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ABSTRACT: Because of their hydrophilic tendencies, the modification of
cellulose nanocrystals (CNCs) is needed for applying them as a hydrophobic
drug carrier. Previous studies have investigated several modification agents,
such as cetyltrimethylammonium bromide. Natural surfactants, such as
rarasaponins (RSs), are suitable to avoid human health and environmental
issues. In this work, RSs were attached onto CNCs from bamboo shoots to
enhance their hydrophobicity. The initial RS concentration and the operating
temperature were studied to obtain the best conditions for the modification
process, which had significances (p-value < 5%) toward the amount of RSs
linked on the CNCs (q) as the response. A q as high as 203.81 ± 0.98 mg/g
was obtained at an initial RS concentration of 2000 mg/L and an operating
temperature of 30 °C. The curcumin uptake on CNCs-RSs reached 12.40 ±
0.24%, while it was slowly released until approximately 78% in 3 days.

1. INTRODUCTION

As an advanced cellulose-based nanomaterial, cellulose nano-
crystals (CNCs) can be applied in several applications. One
promising application of CNCs is as a drug carrier in a drug-
delivery system. These are applicable because of their
marvelous characteristics, such as biodegradability, biocompat-
ibility, low cytotoxicity, and excellent thermal stability.1,2

Besides that, CNCs come from the most abundant natural
resource (cellulose). The most important thing is that CNCs
can be easily modified to overcome their limitations,3 such as
low loading capacity, hydrophilic tendencies, and poor
emulsification performance.1,4,5 Based on these characteristics,
CNCs are more suitable for carrying hydrophilic drugs. CNCs
have been applied as a drug carrier for several hydrophilic
drugs, such as ibuprofen,6 vit-B12,

7 tetracycline,8 doxorubicin,9

hydroquinone,10 and theophylline.11 Another form of CNCs,
such as tunicate CNCs (TCNCs), actually has more advanced
characteristics in their stability, strength, and large aspect
ratio.12,13 However, TCNCs have superhydrophilicity which
makes them even harder to be applied in hydrophobic drug-
delivery systems.12

The easily modified characteristic enables the application of
CNCs for hydrophobic or poorly water-soluble drug-delivery
system. Physical and chemical modification can be used to
increase the hydrophobicity of the CNCs using oils,
compounds, polymers, and surfactants. Fatty acids,14 fatty
acid methyl ester,15 and castor oil2 have been studied to
establish the hydrophobicity of the CNCs. Several compounds
such as folic acid,16 cyclodextrin,17 and octenyl succinic
anhydride18 have been used for the surface modification of the

CNCs. Previous research studies have modified the CNCs
using poly(lactic acid),4 poly(DL-lactide-co-glycolide),19 and
chitosan.20−23 A surfactant is the easiest modification agent to
be applied because of its two side characteristic, hydrophilic
and hydrophobic sides. The hydrophilic side can bind with the
CNCs, while the hydrophobic side can be used to bind with
the hydrophobic or poorly water-soluble drugs. Cetyltrime-
thylammonium bromide (CTAB)1,3,9,24 is one of the
surfactants that has been studied as the modification agent.
The CTAB-coated CNCs have been studied to carry the
hydrophobic drugs, such as etoposide, docetaxel, paclitaxel,9

luteolin, luteoloside,1 and curcumin.3 From these previous
studies, CTAB used as the common surfactant can increase the
hydrophobicity of the CNCs. It can be used for binding the
hydrophobic drugs and then targeting the diseased human
cells. However, CTAB can affect the stabilization of the cell
that causes cell death because of the interaction between the
CTAB and the cell phospholipid.25 Besides that, the environ-
mental issues are one of the problems caused by the use of
CTAB.2 Therefore, a natural surfactant such as rarasaponins
(RSs) can be used to avoid the health and environmental
issues from the use of CTAB. RSs can be obtained from the
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fruit flesh of the Sapindus rarak De Candole plant. This fruit
flesh is traditionally used to wash pieces of silver jewelry and
batik fabrics because of its surfactant content. RSs have the
aglycone (triterpenoid or steroid) region that has hydrophobic
characteristic and oligosaccharide chain that has rich hydroxyl
groups. This natural surfactant has low toxicity because of its
poorly absorbed characteristics when digested.26 Its good
characteristics give a high potential for using RSs as the
modification agent. The previous study had used CNCs-RSs
for adsorbing the tetracycline antibiotic.27 The modification of
CNCs using RSs occurs through their OH groups on the
surface, where the OH groups trigger the formation of
hydrogen bindings on the CNCs-RSs as has been explained
in the previous study. However, this study just investigated the
effects of CNC-to-RS ratio on the synthesis of CNCs-RSs.
Moreover, the tetracycline antibiotic used was more hydro-
philic28 so that the uptake was quite low compared to the other
materials.
In this study, further investigation was carried out to

