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Abstract: The present study focused on the preparation of
microcrystalline cellulose (MCC) and nanocrystalline cel-
lulose (NCC) from pineapple (Ananas comosus L.) leaves
using chemical treatments followed by acid hydrolysis.
Pineapple leaves could be used in medical applications
such as drug delivery carriers. Advanced spectroscopy
techniques such as Fourier-transform infrared (FT-IR),
X-ray diffraction (XRD), scanning electron microscopy
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(SEM), and transmission electron microscopy (TEM) were
used to analyze the physical, chemical, and morphological
features of the isolated MCC and NCC; the results indicated
the needle-shaped form of nanostructures with good purity
and high crystallinity index of 75.00 and 76.38%, respec-
tively. In addition, inhibition of the treated MRC-5 cells with
all the samples revealed that the percentage of cell viability
was less than 30%, which is an interesting finding given
their role in the cytotoxicity effect of MCC and NCC. It
appears that MCC and NCC derived from pineapple leaves
have lower toxicity. As a result, the developed MCC and NCC
can be used in pharmaceutical applications as a novel
drug delivery system. Molecular docking was performed
to understand the non-bonding interaction of cellulose
with human acid-beta-glucosidase ($-Glc) (PDB: 10GS).
The docking result shows that cellulose unit docked within
the active pocket of the enzyme by forming hydrogen
bonds against ASN19, THR21, and VAL17 with distances
of 2.18, 1.93, and 2.92 A, respectively, with binding energy
(=5.0 kcal/mol) resulting in close interaction of cellulose
unit with the receptor.

Keywords: cytotoxicity, MCC, NCC, pineapple leaves, mole-
cular docking

1 Introduction

The growing interest in cellulose-based products from
a sustainable, renewable, and environmentally friendly
source has placed cellulose on top of attractive nano-
materials for commercialization in recent years. Extensive
use of nanomaterials produced from natural fibres has
improved its properties and generated new commercial
products. A new approach, however, is possible of the
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use of biodegradable and easily recyclable materials for
the convenience of human life. Many of the building
blocks widely used in understanding communication
and electronic hardware are made from these cellulose-
based materials. Still, it has also shown increasing impor-
tance in human exposure, specifically as a drug delivery
carrier [1,2]. Cellulose that can be isolated from agricul-
tural wastes needs excellent attention and it has the
potential to open up new opportunities for advanced
technologies in the biomedical industry [3]. It is a natural
biopolymer that is most abundant on the Earth, relatively
inexpensive, and widely used as a medicinal excipient
aiding the release of prolonged and regulated drugs [4].
Despite the fact that earlier research has concluded that
cellulose has minimal or low toxicity in the use as bio-
medical materials [5,6], concerns regarding cytotoxicity
and biosafety should be further focused on these natural
nanomaterials.

Several strategies for extracting cellulose from ligno-
cellulosic biomass and modifying cellulosic derivatives in
order to produce micro and nanocrystalline cellulose (MCC
and NCC) with higher purity and crystallinity degrees have
been reported [7]. On the other hand, their versatility and
ability to modify physicochemical qualities increased the
potential of MCC and NCC to be used in various applica-
tions. The utilization of cellulose for drug delivery is an
active area of research since they own notable physical
features, unique chemical surface characteristics, and even
excellent biological properties [8]. Generally, cellulose is
composed of B-1,4 glycosidic unit bonds. Cellulose can be
purified and isolated from plant cell walls and have unique
physicochemical and structural characteristics that make
it possible to be used in advanced nanomaterials [9] and
nanoengineering applications [3]. Linear chains of cellulose
microfibrils combine to form a region consisting of disor-
dered (amorphous) and highly ordered (crystalline) struc-
tures. Once the crystals of cellulose are removed from
biomass such as pineapple leaves, terminologies such as
MCC and NCC can be recognized based on the size of its
molecules [10]. Exclusion of the amorphous region influ-
ences the structure and crystallinity of the cellulose fibres
[11]. Natural cellulose derived from biomass can be pro-
cessed into micro- and nanosized materials like MCC and
NCC possessing good properties for specific applications
[12,13] and expected to have low or non-toxicity.

With the increasing presence of MCC and NCC in con-
sumer products, it is important to determine and confirm
the safety of these materials to be used in pharmaceutical
applications. Cellulose-based materials like MCC and NCC
must be non-toxic to the human body. The finding regarding
in vitro studies for MCC and NCC derived from pineapple
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leaves on normal cells is still lacking. The potential used
as the drug carrier system is limited, as well as the develop-
ment of MCC and NCC from pineapple leaves for drug
delivery carriers is not fully explored. Since the pineapple
plant (Ananas comosus) is among the nutrient-richest plant,
they offer many benefits in biomedical applications [14]. In
Malaysia, the pineapple plant is harvested annually for its
fruit, and the remaining parts are disposed of as agricultural
waste, such as leaves. The pineapple leaf fibre obtained from
the leaves of the pineapple plant, which comes from the
Bromeliaceae family [15], is very hygroscopic, widely avail-
able, and of low cost, and can be considered a natural fibre
that exhibits high specific strength and rigidity.

