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Abstract
Bacterial cellulose (BC) membrane is a biopolymer whose excellent properties allow several applications
(especially in the biomedical field, due to its high purity). Chemically, BC presents a structure susceptible
to be modified to direct new functionalities according to the desired application. The microwave-assisted
chemical modification (via NaIO4) of the wet BC membrane is the innovation of this work to reduce
reaction times, favoring oxidation on the membrane surface, and preserving its physical and mechanics
properties. The wet BC membrane was oxidized in the absence of light at 90 ºC for 30 minutes. Periodate
concentration (0.75% or 1%, w/v) and heating method (microwave or water bath) in the oxidation reaction
were evaluated. Fourier transform infrared and X-ray photoelectron spectroscopies confirmed the
oxidation of hydroxyls to aldehyde groups in the cellulose structure. Using 1% (w/v) periodate, the degree
of oxidation of microwave oxidized membranes was 51.1% higher than that of water bath oxidized
membranes. Thermal analysis of oxidized bacterial cellulose (OxBC) showed a 13% reduction in
degradation temperature compared to BC, remaining stable up to 250°C. Microwave OxBC showed
crystallinity close to that of BC, indicating that this heating method did not affect the crystal structure of
cellulose. The microwave heating method promotes less damage to the nanofibrillar structure of OxBC by
providing that the oxidation reaction occurs preferentially on the surface of the wet membrane (outer
layers), preserving more internal structures, in which it tends to maintain the physical and mechanical
properties of the BC membrane.

Highlights
1. Never dried BC membranes were oxidized with metaperiodate at 90 ºC for 30 minutes under microwave
irradiation or convective heat;
2. Microwave irradiation produced higher levels of oxidation than water-bath heating in the same time
period;
3. Microwave oxidized BC maintained similar physical characteristics of water-bath oxidized BC despite
higher levels of oxidation;
4. Oxidation was concentrated to the surface of the membrane.

1. Introduction
Bacterial cellulose (BC) is a biopolymer produced by several strains of non-pathogenic bacteria, grampositive or gram-negative (especially the genus Komagataeibacter). BC gained commercial value in niche
markets due to its excellent physical and chemical properties, combined with relatively simple, safe, and
low-cost production methods, such as static fermentation (Tian et al. 2018). BC obtained after aerobic
fermentation is highly pure (after purification step) and crystalline. The static fermentation process
allows forming a gelation membrane, which accumulates in multilayers at the liquid-air interface. After
glucose polymerization by the bacteria, cellulose fibrils are excreted through pores (nanometric
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dimensions) in the bacteria's plasmatic and per plasma membrane (Römling & Galperin, 2015). These
fibrils (diameter 20 - 100 nm) aggregate, forming ribbons, which intertwine to organize a threedimensional structure (Wang et al., 2019). These aspects give the material properties such as high
surface/volume ratio, high porosity, high mechanical strength, flexibility, and biocompatibility (Lin et al.
2013; Shah et al. 2013; van Zyl & Coburn, 2019). BC applies to a plurality of industries, including food
(Azeredo et al., 2019), pharmaceutical/cosmetics (Ul-Islam et al., 2015; Picheth et al., 2017; Stumpf et al.,
2018), water treatment residuals (Ruan et al., 2018) and, due to its biocompatibility, in biomaterials and
tissue engineering (Picheth et al., 2017; Stumpf et al., 2018; Vasconcelos et al, 2020a; Vasconcelos et al.,
2020b; Luz et al., 2020).
As new uses for BC are discovered, new techniques are developed to adapt the chemical, physical,
biological, and mechanical characteristics to obtain a cellulosic product with appropriate properties for
the desired applications (Habibi, 2014). In this context, cellulose offers the advantage of having in its
chemical structure hydroxyl groups (-OH) that are highly reactive and offer an excellent possibility of
chemical modification (Dufresne, 2012). Among the various chemical modifications reported in the
literature, periodate oxidation is highly selective and low-cost (Kristiansen et al., 2010). This chemoselective reaction involves secondary hydroxyl groups attached to carbons C2 and C3 of the Dglucopyranose ring, forming two aldehyde groups at these positions, resulting in 2,3-dialdehyde cellulose
(DAC) (Rutherford et al., 1942; Zhang & Fatehi, 2019). Changing the oxidative state of carbons C2 and C3
allows CAD to be more reactive (due to electron deficiency) and biodegradable than cellulose (Singh et al.,
1982),they have been used in diverse applications such as absorption of dyes or heavy metals (Ruan et
al., 2018), enzyme immobilization (Vasconcelos et al., 2020), drug delivery (Mishra et al., 2019), tissue
engineering (Li et al., 2009; Luz et al., 2020) and composites development (Yue et al., 2017).
Periodate oxidation is a well-established and widely adopted process, but it still has some limiting
factors, especially the prolonged reaction time. The most common methodologies established in the
literature combine mild temperatures (25 - 60 ºC) with long reaction time (6 - 24 h) (Fu et al., 2013; Li et
al., 2009; Mishra et al., 2019; Varma & Kulkarni, 2002). Aldehyde yield (degree of substitution) is
proportional to temperature and reaction time. Higher degrees of oxidation require the use of higher
temperatures. However, the oxidation reaction is catalyzed by acid and severe conditions, such as the pH
associated with high temperature, promote the hydrolysis of the material and a low reaction mass yield
(Margutti et al., 2001). In addition to drastically affecting the physical and mechanical properties of the
material (Vasconcelos et al., 2020). On the other hand, the reduction in oxidation temperature is
compensated by the increase in reaction time to ensure desired oxidation levels and high mass yield.
Long processes and being an investment of time and energy increase the cost of the process and the
value of the product.
In this view, the use of microwaves can be an excellent ally for the cellulose oxidation process, promoting
a fast, efficient, and uniform heating of the system (Nüchter et al., 2004; Rathi et al., 2015). This approach
can be an up-and-coming alternative, providing a high degree of oxidation in the material in a short
reaction time. Conventional heating methods (performed by a water bath or heating plate) use
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conduction and convection to transfer heat, generating a temperature gradient in the system. This
temperature variation can induce the substitution reaction to occur heterogeneously in the material,
alternating regions with a high and low degree of substitution. The heating promoted by microwaves
uses electromagnetic radiation, inducing an increase in the kinetic energy of polar molecules, which
promotes an increase in temperature without promoting a temperature gradient along the system. Thus,
microwave-assisted chemical modification tends to provide more homogeneous replacements
throughout the material. Microwave radiation under controlled conditions has previously been applied to
the chemical treatment of polymers as a tool to reduce reaction time and ensure better yields
significantly. There are several cases of microwave-assisted modification of the cellulose literature
(Dachavaram et al., 2020; El-Nemr et al., 2016; Lu et al., 2019; Ragab & El-Nemr, 2017; Satgé et al., 2002),
but as far as the authors are aware, there is a report in the literature on microwave-assisted periodate
oxidation of wet BC membranes. We expect that microwaves promote adequate heating in short reaction
times, resulting in high degrees of oxidation of the wet membrane surface (in a homogeneous way), with
high mass yield and preserving the physical and mechanical properties of BC.
Therefore, this study aimed to evaluate the use of microwave-assisted periodate oxidation of wet BC
membranes as an alternative with better performance than the conventional heating method, such as the
water bath. In addition, our study also investigated the relationship of periodate concentration associated
with the two heating methods on the degree of oxidation and wet membrane properties of BC.

