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Cellulose is the most abundant renewable biopolymer on Earth. Due to its special properties, it is widely used and
studied. Nano-sized cellulose, and specifically cellulose nanocrystals (CNCs), have great potential for biomedical
applications. Although many studies have been published on obtaining CNCs from various sources and by different
methods, to the authors’ knowledge, the current literature focuses mainly on the yield % of CNCs, lacking
optimization for obtaining higher crystallinity. Considering that crystallinity and aspect ratio are extremely
important in biomedical applications, the present study optimized four major parameters: acid type, acid
percentage, duration of acid treatment, and temperature of the acid hydrolysis process. The developed CNCs were
characterized using FTIR and XRD. Crystallinity index was measured for each parameter in order to find the
optimum parameters for maximum crystallinity. Finally, TEM analysis was used to determine the aspect ratio of
the CNC obtained under optimized conditions. Thus, the study obtained CNCs with higher crystallinity and a low
aspect ratio (12.07). The findings can be used for industrial and lab applications to obtain CNCs for biomedical
applications.
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INTRODUCTION

The most prevalent natural biopolymer on Earth is cellulose, which is renewable, biodegradable, and
non-toxic. With three hydroxyl groups for each anhydro glucose unit (AGU), cellulose has high
functionality and degree of modification.!? Research on cellulose’s mechanical, biological, and
chemical characteristics has been extensive due to its applications in various sectors, including the
biomedical one.>#

A novel family of nano-materials, cellulose nanocrystals (CNCs), has appeared as one of the most
important nano forms of cellulose.> CNCs have several advantages over cellulose fibres, including
nanoscale size, high specific strength and modulus, large surface area, antimicrobial activity, and
distinctive optical characteristics.® Due to their remarkable physicochemical features and potential uses,
CNCs have attracted much research interest. Due to their biocompatibility, CNCs have gained much
attention in biomedical applications, for example, in drug delivery,” in the past decade. Their
morphology and high anionic charge have been demonstrated to serve as significant advantages in
sustained drug release.®®

There are numerous sources from which CNCs can be synthesized, including microcrystalline
cellulose,’ bacterial cellulose,!! cotton,*? hardwood®® and softwood.'* Their major features include a
large surface area (150 m?/g), an excellent aspect ratio (70), and a high tensile strength (7,500 MPa).*
However, the main quality required for biological applications is the crystallinity of CNCs. Much of the
literature focuses on CNC vyield percentage; however, morphology has a crucial role if the aim is
biomedical application.*®’

Numerous CNC preparation techniques have been developed for different uses, including steam
explosion, high pressure homogenization, ultrasonic technology, acid-/alkaline hydrolysis, enzyme-
assisted hydrolysis, and combined procedures.'®® Among them, acid hydrolysis is a widely recognized



synthesis method with demonstrated efficiency. The main parameters (acid used, acid percentage,
treatment duration, and temperature) can help control the crystallinity of the obtained CNCs.?%

A previous study?? reported the production of CNCs using phosphotungstic acid hydrolysis of
microcrystalline cellulose. The study focused on the yield and characterization of CNCs; however, the
effects of major parameters on the morphology of CNCs was not covered. In another study,?® CNCs
were obtained from date palm microcrystalline cellulose. The study focused on the conversion process
and the characterization of CNCs. However, the study did not assess the effect of different treatment
parameters on crystallinity. In general, in the literature, a comprehensive study that would cover the
effects of all four main parameters to produce CNCs using acid hydrolysis, with a focus on crystallinity,
is missing. In biomedical applications, crystallinity is a significant aspect, ensuring for example, accurate
drug delivery, compared to amorphous materials, with a disorganized arrangement of atoms.?
Therefore, the current study aims to address this gap, by optimizing all main parameters of acid
hydrolysis of MCC to achieve higher crystallinity CNCs with a low aspect ratio.

EXPERIMENTAL
Chemicals

All the chemicals, including sulphuric acid (>99.8%), nitric acid (70%), hydrochloric acid (R&D),
microcrystalline cellulose (R&D), as well as dialysis tubing (molecular weight cut-off = 14,000), were purchased
from Sigma-Aldrich.

