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Abstract
This study is aimed to cost-effectively produce bacterial cellulose (BC) and impart it with antimicrobial activity by introduc-
ing bactericidal plant extracts into its three-dimensional matrix through an ex situ modification strategy. Briefly, the fruit 
wastes were utilized as the carbon source for BC production by Gluconacetobacter hansenii, followed by impregnation of 
bioactive extracts of Anogeissus dhofarica and Withania somnifera plants. FE-SEM and FTIR analyses showed the success-
ful synthesis of BC-Anogeissus dhofarica (BC-A) and BC-Withania somnifera (BC-W) composites. Both BC-A and BC-W 
composites held 87% and 75% water of their dry weight, respectively, and each composite retained about 50% of originally 
absorbed water after 24 h. The bactericidal activities of BC-A and BC-W composites were investigated against Staphylococ-
cus aureus and Escherichia coli as model Gram-positive and Gram-negative pathogens, respectively. Both BC-A and BC-W 
composites showed impressive antibacterial activity against S. aureus by producing a clear inhibition zone of 13 mm and 
6 mm, respectively. Although no clear inhibition zone was observed against E. coli, both composites reduced its growth up 
to 50% of its live cell density. This is the first report of exploring the antibacterial activities of A. dhofarica and W. somnif-
era plant extracts and developing their composites with BC, which could be of vital importance for natural products and 
biopolymer researchers to develop biomedical materials.
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1  Introduction

Bacterial cellulose (BC), a biopolymer produced by acetic 
acid–producing bacteria and cell-free enzyme systems [1, 
2], has received tremendous attention in the last two decades 
owing to its impressive physical, mechanical, and biological 
features. Its chemical structure is identical to plant cellulose; 
however, its properties such as purity, crystallinity, fibrous 
structure, liquid-absorbing capabilities, biocompatibility, 
surface chemistry, and mouldability are superior than the 
plant cellulose [3]. BC is produced in the form of hydrogels, 
membrane, pellicles, and granules through different synthe-
sis approaches by utilizing different carbon sources such as 
the chemically defined media [4, 5]. However, the high price 
of the chemically defined medium, accounting for 30% of 
the total cost, leads to a high production cost of BC, which 
limits the commercialization of BC-based products. There-
fore, extensive efforts have been devoted to the exploration 
of low-cost substrates such as different agro-industrial and 
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fruit wastes as carbon sources [4, 6, 7]. Based on its effective 
features, BC receives applications in medical [8–10], textile 
[11, 12], food [13], environment [14], electronic and sensing 
devices [15–17], additive manufacturing [18, 19], and vari-
ous other sectors [20].

Despite its excellent properties, the biomedical applica-
tions of BC are limited by lacking innate antimicrobial activ-
ity. Pure BC is non-bactericidal in nature due to the lack of 
active antimicrobial functional groups; therefore, its biomed-
ical applications, such as in wound healing under infected 
environment, are questioned [21, 22]. This inadequacy has 
been suggested to be overcome through the incorporation 
of antimicrobial materials into the BC matrix via different 
strategies [23]. There has been extensive research carried out 
to impart antimicrobial activity to BC by making its com-
posites with nanoparticles [24–28], polymers [29–32], anti-
biotics [33], amino acids [34], and active phytomolecules or 
plant extracts [35–38].

Phytomolecules from plant extracts have emerged as the 
prominent antimicrobial agents in the last few decades [39]. 
These compounds are environment-friendly and possess 
negligible cytotoxicity, and are generally non-immunogenic 
in nature. The presence of several functional groups in these 
compounds blesses them with antimicrobial activities. It is 
well-known that phytomolecules present in the extracts of 
different plants are rich in polyphenols, flavonoids, chal-
cones, nitrogen-containing moieties, alkaloids, and amines 
[40], which impart several biological activities to the plants. 
The use of plant extracts/phytomolecules in synthesizing 
BC-based composites is receiving immense consideration 
in the synthesis of green materials, with high mechanical 
strength [41], antimicrobial effects [42, 43], food packaging 
material [44], pH indicators [45], antioxidant biomaterials 
[46], and face masks [47]. The development of novel BC/
plant extract–based composites amalgamating the therapeu-
tic properties with cellulosic characteristics has proved to be 
an excellent approach for their use in wound dressing, tis-
sue engineering scaffolds, drug delivery systems, and other 
biomedical applications [48].

