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ABSTRACT

With more than 7 million tons of coconut husk generated annually, this study proposes to fabricate the
composite of coconut waste-based cellulose microfibers and zeolitic imidazolate framework-8 func-
tionalized with (3-aminopropyl)-triethoxysilane (APTES-CMF/ZIF-8), which is used for curcumin uptake/
release. The surface area and pore volume of APTES-CMF/ZIF-8 are found, respectively, at 247.6 m?/g and
0.21 m>/g. The morphology study also shows that the waste-based CMF possesses a uniform width at 5
—10 pm, and a length of up to several tens of microns, while the impregnated ZIF-8 has a rhombic
dodecahedron shape with a particle diameter of 300—400 nm. The behavior of the curcumin uptake
using APTES-CMF/ZIF-8 is elucidated via kinetics, isotherm, and thermodynamic studies. The maximum
curcumin adsorption reaches 626.4 mg/g at the following condition: APTES-CMF/ZIF-8 loading
(m¢) = 0.1% (w/w), uptake duration (t) = 1440 min, temperature (T) = 30 °C, and initial curcumin
concentration of 1000 mg/L. This uptake follows the pseudo-second-order law and monolayer mecha-
nism, with the fast migration of curcumin from the bulk solution to the surface of APTES-CMF/ZIF-8 as
the rate-governing step. The curcumin and APTES-CMF/ZIF-8 interaction is driven by the electron ex-
change between both molecules. The release study of curcumin from Cur@APTES-CMF/ZIF-8 complies
with the slow-first-order model. Moreover, the cumulative release is monitored at 74.2% at pH 5.5 and
47.9% at pH 7.4, signifying the pH-responsiveness of APTES-CMF/ZIF-8.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

disease, cough, diabetic ulcers, liver disease, rheumatism, and
sinusitis. Recent publications also indicate that curcumin can

Curcumin has recently received numerous attention due to its
wide spectrum of biological and pharmacological activities [1,2].
Exhibiting high anti-inflammatory, antioxidant, anticancer, and
neurotrophic activities, it is widely used to treat gallbladder
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inhibit the growth of various cancer cells, including skin, gastric,
duodenal, and colon cancers [3—5]. It suppresses cell proliferation
and cell cycle progression in the vascular smooth muscle cells,
hence, inducing cell apoptosis [6]. From the phytochemical view-
point, curcumin is regarded as a safe active agent, because it has no
toxic, genotoxic, or teratogenic properties. This suggests that cur-
cumin could be used as a suitable model in various drug de-
velopments. However, the therapeutic potential of curcumin is
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limited by its poor water solubility [ 7], poor oral bioavailability, and
rapid degradation, limiting its clinical application [8]. To improve
these properties, nanoparticle encapsulation and drug absorption
to porous materials are generally employed to allow the effective
delivery of curcumin. Flora et al. reported that the development of
nano-encapsulation of curcumin for preclinical studies in cancer,
inflammation, wound healing, and other diseases show an
increased therapeutic efficacy when compared to non-
encapsulated components [9]. Meanwhile, the drug absorption
into a nano-sized porous carrier may improve the bioavailability of
the drug, actively deliver the drugs to the target and work effec-
tively at the target site, significantly enhancing the drug efficacy.
Several porous carriers that have been studied include polymers
[10], hydrogels [11], silica [12—14], and metal—organic frameworks
(MOF) [15]. Several composite materials as the drug carrier have
also been published, e.g. silica/chitosan nanocomposite [16], y-
cyclodextrin-based MOF/polyacrylic acid [17], and cellulose/MOF
[18—20]. The latest offers several advantages compared to the other
available composite nanocarriers, as it possesses (1) higher
biocompatibility [21], (2) higher drug loading [22], and (3) lower
cost compared to the synthetic nanomaterials [23,24] as cellulose,
one of the constructing components in the composite, can be iso-
lated from inexpensive natural resources [25—31], including coco-
nut husk.

