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ARTICLE INFO ABSTRACT

Keywords: Background: Zeolitic imidazolate framework-L (ZIF-L) has great potential as a doxorubicin hydrochloride (DOX)
Cellulose nanocrystals drug carrier for oral chemotherapy applications. This medical application will greatly support the development
Composite

of cancer treatment and reduce the cancer fatality rate. However, ZIF-L as a type of metal-organic framework
(MOFs) faces several challenges to be implemented in biomedical applications which impact the drug loading
and release mechanisms.

Methods: CNCs/ZIF-L composites were fabricated via a green in-situ method using CNCs mass percentages of 2.5,
5, 7.5, and 10 % of Zn(NO3)2-6H20. All composites were tested for the DOX loading and release mechanisms and
antioxidant activity.

Significant findings: Here, the addition of CNCs enhances the DOX loading capacity of CNCs/ZIF-L composite up to
1508.91 + 7.72 mg/g due to the presence of abundant active functional groups. In addition, the DOX release
profile is another interesting potential that occurs through a diffusion-controlled release mechanism. This shows
the ability of CNCs/ZIF-L composite to deliver drugs orally where DOX is released consistently at a certain
concentration level for prolonged treatment. Moreover, the ICs5y value of DOX@CNCs/ZIF-L drug reaching
480.21 mg/L proves that the effectiveness of DOX is maintained even though it is administered orally in the form
of solid material.

Doxorubicin hydrochloride
Drug carrier
Zeolitic imidazolate framework-L

1. Introduction 140.7 per 100,000 for men and 114.6 per 100,000 for women. In
Indonesia itself, around 400,000 cases in 2020 were detected with 16.9

Cancer is a disease that is quite deadly so far, which can attack and % of them being breast cancer. The best and most common treatment
spread to various organs of the body with varying levels of malignancy. that can be given to cancer sufferers is chemotherapy, where chemo-
In 2020, there were around 19 million new cancer cases worldwide therapy drugs can inhibit or stop the growth of cancer cells. However,
dominated by breast, lung, prostate, colon, and stomach cancer. More- intravenous (IV) chemotherapy treatment, which has been widely used
over, what needs to be worried about is the mortality rate which reached up to now, can also have negative impacts on healthy human cells,
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tissues, nerves, and organs because chemotherapy drugs have a high
destructive level [1]. This can be indicated by the side effects that
appear after chemotherapy treatment where sufferers experience
nausea, vomiting, decreased blood components, hair loss, and blackened
nails [2]. Therefore, chemotherapy treatment continues to be developed
to reduce these side effects, one of which is oral chemotherapy where
chemotherapy drugs are delivered by a drug carrier through the human
digestive system. In this case, advanced materials that are safe and have
the potential to act as drug carriers need to be developed to avoid the
side effects of chemotherapy drugs while facilitating the ability to target
more specific cancer locations.

Metal-organic frameworks (MOFs) are one of the advanced materials
that are being widely investigated for several applications, such as drug
delivery systems [3-5] and wastewater treatments [6-8]. MOFs are 2D
or 3D materials with a large surface area, good thermal stability,
adaptable structure, and a variety of functions [9-11]. In addition, MOFs
are easy to functionalize with other materials to improve their charac-
teristics and meet the needs of specific applications [12]. However, the
application of MOFs has its challenges, such as (1) the tendency to have
low conductivity (1 07'°_- 107 S/m for ZIFs) or neutral charge [13,14],
(2) the tendency to have difficulty maintaining its macroscopic shape
and hierarchical porosity (macro-to-micro or micro-to-meso pores) [11,
151, (3) the tendency to easily agglomerate, (4) low stability in water,
and (5) difficult to reuse [10,16]. In this medical application, the
functionalization of MOFs is necessary to overcome these challenges. In
previous studies, several functionalization materials showed great po-
tential in drug delivery applications, such as cellulose-based materials
[17], chitosan-based materials [18], and metal oxides [19]. This study
combined both materials, namely MOFs and cellulose-based materials,
into a composite material which is expected to enhance its ability as a
drug carrier. As one of the cellulose-based materials, cellulose nano-
crystals (CNCs) are porous crystalline materials that are biodegradable,
biocompatible, non-toxic, charged, and cannot be digested by humans so
they can be applied in composite materials for drug carriers [20,21].
CNCs are suitable as a functionalization material of MOFs due to the
abundant availability of cellulose, the smaller size of CNCs than MOFs,
and the excellent properties of CNCs. Here, the presence of CNCs is ex-
pected to provide additional negative charges impacting the potential
interaction with drug molecules and the loading capacity. This negative
charge can also have an impact on material agglomeration and stability
in solvents.

