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Abstract

Background The lemongrass (LG) leaves could be a useful source of cellulose after its oil extraction, which is still either dumped
or burned, not considered as a cost-effective approach. The synthesis of cellulose nanofibers (CNF) from LG waste has emerged
as a beneficial alternative in the value-added applications. The non-toxicity, biodegradability, and biocompatibility of CNF have
raised the interest in its manufacturing.

Method In the present study, we have isolated and characterized CNFs using enzymatic hydrolysis. We also explored the
cytotoxic properties of the final material. The obtained products were characterized using dynamic light scattering (DLS), fourier
transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), transmission electron microscopy (TEM), x-ray
diffraction (XRD), and thermogravimetric/differential thermal gravimetric analysis (TG/DTG). The cytotoxicity of CNF was
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay against three different cancer cell lines
NCIH460, PA1, and L132 cells.

Results The FT-IR results showed that the resulting sample was of cellulose species, and CNF was found free from the non-
cellulosic components like lignin and hemicellulose. The SEM micrographs of the cellulose showed a bundle like structure. The
TEM micrographs of CNF showed diverse long fibers structure with 105.7 nm particle size analysed using DLS. The TGA
analysis revealed that the thermal stability was slightly lower, compared to cellulose. Additionally, CNF did not show the
cytotoxic effect at the tested concentrations (~10-1000 pg/ml) in any of the cell lines.

Conclusion Overall, the results concluded that LG waste-derived CNF is a potential sustainable material and could be employed
as a favourable reinforcing agent or nanocarriers in diverse areas, mainly in food and drug delivery sectors.
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cost, and biodegradable polymers in the world, which can
replace synthetic materials [2]. The production of biodegrad-
able and innovative products like cellulose nanofibers (CNF)
become an essential area of research due to its unique proper-
ties. CNF are generally prepared using strong acids, which is
known as acid hydrolysis method [3, 4]. However, the acid
hydrolysis method showed limitations like the release of
chemicals and prolonged processing steps. To overcome such
issues, researchers have used eco-friendly approaches like en-
zymatic hydrolysis for the synthesis of CNF [5, 6]. It allows
for milder treatment conditions as it does not require solvents
and acidic reagents [7]. Hence, it is considered as an environ-
ment-friendly, high yielding, and organic method that can im-
prove CNF quality [8, 9]. So far, enzymes from Xanthomonas
axonopodispvpv .citri [10], cellulases [11], Viscozyme® L [5]
and endoglucanases [12] has been used for the synthesis of
different types of cellulosic nanoparticles. The xylanase helps
in the degradation of the hemicelluloses, breaking the poly-
saccharide {3-1, 4-xylan into xylose. The cellulases cut the
cellulose molecules into shorter polysaccharides by the hydro-
lysis of (3-1, 4-D-glycosidic bonds of the glucose units. The
product named viscozyme is a multi-enzyme complex of
carbohydrases, including arabanase, cellulase, B-glucanase,
hemicellulase, and xylanase. The isolation of CNF using en-
zymatic pretreatment in combination with mechanical treat-
ment or chemical hydrolysis has also been achieved [8, 13,
14].

The CNF can be obtained from renewable agricultural, and
biomass feedstocks, which could form a platform for sustain-
able products [4, 15-17]. The agricultural waste like lemon-
grass (LG, after its oil extraction) are usually burned; however,
its proper utilization may help in resolving the waste disposal
issue. Composting is a solution to this type of waste materials,
but it is not a cost-effective approach. An alternative potential
utilization is the manufacturing of the pulp and paper, animal
feed, textiles, or as reinforcing material in composites [18, 19].
LG is an aromatic grass with known medicinal properties; it
belongs to the Gramineae family [20]. The leaves of the grass
are used for extracting LG oil, which has been reported to
have different chemical compositions and used in different
areas like cosmetics, perfumery and used in different herbal
preparation due to its antimicrobial property [21]. The steam
distillation of LG for the extraction of essential oil led to the
production of approximately 30,000,000 tons per annum of
lignocellulosic biomass or residues [22]. The importance and
commercial value of the LG waste have not been reported so
far. Although, many research articles have shown the synthe-
sis of nanocrystals from LG waste using acid hydrolysis and
further its use in various application [23]. However, isolation
of the nanofibers from the LG waste using enzymatic hydro-
lysis has not been reported so far.

