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Abstract

Drugs that are designed for local treatment of gastric diseases require increased gastric residence time for prolonged action and in-
creased efficacy. In this study, we report a mucoadhesive drug delivery system that was developed to fulfill these requirements.
Alginate nanoparticles were synthesized by water-in-oil emulsification followed by external gelation and then coated with the
mucoadhesive polymer Eudragit RS100. The formulated nanoparticles had a mean size of 219 nm and positive charge. A peptide,
as a model drug, was loaded onto the nanoparticles with an encapsulation efficiency of 58%. The release of the model drug from the
delivery system was pH-independent and lasted for 7 days. The periodic acid—Schiff stain assay indicated 69% mucin interaction
for the nanoparticles, which were also capable of diffusion through artificial mucus. The nanoparticles were not toxic to gastric
epithelial cells and can be internalized by the cells within 4 h. The adsorption of nanoparticles onto mucus-secreting gastric cells
was found to be correlated with cell number. The delivery system developed in this study is intended to be loaded with active thera-
peutic agents and has the potential to be used as an alternative drug delivery strategy for the treatment of gastric related diseases.

Introduction

Drug delivery through the oral route is the most preferred route  delivery to treat local diseases such as gastric and colorectal
because of ease of application, high patient compliance, and  cancers or local bacterial infections. In this case, the drug will
non-invasiveness [1]. Drug formulations designed for the not be systemically absorbed into the circulation, but it will
oral route are aimed for two delivery approaches, namely, become effective at the local site [2]. For both situations, the
(i) systemic drug delivery, in which the drug must be absorbed effectiveness of the drug formulation depends on several factors

by the mucosa into the systemic circulation, and (ii) local such as gastric residence time, gastric emptying, release rate of
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the drug from the dosage form, and the therapeutic agent
reaching the site of action or absorption. Conventional drug
delivery systems may not be effective in overcoming these
obstacles, particularly regarding drugs that are designed for the
treatment of local gastric diseases [3]. The solution to this is the
development of gastroretentive drug delivery systems. These
are designed to increase the drug residence time in the upper
part of the gastrointestinal system, which leads to higher effec-
tiveness [4,5]. Over the years, different types of gastroretentive
drug delivery systems have been developed, including floating,
expandable, high-density, or mucoadhesive systems [6]. Among
these, mucoadhesive systems are quite effective in localizing
the drugs to the site of action because of increased drug reten-
tion at the mucosa [7]. These systems have the capacity to
strongly adhere to the mucus layer, provide slow release of its
contents, and even reduce the required dose because of higher
accumulation of the drug at the target site [8].

Nanoparticles synthesized from mucoadhesive polymers such
as chitosan, alginate, cellulose, polyacrylic acid, and poly-
methacrylic acid have been introduced as gastroretentive drug
delivery systems. The mucoadhesive properties of these poly-
mers are attributed to electrostatic bonding between polymer
and sialic acid of mucin, hydrogen bonding, disulfide bond for-
mation, or physical entanglement of polymers within the mesh-
like mucus structure [9,10]. Sodium alginate is a linear polysac-
charide composed of 1,4-linked B-p-mannuronic acid and o-L-
guluronic acid residues. Alginate can be used to form porous
matrix-type drug delivery systems because of their ability to
form gel-like structures in the presence of divalent cations such
as Ca*. Despite the advantages of alginate polymer such as its
biodegradability, biocompatibility, and gelation ability, its
instability, fast wettability, and rapid release at high pH result in
the leakage of encapsulated drugs. These drawbacks make algi-
nate challenging to be used in drug delivery applications
[11,12]. Therefore, it is generally used together with other poly-
mers, such as chitosan [13] or carboxymethyl cellulose [14], or
it is modified with PEG-maleimide [15] to acquire mucoadhe-
sion, effective encapsulation, pH-responsive release, and en-

hanced stability.

Eudragit RS 100 is a copolymer of ethyl acrylate, methyl meth-
acrylate, and a low proportion of methacrylic acid ester with
quaternary ammonium groups. It is known for its mucoadhe-
sive properties [16], which are independent of the site of the
mucoid surface [17]. Eudragit RS100 polymer has been used for
several applications aimed at different sites of the body such as
skin [18], intestinal [16], intranasal [19], or ocular [20] drug
delivery. This broad range of application sites is possible
because pH-independent swelling of the polymer enables drug
release by diffusion [21]. Eudragit RS30D is the 30% aqueous
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dispersion of Eudragit RS100, which is promptly used as
coating material [22] or within formulations of drug delivery
systems with sustained release characteristics [23]. Although
the mucoadhesion of this polymer is known, there are few
studies focusing on this property when they are used as nano-
particle formulations [17].

Over the years, several valuable alginate-based applications
have been reported as gastroretentive drug delivery systems, in
which alginate beads were either coated with aminated chitosan
[24], or alginate was blended with a plant-based polysaccharide
[12] or used together with carboxymethylcellulose [25] to
improve the mucoadhesion of the designs. To our knowledge,
there are not many studies that use the properties of alginate and
Eudragit RS100 polymer in a mucoadhesive gastroretentive
delivery system to be used in stomach delivery applications.
In one study, alginate and various mucoadhesive polymers, in-
cluding Eudragit RS100, were blended to deliver an anti-ulcera-
tive drug to the stomach for prolonged gastric retention.
Approximately 67% of an Eudragit microsphere formulation
was found to adhere to the mucosa. The size of the micro-
spheres, from which the drug was released over a period of
24 h, was in the range of 800-900 um [26]. Although particu-
late systems with larger sizes could be advantageous in terms of
higher encapsulation efficiency and slower release, they would
have a reduced surface area for adhesion. Also, mucus penetra-
tion would be hindered because of the mesh-like structure of
mucin. For therapeutics that have gastric mucosa as target, this
might limit the efficiency and decrease the drug absorption at
the site. A smaller particle size, however, is advantageous
because of the larger surface-area-to-volume ratio, which may
result in more contact points with the tissue and increased
mucoadhesion [27]. In addition, a nanoscale size leads to im-
proved penetration through the pores of the mucin network,
which have a size of approximately 500 nm [9,28], enhanced
retention within the mucus because of stronger interaction [29],
and better and uniform distribution throughout the gastric

mucosa [2].