Anogeissus spp. (Combretaceae), commonly known as 
axlewood tree, button tree, and chewing stick, have been 
traditionally used as ethnomedicine in Asia and Africa in 
treating various ailments like tuberculosis, fever, diabetes, 
diarrhea, skin diseases, wound healing, and snake and scor-
pion bites [49]. Anogeissus dhofarica is a commonly found 
plant in Oman and has a great pharmacological importance 
realized by the local people. It is used as an antiseptic for 
treating wounds [50]. The leaf extract of A. dhofarica con-
tains several secondary metabolites such as tannins, alka-
loids, ellagic acids, polyphenols, and flavonoids, which 
are known to possess antimicrobial activity against several 
clinical isolates [51]. Similarly, Withania somnifera (Solan-
aceae) is known for its pharmacological applications since 

ancient times. Several studies have reported the efficacy 
of W. somnifera as an antimicrobial, antioxidant, and anti-
inflammatory agent [52]; antidepressant [53]; and for anti-
cancer activities [54]. The leaf extract of W. somnifera leaves 
contains several secondary metabolites such as alkaloids, 
anthocyanin, flavonoids, and other polyphenols, which are 
known to have antimicrobial activities [55]. Although the 
potential biological activities of the extracts of A. dhofarica 
and W. somnifera have been evaluated either in the complete 
or partially purified forms, their loading into an appropri-
ate substrate could benefit from enhancing their therapeutic 
value. For instance, BC as a matrix has been extensively 
evaluated for its drug loading and controlled release behav-
ior [20], as well as a matrix having regenerative potential 
when doped with biologically active materials [36]. Moreo-
ver, the unique surface chemistry allows its chemical inter-
action with a range of materials, while its unique fibrous 
network allows the impregnation of a variety of materials. 
Thus, BC could serve as an ideal substrate for making bioac-
tive materials with plant extracts.

This study was aimed to investigate and utilize the anti-
microbial activity of the extracts of A. dhofarica and W. 
somnifera by developing their composites with BC for their 
potential biomedical applications. The extracts of both plants 
were obtained and ex situ incorporated into the BC matrix, 
and their in vitro antibacterial activities were evaluated 
against Gram-negative and Gram-positive bacterial strains.

2 � Materials and methods

2.1 � Materials

The leaves of A. dhofarica and W. somnifera were collected 
from the Dhofar region, Oman. The fruit wastes were col-
lected from the local market of Salalah, Oman. All fruit 
wastes were autoclaved and blended to extract their juice. 
The extracted juice was filtered and heat-sterilized in an 
oven at 70 ℃ for 6 h. The pH of juice was adjusted to 5 
(optimum pH for growth of Gluconacetobacter hansenii and 
BC production) through dropwise addition of 0.1 N NaOH. 
Other chemicals used in experiments, including glucose, 
peptone, acetic acid, sodium hydroxide, succinic acid, and 
agar were obtained from Sigma-Aldrich (USA) and used 
without further treatment.

2.2 � Microbial cultures

G. hansenii was used as the BC-producing strain, and was 
cultured on MA medium as described earlier [56]. The 
Gram-negative Escherichia coli and Gram-positive Staphy-
lococcus aureus strains were used as the representative 
bacterial strains for the determination of the antibacterial 
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activity of BC-based composites. The E. coli and S. aureus 
strains were cultured in sterilized Luria–Bertani broth (2 
wt.%) in a bacteriological shaking incubator at 37 °C and 
200 rpm for 24 h.

2.3 � BC production, harvesting, and purification

BC sheets were produced in sterilized rectangular containers 
by using fruit wastes as the production medium. Briefly, 1 L 
medium was inoculated with 5% pre-culture of G. hansenii. 
The containers were covered with cotton caps to allow air 
penetration and incubated statically at 30 °C. After 7 days, 
the BC sheets produced at the air-medium interface were 
harvested and treated with 0.3 N NaOH solution for 15 min 
at 103 kPa and 121 ℃ to disrupt and dissolve the bacterial 
cells and debris. The sterilized sheets were washed several 
times with distilled water until the pH became neutral and 
stored at 4 ℃ for further use.

2.4 � Soxhlet extraction of plant bio‑extracts

The collected plant leaves were shade-dried for 10 to 15 days 
and then mechanically grounded. The obtained powder was 
put in a soxhlet extractor for up to 5 h using ethanol as the 
solvent. Ethanol was removed using a rotary evaporator that 
yielded a dark greenish-brown residual mass. The residual 
extracts were dried, weighed, and stored at 4 °C for further 
use.

