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A B S T R A C T   

Bacterial cellulose (BC) has remarkable and excellent properties. However, the high-cost production and the use 
of chemicals for BC modification make its application unattractive. A simple approach to modify the properties of 
BC during biosynthesis, by using alternative low-cost carbon sources from agro-industrial byproducts, was 
studied. The carbon source (date syrup, mannitol, sucrose, food-grade sucrose, and glucose) significantly 
changed the BC network morphology and structure. Date syrup source induces the highest modifications in the 
surface properties of BC: smaller area (SBET = 4.04 m2/g), higher hydrophobic (γd

s = 45.79 mJ/ m2) and basic 
character (Kb/Ka = 1.10), at 25 ºC. Food-grade sucrose source resulted in the lowest yield of BC production (37% 
less), however caused an increase in the BC network reticulation and a high crystalline structure (IC = 82.3%). 
This sustainable and simple methodology presents a low-cost and efficient approach allowing the modulation of 
the surface properties of BC.   

1. Introduction 

New biomaterials derived from natural resources have been the focus 
of many researchers due to their attractive properties and nature, 
contributing to a sustainable technology. Bacterial cellulose (BC) is a 
natural biotechnological product biosynthesized at the liquid/air inter-
face mainly from the Gluconacetobacter sp. genus bacteria, currently 
known as Komagataeibacter sp. Its promising characteristics – a unique 
and sophisticated 3D nanoporous network with high crystallinity, a high 
degree of polymerization, high water content capacity, high perme-
ability to liquid and gas, high purity, good biocompatibility, non-toxicity 
and biodegradability - make it an excellent natural biomaterial (Moo-
savi-Nasab and Yousefi, 2011; Hussain et al., 2019). With outstanding 
surface and morphologic properties, BC could be tailored for pharma-
ceutical, immobilization platforms, filtration, electronic, cosmetics, 
food, energy production and other applications, via in situ or/and ex situ 
modifications or in the microorganism co-culture (Blanco Parte et al., 
2020). Different surface properties such as wettability, acid and base 
character, porosity, gas permeability and roughness play a crucial role in 
the performance of BC nanocomposites for a given application. In the 

pharmaceutical field, BC were modified to change porosity and 
water-holding capacity for wound dressing, antimicrobial activity, drug 
delivery, tissue regeneration and vascular grafts (Blanco Parte et al., 
2020; Stumpf et al., 2013; Rühs et al., 2018; Gonçalves et al., 2016; 
Brackmann et al., 2012; Bodin et al., 2010; Pötzinger et al., 2017). For 
biotechnological approaches, Rühs et al. (2018) report an efficient 
approach to form a macroporous BC foam by foaming a mannitol-based 
media with a bacterial suspension, increasing the surface area of the BC. 
By adding different paraffin particles of various sizes to the culture 
medium, Bodin et al. (2010) obtained porous BC scaffolds suitable to use 
in tissue-engineered urinary conduits for urinary reconstruction. Gon-
çalves et al. (2016) reduced the hydrophilicity of BC through acetylation 
and polysaccharide adsorption, using chitosan and carboxymethyl cel-
lulose to improve cell adhesion and proliferation. BC can also be used as 
a sustainable filter material as reported by Fang et al. (2016). 
High-performance separation membrane based on BC and graphene 
oxide through vacuum was developed, where the graphene oxide 
nanosheets were spread on porous BC skeleton. In cosmetics, silk sericin 
BC facial masks were used for facial treatment, as well as caffeine release 
from BC for cellulite treatment (Blanco Parte et al., 2020; Silva et al., 
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2014). For aerogel formation, BC aerogel could be obtained by using a 
supercritical carbon dioxide anti-solvent precipitation method and/or 
by incorporating different compatible polymers to form composite BC 
aerogels (Pircher et al., 2014). In textile applications, wettability is an 
important characteristic of BC-based materials when superhydrophobic 
BC-based materials are required to develop leather-like materials, as 
reported by Krishnamurthy et al. (2020). 

Industrially, the high costs of production and chemical-based mod-
ifications are considered the real obstacles to producing BC and the 
synthesis of nanocomposites (Jozala et al., 2016). Thus, the imple-
mentation of a low-cost, simple, and sustainable approach to modify BC 
using new carbon sources in the biosynthesis are crucial for the eco-
nomic viability of BC in broader biotechnological domains. Following 
these research lines, in the present research, a new approach to modify 
the properties of BC will be explored: the use of different carbon sources. 