investigate the effects of the combined parameters between the
initial RS concentration and the operation temperature used
on the synthesis of CNCs-RSs from bamboo shoot (BS)-based
CNCs. BSs were chosen as the raw material of the CNC
production because of their high cellulose contents as the main
constituent of the CNCs. The modification hypothesized that
the hydrophobicity enhanced along with the attachment of RSs
on the CNC surface. Because of their hydrophobicity, CNC-
RSs were tested to load the curcumin drug as the hydrophobic
drug.

2. RESULTS AND DISCUSSION
2.1. CNC Isolation from BSs. As the main constituent of

CNCs, the cellulose was isolated first from the BSs by
removing the lignin and hemicellulose contents using the
pretreatment processes. The high cellulose content (32.96 ±
0.40%) and low lignin content (10.00 ± 0.58%) provide great
potential for BSs as the CNC raw material. The pretreatment
processes were used to break down the complex structure of
the cellulose, hemicelluloses, and lignin. The hemicelluloses
and lignin were fragmented into their monomers and dissolved
in the pretreatment solvents, maintaining the high cellulose
content. As the final product of the pretreatment processes, the
pretreated BSs (PBSs) contained a high cellulose content of
76.85 ± 1.56% with a low lignin content of 0.95 ± 0.62%.
These composition data were determined by the Chesson
method.29

The CNC production was carried out under the operating
condition where the sulfuric acid concentration was 55 wt %
and the temperature was 40 °C. This acid hydrolysis process
produced the rod-like CNCs with high-enough crystallinity
(CrI = 81.49%). This crystallinity index (CrI) value was high
enough compared to the previous studies which produced
CNCs with the CrI around 70−90%.8,30−32 The sulfuric acid
solution hydrolyzed the cellulose in the PBSs by cracking the
β-glycosidic bonds of the cellulose chains. The amorphous
region of the cellulose was broken down into its monomer
(glucose), while the crystalline region that is stronger and
more stable was fragmented into the shorter cellulose chains.
2.1.1. RS Extraction from S. rarak De Candole. The RSs

were extracted using distilled water from the dried fruit flesh of
S. rarak De Candole. The extraction of RSs is easily performed
using a polar solvent, even the RSs can be dissolved in the
polar and nonpolar solvent because of its hydrophilic and

hydrophobic characteristic. The average yield of this extraction
process was 63.98 ± 1.36% from three experiment replications.
The total saponin content was measured using a UV/Vis
spectrophotometer. Here, diosgenin was used as the standard
solution because it is the sugar-free product (aglycone region)
from the hydrolysis of saponins. For determining the total
saponin content, the RS solution was treated using a high
concentration of the sulfuric acid solution that would
hydrolyze the saponins. The total saponin content obtained
in the RS extract was 76.74 ± 1.46%. It is high enough to be
used as the modification agent for the CNCs. The crude
extract of RSs was directly used for modifying the CNCs
without any further purification.
RSs are a natural compound that contains an aglycone chain

linked to one or more oligosaccharide moieties. The aglycone
chain has a hydrophobic characteristic because of its steroid or
triterpenoid group. On the other hand, the oligosaccharide
chain has a hydrophilic characteristic because of the rich
hydroxyl group. As shown in Figure 1, the hydroxyl groups

(OH stretching) and the aromatic ring groups (CC
stretching) are shown at the absorption peaks of 3336.6 and
1055.0 cm−1, respectively. The other peaks at 2923.9, 1666.4,
1380.9, and 1256.8 cm−1 indicate the presence of C−H
stretching, olefin functional groups, C−H bending vibrations,
and C−O stretching (carbonyl groups), respectively.33

