Journal of Drug Delivery Science and Technology 63 (2021) 102496

Contents lists available at ScienceDirect

Journal of Drug Delivery Science and Technology

ELSEVIER

journal homepage: www.elsevier.com/locate/jddst
Research paper A
Microfluidic 3D intestine tumor spheroid model for efficient in vitro

investigation of nanoparticular formulations

Linda Elberskirch, Thorsten Knoll, A'Rebecca Konigsmark, Janis Renner, Nadine Wilhelm,
Hagen von Briesen, Sylvia Wagner |

Fraunhofer Institute for Biomedical Engineering IBMT, Department Bioprocessing & Bioanalytics, Joseph-von-Fraunhofer-Weg 1, 66280, Sulzbach, Germany

ARTICLE INFO ABSTRACT

Keywords:
Muco-adhesion
Muco-permeability
Fluidic chip

Intestine cancer

Mucus model

Cancer

Advanced drug screening
Tumor targeting

For the treatment of intestinal tumors by oral administration of drugs, the mucus layer of the intestine represents
a barrier, but also a target possibility for drug. The use of nanoparticular drug delivery systems is an important
tool to improve the transport and accumulation of the drug on the target side. Therefore, specific in vitro test
systems to simulate the conditions of an intestine tumor are necessary for the screening and efficiency testing of
potential new nanoparticular drug delivery systems. Here, we introduce a microfluidic 3D intestine tumor
spheroid model, which allows to test functionalized nanoparticles and their ability to adsorb onto and permeate
over a mucus layer under dynamic conditions. More specifically, the model consists of a 3D tumor spheroid with
a mucus layer and microvilli on the surface, which is placed into a microfluidic chip system. The system in-
corporates a fluid flow, which is an important factor in nanoparticle residence time and uptake. To test the
microfluidic 3D intestine tumor spheroid model, two different nanoparticle systems surfaces-coated with Car-
bopol® or Pluronic® F127 were produced to test the adsorption and permeation over the mucus layer. The data
showed obvious adsorptive and permeable properties of uncoated and surface-coated nanoparticles in the static
and dynamic system. The 3D intestine tumor spheroid model has the potential to significantly advance the
preclinical development of new drugs like nanoparticles.

1. Introduction

Oral drug delivery is the preferred route for drug administration, as
this is a non-invasive route with good patient compliance and cost-
effectiveness [1,2]. The effectiveness of an orally administered drug
compound depends on the bioavailability, which is mainly determined
by the solubility and permeability [3]. The development of nano-
particles for the delivery of therapeutic agents has introduced new op-
portunities for improvement in medical treatment [4,5]. Accordingly,
they are widely used in pharmaceutical research. Recent efforts have
focused on developing target side specific nanoparticles, formulated by
modifying nanoparticle surfaces with polymers or antibodies [6,7]. The
need for a focused characterization on the surface modification and
desired properties of the nanoparticular drug delivery system requires
preclinical studies. Therefore, in vitro test systems play an important role
for the screening of potential new nanoparticular drug delivery systems
and their effectiveness. The common assessment method is the use of cell
lines or primary cells in a 2D cell culture model. The Caco-2
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adenocarcinoma cell line was extensively used for drug transport studies
as an in vitro model of the intestinal mucosa [8,9]. These models also
enable high-throughput screening of drugs [10]. However, simple 2D
monolayer cell cultures like Caco-2 cell models are limited to simulate
the complex structure of an in vivo tumor. Therefore, 3D tumor spheroids
are an common and indispensable cell model for cancer drug screening,
because of their analogy to in vivo tumors [11,12]. They are growing as
cellular aggregates, which leads to multicellular contacts and the
establishment of physicochemical gradients of nutrients, oxygen and pH.
These gradients are crucial for the development of the characteristically
structure of a tumor spheroids consisting of a vital outer cell layer, an
intermediate layer of quiescent cells, and a necrotic core [13-15].
Similar structures are also found in vivo due to inefficient vascularization
caused by rapid growth of the tumor tissue [14,16]. Additionally, the
gradients effect the distribution, accumulation and efficacy of drugs in
tumor tissue because of the limited mass transport to the
non-vascularized tumor regions in vivo and inner layer of the tumor
spheroids in vitro [14]. Despite the many advantages resulting from the
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Fig. 1. Schematic drawing of the plasma bonding. (A) The PDMS form was bonded on a glass slide via O, plasma activation to get a closed fluidic chip. (B) Top view
of the microfluidic chip module with the “grid”, which avoids the escape of the tumor spheroids.