Carbohydrates are an essential carbon source that plays a key role in 
BC biosynthesis. Glucose is the most widely available simple carbohy-
drate and the most common carbon source used in the production of BC. 
In recent years, the use of industrial and agricultural by-products as 
alternative sources of nutrients for BC production has been the target of 
an alternative approach to achieving more environmentally friendly BC 
production and reducing production costs (Urbina et al., 2017; Tsouko 
et al., 2015). In the current work, two low-cost alternative food-grade 
carbon sources were used for BC biosynthesis: date syrup and 
food-grade sucrose. Date fruit, from Phoenix dactylifera L., is produced 
largely in the hot arid regions of Southwest Asia and North Africa. As a 
by-product of the date fruit industry, date syrup is a viscous solution rich 
in carbohydrates (about 75 wt%) (Al-Hooti et al., 2002). Depending on 
the date fruit stage: (i) hababouk, (ii) khimri, (iii) khalal, (iv) rutab and 
(v) tamar, the sugar date syrup content varies between non-reducing 
sugar (sucrose – stage (iii)) and reducing sugars (glucose and fructose 
– stages (iv) and (v)) (Ashraf and Hamidi-Esfahani, 2011). Food-grade 
sucrose is obtained industrially mostly from sugarcane (Saccharum 
officinarum) and sugar beet (Beta vulgaris ssp. vulgaris var. altissima). 
Depending on the sugar source and the extent of sugar refinement, the 
chemical composition differs: a refined sugar consists of practically 
100% sucrose; a washed raw beet sugar is approximately 96% sucrose, 
< 1.4% moisture, 0.9% ash and 1.5% non-sugar organic compounds, 
and berry sugar contains 98.8% sucrose, 0.70% moisture, 0.20% ash and 
0.29% non-sugar organic substances (Belitz and Grosch, 1999). 
Food-grade sucrose differs from sucrose in its purity due to its refine-
ment and processing. 

Published studies using alternative carbon sources for BC biosyn-
thesis are focused on the yield, crystallinity, and morphology effect on 
the obtained BC (Mohite and Patil, 2014; Park et al., 2010; Forestia 
et al., 2017). The effect of alternative carbon sources on the surface 
properties of BC has not been studied until now, despite the importance 
of the surface proprieties to the applications of BC. Thus, the main goal 
of this study was to evaluate different carbon sources as enhancers of the 
surface properties of BC during biosynthesis, including low-cost alter-
native carbon sources. Inverse Gas Chromatography (IGC) was 
employed as a powerful analytical tool to understand how carbon 
sources can influence the surface properties of BC. Parameters such as 
the dispersive component of surface energy (γd

s ) and the specific Gibbs 
free energy of adsorption (ΔGsp

ads), as well as the surface area (SBET), 
maximum adsorption potential (Amax.) and acid and base surface char-
acter (Kb and Ka), were determined. Nevertheless, other analytical 
techniques, namely Scanning Electronic Microscopy (SEM), Attenuated 
total reflectance - Fourier transformed infrared spectrometer (ATR-F-
TIR), X-ray spectroscopy (EDX) and X-ray diffraction (XRD) were used to 
support the results found via the IGC analysis. 

2. Materials and methods 

2.1. Materials 

The bacterial strain used in the present work was Gluconacetobacter 
xylinus, obtained from the Persian Type Culture Collection (PTCC 1734), 
Iran. n-alkanes and the polar probes used for the IGC measurements 
were all GC grade (> 99%) supplied by Sigma-Aldrich. The methane gas 
(reference probe) and helium (carrier gas) of high purity (> 99.99%) 
were supplied by Air Liquide Company. Hestrin-Schramm (HS) medium 
materials were purchased from Merck company, Germany. Glucose, 
mannitol, and sucrose were supplied by Sigma-Aldrich (> 99.5%). Date 
syrup and food-grade sucrose were industrial food products purchased 
from Khuzestan and Karaj Sugar Factory, Iran, respectively. 

2.2. Bacterial cellulose production 

G. xylinus has growth in HS medium using five carbon sources: 
glucose, date syrup, mannitol, sucrose, and food-grade sucrose 
(Table S1). The HS media, after being autoclaved at 121 ºC for 15 min, 
were inoculated with a bacterial concentration of 10% (v/v). Ethanol 
1% (v/v) was added to all used media and the pH was adjusted to 5.5 
with H2SO4. Then, the cultures were incubated at 28 ºC and stirred at 
150 rpm for seven days. The resulting BC membranes were washed with 
1 wt% NaOH solution at 80 ºC for 1 h, washed with distilled water until 
reaching the neutral pH, and then dried overnight at 40 ºC. 

