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ABSTRACT

Purpose The contribution of permeability and drug release
to drug targeting were investigated in the course of develop-
ment of a nanosized formulation of the anti-inflammatory
compound TMP-001, for the local treatment in the gastroin-
testinal tract.

Methods TMP-001 was encapsulated by nanoprecipitation
into Eudragit® RS 100. The permeability of these carriers
was investigated in an Ussing chamber model and the release
rate was determined under biorelevant conditions. Formula-
tion toxicity and particle-cell-interaction were investigated by
flow cytometry, fluorescence and electron microscopy. IFFur-
thermore, spray drying was performed.

Results Effective internalization of Eudragit®-nanoparticles
into cancer cells was demonstrated. A burst release of the
nanoparticles implied poor interaction of TMP-001 with
Eudragit®. A sustained release (70.5% release after 30 min
compared to 98.0% for the API) was accomplished after spray
drying yielded an increased particle size. Recovery rate of
TMP-001 after spray drying was 94.2+5.9%.
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Conclusion The release of API from polymeric nanoparticles
contributes profoundly to the in vivo-performance of drug de-
livery devices in the gastrointestinal tract. The impact of drug-
polymer interaction and particle size was analyzed. Sustained
release of TMP-001 could only be achieved by increasing
particle size. Therefore, biorelevant release testing has been
demonstrated to be a valid tool for nanoformulation design.

KEY WORDS biorelevant release - Eudragit® RS 100 -
nanoparticles - peroral drug delivery - Ussing chamber

ABBREVIATIONS
AP Active pharmaceutical ingredient
CLSM Confocal laser scanning microscopy

COX-2  Cyclooxygenase-2

DAPI 4',6-Diamidin-2-phenylindol

DMEM  Dulbecco’s Modified Eagle Medium
FCS Fetal calf serum

Gl Gastrointestinal

mTHPC  Meso-tetrakis(3-hydroxyphenyl)chlorin
MWCO  Molecular weight cut-off

PBS Phosphate buffered saline

PCS Photon correlation spectroscopy

PDI Polydispersity index

PTFE Polytetrafluoroethylene

rpm Rotations per minute

SD Standard deviation

SEM Scanning electron microscopy

TEM Transmission electron microscopy
WST Water soluble tetrazolium
INTRODUCTION

Polymeric nanocarrier devices are well-known for their bene-
ficial characteristics enabling drug targeting, the improvement
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of bioavailability, and a reduction of side effects of an active
pharmaceutical ingredient (API) (1-3). Regarding the multitude
of application routes encompassing the parenteral, dermal, and
peroral route of administration, it is obvious that characteristics
of the nanocarriers have to be tailored carefully according to the
pathophysiology of the addressed body compartment.

Concerning the peroral route of administration, diverse
mechanisms of action must be taken into account. On the
one hand side, chronically inflamed bowel disease and tumors
in the gastrointestinal (GI) tract require penetration into in-
flamed tissues and an efficient internalization into specific cell
types, such as immune-related or cancer cells (4,5). In this con-
text, mucoadhesiveness and a sustained release of the API from
the carrier can help to increase residence time at the specific site
of action (6,7). On the other hand, API that exhibit a poor
aqueous solubility are good candidates for nanosized formula-
tions due to the increased dissolution rate and the altered GI
transit time compared to dosage forms larger in size (3,8).

Previous studies have provided evidence that a certain
amount of the nanocarriers can be taken up in its particulate
form in the intestine by either paracellular transport in case of
particles smaller than 50 nm or the endocytotic pathway
(9,10). However, overcoming the intact mucus barrier that is
characterized by a thickness of up to 830 pm is hard to achieve
due to the dense network of the mucin glycoproteins (11).
Nevertheless, diffusion through the pores of the mucin fibre
matrix is possible for particles smaller than 100 nm and a
neutral surface charge (12,13). Moreover, the size of perorally
administrated formulations is essential if targeting of
microfold cells 1s addressed as discussed for vaccinations (14).
Schmidt et al. detected a pronounced transport of poly(lactide-
co-glycolide) nanoparticles across inflamed colonic mucosal
specimens that was not observed for microparticles of the
same material (15). Hence particle diameter impacts
biodistribution crucially.

Considering a local treatment in the GI tract, there is still a
lack of profound knowledge in the way particle properties
affect the applicability of nanocarriers for this purpose. Be-
sides the accomplished impact of particle diameter, size distri-
bution, and surface charge that all contribute to the extent
particles are internalized into cells; the selected excipients for
the generation of polymeric nanocarriers cannot be neglected
(15—17). Regulating the interaction with specific cell lines and
release properties, the interaction of API and polymer appears
to be one key parameter explaining those complex mecha-
nisms (18). Since it is evident that a fast dissolution of the
API from the polymeric shell will limit the benefits
nanoencapsulation is associated with, i vitro-tools for the phys-
icochemical characterization have to be tailored to the ad-
dressed pathophysiological patterns.

The present research investigates the i vitro-performance
of Eudragit® RS 100-based nanoparticles relying on a logical
set of analytical methods, e.g., photon correlation

spectroscopy (PCS), cell culture-based evaluation of the effi-
cacy after processing of the API, microscopy and flow cytom-
etry for studying the interaction of polymeric nanocarriers
with GI specific cell lines.