use of 3D tumor spheroids, the commonly used static conditions are not
able to investigate the adhesion and permeation of a drug or nano-
particles [17]. To overcome these limitation, the use of microfluidic
models in combination with cellular models offers an advanced test
system for the drug development process [18,19]. For example, Toley
et al. developed a microfluidic technique consisting of a static chamber
with tumor spheroids of human colon adenocarcinoma cells (LS174T)
and a connected microfluidic channel to simulate the blood vessels.
Nanoparticular formulations of doxorubicin were introduced into the
microfluidic channel and their uptake an clearance were studied [20].
Another approach which used tumor spheroids in combination with a
microfluidic platform was introduced by Mulholland et al. for drug
screening. The used spheroids are biopsy-derived, and the microfluidic
platform was generating a gradient of a chemotherapeutic drug to study
dose-dependent efficacy [21]. The selected examples of microfluidic
models in combination with tumor spheroids indicate the need for
advanced in vitro test systems to study different aspects of the transport
process of drugs and nanoparticulate formulations.

In this work, we focus on the possibility of nanoparticles to reach the
target side by muco-adhesion and muco-permeation to a tumor of the
gastrointestinal tract. The gastrointestinal tract has different barriers to
be overcome by the nanoparticles before they reach the tumor.
Furthermore, the adhesion and the uptake can be reduced because of the
fluidic flow and peristaltic movements of the gastrointestinal tract [6].
One of the most important barriers is the mucus layer, which is hard to
overcome for particle systems. To simulate this barrier, we developed a
novel method to produce tumor spheroids with microvilli and a mucus
layer on the surface based on the mucus producing cell line
HT29-MTX-E12. They were generated by a combination of static and
dynamic culture conditions which resulted in a necrotic core, vital outer
cell layer, microvilli, and a mucus layer on the surface. For the reflection
of the dynamic environment inside the gastrointestinal tract, the 3D
tumor spheroids were combined with a microfluidic chip system. The
materials of the microfluidic module PDMS and glass in combination
with a simple structure offer easy fabrication and high usability. In
addition, the chip system can be cleaned and sterilized, resulting in a

re-useable and cost-effective chip system. By connecting a peristaltic
pump, the dynamic intestinal environment could be simulated. Two
strategies for the drug delivery and tumor targeting were used
muco-adhesion and muco-permeation. This was implemented by
establishing two synthesis methods that allow nanoparticular surface
modification with the muco-adhesive compound Carbopol® or the
muco-permeating compound Pluronic® F127.

We present the development of the advanced microfluidic 3D in-
testinal tumor spheroid model and the feasibility of using this preclinical
test system to characterize the muco-adhering and muco-permeating
properties of nanoparticles.

2. Materials and methods
2.1. Fabrication of the chip module/fluidic device design

The chip module was fabricated in the size of a microscopic slide
(Fig. 1). It comprised a flow module with a microchannel having a width
of 2 mm, a height of 1 mm and a length of 40 mm. Three micropillars
with a height of 1 mm and a width of 0.6 mm were placed inside the
microchannel in order to form a mechanical barrier for the spheroids.
The microchannel with the micropillars and the fluid ports for inlet and
outlet were fabricated by PDMS replication technique using Sylgard 184
(Dow Corning, Wiesbaden, Germany). Mould fabrication for the repli-
cation process was done by CNC milling of brass. Liquid PDMS was
injected into the mould and after curing, the finished PDMS flow module
was released from the mould. Assembly of the PDMS flow module with a
glass slide was performed by plasma-assisted bonding of the two com-
ponents using oxygen plasma activation [22]. The process was con-
ducted at a power of 100 W, a pressure of 1 mbar and a plasma treatment
time of 50 s (Diener electronic GmbH & Co KG, Ebhausen, Germany).

2.2. Tumor spheroid generation and characterization

2.2.1. Generation
The human colon cancer cells HT29-MTX-E12 were obtained from
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the European Collection of Cell Cultures (ECACC) and cultured in an
incubator at 37 °C, 5% COy and 95% relative air humidity. The used
culture medium DMEM was supplemented with 2 mM glutamine, 1%
non-essential amino acids (all purchased from Life Technologies GmbH,
Darmstadt, Deutschland), antibiotics (1% Penicillin-Streptomycin,
10,000 Ul/ml, Invitrogen GmbH) and 10% fetal bovine serum (Sigma-
Aldrich GmbH, Steinheim, Germany). Cells were grown until 70-80%
confluence. To generate spheroids, 4,500 cells per well were seeded in a
corning spheroid microplate (Corning, Wiesbaden, Germany) and
cultured over five days with medium change on every second day. On
day five, the spheroids were transferred to a Cero cell culture tube and
cultured under rotating conditions in a Cero (both purchased from OLS
OMNI Life Science, Bremen, Germany). On day ten, batches of five
spheroids were transferred to a 24-well cell suspension multiwell plate
(Greiner Bio-One, Frickenhausen, Germany) and cultured under static
conditions for two days until they built out a necrotic core similar to
micrometastases in vivo [15]. The resulting tumor spheroids were used
for the adsorption and permeation study within three days.

