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Abstract

Intestinal cancers are the third most lethal cancers globally, beginning as polyps in the intestine and spreading with a severe meta-
static tendency. Chemotherapeutic drugs used in the treatment of intestinal tumors are usually formulated for parenteral administra-
tion due to poor solubility and bioavailability problems. Pharmaceutically, clinical failure due to a drug’s wide biodistribution and
non-selective toxicity is one of the major challenges of chemotherapy. In addition, parenteral drug administration in chronic
diseases that require long-term drug use, such as intestinal tumors, is challenging in terms of patient compliance and poses a burden
in terms of health economy. Especially in the field of chemotherapy research, oral chemotherapy is a subject that has been inten-
sively researched in recent years, and developments in this field will provide serious breakthroughs both scientifically and socially.
Development of orally applicable nanodrug formulations that can act against diseases seen in the distant region of the gastroin-
testinal tract (GIT), such as intestinal tumor, brings with it a series of difficulties depending on the drug and/or GIT physiology. The
aim of this study is to develop an oral nanoparticle drug delivery system loaded with docetaxel (DCX) as an anticancer drug, using
poly(lactic-co-glycolic acid) (PLGA) as nanoparticle material, and modified with chitosan (CS) to gain mucoadhesive properties. In
this context, an innovative nanoparticle formulation that can protect orally administered DCX from GIT conditions and deliver the
drug to the intestinal tumoral region by accumulating in mucus has been designed. For this purpose, DCX-PLGA nanoparticles
(NPs) and CS/DCX-PLGA NPs were prepared, and their in vitro characteristics were elucidated. Nanoparticles around 250-300 nm
were obtained. DCX-PLGA NPs had positive surface charge with CS coating. The formulations have the potential to deliver the
encapsulated drug to the bowel according to the in vitro release studies in three different simulated GIT fluids for approximately
72 h. Mucin interaction and penetration into the artificial mucus layer were also investigated in detail, and the mucoadhesive and

mucus-penetration characteristics of the formulations were examined. Furthermore, in vitro release kinetic studies of the NPs were
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elucidated. DCX-PLGA NPs were found to be compatible with the Weibull model, and CS/DCX-PLGA NPs were found to be
compatible with the Peppas—Sahlin model. Within the scope of in vitro cytotoxicity studies, the drug-loaded NPs showed signifi-
cantly higher cytotoxicity than a DCX solution on the HT-29 colon cell line, and CS/DCX-PLGA showed the highest cytotoxicity
(p <0.05). According to the permeability studies on the Caco-2 cell line, the CS/DCX-PLGA formulation increased permeability by
383% compared to free DCX (p < 0.05). In the light of all results, CS/DCX-PLGA NPs can offer a promising and innovative ap-
proach as an oral anticancer drug-loaded nanoformulation for intestinal tumors.

Introduction

Cancer is one of the most common chronic diseases in the
world, characterized by the uncontrolled proliferation and
spread of cells [1]. To date, effective and safe treatment ap-
proaches for cancer treatment have not been fully developed,
and researchers are still working on this issue. For many types
of cancer, selective, targeted, and definitive treatment methods
have not been developed yet. Colon carcinomas are the fourth
most frequently diagnosed cancer type and still the third most
leading cause of cancer-related death. They are among the most
serious types of cancer affecting humanity every year on a
global scale [2,3]. Colon carcinoma, which starts as polyps on
the inner surface of the colon, is a malignancy that envelops the
colon mucosa over time, progresses by invading the colon
tissues, and is characterized by severe metastasis tendency.
Symptoms such as bowel bleeds, constipation, and severe
abdominal pain are common in cases of colon cancer. In the ad-
vanced stage, the tendency to metastasize to vital organs such as
the liver is a serious complication and adversely affects the clin-
ical course of the patient and shortens the average life span
[4,5]. The two most significant factors influencing survival in
patients with colorectal cancer are tumor recurrence and
propensities for distant metastasis. As cancer is connected with
significant morbidity and mortality, investigations are still being
conducted to find new diagnostic and therapeutic approaches.
The absence of an efficient oral chemotherapy is one of the
biggest obstacles in cancer treatment worldwide [6].

Various formulation approaches have been used for many years
to provide higher drug concentration in colon and less systemic
side effects [7-9]. However, each brings its own advantages and
disadvantages, and an effective formulation for colon carci-
nomas has not been developed yet. From this point of view,
novel drug delivery systems and nanoparticular drug delivery
systems are considered and evaluated as trends and promising
approaches in the treatment of colon carcinomas as well as of

many other diseases [10-13].

Cancer chemotherapy is still mostly administered parenterally,
which is a negative factor in terms of patient comfort. Also,
non-specific wide biodistribution of the drug after parenteral
administration can cause adverse effects in healthy cells, serious

side effects, and decrease in clinical efficacy [14,15]. Because

of its simplicity, oral drug administration is the most popular
method, particularly for chronic patients who require long-term
treatment. Since it is painless and self-administered, there is no
need for a medical facility or health professional for each dose.
It is less stressful and more affordable for the patient [16].
Considering that cancer is a chronic disease and that the person
needs long-term treatment, oral formulations for cancer chemo-
therapy are still an issue of interest. However, the occurrence of
colon carcinomas in the most distant region of the gastroin-
testinal tract makes the development of oral formulations for
colon carcinomas more difficult than that of other formulations
[10]. Considering multiple factors such as the variable pH of the
gastrointestinal tract, enzymatic destructive environment, and
transit time through the gastrointestinal tract, the ability of an
orally administered formulation to reach colon carcinomas
stably and effectively necessitates a serious pharmaceutical
formulation study and a comprehensive evaluation. It is
possible to overcome the multiple GIT-related barriers through
oral administration of nanoparticulate drug delivery systems.
From this point of view, polymeric nanoparticles (NPs) are
promising in the development of an oral formulation for colon
carcinomas. While it protects the drug from various destructive
effects of GIT with its polymeric protective structure, with the
help of some modifications such as surface modifications, it
allows the nanoformulation to exhibit locally higher concentra-
tions in the colon [13,14,16-18]. Physiologically specific factors
in the tumor microenvironment, such as increased negatively
charged mucin, decreased pH value, and increased temperature,
may provide design clues for mucoadhesive polymeric nanopar-
ticles that have a potential to exhibit higher drug release or help

to alleviate colorectal tumor in colon region [11,19,20].

PLGA is a physiologically biocompatible and biodegradable
polymer approved by the FDA, which can be synthesized as a
copolymer of lactic and glycolic acids at various monomer
ratios [21]. With its chemical structure suitable for the prepara-
tion of nanoparticulate drug delivery systems and its polymeric
structure suitable for drug release profile designs, it is
frequently used in research especially in the development of
nanoparticulate drug formulations [17,22-24]. Chitosan (CS) is
a common biocompatible polymer used extensively in drug

delivery applications as a vehicle for drugs, proteins, and
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nucleic acids. Also, it is used as a coating polymer in nano-/
microscale systems [25]. Chitosan is a natural biopolymer that
is widely used in oral nanoparticulate formulations to provide
increased drug concentration in the colon and to achieve im-
proved therapy for the colon [26-28]. The degradation of
chitosan occurs through the lysis of glycosidic bonds by the
colonic microflora. It has been reported that nanoparticles pre-
pared with polymers such as chitosan, whose surface charge is
positive, remain longer in the mucus due to electrostatic interac-
tion with the negative charge of the aqueous mucin layer
[15,29-31].

Docetaxel (DCX) is obtained semi-synthetically from
10-deacetyl-baccatin isolated from the Taxus family (7. baccata
and T. brevifolia). It is a potent and long-known anticancer
agent that acts in the metaphase-anaphase process of cancer
cells, exerts a cytotoxic effect on microtubules that are vital for
mitotic cellular activity, and prevents the proliferation of cancer
cells [32-34]. Its potent activity against a wide spectrum of
cancers such as colon cancer, gastric cancer, breast cancer,
recurrent ovarian cancer, and non-small cell lung cancer has
been elucidated by in vitro and in vivo studies [35]. Its poor
water solubility appears to be the primary problem and requires
the addition of a co-solvent and/or a surfactant (ethanol/polysor-
bate 80) to the formulations [32,36]. However, results such as
acute hypersensitivity reactions and decreased clinical efficacy
have been reported due to auxiliary components such as
Cremophor EL and polysorbate 80 included in the formulations.
This situation requires routine premedication with antihista-
mines and/or glucocorticoids for patients to whom docetaxel
will be administered [37,38]. While physicochemical problems
such as insolubility can be overcome with innovative and
rational formulation approaches, positive results in clinical effi-
cacy and safety can be achieved by designs making use of the
opportunities offered by new drug delivery systems [32,39,40].

In this study, orally administered PLGA nanoparticles were de-
signed to be used against bowel tumors, and docetaxel was
loaded into the nanoparticles as a model anticancer agent. CS
coating was used to impart positive surface charge to nega-
tively charged PLGA nanoparticles and to increase their interac-
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tion in the intestinal lumen. To date, an orally applicable and
effective treatment approach to colon tumors has not been real-
ized. Therefore, the main purpose of this study is to present an
innovative approach to this problem. In this context, it is sug-
gested that CS-coated PLGA nanoparticles with positive sur-
face charge can provide stable and effective drug transport
through the upper segments of the GIT to the colon after oral
administration. The nanoparticles were designed to penetrate
the colon tissue by showing higher local concentration in the
tumoral region and to release the anticancer agent locally to a
large extent. The aim of this study is to develop a new and
unique orally administered approach for the treatment of colon
tumors, to provide higher drug concentration in the tumoral
region in the colon, to reduce systemic side effects compared to
parenteral administrations, and to alleviate colon cancer. In
vitro characterization, permeability studies, in vitro cell culture
studies, and comprehensive release kinetics studies of the
nanoparticular drug delivery system were carried out. It can be
a detailed source and inspiration for possible future research in
this area.

