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Abstract

Cellulose nanofibers/SiO, nanocomposite was prepared by extraction of cellulose nanofibers (CNFs) from
Yucca leaves, followed by immobilization of SiO; nanoparticles on the surface of cellulose nanofibers
denoted as SiO,@CNFs. Prepared SiO,@CNFs nanocomposite was characterized using various
techniques, including Fourier Transform Infra-Red (FT-IR), X-Ray Diffraction (XRD), Thermogravimetric
analysis (TGA), scanning electron microscopy (SEM), Transmission electron microscopy (TEM) and
Energy Dispersive Spectroscopy (EDS) analysis, and used as controlled drug delivery system for the release
of doxorubicin, an anticancer drug. CNFs exhibited higher loading level of doxorubicin (79.82%) than
SiO,@CNFs (72.67%), while CNFs exhibited rapid drug release, but SiO,@CNFs showed controlled drug
release properties. Doxorubicin release from CNFs is not pH sensitive, as CNFs released high content of
doxorubicin, 94.0% and 88.0% within 5-7 h, at both pH values of 4.5 and 7.4, respectively. However, the
release of doxorubicin from SiO,@CNFs occurred slowly, and could be controlled by pH, as cumulative
release percentage of doxorubicin from SiO.@CNFs were measured to be 73.5% at pH = 4.5, while 17.07%
at pH = 7.4 after 48 h. Doxorubicin release kinetic was studied by fitting the experimental data with well-
known kinetic models, including zero order, first order, Higuchi, Korsmeyer-Peppas, Hixson-Corwell,
Weibull and Gompertz models. Results revealed that the doxorubicin release from SiO.@CNFs is well
fitted with Higuchi and Hixson—Crowell models at pH = 4.5 and Hixson—Crowell model at pH = 7.4. Fitting
the date using Korsmeyer-Peppas indicated the nonFickian diffusion of doxorubicin from SiO.@CNFs at
pH = 4.5 by n values of 0.4755, and Fickian type diffusion at pH = 7.4 by n values of 0.3359.
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1. Introduction
The easiest common drug delivery approach is oral

administration, which includes more than 50% of drug
delivery systems in the market. The ease of patient
management is one of the most noticeable benefits of oral
drug transformations. Applying a single dose for the
entire treatment progress and carrying the drug directly to
the target site are main features of an ideal drug system.
Therefore, many attempts are made in order to create
systems to be close to the ideal systems. Predictability
and reliability in the drug delivery systems are two
important aspects of controlled release, which provide
well-ordered concentration of drug in the target tissue.[1]
Advancement of the nanotechnology field led to the
replacement of the conventional drug release systems,
and has made significant improvements in the treatment
of diseases. Generally, nanocarriers may protect drugs
against degradation and increase drug efficiency by
helping diffusion through the epithelium.[2] However, a
preferred pattern of drug release can be achieved by
the surface and of

modifying composition

nanocarriers,[3-5] in  which  degradable and
biodegradable polymers play a significant role in the
controlled release of drugs. Degradable polymers are
divided into natural and synthetic types, that natural
polymers have attracted much attention in view point of
scientists.[6-10]

Due to the unique properties, including stability, non-
toxicity, availability, renewability and biocompatibility
and basic structure, cellulose as the most abundant
polysaccharide, has found many applications in the field
of drug delivery[11], dye removal [12, 13], and etc. In
addition to the bulk cellulose, nano structured cellulose,
such as cellulose nanocrystals (CNCs) and cellulose
nanofibers (CNFs) are also well known, because of their
exclusive properties. Due to the stability and non-
toxicity, CNFs don’t cause an immune response when
implanted in the body tissues. Basically, the CNFs,
prepared by separation of the fibers from the cellulose
sources, include both amorphous and crystalline parts,
which provide the flexibility and the high tensile strength
of the CNFs, respectively. Because of the growing

importance of controlled drug release, development of
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novel sustainable drug delivery systems is of interest. In
this context, due to the wide range of physicochemical
properties, CNFs as a biocompatible polymeric material
can be used to carry drugs to target tissues or even
intracellular organs.[14-16] In this line, Valo et al.
the of