2. Experimental
2.1 Materials
Sodium hydroxide (NaOH, S5881), Potassium carbonate (K2CO3, P1472), potassium chloride (KCl,
60130), hydrochloric acid (HCl, 258148), sodium periodate (NaIO4, 51878), ethylene glycol (C2H6O2,
324558), and hydroxylamine hydrochloride (NH2OH.HCl, V000125) were purchased from Vetec™/SigmaAldrich, Brazil. All the analytical grade reagents were used without further purification as received from
the supplier.
2.2 Methods

2.2.1 BC membrane production and purification
The BC membranes were produced by static cultivation of Komagataeibacter hansenii purchased from
American Type Culture Collection (ATCC 53582) in medium Hestrin-Schramm: 20 g∙L-1 glucose, 5 g∙L-1
peptone, 5 g∙L-1 yeast extract, 1.15 g∙L-1 citric acid, and 2.7 g∙L-1 disodium phosphate, adjusted to pH = 5
with citric acid (Hestrin & Schramm, 1954) and previously autoclaved (120 °C; 1 atm) for 20 min. Schott
bottles (500 mL, 86 mm x 181 mm) containing 100 mL of medium Hestrin-Schramm were inoculated
with 10% (v/v) of activated K. hansenii culture and cultivated statically in a refrigerated incubator
(B.O.D. TE 391, Tecnal, Brazil) at 30 °C for 7 days of fermentation. The BC membrane (with a gelatinous
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appearance) formed at the air/medium interface was manually removed and pressed to release excess
culture medium.
For purification, the method described by Vasconcelos et al. (2020) was used. First, BC membranes were
washed with tap water, immersed in distilled water, and heated at 80 °C for 1 h. This procedure was
performed twice to remove excess culture medium and some of the microbial load. Then, after rinsing
with water at room temperature, BC membranes were treated with 0.3 mol∙L-1 K2CO3, at 80 °C for 1 h.
This procedure was performed twice for the complete removal of bacteria and culture medium. Finally,
the cellulosic material was washed several times with distilled water at 25 ºC until it reached neutral pH.

2.2.2 Periodate oxidation of BC wet membrane
The oxidation methodology used for wet BC membranes was adapted from the literature (Li et al.,
2009; Zhang et al., 2014). The purified BC wet membrane was pretreated by immersion in a KCl/HCl
solution (mixture of 250 mL of 0.2 mol∙L-1 KCl solution and 670 mL of 0.2 mol∙L-1 HCl solution, topped
up to 1 L and adjusted to pH 1) at 25 ºC for 24 h. Periodate concentration (0.75% or 1%, w/v) and heating
method (microwave or water bath) in the oxidation reaction were evaluated. The oxidation reactions
occurred in the absence of light, at 90 ºC for 30 minutes, and without a stirring system. BC membrane (~
17 g of wet weight) was placed in 100 mL of the NaIO4 solution (at the concentrations under study)
prepared in KCl/HCl solution (pH = 1). Oxidation periodate by microwave (MW) was performed in a
StartSYNTH Microwave Synthesis Labstation (Milestone, Sorisole, Italy), heated to 90 ºC (maximum
power of 300 W) for 30 minutes in a closed glass container. The system temperature was controlled by
an infrared sensor, directed at half the height of the volume of solution inside the container. Oxidation
periodate in a water bath (WB) was performed in a digital water bath equipment (Prolab, Brazil) set at 90
ºC for 30 minutes in a closed glass container. Other parameters that influence the heat flow reaction
system were carefully kept similar for all experiments. After the reaction, excess NaIO4 was decomposed
by the addition of ethylene glycol (12 mL) and kept under orbital agitation (125 rpm) for 1 h at 25 ºC.
Oxidized BC (OxBC) wet membrane was washed several times with deionized water to remove the
unreacted oxidation agent.
A preliminary experiment determined that there were no significant changes in the concentration of
sodium periodate solutions heated to 90 ºC for up to 60 min, confirming that periodate decomposition
does not occur within the first hour. Therefore, to prevent secondary oxidation from occurring on the CBOx
wet membrane, we chose reaction times below 60 minutes.
Each oxidized membrane was named by the heating method used for the reaction, followed by the
periodate concentration in oxidation: OxBC-MW-0.75%, OxBC-MW-1%, OxBC-WB-0.75%, OxBC-WB-1%.
2.3 Characterizations

2.3.1 Attenuated total reflection infrared spectroscopy (ATR-IR)
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The presence of aldehyde in the periodate-treated BC was analyzed by FTIR spectroscopy. ATR-IR spectra
were obtained using a Spectrum Two Spectrometer (Perkin Elmer, EUA) using attenuated total reflectance
(ATR) accessory with a ZnSe crystal plate. Each lyophilized sample was scanned from 4000 to 600 cm−1
with a resolution of 4 cm−1 in transmittance mode.

2.3.2 X-ray photoelectron spectroscopy (XPS)
Survey and high-resolution spectra were collected using the PHI Versaprobe II Scanning XPS Microprobe
spectrometer (Physical Electronics, USA) with monochromatic X-ray AlKα radiation (100 µm, 100 W, 20 kV,
1486.6 eV) and a dual-beam charge neutralizer. The detection was performed at 45° to the normal
surface. PHI SmartSoft (Physical Electronics, Inc, USA) software was used to refine the spectra. Surface
chemical composition and O/C ratios were calculated from the survey spectra. The binding energy values
were the adventitious C1s signal at 284.8 eV and the spectra were fitted using the Gaussian–Lorentz
functions.

2.3.3 Oxidation degree (OD)
The OD of the OxBC membranes was determined by aldehyde content through of periodate consumed in
the oxidation reaction, determined by spectrophotometric method, as described by Maekawa & Koshijima
(1984). The absorbances of periodate solutions before and after the reaction were measured by a
Serie Biomate 3 Spectrometer (Thermo Electron Corporation, USA) at 290 nm. The correlation between
the absorbance and the amount of periodate (1 to 5 mmol·L−1) was obtained from a concentration
standard curve (R = 0.98). The OD was estimated by the difference between the concentration’s values of
the periodate, as presented in Equation 1 (Klemm et al., 1998). In addition, mean values and standard
deviation of the duplicate (n = 3) of the process were obtained.
OD (%) = [ ([IO4-]initial - [IO4-]final) x 2 / 12.5 x msample ] x 100

(1)

where: [IO4-]initial is the periodate concentration at the beginning of the reaction (mmol·L−1); [IO4-]final is the
periodate concentration at the end of the reaction (mmol·L−1), 12.5 is the theoretical value considering the
total conversion of cellulose to DAC (mmol·g of cellulose), and msample is the dry mass of the OxBC
membrane (g). Tukey test was performed for the results (α = 0.05) by 10.0 Statistica software (StatSoft
Inc. 2011, Tulsa, USA).

2.3.4 X-ray powder diffraction (XRD)
First, lyophilized samples were ground to obtain the powder and analyzed in a D8 Advance diffractometer
(Bruker, Germany) using CuKα radiation (λ = 1.5406 Å), operated at 40 kV and 40 mA in parallel beam
geometry using a hybrid monochromator composed of one mirror and two Ge (220) crystals. Each
powder diffraction patterns were taken in 2θ ranging from 10º to 50º in angular step of 0.05º and
counting time of 1 s per step. Data were normalized by I110 and spectra were plotted using OriginPro 8.5
software (OriginLab Corp., USA). The crystallinity index (CrI) was calculated by an empirical
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method using the difference between the peak maximum intensity (in arbitrary units) of the (110)
reflection of the Iα type cellulose, I110, located in angle 2θ ~ 22.6º; and the intensity in the same units of
the amorphous region, Iam , located in the angle 2θ ~ 18°, as shown in Equation 2 (Segal, Creely, Martin, &
Conrad, 1959).
CrI (%) = [(I110 - Iam ) / I110] x 100

(2)

2.3.5 Thermogravimetry (TGA)
Freeze-dried and ground samples (@ 6 mg) were analyzed by a simultaneous thermal analyzer STA 6000
(Perkin Elmer, USA), scanning from 50 to 700 ˚C at a heating rate of 10 ˚C∙min-1 under synthetic air (20%
O2 : 80% N2 at 40 mL∙min-1). TGA curves were analyzed in the OriginPro 8.5 software (OriginLab Corp.,
USA) to obtain differential thermogravimetry (DTG) curves, Onset temperature (Tonset).