There are numerous application of the cellulose nano-
fibers like food packaging [24], nanocomposites [25],
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water purification [26], tissue engineering, drug delivery
[27, 28]. It also finds vast applications as energy storage
devices [29]. Despite CNF potential applications in nu-
merous areas, there are certain risks which need to ascer-
tain else it could be harmful to human health [30]. The
small size, high reactive behavior, chemical and physical
characteristics of nanoparticles may be cytotoxic [31]. So
far, various studies have analyzed the cytotoxicity profile
of the CNF; for example, CNF isolated from cotton
showed low cytotoxicity in human lung cells [32].
However, the need to explore new, readily available re-
sources which may produce CNF with better physio-
chemical properties is never-ending. Therefore, the pres-
ent study aims to isolate the CNFs from the lignocellulos-
ic waste of LG using enzymatic hydrolysis, along with
ultrasonication. In this study, mild operating conditions
of enzymatic hydrolysis have been explored to prepare
CNF. The properties of the obtained CNF were character-
ized using structural and physicochemical, and morpho-
logical analysis. The toxicity assessment of the obtained
CNF was performed in NCIH460, PA1, and L132 cell
lines.

Materials and methods
Materials

The raw material of lemongrass (Cymbopogon flexuosus
(family: Poaceae, Krishna variety) was collected during the
months of May-Jun 2017 from the experimental farm of
CSIR-Central Institute of Medicinal, and Aromatic Plants
(CSIR-CIMAP), Lucknow and the voucher specimen was
submitted in the herbarium with the assigned number 8862.
The chemicals required for the extraction of fiber and prepa-
ration of CNF were sodium hydroxide (NaOH), sodium chlo-
rite (NaClO,), citrate buffer, and deionized water. The
Viscozyme® L enzyme, cellulolytic enzyme mixture (enzy-
matic activity >100 FBGU/G) were purchased from Sigma-
Aldrich, India. All reagents were of analytical grade or higher.

Extraction of cellulose nanofibers
and characterization

The cellulose was isolated from the lignocellulosic biomass of
LG [17]. The lignocellulosic biomass was collected and
washed with tap water, followed by distilled water and ov-
en-dried. Further, the dried material was chopped into a uni-
form size. The fibers were exposed to a steam explosion with
2% NaOH (1:10 g/ml fiber: solution ratio) in an autoclave for
3 h. and kept under 15 psi pressure at a temperature of 121 °C
to swell the cell walls and saturate the fibers. The digested
material was removed from the autoclave and washed
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thoroughly with distilled water until neutral pH. Subsequently,
the cellulose residues were further de-lignified with 1% acid-
ified sodium chlorite solution (15 ml/g of fiber) at 70 °C for
3 h. The obtained LG-cellulose pulp turned white and rinsed
with distilled water until neutral pH. Finally, the resultant pulp
was then oven-dried and used for the synthesis of CNF.

The enzymatic hydrolysis method was performed as per the
described method with few modifications [5]. The lignocellu-
losic fibers (100 mg) were added in 20 ml of 50 mM sodium-
citrate buffer at pH 4.8; mixed with the help of magnetic stirrer
for 1 h. to make a suspension. The defined concentration of
enzyme was added to the cellulose suspension and stirred at
50 °C for 24 h. using a magnetic stirrer. The reaction was
terminated by boiling the cellulose suspension for 10 min.
Consequently, the sample was centrifuged at 10,000 rpm for
15 min. to remove excess enzyme, rinsed with a buffer solu-
tion of pH 7.4 and finally washed with deionized water, son-
icated at 50% intensity using a probe-sonicator for 20 min. in a
beaker which was moderately immersed in an ice bath. The
final product was freeze-dried and stored for further charac-
terization. The obtained samples were preserved at 4 °C for
further characterization. The yield of the CNF obtained fol-
lowing each method was calculated using Eq. 1:

