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Abstract 11 

Bacterial cellulose (BC) has profound applications in different sectors of 12 

biotechnology due to its unique properties preferring it about plant cellulose. 13 

Although this polymer is extremely important in various applications, many problems 14 

still hinder the sustainable production in terms of increasing productivity and low-cost 15 

production. In order to overcome these problems, this study will focuses on the 16 

continuous production of cellulose using immobilized Glucanobacter xylinum cells 17 

onto Sugar Cane Bagasse (SCB) and Ca-alginate beads. Comparatively, adsorption of 18 

Glucanobacter xylinum cells to the cavum of stalk cells of SCB could be efficiently 19 

stable while, entrapment of cells onto Ca-alginate has drawback observed by the rapid 20 

disruption and instability of the beads in the Potato Peel Waste (PPW) culture 21 

medium. Our findings demonstrate that a combination between alternative low-cost 22 

medium with continuous production mode by immobilization onto inexpensive 23 

natural polymer can promote a sustainable bioprocess and reduction the production 24 

cost.  25 

Key words: Bacterial cellulose, Sugar Cane Bagasse, Immobilization, Optimization, 26 

Reusability. 27 

 28 

1- Introduction  29 
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Cellulose is one of important biopolymer on the earth. Although many bio-30 

applications depending on cellulose as raw material (Hasanin et al., 2018, Abdelraof 31 

et al., 2020b, Hasanin and Al Kiey, 2020), but some bio-fields cannot use the 32 

traditional cellulose (Abdelraof et al., 2019a, Abdelraof et al., 2019b). Traditional 33 

cellulose produced mainly from tree fibers or wood pulping followed by many 34 

chemical process reactions to produce pure cellulose with some traces of 35 

contaminants(Hasanin et al., 2018, Hasanin et al., 2019). On the other hand, the 36 

bacterial cellulose (BC) can be offered pure type of cellulose use in all bio-fields 37 

without any restrictions(Abdelraof et al., 2019a, Abdelraof et al., 2019b). Moreover, 38 

the BC produced overall via green methods without any environmental hazardous. 39 

However, the production of BC has many problems must be overcome to involved 40 

into the industrial levels e.g. contact performance of microorganism with media, 41 

productivity value, features of produced BC, economics factors and  production 42 

strategy applicability(Watanabe et al., 1998). The specific features of BC can be 43 

summarized as high biocompatibility, biodegradable, mouldability, easy handling, 44 

low equipment’s required and free from contaminated ions(Kowalska-Ludwicka et al., 45 

2013). The BC can be considering as the new generation material in many 46 

applications especially medical, pharmaceutical, biomaterials industries. Furthermore, 47 

according to the high safety profile of BC it can be considered as edible biopolymer 48 

with platform of bio-field uses. However, the biggest drawback of BC production is 49 

the productivity manipulation(Watanabe et al., 1998, Chen and Huang, 2015). Since 50 

the production scheme can be controlled the productivity as well as characterization 51 

of BC. However, the BC production suffers from many inhibitory effects such as a 52 

high operating cost, rapid consumption of the substrate, rapid alteration in cultural pH, 53 

and a low BC productivity(Bilgi et al., 2016, Abdelraof et al., 2019a). The 54 

inevitability of BC production from agro-industrial natural waste has been 55 

recommended by many authors because of its economic and environmental 56 

viability(Abdelraof et al., 2019a). The potentiality to use the various wastes resulting 57 

from the food-processing in the hydrolysate form is effectively attractive for scalable 58 

BC biosynthesis (Hong et al., 2012, Chen et al., 2013, Cheng et al., 2017). Among the 59 

several agricultural waste advised by many studies for bacterial cellulose production, 60 

Potato peel wastes (PPW) have been shown to be practical, economical and 61 

environmental friendly (Abdelraof et al., 2019a). Traditional industrial BC production 62 

is generally performed using a free-cell system. The free-cell systemhas several 63 
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limitations, such as a high operating cost, rapid consumption of the substrate, low in 64 

pH stability, and a low BC productivity. Several approaches have been suggested 65 

to improve BC production efficiency, involving supplementation of the cultural 66 

medium with some regulators such as ethanol or organic acids in order to inhibit the 67 

accumulation of the basic metabolic byproduct (gluconic acid) and at the same time 68 

stimulate the synthesis of substances necessary for the cell stabilization(Lu et al., 69 

2016, Stepanov and Efremenko, 2018). However, these additivesare not suitable, due 70 

to metabolic process in the bacterial cellulose cells comprised of series of enzymes 71 

which are extensively active in the presence of cyclic diguanidine monophosphate (c-72 

di-GMP). This molecule playing an important role in the pathway of BC biosynthesis, 73 

and an incorporation of these substances areaccompanied with activation of 74 

phosphodiesterases in the cells which catalyzing degradation of c-di-GMP which in 75 

turn caused an inhibitory effect on BC biosynthesis(Morgan et al., 2014). Therefore, 76 

to improve the BC yield it should be foster the key molecule c-di-GMP in the 77 

metabolic process of the cells. As discussed by(Srivastava and Waters, 2012, 78 

Stepanov and Efremenko, 2018) c-di-GMP is a major metabolic molecule called as 79 

“quorum factor,” since the highly cells concentrations was correlated with quorum 80 

state. In this state the BC production was increased by the expression of “silent genes” 81 

and the synthesis of exopolysaccharides with a simultaneous decrease in the rate of 82 

active cell growth.  Therefore, cells that produce BC should be stimulated to come 83 

into a quorum state, which the cells become genetically programmed to their 84 

increased population. The cell-immobilization system in case of BC producers could 85 

allow obtaining highly concentrated populations of cells since BC synthesis would be 86 

regulated by a quorum sensing phenomena as described before.Interestingly, the 87 

immobilization of BC cells opens a way to improve cell stabilization and thus led to 88 

increase BC productivity. Comparatively, the immobilized cells have various benefits 89 

more than free cells in the production process, such as increased the cell population 90 

density, improved operational stability by protection the cells from the adverse 91 

environmental conditions, prevent the inhibition effect of the end product, enhanced 92 

the cell resistance to high substrate concentration via diffusional constrains and afford 93 

microbial cells to reusability it in several bioprocess which reduce the production 94 

costs(Nuanpeng et al., 2018, Stepanov and Efremenko, 2018). Unfortunately, in spite 95 

of the overall advantages of immobilization process the current reports concerning the 96 
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production of BC by immobilized-cell system are very rare. In this regard, PVA 97 

cryogel was used for employing Komagataeibacterxylinum cells in an immobilized 98 

system to increase the biosynthesis of BC (Stepanov and Efremenko, 2018).  99 

Acetobacter xylinum ATCC 700178 cells was successfully immobilized on a plastic 100 

composite support (PCS) to improve the BC production on the basis of polypropylene 101 