2.3. Inverse gas chromatograph (IGC) 

IGC measurements were carried out on a commercial inverse gas 
chromatograph (iGC, Surface Measurements Systems, London, UK) 
equipped with flame ionization (FID) and thermal conductivity (TCD) 
detectors. The IGC system is fully automatic with SMS iGC Controller 
v1.8 control software. Data was analyzed using iGC Standard v1.3 and 
Advanced Analysis Software v1.25. IGC theory is described in detail in 
Cordeiro et al. (2011). The samples were packed, using vertical tapping 
for 2 h, in standard glass silanized (dymethyldichlorosilane; Repelcote 
BDH, UK) columns with 0.2 cm internal diameter and 30 cm length. 
Before measurements, the columns with the samples were conditioned 
for 8 h at 40 ºC (to remove adsorbed water) and 2 h at the measurement 
conditions (to stabilize the conditions in the columns). After condi-
tioning, pulse injections were carried out with a 0.25 ml gas loop. Four 
n-alkanes (heptane, octane, nonane and decane) were used to measure 
the dispersive component of surface free energy (γd

s ) at 25 ºC. To study 
the γd

s variation with the temperature (dγd
s /dT ), the γd

s was determined 
also at 20 and 30 ºC. Four polar probes (tetrahydrofuran-THF, 
ethanol-EtOH, ethyl acetate- EtAc and acetonitrile-ACN) were used to 
measure specific Gibbs free energy of adsorption (ΔGsp

ads), and the acid 
and base surface character (Kb and Ka), at 25 ºC (Cordeiro et al., 2011; 
Cava et al., 2007; Voelkel, 2006). Due to the very low retention times to 
chloroalkanes, these probes were not used in the ΔGsp

ads, Kb and Ka cal-
culations. The isotherm experiment (used to know the sample energetic 
profile and to determine the BET surface area (SBET) and the maximum 
adsorption potential (Amax.)) was undertaken with n-octane at 0.05, 
0.07, 0.09, 0.1, 0.2, 0.4, 0.6, 0.8 and 0.95 p/p0 for the samples tested at 
25 ºC. The retention volume was used to determine the adsorption 
isotherm by the BET equation (Thielmann, 2004), and knowing the 
monolayer capacity and the cross-section area of the probe molecule, the 
SBET was be calculated (Cordeiro et al., 2011; Witkiewicz and Slomkie-
wicz, 2019). 

All experiments were carried out at 0% of relative humidity with a 
helium flow rate of 10 ml/min and in duplicate, producing errors of less 
than 4%. 
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2.4. Field emission scanning electron microscopy (FE-SEM) and X-ray 
spectroscopy (EDX) 

For field emission scanning electron microscopy (FE-SEM) imaging, 
the samples were gold-coated using the field-emission SEM Hitachi SU 
8090. The identification of the chemical compositions of the samples 
and the semi-quantitative analysis were carried out by energy-dispersive 
X-ray spectroscopy (EDX). Quantitative analyses were done for weight 
percentages (wt%) of the elements. Both the FE-SEM and EDX experi-
ments were conducted at an accelerated voltage of 5 kV. Before mea-
surements, all samples were dried at 40 ºC for 72 h and kept in a 
desiccator until analysis. 

2.5. Attenuated total reflectance - Fourier transformed infrared 
spectrometer (ATR-FTIR) 

Infrared spectroscopy of the samples was performed on a Bruker 
Equinox 55 analyzer, equipped with a DTGS detector and a golden gate 
micro-ATR. The spectra were collected at wavenumbers ranging be-
tween 4000 and 600 cm− 1, with an average of 16 scans. All samples 
were dried in a vacuum oven at 40 ºC for 72 h and kept in a desiccator 
until analysis. 

2.6. Cluster analysis 

Multivariate statistical analysis was performed using MINITAB 17 
Statistical Software. This method allows visualization of a multivariate 
data set and detects the relationship between variables and objects in a 
reduced data dimension. Hierarchical agglomerative clustering was 
used to achieve the similarity between IGC data through the linkage 
distance (Square Euclidean distance), using the Ward linkage. The 
dispersive component of surface free energy (γd

s ) and its temperature 
dependence (Δγd

s /ΔT), adsorption potential (Amax.) of n-octane Kb/Ka 

ratio, specific Gibbs free energy of adsorption (ΔGsp
ads), ΔGsp

ads(EtOH)/

ΔGsp
ads(THF) ratio,and surface area (SBET) were the variables introduced 

for the agglomerative method. 
Statistical analysis was performed using IBM SPSS statistics software 

(V.25). The differences between parameters were assessed by a one-way 
analysis of variance (ANOVA), with statistical significance level of 
p < 0.05. 