Pineapple plants are overwhelmingly valuable species
and are the most prominent tropical fruits in the world.
The use of its waste as the primary source of substitute
fibre production is very promising. Pineapple plantations
produce many leaves during the post-harvesting that can
be used for high fibre-based materials. This waste, if not
used properly, will bring a negative impact on the envir-
onment. Cellulose isolated from this type of agro-wastes
permits the formation of high-purity crystals[16]. The phy-
sical appearance of pineapple leaves is waxy, 50-180 cm
long, sword-like, and have sharp thorns on the edges
that are arranged in a rosette around the stem, and the
colour varies from a uniform green to red, yellow, or ivory
of the striped as shown in Figure 1. Pineapple (Ananas
comosus L.) leaves are among a plant residue containing
high cellulose, almost identical with coconut husk and
sugarcane bagasse [17].

Alternatives cheap and readily available raw mate-
rials are needed to replace the limited source of petro-
leum-based products. Countries grow crops and fruits not
only for agricultural purposes but also to produce raw
materials for industries [18]. Many developing countries
trade in cellulose fibres to improve the economic condition

Figure 1: Photograph of Ananas comosus plant.
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of poor farmers with support from the country [19]. This
work aims to investigate the safety and cytotoxicity assess-
ment of MCC and NCC derived from pineapple leaves for
biomedical purposes, as the isolation of cellulose from
pineapple leaves for medical use has not been widely
explored. Moreover, this work can provide important infor-
mation in planning further studies on MCC and NCC to see
its suitability and compatibility in the application of the
drug delivery system. Furthermore, molecular docking of
cellulose units was carried out in order to interact with
human acid-beta-glucosidase (PDB: 10GS). The study of
these interactions will be beneficial and will provide ideas
for biomedical purposes, especially in order to understand
human cells compatibility in tissue generation as well as
for drug delivery. The MCC and NCC derived from various
raw materials using different acid hydrolysis methods,
including crystallinities are presented in Table 1 as docu-
mented elsewhere.

2 Materials and methods

2.1 Materials

The pineapple leaf wastes were collected and supplied by
the local village area, Dengkil (Selangor, Malaysia). RPMI
1640, penicillin/streptomycin, and foetal bovine serum
(FBS) were purchased from Nagalai Tech, Japan; and
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phosphate-buffered saline (PBS) and 0.25% trypsin-EDTA
were purchased from Sigma Aldrich, (UK). The MTT reagent
was purchased from Merck (Germany). Hydrochloric acid
(HCI), sulphuric acid (H,SO,), sodium hydroxide (NaOH),
sodium hypochlorite (NaClO), hydrogen peroxide (H,0,),
and dimethyl sulphoxide (C,H¢OS) were bought from
Sigma Aldrich, UK. Unless otherwise stated in the text,
all other chemicals were purchased from R&M Chemicals,
Germany.

2.2 lIsolation of MCC and NCC

Figures 2 and 3 illustrate several procedures leading to
the preparation of MCC and NCC from pineapple leaves.
The raw samples of pineapple leaves were obtained and
washed in distilled water for purification. The samples
were then dried in an oven for over 48 h at a temperature
of 60°C. Then, the dried samples were ground in a grinder
machine and sieved until the required powder sizes were
reached. The samples were packed in a plastic polyethy-
lene bag and then placed at room temperature for further
processing [36]. The steps outlined below and in Figure 2
were used to prepare and purify MCC from pineapple
leaves. Step (1) 15 g of samples were added with 2 wt%
of NaOH for 5 h at 80°C. Step (2) The material was washed
three times with distilled water, filtered with Whatman
paper, and dried in a hot air oven at 60-65°C until it

Table 1: Essential sources of lignocellulosic biomass for crystalline cellulose production

Raw materials Methods

Types of crystalline cellulose formed with *CI%  *Ref.

Eucalyptus pulp
Pomelo peel
Roselle fibres
Corn cob

Cotton gin waste

Alfa fibres

Oil palm biomass
Bacterial cellulose from acetobacter xylinum
Pineapple crown leaf
Pineapple peel residues
Tomato stem

Wheat stalk

Rice husk

Sugarcane bagasse
Sugar palm fibres

Rose stem

Date seeds

Sulphuric acid
Hydrochloric acid
Hydrochloric acid
Hydrochloric acid
Sulphuric acid
Hydrochloric acid
Sulphuric acid
Hydrochloric acid
Sulphuric acid
Sulphuric acid
Sulphuric acid

Hydrochloric sulphuric acid

Sulphuric acid
Sulphuric acid
Sulphuric acid
Sulphuric acid
Sulphuric acid
Alkaline peroxide
Hydrochloric