(Cheng et al., 2009). However, the severe masstransfers restrictions, low mechanical 102 

strength, non-biodegradability and highly toxicity of these synthetic polymers 103 

displaying a big problem in the operational stability of the immobilized cells (Basak et 104 

al., 2014, Nuanpeng et al., 2018). Therefore, we tried to finding out a renewable, easily 105 

prepared, inexpensive, biodegradable, non-toxic, and available naturally carrier. 106 

Limitations correlated with the use of synthetic polymers can be avoided by the use of 107 

Sugarcane bagasse (SCB)as immobilization carrier. Sugarcane bagasse (SCB) considered as 108 

a lignocellulosic material derived from the processing of sugarcanewhich naturally in 109 

abundance, easy to use, cheaper and non-toxic(Yu et al., 2007, Basak et al., 2014, Liu et al., 110 

2015). Selectivity of SCB in several studies due to its having various unique characteristics 111 

such as chemical stability, highly porous, high surface area, remained unchanged 112 

under different pH and temperature values (Basak et al., 2014). Besides, alginate beads 113 

proved to be an efficient support for entrapment ofmicrobial cells due to their 114 

biodegradability, low toxicity, prepared easily, and low cost efficiency (Banerjee and 115 

Ghoshal, 2011). On the other hand, bioprocess production frequently needed to optimize its 116 

nutritional and cultural conditions by statistical experimental designs. The important of 117 

these designs are attributed to its reduction in time consumption and a reduction in 118 

operating costs due to fewer experimental units (Abdelraof et al., 2020a).  The most 119 

common statistical experimental designs, Plackett-Burman design (PBD) have been 120 

generally established for the optimization of the multiple variables in the culture 121 

media, and process conditions. These techniques were efficiently utilized to explain 122 

the interaction betweenindependent variables and developing a mathematical model 123 

that exactly describes the general process. To the best of our knowledge, there are no 124 

studies have yet been established on the statistical optimization of BC production 125 

using immobilized-cell system despite its high industrial applications. Therefore, we 126 

investigated the enhancement of bacterial cellulose production by immobilized G. 127 

xylinum ATCC 10245 by using statistical analysis in PPW medium via continuous 128 

production of BC. The comparative study of fibrous SCB and nonfibrous alginate as 129 

an immobilization carrier was carried out as well as the BCs produced from both free 130 
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and immobilized cells were also characterized. Moreover, studies have been done to 131 

perform reuse experiments with the immobilized cells and storage stability.   132 

2. Materials and Methods 133 

2.1. Materials 134 

Bagasse fibers were delivered from integrated sugar industrial company, Quena, 135 

Egypt. Na-alginate purchase from molekula (U.K), Potato peel waste (PPW) was 136 

resulting from potatoes processing, and collected from the disposal of free markets. 137 

The bright PPW without disease symptoms were selected then washed thoroughly 138 

with distilled water. All reagents, solvents, medium and its components used in this 139 

study were of analytical grade. 140 

 141 

2.2. Methods 142 

2.2.1. Microorganism and culture condition 143 

The cellulose producing bacterium Gluconacetobacter xylinum ATCC 10245 144 

used in this study was donated from the American Type Culture Collection (ATCC), 145 

Manassas, VA, USA.  The bacterial strain was maintained by bimonthly transfer to 146 

fresh HS medium (glucose, 1%; peptone, 0.5%; yeast extract, 0.5%; K2HPO4, 0.27%; 147 

MgSO4, 0.05%; citric acid, 0.115%); and stored at 4oC, after incubation at 30oC. 148 

Preculture of the strain was carried out at 30 oC on a rotary shaker at 180 rpm for 24 149 

h. 150 

2.2.2. Adsorption of bacterial cells in SCB particles 151 

Sugar cane bagasse (SCB) was obtained from a sugarcane juice local market 152 

in Cairo, Egypt,after the skin and the outside fiber were removed; SCB was chopped 153 

into small particles using a food processor. The chopped SCB was then dried, and 154 

approximately 50 mL moisture was vaporized from 100 g raw SCB. Bagasse which 155 

was obtained after drying was sieved to remove fine and larger particles.  The pieces 156 

of SCB were sieved to obtain particle sizes of 1 mm x1 mm x 1 mm, 2.5 mm x 2.5 157 

mm x 2.5 mm, 5 mm x 5 mm x 5 mm, and 10 mm x 10 mm x 10mm. The crushed and 158 

classified SCB was washed several times with sterilized distilled water and dried at 159 

105oC. This untreated material was sterilized by autoclave and then used as support 160 

for cell immobilization. Cells were immobilized in situ in the fermentation flasks by 161 

natural adsorption onto the untreated SCB according to the method described by (Yu 162 

et al., 2007). 5 g SCB with different sizes was autoclaved and then mixed with 50 ml 163 
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fresh pre-culture HS medium which was previously inoculated with 10 ml cell 164 

suspension (1.9 x109cfu/ml). 24 h later, the SCB prepared above was combined with 165 

50 ml Potato Peel Waste hydrolysate medium and then replaced by a fresh 50 ml 166 

medium after 7 days. 167 

2.2.3. Entrapment of bacterial cells in alginate beads 168 

The cellulose-producing bacterium (Gluconacetobacter xylinum ATCC 169 

10245) was harvested after 24 h of growth (early stationary phase preculture) from 170 