Indonesia generates more than 7 million tons of coconut husks
annually, as reported by Zafar (2015) [32]. While being classified as
one of the major wastes in the country, Pereira et al. reported that
coconut husk has a composition of 36.78% cellulose, 33.11% hemi-
cellulose, 31.34% lignin, 3.38% hot water soluble, and 0.15% ash [33],
indicating the rich content of cellulose in this biomass, which can
be converted further to various derivatives; one of them is cellulose
microfibers (CMF). CMF shows remarkable mechanical properties
compared with other natural, glass, and carbon fibers [34]. Huang
and Netravali (2009) reported the enhancement of the fracture
stress resistance and the modulus of the soy protein concrete after
the incorporation of bamboo-based CMF [35]. Meanwhile, Silviya
et al. mentioned that the addition of CMF to the poly-(ethylene-co-
vinyl acetate) increases the mechanical and thermal properties of
the polymer [36]. Due to these superior characteristics, CMF finds
extensive uses in various applications, including drug delivery.
However, this material typically exhibits a burst drug release
behavior in the initial stage, which is undesirable as it makes the
total release time much shorter and reduces the bioavailability of
the drug inside the system. Therefore, CMF is generally used in
composite with other robust materials, including MOF, in drug
delivery applications. Wu et al. mentioned that introducing MOF to
the cellulose can enhance the dispersion and adhesion of the
composite material, which may extend their functions [37].

MOF has shown great potential in various applications,
including gas separation and storage, catalysis, chemical sensing,
and adsorption [38]. It is also very suitable for use as a drug carrier,
owing to its high chemical and thermal stability, large surface area,
and tunable pore size [39—42]. This material is generally con-
structed by the coordination bonds between metal ions and organic
ligands to form a one-, two-dimensional, or three-dimensional
complex structure [43]. Various metal centers (alkaline earth
metals, transition metals, and lanthanides) and organic ligands
(carboxylates, phosphonates, and polyamines) can be used to
create MOFs via different synthesis routes, which result in unique
structural diversity [44,45]. Of several available MOF structures,
zeolitic imidazolate framework-8 (ZIF-8) is selected in this research
due to its sensitivity to pH [46], superior biocompatibility, and
degradability [18], making it suitable for stimuli-targeted drug
delivery. ZIF-8 is also known for its excellent performance in cur-
cumin delivery; Tiwari et al., Duan et al,, and Meng et al. have
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reported the curcumin encapsulation into ZIF-8 structure and
studied their potential as the anticancer and antibacterial agents
[47—49]. However, despite its superiorities, ZIF-8 commonly exists
in nanoparticle state and is difficult to separate [38]; the dispersing
properties of ZIF-8 are also insufficient to control drug release.
Therefore, a biocompatible matrix, e.g. CMF, is required for the ZIF-
8 deposition to prevent the aggregation of ZIF-8 and, at the same
time, improves its drug release ability. A study by Sultan et al. has
shown the possibility of fabricating curcumin-loaded ZIF-8 scaffold
via 3D printing with the support of nanocellulose, in which the
results indicate its great potential in biomedical application [50].
On that account, we investigate the possibility of combining ZIF-8
and CMF, into a composite material, CMF/ZIF-8. Furthermore, few
studies also suggest that functionalizing the surface of the material
using (3-aminopropyl)-triethoxysilane (APTES) could increase drug
loading capacity without changing structure [51]. Therefore, this
present research will focus on the synthesis of APTES-
functionalized CMF/ZIF-8 (hereinafter referred to as APTES-CMF/
ZIF-8) and its potential in the curcumin uptake and release. The
loading behavior of curcumin into APTES-CMF/ZIF-8 is evaluated at
various temperatures (T, K), and the loading of APTES-CMF/ZIF-8
(me, % (w/w)), and illustrated via the kinetic, isotherm, and ther-
modynamic studies. Meanwhile, the release profile of curcumin is
studied at two pH values, pH = 5.5 and pH = 74, to prove its
responsiveness to pH.

2. Materials and methods
2.1. Materials

Coconut husk is purchased from a local coconut farm in Blitar,
Indonesia. Sodium hydroxide (NaOH; 99 wt%), sulfuric acid (H2SO4;
96 wt%), hydrogen peroxide (H,0,; 50 wt%), sodium hypochlorite
(NaClO; 12%), zinc nitrate hexahydrate (Zn(NOs),-6H,0; 98%), 2-
methylimidazole (99%), 2,2,6,6-tetramethylpiperidinyloxy (TEMPO;
99%), sodium bromide (NaBr; 99%), and APTES (99%) are obtained
from Sigma-Aldrich (Germany). All chemicals are of analytical grades
and used as received.

2.2. Preparation of CMF

Initially, the coconut husk is dried overnight at 110 °C and
ground to obtain short fibers. The fibers are then dispersed in
deionized water for 2 h at 50 °C to remove the impurities and
subsequently filtered. The clean fibers are subjected to the
microwave-assisted alkaline treatment (25 wt% NaOH solution,
alkaline: fibers mass ratio of 30:1, 240 V, 800 W) for 1 h and dec-
anted to separate the fibers from the supernatant. This procedure is
repeated until the supernatant turns colorless; then, the delignified
fibers are dried for 12 h at 110 °C.

