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ABSTRACT

Objective: The main objective of this work was to understand the basic properties of crystalline nanocellulose (CNC) that can be useful as a novel
excipient in pharmaceutical formulations. This covers the isolation and preparation of nanocellulose followed by characterization.

Methods: Cellulose was isolated from aquatic weed by autoclaving and bleaching. Cellulose to CNC conversion involved gluconic acid treatments at
different concentrations (40%, 50% and 60%) followed by centrifugation and neutralization. CNC was further characterized by Differential
Scanning Calorimetry (DSC) and Thermo gravimetric Analysis (TGA), Field Emission Scanning Electron Microscopy (FE-SEM) and Atomic Force
Microscopy (AFM) for surface morphology, elemental analysis by Energy Dispersive Spectroscopy (EDS), Fourier Transform Infrared Spectroscopy
(FTIR), crystallinity index by X-Ray Diffraction (XRD), and optical microscopy.

Results: Acid concentration affects the moisture uptake, particle size, and yield of CNC. CNC size ranged from 350 nm to 900 nm with a crystallinity
index 80% to 85%. Moisture uptake was 6.38+0.12% at 33% relative humidity. DSC and TGA established thermal stability over 200 °C. Nanocellulose
has shown Angle of repose (28.81°), Carrs index (12.32), zeta potential (33mV) values and heavy metals within pharmacopoeial limits.

Conclusion: CNC from water hyacinth was prepared successfully by sustainable process. CNC physico-chemical characterization revealed the stable

nature of CNC, suitable to be used as an excipient in pharmaceutical formulations.
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INTRODUCTION

The progress in drug delivery systems in last couple of decades has
seen giant leap from conceptualization to actual utility in terms of
excipient and adjuvant research. Be it synthetic drug, biologicals,
biosimilars, and natural extractives; pharmaceutical excipients have
the lion’s share to make the drug exhibit its pharmacological actions at
the correct time, correct location, in correct manner and with
minimum unwanted effects. The quest for newer excipients and drug
carriers is not only restricted to novel drug delivery systems but also,
they are in demand for conventional pharmaceutical formulations [1].
The correct answer to the question why we at all need novel
pharmaceutical excipients lies in the fact that they impart stability to
the API (active pharmaceutical ingredients), improve dissolution rate,
help to deliver the drug at target location, improve taste, enhance
aesthetic value, prolong the drug release, maintain immunogenicity in
vaccines, and impart ease of handling via their tunable physico-
chemical properties. These excipients truly exert ‘behind the scenes’
role, with latest example as the incorporation of lipid membranes in
mRNA vaccine for COVID-19 developed by Moderna and
Pfizer/BioNTech as an effective means of career system [2].

In this context, novel excipients are being continuously searched and
developed with an eye on nanomaterials owing to their several
advantages such as high surface area, high drug loading capacity,
target specific drug delivery, predictable drug release kinetics, and
possible customizable approaches in their applications. In recent
years, the focus has shifted more towards bionanomaterials, that too
of biodegradable nature. While several factors are involved in
selection of suitable bionanomaterials in drug delivery systems,
current trend highlights exploration of natural polymers and their
composite structures. Some of these include chitosan, sodium
alginate, pectin, cellulose, gelatin, natural gums, dextran, agarose,
proteins, peptides, clays like bentonite, etc. These natural
nanoparticulate drug carriers can be broadly classified as organic,
inorganic and metal oxides. Among all of these biodegradable,
biocompatible, inexpensive bionanocarriers, cellulose is most
abundant on the earth having noteworthy inherent mechanical,
chemical, structural and biological properties [3]. In addition,

nanocellulose properties are tunable, it is recyclable, promising
sustainable alternative to current biodegradable and natural
nanoparticles in several aspects of drug delivery systems. Being
“green material”, it has been the mainstay area of extensive research
for last few years in the field of drug delivery and biomedical
applications [4]. Based on the sources and method to obtain it,
nanocellulose can be classified as Crystalline Nanocellulose (CNC),
Crystalline Nanofibers (CNF) and Bacterial Nanocellulose (BNC) [5].
The application of each of them changes with perspective of their
preparation method and ensuing physico-chemical properties [6].