dipropionate nanoparticles coated with amphiphilic

developed integration beclomethasone
hydrophobin proteins into the CNFs aerogels, and
investigated its drug delivery properties.[17] Recently, an
electrospun poly(N-isopropylacrylamide)/ethyl cellulose
nanofibers were developed as a thermoresponsive drug
delivery system for release of ketoprofen.[18] In 2020,
Allafchian and co-workers described poly vinyl alcohol-
carboxymethyl cellulose nanofibers to controlled release
of flufenamic acid.[19] In an interesting paper, Lébmann
and Svagan reviewed the application of CNFs and its
composited in the delivery of poorly soluble drugs.[20]
Among the many stable substances that have been studied
for controlled drug delivery, silica-containing substances
have received a lot of attention, because of their specific
structure  and  surface  properties, and also
biodegradability. Silica is often the material of choice for
the biological applications of mineral nanoparticles. As
silica is able to store and gradually release drugs, silica
based materials have attracted much attention for
controlled drug release. In addition, silica based materials
is used to increase the biocompatibility of drug delivery
systems such as magnetic nanoparticles, biopolymers and
micelles.[21, 22] In this context, Lin et al. reported in
vitro release of aspirin using polymethylmethacrylate
(PMMA)/silica composites.[23] Recently, a core-shell
magnetic  silica-coated hydroxyapatite composite,
denoted as FesO04@SiO,@HAp, was developed in order
to pH-responsive drug delivery applications for captopril
and ibuprofen drugs, as hydrophilic and hydrophobic
drugs, respectively.[24] Due to the importance of the
subject, there are many review articles on the application
of silica based materials in controlled or stimuli-
responsive drug delivery systems.[25-27]

Yucca plant is one of the most important sources of CNFs
to controlled drugs release.[28, 29] In the present study,

CNFs was extracted from Yucca and coated with silica
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and its drug release properties for anti-cancer drug,
doxorubicin, were investigated.

1. Experimental procedure

1.1. Materials and method

All chemicals were purchased from Merck and Sigma-
Aldrich and used without any further purification. Win-
Bomem, version 3.04 Galatic Industries Corperation,
spectrometer was used for collecting the FT-IR spectra
(KBr disc). X-ray diffraction (XRD) patterns were
measured using a Bruker D8 Advance with CuK ()
radiation (1 = 0.15406 nm) in the range 4° < 26 < 70°.
VWGA3 TESCAN (20.0 KV) and Philips CM120
microscopes were used to prepare scanning electron
microscope (SEM) images along with EDX analysis and
transmission electron microscopy (TEM) images,
respectively. Thermogravimetric (TGA) analyses were
performed using a Linseis L81A1750 (Germany) at a
heating rate of 10 °C/min under high purity nitrogen
atmosphere from 50 to 800 °C. All absorption data was
measurement by using two beams Shimadzu 1800 UV-
Vis spectrophotometer using a 1 cm cell.

1.2. Preparation of SiO.2@CNFs

First the Yucca leaves were cut into pieces and rinsed with
distilled water (DW). 40 g of the shredded leaves was
weighed and washed with 2 L of DW and 100 g NaOH at
80 °C for 3 h. After all the green parts were removed, the
remaining parts were rinsed with DW until pH reached 7.
Finally the white cotton like cellulose can be collected.
For the next step 30 mL hydrogen peroxide, 600 mL DW
and 10 mL acetic acid was added to cellulose from the
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previous step and stirred for 3 h in 80 °C. Then they were
washed with DW until pH became neutral, and mixed
with 2% HCI, and stirred for next 6 h. By rinsing with
DW and drying in oven at 60 °C, CNFs were obtained.
In order to coating CNFs with silica nanoparticles (NPs),
a mixture of 200 mg of silica NPs with 80 mg of CNFs
and 50 ml of distilled water was sonicated in an ultrasonic
bath for 15 minutes and then was stirred for 24 h at room
temperature. The SiO,@CNFs was filtered and dried in
oven at 50° C.