Results and Discussion
In vitro characterization of DCX-PLGA NPs
and CS/DCX-PLGA NPs

Mean particle size, polydispersity index (PDI), and zeta poten-
tial of blank and DCX-loaded NPs are presented in Table 1. The
mean particle size of the PLGA NPs was found to be in the
range of 247.5-309.6 nm and the PDI ranged from 0.241 to
0.362, which is in the acceptable range (PDI < 0.4) for nanopar-
ticular drug delivery systems [41]. The zeta potentials of blank
and drug-loaded PLGA NPs were found to be —22.4 and
—26.1 mV, respectively, while those of CS-coated PLGA NPs
were +29.6 and +24.4 mV, respectively.

As shown in Table 1, the CS coating on the NPs increased the
particle size. The main reason of the increase in particle size is
the electrostatic adsorption of CS macromolecules on the sur-
face of the NPs [42]. Besides coating, drug loading to NPs also
led to remarkable changes in particle size. Moreover, after CS
coating, the zeta potential of PLGA NPs changed from nega-

Table 1: Mean particle size, PDI, and zeta potential of blank and DCX-loaded formulations (n = 3, £SD).

Nanoparticle formulations

PLGA NPs blank 2475+ 15.2
DCX-loaded 266.3 +14.2
DCX-loaded CS/PLGANPs  287.8+12.7
blank 309.6 +18.4

Particle diameter + SD (nm)

PDI + SD ZP +SD (mV)
0.241 +0.036 —224+22
0.322 + 0.021 -26.1 +3.1
0.325 + 0.029 +29.6 £3.2
0.362 + 0.041 +24.4 22
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tive to positive. The negative zeta potential is attributed to the
presence of carboxyl groups of PLGA at the NP surface [43].
CS is a cationic heteropolysaccharide, which promotes cellular
uptake, mucoadhesiveness, and tissue penetration [42]. There-
fore, CS interacts easily with negatively charged groups at the
surface of the NPs and increases the tissue penetration.

Morphology of DCX-loaded nanoparticles

Morphological properties of NPs are among the most important
factors influencing the efficacy of drugs and determining the
fate of NP systems. It has been reported that the NP morpholo-
gy significantly affects circulation time and cellular uptake of
NPs [44]. Morphological characterization of both coated and
uncoated DCX-PLGA NPs was carried out by scanning elec-
tron microscopy (SEM). As it can be seen in Figure 1, both
formulations exhibit perfectly round spheres with smooth sur-
faces. No free DCX crystals were found in the SEM pictures of
any formulation, confirming that DCX was efficiently encapsu-
lated in the NPs. In addition, SEM micrographs were inter-
preted to be in accordance with the mean particle size data

measured with the dynamic light scattering.

Determination of drug loading capacity

The rate of drug encapsulation is one of the important character-
ization parameters that affect the efficiency of NPs in the treat-
ment of diseases. Therefore, a reliable and optimized encapsula-

tion is crucial for drug delivery systems. Determining the en-

DCX-PLGA NPs
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capsulation efficiency (EE) and drug loading (DL) is also the
basic method to measure the number of drug molecules
entrapped in the nanoparticles for experimental studies and dose

calculations [45].

EE and DL of DCX-loaded nanoparticle formulations are docu-
mented in Table 2. The EE values of DCX-PLGA and CS/
DCX-PLGA were 46.18% and 69.04%, respectively (p < 0.05).
CS as a coating material led to an increase in encapsulation effi-
ciency of the NPs. In the literature, there are several studies
claiming that CS enhances the entrapment efficiency of NP
systems [46-48]. While CS coats the surface of the NP, it also
allows for the adsorption of the drug molecules on the NP sur-
face [49]. Thus, NPs can entrap more drug molecules. Our
results proved the positive effect of CS on EE and DL by
showing consistency with results of previous studies.

In vitro release studies of DCX from

nanoparticles

In order to mimic the GIT with regard to both pH and retention
time, in vitro release studies for each formulation were carried
out in three different media with different pH conditions (simu-
lated gastric fluid (SGF): for 0-2 h in pH 1.2, simulated
intestinal fluid (SIF): for 2-5 h in pH 6.8, and simulated colonic
fluid (SCoF): for 5-72 h in pH 7.4). Thus, the release behavior
of NPs was evaluated by simulating the GIT as close to reality
as possible [10,26].

Figure 1: SEM images of the DCX loaded nanoparticle formulations.

Table 2: Encapsulation efficiency (EE), drug loading (DL) and production yield (PY) of DCX-loaded PLGA NPs (n = 3, mean + SD).

Nanoparticle formulations Encapsulation efficiency + SD

DCX-PLGA NPs
CS/DCX-PLGA NPs

46.2% + 3.1%
69.0% + 4.9%

Drug loading = SD Production yield % * SD (PY)

5.1% * 0.6%
7.6% + 0.8%

81.8% +2.4%
83.5% + 4.6%
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Figure 2 illustrates the release profile of both DCX-PLGA and
CS/DCX-PLGA. In the first two hours, CS-coated NPs exhib-
ited maximum DCX release and approximately 30% of the total
entrapped drug was released from the NPs. Considering the first
two hours, the main reason for the burst release profile is that
CS on the NP surface absorbed the DCX molecules. The first
interaction between the formulations and the low pH medium
caused a release of DCX molecules attached to the CS surface
of the NPs. Another reason why CS-coated PLGA NPs exhib-
ited fast dissolution in acidic medium might be because CS
degrades more easily in a low-pH environment [50]. After the
first four hours, uncoated PLGA NPs began to release more
DCX compared to the coated formulation. Until the end of the
experiment, the release profile of CS-coated PLGA NPs
remained slower than that of uncoated PLGA NPs. This situa-
tion was associated with the fact that the film layer formed on
the nanoparticle surface with the CS coating causes a slower
release after the burst effect. When both formulations reached
the SCoF, they still retained an amount of more than 50% of the
drug. The CS-coated PLGA formulation was able to preserve a
DCX amount of about 60% and a substantial amount of DCX
was released at the colonic pH values. It is known that surface
modification with CS provides a prolonged drug release profile
to NP [51,52].

In vitro evaluation of nanoparticle interaction

with mucus

Orally administered drug molecules have to cross several
barriers in the GIT in order to exhibit an effect. Among them
are mucosae, producing layers of complex aqueous mixtures

SGF SIF
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covering epithelial surfaces including that of the GIT. For oral
drugs, rapid elimination from the GIT by intestinal motility is
among the most important obstacles for successful treatment
[15]. The low permeability of nanoformulations through the
mucus layer prevents sufficient absorption of the drug and
causes clearance of molecules which do not reach adequate
retention time in the GIT [53]. Thus, increasing the retention
time of the NPs on the mucus layer enhances the therapeutic
effect. The surface charge of NPs can be altered to enhance the
interaction of NPs with the mucus layer. Luo et al. emphasized
that interaction with the mucin layer, which is negatively
charged owing to the sulfhydryl groups, could be enhanced by
using positively charged particles [15]. Manca et al. stated that
using CS as coating material significantly increased the
mucoadhesive activity of the formulations by positively

changing the surface charge of the NPs [54].

Cell culture models are not precise enough to evaluate the inter-
action between NPs and mucus layer. Since the interaction be-
tween NPs and mucus layer, which is the uppermost layer of the
intestinal tract, is an important parameter, the mucoadhesive
properties of formulations were evaluated. Artificial mucus
layer and turbidimetric evaluation were employed to examine
the nanoparticle interaction with mucus.

Turbidimetric evaluation of
mucin/nanoparticle interaction

Turbidimetric evaluation of mucin interaction was performed as
described in the Methods section. Figure 3 shows data regarding
the turbidimetric analyses. All nanoparticle formulations

SCoF
5-72

-8-DCX-PLGA NPs

CS/DCX-PLGA NPs

36 42 48 54 60 66 72

Time (h)

Figure 2: Cumulative in vitro release profile of DCX from formulations in simulated GIT fluids (n = 3, mean + SD).
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Figure 3: Turbidimetric evaluation of mucin/nanoparticle interaction at 650 nm (n = 3, mean * SD).

showed a tendency to interact with mucin. It is clearly seen that
the absorbance of the CS-coated formulations was found to sig-
nificantly increase compared to other formulations, which
proves strong interaction between cationic CS and negatively
charged mucin. This difference was statistically significant in
CS-coated formulations (p < 0.05).

