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Abstract

In this study, we developed iron oxide based magnetic nanoparticles (MNPS) by precipitation of
iron salts in the presence of ammonia and created four different formulations: without
functionality (plain MNPs, no coating), with p-cyclodextrin (MNPs+@-CD) or pluronic 127
polymer (MNPs+F-127), and both B-cyclodextrin and pluronic 127 polymer (MNPs+p-CD-F-127)
functionality for its efficient use in mucosal delivery. We studied the interaction and/or binding
behavior of these MNPs formulations with porcine stomach mucin using steady-state fluorescence
spectroscopy, and then quantified the bound mucin from absorption studies. Toxicity of these
MNPs against cervical cancer cells and red blood cells was evaluated. Ex-vivo studies were
performed using freshly collected gastrointestinal, ovarian, pancreas and colon organ tissues of pig
to evaluate binding and uptake phenomenon of MNPs. Transport studies of these MNPs in mucin
was evaluated using Boyden's chamber assay. All these studies together suggest that the MNPs+f3-
CD-F-127 formulation was strongly interacted with mucin and interestingly transported through
mucin compared to other MNPs formulations. Hence, MNPs+p-CD-F-127 formulation could be a
good candidate for the mucoadhesive biopharmaceuticals and drug delivery system.
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1. Introduction

Mucus is a viscoelastic and biopolymeric gel composed of cross-linked and entangled mucin
fibers, present on mucosal surfaces of the eyes, respiratory, gastrointestinal, and female
reproductive systems. Mucus is primarily composed of glycoprotein, proteoglycans, and
lipids [1-4]. Mucins are the major parts of the heavily glycosylated proteins present in the
mucus gel with polypeptide backbones [5-7]. Under normal physiological conditions,
mucus composition, viscoelasticity, mucin-to-water ratio, protein, lipid, and ion contents are
tightly maintained [8]. This stimulates a protective mechanism of the body that has an
excellent ability to immobilize and remove foreign materials such as pathogens, bacteria,
and even drugs, by different mucus clearance mechanisms [9-14]. However, unregulated
expression of mucin from the mucosal structures causes imbalance and leads to dysfunction
and demise of biological systems [14-18]. This may lead to cystic fibrosis, chronic
obstructive pulmonary disease, asthma, inflammatory bowel disease, ulcerative colitis,
Crohn's disease, etc. [14,19-22]. Overexpression of various mucin(s) is also linked to
pancreatic, ovarian, breast, lung, and colon cancer initiation, progression, and metastasis
[23-32]. The other major difficulty associated with mucin is the trapping of colloidal drug
delivery systems, which limits the bioavailability of the drug at a desired target site in
treating malignancy [33-36]. Cervical cancer is further characterized by presence of
abundant epithelial mucus on the surface of the cervix. Because of this, most of the
chemotherapies often fail due to limited concentration of drug reaching the mucosal tissue,
and/or blocking of drug penetration through the mucous layer(s).

Drug delivery technologies, especially nanoparticle-based drug delivery systems, have
proven beneficial for human use and are being extensively studied in clinical trials. These
nanocarriers exhibit a number of anticipated characteristics such as protection of loaded
therapeutics, sustained and local controlled release of therapeutics, enhanced cellular and
sub-cellular uptake, and deep tissue penetration. However, conventional drug delivery
systems are likely trapped by a mucus layer via steric or adhesive forces, which leads to
clearance of particles by mucus. These particles fail to cross the outermost layers of the
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mucus barrier (1 um to few hundred microns) to impose therapeutic actions. Therefore, it is
a challenge to design a new drug delivery system that possesses mucoadhesive property
along with mucus penetration capacity. Together, they can prolong their residual time or
target specific regions for translocation through the mucus layers. The advent of
mucoadhesive drug delivery systems opened up new avenues and demonstrated an increase
to the dosage form's residence time at the site of administration with improved penetration
through the mucous of epithelium. Both mucoadhesive and mucus penetrating drug delivery
systems have demonstrated that the surface properties of the incorporated polymer
excipients, in preparation of nanoparticles, are playing an important role in improving the
adhesion and translocation of the particulate systems with mucus layers [2,34-40]. For
example, PEGylated poly(methyl vinyl ether-co-maleic anhydride) nanoparticles with
PEG-2000 form a brush layer to decrease interaction with mucus but increase its contact
with the intestinal mucosa [40]. Poly(vinyl alcohol), chitosan (CS), and poloxomer (PF68)
coatings on the biodegradable PLGA nanoparticles provide neutral, positive, and negative
surface charges, which play an important role in carrying the nanoparticles to the bronchial
airway barrier and epithelial cells [21]. Ensign et al. [41] demonstrated that pretreatment of
cervicovaginal mucus (CVM) liquids with pluronic F-127 can enhance the transport of
native polystyrene (PS) beads compared to polyethylene glycol (PEG)-PS beads. In another
recent study, self-assembled nanoparticles based on cell penetrating peptides can overcome
the mucus diffusion barrier and the epithelium absorption barriers [34] for oral delivery of
insulin. Surface PEG density on PLGA has a significant impact in transport in mucus. It has
been demonstrated that an increase in PEG density increases the transport of PLGA
nanoparticles through CVM [36]. All these studies suggest that functionalized nanoparticles
have a good possibility to interact/transport/diffuse effectively with the mucus layer of
different mucosal structures. Altogether, PEGylated nano- and micro-particle have shown
superior mucoadhesion and facilitated mucosal transport for improved drug delivery.
Considering this fact, we have engineered a unique, magnetic nanoparticle formulation,
which has shown improved therapeutic benefit of loaded therapeutic molecules [42]. This
formulation not only contains PEG groups in pluronic polymers but also B-cyclodextrin. In
order to develop this nanosystem for mucosal delivery, we aimed to study its mucoadhesive
and mucus transportation phenomenon. Therefore, we aimed to study the effect of p-
cyclodextrin and/or pluronic 127 coating on magnetic nanoparticles at mucin interface, i.e.,
MNPs-Mucin bio-interface. We have chosen these polymers as a coating material because of
their extensive use in the pharmaceutical industry as excipients. We have used mucin derived
from porcine stomach for all /n vitro studies, as it closely resembles human mucin. For ex-
vivo studies, freshly collected porcine tissues of Gl, pancreas, ovarian and colon were used.
Transport of MNPs in mucin layer solution was studied using the Boyden's chamber. Our
present study suggests that MNPs+p-CD-F-127 formulation strongly interacts with mucin
and can effectively transport through the mucin layer. Thus, it could be a good candidate for
mucoadhesive biopharmaceuticals.
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2. Materials and methods

