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Nanoparticle penetration through tumor tissue after extravasation is considered as a key issue for tumor distri-
bution and therapeutic effects. Most tumors possess abundant stroma, a fibrotic tissue composed of cancer-
associated fibroblasts (CAFs) and extracellularmatrix (ECM),which acts as a barrier for nanoparticle penetration.
There is however a lack of suitable in vitro systems to study the tumor stroma penetration of nanoparticles. In the
present study, we developed and thoroughly characterized a 3D co-culture spheroidal array tomimic tumor stro-
ma and investigated the penetration of silica and PLGA nanoparticles in these spheroids. First, we examined
human breast tumor patient biopsies to characterize the content and organization of stroma and found a high ex-
pression of alpha-smoothmuscle actin (α-SMA; 40% positive area) and collagen-1 (50% positive area). Next, we
prepared homospheroids of 4T1 mouse breast cancer cells or 3T3 mouse fibroblasts alone as well as
heterospheroids combining 3T3 and 4T1 cells in different ratios (1:1 and 5:1) using a microwell array platform.
Confocal live imaging revealed that fibroblasts distributed and reorganized within 48 h in heterospheroids. Fur-
thermore, immunohistochemical staining and gene expression analysis showed a proportional increase of α-
SMA and collagen in heterospheroids with higher fibroblast ratios attaining 35% and 45% positive area at 5:1
(3T3:4T1) ratio, in a goodmatchwith the clinical breast tumor stroma. Subsequently, we studied the penetration
of high and low negatively charged fluorescent silica nanoparticles (30 nm; red and 100 or 70 nm; green; zeta
potential: −40 mV and −20 mV) and as well as Cy5-conjugated pegylated PLGA nanoparticles (200 nm,
−7mV) in both homo- and heterospheroidmodels. Fluorescentmicroscopy on spheroid cryosections after incu-
bation with silica nanoparticles showed that 4T1 homospheroids allowed a high penetration of about 75–80%
within 24 h, with higher penetration in case of the 30 nm nanoparticles. In contrast, spheroids with increasing
fibroblast amounts significantly inhibited NP penetration. Silica nanoparticles with a less negative zeta potential
exhibited lesser penetration compared to highly negative charged nanoparticles. Subsequently, similar experi-
ments were conducted using Cy5-conjugated pegylated PLGA nanoparticles and confocal laser scanningmicros-
copy; an increased nanoparticle penetration was found in 4T1 homospheroids until 48 h, but significantly lower
penetration in heterospheroids. Furthermore,we also developed human homospheroids (MDA-MB-231 or Panc-
1 tumor cells) and heterospheroids (MDA-MB-231/BJ-hTert and Panc-1/pancreatic stellate cells) and performed
silica nanoparticle (30 and 100 nm) penetration studies. As a result, heterospheroids had significantly a lesser
penetration of the nanoparticles compared to homospheroids. In conclusion, our data demonstrate that tumor
stroma acts as a strong barrier for nanoparticle penetration. The 30-nm nanoparticles with low zeta potential
favor deeper penetration. Furthermore, the herein proposed 3D co-culture platform that mimics the tumor stro-
ma, is ideally suited to systematically investigate the factors influencing the penetration characteristics of newly
developed nanomedicines to allow the design of nanoparticles with optimal penetration characteristics.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Nanomedicines are designed to target anti-cancer agents to the dy-
namic tumor microenvironment sparing healthy tissues from severe
side effects and thereby enhancing therapeutic index of anti-cancer
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therapies. Nanoparticles extravasate into tumors through leaky and tor-
tuous blood vasculature and are retained intratumorally for prolonged
periods as the lymphatic system is absent or only poorly developed, a
phenomenon referred to as Enhanced Permeability and Retention
(EPR) effect [1–5]. The physicochemical properties of nanoparticles
such as size, shape, charge, and the nature of material they are made
of play amajor role in determining their fate in the body aswell aswith-
in tumors [6–9]. Despite an overwhelming therapeutic success of
nanomedicines in preclinical tumor models, only a limited therapeutic
benefit has been achieved in the clinical situation. One major concern
in the clinic is the limited penetration of nanoparticles into tumors
[10,11]. In contrast to commonly used preclinical subcutaneous tumor
models, clinical tumors are highly different due to the presence of fi-
brotic tumor stroma [12]. Recent studies have acknowledged that pen-
etration of nanoparticles in the target tissue and their accumulation at
the tumor site is affected by many factors such as the characteristics of
nanoparticles (size, charge, and shape), as well as the tumormicroenvi-
ronment and intracellular signaling networks [13–16].