2.3.6 Scanning electron microscopy (SEM)
Freeze-dried membranes were metalized with gold by an Emitech K550X Sputter Coater (Quorum
Technologies Ltd, UK) and micrographs were obtained by a FEI Quanta-450 FEG (Thermo Fisher
Scientific, USA) at 15kV acceleration voltage. The diameter (D) of BC and OxBC nanofibrils were
determined from at least 100 measurements using the ImageJ 1.52V software (USA), and the mean and
standard deviation were calculated.

3. Results And Discussion
3.1 Proof of oxidation
FTIR confirmed chemical modification by periodate oxidation of the BC membrane. Figure 1 shows the
spectra of the samples, with emphasis on the vibration bands 3400 cm−1 (O-H symmetrical stretching),
2895 cm−1 (C-H, symmetrical stretching), 1420 and 1370 cm−1 (C-OH and C-H2 coupled to OH, angular
deformation), and 1162 cm−1 (asymmetrical stretching the β-glycosidic bond C-O-C) characteristic of the
chemical structure of cellulose (Chang & Chen, 2016, Tabarsa et al., 2017). The 830 cm− 1 band is present
only in BC and has been associated with the vibration of glycosidic bonds (Atykyan, Revin & Shutova,
2020). Sugiyama, Persson & Chanzy (1991) reported that signals close to 750 cm−1 and 3240 cm−1
indicate the existence of type Iα crystalline cellulose, as observed by XRD.
The vibration pattern of periodate oxidized cellulose has been well documented since 1960 (Spedding,
1960). Oxidized cellulose is characterized by symmetrical elongation at 1730 cm− 1, which corresponds to
the carbonyl vibration (C=O) of the aliphatic aldehydes that were substituted into C2 and C3 in the
cellulose structure (Fan et al., 2001). The presence of this band confirms the chemical modification of
the BC membrane. The vibrational band at 880 cm− 1 is generally attributed to the formation of
hemiacetals (C=O(-O)C*(-OC-)H) between newly formed aldehyde groups and neighboring hydroxyl
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groups (Kim et al., 2000; Li et al., 2011). This band is absent in the BC spectrum and evidences the
oxidation process in cellulose. The loss of vibrational band intensity at 3400 cm− 1 for OxBCs is related to
converting secondary alcohol groups into aldehyde groups.
The relative atomic concentrations and the electronic state of carbons on the sample surface were
evaluated by XPS. This technique allows obtaining the relative surface concentrations of carbon and
oxygen atoms (the O/C ratio) on the surface (analysis depth up to 10 nm), giving essential information
about the efficiency of chemical modification in the membrane. Table 1 presents the values of O/C ratios
for BC and OxBCs.
Table 1 - Oxygen/carbon ratio, level of oxidation of carbons, degree of oxidation (OD), thermal
degradation temperature (Tonset), mass loss (%) and crystallinity index (CrI) for membranes of BC and
OxBCs.
Sample

XPS

Spectrophotometric

TGA

XRD

O/C
ratio

(C3 +
C4)/C2

OD* (%)

Tonset (ºC)

Loss mass
(%)

CrI
(%)

BC

0.57

0.39

n.d.

315

58

86

OxBC-MW0.75%

0.66

0.54

25.8 ± 0.03a

283

59

86

OxBC-MW-1%

0.59

0.80

73.6 ± 3.01b

273

63

87

OxBC-WB0.75%

0.73

0.44

19.2 ± 0.02c

276

57

74

OxBC-WB-1%

n.d.

n.d.

