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Abstract
Nanoparticle (NP) drug delivery systems may potentially enhance the efficacy of therapeutic agents. It is difficult to characterize

many important properties of NPs in vivo and therefore attempts have been made to use realistic in vitro multicellular spheroids

instead. In this paper, we have evaluated poly(glycerol-adipate) (PGA) NPs as a potential drug carrier for local brain cancer

therapy. Various three-dimensional (3-D) cell culture models have been used to investigate the delivery properties of PGA NPs.

Tumour cells in 3-D culture showed a much higher level of endocytic uptake of NPs than a mixed normal neonatal brain cell

population. Differences in endocytic uptake of NPs in 2-D and 3-D models strongly suggest that it is very important to use in vitro

3-D cell culture models for evaluating this parameter. Tumour penetration of NPs is another important parameter which could be

studied in 3-D cell models. The penetration of PGA NPs through 3-D cell culture varied between models, which will therefore

require further study to develop useful and realistic in vitro models. Further use of 3-D cell culture models will be of benefit in the

future development of new drug delivery systems, particularly for brain cancers which are more difficult to study in vivo.
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Introduction

There is increasing interest in using NP delivery systems as
novel treatments in cancer. The rationale for these delivery
systems is based on the exploitation of differences between
tumour and normal cells. However, existing cell culture
methodologies are not sufficiently complex to model these
differences. Traditional cell culture using 2-D monolayer
methods has not even been particularly useful in assessing
the efficacy of traditional therapeutic reagents, as in vitro
studies often fail to predict the efficacy of these agents in
clinical trials.1 It is now apparent that the poor in vitro and in
vivo correlation may partly be due to limitations of 2-D cell
culture systems. In this paper, we will therefore explore
alternative 3-D models for their potential in assessing
some biological aspects of NP drug delivery systems
being designed for brain tumour therapies.

Cell culture condition is a key factor affecting neuronal
growth and differentiation, and thus affects the cellular
response to therapeutic drugs. In vivo, neurons develop
extensive branches, dendrites and nerve fibers or axons.
The length of the axon varies from a few tens of micrometers

to several meters2 and neurons reach high densities; for
example, in human cortex, there are approximately 105 neu-
rons per mm.2,3 In addition, neurons are a type of cell whose
normal function is highly dependent on their interaction
with other cells, especially glial cells. Glial cells can influ-
ence proliferation and differentiation of neurons,4 and
secrete diffusible factors that trophically support neurons.5,6

Conventional in vitro 2-D culture systems involve cells
grown at low density for convenience, particularly for the
ability to view cellular interactions more easily.
Conventional cultures also tend to use single cell types.
However, this may not produce an active environment
where behavior of neurons is truly representative. Cells
in vivo grow in a 3-D tissue environment, in which cell–
cell and cell–extracellular matrix (ECM) interactions, ECM
proteins and soluble protein factors affect drug access to
target cells7–10 of different types and this needs to be accur-
ately replicated in our in vitro models. Thus, 3-D cell culture
methods offer distinct advantages over conventional 2-D
cell culture models. The increasing use and availability of
confocal microscopy facilitates the use of 3-D cultures
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because of the possibilities for viewing these more complex
models and for 3-D reconstructions.

Investigations of differences in the properties of cells in
2-D versus 3-D cell culture were first made by cancer
researchers. They found fundamental differences related
to integrin signalling,11,12 cell polarity,11 gene expres-
sion13,14 and apoptosis, which lead to different responses
of cancer cells towards therapeutic drugs between 2-D
and 3-D cell culture.11,15–17 A variety of systems (e.g. scaf-
fold, hydrogel, multicellular spheroid, multilayer cell cul-
ture, and microfluidic devices and spheroids on a chip)
have been developed to mimic physiological 3-D environ-
ments.18,19 Among these, multicellular spheroids have been
widely used for several decades as a 3-D tissue culture
model for evaluating therapeutic drugs in cancer research.
Recent findings have also indicated that cells respond dif-
ferently to tissue or cell culture derived 3-D matrices com-
pared to pure collagen gels or flat tissue culture
substrates.20 In this paper, we have therefore concentrated
on an organotypic brain slice and 3-D models which form
spheroids in the absence of added ECM ingredients.