2.2.2. Histological analysis

The spheroids were washed for 5 min in PBS and fixed for 1 h in 10%
formalin neutral buffered solution (Sigma-Aldrich, Steinheim, Ger-
many). The tumor spheroids were incubated for 3 h in a sucrose (Sigma-
Aldrich, Steinheim, Germany) gradient of 10%, 20% and 30% to cry-
oprotect them. Then they were embedded in Tissue Tek® embedding
medium (Sakura Finetek USA, Inc., Torrance, United States of America)
and stored at — 80 °C until tissue sections were cut with a Leica cryostat
CM3050 (Leica Biosystems GmbH, Nussloch, Germany). The slides were
stained with nuclear red and alcian blue (Merck KGaA, Darmstadt,
Germany) as declared by the manufacturer. Imaging was done by a
bright field microscope.

2.2.3. Live-dead staining

The live-dead staining was performed at day twelve of the spheroid
culture. Briefly, the spheroids were washed with PBS and then added to
a 1 pmol/L calcein AM (green) and 1 pmol/L propidium iodide (red)
(Sigma-Aldrich, Steinheim, Germany) solution. The samples were
incubated for 10 min at 37 °C and then washed again with PBS. The
images were taken with a fluorescence microscope CKX31 (Olympus,
Hamburg, Germany). The overlay of the microscopic images was done
with the software ImageJ 1.48v (Wayne Rasband, National Institute of
Health, USA).

2.2.4. Scanning electron microscope images

To characterize the morphology and surface of the tumor spheroids,
they were prepared for scanning electron microscopy in accordance to
the protocol of Katsen et al. [23,24]. Therefore, the tumor spheroids
were transferred to Transwell® cell culture inserts (Corning, Wiesbaden,
Germany), washed in PBS and then fixed overnight in 2% glutaralde-
hyde in 0.1 M sodium cacodylate buffer. Then a post fixation followed
by using a 2% osmium tetroxide solution in sodium cacodylate buffer.
The samples were dehydrated by using an increasing series of ethanol
solutions (10%, 20%, 30% ... up to 100%). The samples were coated
with carbon and examined with a scanning electron microscope (EVO
MA 10, Zeiss).

2.3. Synthesis and characterization of nanoparticles

The novel fluidic intestine-tumor-spheroid-model should be used to
characterize nanoparticles regarding their ability to adsorb and
permeate. Therefore, two kinds of nanoparticles with muco-adhesion
and -permeating properties were produced by the modification of the
nanoparticular surface. Resomer RG 503H (Sigma-Aldrich, Steinheim,
Germany) with a 50:50 lactide:glycolide ratio and a terminal carboxy
group was chosen to obtain fast degrading PLGA nanoparticles [25]. In
order to allow particle detection during the adhesion and permeation
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studies, Lumogen® F Red 305 (LR) (provided by BASF AG, Ludwig-
shafen, Germany) was encapsulated. Muco-adhesive nanoparticles
loaded with Lumogen® F Red 305 and a Carbopol® surface modification
(NP1-LR-CP) were produced using the nanoprecipitation method (NP1)
[26,27]. Carbopol® 971 P NF (Lubrizol, Hamburg, Germany) was used
as modifying agent to provoke muco-adhesive function by polymer
chain entanglement and hydrogen bridge bonding [28]. Therefore, 0.1%
(w/v) Carbopol® 971 P NF was swollen overnight in distilled deionized
water. For pretreatment procedure, the aqueous stock solution was
neutralized by 2 M NaOH to pH 7. Viscosity was reduced by addition of
100 pul 10% HCI per 50 ml Carbopol® stock solution and finally adjusted
to pH 7. For nanoparticle formation 20 mg Resomer RG 503H and 30 ug
Lumogen® F Red 503 were dissolved in 1 ml DMSO as organic phase and
added dropwise (0.5 ml min_l) to 20 ml of a 0.04% (w/v) Carbopol®
aqueous phase under stirring (600 rpm). Organic solvent evaporation
took place by further stirring for 5 h. Nanoparticles were collected by
centrifugation at 21,000 g at 4 °C for 30 min and resuspended in PBS (pH
7.2). To generate the muco-permeating nanoparticles (NP2-LR-F127),
Pluronic® F127 (Sigma-Aldrich, Steinheim, Germany) was used for the
modification of the nanoparticle surface. The NP2-LR-F127 nano-
particles were synthesised by a double emulsion solvent evaporation
method (NP2) [29]. 50 mg of PLGA and 100 pg Lumogen® F Red 503
were dissolved in an organic phase solution of 2 ml dichloromethane
and 1 ml acetone. The organic phase was added dropwise to an aqueous
phase (5 ml saponin 1% (v/w)) under sonication at 30% amplitude for 5
min in an ice-water bath. The emulsion was poured into another
aqueous phase (20 ml saponin 1% (v/w)). The organic solvents were
evaporated by stirring for 3 h (850 rpm). For further evaporation, the
mixture was placed into a vacuum chamber for 30 min. The nano-
particles were then centrifuged at 21,000 g for 30 min and resuspended
in an aqueous F127 solution (0.1% (v/w)). In addition, nanoparticles
without surface modification were prepared with the synthesis methods
NP1 and NP2 to study the influence of the muco-adhesive and
muco-permeable properties of Carbopol® 971 P NF and Pluronic F127.
Nanoparticles were stored at 4 °C until usage. The zeta potential and
diameter of the nanoparticles were measured by dynamic light scat-
tering, using Zetasizer Nano ZS (Malvern Instruments, Germany). 5 pl of
nanoparticle suspension were diluted in 1 ml distilled deionized water.
Nanoparticle concentration was determined by gravimetric analysis. 20
pl of a 1:2 diluted nanoparticle suspension was dried at 70 °C for at least
2 h in a drying cabinet (Binder GmbH, Tuttlingen, Germany) and
equilibrated for 30 min in a vacuum chamber. The absolute mass of
nanoparticle was determined in triplet using an ultra-micro scale
(Mettler-Toledo AG, GieBen, Germany).

