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A B S T R A C T   

Bacterial cellulose (BC) exhibits beneficial properties for use in biomedical applications but is limited by its lack 
of tunable transparency capabilities. To overcome this deficiency, a novel method to synthesize transparent BC 
materials using an alternative carbon source, namely arabitol, was developed. Characterization of the BC pel
licles was performed for yield, transparency, surface morphology, and molecular assembly. Transparent BC was 
produced using mixtures of glucose and arabitol. Zero percent arabitol pellicles exhibited 25% light trans
mittance, which increased with increasing arabitol concentration through to 75% light transmittance. While 
transparency increased, overall BC yield was maintained indicating that the altered transparency may be induced 
on a micro-scale rather than a macro-scale. Significant differences in fiber diameter and the presence of aromatic 
signatures were observed. Overall, this research outlines methods for producing BC with tunable optical trans
parency, while also bringing new insight to insoluble components of exopolymers produced by Komagataeibacter 
hansenii.   

1. Introduction 

Transparent materials are needed in biomedical applications like 
wound dressing, to monitor healing, and in biosensing, to interface with 
optical devices. Predominantly produced by Komagataeibacter ssp., BC is 
synthesized and extruded as ribbon-like microfibers that further self- 
assemble into network-structured pellicles at the air-liquid interface of 
static liquid cultures [1]. This network structure and BC's composition of 
β(1 → 4) linked D-glucose monomer units produces cellulose with 
inherent biocompatibility, water holding capacity, liquid/gas perme
ability, and handleability properties [2–4]. However, only a few reports 
have qualitatively described methods for transparent BC production 

[2–6]. 
The predominant method to induce transparency in BC is through the 

incorporation of composite materials such as poly(2-hydroxyethyl 
methacrylate) (PHEMA), poly(methyl methacrylate) (PMMA), poly 
(ethylene glycol) (PEG), and cyclodextrin [2–7]. PHEMA, commonly 
used in soft contact lenses, exhibits around 95% light transmittance in its 
pure form [5]. Di et al. found that, by making a BC/PHEMA composite, 
the transmittance of native BC can be increased by roughly 10% [5]. 
Similarly, Kono et al. increased the overall transparency of BC fibers by 
increasing the concentration of PMMA as a composite material [7]. 
Though beneficial for increasing transparency, the incorporation of 
composite materials increases cost and manufacturing time. 
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Furthermore, synthesis of pure transparent BC would allow for increased 
use in biomedical applications such as for wound care and biosensing 
[8]. 

Utilizing defined minimal culture medium, Souza et al. was able to 
produce pure transparent BC from Komagataeibacter hansenii [9]. It was 
noted that the transparent material had a lower fiber density compared 
to cellulose formed in full culture medium. This low fiber density was 
attributed to nutrient restriction caused by the defined minimal me
dium. Wang et al. observed similar changes in transparency when 
creating anisotropic biofilms with aligned BC nanofibers [10]. BC pel
licles stretched to 40% strain exhibited increased light transmittance 
properties when compared to unstretched pellicles [11]. These findings 
suggest that altering the morphology and hierarchical structure of the 
cellulose fibers may alter the optical properties of the material. These 
findings further point to media formulation, specifically nutrient re
striction in defined medium, as a possible way to control morphology 
and structure of BC. 

Several studies have investigated media formulation for its impact on 
BC production and yield. These focus largely on different carbon sources 
and associated concentrations. Specifically, pure hexose and hexose- 
derived polyol sugars, such as glucose, fructose, and mannitol, allow 
for higher cellulose production, while pentose and pentose-derived 
polyol sugars, such as xylose, xylitol, and arabitol, result in decreased 
cellulose production [12,13]. Additionally, BC has been effectively 
produced using complex media like waste fruit juice, orange peels, 
molasses, cheese whey, and other industrial/food waste sources 
[14–16]. These waste resources are generally rich in mixtures of hexose 
sugars such as glucose and fructose, and typically result in high cellulose 
production [17]. 

Besides changes in overall cellulose production, differences in cel
lulose hierarchical structure, notably the crystallinity, have been 
observed when comparing hexose and pentose carbon sources [18,19]. 
Keshk and Sameshima determined that the use of glucose produced 
cellulose with 88% crystallinity, while pentose and pentose-derived 
sugars such as arabitol and xylose produced cellulose with a degree of 
crystallinity as low as 75% [18,19]. While altered transparency was not 
reported in these studies, it is generally understood that polymer 
matrices become more opaque with increasing crystallinity [20]. 

The mechanism by which this altered crystallinity occurs is not fully 
understood but it is believed to be due to differences in the metabolic 
pathways of specific hexose and pentose sugars [19,21,22]. Since BC is 
made from uridine diphosphate-glucose monomers, it is thought that 
hexose and hexose-derived sugars like glucose, fructose, and mannitol 
can readily be converted to BC monomers [23]. This would explain the 
high BC production on these sugars [24]. However, pentose and pentose- 
derived sugars, such as arabitol and xylose, are metabolized through the 
pentose phosphate pathway (PPP), which means that bacteria cultured 
with pentose sugars as a carbon source must instead use the gluconeo
genesis pathway to synthesize BC monomers [19,23]. This increased 
energetic cost likely results in the observed low BC production from 
pentose sugars. 