Consecutively, 10 g of delignified fiber is bleached using the
microwave-assisted method (240 V, 800 W) for 1 h, where the H,0,
solution (30 wt%, 300 mL) and two drops of 0.5 M NaOH solution
are added at the beginning of the process. After the reaction time is
reached, the resulting mixture is filtered to remove the superna-
tant. This cycle is employed until the white color is observed in the
solid residue, and it is oven-dried for 12 h to obtain the cellulose
fibers.

In a typical synthesis of CMF, 1.94 g of purified cellulose fibers
and 100 mL of deionized water are mixed and sonicated for 5 min to
promote the swelling of the cellulose. Meanwhile, 30 mg TEMPO
and 100 mg NaBr are initially dissolved in 50 mL water and sub-
sequently added to the cellulose/water mixture. To initiate the
TEMPO oxidation, 14.2 mL of NaClO solution (12 wt%) is added to
the mixture. The reaction is held for 30 min at pH = 10 (by adding
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0.5 M HCI solution) and ambient temperature. The resulting sus-
pension is then sonicated for 30 min, centrifuged (4900 rpm,
10 min), dialyzed against deionized water for 2 days, and oven-
dried for 12 h to obtain CMF.

2.3. Synthesis of CMF/ZIF-8 and its direct functionalization by
APTES

In a typical in-situ synthesis of CMF/ZIF-8, 0.5 g of cellulose is
mixed with 3.94 g of 2-methylimidazole and 16 mL of deionized
water for 15 min at room temperature. Meanwhile, the metal so-
lution is prepared by dispersing 1.6 g of Zn(NO3);-6H,0 in a
mixture of 1.6 mL deionized water and 0.2 mL of 0.1 N NaOH so-
lution. The above two suspensions are then combined and the total
volume is adjusted into 50 mL using deionized water. This mixture
is stirred for an hour at ambient temperature. The resulting solid
product is collected by centrifugation at 4500 rpm for 10 min,
repeatedly washed with ethanol, and oven-dried for 24 h at 85 °C to
obtain the CMF/ZIF-8.

The functionalization of APTES onto the surface of CMF/ZIF-8 is
achieved as follows. CMF/ZIF-8 (1.0 g) is dispersed in 100 mL
ethanol under sonication for 30 min. The mixture is then heated to
95 °C until a quarter of the solution is evaporated, and the volume is
adjusted back to 100 mL by adding ethanol. This cycle is repeated
three times, after which 2 mL APTES is slowly added into the sus-
pension. The mixture is continuously stirred for 24 h at 70 °C,
before being washed twice with ethanol and dried in an oven at
60 °C to obtain the APTES-CMF/ZIF-8.

2.4. Characterization of APTES-CMF/ZIF-8

The morphology images of CMF and APTES-CMF/ZIF-8 are ac-
quired using a JEOL JSM-6500F (Jeol Ltd., Japan) at an accelerating
voltage of 10—20 kV and a working distance of 8.5—10.5 mm. The
crystal structures of CMF, ZIF-8, and APTES-CMF/ZIF-8 are
compared using the X-ray diffraction (XRD) analysis (X’'PERT Pan-
alytical Pro X-ray diffractometer, Philips-FEI, Netherlands) at
20 = 5—60°, tube current = 30 mA, running voltage = 40 kV, and
constant Cu K, radiation, A = 1.5406 A. To measure the textural
properties of APTES-CMF/ZIF-8, the N, sorption analysis is carried
out at 77 K using a Micromeritics ASAP 2010 sorption analyzer
(Micromeritics Instrument Corporation, USA) after degassing the
sample for 2 h at 423 K.

2.5. Curcumin uptake study

The uptake behavior of curcumin onto APTES-CMF/ZIF-8 is
characterized via kinetic and isotherm studies. All experimental
batches are conducted using a 5-mL curcumin solution (1000 mg/
L). The kinetic study is performed by adding m. = 0.1% (w/w) of
APTES-CMF/ZIF-8 to a series of curcumin solutions, with each batch
collected at different time intervals (t = 10—1440 min). Meanwhile,
the isotherm study uses various loading of APTES-CMF/ZIF-8
(me = 0.1-1.0% (w/w)) with adsorption time (t) = 1440 min. Both
studies are employed at three levels of temperature (T = 30, 40,
50 °C) to investigate the influence of temperature on curcumin
uptake.