MCC and NCC [20]
MCC with 40.5 [21]
MCC with 78 [22]
McC [23]
McC [24]
MCC with 73.6 [25]
MCC with 87 [26]
MCC with 69 [27]
NCC with 78.21 [28]
NCC [29]
NCC with 74.4 (30]
MCC and NCC [31]
NCC with 65 [31]
NCC with 68.28 [32]
NCC with 85.9 [33]
MCC with 65.4 (34]
MCC with 70 (35]

“Cl: crystallinity index, Ref.: references.
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The material
were washed and
filtered

15 g of samples
added with 2 wt% of
NaOH (5 h at 80°C)

Q_

MCC Sample
Samples was filtered,
washed were distilled
water and dried in
oven (1 h at 60°C)

Hydrolyzed with 2.5N HCl
(15 min at 100°C). Hot acid
mixture was poured into cold
tap water (vigorous stirring

Washed with distilled

— water and samples were
then treated with 12 wt%
NaOH (1 h at 80°C)
Bleached with 1:1
NaClO (15 min at 75°C)
e

Whitened with a 1:3 NaClO (1 h at
80°C), 1:1 NaClO for 24 h at room
temperature and washed until
neutral. The samples were filtered

and allowed to stand and dried in oven (1 h at 80°C)

overnight)

Figure 2: Procedures of preparation of MCC from pineapple leaves.

reached a constant mass. Step (3) The oven-dry sample was
bleached at a ratio of 1:1 NaClO for 15 min at 75°C followed
by washing with distilled water; the sample was then
treated with 12 wt% of NaOH at 80°C for 1h. Step (4) The
samples obtained in step 3 were whitened with a 1:3 NaClO
solution for 1h at 75°C and then with a 1:1 NaClO solution
for 24h at room temperature before being washed until
neutral. The samples were then filtered and dried for 1h
at 80°C. Step (5) The sample derived from step 4 was hydro-
lyzed with 2.5N HCI for 15 min at 100°C. The hot acid mix-
ture was poured into cold tap water with vigorous stirring
and allowed to stand overnight. The sample was filtered,
washed with distilled water, dried in the oven at 60°C for
1h, and the sample obtained from step 5 was used for che-
mical and morphological studies. The preparation of NCC is
shown as a graphical presentation in Figure 3.

2.3 Characterization of MCC and NCC from
pineapple leaves

FTIR (Shimadzu IRPrestige-21) spectroscopy was used to
determine the chemical properties and the molecular
structural analysis. The KBr disc (ultra-thin pellets)

approach was employed while taking the IR spectra. The
samples were mixed with KBr (sample/KBr ratio, 1:100).
The spectra were recorded in the range 500-4,000/cm with
a resolution of 4/cm and a total of 32 scans for each sample
was obtained. The crystalline phase of the MCC and NCC
samples was evaluated using XRD (Bruker AXS-D8 Advance)
at 40 kV and 40 mA with a wavelength of 0.15406 nm (A). For
each sample, the crystallinity index was determined using
the following equation [37]:

Iams

I —
CI(%) = “Vli
cry

x 100 )

where CI is the crystallinity index (%), Iy is the maxi-
mum intensity between 22° and 24°, and I,,,s is the amor-
phous material intensity between the peaks at an angle of
approximately 18° in the valley.

The crystallite size was inferred using the Scherrer
equation (equation (2)) [38,39],

kA
B cos B

crystallite size (nm) = 2
where k is the Scherrer constant (0.94), A is the X-ray
radiation wavelength, f is the full width at half-max-
imum (FWHM) of the diffraction peak, and 6 is the corre-
sponding Bragg angle.
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Dewaxed in Soxhlet
apparatus with 2:1 (v/v)
mixture of toluene and
ethanol for 7 h.

Samples were treated
with 2 wt% NaOH at
80°C for 2 h.

NCC were obtained by
freeze drying the
material

NCC sample

Next, samples were treated with
30 wt% H20:at 80°C for 1.5 h
and repeated two times until
white samples were obtained

Centrifugation at
10, 000 rpm for 15 min
(5 cycles)

Filtered and rinsed
until the samples were
neutral in pH

Constant
stirring
for 45°C

for 45 min

Dispersed in 100 mL
of 64 wt% H2SOs with
continuous stirring

Figure 3: Procedures of preparation of NCC from pineapple leaves.

Morphological properties were studied using SEM
and TEM. The surface of the NCC sample was coated
with gold/palladium using a sputter coater device of
Bal-Tec (MultiCoating System MED20), suggesting an
excellent sample preparation technique. The sample was
subjected to SEM (JEOL-JSM-6010LA) with an acceleration
voltage of 15 kV. The diluted suspension of MCC and NCC
was placed on a copper grid covered with a thin carbon
film, stained with a 2 wt% of uranyl acetate solution, and
dried at room temperature before subjecting to TEM. The
dimension images of the MCC and NCC sample were
observed using a TEM (JEM-2100F) operating at 80 kV of
acceleration voltage.