2.2. Surface Modification of CNCs. From the zeta
potential analysis, the CNCs provided a zeta potential of −11.0
mV because of their sulfate groups on the CNC surface. The
use of sulfuric acid in the acid hydrolysis made several hydroxyl
groups substituted by the sulfate groups.34 It presented a
negative charge of the CNC surface. The zeta potential of RSs
was also analyzed for investigating the binding of CNCs and
RSs in the CNCs-RSs. It showed the result of −3.1 mV for the
zeta potential of RSs. The negative charge of RSs appears
because of the deacylation of RSs in the polar solvents, such as
pure water.33 Based on the abovementioned results, the
hydrogen bonds are the possible bonding of the CNCs and
RSs, leading to the formation of the CNCs-RSs. Besides the
zeta potential, the particle sizes of CNCs and CNCs-RSs were
also measured using a particle size analyzer, where the length
of CNCs was around 138.8 nm and then became 257.7 nm
after modification.

Figure 1. FTIR spectra of RSs.
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The modification of CNCs using RSs was investigated based
on the amount of RSs linked on the CNCs (q) for each
combined parameter. The q values obtained are presented in
Figure 2. It showed that the highest q value was obtained at the

initial RS concentration of 2000 mg/L and the operating
temperature of 30 °C, among all of the combined parameters
used. The increase in the operating temperature generates low
amounts of RSs linked on the CNCs. It is due to the
termination of the hydrogen bonds at the operating temper-
ature rise. The hydrogen bonds of crystalline materials have a
low strength on the heating process.35 Moreover, the initial RS
concentration becomes an important parameter to form the
CNCs-RSs. From 1000 to 2000 mg/L of initial RS
concentrations, the q value showed an increase in the amounts
because of the rich OH groups on the surface of both materials
that trigger the formation of the hydrogen bonds. However, the
q value decreased along with the increase in the initial RS
concentration above 2000 mg/L. At the high initial RS
concentration, the negative charges of RSs will increase and
inhibit the formation of the CNCs-RSs. It is caused by the
repulsion of the CNCs and RSs where both have negative
charges. The 2000 mg/L of initial RS concentration becomes
the highest limit to form the optimum CNCs-RSs. The highest
q value obtained was 203.81 ± 0.98 mg/g. It is higher than the
modification of CNCs using several previous modification
agents, such as CTAB (115.21 mg/g)1 and fatty acid methyl
ester (12.5 ± 1.2% or around 125 mg/g).15

Scanning electron microscopy (SEM) images figure out the
morphology of CNCs, RSs, and CNCs-RSs, as shown in Figure
3. The CNCs have a rod-like structure that is connected to
each other, as depicted in Figure 3i. Meanwhile, the RS
morphology (Figure 3ii) shows the chunks of the RS
agglomeration. The RS agglomeration is possibly caused by
the presence of the hydrophobic regions of the RS when inside
a polar solvent. The morphology of CNCs-RSs is shown in
Figure 3iii. The CNCs unravel into single rod-like structures
and are coated by the RS compound. This morphology of
CNCs-RSs is advantageous as a drug carrier because of the
increase in the active sites for binding the drugs. There has
been no comparison before this investigation of CNCs-RSs.
The X-ray Diffraction (XRD) spectra (Figure 4) show that

the modification using RSs does not shift the curve of the

original CNCs. In other words, the modification process does
not change the structure and shape of the CNCs. The CrIs of
CNCs and CNCs-RSs were presented by the peaks at 2θ of
15.5° (11̅0), 16.4° (110), 22.8° (200), and 35° (004) as
compared to the cellulose I crystal standard (JCPDS no. 00-
050-22411). However, the CrI of the CNCs-RSs decreased
slightly compared to the original CNCs. The results show that
the CrI of CNCs and CNCs-RSs was 82.69 and 77.19%,
respectively. It is due to the presence of the amorphous
structure of the RSs on the CNC surface.
Figure 5 shows the Fourier transform infrared (FTIR)

spectra of the CNCs and CNCs-RSs to confirm the
transformation of the chemical groups. The presence of sulfate
groups on the CNC surface is proven by the appearance of the
SO vibration peak at 1253.6 cm−1.32 This causes the CNCs
to have a negative charge, as shown in the zeta potential result.

Figure 2. Amounts of RSs linked on the CNCs (q) at combined
parameters.