2.4. Adsorption and permeation studies

2.4.1. Static conditions

A batch of five spheroids was collected into a 24-well cell suspension
plate. They were treated with the nanoparticles or the free Lumogen® F
Red 305 compound diluted in culture medium with a concentration of 5
uM for 3 h inside the incubator. Additionally, an untreated and a solvent
control were treated the same way.

2.4.2. Dynamic conditions

The studies were carried out inside an incubator at 37 °C, 5% CO
and 95% relative air humidity. The fluidic volume of 6 ml culture me-
dium per chip module was pumped through the system by using a
peristaltic pump with a speed of 100 pl/min. The resulting shear stress
was calculated using the equation according to van Kooten et al.: T =
6pQ/(h?w), with the viscosity p in dyne s/cm?, the volumetric flow rate
Q in em®/s and h and w reflecting the width and height of the micro-
fluidic channel [30]. The given channel dimensions (width 2 mm, height
1 mm), a flow rate of 100 pl/min and a viscosity of 10~3 Pa s (for
aqueous medium) result in a shear stress of 0.05 dyne/cm?. This value is
within the range of other described in vitro systems [31,32]. To preheat



L. Elberskirch et al.

Journal of Drug Delivery Science and Technology 63 (2021) 102496

Microfluidic chip module

Top view ,grid* — avoids the
escape of the tumor spheroid

®oo.. -
////\\\\ ”””””””””” ///\\\\
- N \\
3D cell model El Nanoparticle systems
PLGA- Lumogen®

Matrix ¥ ;.. .‘,/.F Red 305

Pluronic® F-127 | Carbopol®

Fig. 2. Schematic drawing of the experimental set-up with the fluidic intestine tumor spheroid model. A) Microfluidic chip module and B) magnification of the
fluidic channel. C) The 3D cell model consists of the cell line HT29-MTX-E12. They have microvilli and a mucus layer on the surface. D) Nanoparticle systems based
on PLGA and with incorporated Lumogen® F Red 305 are additionally surface coated with Pluronic® F-127 or Carbopol®.

and equilibrate the system, it was integrated into the incubator and the
pump was started 30 min before the experiments. Afterwards, the batch
of five tumor spheroids was added into each fluidic channel of the chip
module. The nanoparticles and the free Lumogen® red compound were
admitted to the medium reservoir with a concentration of 5 pM. The
untreated and solvent cell control samples were also examined. After 3 h
of incubation, the tumor spheroids were taken out from the channel and
prepared for the further analysis.

2.4.3. Analysis of the adsorbed and permeated compound

To qualify the adsorbed and permeated nanoparticles fluorescence
imaging technique was used. The spheroids from the static and dynamic
incubation were collected in a 96-well microplate. Bright field and

fluorescence pictures were taken with a microscope. For the quantifi-
cation of the adsorbed and permeated nanoparticles, the amount of
Lumogen® F Red 305 was measured via reversed-phase liquid chro-
matography. First the collected tumor spheroids were diluted in 200 pl
DMSO and lysed by using an ultrasound Sonicator® (BANDELIN elec-
tronic GmbH & Co. KG, Berlin, Germany) in pulse mode for 30 s and a
frequency of 20 kHz. The samples were centrifugated at 300 g for 10
min. The supernatant was removed and measured by HPLC analysis
using an Agilent infinity 1260 system (Agilent Technologies, Wald-
bronn, Germany). The system is equipped with an FLD detector and a
Hypersil gold C18 column (4.6 mm x 150 mm, 5 pm). 100% acetonitrile
were used as a mobile phase. The separation was carried out under
isocratic conditions for 5 min with a flow rate of 1 ml/min and a



L. Elberskirch et al.

Journal of Drug Delivery Science and Technology 63 (2021) 102496

Fig. 3. Characterization of the 3D-tumor spheroids generated from the cell line HT29-MTX-E12.

