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A B S T R A C T   

Crystalline nanocellulose (CNC) was derived from banana pseudostem using acid hydrolysis method. CNC was 
characterized by scanning electron microscope, Fourier transformed infrared spectroscopy and X-ray diffraction. 
CNC was found in nanometric dimensions (18.79 ± 5.30 nm diameter and 202.12 ± 37.43 nm length) and 
exhibited high degree of crystallinity (81.67%). Chitosan-CNC based antimicrobial nanocomposites films were 
prepared by the incorporation of tetracycline and showed well-demarcated zone of inhibition against Staphy-
lococcus aureus and Escherichia coli. Chitosan-CNC nanocomposite films showed significantly (p < 0.05) high 
tensile strength and good swelling properties in comparison to control CNC films. This study suggests that banana 
pseudostem can be used as a raw material for economic production of CNC and nanocomposites for biomedical 
applications.   

1. Introduction 

Currently, about 2.1 billion metric tons of municipal solid waste is 
produced annually worldwide and global concern for waste manage-
ment is increasing (Kaza, Yao, Bhada-Tata, & Van Woerden, 2018). 
Banana (Musa sapientum L) is one of the most abundant available fruits 
in tropical region and considered as an important global food crop and 
export commodity (Sitthiya, Devkota, Sadiq, & Anal, 2018). Annually, 
115 million tons of banana is produced globally (FAOSTAT, 2018) and 
massive agro-industrial waste is generated from banana byproducts. The 
conversion of agro-industrial wastes to valuable products is really 
challenging and getting attention around the globe as it can minimize 
the environmental hazards (Hiranrangsee, Kumaree, Sadiq, & Anal, 
2016; Sitthiya et al., 2018). Agricultural waste such as pseudostem of 
banana can be a sustainable and cheap source of biomaterials for 
biomedical applications. 

Cellulose, a linear polymer of β-D glucose is the main constituent of 
cell wall in plants and cellulose chains are generally embedded in non- 
cellulosic matrix like hemicellulose and lignin. Therefore, it is essential 
to release the cellulose from non-cellulosic materials and cleaved into 
nanoscale dimension for its further applications (Haldar & Purkait, 
2020). This can be achieved by sequence of chemical (strong alkali/ 
acid) and/ or mechanical treatment (sonication, centrifugation, steam 

explosion). Cellulose is one of the most abundant and sustainable bio-
materials with annual production of over 7.5 × 1010 tons in the 
biosphere (Habibi, 2014). The cellulose based nanomaterials have wide 
range of application in biomedical, packaging, coatings, cosmetics etc. 
(Gupta & Shukla, 2020). 

Nanomaterials- based carriers in a system have shown enhanced in 
vitro and in vivo drug delivery (Ouyang et al., 2020). Crystalline nano-
cellulose (CNC) is nanomaterial of interest in developing nano-
composites for drug delivery in biomedical field because of its nano 
dimension, high surface area, hydrophilicity, biocompatibility and 
biodegradability (Hasan et al., 2020). Tetracycline is a broad-spectrum 
antibiotic and has been extensively used for wound healing and 
topical applications (Liu, Fan, Huo, Li, Liu & Li, 2021). CNC can be used 
as biomaterial for sustained drug delivery such as in bandage material 
and transdermal patches, (Galkina, Ivanov, Agafonov, Seisenbaeva & 
Kessler, 2015a). Chitosan is a linear polysaccharide derived from the 
deacetylation of chitin and it is a nontoxic biodegradable polymer with 
antimicrobial properties (Chein, Sadiq, & Anal, 2019). Chitosan dis-
persions with other bioactive compounds have been used to develop 
food packaging (Sheikh, Mehnaz, & Sadiq, 2021). The composite 
packaging films reinformed with nanomaterials have been used for the 
preservation of food products (Iamareerat, Singh, Sadiq & Anal, 2018). 
Chitosan films have poor mechanical properties, however functional 
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properties of chitosan based composite films can be improved by rein-
forcement of CNC (HPS et al., 2016). 

