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ABSTRACT

Structural property of most hydrogels is soft, resulting in low mechanical performance that limits their usage in
the biomedical applications. For overcoming the drawback, cellulose nanocrystals (CNCs) were adopted in this study.
Effects of CNCs on characteristics and drug delivery performance of poly (vinyl alcohol) based hydrogels were explored.
FT-IR results showed that the fabricated hydrogels had semi-IPN (semi-interpenetrating polymer network) by formation
of acetal and aldehyde bridge. Water absorption and swelling ratio decreased with increasing CNCs content, and the
hydrogels with CNCs showed better viscoelastic performance than the without CNCs. Also, CNCs mostly improved
the ability of the hydrogel to absorb the drug and the sustainability of the drug release. These results demonstrated
that incorporating CNCs into the hydrogel systems can be a good alternative to improve drug delivery performance
and mechanical property of the hydrogels.
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1. INTRODUCTION

Drug delivery system (DDS) is a route of admin-
istration and the type of the drug to deliver the appro-
priate amount of the drug in a way that minimizes ad-
verse effects and maximizes its efficacy (Rivas et al,
2017). To do so, it needs to enhance stability and effi-
ciency by controlling spatio-temporal variability of

drug efficacy by an improved drug delivery system.

When the hydrogels absorbed large amounts of wa-
ter, they behave like living tissues. Because they form
a 3D scaffold with physical and chemical cross-links,
this characteristic allows application of drug delivery
system with high biocompatibility (An et al., 2017,
Valle et al., 2017; Tanpichai and Oksman, 2016; Xiao
and Zhou, 2013; Li and Mooney, 2016; Hyon et al.,
1989; Pal et al., 2016). However, a low tensile strength
of the hydrogels limits its application in parts that re-
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quires structural bearing power and decomposes quick-
ly at a target point through an early melting process.
Also, it has been pointed out as disadvantages for
industrial use of hydrogels that it is hard to load drugs
in a hydrogel, which has a high water content and a
porous structure, and it has a rapid release due to os-
motic pressure (Rivas et al., 2017; McKenzie et al.,
2015). For those reasons, some studies have been con-
ducted by molding hydrogels, combining in various
ways to improve mechanical strength (Wang et al.,
2010; Hyon et al., 1989), and preparing a membrane-
type with a multi-layered structure to facilitate hydro-
phobic compounds binding to the internal cavity (Ladet
et al., 2008; Lin et al., 2006; Zawko et al., 2008).
CNCs, which are organic-based nanomaterials pro-
duced using cellulose widely present in nature, were
added to biodegradable PVA and applied to a hydrogel
system. It is expected to improve the hydrogel's me-
chanical properties, increase the loading efficiency of
hydrophobic drugs, and show a delayed release effect.
The CNCs produced by acid hydrolysis are derived
from sulfuric acid, and it features a length and thick-
ness of 300 nm and 5-70 nm or less, respectively, re-
sulting in a high surface area—to—volume ratio. It is
easier to modify chemically than cellulose nanofiber
(CNF), also based on nanocellulose, with a higher
crystallinity and a higher reactivity due to many hy-
droxyl groups (-OH) on the surface. Therefore, it has
been spotlighted as an eco-friendly reinforcement in
the high-molecule composite material field (Gwon et
al., 2016; Gwon et al., 2018; Khanjanzadeh and Park
2020; Zaini et al., 2019). In particular, CNCs can ab-
sorb large amounts of water due to their high specific
surface area and numerous hydroxyl groups, and the
sulfate (SO4%) formed on the surface by sulfuric acid
treatment can maximize the efficiency of adsorption
and delayed release of hydrophobic drugs. Therefore,
application of CNCs is expected to be a good solution
in terms of improving the mechanical properties and

drug delivery efficiency of hydrogels.

In this study, CNC was applied to the PVA hydro-
gel system in which glutaraldehyde (GA) was used as
a crosslinking agent, and the adsorption and release
behavior of the drug was examined after salicylic acid
(SA) was introduced as a drug model. To evaluate the
structural properties of the hydrogel, fourier transform
infrared (FT-IR) spectroscopy, water content, swelling
ratio, specific surface area, scanning electron micro-
scopy (SEM) and viscoelastic properties were analyzed.
In addition, Langmuir, Freundlich adsorption model
was applied to see interaction between hydrogels and
the drug, and Lagergren's pseudo 1% order model and
Ho's pseudo 2™order model were applied for the re-

lease behavior.

2. MATERIALS and METHODS

2.1. Materials

In this study, hydrogel was prepared by adding
CNCs, a crystalline polymer, to PVA (Mowiol® 10-
98, Sigma-aldrich), having a molecular weight of
61,000 Da, and glutaraldehyde (GA, Sigma-aldrich)
was used as a crosslinking agent. The CNCs used in
this study are made from cellulose powder (KC Flock
W-50, average size: 45 /m) purchased from Nippon
Paper Chemicals Co., Ltd. (Tokyo, Japan). And then,
by the same method as in the previous study (Gwon
et al., 2016; Gwon et al., 2018), the hydrolysis treat-
ment was performed with 64 wt.% sulfuric acid
(H2SOs, Junsei, Japan) for 20 minutes at 45°C, fol-
lowed by washing with water until the supernatant be-
came neutral by centrifugation. The CNCs/PVA sus-
pension with distilled water used as a solvent was ad-
justed to pH 4.0 £ 0.2. GA was added and 0.5 N HCI
(0.5N-Hydrochloric acid standard solution, Daejung
Chemicals & Metals Co., Ltd, Korea) was used as a
catalyst to induce binding reaction of pH 2.0 + 0.02,
preparing the hydrogels. And then, drug loading and

release characteristics of the hydrogel prepared using

- 432 -



Preparation and Characterization of Cellulose Nanocrystals Reinforced Poly (vinyl alcohol)
Based Hydrogels for Drug Delivery System

salicylic acid (salicylic acid, >99.0%, Sigma-aldrich),
one of the hydrophobic low-molecular-weight drugs,

were observed.

2.2. Preparation of CNCs—based PVA
Hydrogels

The suspension was prepared as follows: After
double-boiling 5wt.% PVA hydrogels with 200 mL
of distilled water at 70 °C to melt, it was prepared
with varying CNCs loading corresponding to 0, 10,
and 20 phr of the dry weight, and stirred at 200 rpm
for 6 hours. It was marked as CNCO0, CNCI10, and
CNC20 depending on CNCs content. Each suspen-
sion having a different CNCs content was suffi-
ciently stirred to prepare CNCs-PVA suspension with
the CNCs were evenly distributed, and cooled in a
desiccator to room temperature. GA of 5 phr (part
per hundred resin) to PVA was added in the drip-
ping method to the CNCs/PVA suspension and stir-
red for 5 minutes. After pH was adjusted to 2.0 +
0.02 with 0.5 N HCI added, it was cured for 48
hours at room temperature in a 20 mm (d) x 8§ mm
(h) aluminum mold. The surface of the prepared hy-
drogels was washed with distilled water to remove
unreacted cross-linking agents remaining on the sur-
face after synthesis reaction and 0.5 N HCI used for
pH adjustment until the surface turned neutral, and
the finished specimens were stored in a chamber at
5 °C for use. The hydrogels were prepared in the
same composition as described in Table 1. Fig. 1,
shows that transparency decreased as the CNCs con-

tent increased, and no color change occurred.