250 ml of HS culture medium. The cell pellet (0.8 g wet weight containing 171 

4x109CFU) was obtained by centrifugation at 5000 rpm for 10 min and subsequently 172 

re-suspended in 10 ml phosphate buffered saline (PBS). A stock of 2-5% (w/v) 173 

sodium alginate was prepared and autoclaved at 121oC for 15 min. Tenmilliliters of 174 

bacterial cell suspension (4x109CFU) was added to 50 ml of sterilized alginate 175 

solution and mixed by stirring on a magnetic stirrer. This alginate cell mixture was 176 

extruded drop by drop into a cold sterile 0.1 M calcium chloride solution (CaCl2). The 177 

drops of alginate cell solution were gelled to form a uniform and defined-sized sphere 178 

upon contact with CaCl2 solution. The immobilized beads were left in 0.2 M CaCl2 179 

solution at room temperature for 1 h to harden and complete the gel formation. The 180 

beads were then rinsed with sterilized bi-distilled water several times to remove 181 

residual CaCl2. Blank alginate beads without bacterial cells were also prepared in the 182 

same way for control experiments(Banerjee and Ghoshal, 2011). 5 g of wet alginate 183 

beads containing entrapped cells were added to PPW culture medium and then 184 

replaced by a fresh 50 ml medium after 7 days.  185 

2.2.4. Analytical procedures 186 

At the end of cultivation period, the fermentation broth and BC were 187 

separated by centrifugation at 10,000 g for 10 min to separate cellulose from the 188 

supernatant. The produced BC is collected, rinses in distilled water, and immerses in 189 

NaOH 0.1 N at 60 °C for 90 min to remove attached cells and impurities. Later, 190 

pellicles are rinsed in methanol solution and then wash with the deionized water and 191 

dry at 60 °C for 24 h to evaluate the BC yield concentration in g L−1 (mass (g) of 192 

BC/volume (L) of culture medium)(Abdelraof et al., 2019a). The carrier matrix (SCB 193 

particles and alginate beads) and the immobilized cells were examined using a 194 

scanning electron microscope. The samples for electron microscopy were prepared 195 

according to the method described by (Yu et al., 2007). In all BC production 196 

experiments, the reducing sugar concentration of in the PPW culture medium was 197 



7 

 

measured by DNS according to the procedure reported in our previous work (Miller, 198 

1959). As well as, cell retention (Cr, CFU g-1) onto the SCB particle and alginate 199 

beads were measured as the ratio of total number of CFU immobilized onto the carrier 200 

to the carrier mass (g). Log CFU was determined as adapted by(Abdelraof et al., 201 

2019a). 202 

The immobilization efficiency (Yi, %) was calculated as follows: 203 𝑌𝑖 = CiCt 𝑥100 204 

Where Ci is the concentration of immobilized cell calculated as the ratio of total 205 

number of CFU immobilized onto the SCB carrier to the total medium volume. 206 

Ct is the ratio of concentration of total cell in the flask, i.e., suspended plus 207 

immobilized, to the medium volume) (Santos et al., 2008). 208 

2.2.5. Release of adsorbed and entrapped cells 209 

The carrier containing BC cells were released by citrate-phosphate buffer 210 

(pH= 6.0, 1 %) reported by(Basak et al., 2014). One gram of the beads or particles 211 

was transferred to 9 mL buffer. The solution was stirred on a shaker for 15 min 212 

vigorously until bacteria released from matrix completely. The counts (Log CFU/g) 213 

were determined by plating on HS agar plates and incubating for 48 h at 37°C. The 214 

free bacteria were treated similarly.  215 

 216 

2.2.6. Statistical optimization of BC production by immobilized Glucanobacter 217 

xylinum 218 

The production and statistical optimization of BC using Glucanobacter 219 

xylinum immobilized onto SCB carrier has been performed in four sequential steps; 220 

Plackett-Burman experimental design, doing the experiment, data analysis and 221 

validation of the results (Abdelraof et al., 2019c). Prior to statistical modeling, the 222 

different factors were tested for the optimum maximum and minimum levels of study 223 

based on One-factor-at-a-time method. Initially, the cultural conditions before 224 

optimization were evaluated for BC production, and then were considered for further 225 

optimization studies. Modeling of BC production by the immobilized Glucanobacter 226 

xylinum has been conducted using Plackett-Burman factorial design (PBD) to select 227 

the major factors influencing BC production. Table (1) shows the PBD with seven 228 

numeric factors namely; Sugar concentration of the PPW hydrolysate, Medium 229 

volume ratio, Spore concentration in the carrier, pH, Incubation time, Incubation 230 
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temperature, and carrier quantity. The experimental design composed of 21 231 

experimental trials; among these, one run was carried out at the center point values, 232 

while each remaining runs will conduct at 2-levels by combinations of upper (‘high, 233 

+’) and lower (‘low, -’) levels of all variables. In the PBD, two levels were used to 234 

determine whether the maximum production was obtained at lower or higher 235 

concentration of the variables by comparing them with the experimental results 236 

obtained from center point values 237 

Experimental responses were measured by first order model by the following 238 

equation: 𝑌 = 𝛽0+∑ 𝛽𝑖𝑥𝑖 239 

Where Y is the response for BC production, Bois the model intercept and βi is the 240 

linear coefficient, and xi is the level of the independent variable. According to the 241 

Stat-Ease analysis, a first-order model could be obtained from the regression results of 242 

fractional factorial experiment. This model describes the interaction among factors 243 

and it is used to screen and evaluate important factors that influence the response. The 244 

main effect of each variable was determined according to the following equation:  245 𝐸𝑥𝑖 = (∑ 𝑀𝑖 + − ∑ 𝑀𝑖−) 𝑁 246 

Where 𝐸𝑥𝑖is the variable main effect, Σ𝑀𝑖+ is the summation of the response value at 247 

high level; Σ𝑀𝑖− is the summation of the response value at low level, and 𝑁is the 248 

number of experiments. For Plackett-Burman design and analysis of variance 249 

(ANOVA), Minitab 17-software (version 17.0.0) has been used. 250 

Table 1: Plackett-Burman design 251 

Factor Name Units Low High Mean 

A Sugar conc. % (w/v) 0.5 1.0 0.25 

B Medium volume ratio ml 20 50 3 

C Spore conc. CFU/g 5x107 8.5/104 7 

D pH Value 6 9 3.5 

E Incubation time Day 4 7 2.5 

F Incubation temperature oC 25 37 2.3 

G Matrix quantity % (w/v) 2 5 1.5 

 252 

2.2.7. Reusability and storage stability of immobilized cells 253 

In order to study the reusability of the SCB immobilized cells, after every 254 

batch BC production, the whole SCB contents of the flasks were collected aseptically 255 

from the spent medium and washed three times with sterile bi-distilled water. Then, 256 