A) Live-dead-staining: Simultaneous fluorescence staining of viable (calcein-AM, green) and dead cells (propidium iodid

(PI), red). B) Histological stained spheroid: Nuclear fast red — cell nucleus; Alcian blue — acid mucosubstances and acetic mucins. C) Scanning electron microscopy of a
spheroid and D) and scanning electron microscopy display of the microvilli on the surface.

temperature of 30 °C.

2.5. Cell viability assay

To investigate the cell viability of the tumor spheroids under static
and dynamic conditions, an alamarBlue® assay (Thermo Fisher Scien-
tific GmbH, Dreieich, Germany) was performed. A batch of five tumor
spheroids was washed with PBS and the alamarBlue® reagent was added
according to the manufacturer’s instructions and incubated for 2 h. The
fluorescence intensity was measured by using a TECAN infinite® 200
microplate reader (Tecan Group, Maennedorf, Switzerland) at an exci-
tation wavelength of 560 nm and an emission wavelength of 610 nm.

2.6. Statistical analysis

The results were presented as mean + standard deviation. A com-
parison of the quantified free Lumogen® F Red 305 and incorporated
into the nanoparticles was performed using the Welch t-test. P values
less than <0.05 were considered as statistically significant.

3. Results and discussion
3.1. The microfluidic intestine-tumor-spheroid-model

Advances in the nanoparticle technology leads to the development of
different nanocarriers. Specific preclinical models are needed to mimic
the physiological conditions for evaluating the interactions between the
nanoparticles with and without surface modification and the target cells.
It is described that fluidic flow influences the ability of compounds and
nanoparticles to adsorb and permeate to cells [33]. Enabling strong and
selective binding to the target cells is important for their use in

nanomedicine. Static cell based assays have been developed to screen
nanoparticles, in order to avoid large-scale and cost-intensive animal
testing [34]. These tests could only observe certain aspects to the in vivo
situation. To complete those standard methods, microfluidic devices can
be used for supplementing the studies. We present an advanced micro-
fluidic construction in combination with a cellular tumor model to test
these conditions (Fig. 2). The cellular tumor model based on the
mucus-secreting cell line HT29-MTX-E12. A mucus layer formed on the
surface during the generation of the tumor spheroids due to the inno-
vative generation method. The developed microfluidic intestinal tumor
spheroid model enables the investigation of the efficacy of nanoparticles
to adhere or permeate to a mucus layer. The materials used for the
microfluidic module (silicone and glass) allow the use for the in vitro
cultivation of cells. It is also possible to sterilize the microfluidic module
by autoclaving and make it therefore reusable. In addition to the
microfluidic module, the system requires also an external pump, tubing
and connectors. The described test system is a helpful tool to study the
interactions of the nanoparticles and the tumor spheroid under dynamic
conditions. The handling of the new test system is more complex
compared to conventional investigation methods where 2D cell culti-
vation is performed under static conditions. Nevertheless, the compa-
rability of static in vitro test systems with in vivo studies is strongly
limited. Thus, the use of dynamic model systems in the form of micro-
fluidic models can be advantageous [35,36].

3.2. Characterization of the 3D cell model HT29-MTX-E12

Traditional 2D cell cultures like they are used in standard in vitro
models are too simplified to simulate complex tumors inside the body.
3D cell cultures like spheroids can better reflect the in vivo situation. The
cell line HT29-MTX-E12 was used as an intestine model to build 3D-
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Fig. 4. Schematic drawing of the nanoparticle sys-
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Two kinds of nanoparticle systems were developed
based on a PLGA core. Lumogen® F Red 305 was
incorporated for visualization and quantification of
the nanoparticles. A) The nanoparticles with muco-
adsorbing properties were synthetized with the
nanoprecipitation method and coated with Carbo-
pol®. B) Muco-permeable nanoparticles were synthe-
tized with the double emulsion solvent evaporation
method and modified with Pluronic® F-127.
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Table 1
Physico-chemical characterization of the nanoparticles.

Measurement of the diameter, PDI, zeta potential and the Lumogen® F Red 305 (LR) concentration of the synthesised nanoparticles. NP1-LR: nanoparticles synthesised
with nanoprecipitation and incorporated Lumogen® F Red 305; NP1-LR-CP: nanoparticles synthesised with nanoprecipitation, incorporated Lumogen® F Red 305 and
surface modification with Carbopol®; NP2-LR: nanoparticles synthesised with double emulsion solvent evaporation and incorporated Lumogen® F Red 305; NP2-LR-
F127: nanoparticles synthesised with double emulsion solvent evaporation, incorporated Lumogen® F Red 305 and modification with Pluronic® F-127.