3. Results and discussion 

3.1. Biosynthesis yield 

The effect of different carbon sources on the yield of BC biosynthesis 
was evaluated and is shown in Table 1. The results show that the culture 
medium containing date syrup, as a carbon source, have the highest BC 
yield, 51% higher than the medium with the glucose source. Lotfiman 
et al. (2016) show an improvement of 68% in the BC yield with the 
Acetobacter xylinum 0416 bacteria, when 3% (w/v) date syrup was 
applied as a carbon source after 8 days of biosynthesis. Nevertheless, 
Wang et al. (2018) reported that the addition of sucrose led to a decrease 
in the BC yield (83%), while mannitol increased the yield by 7.6% 

compared with glucose after 14 days of biosynthesis with Komagataei-
bacter sp. W1. Thus, and based on these facts, different bacteria genera 
could metabolize each compound present in the culture medium in a 
different way, resulting in different yields of BC production. 

The present study shows that low-quality/purity sources such as date 
syrup, sucrose, or mannitol from agricultural, industrial, forestry by- 
products or waste materials can be used as an inexpensive non- 
conventional alternative source of carbon in the BC fermentation 
process. 

3.2. Biosynthesis process and BC morphology 

The BC obtained using the conventional carbon source - glucose - 
shows a BET specific surface area (SBET) of 34.95 m2/g. The literature 
reports different values of SBET, obtained by IGC, for different bacteria 
species used: BC produced by Gluconacetobacter medellensis exhibited a 
SBET of 1.94 m2/g (Castro et al., 2015), BC produced by Gluconaceto-
bacter sp. showed a SBET of 4.59 m2/g (Alonso et al., 2018) and BC 
produced by Gluconacetobacter sacchari presented a SBET of 3.94 m2/g 
(Faria et al., 2019). The biological extrusion process of interconnected 
fibers is specific of each species of bacteria and occurs with the glucan 
chains extrusion from pores into the growth medium, forming microfi-
brils (Fig. 1). The distinct behavior of the cellulose-producing bacteria 
can be due to the slight dissimilarity in the enzyme’s cellulose synthase. 
Each bacteria specie has different catalytic active sites with different 
domains for the enzyme’s cellulose synthase (Tabaii and Emtiazi, 2016). 
Thus, the difference found in the SBET can be due to the different 
cellulose-producing bacterium and/or the production conditions used, 
such as temperature, pH, stirring or O2 content. 

The cellulose-producing bacteria did not use all sugars to bio-
synthesize BC. Only the non-reducing sugars, such as glucose and fruc-
tose, are metabolized by bacteria through the pentose phosphate 
pathway. While glucose is easily transported through the membrane and 
incorporated into the biosynthetic pathway of cellulose, sucrose 
(reducing sugar) needs to be hydrolyzed in glucose and fructose (non- 
reducing sugar) (Fig. 1). Cellulose interfibrillar interaction can break 
down to form a smaller reticulated network structure when exposed to 
an acidic pH (Börjesson and Westman, 2015). Glucose oxidation occurs 
in the bacteria culture medium over the culture time, decreasing the pH 
of the medium. The relationship of these two factors may explain the 
higher surface area (smaller particle size) obtained when glucose was 
used. 

The SBET can be correlated with the particle size but also with the 
porosity and roughness. An increase in the porosity and/or roughness 
can contribute to the increase in SBET . However, an inverse relation-
ship could be associated between pore size and SBET (Du Plessis, 2007). 
According to IGC analysis, all samples present an isotherm of type I, 
which is characteristic of microporous materials (Fig. S1). FE-SEM was 
used to study the effect of the carbon sources on the BC morphology.  
Fig. 2(a) shows the agglomeration of the microfibers produced using 
glucose and Fig. 2(b) to (e) show cellulosic fibrils with higher width 
dispersed throughout the membrane when alternative carbon sources 
were used. Thus, through the FE-SEM micrographs of the BC surface, it 
was possible to observe that the BC obtained from the date syrup 
exhibited a more porous structure with a lower SBET. These BC 

Table 1 
Productivity and crystallinity of BC biosynthesized in Hestrin-Schramm medium with different carbon sources.  