Plenty of research have been made on extraction of CNC from 
lignocellulosic waste to be used as reinforcing agent in packaging ma-
terials. To develop suitable bio-nanocomposite for packaging purpose, 
researchers have extracted CNC from different agro-industrial waste 
such as Enteromorpha prolifer (Kazharska et al., 2019), vine shoots (El 
Achaby, El Miri, Hannache, Gmouh, & Aboulkas, 2018), tobacco stem 
(Shi, Liu, Jiang, & Liu, 2020), rice straw (Perumal, Sellamuthu, Nam-
biar, & Sadiku, 2018) and palm trunk (Lamaming, Hashim, Leh, Sulai-
man, & Lamaming, 2019). Sugarcane bagasse fibers, alfa fibers and 
algae waste have also been used to develop biocomposite films (Kassab, 
Hannache, & El Achaby, 2019). Banana waste have also been used to 
extract CNC to develop packaging films (Pereira et al., 2014). However, 
biomedical applications of CNC derived from banana pseudostem have 
not been reported yet. The current study aims for the isolation and 
characterization of CNC from banana pseudostem and its application in 
the development of antibiotic loaded CNC based antimicrobial film. 

2. Material and methods 

2.1. Materials 

Banana pseudostems were obtained from the Agriculture Research 
Farm, Asian Institute of Technology (AIT), Thailand. All other chemicals 
used were of analytical grade and obtained from Sigma-Aldrich (St. 
Louis, MO, USA). 

2.2. Extraction of crystalline nanocellulose from banana pseudostem 

Chopped banana pseudostem chips (1–3 cm) were oven dried at 
50 ◦C for 48 h, grounded and sieved to obtain fine (< 180 μm) powder 
(BPP). Extraction of CNC was conducted by following the method 
described by Mandal and Chakrabarty (2011) with some modifications 
(Fig. 1). Dried BPP was bleached with 0.7% NaClO2 (w/v) with substrate 
loading ratio of 1:50 (Fiber: liquid) in boiling condition (100 ◦C) for 5 h 
and pH 4 was maintained. The process was followed by subsequent 
filtration through Whatman filter paper 1 and washing of bleached BPP 
with distilled water until neutral pH was attained. Thus, obtained 
neutral BPP was further treated with 5 % (w/v) sodium sulfite (Na2SO3) 
solution with substrate loading ratio of 2:1 (pulp: liquid) for 5 h in 

boiling condition. 
Bleached BPP was again treated with 250 ml NaOH (17.5%, w/v) at 

boiling condition for 5 h, followed by subsequent washing of residue to 
achieve neutral pH (7). Thus, treated BPP was then air dried at room 
temperature (25 ◦C) and treated with 50 ml of dimethyl sulfoxide 
(DMSO) at 80 ◦C for 3 h using water bath (WNB 14 Memmert GmbH +
Co. KG, Germany) and subsequent washing of cellulosic material till 
neutral pH was obtained. 

Alkali treated BPP was hydrolyzed with 60% (w/v) H2SO4 with 
substrate loading (Fiber: liquid) ratio 1:20. Hydrolysis was executed in 
hot plate (H+P variomarg monotherm, Switzerland) at 50 ◦C for 5 h 
with continuous stirring at 600 rpm and the process was quenched by 
adding five times of additional distilled water to the reaction mix and 
cooled to 25 ◦C. The reaction mixture was then centrifuged for 10 min at 
1000 rpm (Centrikon T-324, Kontron Instrument, Milano-Italy) and the 
clear supernatant fraction was discarded and the residue was further 
centrifuged by adding distilled water. The centrifugation temperature 
was maintained 10 ◦C throughout the operation to prevent cellulosic 
sediment from heating. This process was carried out until turbid su-
pernatant was obtained and pH of suspension reached to 5. Finally, the 
suspension was sonicated by using ultrasonicator (UP200S, 200 W, 
Hielscher, Teltow, Germany) at a fixed frequency of 24 KHz for 10 min 
to obtain uniform and homogenized suspension. 

2.3. Quantification of lignocellulosic components 

Lignin, cellulose and hemicellulose contents of untreated BPP and 
chemically treated BPP were determined at each subsequent step of 
processing. The content of acid detergent fiber (ADF) was determined 
using AOAC standard method 973.18 (Helrick, 1990) and neutral 
detergent fiber (NDF) was determined using AOAC standard method 
992.16 (AOAC, 1990). Lignin content of BPP was determined by treating 
with mixture of saturated KMnO4 and lignin buffer solution (ratio 2:1) 
and weight loss of substrate was recorded. Cellulose content was 
calculated by subtracting percentage lignin from percentage of ADF. 
Similarly, hemicellulose was calculated by subtracting NDF % from ADF 
% (Sanjay, Siengchin, Parameswaranpillai, Jawaid, Pruncu & Khan, 
2019). 

