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Abstract

Bacterial cellulose (BC) is a three-dimensional interconnected network of biosynthesized nanofibers. Its rehydration poten-
tial would be reduced significantly after its first drying, as a result of entanglement and jamming of cellulose polymer
chains. Consequently, its versatility would be also reduced to some limited applications in which repeated water absorbance
potential is not of great importance. This study aims to prevent the drawback of carboxylic bridging/cross-linking between
cellulose polymer chains. Ten-day-cultured BC pellicles were immersed in various citric acid solutions (as bridging agent)
and cured at 160 °C for 5 min. The formation of bridges was confirmed using attenuated total reflection—fourier transform
infrared spectroscopy. Scanning electron microscope images showed that there is a different porosity bridged/cross-linked
BC specimens (XBC). According to Brunauer—Emmett—Teller analysis, the surface area of XBC (20 w/v % with catalyst) got
87.5 times larger than that of the unbridged/pristine BC (PBC). X-ray diffraction patterns showed no change of crystallinity
of XBC in comparison with PBS. The thickness and wettability of XBC samples were 137 and 3.27 times more than PBC
samples orderly. Furthermore, the water swelling rate increased significantly for XBC in comparison with PBC. Meanwhile,
treated samples had lower elongation and strength than normal BC. The conclusion is that XBC could conserve its repeated
absorbency potential after the presented process.
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Abbreviations

BC Bacterial cellulose
CA Citric acid

HS Hestrin—Schramm

PBC  Purified bacterial cellulose

XBC Cross-linked/bridged bacterial cellulose
SHP  Sodium hypophosphate

WSR  Water swelling rate

BS British Standard

Introduction

Bacterial cellulose (BC) pellicle is a nanofibrous hydro-
gel. The most outstanding properties of BC is compat-
ibility, high water holding capacity, purity, moldability,
and biodegradability which has been used for many pur-
poses especially for medical and biomedical fields [1-7].
Accordingly, it has been used in modern wound dressing,
artificial blood vessels, drug delivery system, artificial
skin, and tissue engineering scaffold [8—12].

* @ Springer

Discovering of BC goes back to the 1880s by Brown, who
found it as exopolysaccharides (extra cellular polysaccharide)
in vinegar [13, 14]. This biopolymer is being produced by
some bacteria, including a-proteobacteria, f-proteobacteria,
y-proteobacteria (Gram-negative) and Gram-positive bacte-
ria. It is capable of producing a biofabric in static culture
medium which called “pellicle”. Due to its 3D structure and
internal porosity, BC is capable of reserving high amount of
water (~99% dried weight) [15, 16].

Although the chemical structure of BC is similar to the
plant cellulose and it is made of linear §-1,4-glucan chains,
it has different physical structure [7]. During cellulose bio-
synthesis, single nanofibrils are being extruded by bacteria
and their assembling in static medium would produce an
extracellular gelatinous mat. It consists cellulose I structure
and high-crystalline (70-90%) nanofibres that are distrib-
uted in random direction [17]. In addition, hydrogen bonding
(H-bonding) is the main reason of BC properties such as
plant cellulose. Compared to native cellulose, BC showed
stronger hydrogen bonding with regards to finer and more
fibrils. Therefore, most changes of BC in chemical modifica-
tion are related to H-bonding [16].
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Purified BC hydrogel comprises nanofibers and a huge
amount of water; this provides suitable properties for bio-
medical usage. Due to the collapse of BC’s three-dimen-
sional network after dehydration, re-swelling and water
absorption decrease drastically. Although dehydration
increases the storage and shelf life of BC, poor rehydra-
tion causes limitations when it comes to some biomedical
applications [18, 19].

Consequently, some studies have been conducted to mod-
ify the rehydration of dried BC. Modifications can follow
several methods such as in situ modification with the addi-
tion of water-soluble materials to the culture medium during
the BC synthesis process, ex situ modification consisting
of chemical reactions such as cross-linking and producing
interpenetrating polymer networks with other polymers, i.e.
fibrin and gelatin, while other researchers have attempted
to decrease BC crystallinity or to keep the BC three-dimen-
sional network with freeze drying [6, 19-33].