Based on the likely connection between carbon source metabolism, 
BC structure, and transparency, we investigated and characterized BC 
pellicles produced using different ratios of hexose and pentose sugar 
mixtures. We chose, the pentose sugar, arabitol, because of its impact on 
the PPP under certain conditions, as shown by Oikawa et al. [19]. Blends 
of arabitol and glucose with a constant total carbon source molarity 
were investigated. The objective was to determine the relationship be
tween cellulose transparency and molecular level properties to gain an 
understanding of the transparency. The bacterial growth rates, BC yield, 
transparency, morphology, and hierarchical chemical structure of BC 
formed were evaluated. 

2. Materials and methods 

2.1. Materials 

Komagataeibacter hansenii NQ5 (K. hansenii ATCC 53582) was pur
chased from the American Type Culture Collection (ATCC), Manassas, 
VA, USA. Bacto™ peptone and Difco™ yeast extract was purchased from 
Becton, Dickenson and Company, Franklin Lakes, NJ, USA, while agar 
was sourced from Sunrise Science Products, San Diego, CA, USA. D- 
arabitol (>99% purity), and sodium chloride (ACS reagent, ≥99% pu
rity) were purchased from Alfa Aesar Co., Inc., China. D-glucose (Bio
Reagent, ≥99.5% purity), citric acid (99% purity), sodium phosphate 
dibasic (BioReagent, ≥99.5% purity), sodium hydroxide (ACS reagent, 
≥97.0% purity), calcium chloride (≥93% purity), and cellulase from 
Trichoderma reesei (aqueous solution, ≥700 units/g) were sourced from 
Sigma-Aldrich, Burlington, MA, USA. Iscove's modified Dulbecco's me
dium was purchased from Lonza Biologics, Walkersville, MD, USA, 
while fetal bovine serum (FBS), 0.25% trypsin-EDTA, penicillin strep
tomycin, and 200 mM L-glutamine were sourced from Life Technologies, 
Waltham, MA, USA. Animal-free recombinant human epidermal growth 
factor (EGF) and fibroblast growth factor (FGF) were purchased from 
PeproTech, Waltham, MA, USA. Tris buffered saline (TBS) was sourced 
from VWR Life Sciences, Bridgeport, NJ, USA. All well plates were 
sourced from Greiner Bio-One, Monroe, NC, USA, and Falcon™ round- 
bottom test tubes were sourced from Corning, Inc., Corning, NY, USA. 

2.2. BC pellicle production and purification 

The cellulose-producing bacterial strain, Komagataeibacter hansenii 
NQ5 was streaked onto a Hestrin Schramm (HS) agar plate (20 mg/mL 
glucose, 5 mg/mL peptone, 5 mg/mL yeast extract, 1.15 mg/mL citric 
acid, 2.7 mg/mL disodium phosphate, 15 mg/mL agar) and allowed to 
grow at 30 ◦C for 4 d. Single colonies from the HS plate were used to 
inoculate 5 mL of HS liquid medium (20 mg/mL glucose, 5 mg/mL 
peptone, 5 mg/mL yeast extract, 1.15 mg/mL citric acid, 2.7 mg/mL 
disodium phosphate) in a 14 mL Falcon™ round bottom culture tube 
and allowed to grow on a rotating drum for 4 d at 30 ◦C. The culture was 
then expanded in static cultures using 10% (v/v) inoculum in fresh HS 
medium. Fresh HS medium without a carbon source was then inoculated 
with 0.1% (v/v) static cultured bacteria and supplemented to 1 mM of 
total carbon source. To allow for pellicle formation, 2 mL of inoculated 
HS media, was cultured in 12-well tissue culture plates under static 
conditions at 30 ◦C for 7 d. To purify the BC pellicles, they were 
removed, washed in 0.1 M NaOH at 60 ◦C for 4 h, and then rinsed with 
DI H2O until the fluid reached a neutral pH. 

2.3. Cellulose yield 

To determine the effects of varying concentrations of glucose and 
arabitol as a carbon source, fresh HS medium without a carbon source 
was inoculated with 0.1% (v/v) static cultured bacteria. The media was 

Table 1 
Arabitol and glucose concentrations used for bacteria growth and BC 
production.  

Label Arabitol concentration 
(mM) 

Glucose concentration 
(mM) 

100% arabitol 1.00 0.00 
95% arabitol 0.95 0.05 
90% arabitol 0.90 0.10 
85% arabitol 0.85 0.15 
80% arabitol 0.80 0.20 
75% arabitol 0.75 0.25 
50% arabitol 0.50 0.50 
25% arabitol 0.25 0.75 
0% arabitol 0.00 1.00  
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supplemented to 1 mM of total carbon source with mixtures of D-arabitol 
and D-glucose (Table 1). From here on, the arabitol/glucose combination 
will be reported as per the given label and referred to as the “arabitol 
concentration.” 