The motivation behind the current study, therefore, was to
synthesize a nanoscale drug delivery system with mucoadhe-
sive properties in an attempt to achieve improved gastric action
of drugs with increased retention. We have developed an muco-
adhesive alginate-based drug delivery system to be used in the
stomach delivery of drugs. For the study, we used a carboxyflu-
orescein (FAM)-labeled peptide (M, = 2.8 kDa) as a model
drug to be encapsulated in alginate nanoparticles. The nega-
tively charged alginate nanoparticles were then coated with pos-
itively charged Eudragit RS100 with the intent of obtaining
mucoadhesive nanoparticles with sustained release properties.

The characterization of the delivery system was studied in terms
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of charge, size, encapsulation efficiency, and release rate. The
mucoadhesive characteristic of the system was tested in situ and
in vitro. In addition, the in vitro cytotoxicity and internalization
of the nanoparticles by mucus-secreting gastric cells were also
investigated. We believe that usage of the developed system
may increase the retention time of the drugs within the mucus
microenvironment of the stomach and, thus, may lead to
elevated local activity or absorption of the therapeutic agents

from the mucosa.

Results and Discussion

Morphology of nanoparticles

After the synthesis of alginate (Alg) and Eudragit-coated algi-
nate (EudAlg) nanoparticles, topography, surface composition,
size, and charge distribution of the delivery system were deter-
mined. The topography of the nanoparticles was studied with
SEM (Figure 1). Both Alg and EudAlg nanoparticles are spheri-
cal with smooth surfaces (Figure 1A,B). It should be noted that
during SEM evaluation the electrons send onto the specimen
scan the surface, and the signal collection involves collecting
secondary electrons. Hence, it is difficult to distinguish surface
modifications of the nanoparticles and to separate the core of
the nanoparticles from the shell. Therefore, the Eudragit coating

200 nm
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was characterized by STEM, where transmitted electrons are
used to create the image [30]. In STEM micrographs, alginate
nanoparticles appeared with sharp edges; however, the edges
of the EudAlg nanoparticles revealed secondary projections
(Figure 1C,D). Similar micrographs in which the edge of the
nanoparticles appeared as secondary coating or projections
when modified with polymers were observed in literature
[31,32]. Therefore, the secondary projections, shown in yellow
arrows in Figure 1D, around the nanoparticles are attributed to
the presence of Eudragit RS100 polymer around the Alg nano-
particles.

In addition to morphological characterization, the coating of
Alg nanoparticles with Eudragit RS100 polymer was studied by
using fluorescently tagged polymers during particle synthesis
(Supporting Information File 1). For the preparation of fluores-
cently tagged Alg (F-Alg) nanoparticles, fluorescein isothio-
cyanate (FITC)-tagged alginate polymer was purchased and
used (RuixiBiotech, China). Eudragit polymer was labeled with
rhodamine B isothiocyanate (Rh-Eud polymer) as mentioned in
Supporting Information File 1. The F-Alg nanoparticles were
then coated with Rh-Eud polymer resulting in Rh-Eud-F-Alg
NPs. To determine if the F-Alg nanoparticles were coated with

200 nm

-

Figure 1: Micrographs of nanoparticles. SEM micrographs of (A) Alg NPs and (B) EudAlg NPs. STEM micrographs of (C) Alg NPs and (D) EudAlg

NPs. Scale bars: 200 nm.
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Rh-Eud polymer, the fluorescence spectra of F-Alg NPs,
Rh-Eud-F-Alg NPs, and Rh-Eud suspension, which did not
contain F-Alg NPs, were obtained. The nanoparticles were ex-
cited at the excitation wavelength of F-Alg NPs (A¢x = 490 nm),
and the emission spectra of the samples were scanned between
515 and 595 nm. F-Alg nanoparticles revealed maximum emis-
sion at 530 nm, while the Rh-Eud suspension without F-Alg
NPs did not show emission. However, when Rh-Eud-F-Alg NPs
were excited at 490 nm, peaks were observed at both 530 and
575 nm (Supporting Information File 1, Figure S1). This ob-
served secondary peak in Rh-Eud-F-Alg NPs may indicate the
close proximity between Alg NPs and Eudragit polymer, that is,
upon excitation at 490 nm, Alg nanoparticles emit fluorescence
at 530 nm, and this emission can excite rhodamine B and cause
emission at 575 nm in Rh-Eud-F-Alg NPs.

Surface composition of nanoparticles

The surface composition of the nanoparticles was characterized
with ATR-FTIR (Figure 2). For Alg nanoparticles, distinctive
bands were observed at 1567 and 1405 cm™!, which were
assigned to asymmetric and symmetric stretching vibrations of
carboxylate groups [33]. Other peaks corresponded to C-C
stretching vibrations of pyranose rings (at 1021 cm™!) and C-O

Beilstein J. Nanotechnol. 2025, 16, 371-384.

stretching vibrations of uronic acid residues (at 921 cm™ ) [34].
For Eudragit RS30D polymer, the peak at 2947 cm™! repre-
sents C—H stretching, and the peak at 1150 cm™! corresponds to
ester groups. The peaks at 1728 and 1442 cm™' refer to ester
C=0 stretching vibrations [35] and —CHj3 bending of alkanes,
respectively [36]. When the spectrum of EudAlg nanoparticles
was analyzed, the characteristic peaks of Eudragit polymer
could be observed. In addition, a slight shift in alginate COO™
peak position was detected (from 1567 to 1608 cm™!). This was
attributed to weak interactions between alginate and Eudragit
polymer, which were also observed in other studies [37]. Taken
together, it can be concluded from the results of microscopy and
FTIR analysis that the Alg nanoparticles were coated with
Eudragit polymer.