Similarities between the chemical structure of BC and
plant cellulose provide a good opportunity to use plant cel-
lulose cross-linkers in the textile industry to prevent the
collapse of BC [25-27]. To the best of the authors’ knowl-
edge, previous studies have not reported the use of environ-
mentally friendly plant cellulose cross-linkers alone such as
polycarboxylic acids to enhance the rehydration property
of BC.

Moreover, citric acid was used in many biomedical stud-
ies for instance for cross-linking hydrogels, plant cellulosic
materials and bio-composites which count as a safe and non-
toxic cross-linker [34—38]. Therefore, in this research, we
propose citric acid as a carbohydrate cross-linker on BC to
cross-link nanofibers and maintain the 3D structure of BC
pellicles.

Experiments
Sample preparation

10-day BC pellicles (with about 1 cm thickness) was syn-
thesized by Komagataeibacter xylinus BPR2001 (provided
by Collection of Scientific and Industrial Research Center,
Tehran, Iran) in Hestrin—Schramm (HS) culture medium
(including 20 g glucose, 5 g yeast extract, 5 g peptone, 3.3 g
sodium hydrogen phosphate, 1.15 g citric acid and 0.5 g
magnesium sulfate) per 1 L distillated water [39]. Just syn-
thesized samples in the form of pellicles were purified in an
alkaline condition (by sodium hydroxide 0.1 N for 90 min).
The neutralized pellicles were immersed in different con-
centrations of citric acid (5, 10 and 20 w/v %) for 24 h at
30 °C, and SHP (2.5, 5 and 10 w/v %; 1:2 SHP to CA) was
added to the solutions as a catalyst [28]. Then the specimens
were cured at 160 °C for 5 min and they were washed and

rinsed with distilled water until the pH of samples became
5-6. Then they were dried at room temperature. Culture
medium components were purchased from Merck Co. and
other chemicals were provided by Sigma-Aldrich Co.

Characterization techniques

Differences between the PBC and XBC specimens were
studied with by ATR-FTIR spectroscopy (Perkin Elmer
model Frontier; USA). It was carried out at room tempera-
ture in the spectral range from 4000 to 400 cm™" (its resolu-
tion was set to 40 scans).

XRD (model: 3003PTS, SEIFER, Germany) was used to
study samples’ crystallinity index (CI). CI was calculated
by Debye—Scherrer’s equation (Eq. 1) from diffracted inten-
sity data using the peak area of the crystalline (/) and
amorphous regions (/,,,) of the wide-angle X-ray diffraction
curves (260=18°) [40].

CL= (Ipgg = Ium) / Tono- (1)

The morphology and surface characteristics of the treated
and untreated (dried at ambient temperature and freeze
dried) samples were observed using the SEM microscope
(XL30, Philips, The Netherlands). Briefly, the dried samples
were fixed on aluminum studs and coated with a gold—pal-
ladium under high vacuum conditions before analysis. In
addition, some specimens were fractured in liquid nitrogen
and sputtered with gold to probe their internal structure and
cross-section.

BET analysis was employed at 77 K to assess the porosity
and surface area of the specimens. Thickness was calculated
by a micrometer (ACCUD Co.; measuring range: 0-25 mm).
Static immersion test method based on the British Standard
(BS) 3449:1990 and a drop test method according to BS
4554:1970 were applied to measure wettability. The amount
of water absorption capacity in the static immersion test was
calculated as

Water absorption (Or WSR) = ((W, — W)/ W,) x 100

@
where W, is the dried weight and W, is the wet weight of
the samples [20].

For drop test, the specimens were placed over the top of
a beaker and a drop of water was dropped on the surface of
specimen (from 1 cm above the surface of sample) and the
absorbance time (thorough absorption) of the water drop
was recorded [41].

To measure the water swelling rate, specimens were cut
into the appropriate size (1 cm?), and after drying they were
weighed and immersed in distilled water. Samples were
taken out every minute, and after removing extra water with
filter papers, they were reweighed. The test was continued

* @ Springer
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until the sample weight became constant, and then WSR was
determined by the same Eq. (2) [31].