2.4 Cytotoxicity studies

MRC-5 cells were cultured in RPMI 1640 containing foetal
bovine serum (10%) and penicillin/streptomycin (10 mL)
prior to cytotoxicity assay. MCC and NCC from ananas
(pineapple) leaves and commercial MCC (1,000, 100, 10,

1, and 0.1 pg/mL) were dissolved in 4% NaOH solution
prepared in deionized water, as treatment solutions. A 96
well plate for the treatment was filled with 90 pL of media
containing MRC-5 cells and 10 pL of the treatment solu-
tion was added prior to the cytotoxicity assay. A 96 well
plate for the treatment was filled with 90 pL. of media
containing MRC-5 cells and 10 pL of the treatment solu-
tion. The treatments were incubated in four replicates for
24, 48, and 72 h. MTT solution (50 pL) was added to each
well and incubated at 37°C for 4 h [40]. DMSO (100 pL)
then was added after the cells with MTT solution in each
well were pipetted out. The absorbance reading at a
wavelength of 570 nm was measured by using a plate
reader. The cell viability was evaluated and was plotted
by using GraphPad Prism 5.0. The findings from the cyto-
toxicity graph and GraphPad Prism 5.0 were collected
and used to assess the treatment’s absorbance reading.
Using Student t-test analysis, the statistical significance
between variables was tested in four replicates for each
experiment, and p values <0.05 have been considered
significant.
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2.5 Molecular docking simulation

Molecular docking of cellobiose, the reducing unit of cel-
lulose against human acid-beta-glucosidase (PDB: 10GS),
was carried out according to the instructions using the
AutoDock 4.2 tool [41]. Briefly, the polar hydrogen atoms
and the Kollman charges were assigned to the receptor
protein. Partially Gasteiger charges were assigned to the
ligand, and nonpolar hydrogen atoms were fused. A grid
map of 40 x 40 x 40 A with grid centre 23.05 70.77 -19.66
(x, ¥, and z positions, respectively) was used to cover the
active site of protein structure to get the best conforma-
tional state of docking. The best docking pose was chosen
based on the lowest binding energy (kcal/mol) values, and
hydrogen and hydrophobic interactions were analyzed
with Discovery Studio (v3.5). The LIGPLOT method was
also used to build a 2-D graphical representation of the
best-docked pose [42]. The amino acid residues involved
in the formation of active pockets in the receptor for inter-
action with ligands/molecules, such as ARG2, THR21, ASN19,
TYR22, ASN19, THR21, THR21, TYR22, THR21, THR21, TYR22,
and VAL17, were identified based on a hetero atom co-crys-
tallized with active sites of receptor already present in human
acid beta-glucosidase (PDB: 10GS).

3 Results and discussion

3.1 Structures of MCC and NCC from
pineapple leaves

The isolated MCC and NCC powders from pineapple

leaves are shown in Figure 4. Referring to the results,
the MCC sample was found to be yellowish-white powder

(a)
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while the obtained NCC was a snowy white powder in
colour. There is a difference in appearance for both sam-
ples when compared to the NCC sample. The colour of
both samples changed from brown to light brown after
alkaline treatment. The materials that were treated by the
bleaching process appeared white for NCC and slightly
yellowish-white for MCC. This visual is very important as
it demonstrates that the non-cellulosic components and
unwanted constituents throughout have been success-
fully eliminated by the chemical treatment process. The
observed white colour also points out that the obtained
samples are almost pure cellulosic materials. However,
the texture of both samples is quite different. The differ-
ence in both MCC and NCC was influenced by the period
of extraction and the suitability of the selected extraction
method. Besides, referring to the literature, the proces-
sing conditions, nature of the selected plant sources,
botanical origin, soil characteristics, and age of the plant
also contribute differently to the amount of MCC and NCC
residuals produced [43].

Both the obtained samples of MCC and NCC were
successfully characterized by FTIR and XRD to evaluate
their purity and crystallinity. In general, FTIR character-
ization depends on the atom vibrations in a molecule,
and it can help to classify the functional groups within
each of the samples available. The analysis of chemical
structure is controlled by the chemical bonds that can
vibrate, stretch, and bend. The main functional groups
commonly present in cellulose samples, such as aro-
matic, esters, alcohols, alkanes, and ketones, can be
identified by this spectroscopy analysis [44,45]. With
high sensitivity, speed of data collection, and improved
spectral precision, FTIR spectroscopy is one of the essen-
tial characterization studies in the study of MCC and NCC
by referring to the wavelength and transmittance in IR
radiation.

(b)

Figure 4: (a) Microcrystalline cellulose (MCC) and (b) nanocrystalline cellulose (NCC) derived from pineapple leaves.
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Figure 5: Fourier transform infrared spectra of commercial MCC,
MCC, and NCC samples.

The alteration in the cellulose crystal structure leads
to a reduction or loss in the intensity of certain FTIR
peaks from the cellulose crystalline domains. The sam-
ples are expected to produce an absorbance region, and
the infrared spectra for both MCC and NCC samples are
studied based on the literature. The variation of absorp-
tions peaks in the spectra exposed the different func-
tional groups influenced by the modifications in the
chemical composition of the fibres during the process of
isolating MCC and NCC [46]. The FTIR results for com-
mercial MCC, MCC, and NCC samples are displayed in
Figure 5. Lignin and hemicelluloses were successfully
eliminated by bleaching, alkali treatment, and acid hydro-
lysis, as determined by the FTIR spectra. Furthermore, no
significant difference was found in both extracted MCC
and NCC samples at the cellulose region.