Particle size and zeta potential distribution

The particle size distribution is an important parameter in drug
delivery applications because it determines the transport across
membranes. The Z-average diameters of Alg NPs and EudAlg
NPs were 206.14 + 32.31 and 219.22 + 41.61 nm, respectively
(Table 1). Eudragit RS100 polymer in suspension had a size of
192.74 + 11.13 nm, which was also observed in other studies
conducted with this polymer [20,38].
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Figure 2: ATR-FTIR spectrum of Alg NPs, Eudragit RS100 polymer, and EudAlg NPs.
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Table 1: Z-average, polydispersity index (PDI), and zeta potential of
the nanoparticles and Eudragit RS100 suspension.

Z-average (nm) PDI Zeta potential
(mV)
Alg NPs 206.14 £32.31 023 -25.85+7.7
EudAlg NPs 219.05+41.61 0.24 39.72+6.7
Eudragit RS100 192.74 £+ 11.13 0.14 44.42+8.9

suspension

There is a wide range of alginate particles sizes (100 to
1000 nm) reported in the literature [39,40], which change based
on the method used for nanoparticle preparation. The nanoscale
size is particularly important in mucoadhesive systems de-
signed for gastric delivery because of the mesh-like structure of
gastric mucus. Since the pore size in gastric mucus is around
500 nm [9], the smaller the nanoparticle, the better the mucus
diffusion [41]. Larger particles may be filtered out, which
reduces the absorption of therapeutic agents from the mucosa.
Specifically, for this study, obtaining nanoscale Alg nanoparti-
cles was critical since these particles were to be coated with a
second polymer, Eudragit RS100, which would lead to increase
in size and impair the mucus interaction. According to the parti-
cle size results, the coating did not significantly increase the
size of nanoparticles (p > 0.05). Even after coating, the final

EudAlg NPs were still in the nanometer range.

For efficient mucus interaction, the charge of the particles is
also very important. The zeta potential of Alg nanoparticles is
negative (—25.85 £ 7.7 mV), as expected, because of the pres-
ence of -COOH and —OH groups in the polymer. This may
hinder its interaction with negatively charged surfaces like
mucus because of charge repulsion [42]; in contrast, positively
charged nanoparticles have more potential to induce adherence
to the mucus layer [43]. Thus, for this study, Eudragit RS100
polymer was chosen as a coating polymer to obtain positively
charged nanoparticles. Upon coating the Alg nanoparticles, the
zeta potential shifted to positive values (39.72 + 6.7 mV), which
is another indicator of successful coating (Table 1). From these
results, it can be deduced that the synthesized cationic nanopar-
ticles, which are smaller than the pores of gastric mucus, may
have the advantage of adherence and diffusion to the gastric

mucus.

Encapsulation efficiency of EudAlg
nanoparticles

Encapsulation efficiency is an important parameter in deter-
mining the dose of therapeutic agents and, thus, the efficacy of
the treatment. In the present study, we aimed to determine the

encapsulation of a positively charged and large peptide mole-
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cule (M, = 2.8 kDa) into the delivery system. The reason for
choosing this peptide as a model drug was that there is ongoing
research for the use of peptide-based therapeutics for the treat-
ment of diseases; however, development of oral peptide therapy
is quite challenging because of the high acidity in the stomach
and the presence of the protein-digesting enzyme pepsin [44].
Despite the challenges, remarkable developments are unfolding.
Recently a peptide-based therapeutic delivery system that is
absorbed in the stomach was approved by the FDA as oral
formulation to be used in type-II diabetic patients [45]. This
inspired us to develop and test systems for the delivery of
peptide-based therapeutics. The peptide used in this study was
synthesized with the fluorescent label 5-carboxyfluorescein
(5-FAM) at the N-terminal and was purchased from Pepmic,
China. The fluorescent label on the peptide was introduced to
ease tracing the peptide within the nanoparticles by using fluo-
rescence measurements. The properties and the emission spec-
trum of the peptide are provided in Supporting Information
File 2. For the calculation of encapsulation efficiency, a calibra-
tion curve with the known concentrations of labeled peptide
and the corresponding fluorescence intensity (FI) values (Agx =
485 nm, Aepy = 530 nm) was used to calculate the amount of
peptide within the nanoparticles. Based on the parameters used
for the nanoparticle synthesis in this study, the encapsulation
efficiency of the FAM-labeled peptide model within EudAlg
NPs was (58.6 £ 3.9)%. To our knowledge, the range of encap-
sulation efficiency (EE) values determined in studies conducted
with alginate-based nanoparticles was 7-90% [46,47]. As ex-
amples, Fernando et al., produced nanoparticles by a water-in-
oil emulsification/external gelation process with EE values of
36% [48]. Sadeghi et al. prepared alginate microparticles with
EE values of 73% and 69% with two different model drugs
[49]. Alizadeh et al. synthesized alginate-based nanocarriers
with 68.4% encapsulation efficiency [50]. The encapsulation
efficiency value obtained in this study was found to be promis-
ing and comparable with other studies in the literature. Howev-
er, it might be considered relatively low, the reason of which
might be the high amount of model drug used as an input during
nanoparticle preparation (which determines the EE%). It should
be noted, however, that the potency of the drug itself is the
other parameter of crucial importance when considering the
efficiency of a drug delivery system. Therefore, further optimi-
zation studies may be required to improve the encapsulation
efficiency of the nanoparticles, if the therapeutic agent to be

used requires higher loading values to be effective.