Cellulose nanocrystals synthesis

CNCs were prepared by acid hydrolysis of microcrystalline cellulose (MCC). Four major parameters control
the output of the process, including the type of acid, percentage of acid, temperature, and duration of acid treatment.
The four parameters were optimized to obtain CNCs with the highest crystallinity.?*

The acid type was selected by suspending microcrystalline cellulose in 32% of various acids, including HzSOa4,
HCI, and HNOs, with distilled water in the solid to liquid ratio of 1:75. The suspensions were stirred at 500 rpm at
50 °C for 3.5 h. After cooling, the suspension was centrifuged at 5000 rpm using an Eppendorf Centrifuge 5810-
R, and then dialysed against distilled water to remove excess acid until a neutral pH was achieved (measured
continuously with a Mettler Toledo). Ultimately, the slurry was freeze-dried using a Christ/Alpha 2-4 LDplus to
obtain CNCs.%

Then, considering that H,SO4 was found the most efficient, the optimum acid percentage was determined by
dissolving MCC in 28, 30, 32, 34, and 36% of H2SO4 at 50 °C for 3.5 h to obtain CNCs. The most efficient
temperature was investigated by varying temperatures at 45, 50, 55, and 60 °C for 3.5 h. The effect of the duration
of the acid hydrolysis treatment was determined by varying the treatment time as follows: 2, 2.5, 3, 3.5, and 4 h at
50 °C.

Characterizations

TEM microscopy is considered an essential tool for the detailed visualization of the crystal boundaries. The
morphology of the produced CNCs was observed through TEM (JEM 1400, JEOL, Peabody, MA, USA), operated
at an accelerating voltage of 100 kV. A 0.02% (w/v) CNC suspension in distilled water was formed. The
suspensions were deposited on carbon-coated TEM grids. After the samples were completely dried, the images
were taken for TEM analysis. The dimensions of the CNCs were calculated using Image-J software (n=2) (National
Institutes of Health, USA), while the distribution curves for dimensions were drawn using OriginPro 2022.

FTIR spectroscopy was performed using a Thermo Scientific Nicolet S50 FTIR spectrometer using ATR
crystals. The diamond window was cleaned first with ethanol to remove any impurities and disturbance during the
scanning. After cleaning, the sample was placed on the diamond window and pressed against it using mechanical
force. The results were recorded in the region from 4000 to 400 cm™ (32 scans and 4 cm™ resolution). After
recording the spectra, they were further analyzed using Nicolet OMNIC software, and the graphs were drawn using
OriginPro 2022.

The samples were directly measured (without any prior treatment) using an X-ray diffractometer (PANalytical
X’pert Powder X-Ray Diffractometer, Cu anode) using a single-crystal silicon holder, fixed slit of 0.2177, Beta
filter Ni (9430-031-51031), and LynxEye XE detector. The scanning was conducted over a range of 5°-80° at 1°
min?t with a sampling step of 0.02° at room temperature. The data was then analyzed using HighScore Plus
software, and the graphs were drawn using OriginPro 2022 software. The crystallinity index (Crl) was calculated
using Segal’s method:

loo2-1 h
Cr] = z—_amorph )
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where loo, represents maximum intensity, while lamorph represents the intensity of 20 = 18°.22 The data manipulation
including background subtraction and smoothing done using OriginPro 2022.



RESULTS AND DISCUSSION

FTIR analysis was performed to confirm the presence of specific functional groups and ultimately
confirm the structure of the CNCs. XRD analysis was used to determine the crystallinity of the
synthesized CNCs.

Effect of the acid

The acid used in CNC preparation can have significant effects on their crystallinity. In the current
study, the acids examined for the acid hydrolysis of MCC to produce CNCs were: H,SO., HCI, and
HNO:s. The acid producing the CNCs with the highest crystallinity was further used to optimize the other
parameters.

The FTIR analysis of the various CNCs produced by different acids is shown in Figure 1. The FTIR
spectra of MCC showed the characteristic bands of the OH and C-H stretching vibrations, indicated by
the band at 3340 cm, as reported previously and confirmed from literature.?® The band around 1650
cm* indicated the OH vibrations due to absorbed water, that at 1350 cm™ indicated the C-H and C-O
vibrations in the polysaccharide rings of cellulose, while the band at 1060 cm™ indicated the presence
of C-O-C in the pyranose ring, as similarly reported previously.?” The FTIR spectra of CNCs mainly
showed similar bands to those of MCC, meaning there is no chemical modification in the CNCs.
However, an additional band at 2350 cm™ was observed in the CNCs after the acid treatment, indicating
thiol and nitrile groups.?® During the acid treatment with HCI, H,SO4 and HNOs, the interaction of
chloride, sulphate, and nitrate ions with the hydroxy groups of the CNCs may have taken place.?