Drug delivery is important in cancer research to try and
exploit differences between tumour and normal tissue.
Many delivery systems are macromolecular, e.g. drug car-
rier conjugates, antibodies or NP, e.g. liposomes, nanocap-
sules and matrix NPs. It is assumed that these drug delivery
systems may be preferentially accumulated in tumour
tissue due to leaky vasculature.21,22 However, we need to
consider how NPs can penetrate through the tumour to
individual target cells.23 We are particularly interested in
nanoparticle delivery systems for local delivery, e.g. post
surgical application, convective enhanced delivery delivery,
etc. In these applications, mobility and penetration of nano-
particles through tumour tissue and selectivity of uptake
would be particularly important. How do size, shape and
surface properties affect the mobility of NPs through ECM
and their penetration within tissue after NPs leave the cir-
culation? Does the ECM around tumour cells differ from
normal cells, and how does it affect movement and pene-
tration of NPs? Is there any selectivity difference at the
tissue and cellular level?24 Endocytosis of drug delivery
systems has been almost exclusively investigated in mono-
layer culture, and consequently there has been little consid-
eration of the effect of 3-D culture on interactions of drug
delivery systems with cells.

Thus, in the drug delivery area, important questions
such as accessibility to cells, and penetration by macromol-
ecules and NPs should be addressed in 3-D cultures. An
increasing number of references relating to drug delivery
have applied multicellular spheroid models for assessing
various drug delivery systems. Our previous study25 indi-
cated selectivity of fluorescent dye loaded Poly(glycerol-
adipate) (PGA) NPs between tumour cells and brain cells
in a 3-D in vitro co-culture brain tumour invasion model.
However, it lacked evaluation of effect of ECM on cellular
uptake and mobility of PGA NPs in various 3-D cell culture
models. In this paper, we have studied the cellular uptake
and mobility of Rhodamine B Isothiocyanate (RBITC)
labelled PGA NPs in 2-D and different 3-D cell culture
models, such as various spheroids and organotypic brain

slices in order to present the importance of using 3-D cell
culture models and how they may benefit the future devel-
opment of new drug delivery systems. These more accurate
in vitro models are particularly important for tumours
which are more difficult to evaluate in vivo such as the
brain cancers in which we are interested.

Materials and methods
Materials and reagents

Poly(glycerol-adipate) (PGA) was provided by Dr GA
Hutcheon and Dr S Higgins (The Drug Delivery and
Materials Science Research group, Liverpool John Moores
University, UK). Rhodamine B Isothiocyanate (RBITC) was
purchased from Sigma-Aldrich (Poole, UK). 40, 6-diamidino-
2-phenylindole dilactate (DAPI) and LysoTracker Yellow
were obtained from Invitrogen (Paisley, UK). The DAOY
cell line was purchased from American Type Culture
Collection (ATCC; Rockvillle, MD, USA). Mouse anti-rat
CD11B primary monoclonal antibody (OX-42) was pur-
chased from Autogen Bioclear Ltd. (Wilts, UK).
Fluorescein horse anti-mouse IgG(HþL) secondary anti-
body was obtained from Vector laboratories (Vector
Laboratories, USA). All medium components and reagents
for cell culture were obtained from Invitrogen Life
Techologies Ltd. (Paisley, UK). All other chemicals were
from Sigma-Aldrich (Poole, UK).

NP preparation for cellular uptake

NPs were prepared and characterized as described in our
previous study.26 Details on methods for polymer synthesis,
and properties of the polymer and nanoparticles can be also
be found here (see Meng et al.26 and references within). For
all experiments of NPs in the study of cellular uptake, PGA
NPs were coated by addition of 1% polysorbate-80 to give a
final concentration of 0.1% and passed through a syringe
filter (0.2 lm, Vivascience, Gemany) to sterilize the NP
suspension.