36.0 ± 0.33d

274

59

69

n.d. – not determined
* Values are expressed as mean ± standard deviation (n = 3) and different superscript letters (a, b, c and
d) show the statistical difference (α = 0.05) by Tukey test.
The surface O/C ratio for purified BC was lower than the theoretical value for pure cellulose (O/C = 0.83,
as Topalovic et al. (2007) described. This difference between the theoretical and experimental O/C ratio is
associated with contaminants on the BC membrane surface, such as other polymers, hydrocarbons or
protein residues resulting from the fermentation process (Matuana et al., 2001). The BC membrane had
an atomic composition of: 60.2% carbon, 34.4% oxygen, 4.9% nitrogen, and 0.5% sodium (residual traces
of purification). The presence of N on the membrane surface is associated with amino acids, constituents
of the protein structure of bacteria still present in the membrane structure after its purification. It has been
reported that O/C values are influenced by process efficiency and purification methods (Fras et al., 2005;
Li et al., 2009; Topalovic et al., 2007).
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The surface O/C ratio of OxBC membranes increased compared to BC. This is due to the removal of
protein contaminants by the periodate oxidation reaction. BC oxidation occurs by modifying only the
bonds and valence states of the atoms and maintains the same number of carbon and oxygen atoms as
the non-oxidized cellulose structure. OxBC-MW-0.75% (60.1 % of carbon and 39.9% of oxygen), OxBC-MW1% (62.5% of carbon and 37.5% of oxygen), and OxBC-WB-0.75% (56.1% of carbon and 43.9% of oxygen)
showed only carbon and oxygen in their atomic composition, confirming the absence of protein residues
and other contaminants on their surfaces.
Vasconcelos et al., (2020) reported a decrease in the O/C ratio of periodate oxidized OxBC membrane
(O/C = 0.40). This decrease is related to a hydrolysis process due to the acidic reaction medium (pH = 1),
which results in cellulosic material degradation. Li et al. (2009) reported a decrease in the O/C ratio in BC
membranes that were degraded in physiological buffers immersed for a long time, suggesting that such
behavior is directly associated with the physical degradation of the material.
The oxidation conditions performed by Vasconcelos et al. (2020) employed wet BC membranes, reaction
time of 6 hours, temperature of 55 ºC and periodate concentration of 1% (w/v). All the OxBCs obtained in
our study had a higher surface O/C ratio than the OxBC obtained by Vasconcelos et al. (2020), indicating
that the conditions studied (NaOI4 concentration and heating method) promoted a lower degradation
capacity to the material, although it used a higher temperature (90 ºC) and a shorter reaction time (30
minutes). OxBC-MW-0.75% and OxBC-WB-0.75% membranes exhibited the highest surface O/C ratio
values compared to the other samples. Therefore, the oxidation of wet BC membranes using a lower
concentration of NaIO4 reduces the degradation process, preserving the physical structure of the cellulose
membrane.
To better understand the surface composition of membranes, high-resolution C1s spectra were recorded,
as shown in Figure 2. The deconvolution of the spectra exhibited four C1s contributions with different
intensities, indicating a change in the valence band of the carbon occupied by the oxygen after the
periodate oxidation reaction. The first contribution (C1) at 284.8 eV represents the C-H and C-C- bonds
(Miller et al., 2002). Therefore, C1 was used as a binding energy reference for the deconvolution of the
spectra. The second (C2) at 286.4 eV and the third (C3) at 287.8 eV contributions represent the C-O and OC-O/C=O bonds, respectively. The fourth (C4) at 289.9 eV contribution represents the most oxidized
carbon, O-C=O.
The XPS spectrum for purified BC showed three types of contributions: C1 (33.64%), C2 (47.79%) and C3
(18.57%) on its surface structure. These contributions in BC are attributed to the bonds resulting from the
formation of the D-glucopyranose ring, in the alcohol groups, and in the acetal groups (glycosidic bond),
respectively (Matuana et al. 2001; Coseri et al. 2013; Barbosa et al. 2019). C2 is the contribution with the
highest relative intensity observed in the structure due to the presence of alcohol groups that prevail in
the D-glucopyranose ring. Several BC studies report the presence of these binding energy values in highresolution C1s core level spectra (Shao et al. 2017; Wan et al. 2019; Sun et al. 2019).
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The XPS spectra for the OxBC samples showed four types of contributions: C1, C2, C3 and C4 and the
percentage of these contributions can be seen in Figure 2b, 2c and 2d. For all samples, C2 is the major
peak. OxBC-WB-0.75% and OxBC-MW-0.75% show an increase in the contribution of C2 when compared
to BC. On the other hand, OxBC-MW-1% presented a reduction in the percentage of C2 compared to BC
due to the oxidation of the aldehyde groups to carboxylic acid, contributing to an increase in the
percentage of C4. A considerable increase in the percentage of C3 in all oxidized samples is also seen,
attributed to the formation of aldehyde (H-C=O) in the structure of OxBCs. Therefore, the increase in the
percentage C3 demonstrates the oxidation efficiency on the OxBC membrane surface. C4 is present in the
spectra of OxBCs, but not present in BC and indicates a secondary oxidation of aldehyde groups to
carboxyl groups (O-C=O). The presence of carboxylic acid in OxBCs may result from the high temperature
used in the oxidation reaction, as Klemm et al. (1998) reported.
Carbons with a higher binding energy (such as O-C-O/C=O and O-C=O bonds) are also in a higher
oxidation state. The change in oxidation state was illustrated by the ratio (C3 + C4) / C2 (Luz et al., 2020),
as shown in Table 1. The progressive increase in these values corresponds to a greater oxidation level in
the wet BC membranes, confirming the difference in the oxidation profile promoted by studied reaction
parameters.
3.2 Oxidation degree
The OD values of the OxBC samples are shown in Table 1. The use of microwave irradiation as a heating
method promoted higher degrees of oxidation when compared to the water bath (commonly used heating
method). OxBC-MW-0.75% has an aldehyde content 35% higher than OxBC-WB-0.75%, while the aldehyde
content of OxBC-MW-1% is double the value obtained for OxBC-WB-1%. The periodate concentration
associated with the heating method also promoted a significant difference in the OD values, with the
samples oxidized to 1% (w/v) of NaIO4 the ones with the highest degree of oxidation.
The water bath (conventional heating) is a combination of conduction and convection. These heat
transfer methods depend on the existence of a temperature gradient. The microwave (dielectric heating)
uses radiation from electromagnetic waves, which induce the rotation of polar molecules, transforming
kinetic energy into heat. This heating method is direct, speedy and independent of temperature gradients
(Nüchter et al., 2004). These particular aspects of the heat transfer process promoted by microwave use
allow a chemical reaction to achieve the desired yield in shorter time intervals than conventional heating
methods. Successful reduction of overall reaction times has been previously reported for other cellulose
modification methods (Lin et al., 2017; Satgé et al., 2002).
Vasconcelos et al. (2020) carried out periodate oxidation at 1% (w/v) of wet BC membranes using 6
hours of reaction at 55ºC and obtained a lower degree of oxidation (OD = 50%) when compared to OxBCMW-1%. Thus, the concentration of 1% (w/v) of NaIO4 and microwave use at 90 ºC for 30 minutes was
adequate to oxidize wet BC membranes, promoting a considerable reduction in reaction time and energy
expenditure.
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Oxidation of the BC wet membrane tends to occur heterogeneously. During cellulose biosynthesis by
bacteria, membranes are organized into layers, forming a porosity gradient along their thickness
(Vasconcelos et al., 2020). The membrane's outer and most porous layers have a higher surface/volume
ratio and are more exposed to the reaction medium, suffering more oxidation than the inner and less
porous layers. Thus, the wet membrane tends to form a more functionalized surface ("wrap") with distinct
properties concerning the interior and center of the membrane.
3.3 Physical and morphological characteristics
XRD analyses were performed to assess the crystallinity of the material after chemical modification,
which is an essential factor influencing the membrane's mechanical properties. The X-ray diffractograms
for BC and OxBC samples are shown in Figure 3. The XRD patterns showed three major 2θ peaks at
14.4º, 16.7º and 22.6º, which correspond to crystallographic planes with Miller indices (100) (010) and
(110). These peaks were similar for all samples and characterized the type Iα cellulose polymorphism
with a triclinic unit structure (Hult et al., 2003). Polymorph Iα is more common in BC while Iβ, which has
similar peak positions, is mostly common in pant cellulose (Horii et al. 1987; Sugiyama et al. 1991;
Nishiyama et al. 2003). For the crystal structure of cellulose Iα given by Nishiyama et al. (2003) and , the
peaks (100) and (010) they have approximately the same intensity, whereas in the diffractograms
obtained from the samples the reflection (100) is considerably stronger. This difference in peak
intensities (100) and (010) can be attributed to a preferential degree of orientation of the unit cells, which
couple/structure favorably in a worsening direction to form energetically effective crystal structures.
Similar cases can be seen in other studies on cellulose, such as
The intensity of the peaks in the XRD patterns empirically describes the organization of crystalline blocks
along the structure. As already reported in the literature, cellulose has ordered regions interspersed with
disordered (amorphous) regions, so that chemical changes occur preferentially in disordered regions, as it
has less stability (Calvini et al., 2006; Vasconcelos et al., 2017). For the crystal structure of cellulose Iα
given by Nishiyama et al. (2003) and French (2014), the peaks (100) and (010) they have approximately
the same intensity, whereas in the diffractograms obtained from the samples the reflection (100) is
considerably stronger. This difference in peak intensities (100) and (010) can be attributed to a
preferential degree of orientation of the unit cells, which couples/structures favorably in a prioritized
direction to form crystalline packings. Similar cases can be seen in other studies on cellulose, such as
Vasconcelos et al. (2017) for BC/nanowhiskers and Vasconcelos et al. (2020) for BC and OxBC.
The insertion or replacement of clusters in the cellulose promotes a decrease in the relative intensities of
these peaks, which reveals an alteration in the geometry or symmetry of the crystal, altering its
preferential orientation of the unit cells and its crystalline packing (Vasconcelos et al., 2019). The peak
intensities (110) of BC and OxBCs did not change significantly, inducing that periodate oxidation of the
wet membrane of BC did not change the crystal structure of the material. However, comparing the peaks
(100) and (010) between BC and OxBC, it is possible to observe a difference in their intensities, indicating
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that the oxidation affected the preferential orientation of the unit cells, with the processes being at 1%
(w/v) periodate the most remarkable.
The crystallinity index allows the assessment of the change in crystal structure numerically. The CrI
values obtained for BC and OxBCs are shown in Table 1. The samples oxidized by a water bath had a
reduction in CrI values, changing the orientation of their atoms and the integrity of the crystal structure
(Castro et al. 2011). Periodate oxidation promotes the cleavage of the C – C bond between vicinal diols of
D-glucopyranose molecules, forming an open structure with two aldehyde groups. Due to this ringopening, the crystal packaging structure is altered, affecting its crystal structure (Kim et al. 2000). The
more substitutions that occur in the crystal structure (the higher the OD value) the smaller the CrI value
will be, as can be seen by comparing BC-BW-0.75% and BC-BW-1%. On the other hand, the microwave
oxidized samples presented CrI values close to BC, indicating that the chemical substitutions occurred
mainly in the available hydroxyl groups located on the surface of the crystalline blocks, without altering
their packing.
The CrI result obtained for BC was similar to that reported by Vasconcelos et al. (2020). However, the
oxidation conditions (55°C for 6 hours) by the authors provided OxBCs with a lower crystallinity index (CrI
= 62%) compared to the samples OxBC-MW-0.75% (CrI = 86%) and OxBC-MW-1% (CrI = 87%).
Thermogravimetry provides information about chemical interactions in the molecule, thermal stability of
cellulose and inorganic content (purity) (Liu & Yu, 2006). Figure 4 shows the TG curves and their
respective DTG for purified BC and OxBCs.
The thermogravimetric curves of the samples showed three mass loss events, as seen through the DTG
curves. The presence of these three thermal mass loss events for oxidized BC (DAC) has been reported in
the literature (Kim & Kuga, 2001). The first event occurs between 50 and 150 ºC and is due to the
evaporation of wastewater from the material, given the hydrophilic characteristic of cellulose. This event
is more pronounced for OxBCs and indicates that oxidized samples had a higher residual water content in
their structure, due to the presence of hydrated aldehydes (Siller et al., 2015). This grouping promotes a
more hydrophilic characteristic to oxidized cellulose than the hydroxyl groups present in non-oxidized
cellulose.
The second event occurs between 150 and 350 ºC, where the most remarkable mass loss is observed,
and corresponds to the depolymerization of the carbon chain (including breakage in intermolecular and
intramolecular interactions) and decomposition of the short chains and monomeric units of the cellulosic
material. The initial degradation temperatures (Tonset) of BC and OxBCs were observed in this event,
shown in Table 1. The Tonset observed for the OxBC samples was lower (about 32 ºC) than the purified
BC, suggesting that the oxidation process decreased the material's thermal stability due to changes in the
crystal structure, as seen in the XRD data. These structural changes may occur due to cleavage of Dglucopyranose rings, breakage of hydrogen bonds between cellulose chains and breakage of β1,4glycosidic bonds (Agustin et al., 2016). Vasconcelos et al. (2020) reported a 54 ºC decrease in the thermal
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stability of purified BC after periodate oxidation. The literature reported that the greater the degree of
substitution in cellulose, the lower the Tonset values. However, although microwave irradiation generated
higher oxidation levels in wet BC membranes, it did not promote reductions in Tonset values. A similar
result was published by Siller et al. (2015) with the carboxymethylation of cellulose using microwaves. In
general, all samples showed thermal stability that allows the performance of physical processes
involving temperatures above 200 ºC, such as extrusion (production of plastics) and sterilization by
autoclave (necessary for biological applications).
The third and last event occurs between 350 – 500 ºC and can be attributed to the oxidation and
degradation of the products generated in the second event, in which they are carbonized, producing gases
and low molecular weight residues (inorganic products). BC and OxBCs had a residual mass of less than
1% ash, indicating the high purity of membranes after purification and oxidation processes.
Scanning electron microscopy (SEM) allows for assessing the morphology of the membranes surface,
which can be seen in Figure 5. BCs oxidized in 1% (w/v) periodate showed the highest OD values.
Therefore, the samples OxBC-BW-1% and OxBC-MW-1% were selected to verify if the heating methods
used in the oxidation promoted morphological changes in the membranes.
Figure 5a corresponds to purified BC in which it presents a uniform and intertwined nanofibrils, forming a
three-dimensional and porous network, as reported in the literature (Shao et al., 2017; Vasconcelos et al.,
2020). The random orientation of the fibrils responsible for the structure of the network is due to the
sporadic movement of bacteria in the fermentation medium (Wang et al., 2018). BC nanofibrils ranged
from 17 to 110 nm, presenting an average diameter of 48 ± 15 nm. This nanometric structure of
nanofibrils is due to the diameter of the pores of the bacterial perplasmic membrane that varies from 1.5
– 3.5 nm (Römling & Galperin, 2015). These fibrils are randomly excreted and aggregate to form
nanofiber strands with a width of 20 to 100 nanometers (Wang et al., 2019).
Figures 5b and 5c correspond to OxBC membranes oxidized to 1% (w/v) of NaOI4 obtained by water bath
and microwave, respectively. The oxidized samples kept the three-dimensional network of fibrils; however,
it is possible to observe an aggregation and shortening of the fibrils. These factors are responsible for the
"shrinkage" of the wet BC membrane after periodate oxidation.
The fibrils of OxBC-BW-1% ranged from 30 – 123 nm, with a mean diameter of 68 ± 22 nm and the fibrils
of OxBC-MW-1% ranged from 37 – 197 nm, with a mean diameter of 86 ± 22 nm. This increase in the
mean diameter concerning BC is related to the aggregation process observed in SEM micrographs. The
higher the OD value (more oxidized) the greater will be the aggregation of fibrils and, consequently, the
greater will be its average diameter, as observed in the samples.
The shortening of fibrils results from the hydrolysis process that breaks the glycosidic bonds that form
the cellulose chain. This process promotes the loss of mass in the wet membrane (as reported by
Vasconcelos et al. (2020) and is accentuated by the association of two factors: 1) the oxidation reaction
occurs in a highly acidic medium and 2) the use of a temperature above 40 °C (Margutti et al., 2001). The
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shortening of nanofibrils was more expressive in OxBC-WB-1%. This suggests that oxidation by a water
bath (convection transfer) at 90 ºC is more severe and favors the membrane hydrolysis process. This
process causes changes in the porosity of never-dried membranes, one of BC’s more important properties
in various applications.
Microwave-assisted periodate oxidation allows reaching high degrees of oxidation, using a shorter
reaction time than the reaction conditions usually employed, such as Vasconcelos et al. (2020). In
addition, this approach promotes the obtainment of a wet OxBC membrane, with a more preserved
nanofibrillar structure, which leads to mechanical and thermal properties close to those of non-oxidized
BC.