Release from EudAlg nanoparticles

The purpose of the present study was to develop a system to
deliver the therapeutic agent and make it available locally at the
gastric mucus. One important parameter is the release pattern of

the drug from the formulation. Therefore, to study the release,
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the nanoparticles loaded with FAM-labeled peptide were
suspended in different dissolution media (pH 1.2 and pH 6.8)
and incubated for 7 days (Figure 3). At specified time intervals,
the nanoparticles were centrifuged and resuspended in dissolu-
tion medium, and the fluorescence of the resuspended nanopar-
ticles was measured. The purpose of the different dissolution
media was to investigate possible release differences under dif-
ferent pH conditions. It is known that gastric mucus is acidic
(around pH 2) at the luminal site and almost neutral (around 6)
at the epithelial surface [9]. Since the drug delivery system is
expected to adhere to the mucus layer and diffuse into it, it is
important to determine the release differences, if there are any,
at this pH gradient. According to the results of the study, the
presence of Eudragit polymer on alginate nanoparticles slows
down the release at both pH values. Alg nanoparticles release
their content much faster at neutral pH, when compared to the
acidic pH. This difference, as also observed by others, can be
explained by a smaller degree of ionization of alginate polymer
at acidic pH, resulting in the maintenance of its structure and
content [51]. From this result, it can be concluded that the pres-
ence of Eudragit polymer on the alginate nanoparticles as a
coating is beneficial, particularly at neutral pH because after the
nanoparticles reach the mucus and start diffusing, the coating
would protect and slow down the otherwise much faster release
of the drug to the site.

In situ mucoadhesion studies

The ability of nanoparticles to stick to mucus, known as
mucoadhesion, is important for retention at mucus-bearing sites
and, thus, prolonged drug release into the environment [52].
The mucus interaction of the EudAlg NPs was first studied by
DLS measurements, where the particle size and zeta potential
distributions were recorded upon interaction with mucin.
Table 2 shows the results of the DLS measurements. After
EudAlg nanoparticles came in contact with mucin, the Z-aver-
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age value of the nanoparticles increased significantly from
219.05 + 41.61 nm to 387.08 = 121.8 nm. The increase in size
after mucin interaction was observed in other studies as well
[52-54]. The size increase of the particles interacting with
mucin has been attributed to the formation of bigger aggregates
or complexes due to the interactions of positively charged
groups on the nanoparticles and negative charges on mucin. The
increased overall size distribution due to formation of bigger
aggregates can also be observed by analyzing the polydisper-
sity index (PDI) values obtained from the DLS measurements.
The PDI indicates the homogeneity of the size of the nanoparti-
cle suspension, and it is stated that the higher the increase in the
PDI value of the nanoparticle suspension, the better the interac-
tion of the particle with mucin. The PDI values of EudAlg
nanoparticles increased from 0.24 + 0.08 to 0.39 * 0.15 after the
interaction with mucin, suggesting the formation of bigger com-

plexes after mucin interaction.

Table 2: DLS measurements of nanoparticles before and after mucin
interaction.

After mucin
interaction

Before mucin
interaction

Z-average (nm) 219.05 + 41.61
PDI 0.24 + 0.08
zeta potential (mV) 39.72 £ 6.7

387.08 £ 121.8
0.39£0.15
-12.13+£9.8

In addition to the size distribution and PDI alterations, the zeta
potential of EudAlg nanoparticles shifted from 39.72 + 6.7 to
—12.13 £ 9.8 mV after interaction with mucin. The observed
reduction in zeta potential is also attributed to the interaction
and surrounding of EudAlg nanoparticles with mucin, which is
negatively charged because of sialic acid residues [53,55]. The

change in size and zeta potential after incubation with mucin in-
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Figure 3: Cumulative release of FAM-labeled peptide. (A) At pH 1.2 and (B) at pH 6.8.
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dicates that EudAlg nanoparticles interact with mucin [56]. The
interaction of mucoadhesive polymers with mucin occurs
through intermolecular hydrogen bonding and secondary inter-
actions resulting from the interpenetration of polymer chains of
mucin into the structure of the nanoparticles. The presence of
positively charged Eudragit polymer on the surface of nanopar-
ticles yield additional electrostatic interactions, which are
known to be one of the driving force behind mucoadhesion
[57]. Therefore, the presence of the Eudragit polymer layer on
the designed nanoparticles is beneficial for the enhancement of
the electrostatic interactions between the nanoparticles and the
gastric mucus, thus increasing their entrapment into the mucus
layer.

Periodic acid—Schiff stain assay

The periodic acid—Schiff (PAS) stain assay quantifies the
degree of interaction between nanoparticles and mucin. To this
purpose, the particles were incubated with mucin for different
time intervals and then centrifuged. The supernatant repre-
senting the unadsorbed mucin was measured, and the data ob-
tained from the study are presented as percent adsorbed mucin
onto the nanoparticles with respect to the reference (where only
mucin was used). The results of the study indicated that
(62 £ 5)% of mucin was adsorbed onto the EudAlg NPs within
15 min of incubation; after 1 h this value increased to
(69 + 1)%, which is not statistically significant. This suggests
that the surface of the nanoparticle is saturated with mucin
within the first 15 min because of the formation of weak inter-
actions such as hydrogen bonds, van der Waals forces, and ionic
interactions. Although a direct correlation with nanoparticles of
different surface chemistries is challenging, comparable results
were reported with mucoadhesive systems in particulate forms
[58,59]. The results of the PAS stain assay together with the
changes in the size and zeta potential values after mucin interac-
tion of the EudAlg nanoparticles reveal that the synthesized
EudAlg nanoparticles have mucoadhesive properties.