The Ussing chamber model, known as a valuable tool for
the prediction of GI permeability and absorption, was used for
the evaluation of API and particle properties and their inter-
action with cell barriers producing mucus (19). Furthermore,
biorelevant release testing was applied in order to investigate
the interactions between drug, nanocarrier and the physiolog-
ical environment, and their impact on the drug delivery par-
adigm. In this context, Fudragit® RS 100-nanoparticles were
prepared by a scalable nanoprecipitation technique (20).
Unloaded nanoparticles and a formulation containing the
weak acid TMP-001 (pKa=4.22, logP=10.417) were investi-
gated (20,21). TMP-001 is a model compound tested for its
therapeutic relevance for several inflammatory diseases. The
S-enantiomer of TMP-001 is a potent COX-2 inhibitor with
anti-inflammatory properties and a high permeability. Aspir-
ing an effective treatment, internalization into immune related
cells 1s considered as beneficial (4,22). Due to an increased
paracellular permeability induced by the disruption of tight
junctions e.g., in inflammatory bowel disease, mucoadhesive
dosage forms exhibiting a controlled release of the API are
considered as promising formulations (6,23). In this context,
the achievement of a prolonged release of the API at the
specific site of action was intended.

For other compounds such as the photosensitizer
temoporfin, a slow release from the polymeric shell and low
systemic availability combined with an effective uptake of the
loaded nanoparticles into cancer cells are considered to be
beneficial (20,24). Recently, budesonide was effectively deliv-
ered to the inflamed colonic mucosa after incorporation into
Eudragit® S-coated chitosan-Ca-alginate-microparticles. An
erosion-controlled sustained release and a pronounced
swellability were described as predominant factors for the re-
lease of the API at the specific site of action for this formulation
(25). Another formulation based upon Eudragit® RL 100 con-
taining clodronate also demonstrated sustained release prop-
erties (4). The presence of mucin in the release medium trig-
gered the release of this API from the polymeric shell.

Depending on the interaction of API and polymer, varying
release profiles can be assumed for polymeric nanoparticles of
the same excipient. A strong interaction of drug and polymer
combined with a favorable ratio of absorbed to encapsulated
drug, can assure a prolonged release in spite of the short dif-
fusion pathways in nanoscaled formulations (26). However,
due to the large surface area, prolonged release characteristics
are hard to achieve. In this regard, altered diffusion pathways
can be considered one option in order to modify those pat-
terns. Nevertheless, the potential for drug targeting relying on
an increased penetration depth of nanocarriers into the gut
wall is highly dependent on particle size and distribution
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(15,27,28). Consequently, the augmentation of diffusion path-
ways 1n favor of release properties will attenuate the potential
particle-cell interactions. It is also essential to contemplate
release in the GI tract in the context of permeability, since
both characteristics contribute to the # vwo-performance even
when local treatment is required (4,29,30).

The presented research encompasses a systemic approach
towards evaluation and adaption of particle characteristics of
polymethacrylate-based formulations with regard to the en-
capsulated compound.

MATERIALS AND METHODS

Materials

TMP-001 (lot 5532052) was purchased from Aesica Pharma-
ceuticals Ltd. (Northumberland, UK). Pluronic F-68 (lot
8N009192) and 4',6-Diamidin-2-phenylindol (DAPI; lot
3B002134) were purchased from AppliChem GmbH (Darm-
stadt, Germany). Eudragit® RS 100 (lot E100108020) was
kindly provided by Evonik R6hm GmbH (Darmstadt, Ger-
many). Polytetrafluoroethylene (PTTE)-syringe filters with a
molecular weight cut-off MWCO) of 0.1 pM were purchased
from Whatman (Maidstone, UK). Dulbecco’s Modified Eagle
Medium (DMEM), heat-inactivated fetal calf serum (FCS),
penicillin-streptomycin solution and DMEM/F12; penicillin-
streptomycin, L-Glutamin were purchased from PAA Labo-
ratories GmbH (Egelsbach, Germany) and Invitrogen (Karls-
ruhe, Germany), respectively. FCS was obtained from Sigma
Aldrich (Steinheim, Germany). T-84 cell line was obtained
from CLS (Eppelheim, Germany). Cell proliferation reagent
water soluble tetrazolium (WST-1) was purchased from
Roche Diagnostics (Mannheim, Germany). Concanavalin A,
Alexa Fluor® 488 conjugate (lot 1154193) was purchased
from Invitrogen (Eugene, USA). Lumogen® F Red 305 and
Lumogen® F Orange 240 were kindly provided by BASF AG
(Ludwigshafen, Germany). Carbogen LAB was obtained from
Linde Gas (Mainz, Germany). FaSSIF V2 was kindly provid-
ed by biorelevant.com (Croydon, UK). Osmium tetroxide 4%
solution (lot 080583), Araldit® CY 212 (lot 080623), Araldit®
hardener Hy 964 (lot 071335) were purchased from Serva
Electrophoresis GmbH (Heidelberg, Germany).
Vectashield® fluorescence mounting medium was purchased
at Vector Laboratories (Burlingame, USA).

Methods

Preparation of TMP-001-loaded Eudragit® RS
100-Nanoparticles

An amount of 15 mg TMP-001 and 150 mg Eudragit® RS
100 were dissolved in 1 mL ethanol 96% [v/7] at a stirring rate
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of 550 rpm. An aqueous Pluronic® F-68 solution with a con-
centration of 0.01% [w/v] was added dropwise with a peri-
staltic pump to these solutions and induced the formation of
nanoparticles by precipitation. The flow rate was adjusted to
12 mL/min. The suspensions were stirred overnight. For the
evaluation of cellular uptake, particles were additionally
stained with Lumogen® F Red 305 and Lumogen® F Orange
240, respectively. In this context, an amount of 500 pg of the
dye was added to the organic solution before precipitation.

Determination of Particle Properties by Photon Correlation
Spectroscopy

A Zetasizer Nano ZS (Malvern Instruments GmbH, Malvern,
UK) with a backscatter detector at an angle of 173° served for
the determination of particle size and polydispersity index
(PDI). Additionally, the zeta potential was measured by mi-
croelectrophoresis in a Malvern dip cell. Therefore, the sus-
pensions were diluted 50-fold with purified water and trans-
ferred into a polystyrol cuvette.