Mechanical properties

Some of the tensile properties of specimens were measured
using a Gotech Tensile Testing Machine (model AL3000,
Taiwan) based on ASTM D 882 (the standard test method
for tensile elastic properties of thin plastic sheeting). Briefly,
rectangular strip (100 mm X 10 mm) of samples were placed
between two metal clamps (about 50 mm of BC strip was
left between two clamps) and then mounted (the extension
speed was 2 mm/min) to measure elongation and tenacity.
The test was repeated three times in ambient condition and
the average values were calculated [19].

Results and discussion

In this research, it was intended to use the cross-linking
ability of citric acid for cross-linking un-dried BC for con-
serving its structure. The suggested mechanism for the
cross-linking process is illustrated in Fig. 1. Citric acid

Fig. 1 Suggested mechanism for

first forms a five-member cyclic anhydride intermediate at
an elevated temperature by integrating two adjacent car-
boxyl groups. The anhydride intermediate then reacts with
the hydroxyl group of cellulose chains to form an ester
bond [28, 42—-44]. Figure 2 shows the differences between
the purified and cross-linked BC in color and thickness.

ATR-FTIR spectrums (Fig. 3) display ester bond for-
mation in the treated samples with different concentra-
tions of CA. The specific peaks of BC were observed
at 3300-3400 cm™' (OH group), 1420-1450 cm™!
(CH, scissoring), 1100-1200 cm~! (C-0-C), and
1060 cm™! (cyclohexane ring) [26, 31, 43]. The peaks at
1710-1740 cm™! in cross-linked samples (with and with-
out SHP) were related to the ester bond (-COO) made by
the cross-linking of the cellulose chains with citric acid.
Owing to the removal of unbound citric acid and catalysts
by washing (repeated times and reaching to neutral pH:
5-6), the presence of the carboxyl peak confirmed chemi-
cal linkages between citric acid and cellulose chains [31,
42, 43]. In addition, the cross-linking process did not shift
the position of the bands in the ATR-FTIR spectra, and
except for the COO bond, the sample peaks did not show
any specific difference.

the cross-linking process of bac- o (.““iﬂ"”" HO
terial cellulose with citric acid HO 1 0 0
with regard to the conventional HO o] 0 -H20
RO . -H,0 VAN JE—
cross-linking of cellulose using » HO - & o 0 HO A
citric acid in the presence of 0 HO VAN o (0] OH
acid catalysts [42, 43] o) OH COOH
Citric acid 2
Cellulose
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@ | HO
(0] A o} o
HO —_— 0 HO
O 0 0
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Fig.2 The images of a PBC and b XBC (CA 20% + SHP 10%) in the dry state
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Fig.3 The spectrum of PBC and XBC with CA 20% and CA 20% + SHP 10%
Tal?le 1 Infrared crystallinity Sample kind Infrared crystallinity ratio Hydrogen
ratio and hydrogen bond bond inten-
intensity of PBC and XBC Total crystalline index Lateral order index sity
samples
PBC 0.997+0.03 0.991+0.01 1.006
XBC-CA20% +HSP 0.997+0.03 1.005+0.01 0.993
XBC-CA20% 0.985+0.01 0.998 +£0.02 0.995
Amount of the crystalline structure of the cellulose indi-
cated a peak around 1427 cm™~! and the band at 900 cm™! is
. . BC-CA20%+HSP
related to cellulose amorphous region. Using these peaks, =
= - .
lateral order index was calculated which defined empirical 2 BC-CA20%
crystallinity index (suggested by Nelson and O’Connor). Z
Meanwhile, total crystalline index was obtained from ratio i
of the peaks at 1372 and 2900 cm ™' and indicated infrared Purified BC
crystallinity (IR) ratio. The hydrogen bond intensity of
cellulose that is related to the crystallinity obtained the 2 L .
ratio bands at 3400 and 1320 cm™". W i{; W

The obtained results from Table 1 revealed that cross-
linking process made no adverse effect on crystallinity.
Furthermore, it seems that due to the cross-linking treat-
ment the amount of free OH group dwindled in treated
samples (Table 1).