Interaction of nanoparticles with artificial
mucus as a simple model

Prolonged residence time in gastric mucosa is important for
reduced elimination of particulate systems from the stomach.
Mucoadhesive drug delivery systems eventually lead to an in-
creased amount of drug at the mucosa. However, these nanocar-
riers might also be trapped in the mucus layer and get washed
away with mucus turnover. The ability to penetrate through the
mucus layer and to reach the underlying epithelium are there-
fore important parameters to be considered when developing
mucus-interactive drug delivery systems. To study the possible
penetration of the designed nanoparticles through the mucus
layer, artificial mucus was prepared using gastric mucin, which

was placed on a hardened gelatin layer. The penetration of
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nanoparticles was examined after 24 h through fluorescence
measurements in the underlying gelatin layer (test group). As
the reference group, nanoparticles were dispersed in water
(instead of mucin) and incubated on a gelatin layer for 24 h.
The purpose of this group was to determine the maximum nano-
particle diffusion into the gelatin layer due to other characteris-
tics of the nanoparticles such as nanoscale size and charge [60].
The results of the study revealed a moderate diffusion of
(31 £ 3)% in the test group with respect to the reference group.
There are studies in literature that took a similar approach to
test the penetration of mucoadhesive nanoparticulate systems.
For instance, Ungaro and colleagues designed poly(lactic-co-
glycolic acid) nanoparticles with different modifiers and
revealed 10% diffusion into the gelatin layer. In addition, their
study revealed the effect of particle charge on the ultimate
diffusion through the mucus; positively charged particles exhib-
ited higher diffusion than negatively charged particles [61].
Unal et al. studied drug-loaded pristine and polyethylenimine-
or chitosan-coated cyclodextrin-based nanoparticle formula-
tions and measured drug mucus penetration percentages ranging
from 45% to 73% [62]. They concluded that this difference was
not only due to the charge of the nanoparticles but also due to
the different sizes of the formulations. In a recent study, the
effects of surface charge and chemistry of the nanoparticles on
their penetration abilities were assessed with a similar approach
in a newly designed synthetic mucus hydrogel barrier system.
The authors used differently sized polystyrene nanoparticles
with polyethylene glycol (PEG) modifications. PEGylated
nanoparticles exhibited better penetration than non-PEGylated
formulations, regardless of the particle size. However, the pene-
tration of PEGylated formulations of different sizes was also
studied, and a negative correlation was observed with particle
size. In the same study, the effect of gel thickness was evalu-
ated, and it was concluded that the penetration was negatively
correlated with mucus gel thickness. Regardless of the particle
size, penetration was found to be significantly lower when a
thicker gel layer was used [63]. In summary, not only charge
but also the size of nanoparticles, along with the mucus thick-
ness, affect the diffusion of nanoparticles. The relatively low
diffusion percentage obtained in our study here fits into the
diffusion rates obtained in the literature. The moderate diffu-
sion might be additionally explained by the entrapment of nano-
particles into the mucus, either through their mucoadhesion
capability, or through the collapse of mucus fibers into bundles
around the nanoparticles, leading to immobilization of the
carriers [64]. It should also be noted that the mucus layer
through which the nanoparticles must diffuse to reach to the
underlying gelatin layer (where the fluorescence measurements
were taken from) is approximately 7 mm thick. The mean
mucus thickness in stomach is 190-275 um [65], with about

150 um of this layer being firmly adherent over the mucosal
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surface in the antrum [66], and the mucin turnover in stomach is
around 10 h [67]. Judging from this information, the diffusion
of nanoparticles through a mucus layer of 7 mm thickness in
24 h, may actually be a promising result when considering in
vivo conditions. Therefore, further studies such as multiple par-
ticle tracking, with which penetration distances on the microme-
ter scale over seconds can be determined, might be required to
clarify the penetration capability of the particles through the
mucus. In this way, the possible mucus penetration in the

stomach may be deduced more accurately.

Determination of cell viability

Possible toxic effects of EudAlg NPs on the human gastric
adenocarcinoma cell line AGS were assessed for three days in
24-well plates for 1 x 10° cells and 1 mg/mL NPs per well. The
cells were seeded, incubated for one day for complete attach-
ment, and then treated with nanoparticles for 3 days. The data is
presented as percent viability, which is the proportion of meta-
bolic activities of treatment and control group. On day 1, the
viability of the EudAlg NP-treated group was found to be
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(101.6 £ 11)%, indicating a viability similar to that of the
control group. On the following two days, the viability values
were (88 £ 5)% and (72.6 = 11)%, respectively. No statistical
significance was observed for the cellular viability after three
days. Based on this result, it was concluded that EudAlg nano-
particles do not significantly affect the viability of AGS cell
(Figure 4A).

Internalization of nanoparticles

When nanoparticles are designed for biomedical applications,
two important properties to be considered are toxicity and cellu-
lar uptake. The cellular uptake of nanoparticles is a dynamic
process where both endocytosis and exocytosis are involved.
The uptake also depends on the concentration of nanoparticles
and the duration of the process. Studies conducted with the
AGS cell line revealed that nanoparticle internalization general-
ly reaches a plateau within the first 2 h [68,69]. In other studies
performed with other cell lines with various nanoparticles, the
progression in internalization was generally followed for 3 or
4 h or directly checked 4 h after treatment [70-72]. Therefore,

1.5q
*

> f i
‘0
[ — —
2 1.0
[
— —1—
o
8
) 0.54
'_
[

0.0

1h 4h
MERGE

Figure 4: Viability and internalization of nanoparticles into AGS cells. (A) Viability (%) of AGS cells treated with nanoparticles, (B) FITC/DAPI intensity
ratios of AGS cells after internalization of nanoparticles for 1 and 4 h, and (C) representative micrographs of nanoparticle internalization after 1 and

4 h.
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for this study, the progressive internalization of EudAlg NPs
was studied after 1 and 4 h of treatment to determine the effi-
ciency of acute cellular uptake of nanoparticles. Mucus-
secreting AGS cells were incubated with fluorescently labeled
EudAlg (F-EudAlg) nanoparticles to track the internalization.
The cell nuclei were stained with DAPI, and micrographs were
taken with a fluorescence microscope (ZEISS, Axio Observer
3) (Figure 4C). The green signal obtained from F-EudAlg nano-
particles increases with incubation time. To determine the
increase in internalization in a more quantitative way, the FITC
and DAPI intensity values were obtained from eight different
images by using the ZEISS ZEN software. A significant
increase of the ratio between the intensities of FITC and DAPI
was observed from 1 to 4 h. This suggests that the nanoparti-
cles can be internalized without damaging the cultured cells
within 4 h. They can cross the cell membrane and accumulate in
the cytoplasmic region in a time-dependent manner.