Numerous sources to obtain nanocellulose have been reported such
as sugarcane bagasse, kenaf, cotton, sugar beet, wheat straw,
bamboo, tunicates, algae, eucalyptus, garlic skin, to quote a few
among many that span among plant, animal, bacterial and civil waste
origin [7]. Several excellent reviews are available that throw light on
sources, extraction and isolation processes of nanocellulose. For
conversion of cellulose to nanocellulose, hydrophobic and
amorphous lignin as well as hemicellulose regions must be broken
by overcoming the phenolic group and xylan-glucomannan bonds
respectively present in them [8]. The harsh conditions are required
stepwise that include alkali treatment such as 4% to 10% NaOH
(w/v) for removal of amorphous hemicellulose for varying time and
temperature conditions reported by several researchers. Similarly,
removal of lignin needs strong acidic treatment primarily reported
as sulphuric acid, phosphoric acid, hydrochloric acid at 30% to 65%
concentration level running for several minutes to few hours at
ambient temperatures 40 °C to 120 °C. Sizeable works also mention
use of bleaching agents H20: and acidified sodium chlorite as means
of delignification [9]. In a process to obtain CNF from raw cellulose,
2,2,6,6-Tetramethylpiperidine-1-oxyl radical (TEMPO), a strong
oxidizing agent is used as catalyst often rated as hazardous
environment material [10]. Taking into consideration adverse
environmental impact of these harsh chemicals and excess quantity
of water required at each step of neutralization, modern methods
such as use of ultrasonication, ionic liquids and deep eutectic
solvents (DES). However, each of these modern methods pose
limitation/s; either has higher cost element, being environmentally
toxic or require higher input of energy in various ways [10].
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With overall discussion, this work proposes a sustainable method to
synthesize nanocellulose with minimum harm to the environment
utilizing gluconic acid that will support UN sustainable development
goals number 13, 14 and 15 (https://sdgs.un.org/goals). Water
hyacinth (Eichhornia crassipes Mart.) was selected as the source of
cellulose. Water hyacinth is an invasive aquatic species that is
detrimental to aquatic health by blocking sunlight, restricts water
flow and multiplies rapidly (https://www.invasivespeciesinfo.gov/
aquatic/plants/water-hyacinth). Notwithstanding with this, water
hyacinth has tremendous applications in multiple fields, and the
drug delivery system is no exception [11]. Literature is abundant
with the characterization of nanocellulose; nevertheless,
fundamental and derived properties of nanocellulose intended for
drug delivery systems are lacking. In this study, we present an
evaluation of nanocellulose derived from water hyacinth that
includes particle size by dynamic light scattering (DLS) and size
distribution, thermal properties by DT-TGA and DSC, FT-IR, test of
heavy metals, surface morphology by FE-SEM and atomic force
microscopy, crystallinity by XRD, flow properties, compressibility
index, proximate analysis (% moisture, ash value,) and optical study
of nanoparticles. These studies will be discussed specifically with
perspectives and requirements of pharmaceutical excipients and
drug carriers.

MATERIALS AND METHODS

Raw material collection and crystalline nanocellulose (CNC)
preparation

Biomass collection

The common water hyacinth Eichhornia crassipes was collected from a
nearby pond and water lagoons in Nagpur district, Maharashtra State,
India (geographical co-ordinates 21° 09'42.2"N 79° 06'46.7"E).
Collected water hyacinth was authenticated as Eichhornia crassipes at
Department of Botany, Rashtrasant Tukadoji Maharaj Nagpur
University, Nagpur, India (Herbarium Sheet no. 10228). Stem part was
selected for further studies, followed by a cleaning and drying process
under shed. Sodium hypochlorite, sodium hydroxide, gluconic acid
were of AR grade purchased from HiMedia, Mumbai, India.

Extraction of biomass

Weighed quantity of dried and finely grinded # 60 mesh sieved WH
stem powder was soaked in mixture of NaOCl (3%v/v) and NaOH
(3%w/v) in the ratio 1:10 for 60 min. The mass-to-liquid ratio was
1: 5 expressed by weight. This mass was then subjected to
autoclaving at 121 °C at 15 psi pressure for 30 min. Post-autoclaving
cycle, filtration of the pulp with Whatman filter paper number 41
was carried out for maximum yield. After filtration, a copious
volume of distill water was added for neutralization, confirmed by
calibrated digital pH meter (Hanna Instruments Inc, Model HI2202).
The yield was calculated on weight basis.

Nanocellulose preparation

Crystalline nanocellulose was prepared by acid hydrolysis with
gluconic acid. Gluconic acid is an organic acid, one of the very few
mild organic acids with nontoxic, noncorrosive, biodegradable,
Generally Regarded as Safe (GRAS accepted) and nonvolatile nature
[12]. Filtered pulp of the previous step was used on dry basis for
nanocellulose synthesis. In brief, 40 g dried pulp was added to 400
ml gluconic acid in the ratio 1:10 on a weight basis (40%, 50% and
60% w/v solution as received from the supplier). The resultant
slurry was subjected to intense homogenization at 10,000 rpm for 5
min held in between 55 °C to 58 °C using homogenizer (Kinematica
AG Polytron PT 3100 D Switzerland, 1200, 50Hz). This chemical-
mechanical treatment was arrested by adding equal volume chilled
distill water. The process was repeated for 3 passes; dispersion was
allowed to reach room temperature, followed by centrifugation for 5
min at 5000 rpm. To maximize the yield, centrifugation was carried
out thrice. The supernatant CNC dispersion was neutralized to pH 7
by keeping it in dialysis membrane, this being kept in distilled water
bath for dialysis for 4 d. Since gluconic acid exhibited dark brown
color, bleaching was carried out for decolorization with 2% sodium
hypochlorite (NaOCl) by weight at 50 °C for 30 min in CNC to NaOCl
ratio of 1:5 (20 g CNC in 100 ml NaOCl). The CNC dispersion was
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further neutralized using dialysis membrane for 4 d and filtered
subsequently. The yield was calculated on a dry weight basis. The
obtained CNC was further subjected to evaluation tests.