In this study, zeolitic imidazolate framework-L (ZIF-L), one type of
MOFs, was combined with CNCs to form CNCs/ZIF-L composites. The
fabrication of CNCs/ZIF-L composites was proposed using a water-based
solvent at room temperature so that it is more environmentally friendly
and energy efficient. Here, the addition of CNCs was studied to obtain
the best CNCs/ZIF-L composite for the loading and release of doxoru-
bicin hydrochloride (DOX). Moreover, the kinetics and isotherm studies
were performed to understand the loading and release mechanism of
DOX onto/from CNCs/ZIF-L composite. This composite material was
expected to be a good drug carrier for DOX without reducing the
treatment effectiveness of DOX itself.

2. Experimental
2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2-6H20, 98 %), 2-methylimida-
zole (Hmim, 99 %), ethanol (CoHsOH, 99.9 %), sulfuric acid (H2SOj4,
96 %), doxorubicin hydrochloride (DOX, 100 %), Whatman filter paper
(Grade 40), 2,2-diphenyl-1-picrylhydrazyl (DPPH, 100 %), methanol
(CH30H, 99.8 %), and ascorbic acid (CgHgOg, 99 %) were purchased
from Sigma-Aldrich (Singapore) as an analytical grade and used without
further treatment.
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2.2. Preparation of CNCs

Whatman filter paper was used as the cellulose source for isolating
CNCs based on the method that has been developed from previous
studies [22-24]. Shredded filter paper (5 g) was hydrolyzed using 100
mL of sulfuric acid solution (55 wt%) at 40 °C for one hour under
continuous stirring. After the hydrolysis process was complete, 10-fold
cold distilled water was added to stop the process. The solids were
then separated from the supernatant using a centrifuge (9500 x g) for 10
min. After that, the turbid supernatant was dialyzed with distilled water
using a dialysis membrane tube (Spectrum™ Spectra/PorTM, 12-14 kDa
of MWCO) until the pH was neutral. Then, the suspension was sonicated
for 20 min before being frozen for the freeze-drying process. Finally,
dried CNCs were obtained using a freeze dryer at 0.08 mbar and —42 °C.

2.3. Fabrication of ZIF-L and CNCs/ZIF-L composites

The optimum condition for ZIF-L fabrication has been reported in a
previous study which was also used here for ZIF-L fabrication and then
developed for the fabrication of CNCs/ZIF-L composites [25]. In the
fabrication of ZIF-L, two solutions were prepared separately in 40 mL of
distilled water, Solution A containing Zn(NO3),-6H20 (0.075 M) and
Solution B containing Hmim (0.617 M). Both solutions were sonicated
for 10 min to homogenize the solutions and then Solution A was added
slowly to Solution B under continuous stirring. This process was main-
tained at 29 °C for 97 min while the ZIF-L solids formed and made the
suspension cloudy. Further, ZIF-L. was separated using a centrifuge for
10 min and washed with two times distilled water and two times
ethanol. Finally, ZIF-L was dried using an oven at 80 °C.

CNCs/ZIF-L composites were fabricated using the same procedure as
ZIF-L with the in-situ addition of CNCs. Here, CNCs were added to So-
lution A before the two solutions were mixed. The effects of adding CNCs
were investigated by varying the mass of CNCs by 2.5, 5, 7.5, and 10 %
of Zn(NOg3)2-6H20. Here, the composites obtained were coded as CNCs/
ZIF-L(2.5), CNCs/ZIF-L(5), CNCs/ZIF-L(7.5), and CNCs/ZIF-L(10),
respectively. Further, all composites were characterized and tested for
best loading capacity towards DOX where batch adsorption was per-
formed for each composite using aqueous DOX solution.