In vitro mucus interaction studies

To analyze the interactions of nanoparticles with mucins in
vitro, mucus-secreting AGS cells [69] were used. The mucus
secretion of cells under our culturing conditions were deter-
mined via the PAS stain assay. The evaluation of mucin secre-
tion from AGS cells was studied after two days of culturing on
24-well plates, and purple-red-stained cells were considered as
mucin-positive cells [73] (Supporting Information File 3). AGS
cells are known to express both secreted mucins (such as
MUCS5AC) and membrane-bound mucin (MUC1) [74,75]. The
interaction of nanoparticles with mucus-secreting AGS cells
was investigated by using two different cell concentrations. The
purpose of this experiment was to investigate whether the in-
creased cell number and the increased mucin presence on the
cells would correlate with nanoparticle adherence onto the cells.
For the experiment, two control groups were used. The first
group was wells containing only the cells, to which no nanopar-
ticles were administered. The purpose of this group was to elim-
inate any false fluorescence that may be emitted from the cell
pellet. The second control group was empty wells with nanopar-
ticle administration, the purpose of which was to eliminate
non-specific adsorption of nanoparticles onto the well. The
calculation of relative mucus interaction was performed as
described elsewhere [76] with the formula given in the
Experimental section. Based on the calculations, the fractions
of interaction were 4.5 + 2.7 and 7.4 + 0.3 for 6 x 10* and
1.2 x 103 cells/well, respectively. As expected, the nanoparticle
adsorption onto the cells depends on the cell concentration.
Since the fluorescence measurements were carried out on the
cell pellets after washing and centrifugation, the increase in ob-
tained fluorescence represents the increased amount of nanopar-
ticles interacting with the cell membrane and might be associat-

ed with the increased mucin amount along with the cells. This
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indicates that the nanoparticles can be adsorbed onto the cells
under in vitro conditions.

Conclusion

Gastric targeting of drugs requires increased gastric retention to
elevate the amount of drug at the site of action. In this study, a
mucoadhesive drug delivery system was developed. The fabri-
cated nanoscale particulate system reveals positive charge,
which is beneficial for mucus interaction. The entrapment effi-
ciency of the model peptide drug was 58%, the release of which
was slowed down by the presence of Eudragit polymer on the
nanoparticles. The nanoparticles indicated promising mucoad-
hesive properties as shown by DLS measurements and PAS
stain assays. The delivery system had moderate diffusion capa-
bility through artificial mucus. The nanoparticles were internal-
ized by mucus-secreting AGS cells within four hours, while ex-
hibiting no toxicity towards the cells. The sufficient mucoadhe-
sive properties, biosafety, and internalization into the cells indi-
cate the potential use of the delivery system as oral drug carrier
towards gastric sites. By loading the nanoparticles with differ-
ent drugs proposed for several gastric diseases such as gastric
ulcers, gastritis, bacterial infections, or cancer, the efficacy of
treatments for the diseases might be elevated.

Experimental
Materials

Sodium alginate (medium viscosity, A2033), poloxamer 407
(16758), calcium chloride, and mucin from porcine stomach
(M1778) were purchased from Sigma-Aldrich, USA. Sunflower
oil and sorbitan monooleate (Span 80) were from TCI Chemi-
cals, USA. For in vitro studies, high-glucose DMEM and Pen-
Step solution were purchased from Sartorius, Germany. Fetal
bovine serum was from Biological Industries, USA, and alamar-
Blue cell viability reagent was purchased from Invitrogen. For
microscopy studies, PureBlu DAPI was purchased from
BIORAD, and FITC-alginate was purchased from Ruix-
iBiotech, China.

Preparation of alginate nanoparticles

Alginate nanoparticles (Alg NPs) were prepared with a tech-
nique similar to the one used in [77]. Briefly, sodium alginate
(1.35 mL of 0.5% w/v) and sunflower oil (6.75 g) containing
Span 80 (405 uL) were emulsified at 30000 rpm for 5 min. The
emulsion was then probe-sonicated in an ice bath (50 s pulses
on and 10 s off, 40% Amp) for 10 min. At the end of sonication,
CaCl, (0.22 M, 1 mL) containing poloxamer 407 (1%, w/v) was
dripped with an injector (Genject, Tiirkiye) into the mixing
emulsion with a syringe pump at a rate of 6 mL/h. The final
emulsion was probe-sonicated in an ice bath (50 s pulses on and
10 s off, 40% Amp) for 5 min, followed by 30 min of incuba-

tion on a magnetic stirrer. Finally, isopropanol (4 mL) was
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added to the emulsion, and the nanoparticles were collected by
centrifugation (3000g for 5 min). The pellet was washed once
with isopropanol and three times with double-distilled water
(ddH,0). The nanoparticles were resuspended in sodium acetate
buffer (pH 4.5) and sonicated for 5 min in a sonication bath
before characterization.

Preparation of Eudragit RS100-coated
alginate NPs

The Alg NPs were coated with Eudragit RS100 by a technique
similar to that in [20]. Prepared Alg NPs (1 mg/mL; 4 mL) were
dripped into Eudragit RS 100 suspension (2%, v/v, of Eudragit
RS 30D, diluted with ddH,O) by using a syringe pump at a rate
of 5 mL/h, and the dispersion was incubated on a magnetic
stirrer (700 rpm, 10 min, room temperature). At the end of the
incubation, coated NPs were centrifuged (10000g for 10 min),
washed once with ddH,O, and sonicated for 5 min in a sonica-
tion bath before characterization.