The adsorption capacities of APTES-CMF/ZIF-8 at a specific time
(9» mg/g) and equilibrium (qe, mg/g) can be calculated using
equations (1) and (2).

qtzw (1)

ms
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go =N )

where, C; (mg/L) is the initial concentration of curcumin in solution,
C: (mg/L) and C, (mg/L) are the concentration of curcumin in so-
lution at a specific duration and at equilibrium, respectively.
Meanwhile, V (L) is the volume of curcumin solution in the uptake
process, and mg (g) corresponds to the loaded mass of APTES-CMF/
ZIF-8. Several kinetic and isotherm models are then employed to fit
the data and evaluate the uptake behavior and mechanism.

Furthermore, three thermodynamic parameters, including
Gibbs free energy (AG°), enthalpy (AH°), and entropy (AS°), are
determined using the following equations (3)—(5).

AG= —RTInK, (3)
_le

Ke= C. (4)

AG® = AH® — TAS?® (5)

where, R (J/mol/K) is the ideal gas constant, T (K) is temperature, K.
is the adsorption distribution constant, g. (mg/g) is the uptake
capacity at equilibrium, and C, (mg/L) is the concentration of cur-
cumin in solution at equilibrium.

2.6. Release study of curcumin

The curcumin release from curcumin-loaded APTES-CMF/ZIF-8
(Cur@APTES-CMF/ZIF-8) is performed by introducing 200 mg
Cur@APTES-CMF/ZIF-8 into a 5 mL phosphate-buffered saline (PBS)
solution in a dialysis membrane. The membrane containing the
loaded Cur@APTES-CMF/ZIF-8 is then immersed in 500 mL PBS
solution and slowly stirred at a constant temperature of 37 °C. The
PBS solution (5 mL) is withdrawn at various release duration with
the range of 10 min to 9 days and analyzed using Shimadzu ultra-
violet—visible spectrophotometer 2600 (Shimadzu, Japan) at a
wavelength (A) of 429 nm. The solution taken during sampling is
replaced with the fresh PBS solution to maintain the constant
volume of the release system. The release study is performed at two
pH values (5.5 and 7.4) to simulate the blood plasma condition and
to evaluate the pH-responsiveness characteristics of APTES-CMF/
ZIF-8.

3. Results and discussions
3.1. Characterization of APTES-CMF/ZIF-8

The scanning electron microscopy images of CMF and APTES-
CMF/ZIF-8 are presented in Fig. 1. The rod-like CMF has a uniform
width, ranging from 5 to 10 um and length up to several tens of
microns (Fig. 1a and b). Meanwhile, Fig. 1c shows a clear difference
between CMF and its cellulosic composite with ZIF-8, particularly in
their surface roughness. It is apparent from the figure that APTES-
CMF/ZIF-8 possesses a rough surface morphology, implying the
successful in-situ impregnation of ZIF-8 on the surface of CMF. The
image magnification of APTES-CMF/ZIF-8 (Fig. 1c—inset) reveals
that the attached ZIF-8 particles are of rhombic dodecahedron
shape with a particle diameter of 300—400 nm, which is consistent
with the previous study by Song et al. [52].

Fig. 2a shows the supporting XRD profiles of CMF and APTES-
CMF/ZIF-8. Both spectra display the characteristic peaks of CMF at
20 = 21° and 22° which correspond to a crystal plane of 120 and
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Fig. 1. SEM images of (a—b) coconut waste-based CMF at different magnifications, (c) APTES-CMF/ZIF-8 with the magnification on the morphological structure of ZIF-8 (inset).
APTES-CMF/ZIF-8, coconut waste-based cellulose microfibers and zeolitic imidazolate framework-8 functionalized with (3-aminopropyl)-triethoxysilane; SEM, scanning electron

microscopy.

200 and are generally owned by the cellulosic materials. The two
small peaks of CMF (20 = 21°, 22°) in the APTES-CMF/ZIF-8
diffraction profile imply that the ZIF-8 particles indeed have suc-
cessfully covered the surface of CMF. This result is supported by the
presence of strong peaks at 20 = 9° (110), 11° (200), 14° (211), 15°
(220), 16° (1 1 0), and 17° (222) in the XRD analysis of composite
material, indicating the existence of ZIF-8 on its surface.