2.4. Characterizations

In this study, ZIF-L and CNCs/ZIF-L composites were characterized
using several instrumentations to investigate their physical and chemi-
cal characteristics. Scanning electron microscopy (SEM) analysis was
carried out to depict the morphology of samples using a JEOL JSM-
6500F field emission SEM. This analysis was conducted in conjunction
with an energy-dispersive X-ray (EDX) analysis to map the elemental
distribution of samples. In this analysis, the samples were coated with
conductive platinum using a JEOL JFC-1200 coated in an argon atmo-
sphere. X-ray diffraction (XRD) analysis was performed to investigate
the diffractogram and its crystallinity of samples using a Philips PAN-
alytical X’Pert Pro X-ray diffractometer. It was done with Cu Ka; (A =
1.54 A) as the radiation source at a voltage of 40 kV, a current of 30 mA,
and a step size of 0.02°/step. Fourier transform infrared spectroscopy
(FTIR) analysis was conducted to investigate the functional groups of
samples using a Shimadzu 8400S FTIR with the KBr pelleting method
(4000-400 cm™).

2.5. Loading of DOX on CNCs/ZIF-L composite

All DOX loading experiments were carried out using the batch
adsorption method with 10 mL of aqueous DOX solution (160.50 mg/L)
for each batch. In the kinetics study, 10,000 pg of CNCs/ZIF-L composite
was added to the aqueous DOX solution and administered in a shaking
water bath at room temperature for a time range of 10 min to 24 h.
Meanwhile, the isotherm study was performed using a mass range of
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Fig. 1. Morphologies of (A) ZIF-L, (B) CNCs/ZIF-L(2.5), (C) CNCs/ZIF-L(5), (D) CNCs/ZIF-L(7.5), and (E) CNCs/ZIF-L(10) composites based on SEM analysis

including (F) EDX analysis and (G) EDX mapping for CNCs/ZIF-L(5) composite.

CNCs/ZIF-L composite of 500 to 20,000 pg at room temperature for an
equilibrium time obtained from the kinetic study. Here, the concentra-
tion of the remaining DOX solution was measured using a Shimadzu UV/
Vis Spectrophotometer 2600 at a wavelength of 475 nm. Further,
loading capacities for kinetic and isotherm studies were expressed as g;
(mg/g) and q. (mg/g), respectively, and calculated by these equations
[26]:

Ci—Cf)V
R CEc) L o ) €]
g.= G-V @

where C;,Crand C, express the initial DOX concentration, the remaining
DOX concentration at a certain time, and the equilibrium DOX con-
centration, respectively, while V and m are the volume of solution and
the mass of CNCs/ZIF-L composite used in the loading system. Further,
the DOX loading data were modelled using several kinetic and isotherm
adsorption models.

2.6. Release of DOX from DOX@CNCs/ZIF-L drug

The release study was performed through a dialysis membrane
method using DOX@CNCs/ZIF-L drug obtained from the loading
experiment. In this study, 250 mg of DOX@CNCs/ZIF-L drug was mixed
into 10 mL of PBS solution with a pH of 7.4. Next, the mixture was put in
a dialysis membrane tube (Spectrum™ Spectra/PorTM, 12-14 kDa of
MWCO) and immersed into 500 mL of PBS solution at 37 °C. At each
certain time, 3 mL of PBS solution containing DOX released from the
DOX@CNCs/ZIF-L drug was sampled for 10 min to 72 h and replaced
with 3 mL of fresh PBS solution to keep the total volume of the drug

release system constant. Here, the concentration of samples was
measured using a Shimadzu UV/Vis Spectrophotometer 2600 at a
wavelength of 475 nm. Further, the release profile was expressed in
terms of cumulative release percentage.