Weight of dried cellulose nanofibers(mg)

Yield (%) = X 100 (1)

Weight of raw cellulose fibers (mg)

Morphology, yield, size and zeta potential analysis

The morphology of the cellulose was observed by light
microscopy using a light microscope (Nikon Eclipse
TS100) at 20X magnification. The samples were coated
with gold using vacuum sputter coater. The selected images
represent the surfaces of the cellulose fibers. The structure
of CNF was obtained by transmission electron microscopy
using (JEOL JEM 2100) with an accelerating voltage of
200 kV. The CNF was suspended in distilled water. A drop
of the diluted suspension was deposited on the surface of
carbon-coated copper grids. Then, the CNF was negatively
stained with a 0.2% solution of uranyl acetate. Dynamic
light scattering (DLS) technique (Mastersizer 2000,
Malvern Instruments, UK) was employed for the size and
zeta potential measurement. It is used to determine the hy-
drodynamic diameter of the CNF present in the colloidal
suspension. Zeta potential measurement was used to deter-
mine the dispersion stability of the samples present in the
colloidal suspension, by photon correlation spectroscopy at
25 °C. The movement of the particles, undergoing electro-
phoresis, was estimated by dynamic light scattering studies.
The estimated electrophoretic movability was then convert-
ed to zeta potential.

Fourier-transformed infrared spectra analysis (FT-IR)

FT-IR spectra of the cellulose and CNF were recorded as per
described method [33] on the Fourier transform infrared spec-
troscopy (FTIR) instrument (Perkin Elmer Spectrum BX) in
the range of 4000-500 cm™'. The experiment was carried out
using a KBr disk (ultrathin pellet) method. The samples were
dried, ground, and pelletized using KBr (1:100 w/w). This
experiment was carried out to confirm the presence of cellu-
lose content from the source material.

X-ray diffraction (XRD)

X-ray diffraction (XRD) technique was used for measuring
the crystallinity of the resulting cellulose and CNF [34]. The
X-ray diffraction of cellulose and CNF were computed with
X-ray diffractometer (Bruker D8 Advanced X-ray diffraction
system) using CuK radiation (A =0.154056 nm) from 10 to
50° (20). The crystallinity index (%) was obtained using the
Segal method [35] as shown in Eq. 2. The calculation was
performed for more intense peaks in the XRD diffraction pat-
terns at 20 = 14.1° and 22° with respect to the less intense
peaks at 20 = 18.6°.

Icr—Iam

Crystallinity index (Crl) = X 100 (2)

cr
where I, is the peak intensity corresponding to the maximum
diffraction peak measured as the height of the crystalline re-
gion at 20 = 14.1° or 20 = 22°, this showed crystalline as well
as amorphous regions and I, is the peak intensity corre-
sponding to the height of smaller diffraction peak at 20 =
18.6°, represents the amorphous region.

Thermal analysis

The thermal stability of the resulting cellulose and CNF as a
function of temperature was estimated by thermo-gravimetric
analysis [36]. The derivative thermogravimetric (DTG) curve
was prepared from the differential thermal gravimetric curves.
The analysis was conducted using simultaneous thermal ana-
lyzer STA 8000 (PerkinElmer) from 35 to 500 °C. Pyrolysis
was terminated at 700 °C with the heating rate of 10 °C/min
under the flow of 20 ml/min of nitrogen gas.