Table 2 shows the functional groups of MCC and NCC,
isolated from pineapple leaves, that were found in the
FTIR spectra. Both samples of MCC and NCC showed
almost similar spectra compare with the standard com-
mercial MCC. The commercial MCC has functional groups
of O—H at a wavelength of 3323.35/cm, C—H was observed
at 2889.37/cm, C=0 at 1618.28/cm, CH, at 1429.25/cm,
and 1352.10/cm was assigned to C-0 stretching. The strong
dominant absorption peak associated with cellulose in

Table 2: Functional groups of MCC and NCC from pineapple leaves
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extracted MCC and NCC occurs in the region from 3329.14
to 3336.85/cm, which points at the bending of the hydroxyl
(O-H) groups and the stretching of hydrogen bonds to the
cellulosic structure [47]. This appearance may be attributed
to the absorption of moisture or water in the samples.
Besides, the alkali treatment involved in the isolation of
MCC and NCC reduces hydrogen bonding by removing the
hydroxyl groups through a reaction with sodium hydroxide.
This led to the increase in —OH concentration, evident from
the increased intensity of the peak in the spectra. In both
spectra, the characteristic band at about 2897.08-2904.80/cm
is close to the C-H stretching vibration of alkyl groups in
aliphatic bonds of cellulose, hemicellulose, and lignin [48].
The band between 1637.56 and 1639.49/cm was due
to the carbonyl group (C=0) stretching vibration of the
hemicellulose acetyl and uronic ester groups, or the
lignin ferulic and p-coumaric acid carboxylic group [49].
Acid hydrolysis, which is required for the extraction of
MCC and NCC from pineapple leaves, eliminates hemicel-
lulose and lignin, resulting in a decrease in the strength
of this peak in the cellulose spectrum. The bands that
appeared at 1427.32 to 1429.25/cm are caused by CH, scis-
soring vibrating shift in MCC and NCC [50]. This peak was
recognized as the crystallinity band in the samples and
provides evidence of containing cellulose. Furthermore,
both spectra of samples displayed the characteristic C-O
stretching around 1321.24 to 1359.82/cm. The spectra of
MCC and NCC, derived from pineapple leaves, revealed a
comparable trend to the cellulose literature defining the
0-H, C-H, C=0, CH,, and C-0 functional groups [51].
Another critical analysis that is useful for assessing
the thermal stability of polymeric materials is thermogra-
vimetric analysis. In evaluating the possible uses of MCC
and NCC as biomedical products, thermal stability is
an important parameter to be considered. The study of
thermal degradation behaviour is significant for the per-
formance of the materials and allowed researchers to
optimize the composite design and treatment conditions
to produce high-performance polymers with improved
thermal stability. The thermal behaviour of the ligno-
cellulosic materials depends on the treatment involved,
source of raw materials, structure, chemical composition,
and degree of crystallinity [52]. All samples revealed

Samples of cellulose —OH stretching C-H vibration C=0 vibration CH, vibration C-O0 stretching
(/em) (/em) (/em) (/em) (/em)

Microcrystalline cellulose (MCC) 3329.14 2904.80 1637.56 1427.32 1359.82

Nanocrystalline cellulose (NCC) 3336.85 2897.08 1639.49 1429.25 1321.24
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Table 3: XRD analysis for determining the crystallinity index (Cl) and the crystallite size (nm) of MCC and NCC samples

Crystallinity index (%) Crystallite size (nm)

Samples Reflection at 20 (°)
Microcrystalline cellulose (MCC) 14.5, 22, 34
Nanocrystalline cellulose (NCC) 15.5, 22, 35

75.00
76.38

4.52
4.70

water (moisture or chemically bonded) loss around 100°C
and were attributed to dehydration during water removal
[53].

Both MCC and NCC samples extracted from pineapple
leaves displayed the same trend and pattern with the
degradation occurring from 240 to 380°C in the second
step. The exceptionally high slope for both samples is due
to the depolymerization of the cellulose. The partial
cross-linking of cellulose molecules reduces the degree
of polymerization at this point, leading to the formation
of CO, CO,, H,0, and a variety of hydrocarbon derivatives.
The final steps revealed in this analysis show that rapid
depolymerization occurs above a temperature of 350°C,
and approximately about 70% of the weight loss. This
finding is comparable with the results from Gan and co-
workers that mentioned three main stages in the degra-
dation profile [54].

