhesion dur-
ing biofilm growth, which are referred to as extracellular poly-
meric subsatances (EPS), exopolysaccharide, exopolymer,
microbial flocculants, biopolymers). EPS is a component of

Table 3 Performance and kinetic parameter values of free and immobilized recombinant.

Conditions
B2 L pe st valliss Free cell FFD RSM Bioreactor scale-up
1. Maximal recombinant xylanase excretion (U/mL) 0.152 0.162 0.482 0.506
2. Maximum biomass produced, X,.x (g/L) 2.341 ¢ 5.276° 1.578° 2.832°¢
3. Productivity (U/mL/h) 0.019 0.020 0.080 0.084
4. Time point (h)* 8 8 6 6

*The chosen time point was based on the highest kinetic values.
? Time point at 6 h.
® Time point at 24 h.
¢ Time point at 12 h.
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Fig. 3

(a) SEM image of graphene oxide at 30 k x magnification (b) SEM image of free suspension recombinant Escherichia coli cells at

20 k x magnification (c) SEM image of immobilized recombinant Escherichia coli cells at 10 k x magnification (d) SEM image of
immobilized recombinant Escherichia coli cells at 25 k x magnification.

microbial aggregates that binds cells in a three-dimensional
structure together. As shown in Fig. 3(b) and Fig. 3(d), the size
of recombinant E. coli cells differs significantly between free
and immobilized cells, which could be due to EPS generation.
Biofilm formation depends on the EPS production, and the
transport of recombinant protein to the cell exterior took its
share of the translocation capacity of the cell, as mentioned
by Soares et al., 2019. Additionally, the authors discuss the
SWOT analysis of biofilm cultures for the production of
recombinant proteins.

Overall, the choice of suitable matrix altered the morphol-
ogy, physiology, metabolic reaction, and biochemical content
of the microbial cell in this investigation. According to
Zhang et al., 2013, the material should be biologically compat-
ible for efficient cell-matrix interaction, non-hazardous, and
readily available for the system’s long-term sustainability.
The high xylanase excretion reported in GO immobilized cells
may be due to the ability of these cells to more easily incorpo-
rate nutrients in culture medium compared to free cells by
obtaining from the adsorbed nutrient at the liquid—solid bor-
der (Man et al., 2015). Furthermore, GO has a high
hydrophilicity, which allows it to penetrate hydrogen (H,)
and oxygen (O,), allowing it to dissolve in culture media or

other hydrogen bonding polar solvents. It is able to open the
path for cell attachment to the matrix by having this feature
(Ammar et al., 2016).

3.5.2. Liquid chromatography mass spectrometry (LCMS)
analysis of xylooligosaccharides production

The process involved in the production of xylooligosaccharides
from xylan substrate was degradation of xylan into monomers
by random cleavage of B-1,4-glycosidic bonds of the xylan
backbone (Zhao et al., 2015). However, the dinitrosalicylic
acid (DNS) assay technique analyses only reducing sugars,
specifically xylose, which explains why the analysis revealed
minimal activity. While LCMS is used to determine the specific
sugar hydrolyzed by xylanase from beechwood xylan. As a
result, it could be higher in terms of xylanase activity, resulting
in larger sugar molecules. The xylanase production after 8 min
run time demonstrated that the products of beechwood xylan
was hydrolyzed by xylanase enzyme at 1.86 min retention time
to produce xylopentaose sugar which was exactly at the same
retention time of standard chromatogram for xylopentaose
sugar as shown in the Fig. 4.

This result was consistent with another two repetitions of
chromatogram analysis using the same reaction sample.
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Fig. 4 LCMS analysis for the quantification of xylooligosaccharides production using the waters ACQUITY UPLC BEH Amide

column (100 mm x 2.1 mm x 1.7 um).

Therefore, the results indicated that the xylooligosaccharides
product of beechwood xylan was found to be hydrolyzed by
an endoxylanase to produce xylopentaose sugar by splitting
the xylooligosaccharides intramolecular glycosidic

4. Conclusion

In this study, the cells immobilization onto GO exhibited certain effi-
cient as well as practical preferences. For instance, more resilient to
surrounding conditions due to the high plasmid stability than cell sus-
pension cultures. In addition, it has better cell stability, high mechan-
ical strength and manage to preserve the cells from shear damage. This
boosts the rate of xylanase synthesis by reducing the possibility of cell
lysis and plasmid instability. Apart from that, it was discovered that
thermostable endoxylanase-producing E. coli hydrolyzed the
xylooligosaccharides to produce high value xylopentaose sugar,
instead of xylose. From the first cycle to the end of seven cycles of
reusability cycle analysis, immobilized cells exhibit increased resistance
to cell lysis. Moreover, the lower plasmid stability demonstrated by
free cells may be due to the free cells’ lower energy level reserved as
a result of high motion in the cultivation medium.
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