Fig. 1. Schematic diagram for the extraction of crystalline nanocellulose from banana pseudostem.  
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2.4. Characterization of crystalline nanocellulose 

2.4.1. Scanning electron microscopy (SEM) 
Morphological study of CNC was performed using field emission SEM 

(VERSA 3D™, FEI, USA). Aqueous solution (0.27 %) of CNC was casted 
into acrylic plate and oven dried to prepare thin film of CNC. The 
samples were then gold coated using sputtering technique and scanning 
electron photomicrographs were taken at an accelerated voltage (5 KV). 

2.4.2. Fourier transform infrared (FTIR) spectroscopy 
Fourier transform infrared (FTIR) spectra of CNC including BPP, 

bleached BPP and alkali treated BPP was determined using Nicolet6700 
(Thermo scientific) at attenuated total reflectance (ATR) mode from 
500–4000 cm− 1. A total of 64 scans in the range of 500–4000 cm− 1 were 
recorded. 

2.4.3. X- ray diffraction (XRD) 
Crystallinity index of untreated fiber and CNC was determined using 

X-ray diffraction by using X-ray diffractometer (PANalytical X’Pert PRO, 
UK). Scanning was performed at 2θ range in the wide variation of 
4 ◦–40 ◦ using CuKα as a source of radiation (λ = 0.1539 nm) and 
operating voltage of 40 KV tube voltage and 30 mA current. 

2.5. Preparation of chitosan-CNC composite films 

Polymer solution for composite film was prepared by following the 
method of Galkina, Ivanov, Agafonov, Seisenbaeva and Kessler (2015b), 
with some modifications (Fig. 2). The aqueous solution of butane tetra 
carboxylic acid (0.644 g/L), sodium hypophosphite (0.2420 g/L) and 
chitosan (0–5 %, w/v) were added to CNC (0.27 %, w/w) with contin-
uous stirring at 70 ◦C for 2 h. The obtained solution was mixed with 
polyvinyl alcohol (PVA, 3 %) and further mixed for another 3 h 
continuously. The process was followed by subsequent addition of 
tetracycline (0.0131 g/L) and continuous stirring at 60 ◦C for 3 h. 

The obtained polymer solution was developed into nanocomposite 
film by solution casting method as described by Chen, Lawton, 
Thompson & Liu (2012) with slight modifications. The polymer solution 
(40 mL) was poured into 6 × 6 × 2.5 mm3 acrylic casting plates and 
allowed to set in vacuum dryer at 45 ◦C to prevent air bubbles and 
surface defects. The dried films were removed from casting plates after 
24 h and kept in desiccator until constant weight was obtained. The 
prepared films were then cut into stripes (1.5⨯8 cm2) to analyze the 
mechanical properties and cut into circular discs (2.5 cm diameter) for 
antibacterial assay. Each dick was loaded with 235 μg of tetracycline. 

Four different nanocomposites were made using different concen-
trations of chitosan (0, 2, 5% w/w). The addition of chitosan above 2% 
was found to have undesirable swelling effect with distortion of film 
original shape and size. The nanocomposites with 2% chitosan showed 
higher stability, uniform appearance and used for the evaluation of 
thermal, mechanical and antibacterial properties. Control chitosan (2%) 
film and PVA (3%) film were also prepared by solution casting method. 

2.6. Physical and mechanical properties of nanocomposite film 

2.6.1. Film thickness 
Thickness of nanocomposite film was determined using micrometer 

(Mitutoyo-Japan) with 0.01 mm sensitivity. Film thickness was 
measured in five different areas on the film and actual measurement was 
obtained by taking average. 

2.6.2. Swelling index 
Dried films of CNCs, PVA and chitosan were dipped into 0.02 M 

citrate buffer (pH 5.7) and weight of film was recorded at 15 min in-
terval until constant weight obtained. Citrate buffer (pH 5.7) was used as 
wetting medium to imitate the human skin pH condition. Before taking 
weight, excess moisture from the film was removed by wiping with 
blotting paper. Swelling index was calculated using following Eq. (1) 
(Baskar & Kumar, 2009). 