1.3. Loading of doxorubicin on the SiO2@CNFs and
releasing experiments

First, a mixture of 200 mg of silica NPs and 80 mg of
CNFs in 50 mL DW was sonicated and stirred for 24 h,
then 2 mg of doxorubicin was added to the mixture by
continues stirring. After 2 h, the drug loading percentage
was calculated as 72.6% by measuring the remaining
doxorubicin in water after filtration, using UV-Vis
spectrophotometer and calibration curve equation: A =
0.0045 x C + 0.0078; where A is the absorbance of
solution at Amax = 483 nm and C is the concentration of
doxorubicin. In order to study of the drug release
properties, the doxorubicin loaded on SiO.@CNFs were
placed in 20 ml of the prepared buffers and sampled at
different times and the release percentage was measured
by UV-Vis spectrophotometer. Drug release was
investigated in two environments with pH = 4.5 and pH
= 7.4, which
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Fig. 1. Schematic representation of the preparation of SiO,@CNFs were determined to be 73.50% and 17.07%, respectively.
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2. Results and discussion

2.1. Preparation of SiO2@CNFs

Schematic preparation of SiO,@CNFs is illustrated in
Figure 1. Cellulose nanofibers (CNFs) were prepared by
extraction form Yucca leaves and bleaching using
hydrogen peroxide solution. SiO, nanoparticles were
immobilized on the surface of CNFs by dispersion of
SiO, NPs in water using ultrasonic irradiation and then
stirring at room temperature in the presence CNFs for 24
h. Hydrogen bonding between O—H bonds on the surface
of SiO, NPs and sugars units of cellulose polymeric
chains caused to the immobilization of SiO, NPs on the
surface of CNFs.

2.2. FT-IR spectroscopy

FT-IR spectroscopy is used to confirm the chemical
structures of the synthesized CNFs and SiO,@CNFs.
Figure 2a shows the spectrum of CNFs, in which a broad
absorption peak is observed in 3331 cm™, relating to the
stretching vibration of O—H groups of the CNFs. C—H
stretching vibrations of CH and CH; groups are appeared
at 2851-2942 cm'L, Several absorption peaks are present
at 1000-1200 cm~* which could be attributed to the C-O
stretching vibrations of the glucose ring skeletal of the
CNFs. The FT-IR

spectrum of SiO,@CNFs is also depicted in Figure 2a.
Broad peak at 3006-3712 cm is related to the stretching
vibrations of both O—H bonds of alcoholic groups of
CNFs and Si-O—H bonds of silica nanoparticles.
Broadening that peak in comparison with CNFs is
attributed to the formation of intermolecular hydrogen
bonding between OH groups of the CNFs and SiO..
C—H stretching vibrations are appeared at 2889 cm™, as
in the case of CH and CH; moieties of CNFs. Peak at
1641 cm? is associated with the bending vibration of
water molecules, physically adsorbed on the surface of
SiO, NPs. In addition to the C—O bonds stretching
vibration of CNFs, two distinct peaks at 1107 and 802
cm™t are appeared due to the asymmetric and symmetric
modes of Si—O-Si, respectively. The results confirmed
the coating of CNFs with SiO, nanoparticles.

2.3. X-ray diffraction (XRD)
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XRD pattern of SiO,@CNFs is shown in Figure 2b. Peaks
at 20 = 15.2, 22.6 and 34.7° correspond to (1-10), (110)
and (200) reflections of the crystalline CNFs, respectively
[28, 30]. Broad peak at 26 = 22.6° could be attributed to
the amorphous SiO, NPs [31, 32]. Also, low angle XRD
pattern of SiO,@CNFs shows an intense peak at 260 =
0.85°, which is related to the mesoporous structure of
SiO, nanoparticles (Inset of Figure 2b), indicating well
dispersion of SiO, NPs on the surface of CNFs.

2.4. TGA analysis

The TGA results of CNFs and SiO,@CNFs are outlined
in Figure 2c. TGA of CNFs indicates the first weight loss
below 100 °C (2.78%) that corresponds to the loss of
physically adsorbed water molecules. A sharp weight loss
at 250-370 °C (75.07%) is attributed to decomposition of
organic structure of CNFs. Also about 19.83% slow
weight loss is shown between 370 and 580 °C. Totally,
about 97.5% weight loss is observed, which indicates that
the entire structure of the organic matter is completely
burned and destroyed. The TGA of SiO,@CNFs indicates
a similar pattern with TGA of CNFs, in which mass loss
at 90-110 °C (3.66%) corresponds to the loss of
Also, the
decomposition of organic section of SiO,@CNFs at 260—
410 °C is the main and important weight loss (56.65%),

physically adsorbed water. thermal

which is about 37% less than pure CNFs. Also there is no
considerable weight loss even at high temperature (900
°C), confirming that the SiO, NPs is deposited on the
cellulose fibers and remains unchanged.