BC Carbon source 

Glucose Date syrup Mannitol Sucrose Food-grade sucrose 

Dry weight (g/L) 0.88 ± 0.15a 1.19 ± 0.13b 1.34 ± 0.10c 1.46 ± 0.17b 0.69 ± 0.19d 

Yield (%) 4.40 ± 0.56a 5.97 ± 0.60b 5.67 ± 0.50b 6.63 ± 0.55b 3.47 ± 0.57a 

Crystallinity (%) 76.2 ± 0.40 75.0 ± 0.35 65.5 ± 0.20 63.2 ± 0.15 82.3 ± 0.5 
Iβ/Iα ratio  0.12 1.20 0.94 0.70 0.86 

Values (means ± SD) in the same row not sharing a common superscript are significantly different (p < 0.05). 
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Fig. 1. Biochemical pathway for bacterial cellulose biosynthesis by Gluconacetobacter xylinum: 1- Glucokinase; 2- Glucose-6-phosphate dehydrogenase; 3- Phos-
phoglucoisomerase; 4- Fructokinase; 5- System of phosphotransferases; 6- Fructose-1-phosphate kinase; 7- Fructose-1,6-biphosphate; 8- Phosphoglucomutase; 9- 
Pyrophosphorylase; 10- Cellulose synthase; 11- Metabolic pathways: Pentose phosphate cycle; Krebs cycle; Gluconeogenesis. 

Fig. 2. FE-SEM micrographs of BC produced using different carbon sources: (a) glucose, (b) date syrup; (c) mannitol, (d) sucrose and (e) food-grade sucrose (all views 
with 20,000 X magnification). 
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morphology findings make this BC a biomaterial that can be applied for 
biomedical applications such as tissue engineering, drug release and/or 
delivery, skin repair material, blood vessels, and bioremediation appli-
cations such as the removal of metals/debris from aqueous solutions 
(Blanco Parte et al., 2020). 

Although the carbon source remained the same, the BC obtained 
from pure sucrose showed a more reticulated network (Fig. 2(d)), while 
food-grade sucrose (Fig. 2(e)) made the structure more fibrillar. This 
may be due to the different carbon content (food-grade sucrose - in-
dustrial food product), as the efficiency of sucrose hydrolysis to glucose 
and fructose is lower near the membrane. Interfibrillar hydrogen bonds 
were expected to break with the increase in gluconic acid due to glucose 
oxidation, which reduces the pH value. This probably led to a smaller 
network reticulated by intermolecular forces or/and interfibrillar bonds, 
which justifies the higher degree of crystallinity (82.3%) obtained for BC 
produced from food sucrose (Table 1). 

To understand the influence of gluconic acid on the BC terminal 
chain, the elemental composition was identified by EDX. The O/C ratio 
(Table 2) decreased by 34% when the sucrose was used as the carbon 
source, while with the food-grade sucrose source it increased by 48%, 
which corroborates what was reported above. 

ATR-FTIR is usually used to identify modifications in the structure of 
the surface of a material throughout a specific process or treatment. In 
this work, the obtained ATR-FTIR spectra (Fig. S2) did not show evi-
dence of any chemical modifications in the structure of the BC. The BC 
characteristic peaks are visible in all spectra at 3338, 2896, 1448, 1148, 
1108 and 1060–1028 cm− 1 corresponding to the free stretching vibra-
tion of the (O–H) group, stretching vibration (C–H), in plan bending 
(O–H), stretching (C–O–C), deformation (C–H), stretching (C–C) ring of 
cellulose and stretching (C–O), respectively. 

Thus, the BC biosynthesis process, and thereby also the BC 
morphology, was strongly affected by the carbon source used. In gen-
eral, the alternative carbon sources gave rise to a BC polymer with 
longer fibrils and a greater degree of cross-linking (except to food-grade 
sucrose, which presents less reticulation). The BC membranes obtained 
using alternative carbon sources are less compact (reticulated), more 
porous, and more permeable to gas than the BC obtained using glucose 
as the carbon source, making the BC an enhanced, versatile, and desir-
able biomaterial with attractive properties for use in pharmaceutical 
applications and as a filter for bioremediation applications. 