Fig. 2. Schematic diagram for preparation of Chitosan-CNC nanocomposite from nanocellulose.  
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swelling index (%) =
weight of wet film − weight of dry film

weight of dry film
× 100 (1)  

2.6.3. Tensile strength and elongation break point 
Mechanical behavior of nanocomposite film was measured by using 

Texture Analyzer (TA.XTplus, UK) with loading cell of 500 N. Tensile 
strength and elongation at break were determined according to the 
testing method ASTM-D 882 (ASTM, 1990). The films (60 × 20 mm2) 
were oven dried (50 ◦C for 5 h) and cooled in desiccator before analysis. 

2.7. Thermo gravimetric analysis (TGA) 

Thermal properties of nanocellulose and nanocomposite films were 
determined using LECO TGA 701(Hazel Grove, UK). The sample (1 g) 
was heated at increasing temperature of 20 ◦C/ min in nitrogen atmo-
sphere. Volatile mass and weight loss at wide range of temperatures 
(30 ◦–900 ◦C) was calculated for BPP, alkali treated fiber, nanocellulose 
and nanocomposites. 

2.8. Antibacterial activity of nanocomposite film 

The antimicrobial effect of nanocomposite film was determined 
against Escherichia coli and Staphylococcus aureus as described by 
Matuschek, Brown, and Kahlmeter (2014). The bacterial strains were 
acquired from Thailand Institute of Scientific and Technological 
Research (TISTR), Bangkok, Thailand. Nanocomposite films containing 
chitosan (2 %, w/v), CNC (0.27 %, w/w), polyvinyl alcohol (3 %, w/v) 
and tetracycline (0.00131 %, w/v) were prepared by solution casting 
method and cut into 25 mm discs. The bacterial inoculum (107–108 

CFU/ mL) was swabbed onto the surface of Mueller Hinton agar (Sigma 
Aldrich, USA) plate and drug loaded nanocomposite film was positioned 
on the center of the plate. After 18 h of incubation, each plate was 
examined for zone of inhibition. 

2.9. Statistical analysis 

One-way analysis of variance (ANOVA) and Tukey HSD tests were 
performed to find the significant differences among different treatments 
(P < 0.05) using statistical software package (SPSS, version 23, USA). 

3. Results and discussion 

3.1. Effect of chemical treatments on lignocellulosic components of BPP 

Different pre-treatment steps were effective for gradual removal of 
cementing material of the fiber and increase in cellulosic mass 
throughout the treatment steps. The treatment process was able to 
increase the cellulosic content from 32.09 to 84.05% while hemi-
cellulose content (31.61%) and lignin (18.57%) were reduced to less 
than 1 %. It was evinced that bleaching (NaClO2, 0.7 W/V %) 
removed most of lignin (from 18.57 to 1.10 %) and some of hemi-
cellulose (from 31.61 to 14.32 %). Since lignin is alkali soluble 
organic compound, bleaching decreased the percentage of lignin in 
treated fiber (Abraham et al., 2011). Hemicellulose was significantly 
decreased (from 14.32 to 1.81 %) on sulphation using sodium sul-
phite (Na2SO3, 5 W/V %) while treatment with alkali (NaOH, 17.5 
W/V %) and DMSO helped in further removal of hemicellulose and 
lignin (Table 1). However, alkali treatment and bleaching did not 
alter the crystallinity of cellulose (Mahardika, Abral, Kasim, Arief, & 
Asrofi, 2018). 

Hydrolysis removes amorphous region from cellulosic source (Zinge 
& Kandasubramanian, 2020). Acid hydrolysis (H2SO4, 60 W/V %) was 
able to increase the cellulose content from 67.43 to 84.05 % which 
indicated that besides transverse cleavage of cellulose and removal of 

amorphous region, acid hydrolysis was able to remove other 
non-cellulosic components like minerals and volatiles from lignocellu-
losic mass thus increasing the cellulose content. Furthermore, ultra-
sonication produced stable suspension and homogenous form of CNC in 
aqueous solution which as confirmed by Roman, Dong, Hirani, and Lee 
(2009). 