2.5 � Minimum Inhibitory Concentration (MIC) 
and Minimum Bactericidal Concentration (MBC) 
of A. dhofarica and W. somnifera

The MIC and MBC of extracts of A. dhofarica and W. som-
nifera were determined following a reported protocol [57]. 
Briefly, twofold serial dilution of plant extracts in concentra-
tions ranging from 25 to 0.195 mg/mL of W. somnifera and 10 
to 0.078 mg/mL of A. dhofarica with adjusted cell densities of 
each 1 × 108 CFU/mL (0.5 McFarland’s standard) was used for 
determination of MIC against S. aureus. Similarly, an initial 
concentration of 100 mg/mL of extracts of both plants was 
taken according to the twofold serial dilution of the extract 
for determination of MIC against E. coli. The cultures of both 
bacterial strains without bio-extracts were used as the posi-
tive control while pure respective liquid media were used as 
the negative control. All samples were incubated overnight 
at 37 °C. The experiments were performed in replicates, and 
the mean values of three experiments were recorded (n = 3) 
with standard deviation. The visual turbidity of the tubes was 
observed before and after the incubation to confirm the MIC 
values. After the MIC determination of the plant bio-extracts, 
100 μL from all tubes was seeded on LB agar plates and incu-
bated overnight at 37 °C. The MBC endpoint was recorded 

at 99.9%, indicating the killing of the bacterial population by 
the lowest concentration by an antimicrobial agent. This was 
done by observing the growth on the plates before and after the 
incubation for the presence or absence of bacterial colonies.

2.6 � Ex situ preparation of BC/bio‑extract 
composites

The dried extracts of A. dhofarica and W. somnifera were dis-
solved in distilled water at 20 wt.% for developing compos-
ites with BC. The composites were ex situ prepared through 
immersion of BC sheets of dimension 4 cm × 3 cm in the plant 
extracts in a beaker followed by magnetic stirring for up to 
24 h. The BC/bio-extracts sheets were taken out and placed 
on the filter paper to remove excess solvent. The BC com-
posites prepared with A. dhofarica and W. somnifera were 
named BC-A and BC-W, respectively. The composites were 
freeze-dried for morphological and physiological analyses and 
antibacterial activity assay.

2.7 � Characterization of BC/bio‑extract composites

The BC-A and BC-W composites prepared under the same 
conditions along with pristine BC were characterized for dif-
ferent properties. The structural morphology of freeze-dried 
BC, BC-A, and BC-W was observed using field-emission 
scanning electron microscopy (FE-SEM, Hitachi S-4800 and 
EDX-350, Horiba, Tokyo, Japan). The samples were fixed onto 
a brass holder and coated with osmium tetroxide (OsO4) using 
a VD HPC-ISW osmium coater (Tokyo, Japan) before FE-
SEM observation. FTIR spectra of all samples were recorded 
in the spectral range of 4000 to 400 cm‒1 using a PerkinElmer 
FTIR spectrophotometer (Spectrum GX & Autoimage, USA). 
The XRD patterns of the samples were recorded in the spectral 
range of 0 to 80° by using an X-ray diffractometer (X’Pert-
APD PHILIPS, Netherlands) with radiation of CuK-α of  
wavelength 1.54 Å. The X-ray generator tension and current 
were fixed at 40 kV and 30 mA, respectively. The crystallin-
ity of pristine BC-A and BC-W, along with pristine BC, was 
calculated by using the below Eq. (1):

where Acr and Aam represent the integrated areas of the crys-
talline and amorphous peaks, respectively, obtained after the 
deconvolution of experimental patterns [58].

2.8 � Absorption capabilities of composites

BC and BC-based BC-A and BC-W composites were 
tested for their water absorption capabilities. Briefly, the 
samples were cut into 4 cm × 3 cm rectangular pieces and 

(1)X
c
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A
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cr
+ A
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× 100
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freeze-dried for water holding capacity (WHC) and water 
retention time (WRT) analysis. The freeze-dried samples 
were dipped in water for rewetting under static conditions at 
ambient temperature. By attaining the completely wet state 
(stabilized wet weight), the samples were removed and ana-
lyzed for WRT. The weights of all samples were determined 
at different time intervals at ambient temperature until reach-
ing a stable weight. The samples were then kept in the oven 
to ensure complete water removal before calculating their 
WHC by using the below Eq. (2) [59]:

2.9 � Antibacterial activity

The antibacterial activity of BC-A and BC-W was evaluated 
against Gram-negative E. coli and Gram-positive S. aureus 
by different methods, as detailed.

2.9.1 � Disc diffusion assay

Antibacterial activity of BC and BC-based composites was 
evaluated by disc diffusion assay. Briefly, the composites 
BC-A and BC-W and negative control (pure BC) were cut 
into round discs of 6-mm diameter and sterilized under UV 
for 2 h for performing the antimicrobial assay. The ampicil-
lin antibiotic discs were used as the positive control. For 
analysis, the respective bacterial strains were suspended in 
LB broth and diluted to the turbidity of 0.5 McFarland stand-
ards. Then, a 100 μL bacterial suspension was evenly spread 
over LB agar medium plates to form a culture lawn. Now, the 
sterile composite discs and both negative and positive con-
trols were placed onto the culture agar plates and incubated 
overnight at 37 °C. The antibacterial activity was assessed 
by measuring the diameter of zones of inhibition formed by 
the composites relative to the controls.