Visualization of Particle Shape and Size by Electron Microscopy

For transmission electron microscopy (TEM), a volume of
20 pL of the nanocarrier suspension was transferred onto a
coated copper grid. Staining of the polymer was achieved by
incubation with phosphotungstic acid solution (2% [w/1]).
The device used was a transmission electron microscope
CM 12 (Philips, Amsterdam, The Netherlands) equipped with
a Gatan module 782 (ES 500 W).

For the visualization of particles by scanning electron mi-
croscopy (SEM), an aliquot of 20 uL of the particle suspension
was pipetted onto a sample holder and dried for 24 h. After-
wards, an Agar Sputter Coater (Agar Scientific, Essex, UK)
was used for sputtering the particles with gold. Pictures were
recorded with an Hitachi S4500 microscope system (Hitachi,
Tokyo, Japan) at an accelerating voltage of 15 kV.

Determination of Drug Loading Efficiency and Particle
Concentration

For the quantification of drug load, a volume of 200 pL of the
particle suspensions was centrifuged through centrifugal filters
(Amicon® Ultra, Millipore, Tullagreen, Ireland) containing a
membrane of regenerated cellulose with a MWCO of
100 kDa. With the help of this procedure an effective separa-
tion of particles from the supernatant and therefore encapsu-
lated from free API, was accomplished (20). Filter adsorption
was tested under comparable conditions. The centrifugate
was diluted and analyzed for the amount of API by an HPLC
method adjusted from the one described by Akhlaq et al. in
2011 (31). The HPLC-system consisted of an LC-Organizer
(Chromaster, VWR Hitachi, VWR International), a 5310
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column oven, a 5430 diode array detector, a 5260 auto sam-
pler and an 5160 intelligent pump. A reversed phase column
(Gemini NX-C 18) was used as stationary phase. The mobile
phase consisted of an aqueous solution of NayHPO,
(30 mmol/L) and acetonitrile mixed at a ratio of 1:1. Flow
rate was set to 1 mL/min, a wavelength of 247 nm was select-
ed for detection. Linearity was assured in the range of 0.05 to
50 pg/mL. The amount of nanoparticles in the suspensions
was determined gravimetrically. Therefore, the weight of the
aluminum dishes was determined and 50 pL of the nanopar-
ticle suspensions were pipetted onto each dish. The samples
were dried to constant weight at a temperature of 80°C and
incubated in an exsiccator overnight. The weight was deter-
mined after this procedure and the additional weight correlat-
ed to the amount of polymeric nanoparticles in the
suspension.

Determination of Toxicity by WST-1 Assay

The cell viability assay was performed on HCA-7 and Caco-2
cells. Therefore, 15,000 cells per well were seeded into 96-well
plates. Cells were allowed to attach for 24 h at 37°C and 5%
COqy. The medium was removed and 100 pL of the nanopar-
ticle suspensions diluted in white DMEM were pipetted into
each well. The applied concentrations ranged from 0.05 to
3 mg/mlL loaded Eudragit® RS 100 nanoparticles (4,32,33).
After 3 h of incubation the medium was removed and re-
placed with fresh white DMEM. A volume of 10 pL of
WST-1 reagent was added and a further incubation of 1 h
was performed. The microplate reader Infinite 200 PRO
(Tecan Group Ltd., Médnnedorf, Switzerland) was used for
evaluation of cell viability. A wavelength of 450 nm was se-
lected for measurement, the reference wavelength was set to
620 nm.

Determination of the Efficacy of TMP-001-Loaded Nanoparticles
by Evaluation of COX-2 Inhibition in HCA-7 Cells

The efficacy of TMP-001-loaded nanoparticles was tested in
HCA-7 cells that express cyclooxygenase-2 (COX-2) constitu-
tively. For those experiments the enantiopure S-form of TMP-
001 was used, because its activity on COX-2 is 100fold more
distinct compared to the racemate. Nanoparticles containing
the S-form of TMP-001 were prepared as described herein.
HCA-7 cells were grown in 6-well plates (500,000 cells per
well) and various concentration of pure S-TMP-001 and the
nanocarrier formulation were applied. Concentrations of 5
and 10 pmol/L of the API or the corresponding formulation
diluted in DMEM were tested. After 2 h of incubation, the
medium was transferred into caps and centrifuged at
2000 rpm for 5 min to separate cells from the supernatant.
Samples were kept on ice and the supernatant was analyzed

by LC-MS/MS for the amount of PGE, as an indicator for
COX-2 inhibition.

Evaluation of Particle-Cell Interaction by Flow Cytometry
of TMP-001-Loaded Nanoparticles and Caco-2 Cells

A number of 10° cells of Caco-2 cells (passage no. 9-12) were
grown in 24-well plates. After 24 h, cells were washed and
Lumogen® F Red-stained nanoparticles containing TMP-
001 were diluted in DMEM and 1 mL applied to the wells
utilizing concentrations of 100, 250, and 500 pg/mL. After
2 h cells were harvested with trypsin-EDTA solution. The
reaction was stopped with cell culture medium after 5 min.
The cell suspensions were transferred into caps and centri-
fuged for 5 min at 1200 rpm. The supernatant was decanted
and cells were resuspended in 100 pl PBS containing 1% [v/7]
FCS. The cells were fixed and centrifugated for 5 min at
1200 rpm. The pellet was subsequently resuspended in PBS.
The cell suspensions were filtered through the cell strainer
caps of BD falcon tubes and measured with the device BD
FACSAria™III (Becton Dickinson Biosciences, Franklin
Lakes, USA). 10,000 events were measured and the shift in
fluorescence intensity (median) that corresponds to the Texas
Red channel was used for the evaluation of uptake and inter-
action of the nanoparticles with cells.