3.2. Characterization of crystalline nanocellulose 

3.2.1. Morphological analysis by scanning electron microscopy 
Fig. 3 (a) and (b) illustrate SEM micrograph of extracted cellulose 

with needle shaped structures having average diameter of 18.79 ± 5.30 
nm, average length of 202.12 ± 37.43 nm and aspect ratio of 11.56 ±
3.60. The nanocellulose crystals were dispersed uniformly with no ag-
gregation. (Mueller, Weder, & Foster, 2014) also obtained nanocellulose 
(width 7–70 nm and length 200–1300 nm) from banana pseudostem 
using chemical method. Zuluaga, Putaux, Restrepo, Mondragon and 
Gañán (2007) and Pereira et al., 2014 also extracted nanocellulose from 
banana pesudostem with diameter 5–7.2 nm and length 135–500 nm. 

3.2.2. FTIR analysis of crystalline nanocellulose 
Fig. 4 illustrates the FTIR spectra of CNC, alkali treated fiber, 

bleached fiber and untreated BPP. Presence of similar functional groups 
in all fiber samples justified preservation of basic chemical structure of 
cellulose fiber even after harsh alkali and acid treatments. The promi-
nent spectra at 3332–3268 cm− 1 represent stretching vibration of O-H 
bonds. 

The asymmetric stretching vibration of aliphatic saturated C-H was 
observed at 2890–2917 cm− 1. The most obvious alteration between 
spectra of BPP and fibers treated chemically was the depletion of peak 
(1736 cm− 1), which was associated with the stretching of C=O bond in 
acetyl and uronic ester groups. 

The peak at 1714 –1731 cm− 1 was due to C=O stretching vibration of 
ester bond and carboxyl C=O groups in cellulosic materials (Solikhin & 
Murayama, 2018). Stretching vibration observed at 1608–1623 cm− 1 

was due to C=C bond in lignin whereby the absorption peak at 1623 
cm− 1 was attributed to stretching of C=C bond in benzene ring. Lignin 
contributed a distinguishing peak at 1432 cm− 1 which was ascribed to 
methoxy –O-CH3 group whereas, peak intensity at 1259 cm− 1 was due to 
stretching of C-O-C in aryl-alkyl ether (Yang, Yan, Chen, Lee, & Zheng, 
2007). Lack of all these absorption peaks from the spectra of alkali 
treated fibers and CNC was ascribed to removal of most of the lignin 
during chemical treatments. 

The presence of absorption peak at 1427 cm− 1 represented the -CH2 
symmetric bending. Absorption band at that region is also called crys-
talline band (Khalil, Ismail, Rozman & Ahmad, 2001). Moreover, vi-
bration peak from 1313–1377 cm− 1 was evinced in all samples which 
was due to bending vibration of C-H and C-O bonds in cellulose, hemi-
cellulose and lignin (Le Troedec et al., 2008). The characteristics peak at 
1055 cm− 1 was designated to the presence of C-O-C stretching in the ring 
of Pyranose (Mandal & Chakrabarty, 2011) . 

3.2.3. X- ray diffraction of crystalline nanocellulose 
XRD pattern of CNC and banana pseudostem powder (BPP) is shown 

Table 1 
Treatment effects on lignocellulosic constituents of banana pseudostem powder.  

Treatments Cellulose (%) Hemicellulose (%) Lignin (%) 

Untreated fiber 32.09 ± 0.92a 31.61 ± 1.78c 18.57 ± 1.63b 

Bleaching 43.69 ± 0.61b 14.32 ± 2.41b 1.10 ± 0.15a 

Sulphiting 53.68 ± 2.03c 1.81 ± 0.34a 0.88 ± 0.07a 

NaOH 63.49 ± 3.23d 0.00 ± 0.00a 0.56 ± 0.21a 

DMSO 67.43 ± 3.18d 0.00 ± 0.00a 0.15 ± 0.01a 

H2SO4 84.05 ± 5.79e 0.00 ± 0.00a 0.05 ± 0.03a 

Different superscript letters indicated significant (p < 0.05) differences among 
mean observations. 
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Fig. 3. Scanning electron micrograph of banana pseudostem derived crystalline nanocellulose: 100000X magnification (a), and (b) 500,000 x magnification.  

Fig. 4. Fourier transformed infrared spectroscopy of crystalline nanocellulose (CNC), banana pseudostem powder (BPP), bleached BPP and alkali treated BPP.  