2.1. Materials

All of the chemicals and regents used in this work were purchased from Sigma Chemical
Company (St. Louis, MO) and used as such unless otherwise stated. MilliQ water or 1X PBS
was used throughout our study.

2.2. Preparations of magnetic nanoparticles

Iron oxide magnetic nanoparticles (MNPs) are prepared by following the procedure
developed by Yallapu et al. [42]. In brief, 300 mg of iron (1) chloride tetrahydrate (=99%)
and 800 mg of iron (I11) chloride hexahydrate (98%) were reduced with ammonium
hydroxide solution (28% NHs in water, purified by distilled water) under stirring in presence
of dispersant/polymer. Once the salts were dissolved, nitrogen gas was purged for about 10
min, and then ammonia was added by the drop under vigorous stirring. The mixture was
kept under stirring overnight, and then washed several times with water using strong
magnets. Finally, the particles were suspended in water to obtain 10 mg/ml concentration. A
total of four different formulations were made using B-cyclodextrin (BioReagent grade,
=97%) (MNPs+p-CD), pluronic 127 (BioReagent, contains 100 ppm BHT) (MNPs+F-127),
twin coated with both these polymers (MNPs+p-CD-F-127), and with uncoated magnetic
nanoparticles (uncoated MNPs). In case of twin-coated samples, similar protocol was used
as stated, with the exception of adding the pluronic 127-polymer solution after the reduction
of iron salts and into iron oxide nanoparticles.

2.3. Size and zeta potential measurements

The size and zeta potential of the MNPs were measured using the dynamic light scattering
technique by Zetasizer (Nanoseries, Malvern, UK). 10 ul of 10 mg/ml particles were
dispersed in 1 ml of water and probe sonicated (VirSonic Ultrasonic Cell Disrupter 100, Vir
Tis) for 30 s. This solution was used to measure the size of the particles. The effective mean
diameter of the nanoparticles was obtained from three runs of each sample measured for 3
min. The data presented was the average of a minimum of three independent experiments.

Zeta potential is an indicator of the charge that is present on the surface of nanoparticles,
which deals with stability of formulations and interaction with cellular membranes. The
same instrument was used to measure the zeta potential of diluted MNPs using the principle
of electrophoretic mobility under an electric field. The data presented was the average of a
minimum of three independent measurements for 9 min each. In the similar manner, size and
potential of the mucin bound MNPs were measured by dispersing 10 pl of 10 mg/ml
particles in 1 mg/ml mucin solution in water.

2.4. Mucin binding characterization

Physical characterization of mucin bound MNPs was confirmed by Fourier transforming
infrared spectroscopy (FTIR), X-ray diffraction (X-RD), and thermogravimetric analysis
(TGA). FT-IR spectral data (between 4000 and 750 cm™1) of samples was acquired on the
Universal ATR Sampling Accessory plate using a Spectrum 100 FTIR spectrophotometer
(Waltham, MA). The X-ray diffractograms were collected over the 26 range of 25°-70°
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using a Rigaku D/Max-B diffractometer (Rigaku Americas Corp, Woodlands, TX) with
cobalt-alpha radiation (A = 1.5 A). The measurements were recorded by an operating
system at 40 kV and 40 mA. TGA was performed using a Q50 thermogravimetric analyzer
(TA Instruments, New Castle, DE) with a heating rate of 10 °C/min under a dry nitrogen
atmosphere (a flow rate of 10 mL/min) from 50 °C to 500 °C.