2.9.2 � Plate count method

The antibacterial activity of BC-A and BC-W relative to the 
controls was also evaluated through the plate count method, 
as reported previously [36]. Briefly, 0.25 g of each sample 
was added to 10-mL culture media of both E. coli and S. 
aureus maintained at a density of 1 × 108 to 2 × 108 CFU/
mL and turbidity of 0.5 McFarland standards, screw-capped, 
and incubated overnight at 37 °C. The treated bacterial sus-
pensions containing composites were serially diluted, and 
then 100 μL bacterial suspension from each serially diluted 
solution was spread on the agar plates. The plates were 
then incubated overnight at 37 °C, and then the numbers of 

(2)

Water holding capacity =
Mass of water removed during drying (g)

Dry weight of BC sample (g)

colonies were counted. The antibacterial activity of BC-A 
and BC-W composites was determined using the below 
Eq. (3):

where Sp and Sm represent the number of bacterial colonies 
from pure BC and BC-based composites, respectively.

3 � Results and discussion

3.1 � Production of BC and its composites 
with bio‑extracts

Despite its excellent features and potential for diverse and 
broad-spectrum applications, the widespread and com-
mercial applications of BC have been limited by its low 
yield and productivity and high production cost. Herein, 
we attempted to cost-effectively produce BC by utilizing 
the fruit wastes as the potential carbon source and culture 
medium. We utilized orange wastes as the raw source for 
BC production, as illustrated in Fig. 1. It was observed that 
under static cultivation, a thin layer of BC was developed at 
the air-waste juice interface on the second day of cultiva-
tion. The thickness of the sheets increased with time, and it 
turned into a thick film on the 7th day of cultivation. We also 
utilized the same approach and produced BC from waste car-
rots, melon, apple, coconut, and tomatoes (data not shown 
here). It has already been reported that fruit juices, including 
orange juice, are the rich sources of fructose and glucose, 
which serve as the substrate for the growth of BC-producing 
microbial cells. The BC-producing microorganisms utilize 
the fruit wastes not only as food for growth and multiplica-
tion but also as a carbon source for the production of organic 
materials such as BC [4]. This utilization of wastes as carbon 
sources is not only advantageous for cost-effective produc-
tion but also leads to overwhelming environmental concerns 
regarding the safe disposal of different food wastes. The 
findings of this study are in conjunction with our previously 
reported study where we utilized multiple wastes and cheap 
local resources for BC production [4]. The BC production 
through simple static cultivation indicates that upgrading 
the system to fed-batch cultivation could further enhance 
the yield and productivity of BC.

We further developed antimicrobial BC-based com-
posite extracts of A. dhofarica and W. somnifera owing 
to the presence of several compounds like phenols, flavo-
noids, chalcones, alkaloids, and amines in the extract of 
most plants. The percentage yields of crude herbal extracts 
obtained through soxhlet extraction were 1.84 g (25.6%) of 
W. somnifera and 2.16 g (27.2%) of A. dhofarica. The initial 

(3)Reduction (%) =
sp − sm

sp
× 100
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investigation of antimicrobial activities of the extracts of 
both plants demonstrated excellent bioactivities against the 
pathogenic microorganisms. A schematic illustration of ex 
situ impregnation of plant extract into the BC matrix and 
the development of BC/plant extract composite is shown in 
Fig. 1. The porous morphology of BC and the presence of a 
number of hydrogen bonding sites allow the incorporation of 
plant extract in the BC matrix. It is anticipated that different 
chemical moieties such as alkaloids, phenols, and flavonoids 
containing the -OH, -NH, and -COOH (forming hydrogen 
bonding) groups present in the metabolites of plant extract 
would interact chemically with the OH groups on the surface 
of cellulose fibrils and form new bonds. Furthermore, these 
metabolites potentially penetrate into the internal matrix 
through physical adsorption. Both the chemical interac-
tion and physical adsorption lead to formation of composite 
materials. A naked-eye observation of freeze-dried samples  
shows a clear change in color from white (for BC) to blackish- 
brown (for composite). This change in color indicates  
a successful impregnation of the plant extract into the BC 
matrix, which is further verified through FE-SEM observa-
tion (see Sect. 3.3 for details). The surface attachment of 

plant extract with BC and further integration into its matrix 
is expected to impart bactericidal features to the BC/bio-
extract composites, as reported elsewhere [37, 42–46].