Nanoparticle Parameter
Hydrodynamic diameter [nm] PDI Zeta potential [mV] LR-concentration [pg/mL]
NP1-LR 118.2 + 2.3 0.07 £+ 0.02 -332+1.2 61.1 £5.3
NP1-LR-CP 132.2+ 1.8 0.08 + 0.01 -43.5+ 0.8 38.2+ 4.6
NP2-LR 1142+ 2.1 0.06 = 0.02 -342+16 605.2 £ 9.8
NP2-LR-F127 1191 +£1.8 0.08 £ 0.01 -425+1.5 563.1 +10.2

tumor spheroids. They consist of a vital outer cell layer and a necrotic
core (Fig. 3, A), which displays physicochemical gradients similar to
micro-metastases. The used HT29-MTX-E12 cells are goblet cells, which
are able to produce mucus (Fig. 3, B). They are also able to build
microvilli on the surface (Fig. 3, D).

The results of preclinical in vitro cell culture tests form the basis for in
vivo studies. However, standard static cell culture models do not suffi-
ciently simulate in vivo conditions. For example, in standard static test
systems, the cell model is constantly exposed to the test compound,
which does not correspond to the physiological conditions. This limits
the significance of in vitro data for translation of drug dosages to in vivo
studies [37,38]. A further limitation of those standard static test systems
is the use of 2D-cell culture models with cells growing in flat layers on
plastic surfaces, which could not mimic the in vivo state [39]. Micro-
fluidic 3D cell models have the potential to overcome some of the lim-
itations of conventional 2D-cell culture models [12]. Our developed 3D
tumor spheroid shows the typical physicochemical gradients because of
the vital outer cell layer and a necrotic core. The microvilli and a mucus
layer on the surface are additional feature of our development. These
properties make our 3D tumor spheroid a good model to simulate an
intestine tumor.

3.3. Basic characterization of the nanoparticles

The nanoparticles were synthesised by two different methods:
nanoprecipitation and double emulsion solvent evaporation (Fig. 4).
Poly(lactid-co-glycolid) (PLGA) was used as a basic material. It is
biodegradable and approved by the United States Food and Drug
Administration (U.S. FDA) and the European Medicine Agency (EMA)
[40]. To visualize and quantify the nanoparticles the fluorescence dye
Lumogen® F Red 305 was incorporated.

The nanoparticles synthesised with the nanoprecipitation method
with surface modification had a mean size of 132.2 + 1.8 nm and a PDI

of 0.08 + 0.01. The zeta potential measurement had a mean of - 43.5 +
0.8 mV. The quantification of the incorporated Lumogen® F Red 305
quantity obtained 38.2 + 4.6 pg/ml. Control nanoparticles synthesised
with the nanoprecipitation method without surface modification had a
mean size of 118.2 + 2.3 nm and a PDI of 0.07 + 0.02. The zeta potential
measurement had a mean of - 33.2 + 1.2 mV and an incorporated
Lumogen® F Red 305 quantity of 61.1 + 5.3 pg/ml. The nanoparticles
prepared with the double emulsion solvent evaporation with Lumogen®
F Red 305 had a mean size of 119.1 £+ 1.8 nm. A poly dispersity index
(PDI) of 0.08 + 0.01 indicates a homogeneous particle distribution and
zeta potential was - 42.5 + 1.5 mV. The amount of the incorporated
fluorescence dye quantified via HPLC has a mean of 563.1 & 10.2 pg/ml
nanoparticle solution. The analogue produced nanoparticles without a
Pluronic® F127 surface modification had a mean size of 114.2 + 2.1 nm
and a PDI of 0.06 + 0.02. The zeta potential measurement had a mean of
- 34.2 £ 1.6 mV and an incorporated Lumogen® F Red 305 quantity of
605.2 + 9.8 pg/ml (see also Table 1). The used synthesis methods
nanoprecipitation and double emulsion solvent evaporation resulted in
different nanoparticle characteristics. The main differences were found
in the amount of the incorporated Lumogen® F Red 305 quantity. This
was about 10-15 times higher with the emulsion solvent evaporation
method compared to the nanoprecipitation method. Additionally, the
incorporated Lumogen® F Red 305 quantity decreases to 23 pg/ml after
the modification with Carbopol®. This could be an indication that the
Lumogen® F Red 305 partially adhered to the surface of the nano-
particle and detached during the modification process.