Cell viability assessment

The cell viability was determined by using NCIH-460 (lung
cancer), PA-1 (human teratocarcinoma), and L.132 (normal
embryonic tissue) cell lines as per the described method [34,
37]. The cell lines used in the study were procured from the
National Centre for Cell Science (NCCS) Pune, India. PA-1
was grown in cultured flask supplemented with Minimal
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Essential medium (MEM) with heat-inactivated fetal bovine
serum (10% v/v) and 100 U/ml of penicillin and 100 pg/mL of
streptomycin; whereas NCIH-460 and L132 were grown in
Roswell Park Memorial Institute —1640, and incubated at
37 °C with 5% CO, for 24 h before the suitable treatment.
The effect of CNF on cell viability was measured by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay. CNF was prepared at a concentration of
(10, 25, 50, 100, 500 and 1000 pg/ml) by suspending the
solution in phosphate buffer saline followed by the sonication
for 2 h. Podophyllotoxin (PDT) was used as a positive control
to check cell cytotoxicity. All the suspended cells were seeded
in 96-well tissue culture plates (2 x 10° cells/ well) in 200 ul
of media and incubated at 37 °C in 5% CO, atmosphere for
24 h. A blank sample (MEM without cells) and positive con-
trol (Podophyllotoxin), as it is considered to be effective anti-
mitotic agent were also tested. Then, the supernatant was re-
moved, and MTT solution (5 mg/ml) was prepared, and added
into each well in dim light and incubated at 37 °C for 4 h. so
that purple formazon crystals are formed. Afterward, the me-
dium was removed out, and the addition of 100 ul of DMSO
solubilized the obtained purple formazon crystals. The plate
was allowed for incubation for 5 min. at room temperature to
solubilize the purple formazon crystals completely. Then, the
enzymatic reaction of yellow tetrazolium MTT to purple
formazan was measured at 570 nm using EPOCH 2 micro-
plate reader (Biotek instruments). The cell viability percentage
was computed by Eq. 3.

Cell Viability = Xexp—Xcontrol

— x 100 (3)
Xpositive—X control

where, X, is the absorbance value of the sample (CNF so-
Iution + cell); X onior 1S the absorbance value of the blank
(MEM without cells) sample, and Xsitive i the absorbance
value of the positive control (PDT).

Statistical analysis

The experiments were performed in replicates (n = 3) and the
data are expressed as average =+ standard deviation. The effect
of the CNF compared to control was performed using

GraphPad InStat version 3.06, where p value <0.05 was con-
sidered significant.

Results and discussion
Cellulose nanofiber formation

The purpose of the steam explosion was to swell the cell walls,
saturate the fibers and eliminates the non-cellulosic
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constituents like pectin, hemicellulose, and lignin from the
cellulose pulp. Based on the partial removal of lignin and
hemicellulose, it is the most effective pre-treatment for
plant-based fibers. In this step, the space between fibers in-
creases and the alkaline solution easily breaks the hydrogen
bonds (mercerization), which led to increment in the amor-
phous domain. It also led to an increment in the specific sur-
face area and the absorption capacity of cellulose [38]. The
material changed from pale brown to dark brown. After that,
bleaching treatments were executed to eliminate the lignin
content from the lamellae region to isolate the fibers of cellu-
lose [39]. The chromogen groups like conjugated carbonyls,
double bonds, and their solution depict the brown colour of
the lignocellulosic content, which go through ionization [40],
along with hydrolysis of the other components like pectin,
hemicellulose and starch [41, 42]. The bleaching treatment
executed after alkaline treatment converts the colour to pale
brown and ultimately off-whitish colour, as it helps in elimi-
nation of the tannins and lignin. In this step, the chlorine and
chlorites immediately oxidized the lignin species; initiate the
formation of carbonyl, hydroxyl, and carboxylic groups.
These groups increased the solubility of lignin component in
alkaline solution as well as purification of cellulose [43].
Figure 1 describes the final appearance of the white coloured
cellulose, and cellulose nanofibers after enzymatic hydrolysis
in dried form. After bleaching treatment, the cellulose fibers
were found tough and stiff in morphology, making it more
accessible for physical force. In the final step, enzyme treat-
ment and ultra-sonication were applied to break the 3-1,4-
glycosidic linkage that linked the D-glucopyranoside in plant
cellulose fibers [10] and sonicated to get the segment of nano-
fibers in dispersed form. Thus, nanofibers or bundles of nano-
fibers were obtained.