Penetration of DCX-PLGA NPs and CS/DCX-
PLGA NPs through an artificial mucus layer

In order to evaluate the penetration capability of NPs, wells
containing artificial mucus layer were treated with DCX-loaded
NP formulations. Subsequently, NPs that had penetrated the
mucus layer and moved into gelatin were measured using
UV-vis spectrophotometry. The amount of penetrated DCX is
summarized in Figure 4. The CS/DCX-PLGA formulation

90 *

80
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60

50

40

30

DCX Penetrated %

DCX-PLGA NPs

yielded the highest percentage of DCX penetration. Uncoated
PLGA NPs penetrated the artificial mucus layer by 45%. Our
results stated that surface charge has a significant effect on
penetration through the mucus layer. Since the zeta potential of
PLGA NPs changed from negative to positive due to CS
coating, strong interaction occurred between NPs and mucus
layer. In contrast, negatively charged unmodified PLGA NPs
showed less interaction with the mucus layer since both mucus
layer and PLGA surface have similar charge, resulting in repul-
sive forces between NPs and mucus layer [55].

Release kinetics studies

There are several factors influencing the fate of therapeutical
formulations. Release kinetics models are directly relevant for
the efficacy and safety of the drugs [56]. Data obtained from in

CS/DCX-PLGA NPs

Figure 4: (A) Amount (%) of DCX penetrated through an artificial mucus layer. (B) Representative image of the experiment (n = 3, + SD) (*; p < 0.05).
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vitro release studies were quantitatively analyzed to determine
kinetic models. The DDSolver software was used to determine
four criteria (RZ, Rzadjusteds Akaike information criterion (AIC),
and model selection criterion (MSC)), which help to investigate
the mathematical models (zeroth order, first order, Higuchi,
Korsmeyer—Peppas, Peppas—Sahlin, Hopfenberg, Baker—Lons-
dale, or Weibull model). Many studies in this area only eval-
uate the in vitro release profile, but examining possible models
in release kinetics, especially in oral drug delivery systems, is
valuable for a clearer interpretation of release behavior. These
quantitative evaluations help to accelerate the drug develop-
ment processes by estimating the in vivo performance of formu-
lations. The results of the release kinetics modelling studies are
presented in Table 3 and Figure 5. In Figure 5, DCX release
curves and the curves of the kinetics models are shown. There
are overlaps between the release of DCX from DCX-PLGA
NPs with the Weibull model and of the release of DCX from
CS/DCX-PLGA NPs and the Peppas—Sahlin model. Further-
more, as seen in Table 4, the release profiles of DCX from the
two different nanoparticle formulations were compared in terms
of similarity (f2) and difference (f1) factors. The results reveal

that the release profiles of nanoparticles, which we obtained

Beilstein J. Nanotechnol. 2022, 13, 1393-1407.

using the same nanoparticle material, showed similar profiles
[57,58].

According to the release kinetics parameters, as seen in Table 3,
the highest R2, RZadjusted, and MSC values, as well as the lowest
AIC values were observed for the Weibull model for DCX-
PLGA NPs, and for the Peppas—Sahlin model for CS/DCX-
PLGA NPs. In the Weibull model, the exponent § (i.e., the
shape parameter) is a parameter used to elucidate the release
from a polymeric matrix. A value of f < (.75 indicates Fickian
diffusion, while 0.75 < f < 1 indicates a combination of Fickian
diffusion and controlled release [59]. The B value for the
Weibull model was calculated as 0.594 for the DCX-PLGA
NPs. According to the literature, when these data are examined
within the scope of the Weibull model, the DCX release
kinetics from DCX-PLGA nanoparticles were found to be com-
patible with Fickian diffusion [60]. This shows that in the
model-dependent baseline evaluation of in vitro release profiles,
the drug adsorbed on the nanoparticle surface or encapsulated in
the nanoparticle material is released from the polymeric struc-
ture on the basis of diffusion as the major mechanism. It has

been confirmed by mathematical modeling that the release is

Table 3: Release kinetic modeling and results of DCX-loaded PLGA nanoparticles.

Model and equation Formulation Evaluation criteria

Parameter R? R%gjusted AIC MSC nim*
zero-order DCX-PLGA NPs ko 1.606  0.0828 0.0828 110.2797 -0.2906 -
F=kqo-t CS/DCX-PLGANPs k, 1520 -0.0599 -0.0599  108.6661 -0.4964 —
first-order DCX-PLGA NPs ky 0.050 0.7673 0.7673 93.8232  1.0808 -
F =100 [1 - exp(-k1 - 1)] CS/DCX-PLGANPs ki  0.044  0.6408 0.6408 95.6818  0.5856 -
Higuchi DCX-PLGA NPs ky 12.627 0.8358 0.8358 89.6375  1.4296 -
F =ky - 05 CS/DCX-PLGANPs ky  11.933  0.8201 0.8201 87.3856  1.2769 -
Korsmeyer—Peppas DCX-PLGA NPs kxp 15.806  0.8341 0.8176 91.7569  1.2530 0.468
F=kgp - 1" CS/DCX-PLGANPs kgp 21.757 0.9870 0.9857 57.8898  3.7349 0.328
Peppas—Sahlin DCX-PLGA NPs ky 22.168 0.9768 0.9716 70.1584  3.0529 0.450
F=ky th+ky-t@m CS/DCX-PLGANPs k; 20.994 0.9937 0.9923 51.1922  4.2931 0.450
Hopfenberg DCX-PLGA NPs kg 0.008  0.6439 0.6083 100.9256  0.4889 4.500
F=100-[1 - (1 —kqg *H)"]  CS/DCX-PLGANPs kyg 0.008  0.5174 0.4692 101.2245 0.1237 4.500
Baker—Lonsdale DCX-PLGA NPs kgL 0.005  0.9626 0.9626 71.8895  2.9086 -
3/2-[1-(1-F100)@3]-  CS/DCX-PLGANPs kg 0.004  0.9544 0.9544 70.9086  2.6500 -
F/100 = kg -t
Weibull DCX-PLGA NPs B 0594  0.9883 0.9857 61.9097  3.7403 -
F =100 {1 - Exp[-((t - CS/DCX-PLGANPs B 0.430  0.9841 0.9806 62.2602  3.3707 -

Ti)B)/o}
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Figure 5: Release kinetics curves obtained with the DDSolver software for NPs (The blue stars indicate the best fit models).

Table 4: Calculation of the differences and similarities of the release
profiles of the nanoparticles formulations with the difference (f1) and
similarity (f2) factors.

Formulation CS/DCX-PLGA NPs

difference factor (f1) similarity factor (f2)

DCX-PLGA NPs 13.02 60.87

based on diffusion [10,61]. In contrast, the Peppas—Sahlin

model describes the drug release from CS/DCX-PLGA NPs.

The Peppas—Sahlin model is based on the combination of diffu-
sion and erosion of the nanoparticle matrix. In order to further
elucidate the kinetics model, a few more parameters were exam-
ined [62]. The diffusional exponent values (n or m) regarding
the release kinetics from the nanoparticles were computed. The
diffusional exponent indicating the drug release mechanism is

[Tt}

represented by “n” in the Korsmeyer—Peppas model while “m”
represents the same parameter in the Peppas—Sahlin model [63].
In order to examine the Peppas—Sahlin model more deeply, the
diffusional exponent value m was computed as 0.450 for the

CS/DCX-PLGA NPs. A value of m < 0.45 indicates Fickian

diffusion. A value of 0.45 < m < 0.85 shows that the drug
release occurs through non-Fickian diffusion. A quotient of
m/n = 0.85 is consistent with a case-II transport and m/n > 0.85
indicates super-case-II transport [63-66]. Here, the diffusional
exponent parameters of the Peppas—Sahlin model are consistent
with Fickian diffusion. Thus, it was determined that basically
diffusion-based drug release occurred in both formulations.
However, results indicated that the release from DCX-PLGA
and CS/DCX-PLGA formulations is described by different
models although both formulations have similar dissolution
profiles. The main difference between the two formulations is
the CS coating. The release profiles were different at the begin-
ning, and a faster release was observed from CS-coated nano-
particles. However, in the following process, the film layer of
CS on the nanoparticle surface led to a slower release. All

results together indicate a release based on Fickian diffusion.

In vitro cell culture studies

Antiproliferative effect of DCX loaded PLGA
nanoparticles against HT-29 cell line

The antiproliferative activity of DCX-loaded and blank NPs
was investigated on the HT-29 human colon cancer cell line.

DCX-loaded and blank NPs were compared to equivalent con-
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centrations of DCX solution for 48 h incubation time and data
are shown in Figure 6. For the analysis of the antiproliferative
activity of the NP formulations, an incubation time of 48 h was
chosen considering the doubling time and the in vitro release
profiles of the NPs [10].

PLGA NP formulations loaded with DCX have been found to
show considerable toxicity on HT-29 colon cancer cells. As
illustrated in Figure 6, the HT-29 cell line treated with DCX-
PLGA NPs and CS/DCX-PLGA NP formulations show 71.1%
and 44.6% cell viability, respectively, whereas the cell viability
of the control with DCX solution was more than 85%. DCX-
loaded NP formulations showed significantly higher anticancer
activity compared to DCX solution and blank NP formulations
after the same incubation time and at the same concentration
(p <0.05). Additionally, CS/PLGA NPs exhibited a higher anti-
cancer activity than DCX-PLGA formulations (p < 0.05). It is
suggested that this is related to the positively charged surface of
the CS-coated PLGA NPs and a strong cellular interaction re-
sulting in increased cellular uptake.

In the literature, there are various studies showing consistency
with our results. Varan et al. reported that cationic nanoparti-
cles have a higher tendency to interact with the negatively
charged cell membrane [67]. Accordingly, Verma et al. stated
that the surface properties and charges of nanoparticles play an
essential role in the interaction between nanoparticles and cell
membrane and the subsequent intracellular fate of the nanopar-
ticles [68]. Similarly, Chen et al. revealed that PLGA NPs
coated with CS had higher anticancer activity then unmodified
formulations [69].