2.5. Study-state fluorescence spectroscopy

Steady state fluorescence spectroscopy was used to study the instantaneous adsorption or
binding of mucin on MNPs on a SpectraMax Plus plate reader (Molecular Devices,
Sunnyvale, CA). Intrinsic fluorescence of 0.5 and 1 mg/ml mucin solution in 1X PBS was
measured by titrating with 0-100 pg/ml MNPs. Fluorescence decay profiles were obtained
by exciting mucin solution at 280 nm and at the emission set from 300 to 500 nm. The
binding constant and number of binding sites (n) were calculated from the following
equation:

Fy—F {MNPSJ
Fy— FS ™ | Kdiss

where Fy, Fand Fg are the fluorescence area under the curve of emission of mucin, and
mucin titrated with various MNPs, respectively. A representative spectrum was presented in
figures for each formulation but the final values in table were reported as an average of three
independent measurements.

2.6. MNPs-mucin absorption studies

The extent of interactions between mucin and MNPs was measured by incubating the 0.1-1
mg/ml concentration of particles with 1 mg/ml of mucin solution in water. MNPs were
mixed with a mucin solution and sonicated for 10 s. The solution was then incubated for
different intervals of time in 1.5 ml Eppendorf tubes kept on a shaker (Reciprocal 30,
Labnet) at room temperature. At pre-determined time points, tubes were centrifuged
(Eppendorf centrifuge 54 5 D) at 13,000 rpm for 1 min to separate unbound mucin and
mucin-bound MNPs. Absorbance of the supernatant solutions (un-bound mucin) was
measured at 280 nm (SpectraMax Plus M2e plate reader, Molecular Devices, Sunnyvale,
CA). From these values, the concentration of bound mucin on MNPs was calculated. In a
similar manner, the interactions of mucin with MNPs were studied at a fixed MNPs
concentration of 250 pug/ml with varied mucin concentration from 0.1 to 1 mg/ml. All of
these measurements were carried out in three independent experiments.

2.7. Cell proliferation studies

Human cervical carcinoma (SiHa) cell line (American Type Cell Culture, Manassas, VA)
was maintained in Dulbecco's Modified Eagle Medium (DMEM) (HyClone Laboratories,
Inc., Logan, UT) by supplementing with 10% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA) and 1% penicillin/streptomycin (Gibco BRL, Grand Island, NY). This
cell line was used to study the toxicity profile of MNPs and mucin-bound MNPs. 5000 cells/
well were seeded in 96-well plate and kept in a cell culture incubator (InC Safe CO,
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incubator, Sanyo Scientifics) for 24 h. The cells were then treated with 10, 50, and 100
ug/ml concentrations of MNPs of varying formulations. The same concentration of PBS was
also used (control). After 48 h, the cells were washed with 1X PBS and incubated with MTS
reagent for 2 h. The absorbance was measured at 490 nm, using a microplate reader
(Cytation 3 imaging reader, BioTeK). The percentage of viable cells was calculated by
comparing absorbance of treated cells with PBS. All the measurements were carried out five
times.

2.8. Toxicity and hemolysis assay

Freshly collected sodium citrate anticoagulant human whole blood of a healthy donor was
used to examine the hemolysis potential, and to obtain a quantitative measure of the
hemoglobin release from red blood cells (RBCs) of MNPs and mucin bound MNPs. The
RBC suspension (200 ul) was incubated with 5, 10, and 20 pg/well of MNPs and mucin
bound MNPs (2.5 mg/ml) in Eppendorf tubes in an incubator for 60 min at 37 °C. Sodium
dodecyl sulfate (SDS, 1 mg/ml) was used as a positive (100% lysis) control while 1X PBS
was used as a negative (0%) control in this experiment. The sample tubes were centrifuged
at 2000 rpm for 5 min. The supernatant (100 pl) was transferred to a 96-well plate to
measure the concentration of hemoglobin released at 510 nm absorbance by using a plate
reader (Cytation 3 imaging reader, BioTeK). From the supernatant solutions, a few drops are
smeared on a glass plate and images of the RBC cells were taken using an Olympus camera.
The percentage of hemolysis was calculated using the following equation:

(Absorbance of sample — Absorbance of negative control) 100

% Hemolysis=
0 v Absorbance of positve control

2.9. Ex-vivo studies of dye tagged MNPs on different pig tissues

Fresh tissues from different organs of a pig were collected from a butcher house
immediately after scarifying the pig. The tissues were washed with water, 1X PBS, and with
DMEM. The Gl tissue was cut into small square pieces of 250-350 mg and washed with 1X
PBS without disturbing the mucus layer. In order to quantify the uptake and/or transport of
MNPs by tissue, nanoparticles were tagged with coumarin-6 dye by incubating the 250 pl of
2.5 mg/ml dye in acetone with 1 ml of 10 mg/ml particles under stirring overnight. For all of
these experiments, DMEM media without serum was used.