3.2 � FTIR and XRD characterization of BC‑based 
composites

FTIR analysis was carried out to confirm the purity of BC, 
the successful synthesis of BC-A and BC-W composites, 
the nature of chemical interactions between the functional 
groups of BC and the plant extract, and the impact of the 
addition of plant extract on the chemical structure of BC. 
The comparative spectra of pristine BC, BC-A, and BC-W 
are shown in Fig. 2A. The FTIR spectrum of pristine BC 
shows all characteristic peaks of cellulose. A broad peak for 
OH stretching centered at 3290 cm−1 indicates the strong 
hydrogen bonding in BC [60]. Similarly, the peaks for CH 
stretching and bending vibration appeared at 2890 cm−1 and 
1453 cm−1, respectively. The peak around 1620 cm−1 could 
be attributed to the HOH bending vibration of the absorbed 
water. The typical carbon skeleton peak for COC vibration 
appeared in the fingerprint region around 1000 cm−1. The 

Fig. 1   A schematic representation of BC production from fruit wastes and obtaining plant extract, and further ex situ development of BC/plant 
extract composites
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typical cellulose peak pattern confirms the purity of BC pro-
duced by utilizing fruit waste, showing its effectiveness as a 
carbon source. Further, the absence of any additional func-
tional groups in the FTIR spectrum of BC verifies the effec-
tiveness of the post-synthesis processing of BC via treatment 
with 0.3 N NaOH and washing with water. The FTIR spectra 
of BC-A and BC-W composites showed characteristic peaks 
of cellulose as well as additional peaks, however, with slight 
variation in peak position and intensity. The FTIR spectra 
of both BC-A and BC-W composites show an additional 
peak centered at 3350 cm−1, which could be attributed to the 
NH stretching of amine groups; nevertheless, this peak was 
overlapped with the peak for OH stretching of BC. Another 
additional peak appeared at 1710 cm−1 that corresponds to 
the aromatic COOH group, as the leaf extract of W. somnif-
era contains several chemical constituents such as alkaloids 
(withanine, somniferine, and withananine), flavonoids (cat-
echin, kaempferol, and naringenin), terpenoids and steroids 
(withaferin A and withanolides), and several other carbox-
ylic acids and phenols [55]. Similarly, the phytochemical 
analysis of A. dhofarica shows the presence of tannins, 
carboxylic acids, tannins (anogeissinin), stilbene (pterostil-
bene), flavonoids (quercetin and rutin), and saponins in the 
leaf extract [61]. The FTIR analysis shows the successful 
synthesis of BC-A and BC-W composites. Furthermore, the 
slight changes in the position and intensity of characteristic 
OH peak indicate an altered pattern of hydrogen bonding of 
BC when composited with the plant extracts.

XRD is an important tool used to investigate the struc-
tural features of pure polymers and microstructural changes 
engendered during the synthesis of their composites. The 
XRD patterns of pristine BC and the BC-A and BC-W 
composites are indicated in Fig. 2B. Pure BC represents 
semi-crystalline nature and its XRD spectrum contains two 
major crystalline peaks at 2θ = 14° and 22°, corresponding 

to the crystallographic planes of (110) and (200), respec-
tively. In addition, the XRD spectrum of pure BC shows an 
amorphous halo present at 2θ = 16.6° representing the non-
crystalline (amorphous) peak of BC [62]. Depending upon 
the nature of the reinforcement material, its impregnation 
into the BC matrix alters its peak pattern either by forming 
additional peaks or altering the peak intensity or pattern of 
the pristine BC. In the present study, both BC-A and BC-W  
show similar peak patterns to BC, indicating the non- 
crystalline nature of the plant extracts; however, the intensities  
of crystalline peaks were decreased. The decreased intensity 
led to reduced crystallinity of the composite. Compared to 
the high crystallinity of pristine BC (i.e., 59%), the BC-A 
and BC-W showed 53% and 50% crystallinity, respectively, 
as calculated from the relative integrated areas of the crystal-
line and amorphous regions. These results are in agreement 
with previous studies, which show that the addition of plant 
extract into the BC matrix led to altered XRD pattern and 
decreased its crystallinity [3, 63].