To investigate the interaction of EudAlg nanoparticles with arti-
ficial mucus and for visualization of nanoparticles in fluores-
cence microscopy, fluorescently labeled Alg NPs were synthe-
sized and coated with Eudragit RS100 polymer. For this
purpose, FITC-tagged alginate polymer was purchased (medi-
um viscosity, Aex = 490 nm, Aey, = 530 nm) (RuixiBiotech,
Changzhou, Jiangsu, China), and Alg and EudAlg NPs were
synthesized as mentioned above. Throughout the text, these
nanoparticles are designated as F-EudAlg nanoparticles where

necessary.

Loading of EudAlg nanoparticles

For the preparation of loaded EudAlg nanoparticles, a fluores-
cently labeled peptide was purchased (M, = 2.8 kDa, Pepmic,
China) and used as a model drug to evaluate encapsulation effi-
ciency and release. For this purpose, the FAM-labeled peptide
(1 mg) was dissolved within the sodium alginate polymer solu-
tion (1.35 mL of 0.5% w/v), and the protocol mentioned above
was followed for the preparation of AlgNPs and EudAlg NPs.
The properties of the FAM-labeled peptide are provided in Sup-
porting Information File 2.

Characterization of nanopatrticles

Morphology of nanoparticles

The morphological characterization of nanoparticles was
done via scanning electron microscopy (SEM, Zeiss, Gemi-
niSEM500) and scanning transmission electron microscopy
(STEM, Ziess, GeminiSEM500). For SEM analysis, nanoparti-
cles were air-dried on SEM stabs and coated with gold (4 nm).
STEM micrographs were obtained from one drop of nanoparti-
cle suspension dripped on an ultrathin carbon-coated copper

grid.
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Surface composition of nanoparticles

For the analysis of various functional groups on the surface of
nanoparticles before and after coating, attenuated total reflec-
tance Fourier-transform infrared spectroscopy (ATR-FTIR) was
used. Freeze-dried nanoparticles were directly placed on an
ATR crystal, and the infrared spectrum of the samples was ob-
tained in the range of 4000-400 cm™! using a FTIR spectropho-
tometer (Bruker/Vertex70, USA).

Particle size and zeta potential distributions
The size of Alg and EudAlg nanoparticles were analyzed by
dynamic light scattering (Malvern Zetasizer Nano-ZS) at 25 °C.
The nanoparticles were suspended in ddH,O; for each sample,
three measurements were performed, twelve runs each, to
obtain the distributions. Disposable polystyrene cuvettes were
used during size distribution analysis, and the distributions were
obtained at an angle of 90° with respect to the incident beam.
The zeta potential measurements were performed in disposable
plain folded capillary zeta potential cuvettes with the same
instrument.

Encapsulation efficiency of EudAlg

nanoparticles

To determine the encapsulation efficiency of the model drug
(FAM-labeled peptide), into EudAlg NPs, the loaded nanoparti-
cles were prepared as mentioned above. Then, EudAlg nanopar-
ticles (1 mg), which were prepared with an input of 1 mg FAM-
labeled peptide, were resuspended in ddH,O and fluorescence
measurements were carried out (Agxy = 485 nm, Aey, = 530 nm)
with a black-bottom 96-well plate (BioTek Synergy H1 micro-
plate reader). The amount of encapsulated peptide within the
nanoparticles was calculated by using a calibration curve from
known amounts of the same FAM-labeled peptide and the cor-
responding FI values. The encapsulation efficiency was calcu-
lated by the following formula:

__encapsulated amount of FAM-peptide

EE x100%.

input amount of FAM-peptide

In situ release of the model drug from EudAlg

nanoparticles

The in situ release of the model drug from the nanoparticles was
studied as mentioned elsewhere [32,51]. Nanoparticles (2 mg)
were resuspended in a freshly prepared dissolution medium
(2 mL), that is, either simulated gastric fluid (pH 1.2) or phos-
phate buffer (pH 6.8), in the absence of enzymes. Alg or
EudAlg nanoparticle suspensions were incubated for 7 days
with a constant shaking of 50 rpm. At the end of specified time
intervals (i.e., after 1, 3, 5, and 7 days), the nanoparticles were
pelleted and resuspended again in the corresponding release me-

dium to apply sink conditions. FI values were measured from
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these nanoparticle suspensions in a black-bottom microplate.

The data is presented as “cumulative release vs time”.

In situ mucoadhesion studies

Particle size and zeta potential measurements

To study the mucoadhesion properties of the nanoparticles,
mucin (0.5 mg/mL) was mixed with EudAlg nanoparticles at
37 °C for 15 min (1:1, v/v) [52]. The mucoadhesion of the
nanoparticles was studied by following the change in particle
size and zeta potential distribution (Malvern Zetasizer Nano-
ZS).

Periodic acid—Schiff stain assay

The colorimetric periodic acid—Schiff stain assay was used to
determine the amount of free mucin after the absorption of
mucin onto EudAlg nanoparticles [53,59]. For this purpose,
first, the periodic acid and Schiff solutions present in the assay
kit (BesLab, Tiirkiye) were used to plot a standard curve from
aqueous mucin solutions. Periodic acid solution (200 puL) was
added to the mucin samples and incubated in a block heater at
37 °C for 2 h. At the end of incubation, Schiff reagent (200 uL)
was added to the solution and incubated for another 30 min at
room temperature. Finally, the absorbance of the solution was
recorded at 550 nm in a UV spectrophotometer.

To determine the mucoadhesion of the nanoparticles, EudAlg
NPs was resuspended in mucin solution (final concentration
0.5 mg/mL, 2 mL for each time interval). The suspensions were
incubated at 37 °C while shaking at 50 rpm. After 15 and
60 min of incubation, the nanoparticles were centrifuged
(10,000g for 10 min), and the absorbance of the supernatants
was measured at 550 nm to calculate the amount the free mucin
that had not been adsorbed onto the nanoparticles. Nanoparti-
cles resuspended in water (instead of mucin solution) were used
as the negative control. The same protocol was applied to pris-
tine mucin solution (0.5 mg/mL), which was used as the refer-
ence. The amount of unadsorbed mucin in the supernatants was
calculated by using the calibration curve and subtracted from
the initial value to obtain the amount of adsorbed mucin onto
the nanoparticles. The data is presented as percent of adsorbed
mucin with respect to the reference.