The N, sorption measurement is performed to determine the
porosity of APTES-CMF/ZIF-8. The surface area (Sger) and pore
volume (Vp) of APTES-CMEF/ZIF-8 are obtained at 247.6 m?/g and
021 m>/g, respectively. The N, adsorption/desorption profile
(Fig. 2b) reveals a significant increase when p/p° is between 0—0.1
and 0.9-1.0, indicating that the test sample contains abundant
mesopores [53]. This figure also implies that extensive multilayer
adsorption is possible to happen inside the pores. The
Barrett—Joyner—Halenda pore size distribution curve (Fig. 2c)
confirms the availability of mesopore structures in the composite
material, with an average pore width of 34.3 A (3.43 nm). However,
an unusual phenomenon is observed in Fig. 2b, where desorption
curve does not close at low p/p°. Jeromenok and Weber suggest

that the swelling of the polymer—polymer interaction within the
cellulose matrix is the main cause of this opened hysteresis loop.
The expansion of existing and/or the formation of new pores in the
restricted-access (very narrow) openings will inversely cause the
adsorbed component to be retained inside, as there is no thermo-
dynamic reason for the adsorbate to be desorbed at low relative
pressure, hence, causing the incomplete desorption [54]. Weber
et al. also mention that the observed hysteresis is likely due to the
formation of the hydrogen bonding within the polymer at higher
pressure (during adsorption), which leads to the inability of the
cellulose matrix to relax back into its original shape at low p/p°
(during desorption) [55].

3.2. The uptake study of curcumin

The curcumin uptake is performed by stirring-assisted wet im-
mersion of the APTES-CMF/ZIF-8 in curcumin solution. The camera
images of the material before and after adsorption are presented in
Fig. 3. The curcumin uptake data at various times are then fitted
using several kinetic models (Fig. 4), e.g. pseudo-first-order (PFO),
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Fig. 2. (a) XRD spectra of CMF, ZIF-8, and APTES-CMF/ZIF-8, (b) N, adsorption/desorption profile, and (c) BJH pore size distribution curve of APTES-CMF/ZIF-8. APTES-CMF/ZIF-8,
coconut waste-based cellulose microfibers and zeolitic imidazolate framework-8 functionalized with (3-aminopropyl)-triethoxysilane; BJH, Barret—Joyner—Halenda; XRD, X-ray

diffraction.

: EhD APTES-CMF/ZIF-8
»" prn-A o before curcumin adsorption

Cur@APTES-CMF/ZIF-8
after curcumin adsorption

Fig. 3. The images of APTES-CMF/ZIF-8 before (left) and after (right) adsorption of curcumin. APTES-CMF/ZIF-8, coconut waste-based cellulose microfibers and zeolitic imidazolate

framework-8 functionalized with (3-aminopropyl)-triethoxysilane.

pseudo-second-order (PSO), and intraparticle diffusion (IPD), with
the tabulated parameters summarized in Table 1. As seen in Fig. 4,
the uptake system shows an exponential increase in the adsorption

of curcumin during the first 240 min and reaches equilibrium
condition after 1440 min regardless of the temperature. The
loading capacity of curcumin is monitored to decrease by 1.5 folds
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PFO, (b) PSO, (c) IPD (m. = 0.1% (w/w), initial curcumin concentration = 1000 mg/L).
APTES-CMF/ZIF-8, coconut waste-based cellulose microfibers and zeolitic imidazolate
framework-8 functionalized with (3-aminopropyl)-triethoxysilane; IPD, intraparticle
diffusion; PFO, pseudo-first-order; PSO, pseudo-second-order.

when the temperature escalates from T =30 to T = 50 °C, indicating
a reduced diffusion rate of adsorbate across the external boundary
layer of APTES-CMF/ZIF-8 at a higher temperature. This may also be

Materials Today Sustainability 21 (2023) 100332

Table 1
The kinetic parameters of the curcumin uptake using APTES-CMF/ZIF-8 at various
temperatures (m. = 0.1% (w/w), initial curcumin concentration = 1000 mg/L).

Parameters Temperature (K)
303 313 323
Gelexp (ME/E) 626.4 551.1 461.1
Pseudo-first-order
qe (Mg/g) 4873 4432 3183
k1 (g/(mg min)) 1 1 1
R? 0.4395 0.4170 0.2552
Pseudo-second-order
ge (Mg/g) 710.0 637.9 596.5
kz (g/(mg min)) 1.04 x 107° 8.77 x 107 457 x 1076
R? 0.9926 09711 0.9849
Intraparticle diffusion (IPD)
kipp (mg/(g min'/?)) 13.43 14.86 16.60
- kipp1 27.93 28.57 14.32
- Kipp2 1.05 1.05 1.11
- k'pD3 2.37 3.20 3.66
C 89.20 85.97 4.69
R? 0.8870 0.8168 0.9370

associated with the tendency of the curcumin to detach from the
surface of APTES-CMF/ZIF-8 due to the excessive collision intensity
between both adsorbate and adsorbent at higher temperatures
[56,57]. Lee et al. also stated that the cellulose surface binding
generally weakens along with the temperature enhancement [58].