Characterization of CNC
Proximate analysis

World Health Organization recommends standardization of herbal
drugs and natural excipients used in pharmaceutical formulations,
often backed by Pharmacopoeial standards of relevant countries [13].

Moisture absorption studies

The moisture uptake by CNC was carried out on wet weight basis at
25 °C for two extremes of humidity maintained at 33 % RH and 86%
RH respectively by saturated solutions (200 ml) of MgCl..6H20 and
ZnS04.7H:20 in separate desiccators [14]. The sample size was 5 g,
spread evenly as thin layer in a tared petri plate kept in a desiccator
and following equation was used.
Moisture absorption= [(Win-W0)/W0] = 100 (1)

Where W is the initial weight after drying the sample at 105 ° C for
2 h in hot air oven and Wn is the weight at equilibrium after
moisture absorption. The process was repeated thrice, the
absorption was measured for 48 h [15].

Determination of total ash value

Ash value was determined by the method described in Indian
Pharmacopoeia 2018. Briefly, 2 g CNC sample was weighed and
transferred to a pre-heated silica crucible, again weighed and
transferred to muffle furnace. Sample was heated at 600 ° C for 2 h.
Crucible was removed from the furnace, allowed to reach room
temperature in a desiccator and weighed again. Following equation
was used to calculate total ash value

Total ash content = [ta-b)/c] x 100
Where: a = sample weight and petri dish before drying (g)
b = sample weight and petri dish after drying (g)
c = sample weight before drying (g)
Acid insoluble ash

Ash collected from the previous total ash content method was
weighed and boiled in 2M HCI for 5 min followed by filtration using
ashless filter paper (Whatman filter paper no. 42). After washing
with hot water sample was ignited in muffle furnace at 600 °C for 2
h, cooled in a desiccator and weighed [16].

weight of acid insoluble ash __
Weight of samiple ‘ 3)

Acid insoluble ash =

CNC powder flow properties characterization

In 50 ml glass measuring cylinder, 10 g CNC sample was introduced
for bulk and tapped density estimation. Untapped volume yielded
bulk density while tapped density was obtained after tapped volume
from equations (4) and (5), respectively. The tapping on hard
surface till constant volume in ml was determined in accordance
with United States Pharmacopoeia 2018 (USP 41-NF 36). In
continuation, these results were used to further calculate Hausners
ratio and Carr’s compressibility index employing equation (6) and
(7) respectively. The process was replicated thrice.

Mass
Untapped volime 4

Bulk density =

Mass

Tapped Density = Tapped volime 5)

Tapped density
Hausners ratio = —————————
Bulk density . (6)

Tapped density - Bulk densiry
Carr s compressibility index = - X100
: Tapped density (7)
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Pharmaceutical powders need to be free-flowing while handling and
formulations processes. Accordingly, static angle of repose was
determined to ascertain flow pattern of CNC powder. A glass funnel
mimicking hopper was fixed on stand with its lower end held above
5 cm from the hard, flat surface. Weighed 10 g sample was passed
through the funnel of nominal internal diameter 10 mm at 25 °C.
This conventional method employed formula tan! (h/r). In addition,
dynamic angle of repose was also determined by using transparent
glass barrel of length 10 cm and internal diameter 4 cm. Random
angle powder made while rotating was measured during rotations
and average was used in calculations [17].

Compressibility studies

The elastic or plastic behavior of powders in limited space by
volume reduction under pressure can be predicted by Kawakita plot
and equation. Although not full proof, it gives rough estimation of
compressibility of samples under test. Method described by Patil et
al. was used with modification [18]. Equation (8) describes the
terms and parameters of Kawakita plot.

P __ P 1

cC a ab

Where, C is reduction in volume on compression under pressure P,
constants a and b are obtained when P/C is plotted against P. The
analysis was intended to check efficacy of CNC in direct
compression. With 1% magnesium stearate as lubricant, CNC was
directly compressed at compression force 3,4,5 and 6 kN to form 10
mm, 450 mg tablet.

Particle size measurement by Dynamic Light Scattering DLS

Hydrodynamic diameter-based particle size of CNC was determined
by dynamic light scattering (Litesizer™ 500, Anton Paar, Austria).
Sample (approximately 0.01% w/v) was prepared by sonication of
CNC dispersion to avoid clumps or agglomerates.

Surface morphology characterization
Field emission scanning electron microscopy (FE-SEM) of CNC

The surface morphology of CNC obtained at different
concentrations of gluconic acid treatment was evaluated by FE-
SEM under vacuum at an accelerating voltage range 20kV (JEOL
JSM 6380A). Dimension, shape and structural properties were
observed at high resolution.