Monolayer cell culture

DAOY, a human cerebellar medulloblastoma cell line,
was maintained on Minimum Essential Medium (MEM)
supplemented with 15% Fetal Bovine Serum (FBS), 200 mM
L-glutamine, 0.1 mM non-essential Amino Acids, 1.0 mM
sodium pyruvate, 7.5% sodium bicarbonate solution at 37 �C
and 5% CO2. Mixed brain cells were dissociated from whole
brains of E-18 Wistar rats (Biomedical Sciences Unit,
University of Nottingham) as follows: after whole brains
were rapidly removed and immersed in ice-cold Hank’s
Balanced Salt Solution (HBSS) containing 10 mM HEPES,
brain tissues were gently minced into small pieces using a
scalpel. The tissue fragments were incubated with 2.5%
trypsin (2 mL) (Worthington Biochemical Corporation, NJ,
USA) and HBSS (3 mL) in 5% CO2 incubator at 37 �C. After
45 min of incubation, individual cells were gently disso-
ciated from tissue fragments, cultured at a density at
1�106 cells/well or 0.5� 106 cells/well in a 24-well tissue
culture plate and maintained on MEM supplemented 10%
NCS, 200 mM L-glutamine, and 7.5% sodium bicarbonate
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solution at 37 �C and 5% CO2. Foetal brain cells were freshly
derived for each experiment and were not passaged
before use.

Spheroid culture

For DAOY spheroids, DAOY cells were grown in mono-
layer and detached from the substratum as described
above. The individual cells (2 mL, 1�106 cells/mL) were
cultured in DAOY culture medium in 25 mL screw top cul-
ture flasks (Scientific Laboratory Supplies, UK) and main-
tained at a constant rotation of 70 rev/min on an orbital
shaker (Cole-Palmer, USA) at 37 �C. Cultures were observed
and medium was exchanged after 24 h of culture. Primary
mixed brain spheroids were formed using two methods:
(a) After individual cells were dissociated from E-18 rats,
mixed brain spheroids were prepared and cultured as
described previously for DAOY spheroids except that
mixed brain spheroids were maintained on NCS supple-
mented MEM culture medium; (b) a second type of spher-
oid was formed spontaneously without any mechanical
forces, in which high concentrations of individual cells
(1 mL, 5� 106 cells/mL) were cultured in a 24-well plate
and then individual cells reformed themselves into
spheroids. The spheroids were maintained on NCS-
supplemented MEM culture medium.

Organotypic slice culture

Organotypic brain slices were prepared from two-day-old
Wistar rats. Cerebral cortices were cut into 400-lm thick
slices with a tissue chopper (McIlwain Tissue Chopper,
Mickle Laboratory Engineering Co., Ltd., UK) under sterile
conditions in a laminar flow hood. Three slices were then
laid down on a Millicell-CM membrane insert (Millipore,
Carrigtwohill, Co. Cork, Ireland), and the insert was placed
in individual wells of six-well plates. Medium (1 mL) was
added to the bottom of the culture plate.27 Slices were cul-
tured in the same culture medium as mixed brain cells at
37 �C with a 5% CO2 incubator.

Cellular uptake of RBITC labelled NPs

For DAOY cells in 2-D culture, cells were plated at a density
of 1�106 cells per 25 cm2 tissue culture flask and allowed to
attach for 24 h. To study the effect of incubation time on
cellular NP uptake, cells were incubated in growth
medium including 200 lg NPs per 0.5� 106 cells for differ-
ent incubation time (from 15 min to 24 h). After cells washed
with PBS three times, they were detached by Trypsin-EDTA
for flow cytometry analysis.

For Mixed brain cells in 2-D culture, cells were seeded at
0.5� 106 cells/mL per well in 24-well plates. For study of
effect of incubation time on NP uptake, cells were incubated
with growth medium including 200 lg NPs for different
incubation times. After cells were washed three times
with PBS, cells were harvested by Trypsin-EDTA and pre-
pared for flow cytometry study.