Table 1. Component of PVA/CNCs/GA hydrogels

Sample Component

name  pVA (wt%) CNCs (phr) GA (phr) pH
CNCO0 5 0 5 2.0+0.02
CNC10 5 10 5 2.0+0.02
CNC20 5 20 5 2.0+0.02

<

National institute of
Forest Science

Fig. 1. Visual appearance of prepared PVA based
hydrogels incorporated with CNCs.

2.3. Characterization of CNCs—based
PVA hydrogels

2.3.1 Specific surface area and scanning
electron microscopy analysis

The prepared hydrogels were rapidly frozen under
a liquid nitrogen atmosphere, stored in a freezer at
—60 °C, and dried using a freeze dryer (FDU-1200,
Eyela, Tokyo, Japan). The freeze-dried specimen was
degassed at 20 °C for 30 minutes to remove residual
moisture, and then specific surface area was measured
with the nitrogen adsorption/desorption method (ASAP
2420, Micromertics®, United State) for 5 hours with
liquid nitrogen.

The surfaces of the freeze-dried specimens were
coated with thin gold films of 2 nm (lon-Coater
(KIC-IA), Coxem, Korea) by sputtering for 200 sec-
onds at 4 mA, measured using FE-SEM (Coxem-30,
Coxem, Korea), and different hydrogel images were
obtained with different CNCs content.

2.3.2. Chemical functional group analysis

An infrared spectrophotometer FT-IR (Nicolet iS10
FT-IR Spectrometer, Thermo Scientific, United State)
was used to verify interfacial properties of the hydro-
gels with drug loaded and the ones without drug. All
samples were used after surface was washed and dried
for 24 hours in a chamber at 70 °C. However, the
drug-loaded hydrogels were immersed in the drug
for 48 hours in a chamber at 37 °C before being-
washed with distilled water to remove residuals on the

surface until the hydrogel surface was neutral. FT-IR
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analysis was conducted in the ATR mode, the scan
range of 400~4000 cm™, the total scan of 32, the reso-

lution of 8 cm’.

2.3.3. Water content and swelling ratio test of
CNCs—based PVA hydrogels

To confirm the water content of the CNCs-based
PVA hydrogels, thoroughly washed hydrogels were
placed in a chamber at 70 °C, completely dried for
24 hours, and the weight difference was measured be-
fore and after drying using an analytical balance
(HR-250AZ, A&D Co., Ltd., Korea). The weight was
measured three times to be determined with the error
range of = (0.1%).

Weight remaining (%) = (Wi-Wg) / W; x 100 (1)

Wi: Initial weight of hydrogels
Wq: Weight of dried hydrogels

To check swelling properties, the hydrogels dried
for 12 hours in a chamber at 70 °C were immersed
in distilled water at 37 °C. The purpose was to check
the swelling ratio according to the weight by time
compared to the initial weight. The weight was meas-
ured three times to be determined in the error range
of + (0.1%).

Swelling ratio (%) = (We-Wg) / Wy x 100 (2)

Wa: Weight of dried hydrogels
W, Weight after swollen

2.3.4. Mechanical properties of CNCs—based
PVA hydrogels

To evaluate mechanical properties of hydrogels by
CNCs content, CNCs-based PVA hydrogels’ storage
modulus and loss modulus were analyzed using paral-
lel and peltier plates with DHR3 rheometer (TA instru-
ments, US). It was measured in the range of 0.1~100
radius/s for frequency sweep, 0.5 uN of axial force,
and 10% of strain at 25 °C.

The storage modulus and loss modulus were de-
termined with the following equation (Wang et al.,
2010).

Storage Modulus, G' (Pa) = %'0059
Loss Modulus, G”(Pa) = %‘Sinﬁ 3)

o : Shear stress
¢ : Shear strain

2.3.5. Drug loading and release CNCs—based
PVA hydrogels

Salicylic acid, which is one of hydrophobic low-mo-
lecular-weight drugs, was used to study the same type
of drugs that have difficulties in fast release and
loading. For the loading experiment, the hydrogels im-
mersed in distilled water for 48 hours in a chamber
at 37 °C and swollen to 20 = 2 @ diameter, 8 + 2
mm height, and 1.45 + 0.1 g weight were impregnated
with 200, 500, 1000, and 2000 mg/L of different con-
centrations of the drug. The amount of loaded drug
was measured by HPLC (High Performance Liquid
Chromatography, 1260 Series, Agilent).

The amount of the drug loaded per unit weight of
CNCs-based PVA hydrogel was calculated with the

following equation.

Ge = (Ci—Co) *x V / 1000w @)

V: Volume of drug solution (mL)

w: Weight of hydrogel (g)

Ci: Concentration of initial drug (mg/L)

C.: Concentration of drug at equilibrium (mg/L)

qe: Concentration at equilibrium after loading of the
drug per unit weight of hydrogels (mg/g)

In order to obtain process parameters for applying
the drug-loaded hydrogels to the drug system by the
impregnation method, the appearance of the hydrogel
interface and drug loading were predicted using an ad-
sorption isotherm model. The interfacial reaction be-
tween the hydrogels and the drug was observed by us-

ing Langmuir isotherm, which is composed of a mono-
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layer on a single interface and mainly shown in chem-
ical bonds, and Freundlich isotherm, where a drug
combines on a heterogeneous interface with multi-
layers by physical adsorption (Cho et. al., 2013).

Langmuir isotherm is as follows:

_ InaxC by linearization,
“= T3 Y Ne ’
G__1 G
— + - (5)

6@ blnac Gnax

ge: Concentration at equilibrium after loading of the
drug per unit weight of hydrogels (mg/g)
C.: Concentration of drug at equilibrium (mg/L)
Gmax: Maximum amount of the drug per unit weight
of hydrogels (mg)
b: Langmuir adsorption constant

Langmuir isotherm is as follows:

q =K,C!'" by linearization,

logq, =log K+ %logC; ©6)

qe: Concentration at equilibrium after loading of the
drug per unit weight of hydrogels (mg/g)

C.: Concentration of drug at equilibrium (mg/L)

Kr: Freundlich adsorption constant

n: Adsorption constant from Freundlich isotherm

To verify the release behavior of the drug, the fol-
lowing environment was provided: the hydrogels were
exposed for 48 hours to the condition where the drug
concentration was 2000 mg/L to load them completely;
the hydrogels loaded with the drug to have 20 + 2
mm diameter, 8 £ 2 mm height, and 1.45 £ 0.1 g
weight were completely immersed in 10 mL of dis-
tilled water in a chamber at 37 °C, which is similar
to the body temperature, and stirred at 50 rpm so that
the drug could be sufficiently released. HPLC (High
Performance Liquid Chromatography, 1260 Series,
Agilent, United State) was used to evaluate the con-
centration of the drug released per unit weight by time.

Pseudo 1% order model and pseudo 2™ order model

were applied to dynamically analyze the drug release
properties in drug-loaded CNCs-based PVA hydrogels
over time.

Pseudo 1% order equation is as follows:

dg, L
Tf: k (¢, —¢) by linearization,
t
'3 Kyt
l =
Blq—q) 2303 0

ge: Released amount during equilibrium (mg/g)
¢ Released amount per unit time (mg/g)

ki: Rate constant of the pseudo-first-order model
t: Reaction time

Pseudo 2% order equation is as follows:

?: k,(q,—¢)* by linearization,
't
1 1
= —+kt 8
.4 4 ®

ge: Released amount during equilibrium (mg/g)
qi: Released amount per unit time (mg/g)

k»: Rate constant of the pseudo-second-order model
t: Reaction time

Additionally, the initial release rate (h) with h =k,
was obtained from the pseudo 2™ order equation
(Cho et al., 2013).