Figure 3. SEM images of CNCs (i), RSs (ii), and CNCs-RSs (iii).
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Because of the significant difference of the OH stretching peak
at 3288.4 cm−1 between CNC and CNCs-RS spectra,36 the
OH functional groups on the CNC and RS surfaces involved in
the bonding of CNCs-RSs. This result shows a similar
phenomenon with the previous study,27 where the RSs are
attached onto the CNCs through the OH functional groups on
the surfaces. The aglycone region of RSs is presented in the
CNCs-RS spectra, as shown by the peak of olefin functional
groups at 1645.2 cm−1.33 Meanwhile, the oligosaccharide
region of RSs is indicated by the increase in several peaks, such

as at 2894.9 cm−1 (C−H stretching), 1429.2 cm−1 (C−H
bending), 1330.8 cm−1 (CH2 bonding at C6 of glucose),
1047.3 cm−1 (CO stretching), and 891.8 cm−1 (β-glycosidic
linkages).37 The presence of several functional groups from
aglycone and oligosaccharide regions of RSs proves that the
RSs are well-attached to the CNCs to form the CNCs-RSs.
Figure 6 shows the dispersing CNCs, RSs, and CNCs-RSs in

two kinds of solvents, that is, water as the polar solvent and
tetrahydrofuran (THF) as the nonpolar solvent. The polarity
indexes of water and THF are 10.2 and 4.0, respectively. The
CNCs were wholly dispersed in water, while they were
suspended in THF, as shown in Figure 6A. It proves the
hydrophilicity of the CNCs that have a water-stable character-
istic. The water-stable characteristic was stated because of the
negative charge on the CNC surface.38 The RSs are a natural
surfactant that has both hydrophilic and hydrophobic
characteristics, as shown in Figure 6B. The RSs were dispersed
in both water and THF. Moreover, the RSs were dissolved in
water as shown as the clear RS solution. However, the hazy RS
solution in THF exhibits the hydrophobicity of the RSs. As a
result of this modification process, the CNCs-RSs have a
hydrophobic characteristic, as shown in Figure 6C where the
CNCs-RSs were dispersed in THF. The deposit of CNCs-RSs
in water indicates that these have very low hydrophilicity. It
shows the significant effects of the RSs linked on the surface of
the CNCs. Based on these dispersion characteristics, this
modification process using the RSs is successfully used to
convert hydrophilic CNCs to hydrophobic CNCs-RSs.
The modification process using the RSs toward the CNCs is

a promising process to generate the hydrophobic nanoparticles
compared to the previous research studies. The use of RSs is
more environmentally friendly and safer for human health than
the previous modification agents that have several negative
impacts on their excessive exposure to the environment and
the human body. Besides that, the RSs are easier to be
obtained and isolated from several abundant natural resources.
The CNCs-RSs are a potential drug carrier for hydrophobic
drugs in the medical fields.

2.3. Analysis of Variance (ANOVA). Statistical verifica-
tion was carried out using two-way ANOVA with interaction
using Minitab 16 statistical software (Minitab Inc., ITS
Surabaya, Indonesia). It is used to identify the significances
of both independent variables (the initial RS concentrations
and the operating temperatures) and their interaction. It used a
full factorial design for obtaining the data, where the data were
obtained by combining two variables having three levels in
each variable. The experiments were conducted in three
replications.

Figure 4. XRD spectra of CNCs and CNCs-RSs.

Figure 5. FTIR spectra of CNCs and CNCs-RSs.

Figure 6. Visualization of CNCs (i), RSs (ii), and CNCs-RSs (iii) dispersion characteristics (0.1 wt %) in water (1) and THF (2).
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The Fisher values (F-values) show the significances of both
independent variables and their interaction was higher than
their minimum value of the F. Furthermore, the significances
were also proven by the probability values (p-values) where it
should be lower than 5%. According to the F-values and p-
values (Table 1), both independent variables and their
interaction indicate significant impacts on the amount of RSs
linked on the CNCs (q). Based on the contribution values, the
initial RS concentration has a large effect on q compared to the
other variables, as shown from the contribution value of
75.20%. This two-way ANOVA with interaction fits these data
well as proven by the quiet low standard deviation (S) and
high R-squared (R2).
2.4. Curcumin Uptake on CNCs-RSs. The hydro-