For spheroids in 3-D culture, after spheroids were
formed, the growth medium was replaced with fresh cul-
ture medium containing NP suspension (200 lg NPs/

0.5� 106 cells) and incubated for a series of incubation
times (from 2 to 24 h). At the end of the incubation period,
spheroids were dissociated into single cells, washed three
times with PBS and were studied by flow cytometry and
confocal fluorescence microscopy.

For organotypic brain slices, cerebral cortices were main-
tained in culture medium for 14 days, then NP (200 lg) sus-
pension was added directly on the top of slices and
incubated with slices for 24 h. LysoTracker Yellow (50 nM)
was added to each sample 1 h before the end of incubation
time. Cerebral cortex slices were washed three times with
PBS and fixed in 1% freshly prepared paraformaldehyde for
microscopy.

Immunohistochemistry

Brain cerebral cortex slices were incubated with RBITC
labelled NPs and LysoTracker (50 nM), and then were
washed with Tris–HCl buffer (10 mM, pH7.6) three
times. Brain cerebral cortex slices were then fixed in
periodate-lysine-paraformaldehyde fixative of McLean
and Nakane28 for 20 min at room temperature and pro-
cessed for immunohistochemistry. Sections were incubated
overnight with mouse anti-rat CD11B primary monoclonal
antibody (Clone OX-42) (1:200 in Tris-HCl including
1%BSA) at 4 �C. The monoclonal antibody CD11B recog-
nizes the complement C3bi receptor which is expressed
by brain macrophages and microglia.29–31 The sections
were subsequently incubated with fluorescein horse anti-
mouse IgG(HþL) secondary antibody (1:1000 in Tris-HCl
with 1%BSA) for 1 h at room temperature and were
observed using fluorescence microscopy.25

Flow cytometry

Spheroids were treated with Trypsin-EDTA (1 mL) at 37 �C
for 15 min to allow spheroid detachment. Individual cells
were then gently dissociated from spheroids by using a
glass Pasteur pipette. The intracellular fluorescence inten-
sity was determined on a Beckman Coulter EPICS
XL-MCL flow cytometer (Beckman Coulter Limited,
Buckinghamshire, UK) using XL SYSTEM IITM software.
Approximately 5000 cell events were evaluated for forward
and side scatter characteristics to determine the trend of
RBITC labelled NP taken up by cells.

Microscopy studies

Spheroids and slices were incubated with DAPI (300 nM)
for 30 min after samples were fixed. Samples were subse-
quently visualized and imaged under a Leica SP2 MP
confocal microscope using a 476 nm filter (LysoTracker),
488 nm filter (fluorescein), 543 nm filter (RBITC), and UV
laser (DAPI). Standard settings for acquisition of images
were used throughout this work to ensure that images
obtained were comparable.

Penetration of NPs in 3-D cultures

After spheroids and slices were incubated with NPs for
24 h, they were visualized under confocal fluorescence
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microscopy in the z-dimension with the same scan settings
and z interval. For the spheroids, a similar z-section from
the middle was selected and the mean fluorescence inten-
sity (MFI) was measured from the periphery to the center.
Taking into account the spherical geometry of the spheroid,
the MFI of comparable areas in these selected z-sections
were determined. Organotypic slices were cultured on a
membrane insert and the NP suspension was added onto
the top flat surface of organotypic slice after 14 days in
culture. A z-section from a similar middle level was also
chosen to analyze MFI across the whole section of the orga-
notypic slice. The MFI of each selected part of the section in
the z-dimension was calculated using Image J and
expressed as MFI per lm2. One spheroid and organotypic
slice were visualized each time and the experiment was
carried out twice.

Results
Localization of NPs in spheroids and organotypic slices

In the present study, we are interested in the effects of both
the dimensionality of the cell culture and multiple cell types
on the penetration and cellular uptake of NP. We have
therefore used a range of culture techniques including orga-
notypic slices and spheroids produced in different ways.
The PGA NPs used in this study have a size around
170 nm and have previously been reported to be taken up
into DAOY medulloblastoma cells in monolayer culture.26

Throughout the study, these NPs have been rhodamine
labelled to allow easy identification.