Salicylic acid was analyzed by HPLC as described
in Table 2.

Table 2. Analytical condition of HPLC

Conditions
Column Kinetex C18 (4.6 x 250 mm, 5u,
Phenomenex)
Guard column UHPLC C18 (AJ0-8768, Phenomenex)
Column 25°C

Temperature

Mobile phases A (0.1% phosphoric acid 30) :

B (Acetonitrile 70)
1.0 mL/min
237 nm

Flow rate
Wavelength

Injection volume 10 uL
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3. RESULTS and DISCUSSION

3.1. Chemical and morphological
properties

The FT-IR spectra of the prepared CNCs-based PVA
hydrogels loaded with the drug is shown in Fig. 2.
As expected, the peak intensity of the 3000-3600 cm
region representing a free-OH group increased due to
the addition of CNCs. Also, a -CH stretching vibration
band in the 2930 cm™ range, a C-H stretching band
in the range of 2750 ~2850 cm™ that are peaks seen
in the aldehyde group, and a C=0 vibration band in
the range of 1720 to 1740 cm™ appeared (Reis et al.,
2006; Mansur et al., 2008; Hendrawan et al., 2019;
Marin and Rojas, 2015). In particular, unloaded hydro-
gels showed the C=0 groups that did not react to the
cross-linking agent in the range of 720 to 1740 cm™,
but the peak intensity of loaded hydrogels decreased
near 1700 cm™ (Thangprasert et al, 2019). Also,
peaks of acetal and ether groups formed by cross-link
between the aldehyde group (-CHO) of GA and the
hydroxyl group (-OH) of PVA and CNCs are shown
in the regions of 1371 cm’', 1250 cm™, and 950 cm’!
(Yue et al., 2016; Yeom and Lee, 1996; Kim et al.,
2003). The presence of the aldehyde group implies
that there is an incomplete hemi-acetal linkage where
only one of the two functional groups of GA is
combined. Although the hemi-acetal group exists, the
formation of the acetal and ether groups shows that

the hydrogels prepared in this study using one type

1720 1371 1250 950
) 4 i

]57005 :
\_.CNC20 with drug | -

_/\/\, CNC10 with drug

_/\/\ﬂ CNCO with drug |

_/-\/'\ CNC20

2930 2850
3319 3

Absorbance (A.U.)

\._CNCO

_/\r\ CNC10

3500. 3000 2500 2000 1500‘1000
Wavenumber(cm™)

Fig. 2. FTIR spectra of the PVA/varied CNCs
content/ GA hydrogels with/without drugs.

of polymer formed a 3D cross-linked network (semi-
IPN) (Yue et al., 2016).

Fig. 3 shows SEM images that were measured to
verify the 3D scaffold network (semi-IPN) of the
hydrogels. From these results, it was concluded that
PVA, CNCs and GA had a 3D pore structure inter-
connected by crosslinking between hydroxyl groups,
and the size of the pores increased as the content of
CNCs increased.

3.2. Water content and swelling ratio

The hydrogels play a role as a release control
through an expansion of polymer chains by water ab-
sorption, and it affects drug diffusion, especially re-
lease behavior. The release rate is determined by an

ability of solvent molecules to move through the gel

Fig. 3. SEM images of the PVA/CNCs/GA hydrogels (a) CNCO (b) CNC10 (¢) CNC20 with magnitude x 300.
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Fig. 4. Water content and Swelling ratio of the PVA/CNCs/GA hydrogels with varied CNCs content.

network, and the structure morphologically changes
during the gel is swollen by diffusion through the pol-
ymer chains and strain relaxation between the chains
(Mansur et al., 2008). Therefore, it is important to un-
derstand water content and swelling ratio properties
for the following salicylic acid drug release behavior
study. The water content and swelling ratio of the hy-
drogels were evaluated, and the properties change due
to water absorption was observed. The results are pre-
sented in Fig. 4. As the CNCs content increased from
0, to 10 and 20 phr, the water content decreased from
91.2 to 90.0 and 89.4% and the swelling ratio from
306 to 290 and 272%. Noteworthy, both water content
and swelling ratio tend to slightly decrease as the
CNCs increase. As found in Fig. 2, the addition of
CNCs is supposed to increase hydrophilic free-OH
groups in the light of surface affinity perspective.
Contrary to expectations, however, the water content
decreased as the CNCs increased. The decrease of the
swelling ratio can be affected by a spatial restrictionin-
side the hydrogels. In the case of a polymer mixed
with a good solvent, as the chain entanglement is de-
tangled and loosened, they can move freely and allows
a large amount of solvent molecules to get in the
spaces between the chains. Accordingly, the chains oc-
cupy morefree space, and when solid particles with
high crystallinity are inserted between the polymer
chains, their movement decrease, reducing their free-

dom. Especially, the similar characteristic of the sur-

face between CNCs and PVA enhances its bonding,
so the internal structure of the prepare hydrogels can
be denser and more compact (Masruchin ez al., 2015).
For that reason, it was concluded that addition of
CNGCs inhibited PVA chain mobility, leading to a de-
crease in water content and swelling ratio. In terms
of drug delivery, the higher the amount of water the
hydrogels contain, the more drugs hydrogelscan store
inside (Hoare and Kohane, 2008). Adding CNCs tends
to speed up the initial water absorption because of
many free-OH groups on the surface (Masruchin et al.,
2015), but it has no positive effect on improving drug

loading by volume increment of hydrogels.

3.3. Mechanical properties

Storage modulus (G') and loss modulus (G") were
studied by viscoelastic propertyanalysis, and the me-
chanical properties of CNCs-based PVA hydrogels
were described in Fig. 5. It was founded that G' had
a higher value that G" over the change of @ (angular
frequency), and the prepared hydrogels have strong
solid behavior (Yue et al., 2016). As it was explained
in Section 3.1, it was caused by the formation of a
3D scaffold network (semi-IPN) cross-linked between
acetal, ether, and hydrogen and polymer chains. Espe-
cially, all the viscoelasticity properties tend to increase
with CNC content, which is caused by the CNCs with
a large specific surface and a large amount of hydrox-

yl groups acting as a reinforcement by penetrating
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Fig. 5. Frequency sweep test of storage modulus (G')
and loss modulus (G") of the PVA/CNCs/GA
hydrogels with varied CNCs content.

between PVA chains and strengthen physical and
chemical binding and entanglement to restrict the
molecule chains and distribute stress on the hydrogels
and improve mechanical properties. Also, it was noted
that a certain level of linear viscoelastic region (LVR)
can be formed regardless of w. If the forces applied
inside the molecules are concentrated in a specific
area without uniform dispersion, non-constant and ir-
regular fluctuation of G' may occur due to complete
or partial destruction of the intramolecular or inter-
molecular bonds at low @ (Mezger, T., 2016, Yue et
al., 2016). Consequently, the stable formation of LVR
throughout the @ region in hydrogels with CNCs im-
plies that CNCs are evenly distributed between the
PVA chains.