3.3 � Morphology and absorbing capabilities 
of BC‑based composites

Pure BC consists of a reticulated fibrous structure where 
fibrils are interconnected and form a net-shaped structure. 
This artistic arrangement of nanofibrils not only provides 
excellent mechanical and crystalline features to BC but also 
blesses it with high porosity. The porosity of never dried 
BC is reduced during the drying process due to the evapo-
ration of adsorbed water and consequent surface shrinkage 
caused by the irreversible hydrogen bonding interactions 
[64]. During the ex situ composite synthesis, the addition 
of nanoparticle suspensions, polymeric solutions, or other 
liquids penetrates the matrix of never dried BC through these 
pores and interact with the OH groups through hydrogen 

Fig. 2   (A) FTIR and (B) XRD profiles of pristine BC and BC-A and BC-W composites
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bonding interactions. The results of structural morphology, 
observed through SEM, are shown in Fig. 3. As expected, 
the pure BC surface possesses a fibrous network structure. 
The nanoscale fiber diameter and number of empty spaces 
are clearly visible in pure BC. On the other hand, both BC-A 
and BC-W composites show the attachment of extract of 
the respective plant on the BC surface, which leads to the 
closure of surface pores. It is likely that the plant extract 
further penetrates into the BC matrix besides the attachment 
to the surface. The SEM micrographs also indicate that the 

BC-W surface was comparatively dense than the BC-A, and 
the porous surface was almost covered. These observations 
were further supported by the cross-sectional view of the 
pristine BC and the BC-A and BC-W composites. The cross-
sectional view of the composites shows a more packed fibril 
arrangement than the pristine BC, indicating the impregna-
tion of plant extracts into the BC matrix. Specifically, the 
cross-sectional view of BC-W shows a more packed arrange-
ment than BC-A, which is in accordance with the surface 
morphologies of both composites. Altogether, the structural 

Fig. 3   Surface and cross-sectional morphology of pure BC, BC-A, and BC-W composites observed through field-emission scanning electron 
microscopy
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features of BC/bio-extract composites are in agreement with 
our previously developed BC-based composites with differ-
ent plant extracts [65, 66].

The liquid-absorbing capability of BC has been well 
investigated. Owing to the hydrophilic nature and sub-
stantial porosity, BC effectively absorbs a variety of liquid 
materials, especially hydrophilic, and demonstrates a high 
liquid holding capability. It has been reported that pure BC 
can hold even more than 100 times of its dry weight water 
[59, 66]. However, the liquid holding capability of BC is 
entirely dependent on its structural morphology, such as fibril 
arrangement and porosity, which in turn vary greatly with 
the production process and post-synthesis processing condi-
tions [67]. Moreover, the incorporation of different mate-
rials such as polymers, nanoparticles, and other chemicals, 
causes modification in the native structure of BC and thus 
affects its absorption capabilities to some extent. We ana-
lyzed the WHC and WRT of both pure BC and BC-A and 
BC-W composites, and the results are shown in Fig. 4A. The 
results of WHC indicated that pristine BC held 120 times 
more water of its dry weight, which was much higher than 
BC-A (87 times) and BC-W (75 times) composites. These 
results indicate that the addition of plant extracts into the BC 
matrix reduced its WHC, which could be attributed to the 
occupation of free spaces between the cellulose fibers and the 
interaction of different chemical groups in the extracts with 
the OH groups in BC. The high liquid holding capacity of 
BC is advantageous for biomedical applications, for example, 
to absorb the exudates at the wound site when used as the 
wound dressing material [33]. The WRT, on the other hand, 
exhibited different behavior, and BC/bio-extract compos-
ites retained the water for a comparatively longer time. It is 
shown that pure BC lost a high percentage (80%) of water in 
just 24 h, whereas the BC-A and BC-W allowed the release of 
only 50% water at the same time. The results of the porosity 

analysis of pure BC and BC-A and BC-W composites are 
shown in Fig. 4B, which are in accordance with the results of 
WHC and WRT. The porosity analysis indicates that pure BC 
is highly porous and has a larger pore size and volume com-
pared to the BC/bio-extract composites, which is further in 
agreement with the FE-SEM observation (Fig. 3). The high 
porosity in pure BC led to high water absorbing capabilities. 
Both WHC and WRT are important features considering the 
pharmaceutical and medical applications of BC. For instance, 
a high WRT (or a slow water release rate) maintains a moist 
environment at the wound site for extended time, which is 
beneficial for wound dressing. Beside water, other liquids 
and drugs can also be loaded and retained in the BC matrix 
for its biomedical applications [59, 68, 69].

3.4 � Antibacterial assessment: the bacteriostatic 
and bactericidal activity of BC/bio‑extract 
composite films

Plant extracts have traditionally been used in antibacte-
rial applications and have played a significant role in the 
development of antibacterial leads. Phytochemical analysis 
of different plant extracts revealed the presence of several 
secondary metabolites like flavonoids, alkaloids, steroids, 
terpenoids, tannins, and phenols, which have been wit-
nessed for their impressive antibacterial activities [49, 70]. 
For instance, the extract of W. somnifera contains alkaloids, 
anthocyanin, flavonoids, and other polyphenols, which show 
antibacterial activities via a protein denaturing mechanism 
[55]. Moreover, some vital proteins (like enzymes) in dif-
ferent microorganisms undergo iron deprivation in the pres-
ence of these compounds, which ultimately leads to growth 
inhibition [71]. Similarly, the phytochemical constituents of 
genus Anogeissus have been extensively reviewed by Singh 
et al. [49], although only a few reports are available on A. 