In order to understand the uptake and/or transport of MNPs with time, a 500 pg/ml MNPs
particle dispersions were made in DMEM media. Gl tissue was incubated at room
temperature for 30, 60, 180, and 360 min in these MNP dispersions in such a way that the
mucus layer of the tissue was facing upward in a 12-well tissue culture plate. At each time
point, the tissue was taken out from the incubating media and washed with 1X PBS to
remove peripheral adhered nanoparticles. The tissue was then incubated overnight in 1 ml of
acetone in order to extract the dye present in the MNPs, which is an indication of uptake by
the tissue. From this, 100 ul of acetone was taken in a 96-well plate and absorbance of the
dye was measured at 490 nm (Cytation 3 Imaging reader, BioTeK). Finally, the amount of
MNPs uptakes by the tissues were calculated from the dye standard curve, derived from
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different concentrations of dye in acetone. All of the measurements were carried out in three
independent experiments. The same protocol was followed in order to evaluate the amount
of uptake of dye MNPs in the tissues (150-250 mg) of pancreas, ovarian, and colon organs
of a pig. Again, all of the measurements were carried out in three independent experiments.

Prussian blue staining was used to evaluate the biding and transportation of MNPs in Gl
tissue. For this, Gl tissue, with the mucus layer facing upward, was placed in 12-well plate.
Varying concentrations of dye tagged MNPs dispersed in DMEM media was added and
incubated for 3 h. After the incubation period, the tissue was removed and washed with 1X
PBS, then cross-sectioned and stained with 1 ml of 10% ferrous ammonium cyanate in 1N
HCI for 1 h. This process turns the iron a blue color. The images of the stained tissues were
taken with a regular photographic camera.

2.10. Boyden's Chamber assay

Boyden chamber assay was used to evaluate the transport/penetration of MNPs through
mucin. We used 12-well cell culture plates with 8 um pore size membrane inserts. The micro
porous membrane was separated into the upper and lower compartments and was hydrated
by immersing for 30 min in 1X PBS before use. Porcine stomach mucin powder solutions
with 0.5 and 1 mg/ml concentration were prepared in 1X PBS and placed in the upper
chamber. The same quantity of 1X PBS was place in the lower chamber. Coumarin-6 dye
tagged MNPs were added to the mucin solutions in the upper chamber to get a final MNPs
concentration of 500 pg/ml. The plates were kept at room temperature in dark conditions. A
200 ul sample of solution from the lower chamber was collected at regular intervals of time
(30, 60, 180, 360 min, and 24 h) in 1.5 ml Eppendorf tubes. The collected samples were
centrifuged at 13,000 rpm for 10 min. The supernatant liquid was discarded and 1 ml of
acetone was added to the MNPs pellet to extract the dye present in the MNPs. Finally,
absorbance of dye solutions was measured for all of the samples at 490 nm (Cytation 3
Imaging reader, BioTeK), taking 100 pl in a 96-well culture plate. The amount of dye
present in the MNPs was calculated using dye standard curve in acetone. All of the
measurements were carried out in three independent experiments.

2.11. Data analysis

Particle size, zeta potential, fluorescence, absorption, hemolysis, tissue uptake and Boyden's
chamber experiments were carried out in triplicate, whereas, cell proliferation was
conducted five times. All experimental results were calculated using Microsoft Excel 2013
software and expressed as mean = standard error of the mean (S.E.M.). All graphs were
plotted using Graph pad Prism 5 software.

3. Results and discussion

Development of a successful mucoadhesive drug delivery system with mucus penetrating
capacity is currently sought to improve therapeutic delivery at mucosa. These particles are
designed to adhere to mucosal membrane through various physical interaction and thus can
be enabled to prolong therapeutic molecule retention. Based on the properties of
mucoadhesive nanoformulations and its interaction with various mucosal layers,
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nanocarriers can be developed for oral, nasal, ocular, vaginal, buccal, and airway drug
delivery. Hence, we studied the interaction and subsequent transport of developed MNPs
with a model mucin (porcine stomach). MNPs were prepared by reducing the iron salts and
subsequent coatings with muco-adhesive/penetrating polymers following the procedure
outlined in the schematic representation displayed in Fig. 1. Although there are numerous
theories and mechanisms of mucoadhesion such as wetting, electronic, adsorption, diffusion,
fracture and mechanical based mechanisms, we focused on adsorption and diffusion studies
with mucin. These two mechanisms were evaluated by measuring the following: the size of
nanoparticles, instantaneous fluorescence quenching, mucin binding on nanoparticles,
binding and penetration of nanoparticles in ex-vivo tissues, and transport of nanoparticles in
Boyden's chamber.