Morphological and yield

The morphological analysis is considered to be an essential
parameter because the source of the CNF and treatment meth-
od has a significant impact on the dimensions and character-
istics of the CNF. The microstructure of the cellulose exhibited
smooth surfaces with small granules, forming a clear bundle-
like structure due to the presence of non-cellulosic layer,
which consists of lignin, hemicelluloses, pectin (Fig. 2a, b).
The lignocellulosic fibers convert into a cluster of sub-micron
wide and micrometer long fibers of cellulose, which may be
due to hydrogen bonding between hydroxyl groups of cellu-
lose [44]. Similar results were found to be reported for cellu-
lose isolated from curaua and sugarcane bagasse [5] and lig-
nocellulosic fibers [45]. It was found that the fibers were in-
dividualized to nano-dimension after enzymatic hydrolysis
due to the successful removal of the non-cellulosic regions,
which was showed by SEM (Fig. 2c) and further confirmed
through TEM micrograph (Fig. 2d). The reduction in the
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Fig. 1 Schematic illustration of the separation process of cellulose nanofibers from the lignocellulosic waste of lemongrass

(c)

Fig.2 Optical image of untreated cellulose fibers (a), Scanning electron microscopy images of untreated cellulose fibers (b) and enzyme treated cellulose
nanofibers (c) and Transmission electron microscopy images of enzyme treated cellulose nanofibers (d)
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width of CNF was obtained after enzyme hydrolysis due to the
successful removal of non-cellulosic materials.

TEM analysis was implemented to determine the structure
of the resulting CNF. The TEM images strongly confirm the
process of isolation of CNF using enzyme hydrolysis. It was
also observed that the CNF had a web-like structure along with
long entangled cellulosic segments. This type of interconnected
network of nanofibers could have a reinforcing possibility for
composite applications [46]. The TEM images clearly showed
the homogeneity of the nanofibers [47]. Similar results were
observed in CNF when isolated from cassava root bagasse and
peelings [4]. Regarding the yield of the CNF, the enzymatic
treatment led to higher yield, i.e., 57%, compared to cellulose
(30%). This may be due to limited processing steps involved in
enzymatic treatment and higher efficiency of the enzyme in
breaking inter/intra cellulosic bonds.

Particle size and zeta potential measurement

The TEM micrographs also provide useful information re-
garding the size of the nanofibers. However, the reliability of
the measurement is constrained by the small fraction of parti-
cles studied relative to the whole sample. Hence, the DLS
method was employed to assess the particle size of the sam-
ples. The DLS data confirmed that the size of the CNF de-
creases significantly after enzyme hydrolysis (105.7 nm),
compared to the cellulose (~ 0.001 mm) (Fig. 3a, b). The
results are correlated with reported literature [12]. The zeta
potential value of the CNF was found to —22.4 mV, showing
moderate stability. Higher zeta potential suggests higher elec-
trostatic repulsion between the fibers, providing enough sur-
face charges to stabilize the suspension, explaining the good
dispersion, but when the zeta potential value is low, the attrac-
tion between the fibers is high and dispersion will break and
flocculate [48]. The CNF prepared from the banana peel

4
%

20°

Intensity(%)

100 1000 10000

Size (nm)

(a)

Intensity(%)

enzymatic method were observed to have a zeta potential
values of —25.7 mV [7]. CNF has been from soybean straw
by using Optimash® VR enzyme with almost similar ranges of
zeta potential values (—20.8 to —24.5 mV) [49]. On taking this
into account, the resulting CNF exhibited moderate stability.