2.7. Antioxidant activity analysis

As a preliminary test of drug effectiveness, antioxidant activity
analysis was carried out using the DPPH assay for free DOX, CNCs/ZIF-L
composite, and DOX@CNCs/ZIF-L drug to investigate the free radical
inhibition ability of the samples. Initially, the DPPH solution was pre-
pared by dissolving 4 mg of DPPH into 100 mL of methanol. Next, 1 mL
of sample at a certain concentration was mixed with 3 mL of DPPH so-
lution in a test tube and incubated at room temperature for 30 min in the
dark room. After that, the absorbance was measured using a Shimadzu
UV/Vis Spectrophotometer 2600 at a wavelength of 517 nm. Here, the
DPPH radical scavenging (%) was calculated by the following equation
[27,28]:

Absblank - Abssample

0,
Absir x 100% 3)

DPPG radical scavenging =

where Abssgmple and Abspiqnk are the absorbances of the DPPH solution
after exposure to the sample and without the sample (or solvent only). In
this analysis, ascorbic acid was used as a positive control which can
effectively inhibit free radicals. In addition, the parameter ICsq could be
determined when the DPPH radical scavenging reached 50 % and was
expressed in sample concentration.
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Fig. 2. (A) XRD diffractograms and (B) FTIR spectra of ZIF-L, CNCs, and CNCs/ZIF-L composites.

3. Results and discussion
3.1. Characterizations of CNCs/ZIF-L composites

Here, CNCs/ZIF-L composites have been successfully fabricated
using the in-situ method at room temperature. Fig. 1 shows the mor-
phologies of fabricated materials captured by SEM analysis. The basic
framework of these composites is the same as their main precursor (ZIF-
L) which has a starfruit-like morphology as reported in the previous
study (Fig. 1A) [25]. As reported in the previous study, the size of CNCs
is about 145 nm which so much lower than the size of ZIF-L (+ 5 pm)
fabricated in this study [22]. Therefore, the presence of CNCs in these
composites is located on the surface of ZIF-L as shown in Fig. 1 (B, C, D,
E) so it makes the surface rougher compared to ZIF-L. In addition, the
higher CNC composition added to the fabrication system causes the
composite surface to become rougher, especially at the morphological
edges. Fig. 1 (F, G) shows the EDX analysis and mapping indicating
higher carbon and oxygen contents up to 56.99 and 6.36 wt% for
CNCs/ZIF-L(5) composite, respectively. The carbon and oxygen contents
in these composites are increased compared to ZIF-L itself (53.52 wt% of
carbon and 5.49 wt% of oxygen) as reported in previous studies due to
the presence of CNCs in the composites [25].

From the composite morphology, ZIF-L is more dominant in terms of
composite structure compared to CNCs due to their particle size. These
results are also in agreement with the XRD diffractograms and FTIR
spectra obtained. CNCs/ZIF-L composites have lattice planes and func-
tional groups come from their precursors (ZIF-L and CNCs). As presented
in Fig. 2(A), the XRD diffractograms of CNCs/ZIF-L composites show
lattice planes very similar to those of ZIF-L, such as (110), (200), (211),
(220), (310), and (222), which seen at 20 of 7.65°, 10.28°, 12.62°,
15.02°, 16.56°, and 17.91° for CNCs/ZIF-L(5) composite, respectively.
In the FTIR spectra (Fig. 2B), the CNCs/ZIF-L composites have the same
functional groups combined by ZIF-L and CNCs that are specifically
indicated in the fingerprint area of these spectra. Here, Zn-N stretching
(420.42 cm'l), out-of-plane bending of aromatic rings (680.78 and
750.21 cm}), C-N stretching (998.02 cm™), C = N stretching (1144.59
cm'l), aromatic ring stretching (1423.27 cm'l), and N-H stretching
(1573.70 cm™) represent the functional groups of ZIF-L in the CNCs/ZIF-
L composites [25,29-33]. Meanwhile, the CH; rocking of the glucose
cyclic chain presented at 1322.98 em™ in the composite spectra reflects
the CNCs content [23,34]. Based on the characterizations, all composites
provide similar appropriate characteristics so that the best composite
can be determined further by their loading capacity towards DOX.