3.4. Drug loading properties

In this study, the drug loading performance was in-
vestigated using Langmuir isotherm and Freundlich
isotherm as adsorption isotherm models. And the re-
sults are shown in Fig. 6a with salicylic acid loading
amount by different concentration and the CNCs
content. It was confirmed that moresalicylic acid was
loaded on hydrogels with the CNCs than those without
the CNCs, and the hydrogels with 10 phr added loaded
a slightly more amount than those with 20 phr added.
First of all, similar to the water content and swelling
ratio characteristics mentioned above, it was founded
that, despite the hydrogel without CNCs having more
internal space, the hydrogel with CNCs loaded more
drugs. Generally, the amount of adsorption increases
on the interface as the surface area increases on the
surface bonding mechanism (Zhou et al., 2015; Gao
et al., 2017). From these results, the specific surface
and pore volume were derived to calculate the surface
are to pore volume ratio by the Baunauer-Emmett-
Teller (BET) equation usingnitrogen adsorption/de-
sorption method described in Section 2.3.1, and the
results are presented in Fig. 7. Surface areasper unit
volume (1 cm®) were 314, 677, and 61 m® when
respectively CNC0O, CNC10, and CNC20 were added
into the hydrogels. From these results, CNC10 was

able to adsorb a large amount of the drug and the inner

- 600 -a) i 800 -b) Langmuir isotherms 0.5 -c) Freundlich isotherms e
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Fig. 6. Fitting of a)total loading drugs b)linear plots of Langmuir isotherms and c)linear plots of Freundlich
isotherms over PVA/CNCs/GA hydrogels with varied CNCs content and their respective correlation coefficients.
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Fig. 7. Surface area to pore volume ratio (m*g'/
cm’g") of the PVA/CNCs/GA hydrogel systems with
varied CNCs content.

surface area got increased by addition of CNC even
though it has less space inside as explained previously
with water content and swelling ratio. On the contrary,
comparing CNCO with CNC20, CNC20 had a larger
inner surface area than CNCO, but showed a less
amount of adsorption. As shown in FT-IR results, the
drug loading action point of hydrogel increased due
to free-OH on CNCs surface with the addition of
CNCs.

When comparing the drug loading performance of
the hydrogels to which CNC10 and CNC20 were ap-
plied, it was confirmed that the loading efficiency of
CNC20 was reduced compared to that of CNC10. It
may be explained by a decrease of inner surface area
and adsorption mechanism. To understand the mecha-
nism of adsorption inside the hydrogels for drug load-
ing, it was applied to Langmuir and Freundlich iso-
therm described in Section 2.3.5. The results are shown
in Figs. 6b. and 6c. The correlation coefficients (r*:
correlation coefficients) of CNCO, CNCI10, and
CNC20 calculated by Langmuir isotherm were 0.5946,
0.9708, and 0.0001. Also, it was calculated to be
0.9956, 0.9975, and 0.9690 by Freundlich isotherm,
therefore, it was confirmed that Freundlich isotherm
is more suitable for the salicylic acid loading mecha-
nism of CNCs-based PVA hydrogels than Langmuir
isotherm. Therefore, the drug ions, with the salicylic

acid molecules on the inner interface of the hydrogels,

Table 3. The Freundlich isotherm constants for the
loading drugs

n Kg
CNCO 0.9530 0.0244
CNC10 1.2241 0.0497
CNC20 1.0653 0.0287

* n: Freundlich isotherm constant.
* Kp: Freundlich constant.

were layered ina multi-molecule layer (Freundlich iso-
therm) instead of being bound as a mono molecular
layer (Langmuir isotherm). It was confirmed that they
were stacked in a multi-molecule layer due to elec-
trical action that is on various pore interfaces inside
and on interface between a drug ion and another, and
differences in electrical strength such as radicals, van
der Waals forces, etc. (Cho et al., 2013; Tilak et al.,
2016; Li and Mooney, 2016). It shows that it needs
enough space to load by forming a multi-molecular
layer on the surface as a drug is loaded in a chemical
and physical way on CNCs-based PVA hydrogels. To
evaluate adsorption capacity, it can be presented in
Table 3 with Freundlich constant K from the equation
(6) and experiment constant nfrom Freundlich isotherm.
At Ky and n which represent adsorption performance,
CNCI10 showed higher values than CNC20, confirm-
ing that CNC10 was a more favorable condition for
drug loading. In conclusion, to increase drug loading
amount by improving the mechanical strength on
CNCs-based PVA hydrogels, a content of CNCs
should be optimized and application of CNC10 is

more beneficial.

3.5. Drug release properties

A drug release behavior applied to the hydrogels
has a significance in the light of an effective use of
the drug. The drug release properties of CNCs-based
PVA hydrogels were characterized and the results are

presented in Fig. 8a. As expected by performance
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Fig. 8. Fitting of a)cumulative released drugs b)linear plots of pseudo 1% order model released kinetics
and c)linear plots of pseudo 2™ order model released kinetics over PVA/CNCs/GA hydrogels with
varied CNCs content and their respective correlation coefficients.

Table 4. The pseudo 1% order model and pseudo 2™ order model constants for the released drugs

Pseudo 1% order model Pseudo 2™ order model

CNCO k, = 0.0028 k, = 0.0148 h = 0.0483
CNCI10 k, = 0.0023 k, = 0.0106 h = 0.0263
CNC20 k; = 0.0025 k, = 0.0089 h = 0.0242

* k1 Pseudo 1* order model constant
* Kky: Pseudo 2™ order model constant
* h: initial released rate

analysis of adsorption, the hydrogels applied with
CNCI10 having a high loading capacity reached to
equilibrium at high temperatures with large release
amounts. The results were described in Fig. 8b. and
8c; all release data was applied to the pseudo 1* order
model and the pseudo 2™ order model to evaluate re-

2. correlation coefficient

lease speed. By comparing r
of a trend line, it was confirmed that the pseudo ond
order model was more suitable than the pseudo 1% or-
der model. The reaction speed constant k, and h,
which means the initial release speed, were calculated
for comparative analysis of drug release rate through
the the pseudo 2™ order model and the results were
shown in Table 4. When CNCs were added, it showed
that ‘h’ decreased, which represents the initial released
speed of the prepared hydrogels. This demonstrates
delayed release of drug by drug adsorption function
of CNCs. When it was not added, most drugs were

simply diffused by osmotic because they were mainly

diluted instead of being combined on the inner surface
of the hydrogels. On the other hand, it suggests that
the CNCs-added hydrogels had a delayed release
speed of the drug because of many acting points on
CNCs surface and physical and chemical bonds among
drug ions (Li et al., 2016). Accordingly, it was con-
cluded that CNCs-added hydrogels had a positive ef-

fect on delayed release of the drug.