Fourier transform infrared spectroscopy (FTIR)
analysis

The cellulose showed the typical absorption peaks of the lig-
nocellulosic components (Fig. 4). The broad absorption band
in 3650-3000 cm ! region attributed to O-H stretching vibra-
tions from intra and intermolecular hydrogen bonding. It also
describes the hydrophilic nature of cellulose and CNF [50].
The cellulose displayed a small band in the 2900 cm ™' region,
denoting the symmetrical and asymmetrical stretching vibra-
tions of the C-H bonds [51]. The small peak present at
2848 cm'region confirms the presence of lignin in the cellu-
lose. Several studies also showed vibrations around
2850 cm™" which resemble —CH stretching of the waxes and
lignin [39, 52]. The main constituents of hemicellulose are D-
xylose and 4-o-methyl-D-glucouronic acid, and aldoses as
arabinose, glucose, mannose, and galactose in different quan-
tities that produce uronic acid after oxidation [53]. The shoul-
der peak associated with hemicelluloses occurs at 1768 cm ™'
in cellulose is due to acetyl and uronic ester groups of hemi-
celluloses and the ester linkage of carboxylic group of ferulic
and p-coumaric acids of lignin [54, 55]. The disappearance of
a small band at 1768 cm ™ 'region indicates that hemicellulose
and lignin were removed from CNF by applied enzyme hy-
drolysis. The peak at ~1640 cm ' in both the spectra attributed
to the absorbed water into the structure of the cellulose fibers
[56, 57]. These results showed that the cellulose species was
not removed during the pretreatment and enzyme hydrolysis
process. The peaks around 1100 cm 'and 1160 cm™ " present

1007+ e
GO+ e .......... ..............
Qe 444444444444444 ...............
U. v + - "
04 1 10 100 1000 10000
Size (nm)
(b)

Fig. 3 Particle size of (a) cellulose and (b) cellulose nanofibers measured using dynamic light scattering
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Fig. 4 Fourier transform infrared spectra of the (a) cellulose and (b) cellulose nanofibers (CNF)

in both the samples, attributed to the ring C-C bending vibra-
tion and C-O-C glycoside ether bond of the 3-1,4, —glycosidic
bond between D-glucose units of cellulose [58, 59]. The peaks
in ~1025-1038 cm™' regions in both samples corresponds to
the C-O-C glycosidic linkage of the cellulose constituents
[56]. Based on the analysis, the results clearly showed that
the molecular structure of the cellulose remains unchanged
after enzyme hydrolysis.

X-ray diffraction (XRD) analysis

Cellulose composed of a crystalline structure along with hemi-
cellulose and lignin components. The crystalline structure of
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the cellulose was due to the hydrogen bond interactions and
Vander Waal forces between the molecules [60]. Cellulose
obtained from lignocellulosic fibers was characterized by X-
ray diffraction technique. The diffractogram (Fig. 5) of the
cellulose shows sharp peaks at 20 of 15°, 22.4° and broad
peak at 20 of 30°, demonstrating the crystalline behaviour of
typical cellulose I with ordered regions [61, 62]. The XRD
pattern of the resulting cellulose nanofibers show low and
diffuse peaks at 15.2°, and a sharp peak at 20.8° and broad
diffraction peak at 27°, corresponding to cellulose II with an-
tiparallel structure [3]. Almost similar results were reported in
the literature [63—65]. The crystallinity was found to decrease
after enzymatic hydrolysis, i.e., 48.9%, compared to cellulose
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Fig. 5 X-ray diffraction pattern of cellulose and cellulose nanofibers (CNF)
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Fig. 6 (a) Thermogravimetric and (b) Differential thermal gravimetric curve of cellulose and cellulose nanofibers (CNF)

(66.51%). It may be possible that the surface of the fibers gets
loosen after the sonication process, which results in loss of its
crystalline behaviour [5]. The low degradation temperature
was observed in TGA analysis due to low crystallinity of
cellulose nanofibers. The results are correlating from TGA
analysis.