4. Conclusions
Periodate oxidation of wet BC membranes using the microwave heating method has been successfully
performed. Heat transfer by electromagnetic radiation promoted higher oxidation levels than the water
bath heating method (conventional heating and commonly used in the literature). The periodate
concentration had a significant effect on the degree of oxidation of wet BC membranes, with the
concentration of 1% (w/v) NaIO4 being more favorable for the process. Therefore, microwave-assisted
oxidation associated with the use of 1% (w/v) periodate promoted a conversion rate of 51.1% higher than
the oxidation performed in a water bath and with the same concentration of periodate. An efficient
periodate oxidation can be achieved within a very short time by using microwave irradiation.
FTIR and XPS confirmed the oxidation of hydroxyls to aldehyde groups in the cellulose structure. XPS
results indicated the formation of carboxylic acid in all samples, resulting from aldehyde oxidation. OxBC
membranes showed a 13% reduction in TOnset compared to BC, however remaining stable up to 250 ºC.
The CrI for microwave oxidized membranes were close to that of BC, indicating that this heating method
did not affect the crystal structure of cellulose. With that, we can add that the OxBC-MW-0.75% and OxBCMW-1% have mechanical resistance similar to the wet BC membrane. The microwave heating method
promoted less damage to the nanofibrillar structure of OxBC by providing that the oxidation reaction
occurs preferentially on the surface of the wet membrane (outer layers), preserving more internal
structures, in which it tends to maintain the physical and mechanical properties of the BC membrane.