4, CONCLUSION

CNCs-based PVA hydrogels were prepared, and its
physical, chemical and mechanical properties were
investigated. Also, salicylic acid as a drug model was
applied to investigate the adsorption and release prop-
erties of hydrophobic drugs, and the interaction be-
tween the drug and the hydrogels was evaluated using
various dynamic models. The FT-IR results showed

that inner PVA hydrogels with GA as a cross-linking-
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agent formed a 3D scaffold cross-linked network
(semi-IPN), and it allowed a strong and dense 3D
structure by adding CNCs. These characteristics of
CNCs involved that water content and swelling ratio
have decreased, andviscoelasticity has increased as the
mechanical properties. In addition, from the analysis
of drug loading behavior, Langmuir isotherm and
Freundlich isotherm were applied, and it was found
that Freundlich isotherm is more suitable than Lang-
muir isotherm. From this study, it has been loaded ina
multi-molecular layer multiplied by physical and
chemical bonds inside the hydrogels, not a mono-mo-
lecular layer of the drug. The addition of CNCs in-
creased hydroxyl groups that did not involve with the
formation of the 3D network structure,increasing drug
loading amounts. Besides, CNC10 having a larger in-
ner specific surface than CNC20 showed ahigher load-
ing capacity. Also, the drug release properties analysis
found the effect of delayed release of a drug and a
high potential of crystalline nanocellulose CNCs as a
core material of the delayed release drug delivery

system.
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APPENDIX

(Korean Version)

E AF A2d FLE 95t AEZ 22 YT AY(CNCs) 3}
Poly(vinyl alcohol) 7|8t Sfo|E2A0] Az Y =X

28 /)% o1 729 SolERAS e s)AE R Qlsto) Aelst Bopol o] ARtk B Ao oleiat
S F5317] YollA Zu|dYT-E(PVA: poly(vinyl alcohol))7]HF sto]|E2 A0 MEZ QA Ll T 2| AEHCNCs) S A
st CNCs7h 71414 54 3 dFadd aao vAe 93s SUsih AxH sfo]=274 2 FT-IR 2402 opg

ONGs @30l 371845 48 54 8 Baerh gagon], Haye Z71th B3 ONCs] H7ke o 253 Z7}ot
OFE WETHY ASAS TR olefe 2L CNCsE SolE2o] Bkt Alo] so|=2 A ofRAE AL I
AAH B4 RN $ gote] B 4 2S HolEsth

OFE A A|ARIDDS, Drug Delivery System)o]gh 9]oF&9] HA-8-5 2| 4dlolir 852 SUSAA Bash ¥o e
AEH R Adshs Fol F2o oY FEE HYH=tRivas ef al., 2017), o]= Rt s FEHDALHE 55t
OFE FEAY A3 Alol& A 9 A& Eoof itk
ool B8 St A o) AR 223 A AT Hols solERAe 2] atd AnARe B 349 FEAE
gstal 917] wizoll BAAGA0] ot FEHGAAH AGo] {-2|5ttHAn et al., 2017; Valle et al., 2017; Tanpichai
d Oksman, 2016; Xiao and Zhou, 2013; Li and Mooney, 2016; Hyon et al., 1989; Pal et al., 2016). 3}A|qt sfo| =2 A 9]
& AAFEE F20) MM o] glojof She HEolN S8& AT, BER sk AWl 27] g3 FHE AH we

L, TS ARA} oREo] e Ao R Qldlo] w2 Tt Thd &R Slo| =2 A0 oRE0] FA7F ofH AL AR
o7 o3 W HEL slo|=aAL Al o7 FHestuA} & uf) o R A% 1 QthRivas er al., 2017; McKenzie et
dl, 2015). o] TS Tl Qe OIERAL BEOH Ao A ek ofje} vk Fejw Agslo] 7)AH PEs
=oAL (Wang et al., 2010; Hyon ef al., 1989) T3 25 Zt= HE Q] Fej9) slo] =2 AL A|zsto] YR F-5(cavity)o]
A4A SRHE ARS golshA =3t d9(Ladet er al., 2008; Lin et al., 2006; Zawko et al., 2008)7} Z3§% H} Qlck

AzE S| =2 7147 BAS PN T A% okEol B B WA A WBS stol Ao Yol BEakn
U= MERQAE o]gato] Alxd 7] AE Y &7 MEZ A eI 2 AR(CNCs) S AE3| 7Hs3E PVA(Poly(vinyl
alcohol)) 7|5t sto|E2 Ao A &e}GIe}. 47kEalE A2 E= CNCs9| 3¢ 2 Ak o]8-38to] AxE 5-70 nm
A2k 300 nm o|5}e] Ho|E 7HA|aL Qlo] Hujrir] xHAo] [t 2 YeAERE oA AYY MER A i dlf{cellulose
nanofiber, CNF)©] v]8] A3t e7} =il FHY| W2 47|(-OH)E Q13| ¥hg-do] ot &7 3384 7o) 7Hgdto]
EAL Bz Hofol| A 213+ 733HA|(reinforcement) 2 23 ¥EL QItGwon ef al., 2016; Gwon ef al., 2018; Khanjanzadeh
and Park 2020; Zaini et al., 2019). 53] G WA 2 LAV Qg thFY] &8 58 & e s it
AHE| 2 Qe FH| SPAF(surfate, SO ) Ag>4 FEo] T2} AAWE AE&S Irietd = 9l AR J|H) webA,
ONCs9] 242 stol=zne] 7148 54 43 Hudd 58 G ZHold shpe $2 s2do] 2 & 9.

2 AFolM = SFerdtsto] E(glutaraldehyde, GA)E 7FA| = AR§-3E PVA sto]Eg7 A|AH”lo] CNCsE 285151 0.1,
o] OFER AR AKsalioylc acid, SAYS RIS oM B2 9 WE A Anlnalth, Slol=2 72 S4S ]
9letol A Bd7] BA, g, Hek, HEHA B4, ARARERA B4 9 HE] S-S B sto| =R AT}
OFRO] A3 HFS-O Langmuir, Freundlich &2 RdS 83519 on, BF% #%L Lagergren's pseudo 1" order model
Ho's pseudo 2™ order model 28310 EHolatgict.
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2, Mz 3

2.1 A=

Bx}Fo] 61000 Dagl Z&]u]d23-2(Poly(vinyl alcohol), PVA, Mowiol® 10-98, Sigma-aldrich) 7|uto.2 AXE 1=}
Ol AEZ oA A AE(CNCs)S A71ekar S EMYH 610 E(glutaraldehyde, GA, Sigma-aldrich)E 7}uA| 2 ARE-5}o
stol =2 A8 A| 25k E oA A8 CNCs+= Nippon Paper Chemicals Co., Ltd.(Tokyo, Japan)ol| A A& =& 2 ~(KC
Flock W-50, 4 AFo]2: 45 m) THOT 2 Fujste] A3 915{Gwon ef al., 2016; Gwon ef al., 2018)9} EI3F HFA] 0 2
64wt% SHAHH:SOy, Junsci, Japan) & AHEB10] 45 °C 240N 20553k 4k Z1pie] T Qalklsiel AFo] F40l
g 7] A1 A2 ZR4E Sl ARE CNCYPVA HEFNL pHA + 022 A|ZE|0]x] =t GAS H7t5to]
0.5 N HCI(0.5N-Hydrochloric acid standard solution, Daejung Chemicals & Metals Co., Ltd, Korea)S Zvj2 ARE-5}0]
PH20 £ 0.0271%] 2T W88 §Esle] slol=RAS Azslgh A2H slolERae A44 AEA ok £ shpel ALejAl
AHsalicylic acid, >99.0%, Sigma-aldrich)S ©]-83}o] oFE 24 49 W= EAS Fol5¢th

2.2. CNCs7]4} PVABlo|= 22 A%

HEAL 200 mL FH40f 5wt.% PVAE 70 °C2 £83}0] =91 & PVAjH| CNCs& AZXZF 0, 10, 20 phr 2ASZ
A7}510] 200 rpmO.E 647 EoF wHkshh CNCs A 71eFol| whel CNCO, CNC10, CNC200]2F FA|5Hth. CNCs do]