3.3. BC surface properties 

The dispersive surface energy of BC membranes (γd
s ) were deter-

mined using n-alkane probes. The IGC analysis of BC using glucose as the 
carbon source displays a γd

s of 37.08 mJ/m2 at 25 ºC (Table 3), which is 
similar to that produced by Gluconacetobacter medellensis, 39.64 mJ/m2 

at 25 ºC (Castro et al., 2015), and by Gluconacetobacter sp., 37.65 mJ/m2 

at 25 ºC (Alonso et al., 2018). An overview of the literature on the 
surface energy and acid and base surface character of BC, is presented in  
Table 4. 

Carbon source variation only significantly affects the γd
s for the date 

syrup-membranes, which increased to 45.79 mJ/m2 at 25 ºC. This dif-
ference was due to the different synthesis conditions (sugar sources) that 
influenced the cellulose chain arrangement and consequently the 

cellulose type produced. Cellulose type I is the common form produced 
by the bacteria and exhibits two allomorph forms: monoclinic Iα and 
triclinic Iβ, distinguishable by their spatial arrangement of nanofibrils, 
where the Iβ is the most energetic form (Vitta and Thiruvengadam, 2012; 
Mohite and Patil, 2014; Moon et al., 2011; Iguchi et al., 2000). Modi-
fications in stirring, temperature or additives can cause variations in the 
Iα/Iβ ratio and in the microfibril width of BC (Forestia et al., 2017). In the 
present work, the high energy obtained suggests that the Iβ allomorph 
predominates over the Iα allomorph, particularly when the date syrup 
was used (higher γd

s ). Yamamoto and Horn (1994) and Tokoh et al. 
(1998) show that the addition of xyloglucan and carboxymethyl cellu-
lose sodium salt to the medium significantly increased the amount of 
cellulose Iβ, which led to variations in cellulose nanostructure and 
crystallite size. Thus, the increase in crystallinity owing to the new 
orientation of cellulose chains allowed an increase in the Iβ. Due to the 
different arrangements of the pyranose rings and the possible confor-
mational changes of the hydroxymethyl groups, the cellulose chains can 
exhibit different crystal packings. Consequently, variations are expected 
in the crystallinity and in the Iβ/Iα ratio of the BC membrane. All the 
alternative carbon sources enhanced the crystallization of Iβ, while the 
BC obtained through the conventional medium was predominantly 
composed of cellulose Iα, showing higher crystallinity (Table 1). The 
addition of date syrup and food-grade sucrose into culture medium 
enhanced the crystallization of Iβ with a Iβ/Iα ratio of 1.20 and 0.78, 
respectively. The triclinic one-chain unit cell and monoclinic two-chain 
unit cell conformation of cellulose type I changed the surface properties 
of BC due to the extruded disordering of microfibrils, their size and their 
overlapping cellulose ribbons (Krystynowicz et al., 2002). 

An interesting correlation, identified for the first time, was found 
between the γd

s and the Iβ/Iα ratio (Fig. 3): an increase in the 
Iβ/Iα ratio was accompanied by an increase in the γd

s value. 
The surface area of BC largely decreased with the use of alternative 

carbon sources compared with the conventional source, with a 
SBET ranging between 4.04 and 10.06 m2/g (Table 3). This decrease 
can be attributed to the increase in the particle size. Interference in the 
extrusion of interconnected fibers can provoke the aggregation of the 
fibers and consequently increase their particle size. 

In the dispersive energetic profile of the surface heterogeneity, 
determined by IGC (Fig. 4), the date syrup source displays an 
improvement in the energetic surface through the free active sites with 
the highest energetic potential (Amax = 6.57 kJ/Mol), while the food- 
grade sucrose source had the lowest energy of the free active sites 
(Amax = 3.79 kJ/Mol). These results reveal that the increase in the γd

s 
values is due to the presence of more energetic free active sites on the BC 
surface and show that the BC chain configuration depends on the carbon 
source. 

As IGC analysis evaluates the materials at molecular level, the 
dependence of γd

s on temperature (Fig. S3) was also determined 
(Δγd

s /ΔT), to infer about the entropic contribution to the surface free 
energy. The different values of Δγd

s /ΔT obtained (Table 3) indicate that 
different carbon sources influenced the chain structural organization on 
the BC surface, and consequently their degrees of freedom. Thus, the 
food-grade sucrose source generates a 3D network structure in which the 
cellulose chains are strongly linked (OH bonding), which decreased the 
chain freedom. Using the date syrup source, an increase in the degrees of 
freedom of the cellulose chain was observed, making the material sur-
face more susceptible to temperature changes, due to a lower chain- 
crosslink. The heterogeneity profile and the O/C ratio (0.28) deter-
mined by EDX analysis support this conclusion. 