SCB particles were used again separately for BC production with fresh PPW medium 257 
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under the same experimental conditions. This cycle was repeated for ten times to 258 

evaluate the BC production capacity of reused immobilized cells. For comparative 259 

purposes, fermentation with free cells in flasks without the immobilization matrix was 260 

also carried out under the same culture condition. Unless otherwise noted, all batch 261 

fermentations were duplicated and averaged data are reported. The operational 262 

stability of the immobilized system was determined by the following equation: 263 

Operational efficiency (%) = 
CxC1  𝑥 100 264 

Where C1 is the BC yield produced in the first (1st) fermentation cycle and Cx is the 265 

BC yield produced in the (Xth) fermentation cycle. 266 

To identify the efficiency of SCB in the immobilization process, the fermentation 267 

kinetics during BC production is measured (Abdelraof et al., 2019a). The efficiency of 268 

BC production is evaluated after 7 days of cultivation and the, substrate conversion 269 

ratio, BC production rate and BC production yield are calculated, respectively, as 270 

described by(Lin et al., 2014): 271 

Substrate conversion ratio % = 
Si−SfSi  𝑥 100 272 

BC production rate (g/L. h) = 
𝑚𝐵𝐶𝑉 𝑥 𝑡 273 

BC production (%) = 
mBC/VSi−Sf  274 

Where Si is the initial concentration of substrate (g/L) (i.e. corresponding to the 275 

reducing sugar content of the PPW culture medium), Sf is the final concentration 276 

(g/L), mBC is the amount of BC produced (g), V is the reactional volume (L) and t is 277 

time of reaction (h). 278 

On the other hand, the effect of storage on the BC production capability of the 279 

immobilized cells was also investigated. The SCB and alginate beads containing the 280 

adsorbed and entrapped cells were stored for varying periods (up to 60 days) at 4o C.  281 

 282 

2.2.8. Characterization of BC membranes 283 

Fourier transform infrared (FTIR) the structure change between different produced 284 

BC was studied by attenuated total reflectance Fourier transform infrared (ATR-285 

FTIR) spectroscopy (Spectrum Two IR Spectrometer - PerkinElmer, Inc., Shelton, 286 

USA). All spectra were obtained by 32 scans and 4 cm−1 resolution in wave numbers 287 

ranging from 4000 to 450 cm−1.  288 
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X-ray diffraction (XRD) the crystalline structure of samples was characterized using 289 

X-ray (XRD) diffractometer (Schimadzu 7000, Japan) operating with Cu Kα radiation 290 

(λ=0.154060 nm) generated at 30 kV and 30 mA with scanning rate of 4ºmin-1 for 2θ 291 

values between 10 and 80 degrees. 292 

Scan electron microscope (SEM) the micrographs of the prepared samples were 293 

analyzed by scanning electron microscopy (SEM, Quanta FEG 250, FEI). To prepare 294 

the SEM sample, a thin layer of Au was coated onto the sample by sputtering coating 295 

device. 296 

3. Results and Discussion 297 

 298 

3.1. Immobilization efficiency onto SCB particles and alginate beads: 299 

Immobilization of Glucanobacter xylinum cells onto fibrous and non-fibrous 300 

carriers could be an interesting technology to develop an efficient, low-cost and 301 

continuous process for cellulose productivity. In our previous report, Potato Peel 302 

waste-nitric acid hydrolysate culture medium was proved to be an excellent 303 

alternative medium for BC production and that due to its having high buffering 304 

capacity(Abdelraof et al., 2019a). Therefore, in order to increase the efficiency of 305 

cellulose production, immobilization of bacterial cells was carried out onto SCB 306 

(adsorption method) and alginate beads (entrapment method) in comparison with free 307 

cells under the same culture condition. Firstly, the immobilization efficiency of 308 

bacterial cells onto SCB particles and alginate beads were confirmed using scanning 309 

electron microscope (SEM) compared with the non-inoculated matrices (Fig. 1). As 310 

shown in (Fig. 1A, B), the bacterial cells were success attached in the alveolate of the 311 

stalk cells of the SCB definitely, and high cell concentration was observed. 312 

Electrostatic forces or covalent bonding between bacterial cells and carrier surface of 313 

SCB could be discussed the good bacterial cell adherence in the alveolate of the stalk 314 

cells(Santos et al., 2008, Basak et al., 2014). Another reason that clearly indicated to 315 

natural adsorption obtained due to the large surface area of the SCB structure, which 316 

could provided an easily attached and grow of the bacterial cells within the porous 317 

stalk cells which in turn increased and enhanced the biomass concentration. This 318 

ideally surface area contributing to the stability of the microenvironment for cell 319 

metabolism by greatly increasing the adherence of the bacterial cells (Basak et al., 320 

2014). On the other hand, alginate beads were also analyzed by SEM microscopy 321 

before and after bacterial cells inoculation. Scanning electron micrographs confirmed 322 
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the effective immobilization of Glucanobacter xylinum into alginate beads. Alginate-323 

entrapped bacterial cells were visually evaluated on the bead surface as seen in (Fig. 324 

1C, D), since bacterial cells were restricted into the inner surface of the alginate beads 325 

via the entrapment process(Moreno Rivas et al., 2019). In this way, the 326 

immobilization efficiency (Yi) and bacterial cell retention (Cr) by the carrier was 327 

measured up to 24 h. As shown from (Fig. 1E, F), SCB particles demonstrated 328 

increasing in the immobilization efficiency and bacterial cell retention with maximum 329 

values of 90.6% ±2.8 and 8.2±0.12 Log CFU/g SCB respectively after 16 h. and then 330 

decreased notably. In contrast, as evident from alginate beads results, the high 331 

immobilization efficiency and bacterial cell retention obtained after 4 h. with 82.6% 332 