DCX solution
)

DCX loaded fnrmulatians
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When DCX-loaded PLGA NPs were compared to DCX solu-
tion, the NP formulations exhibited considerably higher antipro-
liferative activity. This was due to the increased uptake of the
nanoscale particles by the cells. In general, similar results and
high anticancer activity are seen in nanoscale drug delivery
systems. The higher cytotoxicity is related to an increase in the
amount of drug that the nanoparticles can carry into the cell. CS
modification increased the anticancer activity of the NP formu-
lation by a factor of about 1.5.

In vitro intestinal permeability of NPs across Caco-2
cell line

Intestinal permeability studies of DCX-loaded NPs and free
DCX were carried out using the Caco-2 cell line. Drug mole-
cules have to overcome several barriers throughout the GIT, in-
cluding the mucus layer, intestinal epithelial cells, and the
endothelium of the capillaries. Among them, the monolayer of
epithelial cells plays an essential role in the absorption of drugs.
Therefore, the Caco-2 cell line derived from a human colorectal
carcinoma was employed to simulate the epithelial cell layer. A
monolayer of cells should have a transepithelial electrical resis-
tance of around 500 Q-cm? to show similarity with intestinal
lumen [70-72].

In Table 5, the apparent permeability coefficient (Pypp) values
of free DCX and DCX-loaded NP formulations are presented.
The apparent permeability coefficient (Pypp) value for free DCX
was 0.91 % 0.049 x 107 cm/s. The Pypp values of DCX-PLGA
NPs and CS/DCX-PLGA NPs were 1.22 £ 0.136 x 107 cm/s
and 3.49 + 0.421 x 107 cm/s, respectively. Both nanoparticu-
late DCX formulations exhibited a significantly enhanced

Blank nanopart\'cle formulations

90 #

DCX-PLGA NPs CSIDO( PLGA NPs DCX Solution
71.10 85.15

Cell Viability (%) HT-29

-
o

PLGA NPs CS/PLGA NPs Control
92.50 98.80 100.00

Figure 6: Anticancer activity of DCX-loaded and blank PLGA nanoparticles and free DCX on HT-29 cell line after 48 h treatment (n = 6, mean + SD)

(#p < 0.05 and * p < 0.05 compared with DCX solution).
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Table 5: Apparent permeability coefficient (Paap) of DCX on Caco-2 cell monolayer (n = 3, +SD).

Formulation Papp (x 10~ cm/s) = SD Increase in permeability (%)
free DCX 0.91 £0.05 -

DCX-PLGA NPs 1.22+0.14 134.1

CS/DCX-PLGA NPs 3.49 £ 0.42 383.5

permeation across the cell line compared to free DCX
(p < 0.05). Moreover, DCX-PLGA NPs increased P,y by
134.1% while CS/DCX-PLGA NPs increased Py, by 383.5%.
The Pypp of CS/DCX-PLGA NPs was significantly higher than
that of DCX-PLGA NPs (p < 0.05). The reason why the
CS-coated formulation has the highest Py, is that CS modifica-
tion leads to a positively charged surface of the NPs with in-
creased retention time and cellular uptake. In order to assess the
effect of surface charge on penetration, Unal et al. examined the
transportation of the positively and negatively charged NPs
loaded with DCX through the Caco-2 cell layer. Cationic NPs
showed an approximately 50% increase in penetration in com-
parison with anionic NPs [73]. In another study, Sheng et al. in-
vestigated the permeation of CS-coated PLGA NPs. As a result,
CS-coated PLGA NPs improved the oral absorption and
remarkably increased the cellular uptake compared to unmodi-
fied PLGA NPs [74].

Conclusion

Currently, many anticancer agents used in chemotherapy are
administered parenterally. Significant advances in the field of
oral chemotherapy might lead to a new era in chemotherapy.
Long-term chemotherapy in chronic and high-mortality cancers,
such as bowel cancers, bring with them a series of problems in
terms of patient compliance and burden on the health system.
Also, bowel cancers occur in the farthest part of the GIT,
presenting a greater challenge for oral formulations than many
other types of cancer. Because of the transit time, variable pH,
and enzymatic activity of the GIT, as well as the presence of
mucin in the bowel region resulting in the clearance of the drug,
rational formulation designs need to be developed. In this study,
it was aimed to deliver DCX to the bowel effectively and stably
through oral administration of CS-coated PLGA NPs. The CS/
DCX-PLGA oral formulation, whose extensive in vitro charac-
terization studies have been completed, showed high mucin
interaction, high mucus penetration, high anticancer activity in a
colon cancer cell line, and high intestinal permeability. Upon
completion of extensive mathematical release kinetic analyses,
the proposed formulation can be recommended as an oral
formulation for bowel cancer. It is considered that the results of

this study will shed light on future studies.

Experimental

Materials

Poly(lactide-co-glycolide) (PLGA) 50:50 (RG 502H)
(M, = 7-17 kDa; lactide/glycolide = 50:50) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Chitosan (Protasan
UP G-113; My, < 200 kDa) was purchased from Novamatrix,
Norway. Docetaxel was kindly donated by ILKO, Turkey. Ethyl
acetate, dialysis cellulose tubing membrane (average flat width
25 mm, MWCO 14,000 Da), gelatin type B from bovine skin,
mucine from porcine stomach (type 1), diethylenetriaminepen-
taacetic acid (DTPA; min 99%, titration), and egg yolk emul-
sion were purchased from Sigma-Aldrich, USA. All other
chemicals used were of analytical grade and obtained from
Sigma-Aldrich.

Methods

Preparation of DCX-PLGA and CS/DCX-PLGA NPs
DCX-PLGA NPs and CS/DCX-PLGA NPs were prepared by
the previously reported single-emulsion preparation method,
with some modifications [75,76]. In accordance with the prin-
ciple of the method, the organic and aqueous phase were pre-
pared separately. First, the organic phase was prepared by
dissolving 2% (w/v) PLGA and 20 mg docetaxel in 10 mL ethyl
acetate. 25 mL of aqueous phase was prepared by dissolving the
non-ionic surfactant PVA at a concentration of 2% and CS at a
concentration of 0.2% [77]. The organic phase was added to the
aqueous phase on a magnetic stirrer at 550 rpm. The resulting
o/w emulsion was sonicated on an ice bath with an ultrasonic
probe at 25% power for 1 min (four times at 10 s intervals), and
PLGA nanoparticles were obtained. The nanoparticles were
stirred continuously for 24 h with a magnetic stirrer and the
organic phase was evaporated. Then the PLGA nanoparticles
were precipitated by centrifugation at 10000 rpm for 45 min and
washed four times with distilled water. DCX-PLGA NPs pellets
were suspended in 2 mL of solution containing 5% (w/w)
mannitol, frozen at —80 °C, lyophilized (Labconco, USA) and
stored at +4 °C until the experimental procedures. Similarly,
CS/DCX-PLGA NPs were lyophilized by adding mannitol (5%
w/v) as a cryoprotectant for further characterization. All proce-
dures were followed similarly, except for the addition of DCX

to the organic phase for the blank PLGA nanoparticles.

1402



In vitro characterization of the nanopatrticles
Mean particle size and surface charge

Mean particle size (nm), PDI, and zeta potential (mV) of the
NPs were investigated by dynamic light scattering (DLS;
Malvern Zetasizer Nano ZS series, UK) with a disposable capil-
lary cell. Particle size measurements were made at an angle of
173°, while zeta potential measurements were made at an angle
of 12.8°. All formulations were measured at 25°C in triplicate.
The particle size distribution was expressed as mean diameter
(nm) * standard deviation (SD) and PDI. The zeta potential
(mV) was stated as the average of three subsequent measure-
ments = SD.

Particle shape and surface morphology

The shape and surface morphology of DCX-PLGA NPs
and CS/DCX-PLGA NPs were investigated by SEM (Zeiss
evo LS-10, Germany). For this purpose, NPs were covered
with a 100 A thick coating of gold and palladium and
inserted on metal stubs before being dried for a 24 h SEM anal-

ysis.