3.1. Particle size and zeta potential

Size and zeta potential of the nanoparticles can govern binding and transporting capabilities
in mucus. Mucus is a viscous gel composed of cross-linked mucin fibers. Particles are small
enough to bind to these mucin fibers and slick enough to slide through cross-linked networks
(often 500 nm) to deliver payload efficiently at mucosal tissue, rather than exhibiting quick
particle elimination. Particles with greater diameters will have less surface area, which can
affect the binding. These particles also present limited ability to transport freely because
they may only move through larger diameter channels [38,43-47]. Hence, it is important that
particles should have an optimum size range. The results of size and zeta potential of the
MNPs and MNPs-mucin are presented in Fig. 2Aand B. The average particle size of the
native MNPs, MNPs+3-CD, MNPs+F-127, and MNPs+p-CD-F-127 are about 110, 122,
129, and 117 nm. Their size increased to 195, 209, 232 and 207 nm, respectively, after
incubation with mucin. This suggests that the mucin was able to bind or immobilize on the
surfaces of MNPs instantaneously. The increase in overall size of particles attributed to the
hydrodynamic and globular state of mucin bound on nanoparticles. Additionally, increase in
particle size upon mucin binding leading to extent of mucin protein interaction between
particles, not just by the coating of mucin on individual particles. Moreover, the zeta
potential of the MNPs has also varied due to their interactions with mucin. This is acceptable
because additional coating by mucin protein which is negative zeta potential in nature
further decrease overall zeta potential behavior. The potential values varied from -3 to -8
mV in the case of native MNPs and —6 to —13 mV in case of MNPs-mucin. These negative
potential values suggest that the particles can bind with mucin and can expect better
transport behavior in mucin.

3.2. Characterization

The presence of mucin on the surface of nanoparticles was confirmed by Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (X-RD), and thermogravimetric analysis
(TGA). The FTIR spectra of nanoparticles MNPs, MNPs+B-CD, MNPs+F-127, and MNPs
+B-CD-F-127 exhibits various characteristic peaks similar to our previous report (Fig. 3A).
A distinct spectral shift from 3370 to 3220 cm™1, an appearance of specific peaks at 2920,
2850, 1540 cm™1, and a change of peak intensities at 1635, 1230, and 1050 cm™1
corroborates to protein (mucin on nanoparticles) presence on the surface of nanoparticles
(Fig. 3B). The XRD pattern of MNPs, MNPs+p-CD, MNPs+F-127, and MNPs+p-CD-
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F-127 shows six well-resolved diffraction peaks at 30.1, 35.5, 43.1, 53.5, 57.2, and 62.8°
(indexed to the 220, 311, 400, 422, 511, and 440 planes), which confirms the face centered
cubic spinel phase of nanoparticles (Fig. 3C). MNPs-mucin nanoparticles exhibit two
additional diffraction peaks at 31.3° and 45.2° indicating mucin presence on the surface of
nanoparticles (Fig. 3C). Parent MNPs, MNPs+3-CD, MNPs+F-127, and MNPs+p3-CD-
F-127 does not show considerable weight loss, whereas mucin bound nanoparticles undergo
rapid degradation due to mucin existence on the surface of nanoparticles (Fig. 3D).

3.3. Florescence quenching and binding rate

The adsorption or binding of mucin on a nanoparticles system takes place upon intimate
contact between surfaces of nanoparticles and mucin chains v7ia multiple adhesive forces,
including, hydrogen bonding, electrostatic attraction, hydrophobic interaction, and physical
entanglement [48-50]. The extent of mucin binding on nanoparticles can alter the structural
confirmations of mucin macromolecules. This can be another factor in nanoparticles-
nanoparticles interactions, which finally results in creating nanoparticles-mucin network
systems. To improve or alter the binding of mucin, it is important to modify the surface
characteristics of nanoparticles such as functional groups, surface charge, and also the
diameter of the nanoparticles [36,51,52] by coating with relevant substances. It has been
demonstrated that hydrophilic polymers, especially electrically charged polymers, show
good mucoadhesive capacity compared to non-charge hydrophilic polymers [53,54]. In the
present case, the surface properties of MNPs were modified by coating with B-CD or F-127,
or a combination of B-CD and F-127.

Adsorption of mucin and the rate at which it adsorbs onto nanoparticles is very useful in
designing mucosal delivery particulate systems. This phenomenon can be assessed by using
a fluorescence quenching technique [36,42,44,55]. This is a widely used technique to study
the binding and conformational changes upon association with small molecules, membranes,
and nanoparticles [42,55-58]. This technique measures fluorescence quenching of
biomacromolecule(s) due to the variety of molecular interactions, including ground-state
complex formation, collisional quenching, excited state reactions, molecular rearrangements,
and energy transfer. These different mechanisms are classified as either static-quenching
(ground-sate complex) or dynamic-quenching (collisional quenching) [59]. The steady-state
fluorescence quenching plots are displayed in Fig. 4A-D in 1 mg/ml mucin for all four
unique MNP formulations. In all of the MNP formulations, we observed that florescence
quenching of mucin increased gradually with an increase in the concentrations of MNPs
from 0 to 10 pg/ml. This may be due to part of the tryptophan residue of mucin that is
involved in the adsorption process on MNPs. We have not observed any bathochromic shift
at Amax = 340 of mucin, which suggests that the tryptophan residue is buried [60,61].
Further, the number of adsorption sites on MNPs and the adsorption constants were
calculated using the florescence quenching data. The values are presented in Table 1 [42].
Even though the florescence quenching of mucin is increased with addition of MNPs, the
MNPs+p-CD-F-127 formulation has showed a slightly higher rate of quenching than others.
This directly reveals the role of surface properties of MNPs in binding mucin. F-127 is a tri-
block copolymer with hydrophilichydrophobic-hydrophilic regions spaced with
poly(ethylene glycol) structures and separated by hydrophobic chains, whereas
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becyclodextrin is a cyclic oligosaccharide with hydrophobic core and hydrophilic heads. This
allows for more potential site interaction on the overall surface of MNP, which creates
increased binding with mucin compared to only p-CD (MNPs+p-CD) and F-127 (MNPs
+F-127) coated surfaces. Both of these have showed considerable comparable binding of
mucin. This was further indicated from the number of adsorption/binding sites calculated
(Table 1). It has been demonstrated that the PEG coated nanoparticles surface reduces the
binding with mucin and increases the transport, but it depends on the molecular weight and
surface thickness of the PEG [36,40,47,62,63]. In the present study, even though the surface
of MNPs+B-CD-F-127 has PEG structures, it showed good binding. This may be attributed
to the fact that the PEG structures on MNPs are originated from tri block copolymer of
F-127 and not the pure PEG chains. From this study, it is imminent that the surface of MNPs
has a significant role on the interactions and binding with mucin. Hence, we decided not to
proceed with plain MNPs (uncoated) and the MNPs+F-127 formulation, which has similar
biding characteristics of MNPs+p-CD, in our later experiments.