A viability assay was performed to evaluate the influence of dynamic
flow on tumor spheroids. The fluid was transported through the fluidic
chip module in peristaltic movements, simulating the intestinal move-
ment. This makes it possible to investigate the dynamic barrier prop-
erties caused by peristaltic movements in the intestine due to a
horizontal flow over the mucus layer [41]. The steric barrier properties
of the mucus layer strongly limit the adhesion and permeation of
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Fig. 5. Viability assay of HT29-MTX-E12 tumor spheroids after static and dy-
namic incubation of the nanoparticles.

Effect of dynamic conditions on cell viability of the HT29-MTX-E12 tumor
spheroids after 3 h of testing in comparison to the static conditions. Cell
viability and growth were assessed by the alamarBlue® assay and normalized to
values on the cell control. Values represent averages + SD (n = 3). NP1-LR:
nanoparticles synthesised with nanoprecipitation and incorporated Lumogen®
F Red 305; NP1-LR-CP: nanoparticles synthesised with nanoprecipitation,
incorporated Lumogen® F Red 305 and surface modification with Carbopol®;
NP2-LR: nanoparticles synthesised with double emulsion solvent evaporation
and incorporated Lumogen® F Red 305; NP2-LR-F127: nanoparticles syn-
thesised with double emulsion solvent evaporation, incorporated Lumogen® F
Red 305 and modification with Pluronic® F-127. Static conditions: test per-
formed in suspension well plate, dynamic conditions: test performed in the
microfluidic chip module.

nanoparticulate systems [42]. Therefore, it represents an important
point in the investigation of muco-adhesive and muco-permeable
nanoparticles. The dynamic condition in microfluidic test systems trig-
gers fluidic shear stress, which can have an influence on the cell viability
[43]. For example, a study of HL60 cells (leukemia cell line) investigated
the effects of shear stress on cell viability. This was reduced by > 11.8%
when cells were cultivated under fluidic flow compared to cells culti-
vated under static conditions [26]. In the present study, the viability
assay showed no significant difference between static and dynamic
conditions (Fig. 5), ruling out that there is no effect within the 3 h of
testing.
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3.4. Evaluation of adsorption and permeation properties of the
nanoparticles

To study the adsorption and permeation of nanoparticles to the
tumor spheroids under static and dynamic conditions, the nanoparticles
were added into the test system and incubated over 3 h. After the in-
cubation, spheroids were lysed and the Lumogen® F Red 305 content
was analysed by high performance liquid chromatography (HPLC). We
observed the muco-adsorbed or muco-permeated Lumogen® F Red 305
quantity, which was added as free compound or incorporated into
nanoparticles. The analysed amount of the free LR and Lumogen® F Red
305 incorporated into NP1-LR, NP2-LR and NP2-LR-F127 was compa-
rable. The measured Lumogen® F Red 305 quantity was significant
higher after incorporation into the nanoparticular formulation NP2-LR-
F127 under dynamic conditions and NP1-LR-CP under static and dy-
namic conditions compared to the incubated free LR (Fig. 6). Overall,
the HPLC measurements showed that the compound Lumogen® F Red
305 can adsorb to the HT29-MTX-E12 tumor spheroids as free com-
pound and incorporated into nanoparticles. Additionally, the free LR
and the nanoparticles loaded with Lumogen® F Red 305 could be dis-
played on the surface of the tumor spheroids with fluorescence micro-
scopy (Fig. 7). The tumor spheroids have a mean size of 566 + 46 pm.
The images show a fluorescence signal on the surface of the tumor
spheroid of the NP1-LR-CP and NP2-LR-F127.

The use of muco-adhesive or muco-permeable compounds can in-
fluence the targeted transport of drugs to the mucus layer. For the ex-
amination of the ability of nanoparticular muco-adsorption or muco-
permeation, the 3D intestine tumor spheroid with the mucus layer and
microvilli on the surface was developed. One example of a highly muco-
adhesive synthetic polymer is polyacrylic acid (PAA). The muco-
adhesive properties base on the ability of PAA carboxyl groups to
form strong hydrogen bonds with the oligosaccharide chains of the
mucins. In addition, the polymers and the mucin fibers are physically
entangled [44]. One group of PAA polymers are carbopoles, which are
frequently used in the pharmaceutical industry as emulsifiers and gel-
ling agents for topical formulations [45]. They also exhibit strong
muco-adhesive properties due to mechanical interpenetration of the
polymer chains, the formation of hydrogen bonds and ionic interactions
[46]. To achieve muco-permeation, the poloxamer Pluronic® F-127 can
be used for surface modification of nanoparticles. Due to its hydrophilic
and hydrophobic polymer chains, it has amphiphilic properties. There-
fore, the modification of nanoparticles with Pluronic® F127 leads to a