Determination of encapsulation efficiency, drug
loading and production yield

The previously reported UV—-vis spectrophotometric quantifica-
tion method was used to determine the DCX encapsulation
efficiency of the prepared nanoparticles [78]. Encapsulated
DCX was extracted from freeze-dried NPs formulations.
Briefly, drug and polymer were dissolved by adding 1 mL of
methanol to the lyophilized nanoparticles. This mixture was
vortexed for 1 min, and then bath sonication was applied
for 1 min. This mixture was then centrifuged at 6000 rpm
for 15 min. The drug-containing supernatant was separated
and stored. To prevent methodological drug loss, 1 mL
of ethanol was added to the precipitate and the same procedure
was repeated. Then, the first and second supernatants
were mixed. The supernatant was analyzed and the amount
of DCX was measured by UV spectrophotometry (Shimadzu
UV-1800 UV-vis spectrophotometer, Shimadzu corporation,
Japan) at 230 nm (Ap,x). Validation of the spectrophotometric
method was carried out. Linearity, accuracy, precision,
reproducibility, limit of detection (LOD), and limit of
determination (LOQ) were determined for validation of the
spectrophotometric method used for DCX quantification.
Absorbance values for the amount of DCX were converted
to concentration according to the standard calibration curve
(r2 = 0.994). LOD and LOQ values were calculated as
0.0173 mg/mL and 0.0634 mg/mL, respectively. All experi-
ments were repeated three times, and mean values were used.
Encapsulation efficiency (EE), drug loading (DL), and produc-
tion yield (PY) of nanoparticles were calculated using the

following equations:
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encapsulation efficiency (EE) % =

entrapped DCX amount in NPs %100 (D
theoretical DCX added to organic phase
drug loading (DL)% =
entrapped DCX amount in NPs %100 2
total weight of NPs

production yield (PY)% =

total weight of NPs <100 3
total amount of PLGA and DCX

In vitro release study

The in vitro release profile of DCX from DCX-PLGA NPs and
CS/DCX-PLGA NPs was examined in a release medium with
progressively changing pH, reflecting the GIT environment.
The real transit periods were examined with the dialysis mem-
brane technique at 37 °C in a shaking water bath (100 rpm)
under sink circumstances [10]. Release experiments were con-
ducted by placing 3 mL DCX-loaded NP formulation (weight
equivalent to 5 mg DTX) in the dialysis membrane with a mo-
lecular weight cut off of 8—14 kDa (Sigma-Aldrich, USA). The
dialysis membrane was immersed in the following release
media representing the GIT pH values and transit times that the
formulation would encounter after oral administration at 37 °C:
simulated gastric fluid (SGF) pH 1.2 for a period of 0-2 h, fol-
lowed by simulated intestinal fluid (SIF) for pH 6.8 for a period
of 2-5 h, and finally simulated colonic fluid (SCoF) pH 7.4 for
a period of 5-72 h. The dialysis membrane bag was transferred
to the following release medium at the end of each appropriate
time point. 1 mL of sample was taken from the dialysis bag at
predetermined time points (0.5, 1, 2, 3, 4, 5, 7, 10, 24, 48, and
72 h) and replaced by an equal volume of fresh release medium,
pre-heated to 37 °C, to conserve sink conditions. The cumula-
tive percentage of total DCX released for each time point was
quantified by using UV-vis spectrophotometry as described
above.

In vitro evaluation of nanoparticle interaction
with mucus

Turbidimetric evaluation of mucin/particle interaction
In order to evaluate the mucoadhesive tendency of nanoparti-
cles, the interaction of mucin and DCX-loaded nanoparticle
formulations was evaluated spectrophotometrically by turbidity
measurements at 650 nm [10,14,79]. The basis of the experi-
ment is to compare the absorbance of the mucin solution at
650 nm as a reference and the absorbance of the mixture of
nanoparticle aqueous dispersion and the mucin. For this
purpose, 40 mg mucin powder was dispersed in 50 mL ultra-
pure water and stirred for 12 h. Then, by centrifugation at

8000 rpm for 15 min, excess mucin was removed and the mucin
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solution was obtained. Mucin solution and nanoparticle disper-
sions were mixed at a ratio of 1:4 (mucin solution/nanoparticle
dispersion, v/v) and vortexed for 90 s. Mucin—nanoparticle
mixtures and aqueous dispersions of nanoparticles were incu-
bated at 37 °C and turbidimetric measurements were conducted
at 650 nm at predetermined time points (0, 30, 60, and
120 min).

Penetration of DCX-PLGA NPs and CS/DCX-PLGA
NPs through artificial mucus layer

The penetration ability of DCX-PLGA NPs and CS/DCX-
PLGA NPs through an artificial mucus layer model (AMLM)
was conducted as previously reported [79]. This technique
involved the formation of an artificial mucus layer, which was
then applied over the gelatin layer. Initially, a 10 percent (w/v)
gelatin dispersion was made by heating 50 mL of ultrapure
water on a magnetic stirrer to 60 °C, and then 1 mL of the
dispersion was added to each well of the 24-well cell plates.
The gelatin layer in the experimental model was cooled to room
temperature. 250 mg of mucin, 0.295 mg of diethylenetriamine
pentaacetic acid (DTPA), 250 mg of sodium chloride, 110 mg
of potassium chloride, 250 pL of sterile egg yolk emulsion, and
1 mL of RPMI were dissolved in 50 mL of ultrapure water
while being magnetically stirred at room temperature to prepare
artificial mucus. In the 24-well plates, 1 mL of artificial mucus
dispersion was applied to each well on the gelatin layer. The
placement of the artificial mucus solution to the gelatin layer
completes the construction of the artificial mucus layer model
with which the experiments were conducted.

In order to evaluate the penetration of formulations, 500 uL of
NP dispersion was added onto this artificial mucus model and
left for incubation for 24 h at room temperature. The artificial
mucus containing NPs was removed from each well after 24 h.
To completely clean the mucus, the gelatin layer was washed
with ultrapure water (2 mL X six replicates). The solid gelatin
was then heated to 60 °C in order to liquefy again. The super-
natant was then collected after centrifuging the sample for
25 min at 5500 rpm. The validated quantification method was
used to determine the amount of DCX in the supernatant. Thus,
the ability of NPs to penetrate first through the mucus layer and
then reach the gelatin layer was assessed by measurement of the
amount of DCX transported into the gelatin layer.

Release kinetics study

In vitro release profiles of DCX from DCX-PLGA NPs and CS/
DCX-PLGA NPs formulations were assessed with the
DDSolver software. In this context, several mathematical
models were applied to analyze DCX release kinetics from NPs
(zeroth order, first order, Higuchi, Korsmeyer—Peppas,
Peppas—Sahlin, Hopfenberg, Weibull, and Baker—Lonsdale). In
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vitro release data were processed using the DDSolver program
to identify four criteria for the selection of the “best fit” models,
that is, coefficient of determination (R?), adjusted coefficient of
determination (Rzadjusted)7 Akaike information criterion (AIC),
and model selection criterion (MSC). The models to fit the in
vitro release data were identified using the highest R?, Rzadjusted
and MSC values, and the lowest AIC values [80,81]. Addition-
ally, using a model-independent method, the similarities and
differences between DCX release profiles from DCX-PLGA
NPs and CS/DCX-PLGA NPs were assessed in accordance with
the “similarity (f2)” and “difference (f1)” factors [80,82]. The
FDA’s “Center for Drug Evaluation and Research's Guidance
for Industry” was used to calculate difference factor (f1) and
similarity factor (f2) in order to compare the release profiles of
formulations (CDER) [83]. Equation 4 and Equation 5 were
used for the calculation of f1 and 2 factors [84]. Based on f1
values between 0 and 15 and {2 values between 50 and 100, it is
noted that the two release profiles seem to be similar [85].

- [tzn;|R—T|J [Zn:R] x100 )

t=1

f2=50-log 100 (5)

n

S [Re-1i]

t=1

1+
n

In vitro cytotoxicity studies

Using the colorimetric assay technique, the cytotoxicity of
DCX-PLGA NPs and CS/DCX-PLGA NPs was assessed. A cell
culture study approach was used in this case to compare the ac-
tivity of drug-loaded nanoparticles with an equivalent amount
(5 pg/mL) of DCX solution in DMSO for 48 h on the HT-29
human colon cancer cell line. HT-29 cells were seeded in
96-well plates (10* cells/100 pL per well) and incubated for
24 h to attach the cells in the wells. Samples were diluted with
medium (DMEM containing 10% BSA) equivalent to 5 pg/mL
DCX in 100 pL for either DCX solution or nanoparticle formu-
lations (blank and DCX-loaded). The cells were incubated with
formulations and drug solution for 48 h.

After incubation, water-soluble tetrazolium salt (WST-1)

(10 uL) was added to wells and incubated at 37 °C for 4 h.

Then, the optical density (OD) was measured via a cell plate
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reader at 450 nm (BiotEKM Synergy HT, USA). Cell viability

(%) was calculated according to the following equation:

cell viability (%) = (QRoftratedwells )9 (q)

Evaluation of in vitro transport of DCX across the
Caco-2 cell line

In vitro transport studies of DCX with DCX-PLGA NPs and
CS/DCX-PLGA NPs were conducted across the Caco-2 cell
line (human adenocarcinoma cells) (HTB-37™, ATCC, USA).
Caco-2 cells, ninth passage, were used for this analyses. Before
the experiment, cells were seeded onto the apical side of
12-well polycarbonate membrane filters at a density of
60,000 cells/insert (Thincerts ™, pore diameter 1 pm, area
1.13 cm?). The inserts were loaded with 500 uL of medium for
the apical side and 1000 pL of medium for the basolateral side
of the wells. Media were replaced every 48 h for 21-25 days
and cells were incubated in an incubator at 37 °C with 5% CO,
supply. Before performing the transmembrane permeability
studies, the Caco-2 cell monolayer’s integrity was confirmed by
measuring the transepithelial electrical resistance (TEER).
Transmembrane permeability analyses were begun when TEER
values reached around 500 Q-cm? on the 22th day
(524 + 31 Q-cm?) of the cell seeding [86]. The TEER value was
determined using an epithelial volt/ohm meter (EVOM?2) (WPI
Wolrd Precision Instruments, USA).

The apical and basolateral compartments were washed three
times with Hank's balanced salt solution (HBSS) (preheated to
37 °C). DCX solution, DCX-PLGA NPs, and CS/DCX-PLGA
NPs were diluted to an equivalent concentration of 40 ug/mL
DCX. Subsequently, DCX solution and DCX-loaded nanoparti-
cle formulations were placed to the apical side prepared in
0.5 mL HBSS, and 1 mL free HBSS was added to the basolat-
eral region.