3.4. MNPs and mucin interactions

There are various methods to estimate the amount of protein bound on to the particles
[36,42,53,54]. We used a simple absorption method to estimate the amount of mucin binding
on MNPs by changing concentrations of mucin and MNPs at different time points. These
studies delineate the adsorption of mucin on to the surfaces of nanoparticles, which governs
the extent of mucin and nanoparticles associations, including self-assembly into extended
particle clusters, which can be used to evaluate mucoadhesive behavior of nanoparticles
[64]. The amount of mucin bound on the MNPs, with time, by changing the concentration of
mucin from 100 to 1000 pg/ml at fixed 250 pg/ml concentration of MNPs, are displayed in
Fig. 5A. As the concentration of mucin increases, the amount of bound mucin also
increased. For all the concentrations of mucin, most of the mucin was bound onto the MNPs
within first hour of incubation and increased moderately with increase in time of incubation,
but did not follow any trend. In the case of MNPs+B-CD-F-127, the amount of mucin bound
is little more compared to their MNPs, but decreases slowly as the time increases up to 24 h.
This may be due to the complex nature of the surface of MNP, or because of the dual coating
given with both B-CD and F-127 polymers as discussed above. This is quite interesting and
could be useful in designing novel particulate systems for mucosal delivery applications. It
not only shows mucus adhesion, but also shows that it can become unbound with time,
which can help with distributing and transporting within the mucin.

The results of bound mucin with varied concentration of MNPs (from 10 to 500 pg/ml at
1000 pg/ml of fixed mucin concentration for all MNP formulations) are presented in Fig.
5B. This study was limited to one and 3-h time points because the incubation time has not
shown a significant change in the amount of bound mucin. The MNPs+g-CD-F-127
formulation showed a higher amount of mucin binding than other MNPs. As the
concentration of MNPs increased, the amount of bound mucin also increased. The
concentration of nanoparticles is significant in terms of the maintenance of the mucin layer.
A higher amount of particles can disrupt and collapse the mucin structure, leading to the
rearrangement of the mucin network [63,65]. This can result in the loss of barrier properties
of mucin and increase the diffusion rates of particles.
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3.5. Cell culture and red blood cells

Cell proliferation studies using different concentrations of MNPs were performed on SiHa
cervical cancer cells and the results are presented in Fig. 6A. All the MNPs have shown the
cell viability to be about 95%, with no increase or decrease trends, even with increase in
concentration of MNPs. This suggests that the MNPs are not toxic to SiHa cells.

When any nanoparticle system interacts with blood cells, if toxic, unwanted side reactions
will occur as soon as it is administered into the human body. Hence, we have studied the
toxicity of the developed MNPs along with mucin-bound MNPs using PBS as the negative
control and sodium dodecyl sulphate (SDS) as the positive control. The results, found by
performing hemolysis experiments, are presented in Fig. 6B. All MNPs have shown very
little (<2%) hemolysis, which is almost negligible. Even mucin bound MNPs showed very
low levels (<4%) of hemolysis. This data suggest that these formulations are non-toxic and
hemocompatible, and thus, can be useful for pre-clinical/clinical applications.

3.6. Ex-vivo studies on pig tissues

In order to verify the mucoadhesive and muco-penetrating characteristics of MNP
formulations, we have performed ex-vivo studies of pig tissues consisting of Gl, pancreas,
ovarian, and colon tissues, by varying the concentration of MNPs and time. These studies
describe the binding extent of the interaction of MNPs with the mucin layer, and facilitate
the uptake process by this tissue. For quantitative estimation of uptake of particles by the
tissues, we used coumarin-6 dye tagged MNPs. The results are discussed in terms of the
amount of dye uptake by the tissues, as determined using a fluorescence plate reader. Muco-
penetrating property was evaluated by tissue cross-section staining with Prussian blue.