30

20

Lumogen® F Red 305
amount [ug] per spheroid

B static conditions

Fig. 6. HPLC quantification of Lumogen® F Red 305
The amount of Lumogen® F Red 305 was calculated
per spheroid in pg (n = 4, k = 5). *Significant devi-
ation according to the Welch t-test with a significance
level of a P value of <0.05 is considered statistically
significant comparison of the free and incorporated
Lumogen® F Red 305 grouped into static and dynamic
conditions. NP1-LR: nanoparticles synthesised with
nanoprecipitation and incorporated Lumogen® F Red
305; NP1-LR-CP: nanoparticles synthesised with
nanoprecipitation, incorporated Lumogen® F Red 305
and surface modification with Carbopol®; NP2-LR:
nanoparticles synthesised with double emulsion sol-
vent evaporation and incorporated Lumogen® F Red
305; NP2-LR-F127: nanoparticles synthesised with
double emulsion solvent evaporation, incorporated
Lumogen® F Red 305 and modification with Plur-
onic® F-127. Static conditions: test performed in

o suspension well plate, dynamic conditions: test per-
Q formed in the microfluidic chip module.
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Fig. 7. Microscope images of HT29-MTX-E12 tumor psheroids after static and dynamic incubation of the nanoparticles for 3 h. Microscopic observation of HT29-
MTX-E12 tumor spheroids and the adhered or permeated nanoparticles loaded with Lumogen® F Red 305. NP1-LR: nanoparticles synthesised with nanoprecipitation
and incorporated Lumogen® F Red 305; NP1-LR-CP: nanoparticles synthesised with nanoprecipitation, incorporated Lumogen® F Red 305 and surface modification
with Carbopol®; NP2-LR: nanoparticles synthesised with double emulsion solvent evaporation and incorporated Lumogen® F Red 305; NP2-LR-F127: nanoparticles
synthesised with double emulsion solvent evaporation, incorporated Lumogen® F Red 305 and modification with Pluronic® F-127. Static conditions: test performed
in suspension well plate, dynamic conditions: test performed in the microfluidic chip module.

reduction of interactions between the nanoparticulate drug carrier sys-
tem and the mucus layer. In addition, this modification leads to a high
nanoparticle stability [47]. The results showed that the adhesion of
Carbopol® modified nanoparticles was significantly higher compared to
non-modified control nanoparticles and nanoparticles modified with
Pluronic® F-127. This confirms that surface modification of the nano-
particles with Carbopol® leads to improved muco-adhesion. Addition-
ally, the fluidic flow influences the amount of the adsorbed or permeated
compound, which reduces the residence time and uptake. This resulted
in an overall lower amount of Lumogen® F Red 305 in the dynamic
system compared to the static incubation, due to the longer contact time
in the static environment and absence of shear forces occurring in flow,
which could minimize particle attachment. A reduction of the uptake of
nanoparticles in dynamic systems compared to static system is often
described in the literature. This confirmed the poor transferability of
static in vitro test results to in vivo studies and clarify the important role
of dynamic test systems in preclinical research [48]. The reasons for the
reduced uptake are shear stress, reduced exposure time of the individual
nanoparticles to the cell surface and the formation of aggregates under
fluidic conditions which could not be simulated in static in vitro test
systems [49,50]. The developed intestinal tumor model provides a
helpful tool to simulate these conditions. In addition, the developed 3D

tumor spheroid helps to study the expected functionality of nano-
particles like muco-adhesion or muco-permeation, because of its
microvilli and mucus layer on the surface. Specifically, the current study
highlights how an advanced microfluidic test system combined with a
3D cell model complements standard static cell assays, thus enabling a
more comprehensive assessment of the targeting ability of nano-
particles. Therefore, the test system introduced here enables a selection
of promising nanoparticulate formulations for the transport of a com-
pound to an intestinal tumor.

4. Conclusion

We demonstrated a new intestine tumor spheroid model combined
with a microfluidic chip modul that can be used as a new in vitro tool to
test the ability of nanoparticles to adsorb and permeate to a cancer
model. A special feature of the 3D tumor spheroid are the microvilli and
mucus layer on the surface, which could simulate the surface properties
of an in vivo intestine tumor. Thus, the system provides a specific testing
method, which could bridge the gap between standard in vitro test sys-
tems and in vivo. Complementary, we engineered nanoparticles, which
can adsorb and permeate to mucus. The tested nanoparticles with a
Carbopol® modification showed an increasing adsorption to the tumor
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spheroids compared to the free test compound Lumogen® F Red 305
under static and dynamic conditions. This was analysed by HPLC and
microscopic observation.

In summary, the nanoparticle-cell interactions can be studied under
fluidic flow in this new microfluidic 3D intestine tumor spheroid model.
With this approach, it is possible to achieve more accurate information
and optimization of nanoparticles used as drug delivery systems. This
results in an improved transferability of in vitro studies to in vivo studies
and also contributes to a reduction of animal experiments within the
meaning of 3Rs concept (Replacement, Reduction, Refinement) [51].
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