phobicity enhancement of CNCs using RS modification was
aimed to deliver a hydrophobic drug into the human body.
Figure 7 shows the uptake and uptake efficiency of curcumin
on the CNCs-RSs, which increase along with the interval time
used. The CNCs-RS mass to curcumin solution volume ratio
(R) of 1:5 mg/mL shows higher uptake than the R of 1:1 mg/
mL, as shown in Figure 7i, which reached 12.40 ± 0.24% at
600 min. This occurred because of the high solvent volume
used in the use of R = 1:5 mg/mL, which lower the
randomness in the solid−solution interface. The lower
randomness induced the high and strong binding of CNCs-
RSs and curcumin. On the contrary, the uptake efficiency was
lower in the use of R = 1:5 mg/mL, as shown in Figure 7ii,
which reached 49.49 ± 0.94%. Because of the high curcumin
amounts contained in the solution, CNCs-RSs could not load
all of the curcumin amounts from the curcumin solution. As
compared to the previous study, the uptake of tetracycline on
the CNCs-RSs just reached 18.11 μg/mg or around 1.81%,27

while the uptake of curcumin using CNCs-CTAB was 57.6 μg/
mg or around 5.76% (the binding efficiency up to 96%).3

CNCs-RSs had a higher uptake of curcumin because of their
hydrophobic characteristic. Other than that, CNCs-RSs can
exceed the curcumin uptake of CNCs-CTAB which have a
tendency and possibility to cause health and environmental
issues. These proved that the modification of CNCs using RSs
was successfully carried out to enhance their hydrophobicity.
RSs have aglycone (more hydrophobic) and oligosaccharide
(more hydrophilic) sides, as shown in Figure 8i. The curcumin
which has hydrophobic characteristic (Figure 8ii) was attracted
on the aglycone side of RSs.
2.5. Curcumin Release from CNCs-RSs. The release

experiment used curcumin-loaded CNCs-RSs from the
curcumin uptake experiment at the highest curcumin uptake.
The release of curcumin from CNCs-RSs showed a slow-
release mechanism in the medium with pH 7.4, as shown in
Figure 9. Only approximately 43% of curcumin was released in
a day and then became approximately 78% in 3 days. This was
very beneficial because the release of the drug could be
controlled slowly. Moreover, the curcumin could be released

well in the medium with pH 7.4, where pH 7.4 is the pH of
ileum in the human body. The curcumin-loaded CNCs-RSs
were good for targeting a release in the ileum. However, it still
needs further investigations.

3. CONCLUSIONS
The modification of CNCs using RSs was successfully carried
out to enhance the hydrophobicity of CNCs. The RSs were
well-attached onto the CNCs, as shown in the FTIR analysis.
The CNCs-RSs could be dispersed in a nonpolar solvent such
as THF that indicates the high hydrophobicity enhancement.
These are promising advanced materials for hydrophobic drug
carriers. Because these are composed of a cellulose-based
material and natural surfactant, they are safe for humans and
the environment. Although, the cytotoxicity must be examined
further in the future. The highest amount of RSs linked on the
CNCs reached 203.81 ± 0.98 mg/g that are attached by

Table 1. Results of ANOVA Analysisa

source degree of freedom (DF) sum of squares (SS) mean squares (MS) F-value p-value contribution (%)

A 2 3977.1 1988.54 870.82 0.000 23.31
B 2 12,832.5 6416.27 2809.81 0.000 75.20
A × B 4 213.0 53.24 23.31 0.000 1.25
error 18 41.1 2.28 0.24
total 26 17,063.7 100

aS = 1.511; R2 = 99.76%; and R2 (adj) = 99.65%.

Figure 7. Uptake (i) and uptake efficiency (ii) of curcumin on the
CNCs-RSs.
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hydrogen bonds, as shown by the FTIR analysis. The
modification process is significantly affected by the initial RS
concentration and operating temperature as proven by the
ANOVA analysis, where both variables indicate the p-value of
less than 5%. Two-way ANOVA with interaction fitted the
experimental data well.

4. EXPERIMENTAL SECTION
4.1. Materials. Dendrocalamus asper-type BSs were

collected from the traditional market in Surabaya, East Java,
Indonesia. The flesh fruits of the S. rarak De Candole plant
were collected from the wild plants in Malang, East Java,
Indonesia. Both natural resources were dried under sunlight
and pounded to powder. All chemicals, that is, sodium
hydroxide, hydrogen peroxide (50%), sulfuric acid (95−98%),
ethanol (96%), and tetrahydrofuran (≥99%), were purchased
from Sigma-Aldrich (Singapore) in analytical grade.
4.2. Preparation of CNCs. CNCs were prepared using the

previously established method.39 A total of 10 g of BS powder
was added into 200 mL of sodium hydroxide solution 20% (w/
v) while the solution was heated at 90 °C and kept for 4 h
under stirring. Then, it was continued by the bleaching process

using 25 mL of sodium hydroxide solution 4% (w/v) at 50 °C
while the same amounts of hydrogen peroxide 50% were added
dropwise. It is continued for 60 min under stirring. At the end
of each step, the residue was dried at 50 °C and collected for
the next processes. The product of this stage was the PBSs that
contained high cellulose content.
The acid hydrolysis process was conducted to produce