The first initial weight loss component was found at
about 50°C and approximately 100°C. The thermal stabi-
lity of both MCC and NCC samples showed that the
chemical treatment increased the temperature of degra-
dation, influenced by the elimination of hemicelluloses
and lignin. The higher degree of crystallinity also led to
higher heat resistance and improved thermal degradation
in MCC and NCC samples [55,56]. The residual mass at a
temperature of 750°C for MCC samples is 6.13% while that
of NCC samples is 14.98%. In comparison between the
two samples, MCC showed a higher degradation tempera-
ture behaviour than the NCC from pineapple leaves, prob-
ably due to the variation in each MCC and NCC’s outer
surface structure derived from the different extraction
techniques [57].

The crystallinity was measured by XRD. For the ana-
lysis of structural properties of MCC and NCC, the XRD
technique was used to analyse the degree of crystallinity
and the crystal structure of the cellulose samples. The
preferred orientation of crystallites, also known as tex-
ture, is a significant factor to consider while analysing
XRD. The texture development of the sample is frequently
influenced by the synthesis techniques, the nature of the
crystallites, and pretreatment. It is well known that the
relative intensities of diffraction peaks are influenced by
these factors and will affect the crystallinity index accord-
ingly [58]. The X-ray diffraction pattern was obtained for

both MCC and NCC samples isolated from pineapple leaves.
Based on the results, it showed that the samples peaks at 26
for MCC are 14.5°, 22° and 34° while those for NCC were
around 15.5°, 22° and 35°. The samples’ crystallinity index
was calculated using the Segal method. Thompson and col-
leagues noted that Segal’s method allows a rapid and
simple way of determining crystallinity for cellulose and
its derivatives [59]. Table 3 shows the XRD analysis of the
MCC and NCC samples for the crystallinity index (CI) and
the crystallite size (nm).

The crystalline structure of the samples is attributed
to the primary X-ray diffractogram peaks, as illustrated in
Figure 6, while the low intensity is attributed to the amor-
phous background of the cellulose samples. The XRD
properties reveal a strong peak at 20 = 22°, indicating
higher crystallinity for both MCC and NCC samples. The
sharp peaks of the graph suggest greater crystallinity
activity for all the samples [60]. These peaks have a
similar pattern and should resemble the typical cellulose
I structure. Cellulose I is the most typical crystalline type,
consisting of a series of crystallites and disordered amor-
phous regions. The significant intensity for both samples
from this work was associated with the cellulose I crystal-
line structure of cellulose.

The crystallinity index of MCC, from pineapple leaves,
was 75.00%, while NCC has 76.38% of crystallinity.
As discussed in several studies, the crystallinity index
provides a quantitative analysis of the crystallinity in
powder, which can be related to the strength and stiffness
of fibres [61]. Low crystallinity reveals a more disordered
structure that results in a more amorphous powder,

100

80 —DMCC

—NCC

60 1

40

20 1

Intensity (a.u)

0 10 20 30 40 50 60
Diffraction angle (26)

Figure 6: X-ray diffractograms of MCC and NCC from pineapple
leaves.
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whereas high crystallinity reveals an organized mole-
cular structure that interprets small particles. The crystal-
lite sizes of MCC and NCC that were determined by using
the Scherrer equation were 4.52 and 4.70 nm, respec-
tively. The crystallite size results support the description
of the crystallinity behaviour of samples obtained.

Compounds of cellulose usually consist of lignin,
hemicellulose, and a-cellulose. Cellulose is classified as
crystalline in nature, while lignin is considered amor-
phous. The crystalline structure of cellulose is generally
due to the interaction between the neighbouring mole-
cule with the hydrogen bond and van der Waals forces
[62]. This crystallinity characteristic is very important in
terms of elasticity, rigidity, thermal stability, and also
adsorption. According to the findings, it can be stated
that the amorphous area of cellulose in MCC and NCC
was targeted by the acid solution that was used in acid
hydrolysis resulting in the increase of crystallinity index.
The acid hydrolysis also eliminated polysaccharides, such
as lignin matrix and hemicellulose that were bound in
cellulose fibres, and the chains of MCC and NCC were rear-
ranged. The results in the XRD crystallinity profile for MCC
and NCC are significant to indicate the digestibility from
the obtained samples [63].

3.2 Surface morphological analysis

Figure 7 shows the SEM micrograph of MCC and NCC sam-
ples isolated from pineapple leaves at x100 magnification.
SEM is a good tool to investigate the morphological changes
for both cellulose samples. From compositional analysis
based on the literature, the raw pineapple leaves contain
cellulose fibres bound by lignin and hemicellulose [64].
Based on the micrographs for both MCC and NCC, it
appears to be composed of a compact structure. They
displayed plenty of non-fibrous components spread across
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the fibre surface. The form of this sample shows an
increase in its precise area, favours chemical response
that includes acid hydrolysis. The agglomerated “rod-
like” shape of the crystal structure increases the surface
area and creates the reactivity of the fibres [65]. The com-
pact agglomeration of MCC and NCC suggests intermole-
cular bonding of hydrogen and strong hydrophilic inter-
action between cellulose chains. During the bleaching
treatment, most lignin is removed from the samples, and
the reaction also facilitates in further defibrillation.