The intracellular endocytic compartment of cells can be
labelled using LysoTracker dye, which accumulates in
acidic compartments. In Figure 1, using a control

organotypic cerebral cortex slice which has not been
exposed to NPs, it can be seen that the lysosome compart-
ments of these cells are small diffuse and not very promin-
ent. Despite the low level and diffuse nature of the
lysosomal compartment, it can still be seen localized near
the nucleus in its characteristic arrangement.

In Figures 2 and 3, NPs have been added to the spheroids
and organotypic slices, respectively, and the lysosome com-
partments were much more pronounced throughout both
the spheroids and slices.

Figure 2 is a confocal image picture taken from a slice
through the center of a multicellular spheroid of DAOY
cells in which the pattern of the NPs shows a strong resem-
blance to that of the lysoTracker dye. Combining these
images gives an orange or yellow color to most of the
dots demonstrating localization of most of the NPs within
the lysosomal compartment. Closer examination (as indi-
cated within circles and enlargements) reveals a few
yellow dots of a lysosomal compartment with few NPs pre-
sent, but also a few red dots which represent NPs outside of
the lysosomal compartment. These may represent uptake
into the cell cytoplasm, but as they are some distance
from the blue DAPI stained nuclei they are much more
likely to indicate NPs still outside the cells in the interstitial
compartment. Figure 3 which is a similar confocal image of
a brain slice shows a lower density of both red and yellow
dots, but overall gives a similar picture of NP uptake.

Effect of cell type and culture dimension on
uptake of NPs

After spheroids or monolayer cultures were incubated with
RBITC labelled NP suspension for various times, they were
dissociated into individual cells and then immediately
assayed by flow cytometry (Figure 4). Intracellular Mean
Fluorescence Intensity (MFI) in both types of cell in 2-D
and 3-D culture increased with an increase of incubation
time. Looking first at the situation in 2-D culture (dashed
lines, empty symbols), it can be seen that the rate of NP
uptake into mixed neonatal brain cells (circles) was greater
than that of DAOY cells (squares). However, in 3-D culture
(solid lines, filled symbols), MFI of cells from DAOY spher-
oids was much higher than from DAOY cells in monolayer
culture and also higher than mixed neonatal brain cells in
2-D culture. In the uptake study of DAOY spheroids, intra-
cellular MFI reached its plateau after 6 h.

It was anticipated that 3-D nature of the cultures would
affect penetration and uptake of particles and that some
heterogeneity and time dependence of uptake may be
expected. Consequently, spheroid cultures of both mixed
neonatal brain and DAOY cells treated with labelled NP
were examined by confocal fluorescence microscopy.
Fluorescence micrographs (Figure 5), which were taken
from the middle of spheroids, were used to investigate
the penetration and uptake pattern of NPs by spheroids
formed by different type of cells. The pictures in Figure 5
are at slightly different magnification and have different
scale bars so that the differences in uptake/penetration
with time can be compared for each sequence of slides
across the whole spheroid. These pictures are equivalent

Figure 1 Confocal image of control organotypic cerebral cortex slices. Slices

were incubated with 50 nM LysoTracker Yellow for 2 h. As can be seen,

LysoTracker Yellow appears as very small yellow fluorescent dots in many cells.

(A color version of this figure is available in the online journal.)
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to the data in Figure 4 and show the qualitative differences
in NP penetration and uptake between these different cell
types. In the first several hours of incubation time (4 and
6 h), the intensity of fluorescence in the periphery of spher-
oids was higher than that in the center. With increased incu-
bation time, the intensity of fluorescence in the center of
spheroids increased. However, the fluorescence intensity
of mixed neonatal brain spheroids was much lower than
that of DAOY spheroids after 24 h incubation time.