2.5. SEM and TEM analysis

Surface morphology and textural properties of CNFs and
SiO,@CNFs are investigated by SEM and TEM images.
SEM analysis of CNFs shows fibrillar structure (Figure
2e). As shown in Figure 2f, in the case of SiO,@CNFs,
fibrillar structure of CNFs is also shown, in which CNFs
are coated with SiO; nanoparticles. Formation of compact
SiO; spherical nanoparticles with average diameter of 20
nm on the surface of CNFs is confirmed. In order to
investigate elemental analysis of the prepared CNFs and
SiO,@CNFs, energy dispersive X-ray (EDX) analysis is
performed (Figure 2d). EDX data of CNFs shows the

presence of C and O atoms in the structure. While, in



Journal of Applied Chemistry

Cellulose Nanofibers/SiO: ...

Vol. 17, No. 65, 2022

addition to C and O, Si is also shown in the EXD analysis
of SiO,@CNFs. The shape and size of the CNFs and SiO,
NPs on the fibers are studied using TEM analysis. TEM
image of SiO.@CNFs is shown in Figure 2g, in which an
uneven distribution of SiO; spherical NPs on the surface
of CNFs is observed.

2.6. Doxorubicin release studies

Doxorubicin, an anticancer drug, is selected in order to

study the practical applications of the prepared
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Fig. 2. (a) FT-IR spectra of CNFs and SiO,@CNFs, (b, and b-inset) wide angle and low angle XRD pattern of SiO,@CNFs, (c) TGA analysis
of CNFs and SiO,@CNFs, (d) EDX analysis of CNFs and SiO,@CNFs, () SEM image of CNFs, (f) SEM image of SiO,@CNFs and (g)

TEM image of SiO,@CNFs (Scale Bar = 100 nm).

nanoparticles, which occupy the active sites of the CNFs.
Then, in vitro doxorubicin release of CNFs and
SiO,@CNFs was investigated. The effect of the pH value

on the release of doxorubicin from the NFC was studied.
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The doxorubicin release profiles at pH values of 4.5 and
7.4 versus time are illustrated in Figure 3. At both pH
values, CNFs shows rapid cumulative release (CR%) of
the doxorubicin (about 94% over 5 h, and 88% over 7.5
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h, at pH values of 4.5 and 7.4, respectively), approving
that the CNFs is not an ideal candidate for drug release.
To overcome this problem, CNFs were coated with SiO,
nanoparticles to control release of doxorubicin. As shown
in Figure 3, release of doxorubicin from SiO,@CNFs
occurs slowly at both pH values of 4.5 and 7.4. This could
be attributed to the encapsulating properties of SiO,
nanoparticles on the surface of CNFs, inhibiting the

permeability of doxorubicine in the solution.
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Fig. 3. Profiles of doxorubicin release from CNFs and SiO,@CNFs
at pH values of 4.5 and 7.4 versus time.

However, due to the pH-sensitivity of the doxorubicin
release from SiO,@CNFs, their high content of drug

release at pH = 4.5 was expected, which could be
accosiated with the basic properties of doxorubicin with
pKp value of 5.78 (pKa. of conjugated acid is 8.22),
leading to the formation of ammonium salt of
doxorubicin at lower pH values and therefore higher
solubility in aqueous medium. The structure of
doxorubicin and its protonated form in acidic medium are
illustrated in Figure 4a. Also, at lower pH value
protonated water molecules penetrated into the pores of
the nanocomposite, leading to the repulsion with
ammonium salt of doxorubicine, and therefore higher
content of drug release. The interaction of doxorubicin
molecule with the surface of SiO,@CNFs by hydrogen
bonding at pH = 7.4 (top) and pH = 4.5 (bottom) are
depicted in Figure 4b. Over 48 h, low release content
(17.07%) is observed for the SiO,@CNFs at pH = 7.4,
while 73.50%

observed at pH = 4.5.

cumulative release percentage was
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Fig. 4. Structure of doxorubicin and its protonated form in acidic

medium.