Atomic force microscopy (AFM) of CNC

The atomic force microscopy was operated with tapping mode of
silicon tip to estimate crystalline surface at ambient temperature.
Surface topology was observed in 3D view with respect to changing
gluconic acid concentration. AFM was executed using a Bruker
MultiMode 8 version microscope with a ScanAsyst-Air probe and
FASTSCAN-B controller. The tip with low spring constant of 1.8 N/m,
resonant frequency 450 kHz, a silicon cantilever tip diameter of 5
nm in tapping was employed.

Aqueous dispersion stability

In several types of pharmaceutical formulations, nanoparticles may
face brief or longer contact time with solvents or different fluids.
Irrespective of solubility behavior, the stability of CNC in water can be
estimated for brief period of time by knowing zeta potential of the
samples. Diluted 0.01% w/v CNC dispersion in distilled water was
analyzed for zeta potential at 25 °C (Litesizer™ 500, Anton Paar,
Austria).

Elemental analysis by energy dispersive X-ray spectroscopy
(EDS)

The elemental composition of CNC was evaluated by EDS technique.
EDS helps to detect elements present, mainly semi qualitative and
semi quantitative data to know contaminants presence, both of exo-
and endogenous nature [19]. The elements present emitting X-rays
were determined with corresponding energy level in 1-20 KeV
range. The sample was prepared as a thin layer and with coating of
conductive Pt layer.
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X-ray diffraction (XRD) and crystallinity index (CI)

The crystallinity of the CNC was analyzed by powder X-ray
diffraction study (Bruker-AXS D8 Advance). The study was
performed using Cu radiation generated at 25 mA intensity and 35
kV voltage at wavelength 1.5406 A. The XRD pattern was obtained
between 3° to 90° (26). From the same diffractogram, crystallinity
index was calculated by peak height method reported by Segal et al.
[20]. The empirical formula for CI calculation is as follows

Tooz - I
Crystallinity index = ————— X100
’ ’ Jooz 9)

Where looz height of heights peak
Imheight of lowest peak
FT-IR analysis

Uniform size CNC samples were dried for 2 h at 60 °C prior to
analysis. Samples were homogeneously mixed with KBr. Shimadzu
IRAffinity 1800 was used for FT-IR spectra with 64 scans in the
range 400 cm™ to 4000 cm. For each sample, three spectra were
recorded. CNC synthesized by different gluconic acid concentration
CNC40, CNC50 and CNC60 were compared with microcrystalline
cellulose.

Optical microscopy studies

Dried powder samples were observed under optical microscopy in
dark field mode at 10X and 40X resolution attached with high
resolution camera (Motic Image Plus 2.0 China). The purpose of this
study was to understand the structural arrangement of CNC crystals
that could not be observed through FE-SEM. Optical microscope
with high-resolution video camera was used to capture the images.
For this, dispersion of CNC in distilled water (0.01% w/v) was
prepared at neutral pH diluted sufficiently suitable for observation.

Thermal analysis

Differential Scanning Calorimetry (DSC) and Thermo-
gravimetric Analysis (TGA)

Differential scanning calorimeter of CNC sample was carried out (TA
Instruments SDT Q600 V20.9 Build 20) and thermograms were
obtained with the temperature increment at the rate 10 °C/minute
to 400 °C. To maintain inert environment, nitrogen purging was
ensured throughout analysis. The sample weight loss was evaluated
from the TGA curve of weight loss (%) versus temperature (°C). DSC
study was held to study the chronological influence of changing
temperature on CNC characteristic crystallization, glass transition
temperature (Tg) and fusion [21].

RESULTS AND DISCUSSION

The native cellulose possesses crystalline as well as amorphous
regions. To get cellulose enriched fraction, removal of lignin and
hemicellulose is necessary which is mainly achieved by acid
hydrolysis/alkali treatments, although other methods exist. This
step costs upto 40% of total cost of CNC production. To reduce this
cost, we combined NaOH (3%w/v) alkalinized bleach sodium
hypochlorite (3% v/v) for synergistic effect. Suspended raw
cellulose in these chemicals when subjected to autoclaving, steam
releasing step burst opened the hydrophobic regions. With further
stirring for 2 h at 55 °C this separated hemicellulose and lignin from
crystalline cellulose. Upon washing and till neutral through dialysis
membrane, yield was 66.88% by weight. Next, homogenization at
10,000 rpm for 30 min in presence of gluconic acid transversely
breaks the tightly held cellulosic bonds that are not cleaved during
chemico-mechanical autoclaving step. Gluconate ions replace
H*probably at 5t carbon position (since gluconic acid is a weak acid,
it is less likely to attack stronger $1-4 glycosidic bonds that attach
successive cellulose molecules). The subsequent steps include
washing, neutralization by dialysis, centrifugation and then
sonication, spray drying or freeze drying to get final product.