The cell monolayer was incubated with the formulations at
37 °C for 4 h. At predetermined time intervals, 0.3 mL samples
were taken from the basolateral side and replaced with fresh
medium. For each sample, the DCX amount was analyzed by
validated UV-vis spectrophotometric quantification. All experi-
ments were conducted in triplicate. The following equation was

used to calculate the apparent permeability coefficients (P,

pp’
cm/s) for each experimental group:
Lo 7
™4 4-G @

where A is the monolayer’s surface area, Cy is the initial con-
centration on the apical side, and dQ/dt is the permeability rate.

Beilstein J. Nanotechnol. 2022, 13, 1393-1407.

Funding
This research was not financially supported by any organiza-

tion.

ORCID® iDs

Sedat Unal - https://orcid.org/0000-0002-1518-010X
Osman Dogan - https://orcid.org/0000-0003-2314-6793
Yesim Aktas - https://orcid.org/0000-0002-3427-6078

References

1. Bilensoy, E. Expert Opin. Drug Delivery 2010, 7, 795-809.
doi:10.1517/17425247.2010.485983

2. Rawla, P.; Sunkara, T.; Barsouk, A. Gastroenterol. Rev. 2019, 14,
89-103. doi:10.5114/pg.2018.81072

3. Haggar, F. A.; Boushey, R. P. Clin. Colon Rectal Surg. 2009, 22,
191-197. doi:10.1055/s-0029-1242458

4. Bazan, L.; Bendas, E. R.; El Gazayerly, O. N.; Badawy, S. S.
Drug Delivery 2016, 23, 3339—-3349.
doi:10.1080/10717544.2016.1178824

5. Beloqui, A.; Coco, R.; Memvanga, P. B.; Ucakar, B.; des Rieux, A.;
Préat, V. Int. J. Pharm. 2014, 473, 203-212.
doi:10.1016/).ijpharm.2014.07.009

6. You, X.; Kang, Y.; Hollett, G.; Chen, X.; Zhao, W.; Gu, Z.; Wu, J.
J. Mater. Chem. B 2016, 4, 7779-7792. doi:10.1039/c6tb01925k

7. Singh, G.; Kumar, D.; Singh, M.; Sharma, D.; Kaur, S.
J. Appl. Pharm. Sci. 2012, 2, 139-147.

8. Belali, N.; Wathoni, N.; Muchtaridi, M. J. Adv. Pharm. Technol. Res.
2019, 70, 100—-106. doi:10.4103/japtr.japtr_26_19

9. Chourasia, M.; Jain, S. J. Pharm. Pharm. Sci. 2003, 6, 33-66.

10.Unal, S.; Aktas, Y.; Benito, J. M.; Bilensoy, E. Int. J. Pharm. 2020, 584,

119468. doi:10.1016/j.ijpharm.2020.119468

.Unal, S.; Oztiirk, S. C.; Bilgig, E.; Yanik, H.; Korkusuz, P.; Aktas, Y.;

Benito, J. M.; Esendagli, G.; Bilensoy, E. Eur. J. Pharm. Biopharm.

2021, 169, 168—177. doi:10.1016/j.ejpb.2021.10.010

12. Cabeza, L.; Perazzoli, G.; Mesas, C.; Jiménez-Luna, C.; Prados, J.;
Rama, A. R.; Melguizo, C. AAPS PharmSciTech 2020, 21, 178.
doi:10.1208/s12249-020-01731-y

13.Ying, K.; Bai, B.; Gao, X.; Xu, Y.; Wang, H.; Xie, B.
Front. Bioeng. Biotechnol. 2021, 9, 670124.
doi:10.3389/fbioe.2021.670124

14.Unal, H.; d’Angelo, I.; Pagano, E.; Borrelli, F.; 1zzo, A.; Ungaro, F.;
Quaglia, F.; Bilensoy, E. J. Nanopart. Res. 2015, 17, 42.
doi:10.1007/s11051-014-2838-8

15.Luo, C.; Sun, J.; Du, Y.; He, Z. J. Controlled Release 2014, 176,
94-103. doi:10.1016/j.jconrel.2013.12.030

16. Plapied, L.; Duhem, N.; des Rieux, A.; Préat, V.
Curr. Opin. Colloid Interface Sci. 2011, 16, 228-237.
doi:10.1016/j.cocis.2010.12.005

17.Zhang, X.; Song, H.; Canup, B. S. B.; Xiao, B.
Expert Opin. Drug Delivery 2020, 17, 781-790.
doi:10.1080/17425247.2020.1748005

18.Date, A. A.; Hanes, J.; Ensign, L. M. J. Controlled Release 2016, 240,
504-526. doi:10.1016/j.jconrel.2016.06.016

19. Samprasit, W.; Opanasopit, P.; Chamsai, B. Pharm. Dev. Technol.
2021, 26, 362-372. doi:10.1080/10837450.2021.1873370

20.Amidon, S.; Brown, J. E.; Dave, V. S. AAPS PharmSciTech 2015, 16,
731-741. doi:10.1208/s12249-015-0350-9

1

=

1405


https://orcid.org/0000-0002-1518-010X
https://orcid.org/0000-0003-2314-6793
https://orcid.org/0000-0002-3427-6078
https://doi.org/10.1517%2F17425247.2010.485983
https://doi.org/10.5114%2Fpg.2018.81072
https://doi.org/10.1055%2Fs-0029-1242458
https://doi.org/10.1080%2F10717544.2016.1178824
https://doi.org/10.1016%2Fj.ijpharm.2014.07.009
https://doi.org/10.1039%2Fc6tb01925k
https://doi.org/10.4103%2Fjaptr.japtr_26_19
https://doi.org/10.1016%2Fj.ijpharm.2020.119468
https://doi.org/10.1016%2Fj.ejpb.2021.10.010
https://doi.org/10.1208%2Fs12249-020-01731-y
https://doi.org/10.3389%2Ffbioe.2021.670124
https://doi.org/10.1007%2Fs11051-014-2838-8
https://doi.org/10.1016%2Fj.jconrel.2013.12.030
https://doi.org/10.1016%2Fj.cocis.2010.12.005
https://doi.org/10.1080%2F17425247.2020.1748005
https://doi.org/10.1016%2Fj.jconrel.2016.06.016
https://doi.org/10.1080%2F10837450.2021.1873370
https://doi.org/10.1208%2Fs12249-015-0350-9

21.Danhier, F.; Ansorena, E.; Silva, J. M.; Coco, R.; Le Breton, A.;
Préat, V. J. Controlled Release 2012, 161, 505-522.
doi:10.1016/j.jconrel.2012.01.043

22.Dinarvand, R.; Sepehri, N.; Manoochehri, S.; Rouhani, H.; Atyabi, F.
Int. J. Nanomed. 2011, 6, 877—-895. doi:10.2147/ijn.s18905

23.Song, X.; Zhao, X.; Zhou, Y.; Li, S.; Ma, Q. Curr. Drug Metab. 2010, 11,
859-869. doi:10.2174/138920010794479682

24.Pardeshi, S. R.; Nikam, A.; Chandak, P.; Mandale, V.; Naik, J. B.;
Giram, P. S. Int. J. Polym. Mater. Polym. Biomater. 2023, 72, 49-78.
doi:10.1080/00914037.2021.1985495

25.Chen, M.-C.; Mi, F.-L.; Liao, Z.-X.; Hsiao, C.-W.; Sonaje, K;
Chung, M.-F.; Hsu, L.-W.; Sung, H.-W. Adv. Drug Delivery Rev. 2013,
65, 865-879. doi:10.1016/j.addr.2012.10.010

26.Tao, Y.; Zhao, X,; Liu, X.; Wang, P.; Huang, Y.; Bo, R.; Liu, M.; Li, J.
Colloids Surf., B 2022, 219, 112824.
doi:10.1016/j.colsurfb.2022.112824

27.Dubey, R.; Dubey, R.; Omrey, P.; Vyas, S. P.; Jain, S. K.
J. Drug Targeting 2010, 18, 589-601.
doi:10.3109/10611860903572933

28.Kosaraju, S. L. Crit. Rev. Food Sci. Nutr. 2005, 45, 251-258.
doi:10.1080/10408690490478091

29.Ensign, L. M.; Cone, R.; Hanes, J. Adv. Drug Delivery Rev. 2012, 64,
557-570. doi:10.1016/j.addr.2011.12.009

30.Cone, R. A. Adv. Drug Delivery Rev. 2009, 61, 75-85.
doi:10.1016/j.addr.2008.09.008

31.Tang, B. C.; Dawson, M,; Lai, S. K.; Wang, Y.-Y.; Suk, J. S.; Yang, M,;
Zeitlin, P.; Boyle, M. P.; Fu, J.; Hanes, J. Proc. Natl. Acad. Sci. U. S. A.
2009, 706, 19268—19273. doi:10.1073/pnas.0905998106

32.Zhao, P.; Astruc, D. ChemMedChem 2012, 7, 952-972.
doi:10.1002/cmdc.201200052

33.Herbst, R. S.; Khuri, F. R. Cancer Treat. Rev. 2003, 29, 407—415.
doi:10.1016/s0305-7372(03)00097-5