Based on the R? value (Table 1), the experimental data show a
better fit to the PSO model compared with the pseudo-first-order
model, implying that the interaction between curcumin and
APTES-CMF/ZIF-8 is of chemical nature, with the involvement of
the electron transfer and/or exchange between curcumin and
APTES-CMF/ZIF-8. The consistent trend of the computed data to the
experimental results confirms the suitability of PSO in depicting the
kinetic data of the curcumin uptake on APTES-CMF/ZIF-8. This
model also suggests that the sorption capacity heavily depends on
the number of active sites on the adsorbent. Further, the kinetic
constants of PSO show a decrease along with the temperature, from
ky =1.04 x 1073 g/(mg min) at T= 30 °C to ky = 4.57 x 10~ g/(mg
min) at T = 50 °C, which implies to the exothermic nature of the
adsorption. The computed activation energy (Eg) is also obtained at
3.38 kJ/mol.

In this study, we use a multilinear IPD model to elaborate the
adsorption steps, where the whole migration of curcumin from the
bulk solution into the pores of APTES-CMF/ZIF-8 can be divided into
three steps: (1) the fast transfer of curcumin from the bulk solution
to the surface of APTES-CMF/ZIF-8, (2) the slow diffusion of cur-
cumin from the boundary layer to the pores of APTES-CMF/ZIF-8,
and (3) the chemical binding of curcumin molecules on the active
sites of APTES-CMF/ZIF-8 via electron transfer. As seen in Table 1,
the fitted adsorption constants of the three steps (kipp1, kipp2, and
kipp3, respectively) show that kjpp; is larger than the other two; a
similar trend is monitored in all temperature levels. These results
suggest that the diffusion of curcumin molecules from the bulk
solution to the surface of APTES-CMF/ZIF-8 is the rate-governing
step, followed consecutively by the chemical binding between
curcumin and APTES-CMF/ZIF-8, and the slow intra-particle diffu-
sion. The above-mentioned finding is supported by the Elovich
theory, in which the rate of adsorption exponentially decreases
with the increasing amount of curcumin adsorbed on the adsorbent
surface [59]. Moreover, it can be observed that the IPD intercept
constant (C) value escalates with the temperature rise. This con-
stant linearly correlates with the influence of the boundary layer on
the adsorption, where the higher the value, the greater the effect.
Therefore, it can be concluded that by increasing the temperature,
the boundary layer of APTES-CMF/ZIF-8 gives more barrier to the
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Fig. 5. The fitted isotherm models: (a) Langmuir, (b) Freundlich, (c) Redlich-Peterson, (d) Temkin, and (e) Dubinin—Radushkevich on the equilibrium data of curcumin uptake onto
APTES-CMF/ZIF-8. APTES-CMF/ZIF-8, coconut waste-based cellulose microfibers and zeolitic imidazolate framework-8 functionalized with (3-aminopropyl)-triethoxysilane.

molecule diffusion, hence, lowering the amount of curcumin to be
attached on the surface of APTES-CMF/ZIF-8. An exothermic nature
of this uptake system can be monitored from the experimental
data, as evidenced by the decreasing values of all kinetic constants
(ky and kjpp), and equilibrium adsorption capacity (q.) along with
the temperature from T = 30 °C to T = 50 °C.

The isotherm profile of the curcumin uptake is presented in
Fig. 5, while the calculated parameters are summarized in Table 2.
Five fitting models, e.g. Langmuir, Freundlich, Redlich—Peterson
(RP), Temkin, and Dubinin—Radushkevich (DR), are used to iden-
tify the adsorption behavior. According to Giles classification [60],
the isotherm data represent the L-curve with subclass 2. This L-
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Table 2
The computed isotherm parameters of curcumin uptake using APTES-CMF/ZIF-8
(t = 1440 min, initial concentration of curcumin = 1000 mg/g).