Evidence is increasing that tumor growth is not solely dependent on
cumulative genemutations, but also significantly influenced by the sur-
rounding tumor stroma [17]. Specifically, cancer cells co-exist in the
tumor microenvironment with stromal components which is mostly
comprised of fibroblasts, endothelial cells, inflammatory immune cells,
adipocytes, and extracellular matrix (ECM) [18]. Complex interactions
between tumor cells and the stroma govern tumorigenesis, tumor pro-
gression, and metastasis. Fibroblasts, as the most abundant component
in certain tumor types such as breast and pancreas cancer, are pro-
tumorigenic, and can transform into cancer associated-fibroblasts
(CAFs) [17,19]. CAFs secrete an enormous amount of ECM which de-
velops fibrotic tissue within the tumor stroma. Furthermore, CAFs pro-
vide resistance to tumor cells by secreting growth factors, which
ultimately leads to treatment failure [17,19]. Thus, reflecting these
key-characteristics of the tumor stroma in an in vitro culture model is
of high interest for drug and/or nanomedicine screening.

Three-dimensional (3D) culturemodels such as spheroids better re-
semble the in vivo situation compared to 2D models, and more realisti-
cally recapitulate the tumor microenvironment offering advantages of
resembling in vivo tumor microenvironment, enabling thereby a better
understanding of molecular and cellular mechanisms [20,21] and cell-
matrix interactions [22–24]. Furthermore, they can facilitate better
screening of nanomedicines [25,26]. 3D in vitro models also yield
more predictive in vitro data and support the reduction of animal stud-
ies which are costly and suffering from high failures rates; for all these
reasons, 3D in vitro models are particularly attractive for screening of
clinically relevant properties of nanomedicines [27].

Various platforms have been proposed for generating 3D cell models
and for 3D cell cultures, using scaffolds based ondifferent polymers [28],
hydrogels [29], microwell arrays [30], hanging drop method [31], and
microfluidic devices [32], or combinations thereof [33]. In particular,
Sridhar et al. [34] reported a hot-embossed polystyrene-based
microwell array in a conventional Petri dish for production of
homogenously-sized spheroids, which is rapid and easy to handle
while being suitable for in situmicroscopic examination.

In this study, we developed a 3D spheroid array by co-culturing
tumor cells and fibroblasts to mimic tumor stroma in vitro, which we
subsequently applied for studying nanoparticle penetration. Spheroid
arrays were generated in a microwell array which are hot embossed
in a polystyrene dish, as reported earlier [34]. Homospheroids (single
cell type) and heterospheroids (tumor cells and fibroblasts) were pre-
pared, subsequently characterized for cellular re-organization using
confocal laser scanning microscopy as well as for the expression of
tumor stromal biomarkers at the transcription and protein levels, and
compared to tumor biopsies from patients. To investigate the effect of
stroma on nanoparticle penetration in tumors, we incubated homo-
andhetero-spheroidswith silica nanoparticles of different sizes and sur-
face charges for up to 48 h and examined/quantified their distribution in
the spheroids. Finally, we prepared pegylated poly(D,L-lactic-co-
glycolic acid) (PLGA) nanoparticles which are of high clinical relevance
[35], and similarly studied their penetration into homo- and
heterospheroids using confocal laser scanning microscopy.

2. Materials and methods

2.1. Materials

Dulbecco's Modified Eagle Medium (DMEM) 4.5 g/l with L-
glutamine and RPMI-1640 without L-glutamine, L-glutamine were
purchased from PAA/GE Healthcare (Eindhoven, The Netherlands).
penicillin/streptomycin, hematoxylin, β-mercaptoethanol and polyvi-
nyl alcohol (PVA, Mw 30,000–70,000) were purchased from Sigma-
Aldrich (Zwijndrecht, The Netherlands). Dulbecco's Phosphate Buffered
Saline (DPBS) without calcium and magnesium was purchased from
Lonza Benelux BV (Breda, The Netherlands). Trypsin-EDTA 0.5% and
fetal bovine serum (FBS) were purchased from Life Technologies
(Bleiswijk, The Netherlands), together with Cell Trace® Calcein Red-
Orange AM and Calcein AM. Pluronic®F-127 was from BASF (USA).
Cryomatrix™ was purchased from Thermo Scientific (Cheshire, UK).
Target Retrieval Solution at pH 9 was obtained from Dako Agilent
(Heverlee, Belgium). VectaMount™ Permanent Mounting Medium
was purchased from Vector Laboratories (Peterborough, UK). 3-
Amino-9-ethyl-carbazole (AEC Red) was from Invitrogen (Breda, The
Netherlands). Aquatex® aqueous mounting medium was purchased
from Millipore (USA). iScript™ cDNA Synthesis Kit was purchased
from BioRad (Hercules, CA). 2× SensiMix SYBR and Fluorescein Kit
was purchased from Bioline (Luckenwalde, Germany). Silica nanoparti-
cles (sicastar®-redF-COOH or sicastar®-redF-NH2 (size of 30 nm, exci-
tation: 569 nm, emission: 585 nm) and sicastar®-greenF-COOH (size
100 nm, excitation: 485 nm, emission: 510 nm) or sicastar®-redF-NH2

(size of 70 nm, excitation: 485 nm, emission: 510 nm) were obtained
from Micromod Partikeltechnologie GmbH (Rostock, Germany).
Uncapped PLGA (lactide/glycolide molar ratio 50:50, IV = 0.4 dl/g)
were obtained from Corbion Purac (Amsterdam, The Netherlands).
mPEG2000-PLGA was synthesized by ring opening polymerization [36].
Ethyl acetate was from VWR chemicals (Amsterdam, The Netherlands).
Cyanine-5 amine was from Lumiprobe (Hannover, Germany). MilliQ
water was obtained using Millipore Advantage A10 (USA).