Interaction of nanoparticles with artificial mucus as a
simple model

Diffusion of F-EudAlg nanoparticles through a simple mucus
layer was studied based on a similar technique performed by
Ungaro and colleagues [61]. Artificial mucus was prepared by
dissolving gastric mucin (250 mg), DTPA (0.295 mg), NaCl
(250 mg), KCI1 (110 mg), and sterile egg yolk emulsion
(250 pL) in 50 mL ddH,O. In another glass vial, gelatin powder

was dissolved in hot water (60 °C) to a final concentration of
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10% (w/v), and 1 mL of prepared gelatin solution was hard-
ened at room temperature in separate wells of a 24-well plate.
The mucin solution (1 mL) was then placed on the hardened
gelatin layer, and F-EudAlg nanoparticle suspension (500 pL,
1 mg) was added onto the artificial mucus layer. After 24 h of
incubation at room temperature, the mucus layer was discarded,
and the gelatin layer was washed and melted. The FI values
were recorded from the gelatin layer. As a reference, an
aqueous dispersion of F-EudAlg nanoparticles was added on top
of the gelatin layer, without mucin, to determine the maximum
diffusion of nanoparticles into the gelatin. The data is presented
as percent diffusion of nanoparticles with respect to the refer-
ence group.

Determination of cell viability

Cells of the human gastric adenocarcinoma cell line AGS
(ATCC CRL-1739) were cultured under normal conditions
(37 °C, 5% CO3) in RPMI medium, supplemented with 10%
FBS, penicillin/streptomycin (1%) and 2 mM L-glutamine.
To analyze the cytotoxicity of EudAlg nanoparticles, cells
(1 x 107 cells/well) were seeded into 24-well plates and incubat-
ed for 1 day for complete attachment. The cells were then
treated with EudAlg NPs (1 mg/mL) for 3 days. On days 1, 2,
and 3, the medium was withdrawn, and colorless DMEM with
10% alamarBlue was added to each well and incubated for 1.5 h
at 37 °C under 5% CO,. The optical density was measured at
570 and 595 nm with a microplate reader (BioTek Synergy H1).
From these optical density values, percent reduction values
(representing the metabolic activity) were calculated for each
time point. Data is represented as percent viability, which was
calculated by the formula below. The viability percentages of
cells at each time point were calculated with respect the corre-

sponding control group.

metabolic activity of treatment group (day x)
— x100,
metabolic activity of control group (day x)

% viability =

where, day x represents day 1, day 2, or day 3 and the control

group are cells that were not treated with nanoparticles.

Internalization of nanoparticles

To analyze the internalization of nanoparticles, 6 x 10* AGS
cells were seeded into 12-well plates and treated with F-EudAlg
nanoparticles (1 mg/mL). Two incubation intervals were used in
the study (1 and 4 h) to study the internalization of nanoparti-
cles in a time-dependent manner. At the end of incubation, the
cells were washed twice with PBS and fixed in 4% paraform-
aldehyde for 15 min at room temperature. The cell nuclei were
stained with DAPI (300 mM, 30 min at room temperature), and
fluorescence microscopy images were recorded (ZEISS, Axio
Observer 3). By using the ZEISS ZEN software, the FITC and
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DAPI intensity values were obtained from eight different
randomly chosen images for each time point, and the ratio FITC
intensity/DAPI intensity was used to analyze the internalization

of nanoparticles after 4 h.

In vitro mucus interaction studies

Although AGS cells are known as mucus-secreting gastric
epithelial cells [69,78], the presence of mucus secretion from
the cells under our culturing conditions were examined with
periodic acid—Schiff stain assay in vitro (Supporting Informa-
tion File 3), which was also used in other studies [73]. For the
investigation of interaction between EudAlg nanoparticles and
mucus in an in vitro model, AGS cells were used. The develop-
ment of this assay was inspired by a study performed by
Sarparanta and colleagues [79]. AGS cells were seeded on
separate 12-well plates at two concentrations (6 x 10* and
1.2 x 107 cells/well) to analyze the increase in mucoadhesion
with increasing cell concentrations. Next day, the medium was
discarded, and the cells were washed with PBS. The cells in
each well were then treated with F-EudAlg nanoparticles
(1 mg/mL) for 2 h. At the end of incubation, the nanoparticle
solution was removed, and the cells were washed with PBS to
remove the nanoparticles not adhered onto the cells. Finally, the
cells were detached, centrifuged, and the pellet was resus-
pended in colorless DMEM. FI intensity measurements (Aeyx =
490 nm, A¢p, = 530 nm) were taken from the pellets containing
the cells and possibly adhered nanoparticles. The two control
groups of the study were (i) cells without nanoparticle adminis-
tration (control A) and (ii) empty wells with nanoparticle
administration (control B). The relative mucus interaction was
calculated through a formula similar to that used in other studies
[77]:

FI-FI' Fx
FO FOx

:|><100.

Here, F1 is the fluorescence obtained from the cell pellet treated
with NPs after incubation, washing, and centrifugation. F1' is
the fluorescence obtained from the cell pellet of control A. FO is
the fluorescence of nanoparticles administered onto the cells
(input). Fx is the fluorescence obtained from control B after
incubation, washing, and centrifugation. And FOx is the fluores-

cence of nanoparticles administered onto the wells (input).

Statistical analysis

Statistical differences among the study groups in in situ
mucoadhesion measurements, PAS stain assay, and internaliza-
tion studies were assessed by Student’s 7-tests. The significance
threshold was p < 0.05. The statistical differences among the

groups of viability testing and particle size measurements were
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assessed by one-way ANOVA with Tukey post-hoc analysis. A

p value < 0.05 was considered statistically significant.
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