Pellicles were allowed to form and were purified using the methods 
described above. Purified pellicles were weighed while hydrated and 
then lyophilized using a shelf lyophilizer (Labconco, Kansas City, MO) 
for 48 h at a temperature of − 25 ◦C and an absolute vacuum pressure of 
0.210 Torr. Estimated BC pellicle thickness was calculated using the 
hydrated weight and Eq. (1): 

volume =
mass

density
(1)  

where mass refers to the hydrated BC pellicle weight and density refers 
to the reported hydrated cellulose density of 1.25 g cm− 3 [25]. In this 
case, the volume refers to that of a cylinder, πr2h, where r is the radius of 
a well in a 12-well plate, and h refers to pellicle thickness. Estimated BC 
pellicle thickness was determined by solving for h. Sideview images 
were also taken to qualitatively compare the thickness of the pellicles. 
After lyophilized pellicles were weighed, and the bacterial cellulose 
yield was calculated using Eq. (2). 

% yield =
cellulose dry weight

total carbon source weight
× 100 (2) 

The total carbon source mass was calculated using the molar con
centrations, the molecular masses, and the total volumes of all carbon 
sources in culture. 

2.4. Bacterial growth kinetics 

Growth kinetic studies were performed to identify the effects of 
arabitol concentration on the growth rate of K. hansenii. In a 96-well 
plate, inoculated HS media was supplemented with 0.4% (v/v) cellu
lase from Trichoderma reesei. The media was supplemented with the 
carbon sources (Table 1). Absorbance measurements at 600 nm were 
taken every 30 m for 7 d under shaken conditions at 30 ◦C (Biotek 
Synergy H1, Winooski, VT). The maximum growth rate (μmax) was 
identified from the slope of the linear region of the kinetic curves 
(Fig. S1). 

2.5. Light transmission analysis 

The light transmission of freshly produced BC pellicles was measured 
in the visible light region using a UV–Vis spectrophotometer (Thermo 
Scientific Evolution 300 UV–Visible Spectrophotometer, Waltham, MA). 
All transmissions readings were performed inside the enclosed UV–Vis 
spectrophotometer chamber, to prevent light reflection from outside 
sources. Transmission spectral readings were performed between 
wavelengths of 300–800 nm with a step size of 2 nm. Average visible 
light transmission (400–700 nm range) was compared between test 
groups. Using this method, light transmission measurements of a 
commercially available transparent hydrogel wound dressing (Covi
dien™ Kendall™, Mansfield, MA) were also performed. 

2.6. Liquid absorption 

The liquid absorption capabilities of BC pellicles were assessed in a 
salt solution containing 142 mM sodium chloride and 3.3 mM calcium 
chloride in de-ionized water. The salt solution was prewarmed to 37 ◦C. 
Lyophilized BC pellicles were weighed and placed in the salt solution 
weighing a minimum of 40-times that of the lyophilized BC pellicles and 
incubated at 37 ◦C. Pellicles were weighed at 1 h and 24 h after initial 
submersion in the salt solution. Liquid absorbance was then calculated 
relative to the dry material weight. 

2.7. Cytotoxicity analysis 

Cytotoxicity studies were performed to determine if the BC pellicles 
produced using different carbon source mixtures impact overall material 
biocompatibility. BC pellicles produced using 85% and 0% arabitol was 
used to compare cytotoxicity. BC pellicles were formed in 96-well plates 
and purified as described above, then autoclaved in 1× tris-buffered 
saline (TBS; 25 mM tris, 140 mM NaCl, 3 mM KCl, pH 7.2). Normal 
Human Dermal Fibroblasts (NHDF; American Type Culture Collection 
CRL-2565) were cultured in growth medium (Iscove's modified Dul
becco's medium, 10% FBS, 100 U/mL penicillin, 100 μg/mL strepto
mycin, 2 mM L-glutamine, 0.01 μg/mL EGF, 0.005 μg/mL FGF) at 37 ◦C 
and 5% CO2. Cells were passaged serially using 0.25% trypsin-EDTA. For 
cytotoxicity studies, wells in 48-well plates were seeded with 3000 
NHDF and the cells allowed to attach for 24 h. BC pellicles were then 
placed in cell seeded wells. Three days after adding BC pellicles, a 
resazurin metabolic assay was performed to quantify cell metabolism. 
Fluorescent signal of the resazurin solution after incubation were read at 
an excitation wavelength of 544 nm and emission wavelength of 590 nm 
using a SpectraMax M2 plate reader (Molecular Devices Inc., San Jose, 
CA). Cells were also cultured on tissue culture plastic (TCP) with no BC 
pellicles added as an untreated control, and resazurin solution was 
added to wells with no cells as a background control. Results were 
normalized to the untreated control measurements. 