2.2. Tissue microarrays (TMAs)

The TMAs of human breast cancer patients were prepared at the pa-
thology lab of LabPON (Hengelo, The Netherlands) which were con-
structed from biopsies isolated from 11 patients of invasive
adenocarcinoma grade 2 to 3 (4 different spots of 2 mm in diameter
from each patient). The TMAs were stored at room temperature and
subjected to immunohistochemistry staining for activated fibroblast
marker (α-SMA and collagen-1α1). Immunohistochemical staining
was carried out including standard deparaffinization, through heating
to 80 °C in Target Retrieval Solution at pH 9.0 overnight before use, in-
cubation with primary, secondary, and tertiary antibodies and develop-
ment with DAB (di-aminobenzidine). The TMAs were subsequently
counterstained with hematoxylin and mounted with VectaMount™
Permanent Mounting Medium. The TMA slides were scanned using
Nanozoomer-RS (Hamamatsu Photonics, Japan). The tissue microarray
cores were individually analyzed using NIH Image J software to quanti-
tate the intensity of brown staining from DAB color development for
each patient core.

2.3. Cell culture

Mouse 4T1 breast cancer cells, murine NIH3T3 fibroblasts, human
pancreatic cancer cell line (Panc-1), and human breast tumor cell line
(MDA-MB-231) were obtained from American Type Culture Collection



259D.L. Priwitaningrum et al. / Journal of Controlled Release 244 (2016) 257–268
(ATCC, Rockville, MD). Human primary pancreatic stellate cells (hPSCs)
were obtained from ScienCell (Carlsbad, CA) and were cultured in
specific medium provided by the manufacturer, supplemented with
penicillin/streptomycin. BJ-hTERT foreskin fibroblasts were kindly pro-
vided by Prof. Ostman, Karolinska Institute, Stockholm, Sweden. 4T1
and BJ-hTert Fibroblasts were cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium, supplemented with 2 mM L-glutamine,
10% fetal bovine serum (FBS) and antibiotics (50 U/ml Penicillin and
50 ng/ml streptomycin. NIH3T3, MDA-MB-231, and Panc-1 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) supplement-
ed with 2 mM L-glutamine, 10% FBS and antibiotics (50 U/ml Penicillin
and 50 μg/ml streptomycin). All cells were grown in cell culture treated
75 cm2 flasks in a humidified incubator at 37 °Cwith 5% CO2. Cells were
passaged every 3 days and 0.05% trypsin-EDTA in PBS was used for cell
detachment.

2.4. 3D-spheroid formation and characterization

2.4.1. 3D-spheroid array formation
Microstamped Petri dishes were produced as previously described

by hot embossing microwell arrays (108 wells of 200 μm depth,
400 μm diameter) in commercially available Petri dishes using a
home-made set-up [34]. Thereafter and prior to use, the dishes were
sterilized in isopropyl alcohol, incubated overnightwith a protein repel-
lent coating consisting of 1%w/v Pluronic® F-127, andwashedwith PBS
before seeding the cells. Cells (2 × 106 cells/dish) were seeded in the
microstamped Petri dishes, and centrifuged at 2500 rpm for 5 min to
force the cells in themicrowells. Culture mediumwas aspirated, the ex-
cess of cells removed and the dishes washed with PBS twice. Fresh 1 ml
DMEMwas subsequently added and the dishes placed back in the incu-
bator for spheroid formation. Cellswere co-cultured at different ratios of
3T3 to 4T1 cells (1:1 and5:1), and 4T1 or 3T3 homospheroidswere used
as controls. Human spheroids were generated at ratio 5:1 of BJ hTERT
to MDA-MB-231 or hPSC to Panc-1. MDA-MB-231 or Panc-1
homospheroids were generated as controls, respectively. After 48 h,
spheroids were used for all experiments.

2.4.2. Characterization of spheroids
The spheroids were characterized for cellular reorganization by la-

belling 4T1 with Calcein AM (2 μg/ml in culture media, green color)
and 3T3 with Cell Trace® Calcein Red-Orange AM (4 μg/ml in culture
media, pseudo-color blue) prior to spheroid formation. After 1 h incuba-
tion at 37 °C, the medium was removed and cells were washed twice
with PBS. Labeled cells were utilized for spheroid formation, as de-
scribed above. The resulting intact and live spheroids were imaged
using confocal laser scanning microscope (Nikon A1R-A1 confocal sys-
tem, 10× objective) after 24 and 48 h.