Effect of cell culture models on penetration
of NPs

The nature of the 3-D culture is also likely to influence
penetration, so different 3-D culture models were also
examined. We have compared the NP distribution pattern
and penetration in a variety of 3-D combinations where the
cells are grown in different types of spheroids or in slice
culture. These different formats replicate to different
degrees the 3-D microenvironment found in vivo. Figure 6

shows the distribution pattern and penetration of
NPs in mixed neonatal brain spheroids prepared using
two different methodologies and organotypic cerebral
cortex slices.

Confocal fluorescence images in Figure 6 were taken
from spheroids formed by the spontaneous method
(Figure 6(a) and (e)) and the rotation method (Figure 6(b)
and (f)) together with images from organotypic cerebral
slices (Figure 6d). Results from both methods resulted in
spheroids that were completely formed and became well
rounded and composed of highly compacted cells. The
two types of spheroids had a similar size after 24 h growing
on the glass coverslips and incubation with NPs, and thus a
similar number of slices in the z-dimension so the z interval
was kept constant throughout image acquisition. The dis-
tribution pattern of red fluorescence in the inner region of
spheroids was different between these two types of spher-
oids: red fluorescence in the sample of spheroids formed
spontaneously (Figure 6a) was quite uniformly distributed;
while in the sample of spheroids formed by the rotation

Figure 2 Confocal images showing localization of RBITC labelled NPs within mixed neonatal brain spheroids: (a) yellow fluorescence from LysoTracker; (b) red

fluorescence from NPs; (c) blue fluorescence from DAPI, a marker for nucleus; and (d) co-localization of red with yellow and blue fluorescence. The majority of NPs were

taken up by brain cells and into the lysosome compartment and only a few NPs could be found localized in the interstitial compartment (white circle). (A color version of

this figure is available in the online journal.)
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method (Figure 6b), red fluorescence intensity was
unevenly distributed within spheroids. MFI in the middle
section of the two different spheroid models were examined
(Figure 6(a) to (c)). To take account of the spherical geom-
etry, the intensity of fluorescence was measured as shown
by the grid from the periphery to the center of spheroids
(Figure 6(a) and (b)) and expressed as MFI per lm2. The
resulting data plotted in Figure 6(c) shows that the MFI in
spheroids formed by the rotation method was increased
from the periphery to the center while the MFI in spheroids
formed spontaneously showed the opposite trend. The MFI
in the periphery of spheroids formed spontaneously was
significantly higher than in spheroids formed by the rota-
tion method. The penetration of NPs into organotypic slices
is shown in Figure 6(d), and the penetration of NPs between
spheroids and organotypic slices was also compared.
Organotypic slices were cultured on the membrane insert
and NP suspension was added onto the top flat surface of
organotypic slice after 14-day culture, whereas for the
spheroids the NPs were in the solution surrounding the
spheroids. Considering the spherical geometry of the spher-
oid and the flat surface of organotypic slice, the intensity of
fluorescence measured as shown by the grids from half of
radius of spheroids (Figure 6(e) and (f), depth �75 lm) was

used to compare with the intensity of fluorescence in the
whole section of organotypic slice in the middle level of
z-section (depth �75 lm). The organotypic slices showed
a significantly lower level of intensity of fluorescence than
the spheroids (Figure 6(d) and (g)). In the equivalent pene-
tration depths among these culture models, the intensity of
fluorescence was in decreasing order: spheroids formed
spontaneously> spheroids formed by rotation method>
organotypic culture.