The eco-friendly, sustainable method to obtain nanocellulose with
gluconic acid is possible due to source of cellulose; water hyacinth
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which is non-hard wood and low in lignin, hemicellulose content as
compared to hard wood, tough sources [22]. The cellulose extraction
from soft wood permits milder conditions in delignification and
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isolation process, thus it was possible to attempt use of mild organic
acid like gluconic acid [23]. The reaction taking place in gluconic
acid induced cellulose hydrolysis can be summarized in fig. 1.

C5H1207 +HO
Heating and
OH homogemzatlon
Ho. 0. o
"OH
OH h Gluconic acid (CsH1207)
Cellulose
polymer Hydrolysis
OH OH O
Gluconate ion attacks vulnerable o - 0"

hydrogen at 5 carbon to aid

nanocellulose formation

OH OH

L=
H O

0l

>

Fig. 1: Hydrolysis process of cellulose by gluconic acid

Fig. 2 shows collectively raw material and different physical forms of
CNC. At concentration up to 0.75% (w/v), CNC forms hazy
dispersion which gradually becomes viscous and ultimately forms
gel above 2% concentration. Yield of CNC is higher at lower acid

concentration, 77.86%2.32 (% by weight), 72.41+1.56 (% by weigh)
and 66.86+2.32 (% by weight) for 40%, 50% and 60% gluconic acid
concentration. This may be due procedural loss of smaller particle
size formed at higher acid concentrations [24].

CNC Yield (%)

c
Q40 | 77 .86
-~
©
T 5o I 72 41
1]
o
c
S 60 NS 66.56
=
b4
0 50 100
% Yield gain
A
(n=3)
Powder 0.5% suspension  2.5% Gel

‘Water hyacinth

Fig. 2: Yield of CNC (A) and forms of CNC obtained from raw material (B)

Proximate analysis

The moisture or water absorption rate in pharmaceutical excipients
helps to understand what will be the temporal water diffusion
quantity in final formulation. Since many drugs are water sensitive,

this study helps to understand the compatibility and selection
criteria of drug-nanocellulose in the formulation. At 33% RH, the
total moisture absorbed after 48 h was 6.89+0.74% while at 86%
RH, moisture absorption was 9.21+0.78%, which is beyond the
permissible limit. That means, below the median relative humidity
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of the range selected (around 60% RH) if CNC is used in solid dosage
forms, stability can be ensured under proper storage conditions
[25]. The moisture uptake by CNC is a phenomenon that depends on
charge of ions, in this case gluconate, the Coulombic forces and weak
Van der Waals forces. The higher acid concentration leads to smaller
surface area, thus more chances of water uptake [26]. Moisture
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absorption of CNC is higher in comparison with MCC, might be due
to more hydrophilic gluconate presence on the CNC surface.
However, this property may help in bond formation after
compression-relaxation phenomenon during tabletting. It is to be
remembered that this is the moisture absorption rate over a time
period, not total moisture content.

12

10

/.86

[}

% MOISTURE GAIN
4.56

N

1

9

Moisture absorption %
m33% RH W86% RH mMCC

4 I
0

STUDY PERIOD IN DAYS

6.89

—
~
[=2)

2

i

2

Fig. 3: Moisture absorption of CNC compared with MCC (n=3)

Since the plant origin excipients may be having different levels of
extraneous matter owing to their geographical and regional
differences, total ash value and acid insoluble ash of pure drug is to
be compared with the test sample. Although there are no set criteria
for acceptance limit of these values of CNC, 5.87+0.54% total ash and
acid insoluble ash of inorganic matter 1+0.14% was found to be
within pharmacopoeial standards for herbal powders.

Powder flow characteristics

Several unit processes in pharmaceutical industries such as mixing,
granulation, tabletting, filling, in common require prior knowledge
of powder flow behaviour, micromeritics that include information
about density, and angle of repose. Although these values are very
dependent on several factors such as method, quantity, particle size
distribution, a rough idea helps to understand necessary changes to

be made in given excipient to make it suitable for use in
formulations. CNC when subjected to static angle of repose using a
fixed funnel, observed values for 40%, 50%, and 60% gluconic acid
CNC treated were 32.45°+0.12, 30.96°+#0.08 and 28.81°%0.02
respectively. For same treatment regimens, dynamic angle of repose
using transparent rotating drum had respective values 31.38°+0.11,
30.11°+0.02 and 27.47°+0.12 after triplicate studies (n=3). The
increased acid concentration was linked to smaller particle size and
better flow and hence lower angle of repose [27]. In addition, bulk
and tapped density have significant place in pharmaceutical
formulations. Packing behaviour of CNC is a function of particle size,
size distribution which in turn depends upon acid concentration,
temperature and duration of cellulose treatment. At 40% acid
concentration, crystallinity is lower and higher amorphous region as
compared to 60% acid level [28].