In this work, alkaline and bleaching treatments were
involved in the isolation process of MCC and NCC for the
pre-treatment of waste fibres. Bleaching leads to further
defibrillation. Defibrillation occurs in the alkaline treat-
ment and this trend increases in line with bleaching
(whitening) treatment due to the expulsion of lignin
and hemicellulose. Bleaching treatments can alter the sur-
face of nanofibrils that look smoother than the untreated
fibres [66]. Besides SEM analysis, TEM is also one of the
good characterization techniques for analysing the mor-
phological surface of nanometer-scale in MCC and NCC
samples. The micrograph obtained by TEM allows visuali-
zation of the fibrils, which are organized in bundles by the
strong attraction force of hydrogen bonds, showing further
on the surface of their fibrils. The TEM micrographs as
shown in Figure 8 illustrate the needle-like structure con-
sisting mostly of single fibrils and some aggregates. A
similar structure was obtained by Mahardika et al. [67]
and Prado and Spinacé [68].

However, the size of both MCC and NCC is smaller
than that reported in previous studies. This is because of
the involvement of the acid hydrolysis process that removes
the amorphous area of cellulosic microfibrils, maintaining
intact straight crystalline domains [69]. The process of treat-
ment inevitably decreases the size of the fibres to the nan-
ometer scale. This finding is comparable to the work done
by Teixeira and co-workers [70]. Nonetheless, the MCC and

Figure 7: SEM micrograph of (a) MCC and (b) NCC samples isolated from pineapple leaves.



802 —

Muhammad Hanif Sainorudin et al.

DE GRUYTER

(b

Figure 8: TEM micrographs of (a) MCC and (b) NCC samples isolated from pineapple leaves.

NCC agglomerates, as revealed from the TEM image, could
be linked to the intermolecular hydrogen bonding between
the cellulose.

Meanwhile, the hydrolysis with H,SO, results in stable
NCC aqueous suspension. The NCC surface hydroxyl groups
are etherified with sulphate groups, alleviate the suspen-
sion by anionic repulsion forces, and have a low aggrega-
tion tendency [71]. Referring to the micrograph, it also
depicts agglomeration of MCC and NCC bundles and points
at dispersed crystallites and individual crystals. The needle-
like shape of both samples is proof that the lignin and
hemicellulose have been separated and eliminated by alka-
line and bleaching (pre-treatment), and also acid hydrolysis
causes the fibre bundles to be extracted into individual
cellulose nanofibres.

3.3 Cytotoxicity effect of MCC and NCC on
MRC-5 cells

Cytotoxicity test is an analysis for evaluating the cytotoxi-
city effect of compounds on the living organism via the
cell viability assessment. This analysis is the simplest
in vitro technique, which is a rapid and affordable approach
for the initial biocompatibility safety evaluation of MCC and
NCC materials. Since cellulose-based materials like MCC
and NCC have considerable potential for medical applica-
tions, additional work is necessary to obtain further infor-
mation on their toxicological and characteristics and their
possible impacts on human health and safety. This cytotoxi-
city evaluation can be used as a vital aspect of nanomaterial
characterization. MTT assays and MRC-5 cell lines were
used to evaluating the cytotoxicity property of the bioma-
terials since this assay is largely used in the screening of
toxic and harmless material compounds.

Figure 9(a—c), respectively, demonstrates the cyto-
toxicity activity of MCC and NCC against normal lung
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Figure 9: Cytotoxicity effect of MCC, NCC, and commercial MCC
against human normal lung cells (MRC-5) for 24, 48, and 72 h of
treatment. The analysis was performed using GraphPad Prism 5.0
and t-test analysis was done for each group. The * symbol indicates
the significance level of the treatment, where *, **, and *** are

p < 0.05, p < 0.01 and p < 0.001, respectively for treatments
compared with the control of each group.
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fibroblast cells (MRC-5). The percentage of cell viability in
the medium was mainly dose-dependent. From Figure 9,
it is shown that no significant difference in cell viability
was observed at a concentration of 0.1 pg/mL relative to
control for all cellulose types when exposed to different
times. Different concentrations of MCC, NCC, and indus-
trial MCC, ranging from 0.1, 1, 10, 100, and 1,000 pg/mL
were tested on the viability of the cells and applied for 24,
48, and 72 h of treatment.

The results further showed that MCC and NCC had
less toxicity to the MRC-5 cells after a 24 h treatment at
lowest concentrations of 0.1, 1, and 10 pg/mL. On the
other hand, MCC and NCC demonstrated cell inhibition
below 30% at higher concentrations of 100 and 1,000 pg/mL.
According to the findings, MCC, NCC, and commercial
MCC significantly decreased cell viability at a concentra-
tion of 1,000 pg/mL between 70 and 52% compared to
control except for MCC in 24h treatment application.
Furthermore, the research on cytotoxicity was investi-
gated here to reveal that MCC and NCC from pineapple
leaves were evaluated as less toxic compared to the com-
mercialized MCC. The viability of MRC-5 cells in industrial
MCC (1,000 pg/mL) and NCC (100 and 1,000 pg/mL) at
48h of treatment was significantly lower (p < 0.001).
The viability of MRC-5 cells for industrial MCC (100 pg/mL)
and MCC (100 and 1,000 pg/mL) was significantly lower
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Asn 19(A))