2 7}7e] PerolS 23] WHlsho] CNCs7h 124 BAE CNCS/PVA HEHlS A 23ho] A2 7kA] dlA|Alo]e] Skl
HpskdTh. CNCY/PVA @Eholof] PVATHH] Sphr(part per hundred resin) 279 GAS A2A102 H7bste] 5E1F ket
0.5 N HCIZ 37510] pHE 2.0 £ 002717 283 %, 247 20 mm 0] 8 mm 2l B0 Wol A-eo]x] 4847
A7 AzE slol=2 A mrlo] F40] B x| ZR42 AHsto] 34 WS & Hro] YL o] B9l u]ukgw
7hiA] 9 pHEA o] ALSE 0.5 N HCI 5 A7k, AFo] ghasl Ame 5T auo] miksto] ALgalsirt. slo|=2A9)
AZE Table 13} 28 2402 AZETh A%H slo|=2AL Fig. 17} 20] ONCs §o] 271842 Eer} 7w
AL BRIE 4 Q9100 A Wsks WAEA] ekl

=

2.3. CNCs7|H} PVASIo| =27 E4] A

23.1. H#HY 9 FAAAGEEA oju]z] B4

Az slo]ERAL M AARE 4 W H 60 °C Yo Ryt 3 54 727](FDU-1200, Eyela, Tokyo, Japan)S
ol gsto] ZxH AJHE Az §2 A2E AJHE 20 °C 2710A] 3087 degassingsto] 2ho] £5-E gl 5 HA|
AAE SAZE Aa S22 ¥ (ASAP 2420, Micromertics®), United State)2 0]-8-5to] v|EHZ-S 243}t

54 Az9 AW US4 mAZR 2002 FoF A9 E A& 2 nm T} (lon-Coater(KIC-IA), Coxem, Korea)2 $3] 1
FE-SEM(Coxem-30, Coxem, Korea) Z43}lo] CNCs & 2o]o] whe} gabdl dlo]=2A oju]z& Hgich

2.32. 33H4 7] 24

# 9|4 #3279l FT-IR (Nicolet iS10 FT-IR Spectrometer, Thermo Scientific, United State)2 o]-8-3t0] oFZo] 2w
slo|m2 AT} 2HE]]| 0k slo|= A0 A EAS BRI, BE MEL T AH 70 °C WA 2447 Axslo]
AFgERgi) o R 2dE slo|TR A AA A 37 °C o)A 4847k oFRo| ARA|7] T, slo|T= A Fuo] FAo)
9 g7z SRS AZste] Bro Y2 o] BAE A|AS¢tk FTIR 42 ATR mode, scan range 400~4000 cm™,
32 total scan, 8 cm’ resolution A0 2 B35}t

2.3.3. CNCs7]5t PVASPO|E2 219 348 W HLE HAE
CNCs7]5E PVASIo| =R 7] 3h88 glslant
& AL(HR-250AZ, A&D Co., Ltd., Korea) ©]-&3}o] A
W91 S 3wkEstel 2Asklth
Weight remaining (%) = (Wi-Wg) / W; x 100 €))
Wi 27| A
We A% 9 7

2 sfo|=2AL 70 °C Avlo] WAL 2447 ¢ Az
45 o WS ST B SN £ (0.1%) 03

- 445 -



Hyejung CHO * Won-Jae YOO - Jinsoo AHN - Sang-Jin CHUN - Sun-Young LEE - Jaegyoung GWON
sfol=ze) g B4
AZke] uhE &

< FIskarat 70 °C oAl 12417 A28t sto] =2 AL 37 °C $F7

ol ol 27] A tH]
RS DS FF SN £ (0.1%) 03 WU FL 3 wEsto} et
Swelling ratio (%) = (Ws+Wg) / Wy x 100
Wdi ij

FUA

@)
o] A

W BeH 7
2.34. CNCs7]HP PVA%}O]EEWQJ 7]74]1‘] EX

= parallel

10%, axial force 0.5 uN, frequency sweep2| 73
A% BRE 0 &4 By

peltler plate— 0]£L Fo DHR3 rheometer (TA instruments, US)E =3 0}035} —‘?—@,
=2 O
TEa UoEC

T e 9 & BAE
ZAL 2% 25 °C, strain
2 0.1~100 radius/s oA ZH3}ck
o2} 28 A9 Fro g =35It Wang er al., 2010)
Storage Modulus, G' (Pa) = —cosf Loss Modulus, G (Pa) = %'Sinﬂ 3)
0 : Shear stress
e : Shear strain
2.3.5. CNCs7]4}t PVASFo|E27A0] oFf 2] 4l vk
B2 S 9 2eo] TUT 20y AN o] Tt ATE SHIA A4 ARAL oRBo| Shel AR ARgSHc
25 13 Slslo] 200, 500, 1000, 2000 me/L, 22} T}E 9] ope] 37 °C M| oA 48412 Fol Seol HeE
AFEfel 274 20 £ 2 mm, £o] 8 £2 mm, S 145 £ 0.1 g sfo| =2 YA A Elsigick. 2 H o= ¢ HPLC
(High Performance Liquid Chromatography, 1260 Series, Agilent)E ©]-83}¢] Z43}%T)
CNCs7]4t PVAStl= 2 ©he) S9% 28 oo ok #As] Slstel theat o] AMsint
(Ci—C¢) x V / 1000w 4)
V: ebgo] Solglis goho] 3u (mL)
w: stolE2 0] F% (9
C: 27] =9 5% (mglL)
Co B 7o) oFEO| HE (mgll)
qe SrOIERA W9 Feg offo] 2YEe] BY 119 HE (mgy)
o] oJs) oo] 2 Slo|SRAL oA A Hg37] g TH WS SEFIA FH SLREL o §5to]
stolca Ay oF=0 2R 9 HGS o &3kt Ti S}eta] Aol Al wol Kol T Al diAFo s Aol
0|20y R|+= Langmuir isotherm} gﬂﬁ Szo g EHFd Ao ekEo] thEAE 0 7 ASE|= Freundlich isotherms: ©]-8-}
o] sfol=aAy} oo AW RS Eels Pﬁ"fk(ChO et al., 2013)
Langmuir isothermS th-S1} 2t}
qmaxb 28 slatm Q _ 1 C«: 5
q{)’ B 1+b0 = §]—0]— = (IE‘ B b.qmax + qmax ( )
stolEz o] ST ofEo]l 2P H FY 11 = (mg/g)
Co By 77| eF2e] B% (mg/l)
gmas: SFO)EERZA TP %—%”a‘r oFEo] 2 T A= AN (mg)
b: Langmuir G244
Freundlich isotherm2 T} 7t}
q = K,C''" Q¥ stetd logqbzlogKF—ﬁ-llogC 6)
g SOIERA T9) B oFEo] 2yl BF 119 F (myly)
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G BY 79 oFgel 5 E(mgll)
Ki: Freundlich -2 4=
n: Freundlich isothermo| A S-E=% S2HAM
oF20] W 7% UL So|ERAL oHE 57} 2000 myLel Z7AolA 48K 1eEAIA oFol Fu5] R 7, okl
2eElolgl 47 20£2 0, 20| 8+ 2 mm, 145 £ 0.1 g SO|=2AS A2t fAE 37 °C AHUolA] Z5 10 mLo
L8] o] 50 rpm 2O E wRkse] ofFo] ] WEd 4= Sl A ATt ATl weh gl S dEEe
9F=9] =5 HPLC (High Performance Liquid Chromatography, 1260 Series, Agilent, United State)S ©]-8-5}o] Z%35}%iT)
ofgo] T CNCs7|th PVASIO| =2 0|4 obgo] AT 4 AZto] e} S2isk4 02 SJAshaA} preudo 1*
order model, pseudo 2™ order model& o] 83}t
Pseudo 1* order equation t}-23} Zt}

dqt Sy =] = '3 klt

. —g) AEA3EIE. Jog—t =L

dt kl (q( qt) s 0§]—O]— fit] log (qc _ qt) 2.303 (7)
g FHE olF= % HEH ¥ (mgly)
g T A7l WEE ¥ (mgle)

ki: pseudo 12} HAO A Q] &= Af=
t: Reaction time

Pseudo 2™ order equation Th&-1} 2t}

s L N R ®
d, : %% %

g BEE olF& U WEH ¥ (gl

qe &9 AlZbel W&

t: Reaction time

271402 pseudo 2™ order equation WeF h = quf EE3le] 27] WEEE 7H(h)S EAHCho ef al., 2013).
A AATY] £42 HPLCE ©]8-3t¢] Table 29} 22 27108 EAsIGIth
3, Zn % o