Fig. 5. X-ray diffraction analysis of crystalline nanocellulose (CNC) and banana pseudostem powder (BPP).  
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in Fig. 5. In diffraction pattern of CNC, prominent peaks were observed 
at 2θ = 15◦, 16◦ and 22◦, characteristics to the structure of native cel-
lulose. BPP had the crystallinity index (CI) of 44.40 % while CNC 
exhibited CI of 81.67 %. Since, sulphuric acid exhibited ability to 
penetrate into amorphous regions, glycosidic bonds were cleaved under 
hydrolytic conditions while crystalline region remained unaffected 
leaving behind individual crystallites, contributing to the higher crys-
tallinity of nanocellulose (Kargarzadeh, Ioelovich, Ahmad, Thomas, & 
Dufresne, 2017) . 

Besides native cellulose peaks, large noise was observed in BPP 
indicating the presence of non-cellulosic material in the sample. 
Changes in peak intensity of BPP and CNCs represented the changes in 
crystallinity of the material. As compared to BPP, CNC had more 
demarcated and intensified peaks at 15◦ and 22◦ due to removal of 
hemicellulose and lignin by chemical treatments. Similar XRD peaks 
were observed for crystalline nanocellulose at 22.3◦ by Gupta and 
Raghav (2020). CNC extracted from banana pseudostem exhibited high 
crystallinity than the previously reported from agricultural residues 
such as from sweet potato (72.53 %), soya hull (73.5 %) and empty fruit 
bunch of palm (73–80.42%) (Lu, Gui, Zheng, & Liu, 2013). 

3.3. Physical and thermal properties of CNC nanocomposite 

3.3.1. Physical and mechanical properties 
PVA and chitosan with more amorphous region were responsible for 

increasing the swelling index of nanocomposite film reinforced with 
CNC. Swelling index was reported to increase with the presence of more 
amorphous regions (Blair, Guthrie, Law, & Turkington, 1987; Chen & 
Hua, 1996). Swelling index of chitosan films was significantly higher 
than other films, which might be due to its low pH and low degree of 
deacetylation (Rahim, Abu, Haris & Hakim, 2016). However, swelling 
index of chitosan can be decreased with increase in degree of deacety-
lation. Swelling index of chitosan membrane prepared by 60 % degree of 
deacetylation was reported to be 227.6 % (Chen & Hua, 1996) . The 
swelling index for nanocomposite film was observed as high as 1400 % 
when prepared with chitosan polyvinlpyrrolidone and cellulose nano-
whiskers (Hasan et al., 2017). The nanocellulose film with least swelling 
index was able to maintain its shape and structure with least change in 
dimensions while chitosan film swelled up to distortion of its shape and 
structure with paramount change in its dimension. However, formula-
tion of these polymers-based nanocomposite gave a suitable fabric with 
no observed physical distortion in shape and size. 

CNC film possessed very brittle characteristics while PVA and chi-
tosan had a plasticizing effect on the nanocomposite film contributing 
final elongation at break of 2.22 ± 0.04 % (Table 2). Similar result were 
obtained by Lani, Ngadi, Johari, and Jusoh (2014), when CNCs 10 % 
(v/v) were loaded into PVA/starch blend to develop a film. However, 
increase in concentration of CNC in film can increase overall tensile 
strength of film (Rafieian & Simonsen, 2014). Chitosan films exhibited 

highest tensile strength (7.64 ± 0.7 MPa) and elongation at break (12.33 
± 0.08 %). Chitosan is a strong polymer exhibiting high tensile strength. 
The tensile strength of 16. 82 MPa was previously reported for chitosan 
membrane (60 % degree of deacetylation) maintained at pH 4.5 (Chen & 
Hua, 1996). 

3.3.2. Thermal properties 
The thermal decomposition parameters were determined by the TGA 

curves as shown in Fig. 6. TGA analysis showed degradation steps 
related to moisture evaporation and pyrolysis of cellulose fiber. TGA 
analysis was carried out to investigate thermal stability of composite and 
suitability of the samples for bio-composite processing. The thermo-
graph obtained with CNC and CNC nanocomposite showed three main 
weight loss regions. Initial weight loss was observed in the region 
29–120 ◦C attributable to evaporation of water. 