Declarations
Funding: Coordination for the Improvement of Higher Education Personnel (CAPES, code financial 001,
Brazil); National Council of Technological and Scientific Development (CNPq, Brazil); Embrapa
Agroindustria Tropical (CNPAT, Brazil); Ministerio de Ciencia, Innovación y Universidades (grand number
RTI2018-099668-BC22, Spain) and Junta de Andalucía and FEDER funds (grand number UMA18FEDERJA-126, Spain).

Page 14/26

Conflicts of interest/Competing interests: The authors declare that there is no conflict of interest directly
or indirectly associated with the work submitted for publication.
Availability of data and material: Not applicable
Code availability: Not applicable
Authors' contributions: All authors contributed to the conception and design of the study. Material
preparation and data collection were performed by Luisa Macedo de Vasconcelos, Niédja Fittipaldi
Vasconcelos, Diego Lomonaco, Morsyleide de Freitas Rosa and Enrique Rodriguez-castellon. Data
analysis was performed by Luisa Macedo de Vasconcelos, Niédja Fittipaldi Vasconcelos, Fábia Karine
Andrade and Rodrigo Silveira Vieira. The first draft of the manuscript was written by Luisa Macedo de
Vasconcelos and all authors commented on previous versions of the manuscript. All authors read and
approved the final manuscript.
Acknowledgments
The authors wish to acknowledge financial supports provided by the Coordination for the Improvement of
Higher Education Personnel (CAPES, code financial 001, Brazil), the National Council of Technological
and Scientific Development (CNPq, Brazil), and the Embrapa Agroindustria Tropical (Brazil). The authors
would like to thank Central Analítica-UFC/CT-INFRA/MCTI-SISNANO/Pró-Equipamentos CAPES for
supporting the SEM analysis and E.R.C. thanks to project RTI2018-099668-BC22 of Ministerio de Ciencia,
Innovación y Universidades (Spain), and project UMA18-FEDERJA-126 of Junta de Andalucía and FEDER
funds (Spain).

References
1. Agustin M, Nakatsubo F, Yano H (2016) The thermal stability of nanocellulose and its acetates with
different degree of polymerization. Cellulose 23(1):451–464. https://doi.org/10.1007/s10570-0150813-x
2. Atykyan N, Revin V, Shutova V (2020) Raman and FT-IR Spectroscopy investigation the cellulose
structural differences from bacteria Gluconacetobacter sucrofermentans during the different regimes
of cultivation on a molasses media. AMB Express 10(1):84. https://doi/10.1186/s13568-020-010208
3. Azeredo HMC, Barud H, Farinas CS, Vasconcellos VM, Claro AM (2019) Bacterial cellulose as a raw
material for food and food packaging applications. Front Sustain Food Syst 3:7.
https://doi.org/10.3389/fsufs.2019.00007
4. Barbosa RFS, Souza AG, Ferreira FF, Rosa DS (2019) Isolation and acetylation of cellulose
nanostructures with a homogeneous system. Carbohyd Polym.
https://doi.org/10.1016/j.carbpol.2019.04.072

Page 15/26

5. Calvini P, Conio G, Princi E, Vicini S, Pedemonte E (2006) Viscometric determination of dialdehyde
content in periodate oxycellulose part II. Topochemistry of oxidation. Cellulose 13:571–579.
https://doi.org/10.1007/s10570-005-9035-y
6. Castro C, Zuluaga R, Putaux J, Caro G, Mondragon I, Gañán P (2011) Structural characterization of
bacterial cellulose produced by Gluconacetobacter swingsii sp. from Colombian agroindustrial
wastes. Carbohydr Polym 84:96–102. https://doi.org/10.1016/j.carbpol.2010.10.072
7. Chang W, Chen H (2016) Physical properties of bacterial cellulose composites for wound dressings.
Food Hydrocoll 53:75–83. https://doi.org/10.1016/j.foodhyd.2014.12.009
8. Coseri S, Biliuta G, Simionescu BC, Stana-Kleinschek K, Ribitsch V, Harabagiu V (2013) Oxidized
cellulose - survey of the most recent achievements. Carbohydr Polym 93:207–215.
https://doi.org/10.1016/j.carbpol.2012.03.086
9. Dachavaram SS, Moore JP, Bommagani S, Penthala NR, Calahan JL, Delaney SP, Munson EJ, BattaMpouma J, Kim J, Hestekin JA, Crooks PA (2020) A facile microwave assisted TEMPO/NaOCl/Oxone
(KHSO5) mediated micron cellulose oxidation procedure: Preparation of two nano TEMPO-cellulose
forms. Starch/Staerke 72(1):1900213. https://doi.org/10.1002/star.201900213
10. Dufresne A (2012) Nanocellulose: From nature to high performance tailored materials, 1st edn.
Walter de Gruyter, Boston
11. El-Nemr A, Ragab S, El-Sikaily A (2016) Testing zinc chloride as a new catalyst for direct synthesis of
cellulose di- and tri-acetate in a solvent free system under microwave irradiation. Carbohydr Polym
151:1058–1067. https://doi.org/10.1016/j.carbpol.2016.06.072
12. Fan QG, Lewis DM, Tapley KN (2001) Characterization of cellulose aldehyde using Fourier transform
infrared spectroscopy. J Appl Polym Sci 82:1195–1202. https://doi.org/10.1002/app.1953
13. Fras L, Johansson LS, Stenius P, Laine J, Stana- Kleinschek K, Ribitsch V (2005) Analysis of the
oxidation of cellulose fibres by titration and XPS. Colloids Surf A: Physicochem Eng Asp 260(13):101–108. https://doi.org/10.1016/j.colsurfa.2005.01.035
14. French AD (2014) Idealized powder diffraction patterns for cellulose polymorphs. Cellulose
21(2):885–896. https://doi.org/10.1007/s10570-013-0030-4
15. Fu L, Zhang J, Yang G (2013) Present status and applications of bacterial cellulose-based materials
for skin tissue repair. Carbohydr Polym 92(2):1432–1442. https://doi:10.1016/j.carbpol.2012.10.071
16. Habibi Y (2014) Key advances in the chemical modification of nanocelluloses. Chem Soc Rev
43:1519–1542. https://doi.org/10.1039/C3CS60380F
17. Hestrin S, Schramm M (1954) Synthesis of cellulose by Acetobacter xylinum. 2 Preparation of freezedried cells capable of polymerizing glucose to cellulose. Biochem J 58(2):345–352
18. Hult EL, Iversen T, Sugiyama J (2003) Characterization of the supermolecular structure of cellulose in
wood pulp fibers. Cellulose 10(2):103–110. https://doi.org/10.1023/A:1024080700873
19. Kim UJ, Kuga S, Wada M, Okano T, Kondo T (2000) Periodate oxidation of crystalline cellulose.
Biomacromol 1(3):488–492. http://doi.org/10.1021/bm0000337
Page 16/26