Using polar probes, the IGC allows determination of the specific 
Gibbs free energy of adsorption (ΔGsp

ads) as well as a prediction of how the 
polar groups are dispersed at the surface. BC membrane made from date 
syrup source shows greater interaction with the polar probes (Fig. 5), 
which means a more significant presence of free polar groups on the BC 

Table 2 
EDX surface elemental analysis of BC samples (wt%).  

Carbon source Surface elemental composition (wt%) 

C O O/C 

Glucose  59.88  37.06  0.62 
Date syrup  74.43  20.65  0.28 
Mannitol  64.62  26.18  0.41 
Sucrose  66.01  26.94  0.41 
Food-grade sucrose  50.30  46.37  0.92  
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surface, according to the high value of Δγd
s /ΔT. Compared to the glucose 

source, the increase was higher in the date syrup source for ethanol (acid 
probe: 36%) than for tetrahydrofuran (basic probe: 11%). This indicates 
that the BC produced from date syrup exhibits a predominant basic 
surface character. This observation was supported by the 

ΔGsp
ads (EtOH/THF) ratio of 0.85 for the BC obtained from date syrup 

(Table 3). This can be due to the orientation of the Iα or Iβ structure of 
each cellulosic chain, namely the –C–O–C– group of the pyranose rings 
on the surface, or due to the presence of the end-reducing cellulose chain 
that contains two types of termination - a free hemiacetal or aldehyde, at 
the C5 position (Börjesson and Westman, 2015). 

The membranes from alternative sources displayed an increase in 

Table 3 
IGC results of the obtained BC using different carbon sources, at 25 ºC.  

BC properties Carbon source 

Glucose Date syrup Mannitol Sucrose Food-grade sucrose 

SBET (m2/g)  34.95 ± 1.05a 4.04 ± 0.12b 10.06 ± 0.30c 8.36 ± 0.25c, d 9.28 ± 0.28b, d 

nm (mMol/g)  92.10 ± 2.76a 10.65 ± 0.32b 26.52 ± 0.80c 22.04 ± 0.66c 24.46 ± 0.73c 

γd
s (mJ/m2)  37.08 ± 1.11a 45.79 ± 1.37b 39.07 ± 1.18a 39.40 ± 1.17a 38.94 ± 1.17a 

dγd
s /dT (mJ/m2K)  -0.13 -0.70 -0.18 -0.34 -0.04 

ΔGsp
ads (EtOH/THF)  0.70 0.85 0.78 0.75 0.67 

Ka  0.10 0.10 0.10 0.10 0.09 
Kb  0.07 0.11 0.08 0.10 0.07 
Kb/Ka  0.70 1.10 0.80 1.00 0.78 

SBET : surface area; nm: monolayer capacity; γd
s : dispersive component of surface free energy and its variation with temperature - dγd

s /dT (Fig. S3); Ka acid and Kb basic 
surface character; ΔGsp

ads: specific Gibbs free energy of adsorption. Values (means ± SD) in the same row not sharing a common superscript are significantly different 
(p < 0.05). 

Table 4 
An overview of the surface energy, acid and base surface character of bacterial cellulose from different strains and carbon sources.  

Methodology γd
s (mJ/ 

m2)  
Ka  Kb  Strain Medium Sugar 

source 
Reference 

IGC 39.64 0.09 0.05 Gluconacetobacter sp. Hestrin – 
Schramm 

Glucose Castro et al. (2015) 
(20 ºC) 
52.19 0.10 0.23 Gluconacetobacter sacchari Hestrin – 

Schramm 
Glucose Faria et al. (2019) 

(25 ºC) 
39.21 0.06 0.11 Gluconacetobacter xylinus Hestrin – 

Schramm 
Glucose Mohammadkazemi et al. 

(2017) (25 ºC) 
37.08 0.09 0.06 Gluconacetobacter xylinus PTCC 1734 Hestrin – 

Schramm 
Glucose Mohammadkazemi et al. 

(2016) (25 ºC) 
42.55 0.09 0.09 Gluconacetobacter xylinus PTCC 1734 Zhou Glucose Mohammadkazemi et al. 