2.8. Scanning electron microscopy (SEM) and image analysis 

The morphology of BC pellicles produced using 100%, 85%, 50%, 
and 0% arabitol concentration was evaluated to identify difference in 
cellulose fiber diameter. Pellicles were dried overnight, sputter coated 
with two coats of 4 nm of gold (Sputter Coater Cressinton 208HR, 
Watford, England) and imaged with a field emission scanning electron 
microscope using an 8–10 kV electron beam (Quanta 200 FEG MK11, 
FEI Inc., Hillsboro, Oregon). Images were taken at 30,000× and fiber 
diameter was analyzed manually using ImageJ, where a minimum of 
200 fibers were analyzed per image. 

2.9. Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering 
(WAXS) 

Pellicles for small-angle scattering (SAXS) and wide-angle X-ray 
scattering (WAXS) were loaded into 1.0-mm glass thin-walled capillaries 
(Charles Supper, Westborough, MA). SAXS and WAXS measurements 
were conducted at the Complex Materials Scattering (CMS, 11-BM) 
beamline of the National Synchrotron Light Source II (NSLS-II) at 
Brookhaven National Laboratory. The scattered data were collected 
using a beam energy of 13.5 keV and beam size of 200 × 200 μm with a 
Pilatus 2 M area detector (Dectris, Switzerland). For SAXS studies, the 
detector, consisting of 0.172 mm square pixels in a 1475 × 1679 array, 
was placed five meters downstream from the sample position. The 
collected 2D scattering patterns were reduced to 1D scattering intensity, 
I(q), by circular average, where q is the magnitude of the scattering 
vector, q = (4π/λ) sin(θ), where λ is the wavelength of the incident X-ray 
beam, 0.9184 Å, and 2θ is the scattering angle. For SAXS studies, the q 
range measured was 0.0034–0.185 A− 1. A blank of glass and air was 
subtracted from the original data for further analysis. Crystallite sizes 
were estimated qualitatively with the Scherrer equation, by evaluating 
the peak width at half maximum. 

2.10. Solid-state nuclear magnetic resonance spectroscopy (NMR) 
analysis 

Solid state NMR spectra were collected using a Varian Unity INOVA 
spectrometer. Cross-Polarization Magic Angle Spinning (CP-MAS) 13C – 
(1H) experiments were performed at a field strength of 9.4 T using a 
resonance frequency of 100.529 MHz for 13C and 399.760 MHz for 1H 

E.M. van Zyl et al.                                                                                                                                                                                                                              



Biomaterials Advances 148 (2023) 213345

4

with a 4.0 mm Chemagnetics T3 probe and a spinning rate of 10 kHz. A 
Hahn echo was appended to the CP-MAS sequence with an echo delay of 
one rotor period. The 13C 180◦ pulse of 5 μs was used for the echo. A 1H 
90◦ pulse of 3.3 μs and a constant amplitude spin lock pulse was used 
with a contact time of 2.0 ms, a 13C radio frequency strength of 85 kHz 
and a 1H radio frequency strength of 95 kHz. 1H TPPM decoupling with a 
radio frequency strength of 100 kHz was used. All spectra were pro
cessed using the program RMN, version 2.01 (PhySy, Ltd., http://www. 
physyapps.com). The spectra were fit using a mixed gaussian/Lor
entzian line shape in the DMFIT software suite [26]. All 13C spectra were 
referenced to tetramethylsilane (0 ppm). 

2.11. Statistical analysis 

All statistical analysis was performed using GraphPad Prism 7. 
Normality of fiber diameter data was evaluated through a Shapiro-Wilk 
test. Statistical analysis of the cellulose yield, liquid absorption capa
bilities, and fiber diameter was conducted using an analysis of variance 
(ANOVA) followed by a Tukey post-hoc test. Statistical analysis of cell 
viability was conducted using Welch's t-test. All data are presented as 
mean ± standard deviation (SD) unless otherwise indicated. 

3. Results and discussion 

3.1. BC yield and light transmittance 

Commonly, K. hansenii is cultured using glucose as a carbon source. 
In this work, we tested BC production using different mixtures of pro
gressively increased arabitol and decreased glucose content (Table 1). 
Pellicles from the 100% arabitol group exhibited a significantly 
decreased BC yield of 0.6% (Fig. 1A), with concomitant increased 
pellicle transparency (Fig. 1B, C). Increased BC yield with incremental 
increases in glucose concentration were observed starting with the 95% 
arabitol group and peaking with the 75% arabitol group, with a 
maximum BC yield of 5.4%. This indicates that the addition of glucose 
and its subsequent metabolism directly aided in increased BC produc
tion. However, for the 50% to 0% arabitol groups a decrease in BC yield 
is observed. Though outside of the scope of the current work, the 
changes in yield may be due to altered metabolic processes. For instance, 
the low yield for the 100% arabitol group may be due to additional 
metabolic steps for arabitol utilization and the increased energetic cost 
associated with metabolism through the PPP. The decreased BC yield at 
the higher glucose concentrations may be due to gluconic acid produc
tion during glucose metabolism. An increase in gluconic acid production 
would decrease the pH of the culture, preventing effective BC formation 
[27,28]. 