In order to understand drug release profile, the
experimental data of the doxorubicin release from CNFs
and SiO,@CNFs at both pH values were modeled
according to the some commonly used Kinetic
models,[33, 34] including:
(i) Zero order model, expressed as equation (1)

Qr = Qo + kot (€Y)
Where, Qo, Q:, ko and t are the initial amount of drug in
the solution (mostly Qo = 0), cumulative amount of drug
released at time t, zero-order rate constant and time,
respectively. To investigate the zero order kinetic, the
experimental data are plotted as cumulative percentage
(CR%) of drug release versus time, in which ko is
calculated from the slope of the obtained line.
(ii) First order model, represented as equation (2)

log C;, = log C, + k,t/2.303 (2)
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Where, Co, Ci, ki and t are the initial amount of drug,
cumulative amount of drug remaining, first order rate
constant and time, respectively. Plotting the log
cumulative percentage of drug remaining (100-CR%)
versus time is used to study the first order Kkinetic, in
which ki/2.303 is slope of the yielded line.
(iii) Higuchi model, expressed as equation (3)
Q = Kyyt*/? 3

Where, Q: and t are as assigned above, and ky is the
Higuchi dissolution constant. By plotting cumulative
percentage (CR%) drug release versus square root of
time, the Higuchi dissolution constant (ky) was obtained
from slope of the obtained line.
(iv) Korsmeyer—Peppas model, stated as equation (4)

M./M, = Kypt™ 3)
Where M/M.. is the fraction of drug released at time t, and
ke and n are the release rate constant and release
exponent, respectively. Release exponent (n) indicates
the release mechanism of drug. The values of n <0.45 and
0.45 < n < 0.89 corresponds to a Fickian type diffusion
(diffusion kinetic) and nonFickian (diffusion kinetic and
polymer relaxation kinetic), respectively.[35, 36] To
study Korsmeyer—Peppas model, log cumulative
percentage (CR%) of drug release are plotted versus log
time. kke and n were obtained from 10™t and slope of
the obtained line, respectively.
(v) Hixson—Crowell model, expressed as equation (5)
()

Where, W, and W, are the initial amount of drug and the

VVO1/3 _ Vth/3 — kyct

remaining amount of drug at time t, respectively, and knc
is a constant, that combined the relation between surface
and volume. The model was studied by plotting cube root
of drug amount remaining in system [(1-CR)Y®] versus
time, in which ki is the slope of the obtained line.
(vi) Weibull model, described as equation (6)

M, = My(1—eCtD) ()
Where, Mo and M; are the total amount of drug being
released and the amount of drug released at time t. Factors
of a and b indicate a scale parameter, describing the time
dependence, and the shape of dissolution curve
progression. This model was studied by linear plotting
Ln[-Ln(1-CR)] versus Ln(t), in which CR is cumulative
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amount of release, and a is slope of the obtained line, and
b is calculated by b = gfintereer),

(vii) Gompertz model, described as equation (7)

Q/Q = e (7)

Where, Qo, Q: and t are as assigned above, « is scale
parameter, which indicates the undissolved portion at
time t = 1, and g is shape parameter, which indicates the
dissolution rate per unit of time.
Ln[Ln(CR%)] versus Ln(t) is used to study this type of

Linear plot of

kinetic model, in which CR% is cumulative percentage of
release, and o and g were calculated by et and
2.303xslope, respectively.

Linear fitting the experimental data with corresponding
kinetic models are shown in Figure 5. Also calculated
release constant and parameters are summarized in Table
1.

Fitting the experimental data with different models
revealed that doxorubicin release from CNFs at pH value
of 4.5, is fitted with Higuchi and Korsmeyer-Peppas as
well as Hixson-Corwell models, with the regression
coefficients (r?) 0.9982, 0.9966 and 0.9990, respectively.
Release at pH 7.4 is also well fitted with Higuchi,
Korsmeyer-Peppas and Hixson-Corwell models with r? =
0.9946, 0.9914 and 0.9983, respectively. Higuchi model
was applied for drug release systems, in which drug
delivery occurred via both dissolution and diffusion
process.[37] This phenomenon was frequently shown
when the initial drug concentration in the drug release
system is much higher than the solubility of the drug,
and/or the matrix is slightly swelled or dissolved.
Korsmeyer-Peppas model indicates the primary
mechanism of drug delivery is controlled by diffusion
process and also which type of diffusion is dominant [38].
By fitting the experimental data using Korsmeyer-Peppas
equation, n values for the release of doxorubicin from
CNFs are obtained to be 0.5566 at pH = 4.5 and 0.5586 at
pH = 7.4, revealing the nonFickian diffusion kinetic.
While, the Hixson—-Crowell model applies when the
dissolution of drug occurs in planes that are parallel to the
surface of the active agent, which caused to change in
surface area and diameter of the drug delivery