2.4.3. Immunostaining of CAF biomarkers
Spheroids grown in microwells were washed with PBS and subse-

quently embedded in Cryomatrix™. The resulting spheroid array was
cut into 8 μm-thick sections and processed for immunostaining. Cryo-
sections were first fixed with acetone at room temperature (RT) for
15 min, rehydrated in PBS and incubated with either mouse anti-α-
SMA (Sigma-Aldrich, 1:400), or goat anti-collagen type I (Southern Bio-
tech, 1:100) in PBS for 1 h at RT. Subsequently, sections were washed
again in PBS and incubated with secondary antibody–horseradish per-
oxidase (HRP)-labeled rabbit anti-mouse IgG (DAKO, 1:100) or HRP-
labeled goat anti-rabbit IgG (DAKO, 1:100) in PBS for 1 h. Sections
were washed again with PBS and finally incubated with a tertiary anti-
body – HRP-labeled goat anti-rabbit IgG (DAKO, 1:100) or HRP-labeled
rabbit anti-goat IgG (DAKO, 1:100) in PBS for 1 h. The peroxidase activ-
ity was developed with 3-amino-9-ethyl-carbazole (AEC) in
MilliQwater for 20 min. Samples were subsequently counterstained
with hematoxylin to visualize cell nuclei, washed in running tap-
water for 5 min, and mounted with Aquatex®. Imaging was performed
usingNanozoomer-RS. To quantify the staining, single spheroid sections
at a 20× magnification were analyzed using ImageJ software (ImageJ,
NIH, USA) at a fixed threshold.

2.5. Quantitative real time RT-PCR

Cells grown in 12 well plates (8 × 104 cells/well for 2D samples) or
3D spheroids were harvested after 48 h and lysed with RNA lysis buffer
constituted with β-mercaptoethanol to perform quantitative real time
RT-PCR analysis for fibrotic parameters (Collagen-1α1 and α-SMA).
The total RNA was reverse-transcribed using iScript™ cDNA Synthesis
Kit, and real-time PCR reactions were performed using 10 ng of the
resulting cDNA, pre-tested gene-specific primer sets, and 2× SensiMix
SYBR and Fluorescein Kit according to the manufacturer's instructions.
The cycling conditions for the BioRad CFX384 Real-Time PCR detection
system were 95 °C for 10min, 40 cycles of 95 °C for 15s, 58 °C for 15s
and 72 °C for 15s. The threshold cycles (Ct) were calculated, the relative
gene expression values were normalized to the housekeeping gene
GAPDH and fold changes in expression were calculated using the
2−ΔΔCt method. All primers were purchased from Sigma-Genosys (Ha-
verhill, UK). Primer sequences are given in Table 1.

2.6. PLGA nanoparticles preparation and Cy-5 conjugation

PLGA nanoparticles were prepared by the double emulsion solvent
evaporation method [37]. Briefly, the internal water phase (100 μl
MilliQ water) was emulsified in 1 ml ethyl acetate containing 30%
mPEG2000-PLGA blended with PLGA (lactide/glycolide molar ratio
50:50, IV = 0.4 dl/g, molecular weight of 44,000 Da), the total polymer
concentration being 2.5% w/v. The emulsification was performed in an
ice-bath using an ultrasonic homogenizer (Branson Sonifier 250,
Branson Ultrasonics Corporation, Danbury, USA) for 1 min at 5%
power output. Subsequently, w/o microemulsion was formed which
was subsequently emulsified into an external aqueous phase of 2 ml
of 2% PVA (w/v) (Mw 30,000–70,000), drop by drop under constant
vortexing at maximum speed. The formed water-in-oil-in-water (w/o/
w) microemulsion was subsequently sonicated for 2 min at 5% power
output. Next, the double emulsion was transferred into 45 ml of 0.3%
PVA (w/v) under magnetic stirring, and stirred overnight at RT to let
ethyl acetate evaporate and to solidify the emulsified droplets. Particles
were isolated by centrifugation for 60 min at 16,000 rpm (Rotor SS-34,
Sorvall RC-5C Plus, Kendro Lab, USA), and the supernatant was
discarded. Finally, the particles were washed with 30 ml of PBS and
water, successively, and lyophilized overnight. Lyophilized PLGA nano-
particles were labeled with Cyanine-5-amine in dry DMF via EDC/NHS
activation. EDC/NHS mixture in MES Buffer (40 mM) was added to
200 μl PLGA nanoparticles suspension (25 mg/ml) and react for
45 min at RT. The resulting activated PLGA nanoparticles were re-
suspended in PBS and reacted with 10 μl of Cyanine-5-amine in dry
DMF (10mg/ml) for 2 h at RT. The resulting Cy5-conjugated PLGAnano-
particles (Cy5-PNPs) were purified on an Amicon® column by washing
with PBS thrice, resuspended in PBS (25mg/ml), and stored at 4 °C. The
resulting nanoparticles were characterized for size and zeta potential
measurements using a Nano ZS Zetasizer (Malvern Instruments,
Malvern, UK) at 20 °C. Nanoparticles were suspended in MilliQ®
water and their average size and size distribution was determined by
dynamic light scattering (DLS) using a Nano ZS Zetasizer. Nanoparticles
were suspended in 0.1mMKCl and injected to a disposable capillary cell
DTS 1070 (Malvern Instruments, UK) for zeta potential measurement.