CNCs from PBSs. The optimum condition from the previous
study was applied in this study to obtain a consistent
product.39 PBSs were hydrolyzed using sulfuric acid solution
55 wt % with a PBS mass to sulfuric acid solution ratio of 1:20
at 40 °C for 60 min. To stop the hydrolysis process, 10-fold
cold-distilled water was poured into the solution. The
suspension was centrifuged to remove the acid solution and
dialyzed using distilled water until neutral pH was reached.
Then, it was sonicated for 20 min. The final suspension was
dried using a freeze dryer at a pressure of 0.08 mbar and a
temperature of −42 °C. The final product of this stage was the
CNCs and they were used for the modification process.

4.3. Extraction of RSs. S. rarak De Candole is a wild plant
that is widely populated in South East Asia, especially,
Indonesia. The extraction process followed the previously
established method with a slight adjustment.27,33 The
powdered fruit fleshes (15 g) were extracted using 200 mL
of distilled water at 80 °C for 60 min. The supernatant was
obtained by removing the solid residue using centrifugation at
4000 rpm for 10 min. The supernatant was dried using a freeze
dryer at a pressure of 0.08 mbar and a temperature of −42 °C.

4.4. Surface Modification of CNCs. The CNC
suspension in water (0.25 wt %) was added into 100 mL of
the RS solution with various initial concentrations (1000,
2000, and 3000 mg/L). The mixture was conditioned under
various operating temperatures (30, 40, and 50 °C) for 3 h.
Then, the process was continued until 24 h under room
temperature. These consecutive processes were carried out
under gentle stirring. The modified CNCs were washed using
centrifugation at 6000 rpm for 10 min (3 times) to remove the
excess RSs. The final suspension was dried using a freeze dryer
at a pressure of 0.08 mbar and a temperature of −42 °C to
obtain the dried CNCs-RSs.
The modification of CNCs-RSs was conducted under

various combined conditions: the initial RS concentrations
(1000, 2000, and 3000 mg/L) and the operating temperatures
(30, 40, and 50 °C), leading to nine experimental
combinations with three replications. These various combined
variables were used to investigate the effects of both variables
toward the binding of CNCs-RSs.

4.5. Identifications and Characterizations. 4.5.1. Deter-
mination of Total Saponin Content. A calibration curve was
prepared by varying the concentration of diosgenin solution as
the standard solution (100−700 mg/L). The diosgenin was
dissolved in the aqueous methanol 80%. A total of 0.25 mL of
the diosgenin solution was added to 0.25 mL of the vanillin
reagent (8% in ethanol) and 2.5 mL of sulfuric acid 72% (v/v),
respectively. The mixture was heated at 60 °C in a water bath
for 10 min and cooled in an ice bath for 3 min. The absorbance
was measured using a UV/vis spectrophotometer at 544 nm
against the blank solution (diosgenin solution 0 mg/L). For
the sample measurement, the sample solution replaced the
diosgenin solution and was treated the same as the standard
measurement (Figure 10).
The calibration curve of this determination was linearized

using the following equation

Figure 8. Chemical structures of RSs (i) and curcumin (ii).

Figure 9. Accumulative release of curcumin from curcumin-loaded
CNCs-RSs.
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RS 43.34 748.59Abs[ ] = + (1)

where Abs is the absorbance value of the sample while [RS] is
the concentration of the RS sample.
4.5.2. Determination of RS Amounts in the CNCs-RSs. To

know the amounts of RSs linked on the CNCs, the RS
concentration in the initial and residual solution of the
modification process was determined using a UV/vis
spectrophotometer as explained before. The amounts of RSs
linked on the CNCs were expressed as q (mg/g) using the
following equation1

q C C m V( )/o e= [ − ] × (2)

where Co and Ce (mg/L) are the initial and equilibrium
concentrations of the RS solution, respectively. V (L) is the
total volume of the solution in the modification process, while
m (g) is the mass of the CNCs used.
4.5.3. Zeta Potential and Particle Size Analysis. This