Isotherm Parameters Temperature (K)
303 313 323
Langmuir Q) (Mg/g) 672.6 536.9 479.9
ki (L/mg) 0.008 0.007 0.006
2 0.8564 0.9554 0.9486
Freundlich ke (mg/g) (L/mg)'™)  61.53 47.68 46.28
1/ng 0.305 0.319 0.372
2 0.8438 0.8488 0.7936
Redlich-Peterson krp (L/g) 3.28 3.05 243
agp (L/mg)® 0.002 0.002 0.002
g 1.18 117 1.15
2 0.9656  0.8497 0.9547
Temkin kr (L/g) 0.088 0.068 0.050
Er (J/mol) 108.2 95.5 160.5
2 0.9212 09201 0.8439
Dubinin—Radushkevich  gmpr) (Mg/g) 515.6 440.8 384.4
Epr (k]/mol) 0.444 0.531 0.499
2 0.7973 0.8698  0.8462

curve demonstrates that the curcumin adsorption continuously
increases along with its initial concentration (C;) and the adsorption
site availability until all binding sites reach their saturation ca-
pacity. Dabrowski et al. also mentioned that this isotherm profile
elaborates the adsorption pathway of a solute toward the adsorbent
surface, where in this case, the curcumin molecules are adsorbed
aligned with the APTES-CMF/ZIF-8 surface and there is no
competition between both adsorbate and solvent to attach on the
binding sites of APTES-CMF/ZIF-8 [61]. Therefore, it can be
concluded that the adsorption capacity of APTES-CMF/ZIF-8 to-
wards curcumin mainly depends on the number of active sites
present in the adsorbent, which is in agreement with the previous
kinetic study.

Based on the R? value, the equilibrium data conform better to
the Langmuir model than Freundlich, suggesting that curcumin
uptake onto APTES-CMF/ZIF-8 follows a monolayer mechanism,
and this sorption happens homogeneously within the surface of
APTES-CMF/ZIF-8 [62]. Fig. 5a shows that the experimental and
predicted g. obtained using the Langmuir model share similar
values, verifying the accuracy of this model to illustrate the cur-
cumin uptake. The APTES-CMF/ZIF-8 surface homogeneity is also
validated by the exponent constant of the RP model (g) whose
values are close to unity at all temperatures. The decreasing values
of maximum monolayer capacity (qm)) and Langmuir constant (k)
from 672.6 mg/g and 0.008 L/mg at T = 30 °C to 479.9 mg/g and
0.006 L/mg at T = 50 °C emphasize the exothermic nature of the
uptake system. Similarly, all Freundlich (kg), Temkin (kr), and RP
(kgp) constants decline when the system is heated from T= 30 °C to
T = 50°. The computed sorption intensity (1/ng) is monitored at
0.305—0.372 within the tested temperatures, indicating that cur-
cumin uptake is favorable [63].

The heat of sorption (Er) and mean sorption energy (Epgr) are
determined from the Temkin and DR regressions to confirm the
nature of the curcumin uptake onto APTES-CMF/ZIF-8; the results
are presented in Table 2. The Er values are monitored between
108.2 and 160.5 J/mol at the temperature levels between 30 and
50 °C, lower than the minimum energy threshold of chemisorption
(20 kJ/mol) mentioned by Atkins (1999) [64]. Meanwhile, all Epg
values within tested temperatures are found lower than 8 kJ/
mol (0.444—0.531 kJ/mol), which also indicates the physical nature
of the uptake [65]. These results indicate this uptake system is
primarily driven by the physical interaction (the fast diffusion of
curcumin from the bulk solution to the external boundaries of

Materials Today Sustainability 21 (2023) 100332

Table 3
The thermodynamic parameters of the curcumin uptake onto APTES-CMF/ZIF-8.

Temperature (K) Thermodynamic parameters

AG® (kJ/mol) AH° (kJ/mol)

AS° (J/mol.K)

303 —20.227 —16.743 114
313 —20.298
323 —20.456

APTES-CMF/ZIF-8), rather than the chemical electron exchange
between curcumin and APTES-CMF/ZIF-8.

The thermodynamic behavior of the uptake system is analyzed
using the Gibbs free energy change (AG°), enthalpy (AH°), and
entropy (AS°), and the results are given in Table 3. The negative
values of AG® are observed at all temperatures, indicating that the
migration of curcumin onto APTES-CMF/ZIF-8 happens spontane-
ously and favorably. A similar value of AG® as the temperature in-
creases shows that the affinity of curcumin to APTES-CMF/ZIF-8 is
stable within the tested temperature levels. Meanwhile, the nega-
tive value of AH° (—16.743 kJ/mol) confirms the exothermic nature
of the system. The entropy (AS°) is also obtained at 11.4 J/mol K,
implying the decreased randomness of curcumin molecules on the
surface of APTES-CMF/ZIF-8 at higher temperature levels.