Determination of Cellular Uptake of Eudragit® RS
100-Nanoparticles with the Help of Fluorescence Microscopy

Caco-2 cells that were at passage no. 7 were grown on cultures
slides (BD Falcon®, Thermo Fisher Scientific Inc., Waltham,
USA) to a density of 10,000 cells/cm”. A concentration of
50 ug per mL medium of the nanoparticles (unloaded or
TMP-001-loaded, both stained with Lumogen® I Red 305)
were applied to each chamber containing 10,000 cells. After
incubation for 2 h, the cell membrane was stained with an
Alexa Fluor® 488 conjugate of succinylated Concanavalin
A, DAPI was used for staining of the nucleus. After washing
of the cell layers and sealing with Vectashield® fluorescence
mounting medium, visualization was achieved with the micro-
scope Axiolmager Z1 microscope and Axiovision 4.6 software
(Zeiss, Gottingen, Germany).

Qualitative Evaluation of Cellular Uptake of Unloaded Eudragit®
RS 100-Nanoparticles by Transmission Electron Microscopy

Caco-2 cells were grown in DMEM containing 10% [v/7]
FCS and penicillin-streptomycin at 37°C and 5% COy. Cells
that were at passage no. 15 to 17 were seeded on a coverglass
(50,000 cells/cm?) and allowed to adhere for 24 h. Cell layers
were incubated with unloaded Eudragit® RS 100-
nanoparticles at a concentration of 50 pg/mL, diluted in
DMEM medium containing 10% [v/2] FCS, for 2 h.

@ Springer



3990

Beyer et al.

Subsequently, pre-fixation by incubation with a solution of
glutardialdehyde (2.5% [v/7]) in phosphate buffered saline
solution (PBS; pH 7.4) was conducted. After washing with
PBS, post-fixation was achieved with a solution of osmium
tetroxide (1% [v/v]) in PBS for 2 h. Dehydration of the cell
layer with ascending concentrations of ethanol and embed-
ment into Araldit® resin was performed according to the
method described by Zensi ¢t al. (34). After complete infiltra-
tion of the resin into the cell layer, and hardening of the resin
was assured, the cover glass was removed and sections were
obtained with an Ultra S microtome (Leica Microsystems
GmbH, Wetzlar, Germany). A diatome knife ultra 45°
(Schmied Labortechnik, Bielefeld, Germany) was used for cut-
ting into ultrafine sections. A double staining procedure with
uranyl acetate and lead citrate was performed in order to
contrast the polymeric nanocarriers, and a transmission elec-
tron microscope CM 12 (Philips, Amsterdam, Netherlands)
was used for visualization.

Spray Drying of the Nanocarrier Suspension and Characterization
of the Obtained Powder

The Mini-Spray dryer B-290 (Biichi Labortechnik AG, Essen,
Germany) equipped with a three-fluid nozzle of an inner di-
ameter of 0.7 mm (item no. 046555) was used for achieving a
solid powder. The nanoparticle suspensions were mixed with
a mannitol solution to a final concentration of 5% [w/v] for
the sugar alcohol. The nanocarrier suspensions were delivered
to the nozzle at a pumping speed of 6.25 mL/min. The aspi-
rator was operated at 100%. Inlet temperature was regulated
to 75°C; the outlet temperature was monitored to be 35+ 1°C
throughout the process. This process was performed for the
TMP-001-loaded particles. The obtained powder was dis-
solved in ethanol 96% [v/v] and analyzed for the amount of
TMP-001 by HPLC-analysis. The amount of Eudragit® RS
100 was determined by size exclusion chromatography as de-
scribed by Porsch et al. (35). In this context an HPLC-system
composed of an LC-Organizer (Chromaster, VWR Hitachi,
VWR International), a 5310 column oven, a 5450 refractive
index detector, a 5260 auto sampler and an 5160 intelligent
pump was used. As stationary phase a Biosep SEC-s3000
column (Phenomenex Inc., Aschaffenburg, Germany) was
used with a mobile phase consisting of LiCl (100 mM) dis-
solved in ethanol 96% [v/7].

Permeability Studies Conducted with the Ussing Chamber Model

Transport studies with the Ussing chamber model were per-
formed with the intestinal cell line T-84 derived from lung
metastases of human colon carcinoma. The accomplished cell
layers produce mucin. The cells were cultured on
Transwell® inserts (3 pm pore size, polycarbonate-
membrane) (Corning, Wiesbaden, Germany) for 2 weeks
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before they were utilized for experiments. 300,000 cells were
seeded per Transwell® and cultured at 37°C and 5% CO, at
a humidity of 85%. The membranes with the grown cells were
placed into inserts in the Ussing chamber (Physiologic Instru-
ments, San Diego, USA). The effective membrane area com-
prised 0.33 cm®. The chamber halves were filled with
Tyrode’s buffer (pH 6.8) and oxygenated with carbogen.
The transepithelial resistance was monitored throughout the
experiment. Nanoparticle suspension, spray dried powder, or
free drug were added to the mucosal compartment and incu-
bated for 3.5 h. The concentration of the API TMP-001 in the
mucosal compartment was adjusted to 20 pg/mlL. Samples
were collected from both compartments, serous and mucosal,
and stored at —20°C until HPLC-analysis. The permeability
rate after 3.5 h of all tested formulations was determined by
regarding the permeated amount of TMP-001 over time in
the context of the effective membrane area. Therefore, the
amount of APT that crossed the T-84 cell layer in the relevant
time interval was divided by the concentration of API that
remained in the donor compartment and the effective mem-
brane area. Hence the result was expressed by the unit of
[10~* em/s] that is also used for permeability coefficients.