The uptake of dye-tagged MNPs measured per gram of Gl tissue with time at fixed
concentration of MNPs was displayed in Fig. 7A. Freshly collected porcine Gl tissue was
chosen for this experiment, because it has very strong intact mucus barrier layer and all the
studies were performed by maintaining mucus layer on the top side, so that the results could
reflect the /n vivo behavior [66,67]. The Gl tissue took up approximately 50 g of dye
MNPs within 30 min. This was increased moderately to 65 g over a period of 6 h. The
MNPs+B-CD-F-127 formulation has shown a higher amount of uptake by Gl tissue than
other MNP+p-CD formulations in validated /n vitro mucin binding studies. For further
insight, the concentration of dye MNPs was varied from 10 to 30 pg/ml to examine the
uptake of particles by Gl tissue for 3 h (Fig. 7B). As the concentration of dye MNPs
increased, the amount of uptake of dye MNPs was increased from 30 to 80 ug. This was
further proven by the increased intensity of the blue color of Prussian blue stained images
(Fig. 7B, inserts).

The same experiment was carried out in the ovarian, pancreas, and colon tissues of a pig
(Fig. 7C). Similarly, the uptake of dye MNPs increased with increasing concentration of
MNPs but the amount of uptake is relatively lower compared to Gl tissue. This may be due
to variation in the presence of mucin composition and the thickness of mucin on these
tissues compared to Gl tissue.
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3.7. Transport of MNPs through mucin by Boyden chamber studies

The transport behavior of nanoparticles through mucin can be evaluated using multiple
particle tracking [36,39], glass capillaries [51], confocal microscopy [21], Franz diffusion
cell [68], etc. In the present study, we used Boyden's chamber to quantify the amount of
MNPs transported. This technique was generally used to study the migration of cells through
the micro porous membrane by placing cells in the upper compartment, and then allowing
them to migrate through the pores of the membrane into the lower compartment. The lower
compartment contained chemotactic agents. The number of cells migrated after an
appropriate incubation time to the lower side of the membrane [69]. Mucin concentration
(0.5 and 1 mg/ml) layers at a fixed coumarin-6 dye tagged MNPs are used in this assay and
the results are discussed in terms of the amount of dye MNPs transported in the lower
chamber (Fig. 8A and B). At both concentrations of mucin, MNPs are transported within 30
min and the amount transported increased slowly with time up to 24 h in the order of MNPs
+B-CD-F-127 > MNPs+p-CD. The transport or diffusion of nanoparticles depends on the
size and extent of their binding with the mucin fibers. It has been assumed that the stronger
and higher the number of binding established between mucin and the nanosystems, the
greatest the impairment to diffusion will be. It is an attempt to study the transport of
particles through Boyden chamber experiments. In order to study the transport of particles
mucin films can also be used. However, there are multiple parameters such as thickness,
dimensional stability of films or membranes and the positioning of the membranes have to
be standardized for this. We will consider these factor in our future course of studies.

An interesting transport behavior of different MNPs has been observed. Even though the
interactions and binding of mucin on MNPs+p-CD is less compared to other MNPs
particles, these have transported less, whereas MNPs+B-CD-F-127 particles have shown
slightly higher binding and interactions with mucin, these particles are transported more in
the mucin solution. This further confirms the decreased binding of mucin with time observed
for MNPs+p-CD-F-127 particles. It has been widely demonstrated that poly (ethylene
glycol) coating on nanoparticles will increase the transport of nanoparticles through the
mucin [34,36,47,63,70,71]. It was also established that pretreatment of F-127 with
cervicovaginal fluids increased the transport of nanoparticles through mucin [41]. Hence,
because of the presence of F-127 on MNPs+p-CD-F-127, and also the poly(ethylene glycol)
regions, these MNPs might have transported more compared to MNPs+3-CD [41]. Overall,
the binding and transport of MNPs with mucin is highly complex, because the mucin itself is
heterogeneous in nature and the individual nanoparticles are made with different
components of core and surfaces. All these parameters might be playing their role in final
observed behavior of the MNPs with mucin. Based on all the results, a schematic
representation of the transport behavior of these MNPs in epithelial mucin layer was
depicted hypothetically, and represented in Fig. 9.

4. Conclusions

It was hypothesized that PEGylated nano- and micro-particle exhibit superior mucoadhesion
and facilitated mucosal transport for improved drug delivery. Considering this aspect, we
have engineered a unique, magnetic nanoparticle formulation, comprised of PEG groups in
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pluronic polymers but p-cyclodextrin which has shown improved therapeutic benefit of
loaded therapeutic molecules. Toward developing this nanoparticle formulation for mucosal
delivery we examined mucoadhesive and mucus transportation behavior. This study
demonstrated the mucin binding and transporting behavior of magnetic nanoparticles
developed with different surfaces by coating p-cyclodextrin, pluronic 127, and both together.
Overall, MNPs+B-CD-F-127 formulation exhibited remarkable mucus binding
characteristics over other examined nanoparticles. This was further evident from ex-vivo
uptake studies of these MNPs by GlI, ovarian, pancreas, and colon tissue. Prussian blue
stained tissues are visually evident for the transportation of MNPs through mucus layer(s). A
secondary measure of transportation assay by Boyden's chamber assay confirms that the
MNPs+p-CD-F-127 formulation is better than other MNPs. These results suggest that these
magnetic nanoparticles will be a good choice for mucosal targeting drug delivery and
therapeutic applications.
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Fe2t + Fe3t