±1.4 and 6.5±0.08 Log CFU/g alginate beads and then decreased slightly. Obviously, 333 

this high immobilization efficiency of SCB more than alginate beads can be attributed 334 

to the large amount of vacuous and porous stalk cells which might be responsible for 335 

maximum cell adsorption (Yu et al., 2007, Basak et al., 2014). Additionally, the 336 

retention of bacterial cells could be more coherent in alginate beads than SCB 337 

particles and that may be due to the nature of entrapment method which protects the 338 

cells from leaking into the environment better than the adsorption method(Dzionek et 339 

al., 2016).  340 

A B 
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346 
 Fig. 1 The free fibrous and nonfibrous biopolymer A and C, respectively. Bacterial 347 

cellulose immobilized onto fibrous and nonfibrous biopolymer B and D, respectively. 348 

Immobilization efficiency (Yi) (E) and cell retention (Cr) of G. xylinum cells (F) onto 349 

SCB and Ca-alginate as function of time. 350 

 351 

3.2. Effect of matrix size 352 

Almost of literature reported that use of alginate with 2-4% being optimally 353 

for immobilized cells production (Banerjee and Ghoshal, 2011). Therefore, 354 

preparation of different alginate concentrations (1-4%) was used for evaluating the 355 

optimal one. Results depict that the maximum production rate of BC was showed with 356 

3% alginate concentration and further concentration caused decreasing gradually in 357 

the production rate (data not shown).  Apparently, the production rate is found to be 358 

decreased at lower alginate concentration (1-2%) which attributed to rapid ruptured of 359 

beads at lower concentrations, while the production rate of BC observed more reduced 360 

at higher alginate concentration (4%) and that could be related to the difficult 361 

diffusivity of the nutrients and bacterial cells through the rigid beads produced at 362 

higher concentrations (Banerjee and Ghoshal, 2011). Subsequently, 3% alginate was 363 

utilized for preparing different sizes of beads (2, 3, 4, and 6 mm) to determine its 364 

effects on the cellulose production.  As illustrated in (Table 2), the rate of cellulose 365 

F 
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yield was increasing with the increase of bead size reaching to its maximum value 366 

(4.8±0.44 g/L) at 4 mm bead diameter and further increase in the alginate beads 367 

results in a slightly reducing cellulose yield. However, the bacterial growth was 368 

clearly increasing as beads size increased. Although the number of CFU/g alginate 369 

beads was increased in larger beads, but the cellulose production rate was decreased 370 

and that related to the high difficult diffusion as beads become larger which 371 

contributing in lowering the cellulose productivity (Dursun and Tepe, 2005, Banerjee 372 

and Ghoshal, 2011). In addition, the main disadvantage of Ca-alginate beads with 373 

each size display by the instability and rapid disruption at the end of cultivation period 374 

and that may be correlated with the PPW composition. On the other hand, the effect of 375 

SCB particle sizes was also established. As mentioned above, SEM profile proved 376 

that the immobilized cells are adherence in the alveolate of the stalk cells of the SCB 377 

particles. As shown in (Table 1), the cell retention was increased as a SCB particle 378 

size was increased. In fact, a larger SCB particle can be carrying more bacterial cells 379 

than a smaller one, and that because it has more intact stalk cells (Basak et al., 2014). 380 

However, the highest cellulose production (4.9±0.18 g/L) was achieved with smaller 381 

SCB particles (1mmx 1mmx 1mm). This phenomenon could be related to the 382 

diffusion limitations in larger sizes of SCB particle, since the mass transfer in the 383 

interior of this carrier will become more poor and difficult due to the increasing inner 384 

mass transfer resistance (Liu et al., 2015). On the other hand, we can also noticed that 385 

as SCB become small in size the immobilization efficiency would be increase and the 386 

cell retention in the carrier being also increased. Conversely, in case of alginate beads 387 

the increase of size could be increase the immobilization efficiency of the carrier and 388 

that was directly proportional with the cellulose productivity. Thus, from these results 389 

we can conclude that, diffusion limitations could be avoided by using the optimum 390 

size of each of matrix. In comparison of SCB and Ca-alginate the obtained results are 391 

cleared that the SCB exhibited the higher stability of cells than Ca-alginate which 392 

indicated to easily recover from the PPW medium. Since, alginate beads proved to be 393 

inefficient to reuse in the PPW culture medium attributed to the rapid disruption of 394 

beads in the second cycle which may be due to the deformation or weakening of the 395 

alginate matrix in the PPW medium. Therefore, further experiments were desired in 396 

order to characterize the nature of the BC-production from each matrix in comparison 397 

with free cells and the cellulose producing from the standard medium (HS medium) 398 

separately. 399 
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 400 

 401 

Table 2: Effect of carrier size on the BC productivity, Immobilization efficiency, and cell 402 

retention 403 

Polymer Size Cellulose 

productivity 

(g/L) 

Immobilization 

efficiency (Yi) 

(%) 

Bacterial cell 

retention (Cr) 

Log CFU/g* 

SCB 1mm 4.9±0.18 92.7±1.5 7.2±0.18 

SCB 2.5mm 4.4±0.52 86.9±2.3 8.1±0.21 

SCB 5mm 4.3±0.18 76.9±3.3 6.6±0.11 

SCB 10mm 4.1±0.08 72.1±1.8 4.9±0.18 

Alginate 2mm 4.4±0.22 82.9±2.2 4.8±0.12 

Alginate 3mm 4.7±0.34 86.4±0.56 4.7±0.07 

Alginate 4mm 4.8±0.44 83.1±1.8 6.1±0.27 

Alginate 6mm 4.4±0.12 92.2±2.2 6.2±0.14 

Free cells (Control) 4.4±0.18 - - 

HS (Control) 1.25±0.11 - - 

*The bacterial cells were loading with 8.6 Log CFU/g of each of carrier. 404 

 405 

3.3. Characterization of BC-producing from each matrix  406 

The used instrumental tools are useful in characterization of produced BC 407 

which included FTIR, XRD, SEM. The FTIR spectra are clearfield in Fig. (2A). The 408 