2.7. Penetration study of nanoparticle

2.7.1. Silica nanoparticles
Homo- and heterospheroids grown for 48 h were exposed to silica

nanoparticles (Sicastar®-redF-COOH or Sicastar®-redF-NH2 (size of
30 nm, excitation: 569 nm, emission: 585 nm) and Sicastar®-greenF-



Table 1
Primer sequences.

Target Forward Reverse

α-SMA mus ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA
Col-1α1 mus TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT
Periostin mus ATCCACGGAGAGCCAGTCAT TGTTTCTCCACCTCCTGTGG
E-Cadherin mus AACCCAAGCACGTATCAGGG GAGTGTTGGGGGCATCATCA
FSP-1 mus CTCTTGGTCTGGTCTCAACGG TGTCACCCTCTTTGCCTGAG
GAPDH mus ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG
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COOH or Sicastar®-redF-NH2 (size of 100 nm, excitation: 485 nm, emis-
sion: 510 nm) for 24 h. Spheroids were incubated with silica nanoparti-
cles in microwelled-Petri dishes at final concentrations of 100 μg/ml in
serum-free DMEMmedium. Thus, nanoparticles diffuse passively from
all directions around the spheroids. After 24 h nanoparticle incubation,
spheroidswere proceeded for cryoembedding in Cryomatrix®. Cryosec-
tions (8 μm-thickness) were collected using Cryotome® FSE (Thermo
Fisher Scientific, Cheshire, UK) and allowed to adhere to Superfrost mi-
croscopic glass slides (Menzel-Gläser, Braunschweig, Germany). Subse-
quently, cryosections were air-dried and fixed with acetone at room
temperature for 20 min and rehydrated with PBS. Nuclei were stained
using DAPI-containing mounting medium. Silica nanoparticle penetra-
tion in spheroid was observed by taking fluorescent images of cryosec-
tions from central part of spheroids. Cryosections were captured at 20×
magnificationwithfixed exposure time per color usingfluorescencemi-
croscope (Nikon Eclipse E400, Tokyo, Japan). Subsequently, fluorescent
silica nanoparticles penetrationwas analyzed digitally usingNIH ImageJ
software.

2.7.2. Cy-5-conjugated PLGA nanoparticles (Cy5-PNPs)
Homospheroids of 4T1 tumor cells and heterospheroids formedwith

different ratios of 4T1 and 3T3 cells were incubated with 1.25 μg/μl of
Cy5-PNPs suspended in serum-free DMEMmedium. Spheroids were in-
cubated with Cy5-PNPs in microwelled-Petri dishes in a humidified in-
cubator at 37 °C with 5% CO2. After exposure to Cy5-PNPs, 3 intact
spheroids per time point were washed with PBS and subsequently
mounted in PBS for confocal imaging. Confocal images were taken
using a confocal laser scanningmicroscopy (Nikon A1R-A1 confocal sys-
tem, 10× objective) at 1, 24, and 48 h to observe the penetration of the
PLGA nanoparticles into intact and live spheroids. Calcein green
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Fig. 1.Microscopic images of immunohistochemical staining in human breast tumor tissues. (
breast cancer sections from two different patient cases. Immunostaining is shown in brow
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immunostaining in tissues using NIH ImageJ software. Each point represents a value for an ind
fluorescence representing 4T1 tumor cells was excited using 488 nm
laser line. Pseudo-color blue of calcein red-orange fluorescence,
representing NIH3T3 cells, was visualized with 575 nm laser excitation.
Red fluorescence of Cy5 dye, representing PLGA NPs conjugated to Cy5
dye, was excited with 638 nm laser line. Subsequently, Cy5-PNPs pene-
tration were quantified digitally using NIH ImageJ software.
3. Results and discussion

3.1. Human breast tumor stroma pathology

Before designing a tumor stroma-enriched 3D in vitro system, it is
crucial to characterize the tumor stroma pathology. Therefore, the
tumor stroma content and organization in human breast tumor tissues
was first studied using a tissue microarray comprised of tumor speci-
mens from 11 patients (4 different spots of 2 mm in diameter from
each patient). We performed immunohistochemical staining for α-
smooth muscle actin (α-SMA), a marker for cancer-associated fibro-
blasts (CAFs) [38] and collagen-1 (a common extracellular matrix pro-
tein) (Fig. 1). As shown in representative microscopic pictures from
different patients (Fig. 1A), the elongatedfibrous stroma region (labeled
as “S″) stained forα-SMA (brown color) reveals the abundance of CAFs,
located next to tumor nests (labeled as “T”). Since CAFs are the main
cells producing ECM, we also analyzed collagen in a similar way; colla-
gen was found at the α-SMA-positive area within the breast tumor tis-
sue. Furthermore, we quantified the % of tumor stroma within each
tumor tissue (Fig. 1B) and found that the α-SMA-positive area (CAF
content) lies in a range of 20–55% and collagen-positive area (ECM con-
tent) in a range of 40–55%, reflecting the interpatient variability of the
stroma content. These data are in line with an earlier study which re-
ported a 31–46% stroma content in breast tumor patients [39].