Iron salts d Ammonia

MNP+B-CD MNP+B-CD-F127

MNP+F-127

MNP: Magnetic Nanoparticles; B-CD: B-Cyclodextrin;
F-127: Pluronic 127

Fig. 1.
Schematic representation of the synthesis of magnetic nanoparticles (MNPs). Four different

formulations of MNP were prepared, i.e., MNP core (no coating) or by coating the MNP
surface either with B-cyclodextrin or with pluronic 127 and both together.
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Pagrticle size and zeta potential of MNPs and mucin bound MNPs. (A) Particle size of MNPs
and mucin bound MNPs measured for 3 min using dynamic light scattering technique. (B)
Zeta potential of different MNPs and mucin bound MNPs measured in 9 min. Data
presented as an average of three independent measurements and error bars drawn are from
standard error of the mean).
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Spectral and thermal characterization of (A-B) FTIR spectra, (C) X-ray diffractograms, and
(D) Thermograms of plain MNP, MNPs+p-CD, MNPs+F-127, MNPs+B-CD-F-127 and 500
ng mucin bound on the surface of nanoparticles. Note: Mucin presence was confirmed by all
three analytical techniques.
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Fig. 4.

Rgsults of steady state florescence quenching of 1 mg/ml mucin with (A) plain MNPs, (B)
MNPs+g-CD, (C) MNPs+F-127 and (D) MNPs+p-CD-F-127 with increasing the
concentration of MNPs from 10 x (0 to 10 pug/ml). A representative spectra of formulation
was presented from three independent spectral analysis.
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Fig. 5.

Ar?munt of mucin binding onto the different MNPs. (A) Concentration of bound mucin
expressed in pg/ml on to the MNPs+B-CD and MNPs+p-CD-F-127 particles, while varying
the concentration of mucin from 100 to 1000 pg/ml at 1, 3, 6 and 24 h time points, at a fixed
MNP concentration of 250 pug/ml. (B) Concentration of bound mucin expressed in pg/ml on
to the MNPs+B-CD and MNPs+p-CD-F-127 particles, while varying the concentration of
MNPs from 10 to 500 pg/ml at 1 and 3 h time points, at fixed mucin concentration of 1000
ug/ml. Data presented is average of three independent measurements and error bars drawn
are from standard error of the mean.
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Fig. 6.

Toxicity studies of MNPs toward SiHa and red blood cells. (A) SiHa cell proliferation with
varied concentration of MNPs after 48 h treatment measured by MTS assay. Data presented
is average of five treatment wells and error bars drawn are from standard error of the mean).
(B) Percentage hemolysis measured after treating the red blood cells with plain MNPs and
mucin bound MNPs after 1 h of incubation of RBCs with particles. Data presented is
average of five measurements and error bars drawn are from standard error of the mean.
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Fig. 7.

E)% vivo binding and uptake of coumarin-6 dye tagged MNPs with different pig organs. (A)
Amount of dye uptake by the Gl tissue of pig from MNPs+p-CD and MNPs+3-CD-F-127
dye tagged with time at fixed concentration of 20 pg/ml of dye. (B) Amount of dye uptake
by the Gl tissue from MNPs+p-CD-F-127 at 3 h with varied concentration of MNPs. The
corresponding Prussian blue images of the tissue are inserted at the top of the each
histogram. (C) Amount of dye uptake by the ovarian, pancreas, and colon tissues for MNPs
+B-CD and MNPs+B-CD-F-127 with varied concentration of MNPs at 3 h. Data presented is
average of three independent measurements and error bars drawn are from standard error of
the mean. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Transport phenomenon of MNPs in mucin solutions using Boyden's chamber method (A)
Amount of dye transported from MNPs+p-CD and MNPs+p-CD-F-127 particles with time
at 500 pg/ml MNPs in 1 mg/ml mucin solutions. (B) Amount of dye transported from MNPs
+B-CD and MNPs+p-CD-F-127 particles with time at 500 pg/ml MNPs in 0.5 mg/ml mucin
solutions. Data presented is average of three independent measurements and error bars
drawn are from standard error of the mean.
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Fig. 9.
Schematic representation of binding and transport behavior of MNPs+3-CD, MNPs+F-127

and MNPs+B-CD-F-127 particles in the mucin layer of epithelia surface based on the
observed results.
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Number of binding sites and binding constants of various MNPs calculated from steady state florescence

guenching measurements data.

Formulation Mucin bindinga

Mucin bindingb

Number of binding sites (n)  Binding constant (k)

Number of binding sites (n)

Binding constant (k)

MNPs+B-CD 1.295 0.017
MNPs+F-127 1.954 0.101
MNPs+B-CD-F-127  2.006 0.100

1.356
1.955
2.987

0.012
0.091
0.205

aMucin concentration 0.5 mg/mL.

bMucin concentration 1 mg/mL.
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