Fig. 4   (A) Water holding capacity and retention time and (B) porosity analysis of BC and BC-A and BC-W composites
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dhofarica. For example, Marwah et al. quantified the total 
phenolic content to be 406 GAE mg/g dry weight in aque-
ous ethanolic extract of A. dhofarica tubers [50]. This plant 
also contains tannins and ellagic acids, which have been 
traditionally used as antiseptic and in the treatment of sores 
[50]. Polyphenols and tannins present in the plant extract 
are believed to bind to the bacterial cell wall receptors and 
inhibit the enzymes involved in cellular metabolism, and 
thus causing membrane disruption. Similarly, the flavonoids 
present in the plant extract bind to the cell wall receptors 
and make complexes, and thus inhibiting the release of auta-
coids and prostaglandins, which are necessary for microbial 

metabolism [72, 73]. The antibacterial activity of leaf extract 
of A. dhofarica against several clinical isolates has already 
been reported [51].

Considering the abovementioned reports, the antibacte-
rial activities of both plant extracts were evaluated against 
E. coli and S. aureus, and the results clearly indicated sub-
stantial bactericidal effects against both pathogenic bacteria. 
Figure 5A depicts the MIC determination of A. dhofarica 
and W. somnifera extracts against S. aureus, where no vis-
ible growth was observed after the 6th tube. The MIC of A. 
dhofarica was found to be 0.312 mg/mL against S. aureus 
while W. somnifera exhibited MIC value of 0.781 mg/mL.

Fig. 5   A MIC determination of A. dhofarica and W. somnifera extracts against S. aureus. B MBC determination of A. dhofarica and W. somnif-
era extracts against S. aureus 
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Although the MIC results display no visible growth up 
to the 6th tube, their subsequent plating gave few colonies 
in the 3rd plate giving MBC values (Fig. 5B). It could be 
concluded from these results that A. dhofarica has greater 
killing activity towards S. aureus with an MBC value of 
5 mg/mL corresponding to the 2nd agar plate. Similarly, 
W. somnifera showed an MBC value of 12.5 mg/mL cor-
responding to the 2nd plate.

MIC results of both A. dhofarica and W. somnifera 
extracts against E. coli are shown in Fig. 6A. MIC of A. 
dhofarica was found to be 6.25 mg/mL, where no visible 
growth was observed after the 5th tube corresponding to 
the 6.25 mg/mL concentration while W. somnifera exhib-
ited an MIC value of 25 mg/mL, where 3rd tube having 
the same concentration of compounds depicted no visible 
growth. Subsequent plating of MIC vials gave MBC values 

for two extracts (Fig. 6B). A. dhofarica was found to be 
more active with an MBC value at 12.5 mg/mL, while W. 
somnifera exhibited MBC at a concentration of 50 mg/mL.

The overall results of MIC and MCB for both plant 
extract against Gram-positive and Gram-negative bacterial 
species are in accordance with some previous reports. For 
example, the ethanolic extract of A. dhofarica was found to 
be active against S. aureus at a concentration of 0.250 mg/
mL and against E. coli at 1 mg/mL observed through the 
agar dilution-streak method [50]. Similarly, Mwitari et al. 

Fig. 6   A MIC determination of A. dhofarica and W. somnifera extracts against E. coli. B MBC determination of A. dhofarica and W. somnifera 
extracts against E. coli 

Fig. 7   A Disc diffusion assay of BC-A and BC-W against S. aureus 
and E. coli. Pure BC discs (white) were used as the negative control, 
while ampicillin discs were used as the positive control in each case. 
B The reduction (%) in the number of E. coli and S. aureus colonies 
after treatment with BC-A and BC-W composites

◂
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reported the MIC of W. somnifera dichloromethane extract 
against S. aureus at 6.25 mg/mL by the paper disc technique 
[74] while methanolic extract of leaves was active against E. 
coli at MIC values of 12.5 mg/mL [75].