Furthermore, it is worth noticing that a large number of tumor blood
vessels were located in the stromal region (Fig. 1A, indicated as “bv”).
These results indicate that nanoparticles extravasating from the blood-
stream into the tumor need to cross the stromal barrier to reach the
tumor cells. Collectively, these data derived from clinically relevant tis-
sue material show that breast tumors are enriched with stromal tissue
which represents a barrier for nanoparticles for reaching the tumor
cells.
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3.2. Generation of 3D spheroid arrays in a microwell array platform

To mimic the tumor stroma in 3D culture, heterospheroids com-
posed of 3T3 mouse fibroblasts and 4T1 mouse tumor cells introduced
in different ratios (1:1 and 5:1, respectively) were generated, and, as
controls, homospheroids from either 4T1 cells or 3T3 cells alone were
prepared. Spheroids were produced in a microwell array platform
(Fig. 2A, B), which was earlier reported by Sridhar et al. [34]. After
seeding, cells self-assembled spontaneously to form spheroids within
48 h, for all cell compositions tested here. Interestingly, 3D in vitro cul-
tures involving scaffolds have been reported to take approximately
seven days to accurately mimic the in vivo tumor phenotypically [25].
At 48 h, shrinkage of the spheroids was observed, which is attributed
to establishment of cell-to-cell interactions (Fig. 2C). Macroscopically,
no major difference in self-assembling behavior of homospheroids
(4T1 or 3T3) and heterospheroids were detected. The average spheroid
size after 48 h was found to be 319 ± 18 μm and 320 ± 15 μm for 4T1
and 3T3 homospheroids, respectively, against 365 ± 25 μm and
384± 15 μm for 1:1 and 5:1 (3T3:4T1) heterospheroidmodels, respec-
tively. Noteworthy, the heterospheroid size was larger for relatively
higher number of 3T3 fibroblasts, which can be explained by a promo-
tion of tumor cell growth caused by the fibroblasts, as recently sug-
gested [39]. Furthermore, 3T3 homospheroids exhibited the smallest
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size, which is likely due to the contractile and adhesive property of fi-
broblasts, allowing them to attach tightly to each other.

3.3. Cellular and molecular characterization of 3D spheroids

Homo- and heterospheroids were characterized in terms of cellular
re-organization, expression of stromal markers and stroma content.

3.3.1. Cellular organization
Cellular organization within a spheroid was examined using laser

scanning confocal microscopy at 24 and 48 h. Fibroblasts (3T3) and
breast cancer cells (4T1) were stained before spheroid formation with
Calcein red-orange (pseudocolor; blue) and Calcein-AM (green), re-
spectively (Fig. 3). At a 1:1 (3T3:4T1) ratio, both cell types were distrib-
uted homogeneously throughout the spheroids while in the 5:1
spheroids (3T3:4T1), 3T3 cells were more localized to the center, prob-
ably due to their higher density, which allowed them to interact togeth-
er and cluster among themselves. As already mentioned earlier, 3T3
homospheroids shrunk as dense and compact tissues compared to the
4T1 homospheroids and the heterospheroids. Altogether, the fibroblast
density influences the cellular organizationwithin the spheroids, which
is very likely to impact the biological and physical properties of
heterospheroids.
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3.3.2. Biomarker expression in the spheroid array
To characterize the expression of stromal biomarkers in the various

spheroidmodels, the spheroid arrays from themicrowell array platform
were isolated and the prepared cryosections were subsequently immu-
nostained (Fig. 4A). Thereafter, the spheroid arrayswere scannedwith a
slide scanner to perform image analysis. The expression of α-SMA (fi-
broblast marker) and collagen-1α1 (an ECM protein) was examined
using immunohistochemical staining (Fig. 4B); 4T1 homospheroids
were found to give a low expression of α-SMA at 24 h, which doubled
after 48 h, as illustrated in the semi-quantitative image analysis (Fig.
4C). The observed increase in α-SMA expression is likely due to the
epithelial-mesenchymal transition (EMT) of the tumor cells [38]. Fur-
thermore, an increase in the fibroblasts-to-tumor cell ratio correlated
with a higher expression of α-SMA in heterospheroids at both time
points whereas 3T3 homospheroids gave the maximal expression (Fig.
4C). In total, the α-SMA positive area in heterospheroids remained
about 30–35% which, interestingly, matches the % stroma found in
human breast tumor tissues (Fig. 1B).
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Furthermore, 4T1 homospheroids did not express any collagen even
after 48 h (Fig. 4B & D), which indicates that the tumor cells undergo
EMT but do not attain the capacity to produce collagen. With the in-
crease of the 3T3 content, however, the collagen expressionwas propor-
tionally enhanced in heterospheroids, attaining a % collagen positive
area value of N40% at a 5:1 (3T3:4T1) ratio (Fig. 4D), which again lies
in the same range as human breast tumor tissues (Fig. 1C).