3.3. Release study

The curcumin release from the curcumin-loaded APTES-CMF/
ZIF-8 (Cur@APTES-CMF/ZIF-8) is carried out for 9 days at two pH
values, 5.5 and 7.4, to elaborate the pH responsiveness of APTES-
CMEF/ZIF-8; the obtained release data are then plotted in Fig. 6.
The drug release profile at both pHs exhibits a slow first-order
release, where the curcumin is released at an accelerated rate in
the early stage to quickly achieve the effective therapeutic con-
centration of curcumin, followed by the constant rate to maintain
the curcumin concentration in the blood system and/or in target
tissues at the desired value as long as possible [66—68]. This release
pattern is beneficial because the drug can be released in a
controlled manner. Such slow release may also reduce and even
negate the probability of side-effects caused by an immediate burst
release. Moreover, it can provide a stable therapeutic effect over a
longer period.
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Fig. 6. The curcumin release profile from Cur@APTES-CMF/ZIF-8 at various pH. APTES-

CMF/ZIF-8, coconut waste-based cellulose microfibers and zeolitic imidazolate
framework-8 functionalized with (3-aminopropyl)-triethoxysilane.
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Fig. 6 shows that the cumulative release reaches 74.2% at pH 5.5
and 47.9% at pH 7.4, signifying the pH-responsiveness behavior of
APTES-CMF/ZIF-8. This stimuli responsiveness of the composite
material provokes its metal—ligand coordination to open an acidic
environment, which is beneficial for the delivery of the anticancer
agent like curcumin as it prevents drug leakage/exposure to normal
organs during delivery to the target. The curcumin release mech-
anism at pH 5.5 can be divided into five steps (Fig. 7) as follows: (1)
the penetration of PBS solution into the pores of APTES-CMF/ZIF-8
which causes the composite material to swell and expand, (2) the
interaction of curcumin molecules with the PBS solution, (3) the
quick desorption of curcumin molecules from the surface of APTES-
CMEF/ZIF-8 into the medium in the initial phase of release, followed

consecutively by, (4) the opening of metal—ligand confinement in
APTES-CMF/ZIF-8 due to its sensitivity to the acidic environment,
and (5) the constant-rate dissolution of curcumin due to the
gradual dissociation of APTES-CMF/ZIF-8 [69]. According to Buto-
nova et al. and Veldsquez-Herndndez et al., following the dissoci-
ation is a possible slow decomposition of ZIF-8 to zinc phosphate
sediment, which is a result from the bonding between the detached
zinc ion from ZIF-8 and phosphate ion from PBS solution [70,71].
Butonova et al. added that the generated zinc phosphate exhibits
mild cytotoxic effect to both tissue and cancer cells, and that lower
amount of phosphate ions due to the sediment formation results in
stronger suppression of the survival rate of both cells [70]. Despite
its minimum downside to the tissue cells, this phenomenon may
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assist the drug performance as an anticancer. Therefore, this study
proves that the combination of pH-responsive ZIF-8 with the nat-
ural polymer matrix, CMF, can be used as promising materials for
curcumin slow and controlled delivery.

4. Conclusions

APTES-CMF/ZIF-8 has been successfully fabricated using coco-
nut husk waste as the cellulose source and sequentially employed
for the uptake and release of curcumin. The coconut husk-derived
cellulose has a uniform width (5—10 um) and length (up to
10 pm). The synthesized APTES-CMF/ZIF-8 shares a similar fiber
shape, but with a rougher surface due to the presence of rhombic
dodecahedron-shaped ZIF-8 particles. The textural properties,
e.g. surface area and pore volume, of CMF/ZIF-8 are obtained at
247.6 m?/g and 0.21 m>/g, respectively. Excellent performance of
APTES-CMF/ZIF-8 as curcumin carrier is seen from the uptake ca-
pacity which reaches 626.4 mg/g at m. = 0.1% (w/w), t = 1440 min,
T = 30 °C, and initial curcumin concentration = 1000 mg/L. The
curcumin loading to APTES-CMF/ZIF-8 obeys the PSO model and
monolayer mechanism; their interaction is primarily governed by
electron exchange/transfer. A slow and controlled release of cur-
cumin using APTES-CMF/ZIF-8 is monitored in both pHs. The
release study also shows that the cumulative release at pH 5.5 is
significantly higher than that at pH 7.4, exhibiting the pH-
responsive behavior of the composite. Therefore, APTES-CMF/ZIF-
8 will be a potential smart drug carrier that can be implemented
in a controlled drug delivery system with a stimuli-responsive
mechanism. The valorization of coconut waste will also promi-
nently reduce solid waste and turns a waste problem into a sus-
tainable asset, in-country.
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