Thermal characterization

The TG and DTG curves of the cellulose and CNF are illus-
trated in Fig. 6. The thermograms of TGA showed an initial
weight loss occurs at 50-100 °C in cellulose and CNF, which
is mainly due to the evaporation and removal of the bound
water molecules [66]. It usually decomposes at different tem-
perature due to a difference in its chemical structure. The
second dramatic weight loss occurred for both the samples
between 200 and 300 °C, which is due depolymerisation of
the hemicellulose and breakdown of glycosidic bonds of cel-
lulose [67, 68]. The hemicellulose content has lower thermal
stability, compared to lignin and cellulose [50]. The broad
peak occurred between 250 and 450 °C due to lignin degra-
dation, and 275 to 400 °C is contributed to cellulose degrada-
tion [42, 69]. The DTG curve of the cellulose shows decom-
position peaks at 288 °C and 420 °C, showed the degradation
of the hemicellulose and «-cellulose component of the fibers.
For cellulose, the sudden reduction in weight occurred be-
tween 250 and 390 °C, due to the decomposition of the cellu-
lose. The cellulose content was almost completely pyrolysed
at 400 °C [70]. From the thermal analysis, it is clear that there
is a shift in the degradation temperature from cellulose to
CNF. The CNF showed little bit lower degradation tempera-
ture than the cellulose. The lower decomposition temperature
for CNF was due to the decrease in the molecular weight and
crystallinity of the resulting CNF [34, 36].
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Fig. 7 Effect of cellulose nanofibers(CNF) on (a) NCIH 460 (lung
carcinoma) (b) PA-1 (human teratocarcinoma) and (¢) L132 (normal em-
bryonic tissue) cell viability after 24 h incubation at different concentra-
tions (10-1000 pg/ml). The results are expressed as Mean + standard
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<0.05 was considered to be significant compared to negative control
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Cellulose nanofiber cytotoxicity

Since nanofibers are considered to have potential as a rein-
forcing agent, biomedical purposes and other food-related ap-
plications. It became necessary to determine its toxicological
characteristics. The CNF was found to be non-toxic. Three
different cell lines NCIH 460 (lung-carcinoma cell line), PA-
1 (human terato-carcinoma) and L132 (normal embryonic tis-
sue) were exposed to different concentrations of CNF in the
range of 10-1000 pg/ml for 24 h. The effect of CNF on cell
viability was assessed using MTT assay [37]. The untreated
cells were taken as a negative control, and podophyllotoxin
was taken as a positive control. Podophyllotoxin was consid-
ered to be a known potential natural anticancer agent [71, 72].
In each cell line, the percentage of viable cells with or without
CNF treatment was almost similar in contrast to the positive
control. This result suggests the CNF produced by enzymatic
treatment does not show cytotoxicity up to higher tested con-
centration i.e.1000 pg/ml in cancer as well as normal cell lines
(Fig. 7). Similarly, in-vitro exposure from 0 to 100 pg/ml of
cellulose nanofibers isolated from cotton were not found to be
cytotoxic [31].

Conclusions

The study encourages the practice of using lignocellulosic
waste of LG as an eco-friendly, biodegradable, renewable
source for the production of CNFs, making it a profitable
approach using enzymatic hydrolysis, which is an effective
and milder process. The resulting CNFs showed nanofibers
nanometric dimension, with the fibril-like structure, as com-
pared to the raw cellulose. The enzymatic approach used in the
study led to a higher yield of 57% CNF, along with moderate
stability. The FT-IR analysis revealed the removal of non-
cellulosic components. The XRD analysis showed the amor-
phous behavior of the synthesised CNFs.

Additionally, CNF obtained after enzyme hydrolysis did
not show any cytotoxic effect on the cell lines at a concentra-
tion range of 10-1000 pg/ml. Therefore, the enzymatic hydro-
lysis using a multi-component enzyme is a clean and milder
process for the production of CNF. Hence the cellulose from
the lignocellulosic waste of LG can be employed for the pro-
duction of nanofibers, which may be useful in different appli-
cations such as a reinforcing agent in nanocomposites, water
purification, material for microencapsulation, tissue engineer-
ing, drug delivery systems.
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