When looking at transparency, pellicles from the 0% arabitol group 
exhibited an average light transmission of 25 ± 2%, while the pellicles 
from the 100% arabitol group exhibited light transmission of 89 ± 7% 
(Figs. 1B, C, S2A, B). For the mixed carbon source groups, a stepwise 
increase in light transmittance was observed between 0% and 80% 
arabitol (Fig. 1B). This trend plateaus for pellicles in the 80%, 85%, and 
95% arabitol groups at 65–73% light transmittance. When the arabitol 
concentration was increased from 95% to 100%, the light transmission 
increased from 73 ± 6% to 89 ± 7%, likely due to the significant 
decrease in BC yield. 

The images in Fig. 1C further emphasize the optical clarity of pelli
cles formed using 80% arabitol or higher. The increase in yield associ
ated with consistently higher transmittance values for 80%–90% 
arabitol groups indicated that the transparency was not a result of lower 
cellulose production. To ensure that differences in thickness and hy
dration did not affect light transmittance through the pellicles, side-view 
images and estimated thickness calculations were compared for each 
group (Fig. S3A, B). The estimated pellicle thickness was consistent with 
the low BC yield observed with 100% arabitol group. For the other 
groups (95% through 0% arabitol) a correlation between decreasing 

transparency and increasing BC thickness was not observed. In addition 
to pellicle thickness, a qualitative assessment of pellicle handleability 
was performed (Fig. S4). For all groups other than 100% arabitol, no 
qualitative difference in handleability was observed (Videos S1–S5). 

Compared to commercially available wound dressing, BC pellicles 
produced using arabitol exhibited transmission values between that of 
film based wound dressings, and hydrogel-based dressings. Poly
urethane derived film wound dressings such as 3M Medical's Tega
derm™ and Johnson and Johnson's Bioclusive™ have light transmission 
values of 74.4% and 89.4%, respectively [29]. Though these wound 

Fig. 1. Yield and light transmittance of BC produced by K. hansenii with 
varying arabitol concentrations. (A) BC yield from bacteria cultured with 
decreased arabitol concentrations. Data are presented as mean ± SD from three 
independent experiments (n = 3 per experiment). Statistical differences deter
mined by an ANOVA followed by the Tukey's HSD test (*p < 0.01, ***p <
0.001). (B) Increased transparency with increased arabitol concentrations 
shown through light transmission (C) and imaging. 
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dressings exhibit higher transmission values than the BC produced using 
80–95% arabitol, these dressings are only indicated for use as protective 
coverings of low exudating wounds. The Covidien™ Kendall™ PEG/ 
propylene glycol derived hydrogel wound dressing exhibited a light 
transmission lower than the BC produced using 80–95% arabitol, with a 
transmission value of 53 ± 1% (Fig. S2A, B). This hydrogel wound 
dressing is marketed as extremely absorbent while its transparency al
lows for wound visualization. Overall, these results indicate that BC 
pellicles produced using 80–95% arabitol exhibit transmittance values 
within the range of commercially available transparent wound 
dressings. 

3.2. Bacterial growth kinetics 

Growth kinetic experiments were performed to compare how each 
arabitol concentration group affected the growth rate of K. hansenii. 
From the growth kinetic curves (Fig. 2A), there was a delay in the onset 
of the exponential growth phase with increasing arabitol concentration. 
Using the slope of the linear region of the growth kinetic curves, 
maximum growth rate (μmax) values were calculated (Fig. 2B). All ara
bitol groups tested resulted in comparable μmax values ranging between 
0.0050 and 0.0069 h− 1. No statistical significance was observed, indi
cating the arabitol concentration has little impact on the maximum 
growth rate of K. hansenii. 

3.3. BC liquid absorption 

To assess the effect of the culture condition on the intrinsic properties 
of the BC produced, liquid absorption analysis was performed. The 
liquid absorption capacity of freeze-dried BC pellicles 1 h (Fig. 3A) and 
24 h (Fig. 3B) after initial submersion was assessed. No significant dif
ference in liquid absorption was observed between 1 h and 24 h, indi
cating that pellicles had maximized liquid absorption by 1 h. At 1 h, a 
significant difference in liquid absorption was observed between the 0% 
arabitol control group and 95%, 90%, 85%, 80%, and 75% arabitol 
groups; where the 0% arabitol group had an average of 128-fold increase 
in mass, while 95%, 90%, 85%, 80%, and 75% arabitol groups had av
erages of 71, 58, 62, 52, and 50-fold mass increases, respectively. The 
region between 75% and 95% arabitol correlated to the transparency 
plateau identified in Fig. 1B. Similarly, at 24 h the 0% arabitol group had 
an average of 148-fold mass increase, while 95%, 90%, 85%, 80%, and 
75% arabitol groups had an average of 69, 54, 65, 53, and 51-fold in
crease in mass, respectively (Fig. 3B). At both the 1 h and 24 h time 
points 100% arabitol BC pellicles absorbed more liquid, 108-fold and 
111-fold increase in mass respectively, than pellicles produced using 
75%–95% arabitol. The increase in liquid absorption capability of BC 
pellicles produced using 100% arabitol indicated that liquid absorption 
does not directly correlate with increased transparency. Previous 
research has reported a 37.3-fold mass increase for dry BC films [30]. 
However, a different Komagataeibacter strain was used to produce the 
pellicles, potentially leading to altered liquid absorption capabilities. 