BCs IR spectra are fit with cellulose (type I). Moreover, the main characteristic bands 409 

of cellulose are observed in all produced BCswhere the OH starching band is 410 

observed at around 3400 cm-1in all produced BCs. Additionally C-H starching band is 411 

assigned at around 2930 cm-1 in all BCs. Similar, the asymmetric deformation 412 

vibration of methyl and methylene is around 1400cm-1. In addition, the cellulose 413 

produced from HS media, PPW media, bagasse immobilized and alginate 414 

immobilized are slightly similar. However the crystalinty may be changed from type 415 

to other with lowest crystalinty for HS media cellulose and the higher crystalinity is 416 

bagasse immobilized cellulose. On the hand, the IR calculations including crtystalinty 417 

index (Cr.I.) and MHBS are cleared a significant difference between produced 418 

celluloses. The Cr.I. of HS, PPW, alginate, bagasse are 1.1, 1.3, 1.4 and 1.7, 419 

respectively. Additionally, the MHBS of HS, PPW, alginate, bagasse are 5.9, 5.4, 5.0 420 

and 4.5, respectively. These results are emphasized that the crystalinity of produced 421 

celluloses are different significantly. 422 

  423 

 424 



16 

 

4000 3500 3000 2500 2000 1500 1000 500

 HS2930

1035

3437

2947
1423

 PPW

Ab
s.

WN, cm
-1

3424

2920
1415

 Alginate

3443

2938 1417

 SCB

3421

2933
1408

 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

 HS

22.0

14.0

 PPW

 Alginate

Pos. [°2Th.]

 SCB

Inte
nsi

ty

 

Fig 2. FT-IR spectra of different produced BCs (A), the XRD of different produced BCs (B) 
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The XRD patterns for different produced BCs are presented in Fig (2B). The 426 

characteristic peaks of cellulose at around 22.0o and 14.0o are observed in all produced 427 

BCs stood for the crystalplane (1–10), and (200), respectively, with significant 428 

different. The HS media BC recorded less crystallinitywhichequal 77.5%. In contrary, 429 

The PPW, Alginate immobilized and bagasse immobilized cleared improve in 430 

crystallinitywhich recorded 82, 84 and 86 for PPW, alginate and bagasse, 431 

respectively. 432 

The topography study is carried out on the produced bacterial celluloses 433 

show significant differences in topography study in Fig. (3). The HS BC appears as 434 

spongy-like this may be referring to low crystallinity as shown in Fig. (3A). The PPW 435 

appears as dark spots cellulose with enhance in crystal appearance at Fig. (3B) 436 

(Abdelraof et al., 2019a). In addition to, the immobilized result celluloses appear 437 

changes in surface morphology. The BC produced from bagasse immobilization 438 

observed in Fig. (3C) appears as slid- like cellulose which refers to high crystallinity 439 

degree. The BC produced from alginate immobilization in Fig. (3D) appears as 440 

cracked surface and this may be referring to the nature of bacteria in present of 441 

alginate as immobilization material. Over all the SEM data are emphasized the FT-IR 442 

calculations as well as XRD pattern. Accordingly, SCB particles proved to be the 443 

efficient carrier for BC immobilization in terms of durability of the matrix and the 444 

unique producing-cellulose. Therefore, further optimization of cultural medium 445 

conditions using the SCB needs to be studied. 446 
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Fig. 3. SEM image BC produced from HS (A), PPW (B), SCB immobilized cells 

(C) and alginate immobilized cells (D). 

 447 

3.5. Optimization of the SCB-immobilized cell system using Plackett-Burman 448 

design (PBD) 449 

Plackett-Burman design (PBD) has been proposed as one of the statistical approaches 450 

to improve the bioprocessing efficiency, since it provides several advantages. Perior 451 

to applied PBD, all factors and its levels were firstly selected according to the 452 

preliminary studies of one-factor-at-a-time (OFAT) on cellulose production by 453 

immobilized G. xylinum (data not shown). In consequence of these results, the 454 

independent variables of the cultural conditions that are significantly influence the BC 455 

production by SCB immobilized cells were studied by PBD with their respective high 456 

and low levels. Results of PBD signified that, there were variations from the BC 457 

production which range from1.6 to 5.2 g/L in 21 runs as shown in Table (3). This 458 

variation involving the obtained units emphasizes obviously the significance of 459 

C 

B A 

D 
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medium optimization to accomplish high BC production by immobilized cells when 460 

compared with the BC production by free cells (4.4 g/L) after statistical optimization 461 

previously (Abdelraof et al., 2019a). Although the cellulose production efficiencies 462 

between the SCB-immobilized cells and the free cells were not significantly different, the 463 

cellulose yield produced by the SCB-immobilized cells was slightly higher than those of the 464 

free cells. Considering the sugar consumption in this study, the residual sugar concentrations 465 

in the supernatant of the immobilized cell culture were also less than those in the fermentation 466 

broth of the free cell cultures. In addition, the SCB-immobilized cells displayed a lower 467 

CFU number than the free cells in the fermentation broth culture. These findings 468 

indicated that the immobilized cell system proved to be higher cellulose productivity 469 

than the free cell cultures and that implies to the importance of the SCB carrier to 470 

protect the bacterial cells from the external stress conditions which allowing them to 471 

perform better than the free ones. Among these variables, the static incubation period 472 

and pH value showed the highest significance through exhibiting its higher positive 473 

effect, and then medium volume ratio and sugar concentration in the PPW hydrolysate 474 

medium. On contrast, cellulose yield was not influenced by incubation temperature, 475 

matrix quantity and spore concentration in the carrier (p value <0.05). Overall, the 476 

results of contribution of the different variables demonstrate that incubation period 477 

has the maximum contribution percent (42.05%) followed by pH(30.2%), medium 478 

volume ratio ( 22.5%) and  sugar concentration (5.6%) and the significant medium 479 

components showing P values < 0.05 significance level obtained by regression 480 

analysis. The rest of the terms have contribution values of less than 1%. Although a 481 

very negligible effect of spore concentration was observed on cellulose yield, 482 

moderately significant interactive effect of spore concentration and incubation period 483 

was noted on cellulose productivity. Insignificant interactive effects were observed for 484 

yield and productivity. The optimum levels for the variables obtained by use of stat 485 

graphics software were sugar concentration (10 % w/v), SCB quantity (2.0 % w/v), 486 

and spore concentration (8% v/v) at 37oC and at pH9.0 with 25 ml medium volume 487 

for 7 days. The analysis of variance (ANOVA) for the experiment design of SCB 488 

showed that, the Model F-value of 6.64 implies the model is significant. In such cases 489 

A, B, D, E, are significant model terms where "Prob> F" is less than 0.0500. The 490 

"Pred R-Squared" of 1.0000 is reasonable agreement with all the "Adj R-Squared" of 491 

1.000. Table (4). 492 

 493 



20 

 

Table 3. Plackett-Burman design (PBD) matrix for BC production from PPW 494 

hydrolysate by the SCB or Alginate-immobilized cells of G. xylinum. 495 

Runs Sugar 

conc. 