3.1, =i 9 Fefety =4

A|Z% CNCs7|5t PVAsto|E2 21} oFFo] HAE slo| =220 FT-IR 54 A& Fig. 20| YeSith ofldd 4= §lxol
CNCs 712 213 free-OH groupd LEFHE 3000-3600 cm™ &J o] 53 w7t AF5dt AL 918 4= glon, 2930
em” M $]9] -CH stretching vibration band, &d|slo|E 1E0A] Holx 73E59] 2750~2850 cm™ ¥ $]e] C-H stretching
band, 1720~1740 cm™ ¥ 2]2] C=0 vibration band7} UElLt= AL 2Hldt 4= 9)9Jth(Reis ef al., 2006; Mansur ef al., 2008;
Hendrawan et al., 2019; Marin and Rojas, 2015). £3|, 1720~1740 cm™ oA oFEo] 2YER] &2 slo| =@ Ao AL
HAY B]g C-0 15S0] LehgoL} oFEuke] uhS-0 2 ofio] 2HH SholS Aol AE 1700 cm’ 2Ho|A =7t
oFaj 2l AL 8ol 2~ 9l 9K Thangprasert ef al., 2019). E3F GA9] 2E]3] = T12(-CHO)T} PVAS} CNCs®] 2:417](-OH)2]
7hal Aol ojs) YA EE ot} ofg2 TFEo] tigh wAEo0] 1371 em’, 1250 cm”, 950 em™ Yol Lt
AL I8 4= QUATHYue ef al., 2016; Yeom and Lee, 1996; Kim ef al., 2003). &d5lo|= 152 24+= GAY T 7l9
287] % sjut 23 BT 71 Ahemi-acetal)o] 4TI AL ofulgic). 3] oA hemi-acetal) 15| Z
SEARE opAE T o2 TgE0] B AS Tl LEAL §F FRE AMSSH 2 AfolA AlxE slo|ERAY A, 3ApdeR
7t AT E YA FR(semi-IPN)E A AL & 4 AUth(Yue ef al, 2016).

Sto| =2 A 9] 321y WALRE Bl §dl FAFAAFE U] ZA(SEM, scanning electron microscopy)=< =743}l ©]& Fig.
304 Holglek oha] et A7 PVA, CNCs9| 4H719F GAS] Abo] 9] 7k Agre 2 Qlsf Q17 3H(interconnected) 32+
1% P28 T e A& TR 4 A00], ONCs Tapo] 271843 713 717} 27151 A FHlat 4 Asich

|
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3.2, Tg U B

sfo|=2 AL #—t# ol o3t TEA AR WAL Fo UE Alo] A B 5 9oy o|gl sto| =AY AR
kg Mt 53, BE A ¢S Fok HE e A UEYIE 5ol 2ol & BAEY 5ol o) A,
IEA} AR Ato| 29| B4l AREe] S8 ¢hal(relaxation) 2 o] Bg3H= Fe F27F FESHE W3kE Uo7t Mansur
et al., 2008). 1 B2 383} Jg S EAEY olflE 5 B AtoA HMIPH Ak FEE A5S oFsheT
oA Fasict 2 Ao A Az sto lEE’U SHof o3t EA WslE BEsy] 3f ThrE(water content)aL Be=
(swelling ratio)& ¥ 7}stil oo tjgt A= Flg 4o etk &9 ¢ CNCs 0] 0, 10, 20 phrE Z71845

0,

91.2, 90.0, 89.4%% UElgton S =90 AL 306, 290, 272%= 22} YElYth FEE 7&,% 3483 B8 =7 CNCs
ko] F7IESE oA 1 Lio}h 75‘?*0]‘4 5] W 21U E(affinity) NN 7] AFS £45HH, Fig. 2014 &2l
Sk¢1%0] CNCs 37hE sl 14249 free-OH 2H8-7171 WolAl= Zlo] &RlE|al o]&2 glg] #—Er S57F ok of Fith
SEAE o2t thEA f&o] CNCs o] 37FdpE A4asigln) ol B&k AaE 5o 4%E & Atk B8= dae
stolezd YR F1te] Fd Aol #-g3ttar & 4= itk oF8uli(good solvent)o} SRt ILEAHY] AL AHE 1Y
(entanglement)©] EoJ A1 EOJUHA AKE9 £2]9o] A8 YR 11 Afo] F7to]| W oFo] gulj By} Sof7}A k.
o2 Qlaf} AR&o] AR Bl= A F2Fo] AXA| Bl EA} ARE Ato]of] AR =& TEdt YA AYE A4S ol
Aol &3 °‘°l AstElo] o] 2 el AREY] AEE Aadtth 53], UAER A0 PVA /\POH AR 2 B4
o] E9 AYHE FAAIZIH, AxE sto|ER A Y T2 Wty oFSH YEYA 325 7HE 4> §lti(Masruchin
et al., 2015). EPEW, &7} B e ONCs 71e] 9 PVA AR 22919 94 %“@011 Ofgt @ o =2 el
XY SHA slo|lERA L W2 ko SES TR = Sl YOl BE4E Slo|ERd YRR U ¥Y =S
A48t o= 9lt(Hoare and Kohane, 2008). Urh:ﬂ*"f—‘iif\q H7Me mHol Wk free-OHO| H3foz 27| S8 g¢§_o
w27 st AdRS Ho|xvkMasruchin et al., 2015), dto|E2AQ] Ry Z7}o] 93t k2 =Af(loading) A SEol=
S8AQ FFs MAA G2 AR HoFth

3.3. 7|44 E4

ONCs7} H7HEl PVAS] slo]= 2 A5 9] 7|44 E42 Fig. 5o Ueldl A A% BH45 (storage modulus, G} 4]
Bt E(loss modulus, G") 2] M EA(vicoelastic property) A3} 242 E3f 215} th w(angular frequency)H s} EE]-E}
Gol Grof B3l 38 g% SAlske AS el 2 glow, ol Fol & ol AZE stolE2 o] teet 14| A5S
Holrkar 3 4= Qlth(Yue et al., 2016). o] 3.1. 48004 A3 uel Zro] ofAld, ofH| 2, =4 AFET PVA ILER *F/l
o] o3t 7t ATE AT E(semi-IPN) 2] 32 HEA 2 P49 -Jﬂ A7z & 4 AUtk 53], CNCs o]
F7FeR sjo|=rrle] Heky BAS BT 71k Aol SRIE ok 324 WEE Nuol AE uie} o] Yo
W ERAT cage] 54718 71 CNCs7} PVA A Alolo] A%ato] B2l-alshd 23 W 1g) WAS B9 2ok 24
AR SRS AAIskL slo|ER A Tl Al= S8 S AMA 7AR §A4E A7) 73 (reinforcement) £ 4 2]
A% fZog Rk E thE 5T 2 o} gl SHH0R GY °‘243P 4329 Y A g H(linear viscoelastic
region, LVR)Z BA/3H= 7158 Helc Zlolck. whor 22} thsto] el gol #skAl £AEA) gkt 54 ool
YsEthd, W2 oollA £ Y T 24 7 Zeto] &hAs] e FE4Q0 gajof o3 G'o| YAsHA] ¢ B33 A
(fluctuation)o] 2HAYS 4= QITtHMezger, T., 2016, Yue ef al., 2016). wehs] CNCs7} 2715 sto| =2 Ao A G'o] AA| oo
A QP4HQl LVR #4& ONCs7} PVA Al Afolo] 127 2AkEjo] 9188 elujgict.