Preliminary DOX loading experiments have been conducted to
investigate the best percentage of CNCs added to the in-site composite
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Fig. 3. Loading capacities of ZIF-L, CNCs, and CNCs/ZIF-L composites to-
wards DOX.

fabrication. These experiments are carried out via batch adsorption with
very excessive time (24 h) to reach the equilibrium stage. Fig. 3 shows a
comparison of the loading capacities of ZIF-L, CNCs, and CNCs/ZIF-L
composites where the single materials (ZIF-L and CNCs) have loading
capacities on DOX reaching 961.30 + 19.70 and 479.91 + 15.94 mg/g,
respectively. Even though CNCs have a lower loading capacity than ZIF-
L, CNCs have been proven to enhance the loading capacity of the CNCs/
ZIF-L composites due to their abundant surface functional groups. These
functional groups can interact with DOX having rich hydroxyl, carbonyl,
and amine groups to create higher molecular interactions and loading
capacity. Here, the CNCs/ZIF-L(5) composite has the highest DOX
loading capacity of up to 1508.91 + 7.72 mg/g with an increase of 56.96
% from the loading capacity of single ZIF-L and 214,42 % from the
loading capacity of single CNCs. Therefore, the addition of CNCs at 5 %
of the metal precursor had the best impact on increasing the DOX
loading capacity. In comparison to a previous study, the CNCs/ZIF-L(5)
provides a higher DOX loading capacity compared to silica-modified
magnetic iron oxide which has 58,1 % of drug loading efficiency or
approximately 69,72 mg/g of loading capacity [35].
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Fig. 4. (A) Kinetics and (B) isotherm modelling of DOX loading on CNCs/ZIF-L composite.

Table 1
Kinetics and isotherm modelling parameters of DOX loading on CNCs/ZIF-L composite.
Models Parameters Values
Kinetics models
Pseudo-first order, g: = g.(1 — e ) g. — equilibrium loading capacity (mg/g) 1389.54
k; — time scaling factor (1/min) 0.0116

Pseudo-second order, g = g ( i ze:lizt)

Intra-particle diffusion, g; = kqvt+ C

Isotherm models

Langmuir, g, :7(1""“&(:&
> T 14K.C,

Freundlich, q. = KFC:/HF

GmaxKprCe[1 — (np + 1)(KpuCe)™ + "B(KBUCe)""vl]

BET n-layers, q. = e g4
(1 - KpuCe) [1 + (rw - 1)KBUCe - ( BF) (KBUCe)nrl]
BU

Kpu

R? 0.9706

g, — equilibrium loading capacity (mg/g) 1557.01

ko — time scaling factor (g/mg.min) 8.73 x 107
R? 0.9875

ka1 — rate constant for early-stage (mg/g.min®>) 87.66

kg2 — rate constant for mid-stage (mg/g.min%>) 29.78

kqs — rate constant for end-stage (mg/g.min’%) 9.27

kq — rate constant for overall stage (mg/g.min>) 40.07

C - intercept (mg/g) 271.48

R? 0.8425
Gmax — Maximum loading capacity (mg/g) 8.24 x 107
K}, - Langmuir constant (L/mg) 3.16 x 107

R? 0.7441
K — Freundlich constant ((mg/g)(mg/L)™) 38.60

ng — heterogeneity (-) 0.4692
R? 0.9986

Gmax — Maximum loading capacity on the first layer (mg/g) 297.30
Kpgr - first-layer equilibrium constant (L/mg) 0.0031
Kpy - upper-layer equilibrium constant (L/mg) 0.4661
ng — number of layers 337.77
R? 0.9990

3.2. Kinetic and isotherm studies of DOX loading on CNCs/ZIF-L
composite

DOX loading has been investigated through adsorption kinetics and
isotherm using CNCs/ZIF-L(5) composite as the best composite in this
study. Fig. 4(A) shows the kinetic profile of DOX loading on CNCs/ZIF-L
(5) composite and its non-linear modelling using pseudo-first order,
pseudo-second order, and intra-particle diffusion equations. Here,
pseudo-second order is more well-fitted to the data (R? = 0.9875)
compared to pseudo-first order (R2 = 0.9706) and intra-particle diffu-
sion (R = 0.8425). It means that the loading mechanism occurs by
chemisorption where the interactions between CNCs/ZIF-L(5) compos-
ite and DOX are built by chemical bonding. This supports the hypothesis
above that the loading capacity is strengthened by the chemical in-
teractions between the functional groups of CNCs/ZIF-L(5) composite
and DOX. However, it does not rule out the possibility that physisorption
also occurs in this loading mechanism because the compatibility to the
pseudo-first order is also quite good (R? > 0.95). Table 1 presents the
values of each modeling parameter obtained here where g, and ky of
pseudo-second order exhibit the equilibrium loading capacity and how
fast the equilibrium stage can be reached. In terms of q., the value of
1557.01 mg/g is in line with the results of preliminary experiments

which proves that the equilibrium stage has been reached within 12 h. In
addition, the ks value is dependent on initial concentration and time
which is strongly correlated with the loading rate [36]. In Table 1, the ko
of 8.73 x 107° g/mg.min can be categorized as a small value indicating a
low loading rate. This underlies the fact that a fairly long equilibrium
time of up to 12 h is found.