For the blank, Lumogen® F Orange-loaded Eudragit®
RS 100, Transwell® membranes were cryoembedded in Tis-
sue Tek® (Sakura Finetek Europe BV, AJ Alphen aan den
Rijn, Netherlands) for the visualization with confocal laser
scanning microscopy (CLSM). Therefore concentrations of
10 and 20 pg/mlL, respectively were applied into the donor
compartment. Consequently, cryosections of the cell mem-
branes with a thickness of 10 pm were prepared. The sections
were transferred onto microscope slides and mounted with
mounting medium containing DAPI. Sections were analyzed
with a Leica CLSM (Wetzlar, Germany).

Release Experiments Performed in the Biorelevant Medium
FaSSIF V2

In order to determine the release properties of the established
formulations containing TMP-001, the sample-and-separate
technique was used. Therefore, an USP-2 apparatus
(ERWEKA DT 6 R, ERWEKA GmbH, Heusenstamm, Ger-
many) equipped with mini vessels and mini paddles
(ERWEKA DT 600, ERWEKA GmbH, Heusenstamm, Ger-
many) was employed. A volume of 300 mL FaSSIF V2 medi-
um was used; the stirring speed was set to 75 rpm. Tempera-
ture was kept constant in the range of 371+0.5°C. The
biorelevant dissolution medium FaSSIF V2 was prepared by
dissolving 1.79 g FaSSIF V2 powder in maleic acid buffer
pH 6.5. After complete release was achieved, the volume
was adjusted to 1 L with the mentioned buffer system. An
amount of 10 mg of TMP-001 or the corresponding amounts
of the nanosized or spray dried formulations were used for
release experiments. Dissolution tests were run for 4 h. After
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defined time intervals, samples of 1.5 mL volume were re-
moved and replaced with fresh medium. Samples were subse-
quently pushed through filters with an MWCO of 0.1 pm
(Anotop 25, Whatman International Ltd., Maidstone, UK).
The first 500 pL were discarded. The amount of the TMP-
001 was determined by HPLC. Filter absorption was tested
beforehand. The cumulative amount released was expressed
as percentage of the theoretical concentration gained by
100% drug release.

Statistical Analysis

All data are expressed as mean®standard deviation (S.D.).
For the determination of significance, Kruskal-Wallis One
Way Analysis of Variance on Ranks was performed. An all
pairwise multiple comparison procedure was performed with
the help of Holm-Sidak method. Differences were considered
to be significant if p<0.05.

RESULTS

Characterization of Nanoparticles by Photon
Correlation Spectroscopy

The characterization of nanocarriers by PCS revealed a mean
diameter of 171.1%£3.3 nm and a monodisperse size distribu-
tion as indicated by a PDI of 0.189+0.014 for the unloaded
Eudragit® RS 100 nanocarriers. The zeta potential as an
indicator of surface charge was determined to be +51.3%
3.4 mV. In case of TMP-001-loaded particles the zeta poten-
tial was increased to values of +64.2+4.8 mV while no influ-
ence on size and size distribution was detected. Incorporation
of the dye Lumogen® I Red 305 did not affect the described
properties neither when it was incorporated solitarily, nor af-
ter encapsulation besides TMP-001.

For the API an encapsulation efficiency of 98.1%1.9% was
determined by HPLC after separation of nanoparticles from
the supernatant. An absolute drug load 0f 98.1+1.9 pg TMP-
001 per mg nanoparticles was achieved resulting in a drug
loading capacity of 9.8% [w/w)].

The excipient composition assured optimal characteristics
of the nanocarrier formulation with regards to particle size,
size distribution, zeta potential, and encapsulation efficiency
as described previously (20). Further characterization was un-
dertaken in order to make sure that TMP-001 had no effect
on relevant product characteristics of the selected formulation
design.

Visualization of Nanoparticles by Electon Microscopy

Observations by TEM and SEM ascertained spherical shape
of TMP-001-loaded nanoparticles and confirmed the

diameter measured by PCS (see Fig. 1a and b). Their visual
appearance was identical to particle systems synthesized from
the same polymeric material as published previously (20).
There were no residues of crystalline API observed.

Determination of Toxicity by WST-1 Assay

Since the interactions with cellular surfaces can have an influ-
ence on the uptake, degradation, and drug release from the
nanocarrier devices, these parameters have been investigated.
By assessing cytotoxicity of the TMP-001-loaded drug deliv-
ery system, an effect of reduced cell viability on further exper-
iments was excluded. Consistent with some earlier findings
concentrations in a range between 0.05 to 3 mg/mL of the
TMP-001-loaded nanoparticles were tested on Caco-2 and
HCA-7 cells (4,32,33).

No decrease in cell viability was recognized in neither of
these cell lines after 4 h (see Fig. 2a). Even at high concentra-
tions of the API there was no sign of apoptosis detected (see
Fig. 2a). Moreover, the drug-loaded nanocarriers were com-
parable in their toxicity to their unloaded counterparts.

Determination of the Efficacy of TMP-001-Loaded
Nanoparticles by Evaluation of COX-2 Inhibition
in HCA-7 Cells

The TMP-001-loaded nanocarriers were analyzed with
regards to the therapeutic efficacy of the API after encapsula-
tion into the drug delivery system. The S-enantiomer of the
compound TMP-001 as an effective COX-2 inhibitor was
able to reduce the amount of PGEy in the supernatant signif-
icantly (see Fig. 2b). After processing this API by encapsulation
into Eudragit® RS 100, the extent of COX-2 inhibition
remained consistent. For both, the unprocessed API and the
nanoparticles, the lowest concentration of 5 pM already di-
minished the amount of PGE, to values below 30% compared
to the control (unloaded Eudragit® RS 100-nanoparticles).