system.[34]
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Doxorubicin delivery from SiO,@CNFs is slower than
CNFs at both pH values of 4.5 and 7.4, as k values for the
delivery from SiO,@CNFs in all studied models (Table
1) are lower than values for drug release form CNFs
system at both pH values. However release at pH = 4.5 is
higher and faster than pH = 7.4. As shown in Figure 5 and
according to the data of Table 1, release from
SiO,@CNFs at pH = 4.5 follows Higuchi and Hixson—
Crowell models with regression coefficient (r?) of 0.9954

and 0.9978, respectively. The n value of 0.4755 obtained

form Korsmeyer-Peppas model indicates nonFickian
diffusion kinetic for release of doxorubicin from
SiO,@CNFs at pH = 4.5. Experimental data of release
from SiO,@CNFs at pH = 7.4 is well fitted with Hixson-
Corwell model with r? = 0.9996, indicating the change of
surface area of drug release system by dissolution and
diffusion of drug into the solution. The n value for the
Korsmeyer-Peppas model is calculated to be 0.3359,
indicating Fickian type diffusion of doxorubicin into the
solution from SiO,@CNFs drug delivery system.
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Fig. 5. Linear fitting the experimental data with various kinetic models.

Table 1. Calculated release constant and parameters.

CNFs SiO2@CNFs
Model Parameters pH=45 pH =74 pH=45 pH=74
Zero order ko 22.3098 14.3307 1.8351 0.4671
Q¢ = Qg + kot r2 0.9456 0.9410 0.8579 0.6487
First order k1 0.5410 0.2832 0.02685 0.002948
log C; = log Cy + k,t/2.303 r2 0.9780 0.9778 0.9744 0.7436
Higuchi Kn 41.9353 32.1737 11.1432 3.1409
Q, = Kt/ r2 0.9982 0.9946 0.9954 0.9229
Korsmeyer-Peppas ke 39.5867 29.5631 11.6600 5.3872
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M¢/Mq = kpt™ n 0.5566 0.5586 0.4755 0.3359
r2 0.9966 0.9914 0.9781 0.9730
Hixson-Corwell kre -0.1250 -0.0740 -0.0085 -0.00165
W2 = WP = kyet r2 0.9990 0.9983 0.9978 0.9996
Weibull a 0.8632 0.7835 0.5763 0.3513
M, = My(1 — eC2xtD) b 0.5689 0.3773 0.1240 0.05550
r2 0.9722 0.9692 0.9675 0.9753
Gompertz a 3.6344 3.3341 2.4274 1.6363
Q./Q, = elae®99) B 0.3472 0.3677 0.3642 0.3982
r2 0.9896 0.9843 0.9845 0.9329

3. Conclusion

In conclusion, cellulose nanofibers were extracted from
Yucca leaves and then coated by SiO, nanoparticles.
Characterization of the prepared SiO.@CNFs revealed
the immobilization of SiO, nanoparticles on the cellulose
Both CNFs and SiO,@CNFs
investigated to controlled delivery of doxorubicin. CNFs

nanofibers. were
itself release the doxorubicin rapidly within 5-7 h at both
studied pH values, while immobilization of SiO, NPs on
the surface of CNFs approved its drug delivery properties.
Delivery of doxorubicin form SiO,@CNFs demonstrated
excellent pH-sensitivity and can be considered as a good
carrier for doxorubicin controlled release. The cumulative
release percentage of doxorubicin was measured to be
73.5% at pH
doxorubicin was considerably decreased at pH = 7.4

= 45, and the content of released
(17.07% cumulative release percentage). According to
the regression coefficients (r?), the kinetic data was well-
fitted with the Higuchi, Korsmeyer-Peppas and Hixson-
Corwell models in the case of release form CNFs at both
pH values, while release from SiO.@CNFs follows
Higuchi and Hixson—-Crowell models at pH = 4.5 and
Hixson—Crowell model at pH = 7.4. In addition, the n
values obtained by fitting experimental data with
Korsmeyer-Peppas model revealed that the transport
mechanism of the doxorubicin from the CNFs at both pH
values and SiO,@CNFs at pH = 4.5 was nonFickian
diffusion type kinetic, while release from SiO,@CNFs at
pH = 7.4 occurred by Fickian type diffusion.
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