Despite the impressive physical, mechanical, and bio-
logical features of BC, its wide applicability for therapeutic 
applications has been limited by its non-bactericidal nature. 
Herein, we aimed to impart antibacterial features to BC by 
making its composites with bioactive plant extracts obtained 
from A. dhofarica and W. somnifera. There have already 
been some reports on imparting bactericidal activity to BC 
by combining it with different materials such as nanomateri-
als, polymers, peptides, and enzymes [76–80], which pos-
sess antimicrobial activities; however, its combination with 
active plant extract has been rarely reported [46, 81]. In the 
present study, we incorporated the extracts of two plants, A. 
dhofarica and W. somnifera, into the BC matrix for the first 
time and evaluated the antibacterial activities of the result-
ing composites against model pathogenic bacterial strains, 
E. coli and S. aureus, through disc diffusion assay and plate 
count technique, and the results are shown in Fig. 7A, B, 
respectively. In comparative antimicrobial activity testing 
among the two BC/bio-extract-based composites and pure 
BC (negative control) BC, the BC-based composite with A. 
dhofarica showed the highest antibacterial activity and pro-
duced an inhibition zone of 13 mm against S. aureus, while 
W. somnifera only produced an inhibition zone of 6 mm 
against S. aureus. This could be due to the greater antibac-
terial efficacy of A. dhofarica extract itself as evident in MIC 
assay of the two extracts, where MIC of A. dhofarica was 
found to be 0.312 mg/mL against S. aureus while W. somnif-
era exhibited MIC value of 0.781 mg/mL. The antibacterial 
activity of Anogeissus species is mostly due to the presence 
of phenolic compounds which possess antioxidant activity, 
while some species also show cytotoxic activity by lysing 
the cellular barrier, attack the respiratory chain, or interfere 
the synthesis of biological molecules such as nucleic acids, 
proteins, lipids, and carbohydrates [40].

The inhibition zone produced by BC-A was somewhat 
comparable to that produced by the ampicillin (positive con-
trol), indicating its commercial potential against diseases 
caused by S. aureus, especially the multi-drug resistant S. 
aureus [77]. However, none of the composites showed any 
activity against E. coli. As expected, the unmodified BC did 
not produce any inhibition zone against either bacterial spe-
cies, thus confirming its non-bactericidal nature and indicat-
ing that the inhibition zones were solely produced by the bio-
active functional groups from the plant extracts. The images 
of the zone of inhibition produced by different BC-based 
composites against E. coli and S. Aureus are shown in Fig. 7A.

The plate count method further revealed that both BC-A 
and BC-W composites exhibited very high growth reduction 
and reduced the growth of S. aureus up to 99% and 97%, 

respectively, in only 24 h. However, both composites only 
showed 53% and 47% reduction, respectively, against E. coli 
(Fig. 7B). The results of the plate count method are in agree-
ment with the disc diffusion analysis.

Results of both assays are in agreement with each other, 
where A. dhofarica exhibited greater antibacterial activity 
in extract comparable to MIC of 0.312 mg/mL against S. 
aureus, which is evident in BC-based composite activity 
with 100% reduction in bacterial colonies. A similar pat-
tern was followed by W. somnifera extracts, which were 
found to be comparatively less active at extract level with 
a comparatively lower MIC value of 0.781 mg/mL against 
S. aureus displaying a 97% reduction in composite activity. 
Both BC-A and BC-W composites were less active against 
E. coli. The findings of the current study are supported by 
few earlier reports. For example, Sharma et al. reported a 
moderate level of antibacterial activity of BC loaded with 
W. somnifera against E. coli [36]. Other cellulose sheets 
modified with bioactive plant extract have shown bacteri-
cidal activities against S. aureus and E. coli. The BC films 
modified with herbal extracts of Momordica charantia and 
Tridax procumbens showed antibacterial activity against E. 
coli and S. aureus. Similarly, the M. charantia–modified BC 
was found to be active against S. aureus and E. coli by pro-
ducing inhibition zones of 25 mm and 24 mm, respectively, 
while T. procumbens–modified BC films produced inhibition 
zones of 21 mm and 20 mm against S. aureus and E. coli, 
respectively [42]. The antibacterial efficacy of A. dhofarica 
and W. somnifera composites with BC developed in this 
study was profound, where 99% and 97% reduction in bac-
terial growth was recorded, which endorses their potential 
for biomedical applications, such as developing antibacterial 
wound dressing materials.

4 � Conclusions

In the current study, we ex situ developed green antibac-
terial BC-based composites with bioactive natural plant 
extract for potential biomedical applications. The plant 
extract exhibited high activities at the extract level, as 
observed with their MIC and MBC levels. The extracts 
were facilely incorporated into the BC matrix through 
the ex situ penetration strategy, as indicated by the SEM 
observation and porosity analysis. Both BC-A and BC-W 
composites exhibited a high level of bactericidal activi-
ties against S. aureus, and a moderate level of activities 
against E. coli. Both composites held a substantial amount 
of water and retained it for an extended time, which could 
augment their applications in the biomedical field, espe-
cially in the development of wound dressing materials 
where the developed dressing could absorb the wound 
exudates and release the loaded drug for an extended time.
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