(A) 

Medium 

volume 

ratio (B) 

Spore 

conc. 

(C) 

pH 

(D) 

Incubation 

time 

(E) 

Incubation 

temperature 

(F) 

Matrix 

quantity 

(G) 

 Response 

BC yield (g/L) Final 

pH 

Final 

sugar 

conc. 
Actual Predicated Residual 

1 7.5 37 6 7.5 5.5 31 3.5 2.133 2.133 0.000 6.1 2.7 

2 5 50 8 9 7 25 2 4.833 4.640 0.193 8.5 1.8 

3 5 25 8 6 7 25 5 2.967 3.067 -0.100 5.1 2.9 

4 10 50 4 9 7 25 2 4.700 5.320 -0.620 8.1 3.2 

5 5 25 4 6 4 25 2 1.767 1.647 0.120 5.7 1.7 

6 5 50 8 6 4 25 2 1.967 2.360 -0.393 5.2 3.3 

7 5 25 4 6 7 25 5 3.100 3.100 0.000 4.9 1.5 

8 10 25 8 6 7 37 5 2.900 3.427 -0.527 5.2 2.9 

9 10 25 4 6 4 37 2 2.300 2.007 0.293 5.1 3.9 

10 10 50 4 6 7 37 2 3.333 3.913 -0.580 5.1 2.8 

11 5 50 8 6 7 37 2 3.967 3.233 0.733 4.9 1.4 

12 10 25 8 9 7 37 2 5.200 4.960 0.340 8.2 3.1 

13 10 50 4 6 4 25 5 3.867 3.620 0.247 5.5 4.2 

14 5 50 4 9 4 37 5 3.600 3.597 0.003 8.7 2.2 

15 5 25 8 9 4 37 5 2.300 2.720 -0.420 8.4 3.02 

16 10 25 8 9 4 25 2 2.833 3.087 -0.253 8.2 2.9 

17 5 25 4 9 4 37 2 2.233 2.467 -0.233 8.0 1.6 

18 10 25 4 9 7 25 5 4.933 4.930 0.003 8.1 3.6 

19 10 50 8 9 4 25 5 5.033 4.807 0.227 8.7 2.4 

20 10 50 8 6 4 37 5 2.800 3.000 -0.200 5.4 4 

21 5 50 4 9 7 37 5 4.533 4.653 -0.120 8.6 1.3 

 496 

Table 4. ANOVA of Plackett-Burman experiment 497 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-Value 

p-value 

Prob> F* 

Model 20.3858 8 2.54822 6.64 
0.002 

Significant 

A-Sugar conc. 2.1342 1 2.13422 5.56 0.036 

B-Medium volume ratio 2.7380 1 2.73800 5.66 0.020 

C-Spore conc. 0.0036 1 0.00356 0.01 0.925 

D-pH 6.1976 1 6.19756 12.81 0.002 

E-Incubation time 6.8056 1 6.80556 14.07 0.001 

F-Incubation temperature 0.4302 1 0.43022 0.89 0.311 

G-Matrix quantity 0.3920 1 0.39200 0.81 0.332 

Curvature 1.6847 1 1.6847 4.39 0.048 

Lack of Fit 15.6403 13 1.2031 9.42 0.311 

Pure Error 0.6389 5 0.1278 
  

Cor Total 24.9911 20 
   

R2=0.971; Adj R2=0.955.df degrees of freedom; *Values of “Prob> F" less than 498 

0.0500 indicate model terms are significant. 499 

 500 
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The initial order model equation created by PB design showed the dependence of BC 501 

production on the medium constituents: 502 

Regression Equation of BC yield (g/L) = -2.89 + 0.1307 Sugar Conc. 503 

+ 0.0247 Medium volume - 0.0067 Spore Conc. + 0.371 pH 504 

+ 0.389 Incubation period- 0.0244 Incubation temperature + 0.093 Matrix quantity 505 

 506 

The three dimensional (3D) response surface plots-generated by Minitab-17 software 507 

is shown in Fig. (4), represents the relationships and effects of different experimental 508 

variables (factors) on BC productivity. Best experimental variables levels for 509 

maximizing BC production were predicted through analysis of these plots in 510 

combination with numerical optimization for each variable and desirability analysis. 511 

 512 
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Fig. 4 Three dimensional (3D) response surface plots-generated by Minitab-17 software  

 

 513 

Interestingly, BC production by SCB immobilized cells after statistical optimization is 514 

approximately 5 times higher than of those observed in the HS medium (1.21 g/L).As 515 

reported before, generation of gluconic acid from the catabolism of glucose during the 516 

BC biosynthesis is regarded as the most common drawback due to the rapid decrease 517 

in the pH value of the medium which results in feedback inhibition of the BC 518 

synthesis (Bilgi et al., 2016, Abdelraof et al., 2019a, Abdelraof et al., 2019b).  519 

Therefore, our previous studies attendance to the PPW medium is a successful 520 

hydrolysate waste to regular production of BC without any influence with the pH 521 

value and that due to its having high buffering capacity and also has a good impact on 522 

the formation of biopolymer. According to the statistical bioprocess optimization, we 523 

can noticed that the direct proportional between the sugar consumption and pH value. 524 

From these results we can conclude that, immobilization of Glucanobacter xylinum 525 

onto a low-cost abundant natural byproduct (i.e. SCB) and optimization the BC 526 

production using the PPW hydrolysate medium opening an effective way to 527 

sustainability of BC biosynthesis.  528 

 529 

3.6. Reusability and storage stability of immobilized cells 530 

The storage and reusability of the cell-adsorbed SCB considered as significant 531 

parameters for successful application of this system in practical and industrial sectors. 532 

In order to evaluate the efficiency and stability of the SCB particles to immobilized 533 