Table 1: Flow properties of CNC

Gluconic acid Characteristic properties

concentration % Bulk density (g/ml) Tapped density Angle of repose Carr’s index Hausners ratio
w/v (mean*SD) (g/ml) (mean+SD)  (mean+SD) (mean+SD) (mean+SD)
40% 0.33+0.012 0.42+0.001 32.45°+0.12 16.22+0.12 1.27+0.10

50% 0.28+0.026 0.40+0.009 30.96°+0.08 12.68£1.06 1.40+0.12

60% 0.27+0.011 0.39+0.021 28.81°+0.02 12.32+0.23 1.03+0.18

MCC (Sancel®) 0.28+0.033 0.38+0.012 23.350.08 10.85+0.24 1.22+0.15
(n=3)

The Carr’'s compressibility index and Hausners ratio findings
indicate that higher gluconic acid concentration makes cellulose
more crystalline, thus making it difficult for compression. At an
amorphous-crystalline moderate level, CNC has acceptable density
properties with ability to pack in void spaces that is otherwise
difficult with fag ends of crystalline and amorphous powders. The
comparison of commercial grade MCC and CNC has slight differences
in the density and Carr’s index. The better flow behaviour of MCC
reflected by Carr’s index and Hausners ratio can be attributed to
monodisperse particle size and cohesiveness of CNC particles.
Smaller CNC particles at higher humidity tend to come closure due
to prevailing van der Waals forces of attractions and thus at closer
distance, exhibit poor flow. However, this issue can be overcome by
spray drying of CNC. The above results are consistent with previous
studies by Kolakovic et al. [29]. As seen from table 1, MCC values
have an edge over CNC, the combination as a co-processed excipient
of CNC-MCC can make a still better choice in future.

Compressibility studies

Kawakita plot is rough expression of the ability of powder or
granules to flow cohesively and get compressed under different
compression pressures. From equation (8), P/c indicates ratio of
compression pressure to degree of volume reduction after a
cumultively increasing number of taps. We see that there is near to
linearity in volume reduction of CNC after taps corresponding to the
increased pressure. That means compression behaviour is fairly
predictable that can be adjusted to desired characteristics as
required. The plot in fig. 4 indicates all types of CNC under study and
MCC undergo non elastic volume reduction on tapping even after
standing of 24 h. However, the data obtained does not give details of
the compaction pattern difference between direct compression vs
wet granulation with binder. In general, blend of crystals with
different particle sizes gives better compressibility as compared to
monodispersed crystals, this also holds true for CNC [30].
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Particle size analysis and aqueous dispersion stability by
dynamic light scattering

Hydrodynamic diameter-based particle size and size distribution was
determined by dynamic light scattering (Litesizer™ 500, Anton Paar,
Austria). The samples were ultrasonicated to remove any air bubbles
that can hamper actual results. The average hydrodynamic diameter of
diluted CNC was observed to decrease with increasing acid
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concentration, at 40% gluconic acid concentration, average particle size
was 917+18 nm while for 60% gluconic acid level, average particle size
was 379418 nm as shown in fig. 5. But at the same time, it was noted that
stability, as reflected by zeta potential, is better at higher acid
concentration (60%, 50%, and 40%) treatment corresponding to
33.6+1.1 mV, 26.4+0.3mV and-12.840.6 mV. The negatively charged
gluconate ions give net anionic charge to the CNC, resulting in repulsion
and hence more stability at higher acid concentrations [31].

Kawakita plot
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Fig. 4: Effect of apparent compression pressure on volume reduction of CNC obtained from different acid concentrations (n=3)
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Fig. 5: Average particle diameter of CNC and zeta potential depicting effects of acid concentration (A), particle size distribution (B), and
zeta potential at different concentrations (C) (n=3)

As pharmaceutical excipients in different capacities, CNC prepared
from various acid ratios can contribute to aqueous dispersion as
clear from zeta potential [32].

Surface morphology and topography

The applications and utility of pharmaceutical excipients changes with
change in the final dosage forms, so do the steps involved. Tablets,
capsules, emulsions, suspensions, solutions, powders, and suppositories
are the most common formulations till date. In each of them, surface
properties and structure play important role in unit processes like
milling, mixing, dissolution, crystallization, drying, compression, flow
uniformity, density, packing, and cohesiveness. Thus, prepared CNC
were evaluated for surface morphology and topology.

FE-SEM reveal that at lower acid concentrations crystals of CNC has
aspect ratio up to 20 while as the acid treatment becomes longer and

higher side, crystals take the shape of fine needle and with an aspect
ratio up to 40. This aspect ratio of CNC can be finely controlled and
tuned to manage in vivo pharmacokinetics of the drug by controlling
drug dissolution from the formulations [33]. Not only this, the aspect
ratio of nanoparticles is also known to influence cellular uptake in
targeted drug delivery systems [34]. The fig. 6(A) shows rod-shaped
CNC crystals dominating among all while another FE-SEM image
shows high aspect ratio CNC crystals. The orderly crystal structure
can have a profound effect on solubility, melting and thermal activity
when formulated with drugs in a dosage form.