XRD patterns of PBC and XBC samples are shown in
Fig. 4. These diffractograms indicated two main peaks,
20 =22.7° and 14.7° in all samples which represented the
(002) and (110) lattice diffraction of polymorph, respec-
tively (Table 2). It is in agreement with order-reported data
previously. According to Debye—Scherrer’s equation, the
crystallinity indexes (CI) of all samples were around 60%.

Fig.4 XRD patterns of PBC and XBC samples

Table 2 Main peaks and their intensity of PBC and XBC samples

20 Intensity of peaks at specified 20
PBC XBC- XBC-CA20%
CA20% + HSP
14.65 (101) 87 74 31
16.8 (101) 34 26 26
22.75 (002) 70 72 55
18 amorphous 26 26 16
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As it was expected, it is also confirming that cross-linking
takes place in amorphous region of BC [40, 45].

During the drying process, due to the removal of water
molecules, nanofibers became closer and bunched together
(due to hydrostatic tension), thus connecting and entangling
the nanofibers to each other through an irreversible defor-
mation. Consequently, it would be denser with compacted
layers and considerable low rehydration ability. We can call
this as “collapse phenomenon”. The surface and transversal

SEM images were used for tracing the changes after cross-
linking and the surface and cross-section of unpurified, puri-
fied, treated, and freeze-dried BC are presented in Fig. 5.
Figure 5a, b shows contaminants such as bacteria and media
components that fill pores in the surface and internal struc-
tures of unpurified BC. So before purification the absorp-
tion ability is low. Figure 5c, d shows the nanofibers and
layers of purified BC, respectively (surface and transverse
images). After purification, impurities would be cleaned and

Fig.5 SEM images of surface and cross-section of unpurified (a, b), PBC (¢, d), XBC with CA20% + SHP10% (e, f), and freeze-dried BC (g, h),

respectively

* @ Springer
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the remaining would be just nanofibers and water. The sur-
face and cross-section of the BC treated with 20% CA and
10% SHP are shown in Fig. Se, f, respectively. The figures
show more porosity in the surface and internal structures of
the BC 3D network. In addition, the collapse phenomenon
was clarified by comparing the surface and cross-section
of the freeze-dried BC (Fig. 5g, h) with the purified one
(Fig. 5¢c, d). Cross-linking preserves some parts of poros-
ity, and as Fig. 5e, f displays, this process which makes
a new construction for BC. The cross-section (transverse
image) of the BC treated with 20% citric acid and 10% SHP
(Fig. Se and f) proved the existence of higher porosity that
increased liquid absorbency. Empty spaces in the modified
BC provide an appropriate place for drug impregnation and
also increase rehydration, which is important in biomedical
usage. In fact, citric acid with SHP at high temperature could
link BC fibrils to each other and support BC’s 3D network
through COO bridges in fibers.

Besides SEM observation, BET analysis was also used
to investigate the surface area and pore size of the samples
(Table 3). The average pore diameter of purified BC and
BC treated with CA 20% and SHP 10% were about 28 and
32 nm, with total surface areas of 0.36 and 31.50 m%/g,
respectively.

This reveals that the pore size and surface area of treated
BC are more than those of the untreated samples. Also as it
was mentioned previously, pores in the wet BC structure are
filled with water and forms a hydrogel of BC [18, 19]. Dur-
ing drying, water molecules came out and fibrils gathered
together, providing a thin film, and damaged the pores [6].
Cross-linking increased the pore diameter and the surface
area by preserving the internal structure of the fibers and
their joint points (Table 3).

In addition, mechanical properties such as elongation and
maximum tensile load before fracture were changed after
cross-linking (Table 4). Compared to treated and untreated
BC, tensile strength and elongation decreased ~4 and ~5
times after cross-linking, respectively. The results indicated
that cross-linking process took place between cellulose
fibrils so it would decrease the cellulose polymer chain
mobility and hence drop the cellulose chain slippage and
movement.