34. Takimoto, C. H.; Beeram, M. Microtubule stabilizing agents in clinical
oncology. In The Role of Microtubules in Cell Biology, Neurobiology,
and Oncology; Fojo, T., Ed.; Humana Press: Totowa, NJ, USA, 2008;
pp 395-419. doi:10.1007/978-1-59745-336-3_16

35.Fan, R.; Tong, A.; Li, X.; Gao, X.; Mei, L.; Zhou, L.; Zhang, X.; You, C.;
Guo, G. Int. J. Nanomed. 2015, 10, 7291-7305. doi:10.2147/ijn.s89066

36.Varan, C.; Bilensoy, E. J. Inclusion Phenom. Macrocyclic Chem. 2014,
80, 9—15. doi:10.1007/s10847-014-0422-6

37.Baker, J.; Ajani, J.; Scotté, F.; Winther, D.; Martin, M.; Aapro, M. S.;
von Minckwitz, G. Eur. J. Oncol. Nurs. 2009, 13, 49-59.
doi:10.1016/j.ejon.2008.10.003

38.Wang, L.; Liu, Z.; Liu, D.; Liu, C.; Juan, Z.; Zhang, N. Int. J. Pharm.
2011, 413, 194-201. doi:10.1016/j.ijpharm.2011.04.023

39. Mazzaferro, S.; Bouchemal, K.; Skaniji, R.; Gueutin, C.; Chacun, H.;
Ponchel, G. J. Controlled Release 2012, 162, 568-574.
doi:10.1016/j.jconrel.2012.08.005

40.Musumeci, T.; Ventura, C. A.; Giannone, |.; Ruozi, B.; Montenegro, L.;
Pignatello, R.; Puglisi, G. Int. J. Pharm. 2006, 325, 172-179.
doi:10.1016/j.ijpharm.2006.06.023

41.Ghose, D.; Patra, C. N.; Kumar, B. V. V. R.; Swain, S.; Jena, B. R.;
Choudhury, P.; Shree, D. Turk. J. Pharm. Sci. 2021, 18, 452—-464.
doi:10.4274/tjps.galenos.2020.08522

42.Frank, L. A.; Onzi, G. R.; Morawski, A. S.; Pohimann, A. R.;
Guterres, S. S.; Contri, R. V. React. Funct. Polym. 2020, 147, 104459.
doi:10.1016/j.reactfunctpolym.2019.104459

43. Cetin, M.; Atila, A.; Kadioglu, Y. AAPS PharmSciTech 2010, 11,
1250—-1256. doi:10.1208/s12249-010-9489-6

Beilstein J. Nanotechnol. 2022, 13, 1393-1407.

44, Ridolfo, R.; Tavakoli, S.; Junnuthula, V.; Williams, D. S.; Urtti, A.;
van Hest, J. C. M. Biomacromolecules 2021, 22, 126—133.
doi:10.1021/acs.biomac.0c00726

45. Amini, Y.; Amel Jamehdar, S.; Sadri, K.; Zare, S.; Musavi, D.;
Tafaghodi, M. Bio-Med. Mater. Eng. 2017, 28, 613-620.
doi:10.3233/bme-171705

46.Fong, S. S.; Foo, Y. Y.; Saw, W. S;; Leo, B. F.; Teo, Y. Y.; Chung, |.;
Goh, B. T.; Misran, M.; Imae, T.; Chang, C.-C.; Chung, L. Y.;

Kiew, L. V. Int. J. Nanomed. 2022, 17, 137—150.
doi:10.2147/ijn.s337093

47.Kang, B.-S.; Choi, J.-S.; Lee, S.-E.; Lee, J.-K.; Kim, T.-H.; Jang, W. S ;
Tunsirikongkon, A.; Kim, J.-K.; Park, J.-S. Carbohydr. Polym. 2017,
159, 39-47. doi:10.1016/j.carbpol.2016.12.009

48.Khan, N.; Ameeduzzafar; Khanna, K.; Bhatnagar, A.; Ahmad, F. J.;
Ali, A. Int. J. Biol. Macromol. 2018, 116, 648—663.
doi:10.1016/j.ijpbiomac.2018.04.122

49. Mikusova, V.; Mikus, P. Int. J. Mol. Sci. 2021, 22, 9652.
doi:10.3390/ijms22179652

50. Aldawsari, H. M.; Alhakamy, N. A.; Padder, R.; Husain, M.; Md, S.
Coatings 2020, 10, 439. doi:10.3390/coatings10050439

51.Jennings, J. A.; Wells, C. M.; McGraw, G. S;

Velasquez Pulgarin, D. A.; Whitaker, M. D.; Pruitt, R. L.;
Bumgardner, J. D. Ther. Delivery 2015, 6, 855-871.
doi:10.4155/tde.15.31

52.Yu, S.; Xu, X.; Feng, J.; Liu, M.; Hu, K. Int. J. Pharm. 2019, 560,
282-293. doi:10.1016/j.ijpharm.2019.02.012

53. GrieBinger, J.; Dinnhaupt, S.; Cattoz, B.; Griffiths, P.; Oh, S.;
Goémez, S. B. i.; Wilcox, M.; Pearson, J.; Gumbleton, M.;
Abdulkarim, M.; Pereira de Sousa, |.; Bernkop-Schnirch, A.

Eur. J. Pharm. Biopharm. 2015, 96, 464—476.
doi:10.1016/j.ejpb.2015.01.005

54.Manca, M.-L.; Mourtas, S.; Dracopoulos, V.; Fadda, A. M;
Antimisiaris, S. G. Colloids Surf., B 2008, 62, 220—231.
doi:10.1016/j.colsurfb.2007.10.005

55. Laffleur, F.; Hintzen, F.; Shahnaz, G.; Rahmat, D.; Leithner, K.;
Bernkop-Schnirch, A. Nanomedicine (London, U. K.) 2014, 9,
387-396. doi:10.2217/nnm.13.26

56.Zhou, Y.; He, C.; Chen, K.; Ni, J.; Cai, Y.; Guo, X.; Wu, X. Y.

J. Controlled Release 2016, 243, 11-20.
doi:10.1016/j.jconrel.2016.09.031

57.Weng, J.; Tong, H. H. Y.; Chow, S. F. Pharmaceutics 2020, 12, 732.
doi:10.3390/pharmaceutics 12080732

58. Sethi, M.; Sukumar, R.; Karve, S.; Werner, M. E.; Wang, E. C.;
Moore, D. T.; Kowalczyk, S. R.; Zhang, L.; Wang, A. Z. Nanoscale
2014, 6, 2321-2327. doi:10.1039/c3nr05961h

59. Papadopoulou, V.; Kosmidis, K.; Vlachou, M.; Macheras, P.

Int. J. Pharm. 2006, 309, 44-50. doi:10.1016/j.ijpharm.2005.10.044

60. Sorasitthiyanukarn, F. N.; Muangnoi, C.; Ratnatilaka Na Bhuket, P.;
Rojsitthisak, P.; Rojsitthisak, P. Mater. Sci. Eng., C 2018, 93, 178—190.
doi:10.1016/j.msec.2018.07.069

61.Unal, S.; Aktas, Y. Int. J. Polym. Mater. Polym. Biomater. 2023, in
press. doi:10.1080/00914037.2022.2082425

62.Sanchez, L. T.; Pinzon, M. 1.; Villa, C. C. Food Chem. 2022, 371,
131121. doi:10.1016/j.foodchem.2021.131121

63. Ainurofig, A.; Choiri, S. Trop. J. Pharm. Res. 2015, 14, 1129-1135.
doi:10.4314/tjpr.v14i7.2

64. Prajapati, S. K.; Richhaiya, R.; Singh, V. K_; Singh, A. K.; Kumar, S;
Chaudhary, R. K. J. Drug Delivery Ther. 2012, 2, 16-24.
doi:10.22270/jddt.v2i1.57

1406


https://doi.org/10.1016%2Fj.jconrel.2012.01.043
https://doi.org/10.2147%2Fijn.s18905
https://doi.org/10.2174%2F138920010794479682
https://doi.org/10.1080%2F00914037.2021.1985495
https://doi.org/10.1016%2Fj.addr.2012.10.010
https://doi.org/10.1016%2Fj.colsurfb.2022.112824
https://doi.org/10.3109%2F10611860903572933
https://doi.org/10.1080%2F10408690490478091
https://doi.org/10.1016%2Fj.addr.2011.12.009
https://doi.org/10.1016%2Fj.addr.2008.09.008
https://doi.org/10.1073%2Fpnas.0905998106
https://doi.org/10.1002%2Fcmdc.201200052
https://doi.org/10.1016%2Fs0305-7372%2803%2900097-5
https://doi.org/10.1007%2F978-1-59745-336-3_16
https://doi.org/10.2147%2Fijn.s89066
https://doi.org/10.1007%2Fs10847-014-0422-6
https://doi.org/10.1016%2Fj.ejon.2008.10.003
https://doi.org/10.1016%2Fj.ijpharm.2011.04.023
https://doi.org/10.1016%2Fj.jconrel.2012.08.005
https://doi.org/10.1016%2Fj.ijpharm.2006.06.023
https://doi.org/10.4274%2Ftjps.galenos.2020.08522
https://doi.org/10.1016%2Fj.reactfunctpolym.2019.104459
https://doi.org/10.1208%2Fs12249-010-9489-6
https://doi.org/10.1021%2Facs.biomac.0c00726
https://doi.org/10.3233%2Fbme-171705
https://doi.org/10.2147%2Fijn.s337093
https://doi.org/10.1016%2Fj.carbpol.2016.12.009
https://doi.org/10.1016%2Fj.ijbiomac.2018.04.122
https://doi.org/10.3390%2Fijms22179652
https://doi.org/10.3390%2Fcoatings10050439
https://doi.org/10.4155%2Ftde.15.31
https://doi.org/10.1016%2Fj.ijpharm.2019.02.012
https://doi.org/10.1016%2Fj.ejpb.2015.01.005
https://doi.org/10.1016%2Fj.colsurfb.2007.10.005
https://doi.org/10.2217%2Fnnm.13.26
https://doi.org/10.1016%2Fj.jconrel.2016.09.031
https://doi.org/10.3390%2Fpharmaceutics12080732
https://doi.org/10.1039%2Fc3nr05961h
https://doi.org/10.1016%2Fj.ijpharm.2005.10.044
https://doi.org/10.1016%2Fj.msec.2018.07.069
https://doi.org/10.1080%2F00914037.2022.2082425
https://doi.org/10.1016%2Fj.foodchem.2021.131121
https://doi.org/10.4314%2Ftjpr.v14i7.2
https://doi.org/10.22270%2Fjddt.v2i1.57