20. Kim UJ, Kuga S (2001) Thermal decomposition of dialdehyde cellulose and its nitrogen-containing
derivatives. Thermochim Acta 369(1-2):79–85. https://doi.org/10.1016/S0040-6031(00)00734-6
21. Klemm D, Philipp B, Heinze T, Heinze U, Wagenknecht W (1998) Comprehensive Cellulose Chemistry,
vol 2. Functionalization of Cellulose, Wiley-VCH, Weinheim
22. Kristiansen KA, Potthast A, Christensen BE (2010) Periodate oxidation of polysaccharides for
modification of chemical and physical properties. Carbohydr Res 345(10):1264–1271.
https://doi.org/10.1016/j.carres.2010.02.011
23. Li J, Wan Y, Li L, Liang H, Wang J (2009) Preparation and characterization of 2,3-dialdehyde bacterial
cellulose for potential biodegradable tissue engineering scaffolds. Mater Sci Eng C 29(5):1635–
1642. https://doi.org/10.1016/j.msec.2009.01.006
24. Li H, Wu B, Mu C, Lin W (2011) Concomitant degradation in periodate oxidation of carboxymethyl
cellulose. Carbohydr Polym 84(3):881–886. https://doi.org/10.1016/j.carbpol.2010.12.026
25. Lin SP, Loira Calvar I, Catchmark JM, Liu JR, Demirci A, Cheng KC (2013) Biosynthesis, production,
and applications of bacterial cellulose. Cellulose 20:2191–2219. https://doi.org/10.1007/s10570013-9994-3
26. Lin F, You Y, Yang X, Jiang X, Lu Q, Wang T, Huang B, Lu B (2017) Microwave-assisted facile
synthesis of tempo-oxidized cellulose beads with high adsorption capacity for organic dyes.
Cellulose 24:5025–5040. https://doi.org/10.1007/s10570-017-1473-9
27. Liu X, Yu W (2006) Evaluating the thermal stability of high performance fibers by TGA. J Appl Polym
Sci 99:937–944. https://doi.org/10.1002/app.22305
28. Lu Q, Lu L, Li Y, Yan Y, Fang Z, Chen X, Huang B (2019) High-yield synthesis of functionalized
cellulose nanocrystals for nano-biocomposites. ACS Appl Nano Mater 2(4):2036–2043.
https://doi.org/10.1021/acsanm.9b00048
29. Luz EPCG, Chaves PHS, Vieira LAP, Ribeiro SF, Borges MF, Andrade FK, Muniz CR, Infantes-Molina A,
Rodríguez-Castellón E, Rosa MF, Vieira RS (2020) In vitro degradability and bioactivity of oxidized
bacterial cellulose-hydroxyapatite composites. Carbohydr Polym 237:116174.
https://doi.org/10.1016/j.carbpol.2020.116174
30. Maekawa E, Koshijima T (1984) Properties of 2,3-dicarboxy cellulose combined with various metallic
ions. J Appl Polym Sci 29(7):2289–2297. https://doi.org/10.1002/app.1984.070290705
31. Margutti S, Conio G, Calvini P, Pedemonte E (2001) Hydrolytic and Oxidative Degradation of Paper.
Restaurator 22(2):67–83. https://doi.org/10.1515/REST.2001.67
32. Matuana LM, Balatinecz JJ, Sodhi RNS, Park CB (2001) Surface Characterization of esterified
cellulosic fibers by XPS and FTIR spectroscopy. Wood Sci Technol 35(3):191–201.
https://doi.org/10.1007/s002260100097
33. Miller DJ, Biesinger MC, McIntyre NS (2002) Interactions of CO2 and CO at fractional atmosphere
pressures with iron and iron oxide surfaces: one possible mechanism for surface contamination?
Surf Interface Anal 33(4):299–305. https://doi.org/10.1002/sia.1188
Page 17/26

34. Mishra D, Jyotshna A, Singh A, Chanda D, Shanker K, Khare P (2019) Potential of di-aldehyde
cellulose for sustained release of oxytetracycline: A pharmacokinetic study. Int J Biol Macromol
136:97–105. https://doi.org/10.1016/j.ijbiomac.2019.06.043
35. Nishiyama Y, Sugiyama J, Chanzy H, Langan P (2003) Crystal structure and hydrogen bonding
system in cellulose Iα from synchrotron X-ray and neutron fiber diffraction. J Am Chem Soc
125(47):14300–14306. https://doi.org/10.1021/ja037055w
36. Nüchter M, Ondruschka B, Bonrath W, Gum A (2004) Microwave assisted synthesis: A critical
technology overview. Green Chem 6(3):128–141. https://doi.org/10.1039/B310502D
37. Picheth GF, Pirich CL, Sierakowski MR, Woehl MA, Sakakibara CN, de Souza CF, Martin AA, da Silva R,
de Freitas RA (2017) Bacterial cellulose in biomedical applications: A review. Int J Biol Macromol
104(A):97–106. https://doi.org/10.1016/j.ijbiomac.2017.05.171
38. Ragab S, El-Nemr A (2017) Nanofiber cellulose di- and tri-acetate using ferric chloride as a catalyst
promoting highly efficient synthesis under microwave irradiation. J Macromol Sci A 55(2):124–134.
https://doi.org/10.1080/10601325.2017.1387741
39. Rathi AK, Gawande MB, Zboril R, Varma RS (2015) Microwave-assisted synthesis: Catalytic
applications in aqueous media. Coord Chem Rev 291:68–94.
https://doi.org/10.1016/j.ccr.2015.01.011
40. Ruan CQ, Stromme M, Lindh J (2018) Preparation of porous 2,3-dialdehyde cellulose beads
crosslinked with chitosan and their application in adsorption of Congo red dye. Carbohydr Polym
181:200–207. https://doi.org/10.1016/j.carbpol.2017.10.072
41. Römling U, Galperin MY (2015) Bacterial cellulose biosynthesis: Diversity of operons, subunits,
products, and functions. Trends Microbiol 23(9):545–557. https://doi.org/10.1016/j.tim.2015.05.005
42. Rutherford HA, Minor FW, Martin AR, Harris M (1942) Oxidation of cellulose: the reaction of cellulose
with periodic acid. J Res Nat Bur Stand 29:131–140. https://doi.org/10.6028/JRES.029.004
43. Satgé C, Verneuil B, Branland P, Granet R, Krausz P, Rozier J, Petit C (2002) Rapid homogeneous
esterification of cellulose induced by microwave irradiation. Carbohydr Polym 49(3):373–376.
https://doi.org/10.1016/S0144-8617(02)00004-8
44. Segal L, Creely J, Martin A, Conrad C (1959) An empirical method for estimating the degree of
crystallinity of native cellulose using the x-ray diffractometer. Text Res J 29:786–794.
https://doi.org/10.1177/004051755902901003
45. Shah N, U.L-Islam M, Khattak WA, Park JK (2013) Overview of bacterial cellulose composites: A
multipurpose advanced material. Carbohydr Polym 98:1585–1598.
https://doi.org/10.1016/j.carbpol.2013.08.018
46. Shao W, Wu J, Liu H, Ye S, Jiang L, Liu X (2017) Novel bioactive surface functionalization of bacterial
cellulose membrane. Carbohydr Polym 178:270–276. https://doi.org/10.1016/j.carbpol.2017.09.045
47. Sharma PR, Varma AJ (2014) Thermal stability of cellulose and their nanoparticles: Effect of
incremental increases in carboxyl and aldehyde groups. Carbohydr Polym 114:339–343.
https://doi.org/10.1016/j.carbpol.2014.08.032
Page 18/26