FE-SEM only shows 2D images of objects with length x width
dimensions. AFM gives an idea about ‘surface feel’ of nanoparticles
that helps to understand grain size, surface roughness, nano-
mechanical frictional forces, and surface energy. These studies are
extremely useful in preformulation and formulation studies before
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the development of novel drug deivery systems [35](Lamprecht et
al., 2014). Represented here are the B1 and B3 surafce topography
by tapping mode of 40% and 60% acid-treated CNC while B2 and
B4 show corresponding phase images in 10 um scan size. The
surface in 40% acid-treated CNC (B3 and B4) appear
comparatively smooth as compared to 60% acid-treated CNC (B1
and B2), largely due to difference in the crystal size, shape and
lattice structure. Later show particle size around 45 nm while B3
and B4 show around 290 nm. DLS has limitations in size
determination of hydrodynamic diameter while AFM shows better

Int J App Pharm, Vol 15, Issue 2, 2023, 173-184

size due to dry nature. B1 and B2 also show ‘peak and valley’
pattern showing highly crystalline structure. Topographically, the
difference in colours like dark and white indicate differences in
roughness, particle size and rough/smooth structure. In short, at
higher acid concentrations, CNC structure become more rough,
adhesion properties, and crystalline suggesting changed physical
properties that may influence pharmaceutical formulations [37].
Further, 3D-AFM images can help understand structure-force
relationship at molecular levels and at close distances that can
influence the pharmacokinetics of the drug [38, 39].
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Fig. 6: Field emission scanning electron microscopy (FE-SEM) of CNC (A1 and A2) and atomic force microscopy (AFM) of CNC (B1, B2, B3
and B4). 3D-AFM images describe and correlates surface roughness with tapping mode images

Elemental analysis by energy dispersive X-ray spectroscopy (EDS)

Energy dispersive x-ray spectroscopy (EDS) assisted with FESEM
was used to determine elemental composition of CNC. In fig. 8, the
EDS spectrum shows the distinct peaks corresponding to carbon,

oxygen with platinum and phosphorus. The appearance position of
these peaks corresponds to binding energies. Corresponding to their
binding energies. The amount of carbon (52.6%) and oxygen
(44.9%) are consistent with existing data [40]. Platinum appears in
traces due to platinum sputtering/coating of the sample during sample
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preparation to make it conductive. Impurity is observable as electrons [41]. The spectrum confirms the absence of any other
phosphorous in small quantities; the source may be attributed to elements expect those mentioned above, confirming water hyacinth as
sodium hypochlorite. However, EDS cannot detect hydrogen as it lacks an alternative source of CNC for proposed pharmaceutical excipients.

Electron Image 1

Fig. 7: Electron capture image for elemental analysis (A), and elemental composition of CNC (B) X-ray diffraction (XRD) and crystallinity
index (CI)
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Fig. 8: X-ray diffraction (XRD) patterns of CNC treated with different concentrations of gluconic acid

In XRD studies of CNC, the peaks obtained from 40%, 50% and 60% index (CI) determination, it was found that for 40%, 50% and 60%
gluconic acid were almost superimposable. Typical structure of type respectively CI was 79.48%, 83.33%, and 85.71%. Although CI was
I cellulose was indicated with sharp peaks at 26 = 16.5°, 22.4° and not significantly different, there did exist a difference in flow
34.5° in all the diffractograms [42]. The characteristic highest peak properties, density and compaction behaviour of three types of CNC
at 22.6° confirms the crystalline structure of CNC as also reflected in under discussion. On the same lines, even slight difference in CI may
AFM surface morphology. With the Segal method of crystallinity bring about changes in crystal size, specific surface area, and aspect
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ratio that may in turn affect compaction patterns, gel strength,
redispersability, disintegration and dissolution of the drug from
dosage forms [43]. In short, it can be concluded that higher the acid
concentration, removal of amorphous regions from raw cellulose is
better with higher CI values.

FT-IR analysis

% Transmittance

Int J App Pharm, Vol 15, Issue 2, 2023, 173-184

The confirmation of signature peaks and bonds generally present in
CNC and the effect of changing acid treatment were evaluated by FT-
IR. Water hyacinth being soft source of cellulose contains lower
concentrations of lignin and hemicellulose as compared to other
hardwood sources [44]. Thus, effect of acid concentration on
changing chemicals must be essentially evaluated.

o0

Wavenumber cm'!