The XRD patterns of CNC and MCC (Fig. 2a) both showed the characteristic bands at 15°, 22.5°,
and 34.5°, consistent with the planes of (1-10), (200) and (004), corresponding to the presence of
cellulose 1, as confirmed in previous work.? However, the acid treatments differently affect the
crystallinity of the CNCs, as shown by the crystallinity index (Crl) (Fig. 2b). Among the acids, the HCI
treatment showed the minimum effect on crystallinity index (55.3%), and the HNO; treatment led to
60.8% crystallinity index. The maximum crystallinity of 65% was achieved by the H,SO, treated MCC.
Hydrochloric acid led to the minimum crystallinity (55%) as it failed to remove the amorphous regions
of the MCC. The main reason for this is that the single proton of HCI, which makes it less effective than
sulphuric acid, which has a diproton effect.
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Figure 1: FTIR spectra of CNCs produced using different acids
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Figure 2: XRD patterns (a) and Crystallinity index % (b) of CNCs produced using different acids

On the other hand, nitric acid led to 60.7% crystallinity, which is still less than achieved with
sulphuric acid. The main reason for this is the highly electro-negative atoms in the nitric acid molecule,
which make it difficult to release protons. The maximum crystallinity of sulphuric acid is due to the
diprotic nature, making it a more effective acid, and hence it can effectively remove the amorphous
segments in the MCC, compared to nitric and hydrochloric acid.?’ In their study, Wang et al.?? used
phosphotungstic acid for the conversion of wood pulp to CNCs. They studied the effect of treatment
time on crystallinity, and obtained an increase of 20% in Crl. The current study also obtained a 20%
increase in crystallinity, compared to the initial MCC (Crl 50%), using various acid types. Another study
by Hong et al.*® investigated the effect of various deep eutectic solvents (DES) on the CNCs, and
reported maximum crystallinity (61.7%) obtained using oxalic acid solvent based treatment of MCC.

Effect of acid percentage

In previous studies, it was shown that the percentage of the acid can affect the crystallinity, as well
as the surface functionalization of the CNCs.* Therefore, after selecting the acid, its content was
optimized by varying the percentage of sulphuric acid as follows: 28, 30, 32, 34, and 36%.

The FTIR spectra of the obtained CNCs are presented in Figure 3Error! Reference source not
found.. The characteristic bands of the OH and C-H stretching vibrations are noted at 3340 cm™.26 The
band around 1650 cm™ indicates the OH vibrations due to absorbed water, that at 1350 cm™ — the C-H
and C-O vibrations in the polysaccharide rings of cellulose, while the band at 1060 cm? indicates the
presence of C-O-C in the pyranose ring.?’” The FTIR spectra of CNCs shows similar bands to those of
MCC, meaning there is no chemical modification in the CNCs. However, an additional band at 2350
cm? is observed in CNCs after the acid treatment. This band reveals the presence of a thiol group due
to the reaction of the hydroxyl groups of cellulose with sulphuric acid.

The XRD patterns of the CNCs (Fig. 4a) show characteristic bands at 15°, 22.5°, and 34.5°,
corresponding to cellulose 1, as reported previously.® The calculated Crl (Fig. 4b) indicates that
crystallinity increases from 58 to 64% with increasing acid percentage from 26 and 28%. This is
explained by the higher efficiency in removing the amorphous regions of the higher acid concentration.
However, on further increasing the acid percentage to 30% and onwards, the crystallinity decreased from
64 to 58%. The decreasing crystallinity is explained by the fact that the stronger acid starts disrupting
the crystalline regions, along with the amorphous ones. Thus, at 28% acid concentration, the maximum
crystallinity was obtained, and therefore this is considered the optimum acid percentage. A lower acid
concentration was not efficient for removing the amorphous regions, while higher ones were too strong
and destroyed the crystalline structure.®? Other studies reported close findings on the effect of acid
percentage on hydrolysis results.333*
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Figure 3: FTIR spectra of CNCs produced using different acid percentages
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Figure 4: XRD patterns (a) and Crystallinity index % (b) of CNCs produced using different acid percentages

Effect of treatment time

The acid hydrolysis process of MCC was also optimized to find the most efficient duration of the
treatment. Five different time periods (2, 2.5, 3, 3.5, and 4 h) were tested to select the most suitable
duration for the process.