3.4. BC cytotoxicity 

Viability of NHDF cells exposed to BC pellicles formed using 85% and 
0% arabitol were assessed using a resazurin metabolic based colori
metric assay. Normalized to the untreated control, cell viability after 
exposure to BC formed using 85% and 0% arabitol was 71.4 ± 7.4% and 
82.6 ± 14.1% respectively (Fig. S5A). No statistical difference in 
viability was observed, nor any changes to overall cell morphology 
(Fig. S5B). 

3.5. BC fiber diameter 

Since BC is produced as a semicrystalline nanofibrous network, it is 
possible that the fiber diameter may change due to altered carbon 
sources. To investigate if using glucose and arabitol as the carbon 
sources alter BC fiber diameter, SEM imaging and image analysis was 
performed. BC pellicles from the most transparent group (100% arabi
tol), the transparency plateau region (85% arabitol group), below the 
transparency plateau region (50% arabitol group), and the control (0% 
arabitol group) were evaluated (Fig. 4). Fiber diameter analysis indi
cated that the 100% arabitol group had an average median fiber diam
eter that was significantly larger than all other groups (52 nm versus 
32–41 nm). Conversely, the 85% arabitol group had the smallest average 
median fiber diameter (32 nm), while 50% and 0% arabitol produced 
pellicles with average median fiber diameters of 41 nm and 39 nm, 
respectively. Though it may seem counter intuitive that 100% arabitol 
and 85% arabitol would produce pellicles with the largest and smallest 
fiber widths, respectively, an additional observation regarding fiber 
density was observed; the 85% arabitol group produced BC pellicles 
with a more dense (larger number of fibers) network structure as 
observed by SEM imaging (Fig. 4). Lower fiber density has been attrib
uted to nutrient restriction in the media culture [9]; however, this 
reasoning does not apply in this case. The 100% arabitol group arguably 
provides a more nutrient restrictive media condition than 85% arabitol 
group given the lack of glucose present, and differences in fiber density 
were not observed between 100% arabitol and 0% arabitol. An alter
native explanation may be attributed to how the bacterium produces 
cellulose. Cellulose fibers are extruded from the bacterium as 1.5 nm- 
wide nanofibers that self-assemble in microfibril bundles [31,32]. SEM 

Fig. 2. K. hansenii bacterial growth using reduced amounts of arabitol. (A) 
Bacterial growth kinetics curves. (B) Maximum growth rate (μmax) identified 
from the linear region of the growth kinetic curves. Data are presented as mean 
± SD from three independent experiments (n = 3 per arabitol concentration 
and experiment). 
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imaging allows for the diameter measurement of the microfibril bundle 
and not the individual extruded nanofibers. The occurrence of more fi
bers with lower fiber diameter, as in the case for the 85% arabitol group, 
may indicate that the conformation or crystallization of the initial 
extruded nanofiber may be altered in a way that prevents extensive self- 

assembly of the fibers post-extrusion. 

3.6. SAXS analysis 

Further characterization of the morphology was performed through 
analysis of SAXS spectra. As the percentage of arabitol used for BC 
production increased, the overall shape of the SAXS spectra and the 
features corresponding to large-scale structures were retained and no 
shoulder-like scattering was observed (Fig. 5A). A small feature was 
observed in the range q = 0.025–0.1 A− 1 (Fig. 5B). This feature mani
fests as two small peaks, corresponding to length scales of about 9.7 nm 
and 11.7 nm; the characteristic length scale is estimated at 2π over q. As 
the concentration of arabitol increased, these peaks gradually became 
broader and less prominent until they were nearly indistinguishable for 
the pellicle produced using 100% arabitol. Additionally, there appeared 
to be a slight variation in the slope of the decay of the scattered intensity 
at low q. This feature appeared to be minimal and retained across the 
groups, so further analysis would be needed to determine whether it 
corresponds to a subtle change in the structure. 

Differences in the relative intensities likely do not occur due to a 
difference in scattering power (electron density) but in the relative 
pellicle densities in the X-ray path. The scattered intensity generally 
followed a power-law decay with an α exponent of 2 at very low q, then 
2.6 at higher q. Though there was a slight deviation in the region where 
the features exist, these α exponent values are consistent with literature 
values of hydrated cellulose. Where low q regions (<0.05 Å− 1) corre
sponds to the inner structure of water swollen BC bundles while high q 
regions (>0.07 Å− 1) correspond to the surface of the BC pellicle plus a 
constant background [33–35]. BC pellicles are comprised of highly 
crystalline and amorphous regions that cannot be distinguished though 
SAXS analysis. Further crystallite dimension and crystalline fraction 
analysis was determined using WAXS and solid-state NMR. 