Fig. 9: FT-IR of CNC. Shows four spectra of microcrystalline cellulose (MCC), 40%, 50% and 60% gluconic acid treated cellulose

Fig. 9 shows 4 main peaks observable at 3500-3900 cm?, 3000-2800 cm-
1, 1750-1500 cm, and around 100-800 cm™. The peak in the range
3500-3900 cm corresponds to the stretching of hydrogen bonds
interactions from-OH group while the C-H stretching is characteristic for
the range 2800-3000 cml. The most interesting peaks that confirm
presence of CNC is range 1000-896 cm? corresponding to 8 1-4
glycosidic linkages of cellulose [45]. A specific, common peak in all

A

200 nm

Birefringence

samples around 1650 cm corresponds to absorbed water, the low peak
intensity correlating with low moisture absorption and low water vapor
transmission rate of CNC fibers [46, 47]. As a reference peak of MCC, all
the bonds and groups are preserved in the CNC. The peaks at wavelength
1315 cm in all samples could be assigned to angular deformation and
bending vibrations due to the C-H and C-0 groups, corresponding to the
aromatic ring specific to polysaccharide [48].

Nematic crystals

Fig. 10: Opticle microscopy studies. Plane polarized light on optical microscope (A) and TEM showing self arranging CNC crystals (B)

Optical microscopy and transmission electron microscopy
(TEM) studies

The CNC particles exhibit peculiar features when subjected to
polarized light. Amorphous particles do not show interference color
while crystals show changes in colour, at least the intensity changes
occur at edges and borders of the crystals as appears in fig. 10 (A).
TEM of CNC show long cristals of CNC that is in agreement with
structures observed by AFM and FE-SEM. The nematic crystal
arrangement visible in TEM changes to isotropic as pH of CNC
dispersion becomes more acidic. This can be attributed to the
depostion of more gluconate anions that repel each other and
prevent aggregation of CNC crystals [49].

Fig. 10(A) reveals the contours of CNC rod-like crystals with edges
having different refractive indices. Furthermore, both images
reaffirm the high aspect ratio of CNC. These properties are highly

favorable for pharmaceutical formulations that aid in convinient
handling and amenable to unit processes [50].

Thermal analysis Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA)

Pharmaceutical excipients are continuously exposed to a variety of
surrounding conditions, individually or in the presence of other
chemicals in the final formulations. Change in handling
temperature with respect to storage environments, processing
variations, relative humidity, and the presence or absence of water
has a profound effect on the quality and efficacy of final product.
Differential Scanning Calorimetry (DSC) and Thermogravimetric
Analysis (TGA) studies revealed the behaviour of CNC at ramping
temperature (10 °C/min) and its corresponding effect on Tg (glass
transition temperature), degradation pattern, and exothermic/
endothermic nature [51].
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The TGA Curve of CNC pyrolysis is biphasic, revealing chronological
sequence of events. Initially, there is dehydration till 233 °C after
which decomposition occurs rapidly. Initial weight loss could be
attributed to the evaporation of held water and loss of the number
of-OH groups. Weight loss of approximately 7% till 233 °C tells us

Int ] App Pharm, Vol 15, Issue 2, 2023, 173-184

thermal stability of CNC that can be perceived as acceptable in
pharmaceutical formulations since this temperature is rarely
required in routine procedures [48]. Beyond this temperature, there
occurred about 53% weight loss of the sample by the formation of
charred product.
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Fig. 11: DSC curve of CNC

The DSC curve of CNC shows glass transition temperature Tg at 71 °C.
The Tg value for CNC from water hyacinth being soft wood was found
to be lower than that of hardwood sourced CNC. The following
exothermic cold crystallization at 202 °C is weak, indicating only small

amorphous region while melting in endothermic melting around
309.64 °C is sharp. This sharp melting curve indicates thermoplastic
behaviour of CNC below this temperature that is commonly found
suitable and acceptable for pharmaceutical polymers [52, 53].
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Fig. 12: Thermal analysis Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)

CONCLUSION

This work underlines the evaluation of CNC from natural biomass as
a novel excipient for pharmaceutical formulations. CNC
nanoparticles were successfully isolated using environment-
friendly, biodegradable, non-toxic, GRAS-accepted gluconic acid. The
isolated CNC was characterized and critically evaluated for its
suitability in pharmaceutical adjuvant that included its water vapor
transmission rate, surface topology and morphology, flow
properties, crystal structure, thermal properties by DSC and TGA,
FE-SEM, elemental analysis by EDS, FTIR, crystallinity index by XRD,
and optical microscopy by TEM. The pharmacopoeial standards
generally required for the qualification of products such as tablets,

capsules, suspensions, emulsions, powders can be fulfilled by easy
management of the physico-chemical properties of CNC obtained
from water hyacinth. In addition, CNC can be reinforced with several
other polymers to enhance the native CNC properties.

Particle size distribution (300 nm to 900 nm), zeta potential (33mV
to-12.6mV), birefringence, gel-forming at high concentration (2.5%
by weight and above), high crystallinity (80% to 85%), lower
moisture absorption rate (6.38% to 9.21%), minimal impurity in
manufacturing process evidenced by FT-IR and EDS are few of the
glimpses of water hyacinth derived CNC. Thus, based on these
results, CNC from water hyacinth from ‘naive’ gluconic acid can be
produced even on a large scale as a sustainable product for
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incorporation into pharmaceutical formulations as a nonactive
excipient.
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