Evaluation of Particle-Cell Interaction by Flow
Cytometry of TMP-001-Loaded Nanoparticles
and Caco-2 Cells

In order to determine the interaction of the nanocarrier sys-
tems with Caco-2 cells quantitatively, flow cytometry analysis
was undertaken (see Fig. 2¢). Referring to the median-shift of
the Texas Red signal, cell adhesion or alternatively cellular
internalization of nanoparticles depended on the concentra-
tion of applied nanoparticles and the incubation time. At low
concentrations (100 pg/10°ells) there was still a certain
amount of cells that did not carry the Texas Red signal and
were consequently not in interaction with the nanocarriers.
Correlating with increasing particle concentrations, the fluo-
rescence signal was intensified.
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Fig. I TMP-001-loaded a ey
Eudragit® RS 100 nanoparticles
visualized before (a, b) and after
spray drying (c, d) by TEM (a, c)
and SEM (b, d). Agglomerates were
formed during the spray drying
procedure (d).
100 nm
Cc
0.2 pym

Determination of Cellular Uptake of Eudragit® RS
100-Nanoparticles with the Help of Fluorescence
Microscopy

Since flow cytometry analysis revealed strong association be-
tween nanocarrier system and the respective cell lines, fluores-
cence microscopy was performed in order to confirm internal-
ization of the nanoparticles into the cytoplasm. The red color
of the stained nanoparticles could be recognized in the cyto-
plasm of the Caco-2 cell layers (see Fig. 3a and b).

This effect appeared to be comparable for the unloaded nano-
particles and the TMP-001-loaded particles (see Fig. 3a and b).

Qualitative Evaluation of Cellular Uptake of Unloaded
Eudragit® RS 100-Nanoparticles by Transmission
Electron Microscopy

Aiming to provide a general evidence for the internalization of
the prepared nanoparticles into the cytoplasm, the interaction
of unloaded nanocarriers with Caco-2 cells was visualized by
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Fig. 2 (a) Viability of HCA-7 (grey) or Caco-2 (black) cells determined by
WST-1 assay after incubation with TMP-001 -loaded nanoparticles for 4 h. All
experiments were performed in triplicate. S.D. is used for descriptive error
bars. (b) Flow cytometry of 10° Caco-2 cells that were incubated with varying
concentrations of Lumogen® F Red 305-labeled nanoparticles containing
TMP-001. All experiments were performed in triplicate. S.D. is used for
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descriptive error bars. (c) The extent of COX-2 inhibition by the S-enantiomer
of TMP-001 or nanoparticles containing S-TMP-001. As an indicator the
amount of PGE; in the supernatant of HCA-7 cells was quantified by LC-
MS/MS. All experiments were performed in septuplicate. S.D. is used for
descriptive error bars.
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TEM. The obtained pictures after slicing of Caco-2 cells,
which were embedded into Araldit® resin, assured that nano-
particles entered the cytoplasm. As seen in Fig. 4a—d, the
endocytosis of Eudragit®-particles can be assumed to be one
important factor in the delivery of Eudragit® RS-
nanoparticles.

Spray Drying of the Nanocarrier Suspension
and Characterization of the Obtained Powder

In order to investigate the impact of an increase in particle size
on the i vitro-performance, microparticles were prepared by
spray drying of the nanosuspensions. Controlling the process
parameters of the spray drying procedure, lead to a recovery
0f94.215.9% of the APT and 0f90.916.2% of Eudragit® RS
100 in the obtained powder (related to the ratio of API to
excipients in the suspension used for spray drying). Visualiza-
tion by TEM revealed that larger agglomerates were formed
during the process that was accompanied by a polydisperse
size distribution (see Fig. 1d). However, still particles with a
size lower than 200 pm were preserved (see Fig. 1c).

Permeability Studies Conducted with the Ussing
Chamber Model

Permeability, as a meaningful factor for the performance of
nanocarriers in the GI tract, was investigated by means of the
Ussing chamber model.

The Ussing chamber model assured a permeation of 10.05
+1.5% for the unprocessed API TMP-001 from the mucosal
into the serous compartment. Over a time period of 3.5 h a
permeation rate of 1.236+0.1402 * 10~* ecm/s was achieved.
Considering the TMP-001-loaded nanoparticles, 8.78£1.1%
of the API was recovered that equals a permeation rate of
1.050%0.1332 * 10~* cm/s. ANOVA declared no significant
difference between the pure API and the nanoparticles carry-
ing TMP-001 concerning their permeation rate (p=0.166).
The spray dried formulation exhibited a lower permeation
after 3.5 h of 0.815+0.0700 * 10~ cm/s. This value was
found to be significantly reduced compared to the pure API
(»p=0.013) and may indicate a sustained release of the API.
Pictures taken by CLSM declared an accumulation of the
Eudragit® RS 100-nanoparticles on the mucosal site of the
cell layer. Augmentation of the nanocarrier concentration
from 10 to 20 pg/mL led to an increased amount of nano-
particles represented in the cytoplasm of the cells composing
the T-84-cell layer (see Fig. 3¢ and d).

Release Experiments Performed in the Biorelevant
Medium FaSSIF V2

Further investigation on API-polymer interactions was ac-
complished by biorelevant release testing. Filter adsorption

of the API was found to be negligible (lower than 1%). The
extent and rate of release of an API from the formulation
complements the perceptions gained with the Ussing chamber
model. Dissolution profiles resulting from the sample-and-
separate technique could not discriminate between the pure
API TMP-001 and the nanosized formulation. A very fast
release was determined suggesting a poor API-polymer inter-
action. The spray dried formulation exhibited a slower release
profile (see Fig. 5).