3.7. WAXS and solid-state NMR analysis 

Further characterization of the morphology and molecular structural 
differences between BC pellicles was performed via WAXS and solid- 
state NMR. When analyzing the pellicles via WAXS, the peak width at 
a 2θ value of 13.4 was fairly maintained across all groups, indicating 
that the crystallite size remained the same (Fig. 6). Though the peak 
width at a 2θ value of 13.4 was maintained, the peak intensity varied 
with changing arabitol concentration, even when adjusted to the scale of 
the scattering intensity. When comparing the ratio of the peak intensities 
with the total intensity of the spectra, there was a steady increase 
observed between 25% and 75% arabitol groups. Peak intensity was lost 
for the 80% arabitol group, and then slowly increases again between 

Fig. 3. BC pellicle liquid absorption presented as fold mass increase. BC pellicle fold mass increase after (A) 1 h and (B) 24 h of submersion in a salt solution. Data are 
presented as mean ± SD from three independent experiments (n = 3 per experiment). Statistical differences determined by an ANOVA followed by the Tukey's HSD 
test (*p < 0.05, **p < 0.005). 

Fig. 4. BC fiber diameter comparison between different carbon source mixture 
groups. (A) SEM images at 30000× of the microstructure and fiber morphology 
of BC pellicles. (B) BC nanofibril diameter values. Data are presented as median 
± SD from three independent experiments (n = 6 images per pellicle). Statis
tical differences determined by an ANOVA followed by the Tukey's HSD test 
(**p < 0.005, ***p < 0.0005). 

E.M. van Zyl et al.                                                                                                                                                                                                                              



Biomaterials Advances 148 (2023) 213345

7

85% arabitol and 95% arabitol groups and reached a maximum peak 
intensity for the 100% arabitol group. The loss in peak intensity for 
pellicles produced using 80% to 95% arabitol corresponds with the 
previously identified plateaued transparency and liquid absorption 
findings. The change in peak intensity could be attributed to a change in 
crystallinity. However, the broad peak between a 2θ value of 15 and 20, 
which is likely due to water or possibly amorphous regions of the cel
lulose, prevents accurate crystallinity calculation [36]. Overall WAXS 
analysis showed that peak positions and the number of peaks were well- 
maintained across all groups, indicating the crystal phase was not 
affected. 

To further analyze the crystallinity of the pellicles produced, solid 
state CP-MAS NMR analysis was performed (Fig. 7). To properly 
compare spectra between groups of interest, CP-MAS NMR was per
formed on a group selected based the transparency data: (1) group above 
the transparent plateau region (100% arabitol), (2 and 3) groups within 
and directly below the plateau region (85% arabitol and 75% arabitol), 
(4) well below the plateau region (50% arabitol and 25% arabitol), and 
(5) the control group (0% arabitol). Full spectra between 0 and 250 ppm 
were collected (Fig. 7A), and the region corresponding to cellulose 
structure was isolated between 50 and 110 ppm (Fig. 7B). To quantify 
the relative crystallinity of the pellicles, the crystalline and amorphous 
regions of the resonances at the C-4 carbon in the BC pellicles were fit 
primarily with one gaussian peak each. This was done by fitting a 
gaussian peak for the crystalline region centered around 88 ppm and a 

gaussian peak for the amorphous region centered around 84 ppm. A 
small additional gaussian peak was included where necessary to better 
replicate the line shape; in most cases this line belonged in the amor
phous region of the signal. Additional gaussian fits were used to build 
out the other regions of the 13C NMR signal to allow for a proper fit of the 
region of interest using least-squares difference minimization. To 
determine the areas of the crystalline and amorphous regions of the C-4 
signal, two approaches were utilized: 1) areas of the fitted peak shapes 
and 2) integrated areas of the two regions sans fitting. For both calcu
lation methods, the same trends were observed, and no appreciable 
crystallinity differences were observed between arabitol concentration 
groups (Table 2). The crystallinity observed in this study is lower than 
some of the values previously reported [37–39]. However, culture 
conditions such as temperature, specific strain, and media pH are known 
to alter crystallinity so direct comparisons are not always accurate [32]. 

When the overall spectrum for the pellicles was considered (Fig. 7A), 
a difference was observed in the total amount of cellulose in the pellicle. 
In all groups, a signal for a carboxylic acid group (–COOH) at around 
172 ppm was observed (Fig. 7C). The intensity of this peak varied 
slightly from group to group. A second set of signals were observed in 
the 110 to 160 ppm region that was associated with aromatic carbons. 
These signals also manifested spinning side bands at the expected mul
tiples of the magic angle spinning rate, 10 kHz, indicative of the order 
and crystallinity of these carbon atoms. Using the integrated region of 
the C-1 carbon signal of cellulose at 105 ppm and the integrated regions 
of the aromatic carbons, an estimate of the percentage of aromatic 
carbons was calculated. In the case of aromatic carbons, the overall 
integral was summed from the primary chemical shift region along with 
the side band regions. The overall integral for the aromatic carbons was 
divided by six for the purpose of population estimation. The overall 
aromatic carbon content was found to vary across the groups. Both 
cellulose and aromatic carbon structures were observed in the 0% ara
bitol group. The aromatic carbon content decreased in the 25% arabitol 
group as compared to the 0% arabitol group. The 50% and 75% arabitol 
group exhibited no aromatic carbons potentially due to the strong signal 
contributed by the C1–C6 carbons. The cross-polarization conditions 
used across samples were the same and the observed level of crystallinity 
in the cellulose component was constant, so the efficiency of the CP-MAS 
NMR is expected to be the same for each experiment. The difference in 
observed signal intensities would then be governed essentially by carbon 

Fig. 5. SAXS intensities from BC pellicles produced using mixtures of glucose 
and arabitol. (A) Full spectral reading of each pellicle and (B) zoomed in 
identified region of interest. 