48. Siller M, Amer H, Bacher M, Roggenstein W, Rosenau T, Potthast A (2015) Effects of periodate
oxidation on cellulose polymorphs. Cellulose 22(4):2245–2261. https://doi.org/10.1007/s10570015-0648-5
49. Singh M, Ray AR, Vasudevan P (1982) Biodegradation studies on periodate oxidized cellulose.
Biomaterials 3(1):16–20. https://doi.org/10.1016/0142-9612(82)90055-2
50. Sirviö J, Hyvakko U, Liimatainen H, Niinimaki J, Hormi O (2011) Periodate oxidation of cellulose at
elevated temperatures using metal salts as cellulose activators. Carbohydr Polym 83(3):1293–1297.
https://doi.org/10.1016/j.carbpol.2010.09.036
51. Spedding H (1960) Infrared spectra of periodate-oxidised cellulose. J Chem Soc 0:3147–3152.
https://doi.org/10.1039/JR9600003147
52. Stumpf T, Yang X, Zhang J, Cao X (2018) In situ and ex situ modifications of bacterial cellulose for
applications in tissue engineering. Mater Sci Eng C 82:372–383.
https://doi.org/10.1016/j.msec.2016.11.121
53. Sugiyama J, Persson J, Chanzy H (1991) Combined infrared and electron diffraction study of the
polymorphism of native cellulose. Macromolecules 24:2461–2466.
https://doi.org/10.1021/ma00009a050
54. Sulaeva I, Henniges U, Rosenau T, Potthast A (2015) Bacterial cellulose as a material for wound
treatment: Properties and modifications - A review. Biotechnol Adv 33(8):1547–1571.
https://doi.org/10.1016/j.biotechadv.2015.07.009
55. Sun B, Zhang Y, Li W, Xu X, Zhang H, Zhao Y, Sun D (2019) Facile synthesis and light-induced
antibacterial activity of ketoprofen functionalized bacterial cellulose membranes. Colloids Surf A
568:231–238. https://doi.org/10.1016/j.colsurfa.2019.01.051
56. Tabarsa T, Sheykhnazari S, Ashori A, Mashkour M, Khazaeian A (2017) Preparation and
characterization of reinforced papers using nano bacterial cellulose. Int J Biol Macromol 101:334–
340. https://doi.org/10.1016/j.ijbiomac.2017.03.108
57. Tian D, Shen F, Hu J, Renneckar S, Saddler JN (2018) Enhancing bacterial cellulose production via
adding mesoporous halloysite nanotubes in the culture medium. Carbohydr Polym 198:191–196.
https://doi.org/10.1016/j.carbpol.2018.06.026
58. Topalovic T, Nierstrasz VA, Bautista L, Jocic D, Navarro A, Warmoeskerken MMCG (2007) XPS and
contact angle study of cotton surface oxidation by catalytic bleaching. Colloids Surf A Physicochem
Eng Asp 296(1):76–85. https://doi.org/10.1016/j.colsurfa.2006.09.026
59. Ul-Islam M, Khan S, Ullah MW, Park JK (2015) Bacterial cellulose composites: Synthetic strategies
and multiple applications in bio-medical and electro-conductive fields. Biotechnol J 10(12):1847–
1861. https://doi.org/10.1002/biot.201500106
60. Van Zyl EM, Coburn JM (2019) Hierarchical structure of bacterial-derived cellulose and its impact on
biomedical applications. Curr Opin Chem Eng 24:122–130.
https://doi.org/10.1016/j.coche.2019.04.005

Page 19/26

61. Varma AJ, Kulkarni MP (2002) Oxidation of cellulose under controlled conditions. Polym Degrad
Stab 77(1):25–27. https://doi.org/10.1016/S0141-3910(02)00073-3
62. Vasconcelos NF, Feitosa JPA, Gama FMP, Morais JPS, Andrade FK, Souza MSM, Rosa MF (2017)
Bacterial cellulose nanocrystals produced under different hydrolysis conditions: properties and
morphological features. Carbohydr Polym 155:425–431.
https://doi.org/10.1016/j.carbpol.2016.08.090
63. Vasconcelos NF, Feitosa JPA, Andrade FK, Miranda MAR, Sasaki JM, Morais JPS, Rosa MF (2019)
Chemically modified cellulose nanocrystals as polyanion for preparation of polyelectrolyte complex.
Cellulose 26(3):1725–1746. https://doi.org/10.1007/s10570-018-2223-3
64. Vasconcelos NF, Andrade FK, Vieira LAP, Vieira RS, Vaz JM, Chevallier P, Borges DMF, Rosa MF
(2020a) Oxidized bacterial cellulose membrane as support for enzyme immobilization: properties
and morphological features. Cellulose 27(5):3055–2083. https://doi.org/10.1007/s10570-02002966-5
65. Vasconcelos NF, Cunha AP, Ricardo NMPS, Freire RS, Vieira LDAP, Santa Brigida AI, Borges MF, Rosa
MF, Vieira RS, Andrade FK (2020b) Papain immobilization on heterofunctional membrane bacterial
cellulose as a potential strategy for the debridement of skin wounds. Int J Biol Macromol 165:3065–
3077. https://doi.org/10.1016/j.ijbiomac.2020.10.200
66. Wan Y, Wang J, Gama M, Guo R, Zhang Q, Zhang P, Luo H (2019) Biofabrication of a novel
bacteria/bacterial cellulose composite for improved adsorption capacity. Compos – A: Appl Sci
Manuf 125:105560–105567. https://doi.org/10.1016/j.compositesa.2019.105560
67. Wang J, Tavakoli J, Tang Y (2019) Bacterial cellulose production, properties and applications with
different culture methods — a review. Carbohydr Polym 219(1):63–76.
https://doi.org/10.1016/j.carbpol.2019.05.008
68. Wang SS, Han YH, Chen JL, Zhang DC, Shi XX, Ye YX, Chen DL, Li M (2018) Insights into bacterial
cellulose biosynthesis from different carbon sources and the associated biochemical transformation
pathways in Komagataeibacter sp. W1. Polymers 10(9):963-983.
https://doi.org/10.3390/polym10090963
69. Yue L, Xie Y, Zheng Y, He W, Guo S, Sun Y, Zhang T, Liu S (2017) Sulfonated bacterial
cellulose/polyaniline composite membrane for use as gel polymer electrolyte. Compos Sci Technol
145(6):122–131. https://doi.org/10.1016/j.compscitech.2017.04.002
70. Zhang Y, Fatehi P (2019) Periodate oxidation of carbohydrate enriched hydrolysis lignin and its
application as coagulant for aluminum oxide suspension. Ind Crops Prod 130:81–95.
https://doi.org/10.1016/j.indcrop.2018.12.052
71. Zhang X, Shen G, Sun S, Shen Y, Zhang C, Xiao A (2014) Direct immobilization of antibodies on
dialdehyde cellulose film for convenient construction of an electrochemical immunosensor. Sens
Actuators B Chem 200:304–309. https://doi.org/10.1016/J.SNB.2014.04.030

Figures
Page 20/26

Figure 1
FTIR spectra of purified BC, OxBC-MW-0.75%, OxBC-MW-1%, OxBC-WB-0.75%, and OxBC-WB-1%
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Figure 2
Deconvolution of the high-resolution C1s for XPS spectrum for (a) BC, (b) OxBC-WB-0.75% (c) OxBC-MW0.75% (d) OxBC-MW-1%
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Figure 3
XRD patterns a of BC and OxBC by periodate via bain-marie and microwave. These x-ray diffraction
patterns were obtained using CuKα radiation (λ = 1.5406 Å)
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Figure 4
Thermogravimetric curves of BC, OxBC-MW-0.75%, OxBC-MW-1%, OxBC-WB-0.75%, and OxBC-WB-1% with
their respective DTG
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Figure 5
SEM micrographs of the membrane surfaces of (a) BC, (b) OxBC-WB-1%, and (c) OxBC-MW-1%, with their
respective nanofibril diameter histograms
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