The FTIR spectra of the resultant CNCs are shown in Figure 5. All the CNCs showed the major
characteristic bands around 3340, 1650, 1350, 1060 cm™, with the appearance of a new band at 2350
cm* indicating the addition of the sulphate group to CNCs.?®

The XRD patterns of the obtained CNCs after treatment for different durations (Fig. 6a) reveal the
characteristic bands at 15°, 22.5°, and 34.5° corresponding to cellulose 1.3! The values of the index of
crystallinity (Fig. 6b) indicate that 3.5 h of acid treatment led to the highest crystallinity of 66.2%, while
the lowest duration (2 h) yielded the lowest crystallinity (61%). Overall, the crystallinity increases with
an increase in treatment time from 2 h, and reaches its maximum values at 3.5 h, but decreases after this
point — the treatment time of 4 h led to 61.5% crystallinity, indicating the loss of the crystalline
morphology with longer treatment time. A decreasing Crl caused by longer duration of the acid treatment
has also been reported in other studies.?3

Effect of treatment temperature
The temperature parameter for acid hydrolysis was also optimized using four temperature values (45,
50, 55, and 60 °C). The FTIR spectra of the CNCs obtained after treatment at these temperatures are

shown in Figure 7. As may be noted, the spectra show the characteristic bands at 3340, 1650, 1350,
1060, and 2350 cm™.%8

The XRD patterns of the CNCs obtained at different treatment temperatures are presented in Figure
8a, showing the characteristic bands at 15°, 22.5°, and 34.5° corresponding to cellulose 1.3 The Crl
values in Figure 8b reveal that, at the temperature of 50 °C, the highest crystallinity, of 71%, was



achieved. Overall, the crystallinity increases from 45 °C to 50 °C, while with further raising the
temperature, a decrease in the crystallinity was observed. The low crystallinity at low temperature
indicates that it is less effective for the removal of the amorphous regions, while at higher temperatures,
it may show the disruption of the crystal regions.
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Figure 5: FTIR spectra of CNCs produced using different treatment duration
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Figure 6: XRD patterns (a) and Crystallinity index % (b) of CNCs produced using different treatment duration

[—a4s5°c
2880 cm™! 2350 cm! 1350 cm !
50 o 3340 em S
1060 cm!
—_
2
)
[~
K=
w
L L——55°C
£
w
[ =
©
i
(=
60 °C
B V\\\ i SN
\/ "\ N
1
¥\
i 1 L 1 " 1 i 1 L 1 " 1 i 1

3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Figure 7: FTIR spectra of CNCs produced using different treatment temperatures
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TEM analysis

The TEM images of the MCC and the CNCs resulting from acid hydrolysis conducted under the
optimum conditions (28% H,SO, acid treatment at 50 °C for 3.5 h) are shown in Figure 9. The TEM
micrograph of MCC (Fig. 9a) revealed an entangled, continuous structure, without disruptions. The
structure is composed of crystalline and amorphous regions. Amorphous regions are not considered
suitable for the drug delivery application, especially for achieving sustained drug release, as random
arrangement of atoms can result in variable drug loading and burst release.*®*” The acid hydrolysis
removes the amorphous regions from MCC and results in a highly crystalline structure of CNCs (Crl
70%) (Fig. 9b).*®

The particle size distribution of the CNCs obtained under the optimized conditions is shown in Figure
10. The length distribution curve reveals a mean length of 141.73 nm, while the mean diameter was
11.74 nm. The aspect ratio obtained is thus much lower than that of previous studies, being around
12.07.2% Cherian et al.* reported higher crystallinity — of 81.54% —, but the aspect ratio was 17.8. A
lower aspect ratio is highly suitable for biomedical applications, as it improves cellular uptake and
lowers the cytotoxicity. Thus, the current study was successful in obtaining CNCs with high crystallinity
and low aspect ratio, which could find application in the biomedical sector.*°



CONCLUSION

The current study optimized the parameters of the acid hydrolysis process in order to achieve CNCs
from microcrystalline cellulose with higher crystallinity and lower aspect ratio, which could be suitable
for biomedical applications. The optimization results were then verified by the XRD and FTIR analyses
of the obtained CNCs. Acid hydrolysis of microcrystalline cellulose at 28% of H,SO4 treatment at 50
°C for 3.5 h yielded the highest percentage of crystallinity. TEM analysis was then used to determine
the dimensions of the CNCs obtained under optimum parameters, and it revealed a mean length of
141.73 nm and a diameter of 11.74 nm, with an aspect ratio of 12.07. The findings of this work can be
useful at a lab or industrial scale to develop CNCs, with improved crystallinity and low aspect ratio for
biomedical applications.
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