DISCUSSION

Numerous authors have described polymeric nanoparticles as
a promising tool for the controlled delivery of various com-
pounds to their site of action (3,36,37) and have outlined the
importance of physicochemical properties concerning their
fate in the GI tract (16,36,37). Especially particle size, surface
charge and the ability to interact with the mucosal surface
define their transit time and potential to be taken up by spe-
cific cell types (8,16,37). However, very often the interaction of
API and polymer as a crucial factor for drug release is
neglected, although it is evident that a fast release of the API
will lower the beneficial effect the polymeric shell implies
(38,39). Eudragit® RS 100 is a positively charged
polymethacrylic acid containing quaternary ammonium
group. The electrostatic interactions between the polymer
and functional groups of the API (e.g. carboxyl or hydroxyl
groups) can influence the release behavior profoundly (39,40).
After all, more often the polymer is used in matrix formula-
tions where release is controlled by the length of diffusion
pathways as observed for microparticles or pellet formulations
(41,42).

Especially in the treatment of inflammatory bowel disease,
a local accumulation at the ulcerated or inflamed tissues is
beneficial and has been addressed by a multitude of studies.
Nanoparticles with a size of approximately 240 nm containing
budensonide in an Eudragit® S-coated poly(lactic-co-glycolic)
acid matrix exhibited an elevated-accumulation at the site of
inflammation in the lower GI tract of mice with an experi-
mentally induced colitis. The anti-inflammatory properties of
the API were significantly improved compare to the unpro-
cessed API due to an enhanced penetration into the inflamed
tissue (27). With prednisolone another potent anti-
inflammatory compound was formulated by conjugation to
chitosan as described by Onishi (43). Microparticles were sub-
sequently obtained by emulsification and evaporation and
coated with Eudragit® L and exhibited an altered distribution
in the GI tract compared to the unprocessed API. The distal
small intestine and the cecum were consequently exposed to a
higher amount of the API and the systemic availability in rats
was attenuated (43). Similar strategies have been considered
for the treatment of colon cancer. By nanoencapsulation of
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Fig. 3 (a) and (b) Fluorescence
microscopy of Caco-2 cell layers
that were incubated with unloaded
Eudragit® RS 100 nanoparticles (a)
or TMP-001 -loaded Eudragit® RS
100 nanoparticles (b) at a
concentration of 50 ug/mL.
Nanoparticles appear red due to
staining with the dye Lumogen® F
Red 305, the cell membrane was
stained green with Alexa® Fluor
488-Concanavalin A, the blue color
represent the nucleus as a result of
DAPI staining; (c) and (d) CLSM of
cryoembedded T-84 cell layers
obtained from the Ussing chamber
experiments after incubation with
nanocarrier suspensions. Unloaded
Eudragit® RS 100 nanoparticles
that were stained with Lumogen®
F Orange 240 were applied at
concentrations of 10 ug/mL (c), or
20 ug/mL (d), respectively.
Nanoparticles can be recognized by
their orange/yellow color. The clear
fluorescence signal on the mucosal
site indicates the accumulation of
nanoparticles in this area that is
correlated to a strong mucus
interaction.

the photosensitizer temoporfin into Eudragit® RS 100
nanocarriers, the toxicity of the API was effectively reduced
while the efficacy remained unaffected (20). A strong interac-
tion of API and polymer resulted in sustained release proper-
ties of the final formulation design (20).

However, the recent investigations on Eudragit® RS 100-
based formulations containing the anti-inflammatory com-
pound TMP-001 focused on the interplay between drug re-
lease and the performance of nanocarriers as drug delivery
devices in the GI tract. A broad spectrum of analytical
methods was applied to this issue. The compound TMP-001
was effectively encapsulated into the carrier material by using
the established nanoprecipitation technique. Recently, scale-
up of this preparation method to medium-scale manufacture
has been demonstrated (20).

TMP-001-loaded nanocarriers were characterized for their
cytotoxicity in a concentration range between 0.05 and
3.00 mg of nanoparticles per mL. medium. The selected con-
centrations corresponded to previous observations focusing on
the safety of polymethacrylic-based formulations in monocytes
and cancer cell lines (4,32,33). Even with the highest concen-
tration no significant reduction of cell viability was observed.
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Unfortunately, these findings were not accompanied by an
improved efficacy of the APL. A reduction of drug activity was
excluded by assessing COX-2 inhibition for S-TMP-001-
loaded nanoparticles which was comparable to the unpro-
cessed APIL. Therefore, an initial burst release of the com-
pound from the nanocarrier was assumed.

Poly(acrylic acids) have been described to apply for passive
cell targeting resulting from interactions of positively-charged
polymer with the cell membrane as a counterpart carrying
negative charge (16,44). An intracellular accumulation of the
drug delivery system was confirmed by a combination of fluo-
rescence microscopy and flow cytometry. The internalization
of Eudragit® RS 100-nanoparticles into the cytoplasm was
visualized by TEM.

Moreover, CLSM pictures of the cryoembedded T-84 cell
layers prepared for the Ussing chamber experiments, assured
a pronounced accumulation of Eudragit® RS 100-
nanoparticles on the mucosal site of the cell layer and their
accumulation in the cytoplasm. Since those cells produce mu-
cus, the local treatment of superficial inflammations or tumors
in the GI tract is rendered possible by peroral administration
of the presented nanocarrier design and remains unaffected
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Fig. 4 Eudragit® RS 100-
nanoparticles in the cytoplasm of
Caco-2 cells. 50,000 cells were
incubated with 50 g nanoparticle
supension for 2 h. After fixation,
cutting with a microtome and a
diatom knife, and a double staining
procedure was performed.
Nanoparticles in the cytoplasm
were recoghized and marked with
the arrow symbol.

by interactions with the secreted glycoproteins. However,
those findings also indicate that not the nanosphere itself is
transported across the intestinal barrier, but the released AP

Therefore, both aspects, the release of the API from the
nanocarrier matrix and the interaction of particles with bio-
logical surfaces define the therapeutic potential for a local
treatment in the GI tract, which was pronounced for the
TMP-001-loaded Eudragit® RS 100-nanoparticles.