Structural characterization of micro- and nanocrystalline cellulose

2

AutoDock 4

— 803

(p < 0.001) for 72 h of exposure. Besides, the viability of
MRC-5 cells for commercial MCC (1,000 pg/mL) and NCC
(100 and 1,000 pg/mL) was significantly different com-
pared to the control. It also emerged from the results
that the lowest concentrations (0.1, 1, and 10 pg/mL) of
MCC and NCC were less toxic to MRC-5 cells with 24 h of
treatment. At higher concentrations (100 and 1,000 pg/mL),
the toxicity effect of MCC and NCC still showed cell inhi-
bition below 30%. In spite of the cytotoxicity effects of
MCC, NCC, and commercial MCC, the toxic effect was
considered to be marginal as the inhibition of the treated
MRC-5 cells did not exceed 50% inhibition concentra-
tion (ICsq).

According to previous studies, different treatments
with MCC samples showed negligible toxicity to cell lines
used with the lowest concentrations of treatments ran-
ging from 10 to 250 ug/mL [72]. Thus, the results are con-
sistent with the literature findings that indicate negligible
cytotoxicity at lower concentrations of the treatments,
against different cell lines [73]. In this analysis, we
observed that the maximum concentration (1,000 pg/mL)
for both cellulose samples showed less toxicity and had
major cytotoxicity effects compared to control. Compared
to MCC, NCC was typically slightly toxic due to its
propensity to form a suspended gel when incubated
at higher concentrations that could have blocked the

TYR22
7 X

Figure 10: Molecular docking analysis between (a) human acid-beta-glucosidase (PDB: 10GS) (b) cellulose unit (c), including the best-
docked pose showing various interactions profiles and (d and e) 2D interaction diagram showing the active site participation in hydrogen

such as hydrophobic and hydrophilic interactions.
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passage of gases through the cell membranes. Mean-
while, at 48 and 72h of incubation with the maximum
concentrations of MCC and NCC (1,000 pg/mL), the per-
centage of cell viability decreased to 60%. This suggested
that the MRC-5 cells may be nutrient deficient because of
media condensation during incubation.

3.4 Molecular docking analysis

Figure 10 shows a graphical representation of the best
docking pose with the receptor and the active binding
pocket region. The lowest binding energy values (kcal/mol)
and hydrogen/hydrophobic interaction analyses were used
to examine cellulose- B-Glc docked complex (Figure 10c).
The pose with the energy values (-5.0 kcal/mol) was found
to be the best and most active conformational position. The
pattern of hydrogen and hydrophobic contacts between
the cellulosic unit and the target protein was investigated
in more detail in the best-docked energy complex (10 D).
The active amino acid pockets of enzymes such as ASN19,
THR21, VAL17, and TYR22 are directly involved in hydrogen
bonding with distances of 2.18, 1.63, 2.92, and 2.76 A
(Figure 10c and d).

Furthermore, hydrophobic and hydrophilic amino
acids of the active site of the receptor, such as Cys18,
Ile5, Asn19, and Arg2, were involved in stabilizing the
docked pose of the cellulose unit and the enzyme com-
plex in proper orientation via secondary forces such as
van der Waals forces in order to use cellulose as a drug
delivery carrier. Moreover, LIGPLOT was used to generate
schematic 2D representations of ligand-receptor inter-
actions for the best-docked pose, as shown in Figure 10e.
The neighbouring amino acid residue in the pocket region,
as shown in the 2D representation, is involved in hydro-
phobic and hydrophilic interactions to support the close
contact of the ligand with the enzyme (red half circles) as
well as the hydrogen bonding interaction between the
receptor and the ligand (green bonds).

4 Conclusion

In this study, the cytotoxicity effects of MCC and NCC
from pineapple leaves to normal fibroblast cells in the
lungs (MRC-5) were assessed. The cytotoxicity effect of
MCC and NCC revealed low toxicity for 24, 48, and 72h
of treatment at higher concentrations. The obtained MCC
and NCC were of high purity and high crystallinity based
on the characterization studies. The morphology of needle-
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like shapes proved that these materials have a nanoscale of
aspect ratio in length and diameter. The crystallinity index
of cellulose from the pineapple leaves gives NCC a higher
crystallinity compared with the MCC samples. The differ-
ence in findings of physical properties and sample crystal-
linity may be due to the different pretreatment techniques
and hydrolysis of acids. Overall, the obtained MCC and NCC
from pineapple leaves are an effective option for sustainable
natural resource production in Malaysia, which are safe and
biologically compatible to be used as a drug delivery carrier
in pharmaceutical applications. A molecular docking ana-
lysis will provide a deeper understanding of the relationship
between cellulose and receptor proteins/enzymes, which is
useful for researching drug delivery pathways in biological
systems.
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