Second weight loss region was observed between 228–384 ◦C for 
CNCs while it was 147–263 ◦C for nanocomposite. This indicates slight 
decrease in onset of degradation temperature of nanocomposite, 
attributable to amorphous region from PVA and chitosan which were the 
main constituents of nanocomposite film. Qua, Hornsby, Sharma, Lyons, 
and McCall (2009) revealed that the second stage degradation mainly 
involves dehydration reactions and the formation of volatile products. 
The third stage weight loss occurred above 400 ◦C and involved the 
decomposition of carbonaceous matter (Goetz, Mathew, Oksman, 
Gatenholm, & Ragauskas, 2009). Weight loss of nanocomposite was 
observed much lower as compared to CNCs indicating chemically bound 
water in nanocomposite film disrupting hydrogen bond of PVA and 
forming new hydrogen bond with water molecules. This was attributed 
to plasticity and decreased polymer crystallinity in nanocomposite, 
indicating its suitability for developing pliable film. Similar behavior of 
weight loss and degradation in CNC obtained from Citrus limetta albedo 
was reported by Gupta and Raghav (2020), where degradation tem-
perature was recorded between 165 ◦C–390 ◦C. 

3.4. Antibacterial activity of nanocomposite film 

The effectiveness of tetracycline loaded CNC nanocomposite was 
measured as zone of inhibition against test pathogens. The diameter of 
zone of inhibition shown by tetracycline loaded nanocomposite was 
found to be 36.3 ± 0.6 mm against E. coli and 39.3 ± 0.6 mm against 
S. aureus (Fig. 7). The control CNC and chitosan films did not show 
antimicrobial activity against any of the test pathogen. This study 
showed more promising results than previous study reported by Shao 
et al. (2016) where bacterial cellulose composite saturated with 0.5 g/L 
of tetracycline was able to give zone of inhibition 45.7 mm for E. coli and 
38.5 mm for S. aureus. CNC nanocomposites can be used as carrier for 
transdermal drug delivery and controlled drug release (Li et al., 2019; 
Paulo, das Neves, & Ferreira, 2011). Nanocellulose obtained from sul-
furic acid hydrolysis method resulted in negatively charged nano-
cellulose (Kamel, 2007) and tetracycline drug was easily attached to 
negatively charged CNC surface (Karimian et al., 2019). This explains 
that CNC nanocomposite exhibits the property of carrying tetracycline 
drug without being deformed and allowing its effective release. The 
antibacterial mechanism of tetracycline loaded nanocomposite was 
associated with the release of tetracycline and its adsorption onto the 
surface of bacterial cells by electrostatic attraction. Tetracycline dis-
rupted the bacterial cell membrane and released the intracellular con-
stituents, which resulted in bacterial cell death and appearance of 
inhibition zone around the nanocomposite films (Walsh, 2000). 

4. Conclusions 

The nanocellulose extraction was able to provide the rod shaped 
crystalline nanocellulose and the developed nanocomposite film dis-
played good mechanical strength, depicting the composite to be strong 
and flexible enough for practical applications. Antibacterial properties 

Table 2 
Mechanical and physical properties of CNC nanocomposite, PVA film, CNC film 
and chitosan film.  

Sample Thickness 
(mm) 

Swelling 
index(%) 

Tensile 
strength 
(MPa) 

% elongation at 
break 

CNC film 0.07 ±
0.01a 

92.74 ±
12.9a 

0.21 ±
0.03a 

0.35 ± 0.17a 

PVA film 0.07 ±
0.01a 

165.2 ±
5.81c 

7.1 ±
0.9c 

6.68 ± 0.174c 

Chitosan film 0.07 ±
0.01a 

882.4 ±
15.36c 

7.64 ±
0.7c 

12.33 ± 0.08d 

Nanocomposite 0.18 ±
0.01b 

150.2 ±
0.78b 

2.64 ±
0.14b 

2.217 ± 0.04b 

Different superscript letters (a-c) indicate significant differences (p < 0.05) 
among mean observations. 

P. Shrestha et al.                                                                                                                                                                                                                                



Carbohydrate Polymer Technologies and Applications 2 (2021) 100112

7

of nanocomposite showed well demarcated zone of inhibition against 
E. coli and S. aureus. This study suggests that waste or byproducts such as 
banana pseudostem from banana processing industry can be utilized to 
obtain crystalline nanocellulose for the development of nanocomposite 
biomaterials for medicinal applications. 
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