3.3.3. Gene expression analyses
Similarly, gene expression analysis was also performed in all spher-

oid models to quantify the changes in different stromal markers. As im-
munostaining data indicated that 4T1 tumor cells got activated in a 3D
microenvironment (Fig. 4B), the gene expression levels of epithelial
and fibroblast markers were compared in 2D and 3D cultures. Interest-
ingly, α-SMA gene expression was found to be significantly enhanced
while e-cadherin (epithelial cell marker [38]) gene expression was re-
duced, confirming that 4T1 tumor cells underwent EMT and differenti-
ated into mesenchymal cells (Fig. 5A). The decrease of e-cadherin
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Table 2
Characterization of silica nanoparticles.

Silica nanoparticles Measured Z-averagea (d·nm) PdIb Zeta potential (mV)

RedF 30 nm Sicastar 30 ± 1 0.30 ± 0.01 −40 ± 1
GreenF 100 nm Sicastar 111 ± 1 0.02 ± 0.01 −34 ± 1
RedF 30 nm Sicastar 36 ± 1 0.03 ± 0.01 −23 ± 2
GreenF 70 nm Sicastar 74 ± 1 0.06 ± 0.01 −29 ± 1

a Z-average is average size of the intensity weighted mean hydrodynamic size of the ensemble collection of particles measured using dynamic light scattering (DLS; Zetasizer 4000,
Malvern Instruments, Malvern, UK).

b PdI: polydispersity index.
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expression also found in Amman, et al. study [22] in homospheroids of
A549 (non-small cell lung cancer cell line, NSCLC) during the course of
the cultivation (5 and 10 days), indicating towards a transition to ames-
enchymal phenotype.

In addition, it was investigated whether the tumor cells undergoing
EMT expressed other markers of CAFs and produced ECM proteins. In
line with the immunostaining data, 4T1 tumor cells in 3D culture were
found not to fully transform into fibroblasts as they did not express in-
duced FSP-1 and ECM markers (e.g., collagen-1α1 and periostin) (Fig.
5A). Furthermore, heterospheroidswith an increasing amount of 3T3 fi-
broblasts showed higher expression of activated fibroblast markers, in-
cludingα-SMA, collagen, periostin, and fibroblast-specific protein (FSP-
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1) (Fig. 5B–E). As expected, spheroids based on 3T3 cells alone exhibited
the highest expression for all fibroblast markers. Surprisingly, however,
in heterospheroids comprised of 3T3 and 4T1 increased expression of e-
cadherin was measured compared to 4T1 homospheroids (Fig. 5F).
Amman, et al. study [22] observed a decrease in e-cadherin immuno-
staining on their heterospheroids, A549 NSCLC cell line with SV-80
lung fibroblast cell line compared to their homospheroids. In contrast,
we found an increase of e-cadherin in heterospheroids compared to
homospheroids. Since it was observed that 4T1 tumor cells had a
significant decrease in e-cadherin levels in 3D culture compared to
2D culture (Fig. 5A), it is likely that in co-culture with fibroblasts
4T1 regained the e-cadherin expression rather than a real enhancement
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in heterospheroids. Altogether, these data suggest an active crosstalk be-
tween tumor cells and fibroblasts in our spheroids, as revealed through
the cellular re-organization and expression of relevant stromalmarkers,
which demonstrates the suitability and versatility of our spheroid array
platform to mimic tumor stroma.

3.4. Nanoparticle penetration

The penetration of nanoparticles of different sizes and charges into
stroma-rich tumor spheroids was investigated. Specifically, commer-
cially available model silica nanoparticles were first tested, followed
by home-made PLGA polymeric nanoparticles, which are of high clinical
relevance [35].

3.4.1. Penetration of silica nanoparticles
Differently labeled fluorescent silica nanoparticles (30 nm red color,

100 nm green color; Table 2)were used asmodel nanoparticles to study
the effect of stroma on nanoparticle penetration. Homo- and hetero-
culture spheroids were incubated with a nanoparticle suspension in
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serum-free medium for 24 h, and nanoparticle penetration was exam-
ined using fluorescent microscopy on cryosections made from the
spheroids. Both 30 and 100 nm silica nanoparticles (zeta potential:
−40 mV) were detected deep (70–80% positive area) in the 4T1
homospheroids at 24 h (Fig. 6A, C). Interestingly, the addition of fibro-
blasts to the spheroids (which is associated with an increase of stroma
content) inhibited the nanoparticle penetration dramatically, and the
lowest penetration was observed in fibroblast homospheroids (Fig. 6A
&C). Noticeably, in all cases 30nm-sized nanoparticles had a better pen-
etration than their 100 nm sized counterparts due to their small size. In-
terestingly, these data highlight that an increase in stroma content in
tissues inhibited nanoparticle penetration proportionally, and that
smaller nanoparticles could penetrate deeper in the tissues than large
nanoparticles. Furthermore, it would be interesting to investigate how
the collagen fiber organization affects the nanoparticle penetration
using two photon microscopy.