Fig. 6. WAXS intensities from BC pellicles produced using mixtures of glucose 
and arabitol. 
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content. As the 50% arabitol and 75% arabitol groups resulted in pel
licles with higher yields, it is possible that the aromatic signatures are 
present but undetectable due to their relative abundance in the sample. 
Subsequently, the aromatic carbons appeared in the 85% and 100% 
arabitol group. For the 100% arabitol group, the aromatic carbons made 
up most of the carbon fraction by an approximate factor of four. Though 
the presence of aromatic carbons in BC has not been reported previously, 
it is known that the polymers produced by these bacterium can be 
influenced by culture conditions [40]. 

Though the predominant insoluble exopolysaccharide produced by 
this class of microbes is cellulose, other exopolysaccharides have been 
reported when grown on alternative carbon sources [41–44]. The bac
terial cellulose synthases of Acetobacter species have previously been 
shown to be promiscuous – Yadav et al. showed that UDP-GlcNAc could 
be incorporated into the BC polymer chain [43]. Additionally, other 
exopolysaccharides have been reported when grown on alternative 
carbon sources [41–44]. It is plausible that other UDP-sugars are formed 
under the conditions reported here and incorporated into the exopoly
saccharide giving rise to the differences observed in the cellulose mo
lecular region of the NMR. 

The aromatic signature is most likely from proteinaceous extracel
lular material, which is often found in naturally derived biopolymers. 
Further evidence for this is that the aromatic signature is anticorrelated 
with BC yield – essentially, protein may make up a higher fraction of the 
pellicle when BC yield is lower. Williams et al. showed that aromatic 
amino acids, such as phenylalanine, tryptophane, and tyrosine exhibit 
13C signal between 100 and 160 ppm [45]. These aromatic amino acids 
are formed in both the PPP and glycolysis [46]. The surprising obser
vation of these proteinaceous aromatic signatures in both the 0% and 
100% arabitol groups could be attributed to underrepresentation of BC 
13C NMR signal ranges than 100 ppm, alternative allocation of increased 
signal in the 100–160 ppm range, and differences in bacterial strains 
researched. 13C NMR signal for BC is predominantly truncated to show 
signal only within the 50–110 ppm range, resulting in underreporting of 
regions outside of the cellulose range [47,48]. Alternatively, Yamazawa 
et al., attributed signal in the aromatic region to the presence of spinning 

sidebands [49]. Further, the reclassification of K. hansenii as the pro
posed representative type strain for a new genus (Novacetimonas) based 
on phylogenetic analysis of the cellulose biosynthesis genes, indicated 
that there are distinct genetic differences from other Komagataeibacter 
strains [50], which may produce distinctly different exopolymers and 
concentration of proteinaceous extracellular material. The exact chem
ical composition of the exopolymers present within the pellicles using 
blends of glucose and arabitol as the carbon source is subject of 
continued investigation. 

4. Conclusions 

In this study, a method was developed to produce novel tunable 
transparent bacterial-derived cellulose. It was determined that modu
lation of the ratio of glucose and arabitol as the carbon source in static 
culture aided in the production of transparent BC by K. hansenii. Similar 
trends in data convergence for higher arabitol concentration groups 
(80%–95%), were observed for transparency, liquid absorption capa
bilities, and WAXS spectra analysis. A significantly smaller fiber diam
eter was also observed in the 85% arabitol group. Overall, these 
observations indicate that the use of arabitol concentrations between 
80% and 95%, while holding mass of carbon-containing species con
stant, results in changes to both the microstructures and molecular 
structures of the BC produced. BC produced using higher arabitol con
centrations (between 75%–95%) exhibited average transmittance values 
>60%, while 100% arabitol group pellicles allowed for over 80% 
transmittance. Overall, the 85% arabitol group produced optimal pel
licles based on the balance between cellulose yield and material trans
parency. Though the mechanism for this increased transparency was 
determined to not be due to decreased crystallinity, NMR spectra 
revealed a shift in sugar carbon signals and an aromatic signature that is 
strongest in the 100% arabitol group. This result indicates that 
K. hansenii NQ5 may not solely produce pure BC when supplemented 
with arabitol. This work is the first to show that BC composition and 
transparency can be manipulated by carbon source alone. This estab
lishes that new exopolymers of varying monomer composition may be 
accessible simply through the feeding of Komagataeibacter species with 
different carbon sources. 
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