Table 3 Porous characteristics of the PBC and XBC samples

Sper (m? g71)  Total pore Average pore

volume diameter (nitro-
(p/py=0.990)/  gen desorption)/
(cm’ g™") (nm)
PBC 0.36211 0.002558 28.255
XBC- 31.499 0.2512 31.905
CA20%+ SHP

Table 4 Comparing mechanical properties of PBC and XBC with CA
20w/v % and HSP 10%

Sample kind Elongation (%) Maximum tensile
load before fracture
M)

PBC 11 30

XBC-CA20% + HSP 2 8

The result obtained by assessing the layer’s thickness in
Fig. 6 showed that, by increasing the concentration of acid
and catalysts, the thickness of the cross-linked specimens
increased. Consequently, the thickness of the sample with
20% acid and 10% SHP was 137 times more than that of the
purified sample. Meanwhile, the effect of SHP on the cross-
linking process was obvious. The SHP catalyst facilitated the
reaction between cellulose chains and citric acid to enhance
cross-linking [46].

The water re-absorption ability and drop absorption time
are counting as two significant factors for wet ability, so
they were determined for treated and pristine samples and
the obtained results are revealed in Fig. 6. The results indi-
cated that the water absorption ability of samples would be
improved by increasing citric acid concentration, which are
also in agreement with thickness and BET results. The sam-
ple with 20% citric acid and 10% SHP absorbed water ~3
times more than the raw one. In the water absorption test,
the main reason for ascending the weight of the cross-linked
samples was the amount of water entrapped inside the struc-
ture, because before weighing the extra water on the surface
of the samples, water was removed by shaking. According to
the SEM, BET, and thickness results, the increase in poros-
ity can lead to more rehydration. Therefore, rehydration
was enhanced by increasing the cross-linking of the sam-
ple, which plays an important role in water holding when it
comes to biomedical applications such as wound dressing
[18, 32]. Owing to greater porosity on the surface of the
treated samples, which was confirmed by SEM (Fig. 5), the
results showed faster absorption for the cross-linked BC. It
is also worth mentioning that the cross-linking treatment
prevents interring fibers into each other and collapsing of
the 3D network. In this regard, cross-linked specimens can
absorb water faster than purified samples, and the spongy
form of these samples causes a huge difference in their sur-
face morphology compared with the untreated one.

The WSR results are displayed in Fig. 7. According to
other test results, the sample that was treated with 20% cit-
ric acid and SHP showed higher SWR. Based on the test
method, the weight of the purified sample became constant
after 3 min, and the sample with 20% citric acid and 10%
SHP was saturated after 7 min. This confirmed a long dis-
tance between the layers of the normal and the cross-linked
specimens. This property has a significant role in some

]
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Fig.6 Comparison of the thick-
ness, drop absorption time, and
water absorption of PBC and
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Fig.7 Comparing water swelling rate of PBC and XBC with 5, 10,
and 20 w/v % citric acid

biomedical procedures such as wound dressing. Based on the
physical and chemical structures of BC, it seems that water
molecules can absorb in modified BC physically (porosity)

* @ Springer

Sample Kind

Thickness Water absorption Drop absorption

(mim) (%) (Sec)
0.04 130 167
0.46 252 56
3.57 408 7
5.48 425 4
1.55 325 6

and chemically (hydrogen bonding with OH groups), and
thus, cross-linked BC can overcome the rehydration weak-
ness. Meanwhile, BC treated with free formaldehyde materi-
als such as polycarboxylic acids has high potential for use
in biomedical applications such as environmentally friendly
and biocompatible products.

Conclusion

Bacterial cellulose is a versatile green polymer and it has
a wide variety of applications. It indicates many potential
properties and also it could be obtained from wasted mate-
rials with carbohydrate sources. But after drying process,
BC pellicle would initially be collapsed into a dense layer
with less rehydration. For the first time in this study, citric
acid was proposed as a cross-linking agent to prevent BC
from condensing during rehydration. This formed carbox-
ylic bridges between cellulose fibril chains, thereby pre-
venting its condensation during drying. The resultant of
BC showed a significant rehydration ability that was five
times higher than the ordinary one. Moreover, it revealed
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a higher porosity, wettability, and water swelling rate com-
pared to the untreated sample. According to the results of
this research, cross-linked BC with citric acid has high
potential for using in the biomedical sector.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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