Another modelling with intra-particle diffusion provides an inter-
pretation of the loading mechanism in three stages according to the
kinetic profile obtained, such as (1) DOX diffusion through the bulk
solution towards the interface, (2) DOX diffusion through the interface,
and (3) formation of bonding interactions between CNCs/ZIF-L(5)
composite and DOX through their functional groups. In Table 1, the
values of kq1,kq2 and kg3 indicate those three stages of DOX loading on
CNCs/ZIF-L composite. Here, kg1 gives the highest value (87.66 mg/g.
min®®) compared with the other two parameters indicating that DOX
diffusion through the bulk solution has greater resistance and plays a
bigger role in the loading mechanism.

Further, an isotherm study has been conducted and presented in
Fig. 4(B) including the non-linear modelling using Langmuir, Freund-
lich, and BET n-layers equations. Here, the isotherm profile is well-fitted
with Freundlich and BET n-layers equations which are represented by
the R? values of 0.9986 and 0.9990, respectively. In terms of Freundlich
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parameters, npindicates the heterogeneous active sites of CNCs/ZIF-L(5)
composite because its value is less than unity [37]. Lower np value or
greater heterogeneity provides higher energy difference and capability
in the loading mechanism. Moreover, the DOX loading on CNCs/ZIF-L
(5) composite here occurs through a multilayer mechanism based on
its fitness with the BET n-layers equation. The gmq. represents the
loading capacity of the first DOX layer on CNCs/ZIF-L(5) composite
reaching up to 297.30 mg/g or about 19.7 % of overall loading capacity.
However, the ratio between the first- and upper-layer equilibrium con-
stants (Kpr/Kpy) is very small exhibiting higher loading capacity on the
upper layer. This phenomenon promotes a larger number of DOX layers
presented on the CNCs/ZIF-L composite corresponding to the great ng
value. Furthermore, the isotherm profile in Fig. 4(B) is classified as Type
III Isotherm based on the IUPAC classification [38]. This type exhibits
that CNCs/ZIF-L(5) composite is categorized as a non-porous material
and the loading mechanism occurs in a multilayer system [39]. In this
case, a previous study has reported that ZIF-L as the main precursor in
this CNCs/ZIF-L(5) composite is a non-porous material [40].

3.3. DOX release study from DOX@CNCs/ZIF-L drug

Fig. 5 shows the DOX release profile from DOX@CNCs/ZIF-L drug
and its modelling using Higuchi and Korsmeyer-Peppas equations. This
cumulative release profile refers to the diffusion-controlled release
mechanism of DOX from DOX@CNCs/ZIF-L drug. The diffusion-
controlled release mechanism shows that DOX is released up to a
certain cumulative percentage at the early stage and then remains fairly
constant at a certain value [41]. This mechanism categorizes the
CNCs/ZIF-L(5) composite as a drug reservoir that can prolong or
instantly release DOX depending on the characteristics of the composite
material. In the modelling study, the Korsmeyer-Peppas equation is
more fitted compared to the Higuchi equation which means that the
DOX release from DOX@CNCs/ZIF-L drug involves three main pro-
cesses, such as water diffusion into the drug framework, swelling of the
drug framework, and dissolution of the drug framework [42]. The
presence of CNCs in the composite structure enhances the loading ca-
pacity but also triggers the swelling and dissolution of the composite.
This is proven by a significant increase in DOX release percentage when
compared to using ZIF-L alone as shown in Fig. 5. The DOX release from
the drug carrier in the form of ZIF-L alone was very low, which is in line
with previous studies that used ZIFs in DOX loading and release studies
[43,44]. However, the use of ZIF-L as the main framework can
strengthen and stabilize the structure so that it does not easily collapse
when delivering drugs. In terms of Korsmeyer-Peppas parameters, the
ngp of 0.2603 also indicates the diffusion-controlled release mechanism
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Table 2
Kinetics modelling parameters of DOX release from DOX@CNCs/ZIF-L drug.
Models Parameters Values
Higuchi, f = kyv/t kg — Higuchi constant (hours ~ %) 12.7388
R? 0.5821
Korsmeyer-Peppas, f = kyp — structural incorporation constant 29.2642
kypt™® (hours™)
ngp — drug release mechanism constant (-) 0.2603
R? 0.9199
100
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Fig. 6. DPPH radical scavenging profiles of free DOX, CNCs/ZIF-L composite,
and DOX@CNCs/ZIF-L drug.