Furthermore, the distinct uptake of nanocarriers into cells
did not impact permeation of TMP-001 through the intestinal
cell layer, suggesting an influence of release properties on the
body distribution profile. A high permeability of the TMP-
001-loaded formulation as indicated by a permeation rate of
1.050+0.1332 * 10~* cm/s after 3.5 h was determined with
the Ussing chamber model.

A T-84 cell line was used to simulate the most relevant
characteristics of the human intestine, e.g., with regards to
mucus secretion (45). Since Eudagit® RS 100-nanoparticles
are well-known for their mucoadhesive behavior, the interac-
tion of the positively charged nanosized formulation with a
mucus-covered barrier, that is characterized by a negative
charge, was studied (12).

The presence of mucus has been described as a triggering
factor concerning the release properties of polymethacrylic-
based formulations (5). Therefore, the evaluation of perme-
ability was performed under conditions that simulate the most
important morphological and functional aspects in the GI
tract. T-84 cells are a robust model and can be applied to

formulation and permeability screening without further
processing or complex seeding procedures. A tight cell layer
is formed, producing a thin layer of mucin (46) with a compo-
sition closely related to the one seen in the human intestine
(47). In contrast to co-cultures, e.g., of Caco-2 and HT29 cells
(48), which provide deeper insights into the mechanisms of
colloid-surface interaction at the human gut wall, culturing

techniques for T-84 cells are relatively simple assuring shorter
preparation times and a standardized measurement.

Since the unprocessed API exhibited a comparable perme-
ability combined with a high dissolution rate in FaSSIF V2, it
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Fig. 5 Cumulative amount released in FaSSIF V2 of TMP-001 (white circle),
TMP-001-loaded nanoparticles (black square), and the spray dried powder
(black circle). An amount of 10 mg of APl or the corresponding amounts of the
formulations were tested. All experiments were performed in triplicate. S.D. is
used for descriptive error bars.
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is suggested that this was rather related to the physicochemical
properties of the API (BCS class II). Hence, the poor interac-
tion of API and polymer is prone to affect the i vwo-perfor-
mance crucially.

Taking into account that there is no standard method
established for release testing of API from nanoparticles, the
sample-and-separate method with a low filter pore size
(0.1 pm), appeared robust enough to exclude interference
between the drug and the filter membrane (49). The filter
adsorption of the API was tested prior to the release
experiments.

Astonishingly, although Eudragit® RS 100 is a polymer
with strong retardation features, no sustained release of
TMP-001 could be observed. Therefore, it is concluded that
the functional groups present in Eudragit® RS 100 (e.g., qua-
ternary ammonium groups, esters, alkyl groups) show only
weak interaction with TMP-001 compared to other drugs.
Recently, a sustained drug release from Eudragit® RS 100
has been demonstrated for the photosensitizer temoporfin by
our group (20). This API is characterized by a planar chlorin
structure and hydroxyl groups. Assuming the degradation of
the polymeric network to be comparable for both formula-
tions, the binding force of API and polymer is considered to
be much lower for TMP-001.

However, for both formulations a high drug loading efhi-
ciency has been achieved. Hence, adsorption of TMP-001 to
the large surface area was assumed causing the instant release
profile. Modification of diffusion pathways combined with an
increase of particle size might be an approach towards con-
trolling the release effectively. However, in this case the po-
tential for passive drug targeting might be attenuated.

The nanosized formulation containing TMP-001 was
processed further by spray drying. Adapting process parame-
ters accurately, allowed the solidification of the aqueous
nanosized suspension with a recovery rate of 94.2+5.9% re-
ferring to the APIL. Images taken by electron microscopy re-
vealed a broader size distribution and an enlargement of par-
ticles but a preserved spherical shape. Moreover, there were
still particles observed that exhibited the original diameter
(<200 nm). Having transformed the particles by employing
spray drying, the slope in the release profile in FaSSIF V2
was lowered. The permeability tested in the Ussing chamber
model was still high, but significantly reduced compared to the
pure API which further indicated sustained release properties.
Taking into account those results, a diffusion-controlled re-
lease mechanism can be suggested. With increasing particle
size a retardation of drug release was observed.

CONCLUSION

The presented research profoundly evaluates the interplay of
physicochemical properties of polymethacrylic-based
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nanosized formulations and their applicability for diseases re-
quiring a local treatment in the GI tract. On this basis,
biorelevant release testing has been applied to the develop-
ment of a nanosized drug delivery system intended for the
controlled release of an anti-inflammatory compound at the
specific site of action.

The internalization of Eudragit® RS 100-nanoparticles
into the cells was assured by flow cytometry, CLSM and
TEM-technique and declared an effective accumulation of
nanocarriers at the target site.

However, nanoencapsulation was not sufficient to control
the release properties of TMP-001. The developed formula-
tion exposed an instant release and a high permeability of the
API in the Ussing chamber model (1.050+0.1332 * 10~* cm/
s). By applying spray drying to the formulation design, the
release could be controlled by prolonging diffusion pathways
into the micrometer range. However, the increased particle
size and broadened size distribution will impact the capability
of the drug delivery system for passive targeting applications
and penetration depth into the mucin layer (11,12). This sug-
gests that TMP-001 undergoes a diffusion-controlled release
mechanism from the respective polymer which was not sufli-
cient to control the availability of the compound in the GI
tract effectively when nanoparticles were used.

Still a mucosal accumulation of the nanocarrier system
regarding the cellular barrier in the Ussing chamber model,
provided evidence for Eudragit® RS 100-nanoparticles as a
suitable formulation system for the local treatment in the GI
tract due to a pronounced mucus interaction. Furthermore,
the impact of release properties on drug targeting strategies
has been confirmed by the present investigation.
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