BC cells, experiments were performed to reuse the SCB particles as inoculums for 534 

repeated batch production of BC. SCB immobilized cells were cultivated in the PPW 535 
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culture medium based on the optimization process as described previously. The 536 

cycle's number of repeated batch cellulose production by the SCB-immobilized cells 537 

and the main fermentation kinetic parameters are summarized in Table 5. As can be 538 

seen, reuse of the SCB particles could be exactly carried out for four sequential times 539 

without any significant decrease in the operational efficiency of the BC yield. It was 540 

observed that the BC production rate was initially affected at the 7th cycle and that 541 

may be related to a limited amount of adsorbed bacterial cells in the carrier. The 542 

enhanced cell stability of the immobilized cells as observed in the present study 543 

suggests that the SCB carriers may protect the bacterial cells from severe conditions 544 

during the fermentation process. The increased cell stability and cell productivity of 545 

the immobilized system demonstrated in this study are in agreement with the reports 546 

by(Basak et al., 2014, Liu et al., 2015). 547 

 548 

 549 

 550 

 551 

Table 5. Reusability of the immobilized G. xylinum  552 

Batch No. Operational 

efficiency (%) 

BC productivity 

rate (g/L. h) 

BC production 

yield (%) 

Substrate conversion 

ratio % 

1 100±0.05 0.0433 47.7±0.5 49.5±0.8 

2 100±0.12 0.0435 42.6±1.1 55.4±1.5 

3 100±0.11 0.0435 46.8±1.8 50.4±2.2 

4 100±0.07 0.0432 52.5±2.2 45±0.9 

5 100±0.02 0.0433 55.9±0.8 42.2±1.4 

6 90.3±1.5 0.0391 55.2±1.5 38.6±0.6 

7 78.8±2.1 0.0341 51.8±1.8 35.9±0.8 

8 61.5±1.7 0.0266 44.4±0.5 32.7±1.3 

9 34.6±2.3 0.015 33.9±1.9 24±0.9 

10 15.3±1.1 0.003 14.8±2.1 12.2±2.2 

Free cells on PPW - 0.0401 32.1±1.4 73.7±0.8 

HS medium - 0.022 14.3±1.6 55.5±0.4 

 553 

With respect to the kinetic studies, the SCB-immobilized cells exhibited slightly 554 

higher cellulose productivity rate (0.043 g/L. h) through five repeated batch 555 
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fermentation than the free cells (0.0401 g/L. h). After that, the cellulose productivity 556 

was starting reduced and this might be due to the fact that the immobilized cells was 557 

reduced in the carrier and that was clearly appeared in the substrate conversion rate 558 

which decreased with 10%. To deeply understand these changes, it should be noted 559 

that the utilization of sugars by the SCB-immobilized cells was not restricted with the 560 

carrier system, suggested that the diffusion of the substrates was not prevented by the 561 

carriers, which were highly porous and thus, facilitated the mass transfer of the 562 

system. However, the decreasing in the loaded bacterial cells under repeated batch 563 

condition contributes in the lowering substrate conversion rate which led to reducing 564 

in the BC production efficiency. In addition, an increase in the number of viable cells 565 

adsorbed on the inner surfaces and in the micro-porous structure of the matrix 566 

suggesting that high sugar concentrations in the fermentation broth had no effect on 567 

the bacterial growth. We propose, from these findings, that the regeneration and 568 

protection of immobilized cells by the SCB are the main factors that work 569 

synergistically to prevent cell activity. 570 

Storage stability of SCB immobilized Glucanobacter xylinum at 4oC and room 571 

temperature with long term was investigated through 28 day. Viability of bacterial 572 

cells were expressed as remaining total number of Log CFU per gram of SCB, along 573 

with determined the operational efficiency of BC yield on every 7thday as a function 574 

time. Results are shown in Fig. (5), clearly indicate that at 4oC the immobilized cells 575 

was still retain in the SCB with 44.3% up to the full period with high operational 576 

efficiency reached to 21 days. However the storage stability of SCB at room 577 

temperature was not suitable to retain the cells during 28 days, only a small amount of 578 

immobilized cells was remained in the carrier (7.7%) correlated with sharply reduced 579 

in the BC production. This phenomenon may be due to the change in the storage 580 

temperature which increases the mass transfer barrier in the SCB at the room 581 

temperature caused the bacterial cells to die during the long term storage.  This study 582 

shows reasonable effectiveness for practical use of the SCB carrier which capable to 583 

retaining the immobilized cells without any expensive storage conditions. 584 

 585 
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 586 
 587 

 588 

 589 

Fig. 5 Storage stability of the SCB-immobilized cells: Immobilization efficiency 590 

(Yi) (A) and cell retention (Cr) of G. xylinum cells (B) during 28 days 591 

A 

B 
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Conclusion 592 

Utilization of waste from the food industry as raw materials for both 593 

immobilized the bacterial cells and prepared the culture medium promotes economic 594 

advantages because they reduce environmental pollution and stimulate new research 595 

for science sustainability. The observed study was carried out to produce bacterial 596 

cellulose via immobilization onto fibrous and non fibrous bio-polymers. The 597 

foregoing results justify the applicability of SCB as carrier matrix for immobilization 598 

of BC in biosynthesis of cellulose from Potato Peel Waste hydrolysate culture 599 

medium. Reused immobilized biomass indicated sustained cellulose production even 600 

after 6 cycles. The instrumental analysis of BC produced from fibrous biopolymer 601 

showed excellent characters with high crystal structure and homogenous network as 602 

illustrated from SEM topography. These results demonstrate the feasibility of the 603 

proposed immobilization system to be used in future industrial BC production from 604 

low cost raw materials. 605 
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Figures

Figure 1

The free �brous and non�brous biopolymer A and C, respectively. Bacterial cellulose immobilized onto
�brous and non�brous biopolymer B and D, respectively. Immobilization e�ciency (Yi) (E) and cell
retention (Cr) of G. xylinum cells (F) onto SCB and Ca-alginate as function of time.



Figure 2

FT-IR spectra of different produced BCs (A), the XRD of different produced BCs (B)



Figure 3

SEM image BC produced from HS (A), PPW (B), SCB immobilized cells (C) and alginate immobilized cells
(D).



Figure 4

Three dimensional (3D) response surface plots-generated by Minitab-17 software
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