following the Fickian diffusion model [42]. Meanwhile, the kgp value
exhibits the structural stability of CNCs/ZIF-L(5) composite where its
value (29.2642 h™) is sufficient to be declared capable of preserving the
composite framework from destruction compared to previous studies
having lower kgp values. Table 2.

3.4. Antioxidant activity

As an initial effectiveness test, antioxidant activity was performed
using the DPPH assay to determine the ability to inhibit free radicals
[45]. Fig. 6 shows the DPPH radical scavenging profiles of free DOX,
CNCs/ZIF-L(5) composite, and DOX@CNCs/ZIF-L drug. Here, ascorbic
acid (positive control) and free DOX showed direct and excellent
inhibitory ability even at low concentrations which are also expressed in
terms of ICs up to 20.10 and 80.96 mg/L, respectively. This can happen
because drug molecules immediately spread in the system and interact
directly with free radicals. However, this direct drug delivery system is
to be avoided to minimize the side effects that may arise.

Here, the inhibition profile of DOX@CNCs/ZIF-L drug towards free
radicals is as expected where the increase in the percentage of inhibition
occurs gradually until it reaches >65 % or even higher at high con-
centrations. Therefore, treatment can be maintained at a certain level
that does not pose a risk of side effects. In addition, the ICs5y value of
DOX@CNCs/ZIF-L drug (480.21 mg/L) is higher than free DOX because

Table 3
ICsp values of free DOX, CNCs/ZIF-L composite, and DOX@CNCs/ZIF-L drug.

Materials ICsp (mg/ ICs0 in terms of DOX concentration
L) (mg/L)
Ascorbic acid (positive 20.10 -
control)
Free DOX 80.96 80.96
CNCs/ZIF-L composite ~ ~
DOX@CNCs/ZIF-L drug 788.62 480.21
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DOX needs to go through a release mechanism from the CNC/ZIF-L
composite first to be able to contact and inhibit free radicals. Here the
release mechanism becomes a resistance that must be considered espe-
cially in determining drug dosage. However, the ICso value of 480.21
mg/L is satisfactory compared to previous studies where DOX are car-
ried with ZIF-8 and y-cyclodextrin-MOFs having ICso values of up to
1114.6 and 1000 mg/L, respectively [28,46]. In this study, the
CNCs/ZIF-L composite proves to act very well as a drug carrier in terms
of loading capacity and release ability while also showing high potential
to maintain the effectiveness of DOX in free radical inhibition. Table 3

4. Conclusion

This study has successfully fabricated CNCs/ZIF-L composite through
the in-situ method using a green water-based solvent at room temper-
ature. Here, the CNCs addition of 5 % into the fabrication process pro-
vides the best composite characteristics with a DOX loading capacity of
up to 1508.91 + 7.72 mg/g. The ability of the CNCs/ZIF-L composite to
load DOX is awe-inspiring through a physicochemical mechanism with
the formation of multilayer DOX on the composite surface. In addition,
DOX (up to 80 % in 1 hour) can be delivered well with a diffusion-
controlled release mechanism while maintaining the effectiveness of
DOX’s free radical scavenging capabilities (IC5o = 480.21 mg/L). The
great potential shown by the CNCs/ZIF-L composite can continue to be
developed and studied in the future to become a commercial drug carrier
that is suitable for use in medical applications, especially in the devel-
opment of chemotherapy.
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