(2016) (25 ºC) 
37.65 – – Gluconacetobacter sp. Hestrin – 

Schramm 
Glucose Alonso et al. (2018) 

(25 ºC) 
61.0 0.11 0.41 Gluconacetobacter xylinus strain BPR 2001 (ATCC® 

700178) 
Corn steep liquor Fructose Heng et al. (2007) 

(30 ºC) 
Contact angle 61.53 – – Gluconacetobacter xylinus Hestrin – 

Schramm 
Glucose Li et al. (2010) 

(20 ºC) 
48.28 – – Gluconacetobacter xylinus Hestrin – 

Schramm 
Glucose Tomé et al. (2010) 

(20 ºC)  

Fig. 3. Relationship between Iβ/Iα ratio and: i) γd
s (orange line and rhombus 

symbol); ii) Kb/Ka (blue line and circle symbol) ratio, to BC produced using 
different carbon sources. 

Fig. 4. n-octane heterogeneity profile for BC produced using different carbon 
sources, at 25 ◦C. 
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ΔGsp
ads(ETOH) suggesting that the reducing end of the cellulose form 

preferentially aldehyde group. From an energetic profile of ethanol and 
tetrahydrofuran probes, it is observed that the date syrup membrane 
(Fig. S4) presents the highest energetic value for the basic free active 
sites (Amax = 3.29 kJ/Mol) and for the acid free active sites (Amax =

5.31 kJ/Mol). These results reflect the rearrangement and/or modifi-
cation of cellulose end-chains in the BC structure, due to the carbon 
source. 

The acid and base surface character (Ka and Kb) were obtained 
directly from the ΔGsp

ads values, using Guttman’s concept (Guttman, 
1978). The Kb/Ka ratio increased in all samples compared with the 
conventional source, highlighting that the date syrup source holds a 
higher ratio (Table 3). This data strengthens the values obtained for all 
studied parameters, which suggests that a changed rearrangement of the 
cellulose chains leads to a surface with more ether and aldehyde groups 
available for polar interactions. 

3.4. Cluster analysis 

The hierarchical agglomerative clustering algorithm starts with sin-
gle variables and gradually merges them into extensive groups accord-
ing to the similarity of their features. The nine variables determined by 
IGC measurements for each culture medium with different carbon 
sources were subjected to this algorithm. The obtained dendogram, 
shown in Fig. 6, gives an outstanding representation of the similarity of 
IGC data, as well as the assessment of the relative magnitude of vari-
ables. In multivariate statistical analysis, the hierarchically agglomera-
tive clustering applied reveals specific patterns of similarity among the 
different carbon sources. Two clusters were determined: Cluster 1 - 
glucose, food-grade sucrose, mannitol and sucrose carbon source with 
60.2% of similarity between them; and Cluster 2 - date syrup carbon 
source with only 17.4% of similarity among others carbon sources 
(Fig. 6(a)). Among all the IGC variables, it is important to understand 
which is responsible for the cluster formation. Through the clustering of 
variables (Fig. 6(b)) it is possible to observe that the variables’ Amax. of n- 
octane, tetrahydrofuran and ethanol, Kb/Ka ratio, ΔGsp

ads(EtOH)/

ΔGsp
ads(THF) and γd

s , surface energy, contribute to the agglomeration of 
cluster 1, and the variables’ SBET, surface area, and Δγd

s /ΔT contribute to 
the agglomeration of cluster 2. These statistical results support the IGC 
data, where the BC obtained from date syrup carbon sources stand out 
from the others’ carbon sources. 

4. Conclusion 

A simple and low-cost approach to modify BC morphology and the 

surface properties of BC during its biosynthesis by using alternative 
carbon sources in the culture medium has been successfully achieved. 
The carbon source present in the medium can lead to an extrusion of 
microfibrils with different sizes, widths, and crosslinks, changing the 
conformational orientation of the hydroxymethyl groups and the end- 
chain groups. The rearrangements of the pyranose rings, as well as the 
end-reducing groups, lead to new surface properties. Thus, the carbon 
source chosen for BC biosynthesis affects not only the production, but 
also its morphology and surface properties. Surface properties such as 
surface area, surface energy, surface porosity, surface roughness, acid 
and base surface character changed significantly with the carbon source. 
The hierarchically agglomerative clustering allowed the visualization of 
the similarity of the IGC parameters, highlighting the date syrup source 
significatively modifies the surface properties of BC. Date syrup sources, 
rich in micro and macro-nutrients, make the microporous membrane of 
BC more hydrophobic with a more basic character. Food-grade sucrose 
sources induce a more reticulated BC, which is more crystalline and has 
smaller Kb/Ka and Δγd

s /ΔT ratios. Thus, this study allows evaluation of 
carbon sources that can be used as a modulator of the surface properties 
of BC needed for biomedical applications. 
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