3.4. s 29 4
Aol A A|zg sto|=g Ao T2} S E0] Langmuir isotherm} Freundlich isotherm 2|-8310] oFE 24 Al%5S
BHAATo, CNCs H41 ok 219 S AL 28 Fp Gol LSRN B0 2 NG
Al slol= o] W/HEA) S sfol=R AR} o wol 298 AS RIS 4 9100 10 phr B/ slo|=2700] 2eiego]
20 phr 71l sto]=2o]] Hlg tha 2 BYFE HoF9lrh WA CNCs H7He sfo] =223k CNCsE H71sHA] o2
sol=R70e] oFg 2 B4 ulmo] oA 4 Fpo BEE S0l AR Hle o] oFEE Faeh Uit Bk
ONCs2 71814] S5 BOI=2700] f BHSol B3I CNCs2 ket slol=2 ol of B opso] 298 Rl el
OJE} Quir o wul A 7|2 EHA0| Z7leH AWo]Al TR Zkatth Zhou ef al., 2015; Gao ef al, 2017).
2 Aol Al 23183 o] A F-E2 S 0|85t} Baunaver-Emmett-Teller(BET) A4 0.2 vl %] gl 7| 3705
E&35fo] TR ulg A (surface area to pore volume ratio)< AAFsle] Fig. 7o YERGItk. CNCO, CNC10, CNC20-2
71819 o stol=R 0] R uEk(1 om’) BHEL 27} 314, 677, 61 m*O.R AR QIE fAH O R HojRe At
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2] CNCI02] 79 Bl BEwolH et ulo 2o] B8 AL 4 9 U3t 710 BOISUIE Be g
318 % g AL ONCH} A7SJRA U BRAo] 3718 A0 AREE) v, CNCOS} CNC208] 39:9] el Slol]
Y2 o] CNC20E T CNCO©] W&ol =tstal oFa Fafo] W etk ol FT-IR ZaofA Hof F3150],
CNCs Z718HuA] CNCs 9] free-OHE QI3 slo]=2o] o 2H2 Sig 2H8400] Z7helsl] iEos weit

CNC103} CNC20°] A8 slo]=2 A9 oFF 21 45 H|aLo| 3lojAl CNC209] 797} CNC109| H|gf 32 =5
£80| ot A% AT 5 ATk ol URTHA FonE 49 & dlovl A 72 ojsjE B 49 &
ATk oF= 2ol thgt stol=2 A iRl o] F2k 712k ofsliS sl 2.3.5. 4ol ArgTt Langmuire} Freundlich ISOthel‘m
o A-g3s}aL oo gt AXE Fig. 6b2} 6¢o| YENNITY. Langmuir isothermo]] -8-3}o] AH&% CNCO, CNC10, CNC209]
ZA1] AAG(*: correlation coefficient)= Z}Z} 0.5946, 0.9708, 0.00010]9) 0.1, Freundlich isothermo] 283} 7%
7}z 0.9956, 0.9975, 0.9690°.& CNCs7|5t PVAsto|=2 2ol ot AkejdAte] 29 7122 Langmuir lsothermEE}
Freundlich isothermo] © 2@t A o2 Uepyth whehs 288 Aedat Z2-50] stol=22 i Ade| ofE o] 2o]
SEASO 2 AE o\(Langmuir isotherm)317] Hrh= WHS] thedt 713 AW ofF o ¥ oFE o] 21| Aol x7]4
e, Bz, v Euag] S o] A ko] A7)E A|7| o] Bow thER}E 0 &ZE|o|(Freundlich isotherm) Q-2
golsl 4= S{l&’iﬂ(Cho et al 2013 Tllak et al., 2016; L1 and Mooney, 2016). 2F50] CNCs7|4t PVASo| =z Aof|A] E&|sls}
0|2 93t At 7to] WR3 Ao g Holth ZaAs HUE
HOH 4 (6)&—‘?—151 Freundlich /4> K¢S} Freundlich isothermoﬂfﬂ EE&%H AEA ng Table 39 YeER ok &4 452
UElfl= Ke9k no] CNC100] CNC20ET} H #2 gh& Hof CNCI0°] oFE 290 & ¢ {23 23942 SUska
w244 ONCS/|8 PVASIol = 28014 714 HES A 47 FAAIEA o mHere] Z71E Slahi ONCs T
Hast Bask] @ doliL o 25 Zuel CNCI09] 480] & o felt Ao= Helsiglc

3.5. °FE W& 54

stolER ol H8H FEHE A e 5EF 2
e BAE Brlelal A%E Fig 8a°ﬂ e Sict. 52
284 OPO]EEH‘OI WHE oA =& oA Bl LgEe o] AU BE &= F7HE 9ol U= vl
A} 12} 8RS &% 2E(Pseudo 1% order model) T S-AF 23} WS 2% wEl(Pseudo 2™ order model)o]| 2435t AntE Flg.
8b2} 8coll ZHzF YeFdTh A4 /\h—l-ﬂ]—,{rz correlation coefﬁc1ent)_4 H S E4 12} vk Rd o) 23] 52 2dloj
e AL DT 5 lom fAF 23 BH & HE FaA oOFE UE £ vl B4 Qo TSR A ke
27| ¥E £=5 Yulste hE Alibsal °l°ﬂ EHEJ Z1}E Table 40f UebSict CNCS7P v 7§—°r Az stol=r Ao
27| WE &= 7“’ Uetli= hito] A4assk= o] ERIEGIt) o= CNCs9 oFg S 7150l wE oks W& AdoR 4¥d

ek CNCoR 2014 S A9, el 5o sfol e . s 438561 34 1 Sl Ml 5
ol SIt £ SUL0R Yl W, ONCy} /b SjoIERel B9 94 A9 vhof ol ONGs 019l e 382k
okg ol ko] £elBjkY AROR okEe] WE 417} kolAlis A0 BEElOIITLi e dl, 2016). Tl 4] ATEE
9] ONCs /b PVA Slol=te] of W Aol 344 o0 st A% & & e

o%
A\
e
2
>
O
0.

A5 2Q3F R 4olck CNCs7]4E PVA slo|E&2719]
5 %% ] glﬂako] o CNCIOO]

111°|
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ox,
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offt
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432
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ONCs 7]t PVA Slo]=e g Azeln Solaoky 54 o /1A% BAE Aulugion, oga el ane 483}
44 ohe] 52 8 WE S Bhoha BT o w0 4831l oLl spolsadel Badas s
LR 038 501 7115] GAZL 21 PVA oISl 7} 33491 AR AUl Bsem P28 A0k 3l
10} omn CNCs H7b= Qe 324 #2271 destal Adaire A& %“ﬂ stttk o]2jdt CNCs9l A3z <l
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