In a next series of experiments, we examined the influence of the
zeta potential on silica nanoparticle penetration. To that end, similar sil-
ica nanoparticles but with a less negative zeta potential (−20 vs.
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−40 mV) were tested under the same conditions. Interestingly, these
silica nanoparticles (less negative zeta potential for both 30 and
70 nm sized nanoparticles) penetrated less deeply in all spheroids com-
pared to themore negatively charged nanoparticles (Fig. 6B & D). These
results are in good agreement with a previous study by Gao et al. [41]
that reported that highly negatively charged nanoparticles interact sig-
nificantly more with cells compared to nanoparticles with less negative
charge. Wilhelm et al. [42] also reported that anionic iron oxide was
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internalized with high efficiency due to nonspecifically interaction
with cell membrane and clustering of the nanoparticles on cationic
sites of plasma membrane. These interactions between nanoparticles
and cells can facilitate transcellular penetration of nanoparticles
through endocytosis and exocytosis (transcytosis) favor deeper pene-
tration as reported before [43]. As before, the penetration of nanoparti-
cles with less negative zeta potential was hindered by the presence of
stroma content, and inversely correlated with the amount of stroma
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(Fig. 6B & D). Yet, and as before, 30 nm-sized silica nanoparticles gave
significantly deeper penetration than larger sized (70 nm) nanoparti-
cles. This set of data demonstrate that our heterospheroids are excellent
models for studying the penetration of nanoparticles in tumor tissues.
3.4.2. Penetration of Cy5-conjugated PLGA nanoparticles
The spheroid arrays were also applied to study the penetration of

pegylated PLGA nanoparticles, which are commonly used nanocarriers
for drug delivery [35]. PLGA nanoparticles were prepared with a double
emulsion technique, subsequently labeledwith Cy5 fluorescent dye and
characterized for size (200±4nm) and zeta potential (−7.1±0.5mV)
(Fig. 7A). Here, laser scanning confocal microscopywas used tomonitor
the penetration of nanoparticles in intact and live spheroids at different
time points. Furthermore, 3T3 fibroblast homospheroids were excluded
from this last study as these spheroids without any tumor cell do not
mimic a tumor model. As shown in Fig. 7B, Cy5-PLGA nanoparticles
slightly penetrated the 4T1 homospheroids within 1 h but did not pen-
etrate the heterospheroids (3T3:4T1 as 1:1 and 5:1). After 24 h, PLGA
nanoparticles penetrated through 4T1 homospheroids completely, and
the number of nanoparticles found in the spheroids increased substan-
tially at 48 h (Fig. 7C). In contrast, in 3T3/4T1 (both 1:1 and 5:1)
heterospheroids, only a little penetration of the PLGA nanoparticles
was detected until 48 h. This reduced penetration, especially in stroma
containing spheroids, can easily be accounted for by the fact that PLGA
nanoparticles were larger in size, than the silica nanoparticles used in
this study.
3.4.3. Penetration study in human tumor spheroid models
With regard to better explore the suitability our in vitro

heterospheroid model mimicking in vivo situation, we developed
homo- and heterospheroids from human cells from breast tumor and
pancreatic tumor. Spheroids were generated from (i) human breast
tumor models using MDA-MB-231 human breast tumor cell line and
BJ-hTert human fibroblasts, and (ii) human pancreatic tumor model
using Panc-1 human pancreatic tumor cell line and primary pancreatic
stellate cells (hPSCs, a CAF precursor cells). We established homo- and
hetero-spheroids with these cells and characterized for collagen immu-
nohistochemical stainings (Fig. 8A). The collagen-1 expression was
strongly present in heterospheroids but remained absent in
homospheroids, which is in line of mouse spheroids. Furthermore, we
performed silica nanoparticle penetration studies in these homo- and
hetero-spheroids (Fig. 8A) and quantified the penetration as %penetra-
tion area (Fig. 8B). Similar to the data from mouse spheroid model, the
homospheroids comprised of either human breast and pancreatic
tumor cells had a deeper penetration of both 30 and 100 nm silica nano-
particles compared to the stroma-containing heterospheroids. There-
fore, we conclude that nanoparticle penetration is strongly dependent
on the presence of fibroblasts and fibroblast-secreted ECM. Yet, the
human spheroid models represent a great tool to study the impact of
the clinical-relevant samples.
4. Conclusion

We have successfully developed a 3D spheroid platform to mimic
tumor stroma, utilizing tumor cells and fibroblasts showing typical stro-
ma features in terms of stroma content and markers in human breast
tumor samples. This 3D model might be applicable to study the
tumor-stroma interaction, antitumor effects of drug molecules and
nanomedicines, and diffusion/penetration properties of drug-loaded
nanomedicines. The presented data obtained in our 3D in vitro model
confirm that stroma is a barrier for nanoparticle penetration and that
the model can be applied to study the tumor penetration properties of
nanomedicines.
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