65.Cellet, T. S. P.; Pereira, G. M.; Muniz, E. C.; Silva, R.; Rubira, A. F.
J. Mater. Chem. B 2015, 3, 6837—6846. doi:10.1039/c5tb00856e

66.Basak, S.; Jayakumar Reddy, B.; Lucas Mani, K. Indian J. Pharm. Sci.
2006, 68, 594-598.

67.Varan, G.; Oncill, S.; Ercan, A.; Benito, J. M.; Ortiz Mellet, C.;
Bilensoy, E. J. Pharm. Sci. 2016, 105, 3172-3182.
doi:10.1016/j.xphs.2016.06.021

68. Verma, A.; Stellacci, F. Small 2010, 6, 12-21.
doi:10.1002/smll.200901158

69.Chen, H.; Xie, L. Q.; Qin, J.; Jia, Y.; Cai, X.; Nan, W.; Yang, W.; Lv, F.;
Zhang, Q. Q. Colloids Surf., B 2016, 138, 1-9.
doi:10.1016/j.colsurfb.2015.11.033

70. Artursson, P.; Karlsson, J. Biochem. Biophys. Res. Commun. 1991,
175, 880-885. doi:10.1016/0006-291x(91)91647-u

71. Srinivasan, B.; Kolli, A. R.; Esch, M. B.; Abaci, H. E.; Shuler, M. L.;
Hickman, J. J. J. Lab. Autom. 2015, 20, 107—126.
doi:10.1177/2211068214561025

72.Fix, S. M.; Koppolu, B. P.; Novell, A.; Hopkins, J.; Kierski, T. M.;
Zaharoff, D. A.; Dayton, P. A.; Papadopoulou, V. Ultrasound Med. Biol.
2019, 45, 1762—-1776. doi:10.1016/j.ultrasmedbio.2019.02.004

73. Unal, H.; Oztiirk, N.; Bilensoy, E. Beilstein J. Org. Chem. 2015, 11,
204-212. doi:10.3762/bjoc.11.22

74.Sheng, J.; Han, L.; Qin, J.; Ru, G.; Li, R.; Wu, L.; Cui, D.; Yang, P.;
He, Y.; Wang, J. ACS Appl. Mater. Interfaces 2015, 7, 15430—15441.
doi:10.1021/acsami.5b03555

75. Alshehri, S.; Imam, S. S.; Rizwanullah, M.; Fakhri, K. U.;
Rizvi, M. M. A.; Mahdi, W.; Kazi, M. Coatings 2020, 11, 6.
doi:10.3390/coatings11010006

76.Sokol, M. B.; Nikolskaya, E. D.; Yabbarov, N. G.; Zenin, V. A;
Faustova, M. R.; Belov, A. V.; Zhunina, O. A.; Mollaev, M. D.;
Zabolotsky, A. |.; Tereshchenko, O. G.; Severin, E. S.
J. Biomed. Mater. Res., Part B 2019, 107, 1150-1158.
doi:10.1002/jbm.b.34208

77.Ameeduzzafar; Khan, N.; Alruwaili, N. K.; Bukhari, S. N. A.;
Alsuwayt, B.; Afzal, M.; Akhter, S.; Yasir, M.; Eimowafy, M.;
Shalaby, K.; Ali, A. Iran. J. Pharm. Res. 2020, 19, 292-311.
doi:10.22037/ijpr.2019.15318.13016

78.Geldenhuys, W.; Mbimba, T.; Bui, T.; Harrison, K.; Sutariya, V.
J. Drug Targeting 2011, 19, 837—-845.
doi:10.3109/1061186x.2011.589435

79.Ungaro, F.; d'Angelo, |.; Coletta, C.; d'Emmanuele di Villa Bianca, R.;
Sorrentino, R.; Perfetto, B.; Tufano, M. A.; Miro, A.; La Rotonda, M. |.;
Quaglia, F. J. Controlled Release 2012, 157, 149-159.
doi:10.1016/j.jconrel.2011.08.010

80.Zhang, Y.; Huo, M.; Zhou, J.; Zou, A.; Li, W.; Yao, C.; Xie, S. AAPS J.
2010, 72, 263-271. doi:10.1208/s12248-010-9185-1

81.Gamal, A.; Saeed, H.; EI-Ela, F. I. A.; Salem, H. F. Pharmaceutics
2021, 13, 1560. doi:10.3390/pharmaceutics13101560

82.Murtaza, G.; Ahmad, M.; Khan, S. A.; Hussain, |. Dissolution Technol.
2012, 19, 13-19. doi:10.14227/dt190212p13

83. Guidance for Industry: Dissolution testing of immediate-release solid
oral dosage forms. Food and Drug Administration, Center for Drug
Evaluation and Research (CDER), 1997;
https://www.fda.gov/media/70936/download.

84. Aldeek, F.; McCutcheon, N.; Smith, C.; Miller, J. H.; Danielson, T. L.
Separations 2021, 8, 7. doi:10.3390/separations8010007

85. Puthli, S.; Vavia, P. R. AAPS PharmSciTech 2009, 10, 872.
doi:10.1208/s12249-009-9280-8

86.Liu, H.; Tu, L.; Zhou, Y.; Dang, Z.; Wang, L.; Du, J.; Feng, J.; Hu, K.
Sci. Rep. 2017, 7, 43372. doi:10.1038/srep43372

Beilstein J. Nanotechnol. 2022, 13, 1393-1407.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.13.115

1407


https://doi.org/10.1039%2Fc5tb00856e
https://doi.org/10.1016%2Fj.xphs.2016.06.021
https://doi.org/10.1002%2Fsmll.200901158
https://doi.org/10.1016%2Fj.colsurfb.2015.11.033
https://doi.org/10.1016%2F0006-291x%2891%2991647-u
https://doi.org/10.1177%2F2211068214561025
https://doi.org/10.1016%2Fj.ultrasmedbio.2019.02.004
https://doi.org/10.3762%2Fbjoc.11.22
https://doi.org/10.1021%2Facsami.5b03555
https://doi.org/10.3390%2Fcoatings11010006
https://doi.org/10.1002%2Fjbm.b.34208
https://doi.org/10.22037%2Fijpr.2019.15318.13016
https://doi.org/10.3109%2F1061186x.2011.589435
https://doi.org/10.1016%2Fj.jconrel.2011.08.010
https://doi.org/10.1208%2Fs12248-010-9185-1
https://doi.org/10.3390%2Fpharmaceutics13101560
https://doi.org/10.14227%2Fdt190212p13
https://www.fda.gov/media/70936/download
https://doi.org/10.3390%2Fseparations8010007
https://doi.org/10.1208%2Fs12249-009-9280-8
https://doi.org/10.1038%2Fsrep43372
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.13.115

	Abstract
	Introduction
	Results and Discussion
	In vitro characterization of DCX-PLGA NPs and CS/DCX-PLGA NPs
	Morphology of DCX-loaded nanoparticles
	Determination of drug loading capacity
	In vitro release studies of DCX from nanoparticles
	In vitro evaluation of nanoparticle interaction with mucus
	Turbidimetric evaluation of mucin/nanoparticle interaction
	Penetration of DCX-PLGA NPs and CS/DCX-PLGA NPs through an artificial mucus layer
	Release kinetics studies
	In vitro cell culture studies
	Antiproliferative effect of DCX loaded PLGA nanoparticles against HT-29 cell line
	In vitro intestinal permeability of NPs across Caco-2 cell line


	Conclusion
	Experimental
	Materials
	Methods
	Preparation of DCX-PLGA and CS/DCX-PLGA NPs

	In vitro characterization of the nanoparticles
	Mean particle size and surface charge
	Particle shape and surface morphology
	Determination of encapsulation efficiency, drug loading and production yield
	In vitro release study

	In vitro evaluation of nanoparticle interaction with mucus
	Turbidimetric evaluation of mucin/particle interaction
	Penetration of DCX-PLGA NPs and CS/DCX-PLGA NPs through artificial mucus layer
	Release kinetics study

	In vitro cytotoxicity studies
	Evaluation of in vitro transport of DCX across the Caco-2 cell line


	Funding
	ORCID iDs
	References