measurement was conducted for the zeta potentials of CNCs
and RSs and the particle sizes of the CNCs and CNCs-RSs
using a Zeta sizer Nano series, Malvern Instrument. The
samples were suspended in distilled water with a concentration
of 0.1 wt %. This analysis was used to investigate the zeta
potential and particle size of each sample for knowing the
possible interaction and change between these two constitu-
ents of the CNCs-RSs. The measurement results were
expressed as the average value of five measurements.
4.5.4. XRD Analysis. The X-ray diffractograms of the CNCs

and CNCs-RSs were obtained from the XRD analysis using a
PANalytical X’Pert PRO X-ray diffractometer with a
monochromated high-intensity Cu Kα radiation (1.5406 Å)
operating at 40 kV and 30 mA. It was conducted using a step
size of 0.02°/C in the angle range of 5−60°. The CrI was
determined using the Segal’s equation18

I I ICrI ( )/ 100%002 am 002= [ − ] × (3)

where Iam represents the minimum intensity between 110 and
200 lattice diffractions which indicates the amorphous region,
while I002 is the intensity of the 002 lattice peak which indicates
the total amorphous and crystalline regions.
4.5.5. Scanning Electron Microscopy Analysis. The

morphologies of the CNCs, RSs, and CNCs-RSs were
observed by the SEM analysis. A thin layer of conductive
platinum was used to coat the samples in an argon atmosphere

using a JFC-1200 coater, JEOL, Ltd., Japan. The SEM analysis
was conducted using a JEOL JSM-6390 field emission SEM.

4.5.6. Fourier Transform Infrared Spectroscopy Analysis.
The comparisons between the CNC, RS, and CNCs-RS
functional groups were carried out by the FTIR analysis using
FTIR Shimadzu 8400S. The KBr pelleting method was used to
analyze the samples. The analysis was conducted in the
wavenumber range of 4000−400 cm−1. The functional group
analysis can indicate the interaction between the CNCs and
RSs, leading to the formation of the CNCs-RSs.

4.5.7. Dispersion Characteristic Analysis. The CNC, RS,
and CNCs-RS samples (0.1 wt %) were dispersed in polar
(water) and nonpolar (THF) solvents using sonication for 1 h.
Then, the suspensions were left for 3 weeks at room
temperature. The dispersion characteristic investigation was
carried out under the final condition of the suspensions.

4.6. Statistics. Two-way ANOVA with interaction was
conducted to investigate the significances of the chosen
parameters in the modification process using a significance
level (α) of 0.05. The data represent the average of three
repetitions for each combined parameter.

4.7. Curcumin Uptake. Batch adsorption was carried out
to investigate the curcumin uptake on CNCs-RSs. CNCs-RSs
were added to the curcumin−ethanol solution (50 mg/L) with
a CNCs-RS mass to curcumin solution volume ratio (R) of 1:1
and 1:5 mg/mL. The solutions were shaken using a
thermostatic shaking water bath (Memmert type WB-14) at
30 °C for varied interval time (0−600 min). After loading, the
curcumin-loaded CNCs-RSs were separated from the solution
by centrifugation. The remaining curcumin in solutions was
measured using a UV/vis spectrophotometer at a maximum
wavelength of 430 nm. The uptake (U) and uptake efficiency
(UE) percentages of curcumin on the CNCs-RSs were
calculated according to the equations given below40

U m m m( )/ 100%i cur r cur CNCs RSs= [ − ] ×‐ ‐ ‐ (4)

m m mUE ( )/ 100%i cur r cur i cur= [ − ] ×‐ ‐ ‐ (5)

where mi‑cur is the mass of the initial curcumin added in the
solution, mr‑cur is the mass of the remaining curcumin in the
solution, and mCNCs‑RSs is the mass of CNCs-RSs used. The
experiment of curcumin uptake was carried out with three
replications.

4.8. Curcumin Release. Loaded curcumin was released
from CNCs-RSs by soaking 50 mg of curcumin-loaded CNCs-
RSs in 50 mL of phosphate-buffered solution (pH 7.4). The
solutions were shaken using a thermostatic shaking water bath
at 37 °C for varied interval time (0−72 h). The solid was
removed from the solution by centrifugation. The released
curcumin in the solution was measured using a UV/vis
spectrophotometer at 430 nm. The experiment of curcumin
release was carried out with three replications.
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