Cell type study of NP uptake in organotypic
cerebral cortex slices

Macrophages and professional phagocytes would be
expected to be the cells mostly responsible for uptake of
NPs within tissues. The normal cerebral cortex slices were
first of all examined for the presence of Microglia or macro-
phages after 14 days culture using an antibody against
CD11B as a marker for these cells (Figure 7a). This image
clearly shows a good proportion of cells highlighted by this
marker. Figure 7(b) illustrates the population of macro-
phages in organotypic slice culture exposed to the NP sus-
pension is similar to the control sample (Figure 7a). It also
shows that only a few orange fluorescent dots are localized

Figure 3 Confocal images of RBITC labelled NPs taken up by organotypic rat cerebral cortex slices: (a) red fluorescence from NPs; (b) yellow fluorescence from

LysoTracker Yellow; (c) blue fluorescence from DAPI; and (d) combined picture of red with yellow and blue fluorescence. The majority of NPs were taken up by brain

cells and sorted into the lysosomal compartment (green circle) and few NPs are localized outside of cells (pink square). (A color version of this figure is available in the

online journal.)
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intracellularly in CD11B labelled cells (green fluorescence),
which suggested that not many NPs were recognized and
taken up by brain macrophages or microglial cells, in con-
trast to the relatively higher uptake in some other
unmarked cells within the slice.

Discussion

We have investigated a number of 3-D cell culture systems
to assess their potential to give improved information on
the performance of drug delivery systems using NPs pre-
pared from the biodegradable polymer PGA. We have pre-
viously shown that PGA NPs are readily endocytosed by
DAOY cells in monolayer culture.26 Here, we first wish to
confirm endocytosis in 3-D mixed cell cultures. To under-
stand the micrographs showing endocytosis, we first need
to determine how the lysosomal compartment of cells
appears in the absence of endocytic uptake.

Mixed neonatal brain spheroids and organotypic slices
were incubated with NPs in the presence of LysoTracker
Yellow which is colorless at neutral pH, but has a yellow
fluorescence at acidic pH. LysoTracker Yellow freely perme-
ates cell membranes, accumulating and becoming visible in
acidic organelles in living cells. The control confocal fluor-
escence micrograph of cells not treated with NPs showed
that in these cells the lysosomal compartment was minim-
ally visible, with the very small dots of yellow indicating
very small acidic vesicles. After cells were treated with NPs,
it was observed that NPs were selectively taken up by some
brain cells with most NPs sorted into the lysosome

compartment and only a few NPs remaining localized in
the ECM. The large increase in size of the lysosomal
compartment after NP administration was also noted.
Compared with control sample, it could be deduced that
NP uptake increased the prominence of the compartment
size of lysosomes. The large intracellular yellow fluorescent
patches matched with large red fluorescent patches of red
representing large amounts of NPs filling the lysosomes.
The distribution of NP uptake was heterogeneous in both
the spheroids and organotypic slices reflecting the mixture
of cell types present in these cultures. It is important in
studies that we are sure that the fluorescent label remains
within the NPs so that we are not seeing leakage between
cells. This has been demonstrated in other work by us,
which showed that RBITC is retained within PGA NPs
with a relatively slow release rate.26

Quantification of NP uptake is important for drug deliv-
ery systems to ascertain whether there is any selective
advantage between normal and tumour cell cultures. Our
study showed that intracellular fluorescence intensity was
about five times higher in DAOY spheroids than mixed
neonatal brain spheroids while in monolayer culture
mixed brain cells took up two times as many NP as the
DAOY cells (Figure 4). The reasons why 3-D culture
should enhance endocytosis by tumour cells but reduce it
in normal cells is not immediately obvious. Mechanical ten-
sion generated between ECM and the cytoskeleton plays an
important role in the regulation of cell growth, differenti-
ation, ion channel activity, transmembrane receptor

Figure 4 Time course for uptake of RBITC labelled NPs by DAOY cells and mixed foetal brain cells in different culture dimension. Uptake of NPs into DAOY cells (filled

and square symbols was lower than in mixed neonatal brain cells (empty and round symbols) in monolayer culture (dashed lines), but in 3-D spheroids (continuous lines)

culture this was reversed with a high uptake into DAOY spheroids and a low uptake into mixed neonatal brain spheroids. Mean�SEM (n¼ 3)
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localization at the plasma membrane of cells32 and gene
expression.33 In contrast to a 2-D substrate, cytoskeletal
organization in spheroids has less mechanical stress.
Closely packed spheroids increase cell–cell interactions
and communication which have been found to influence
response of cells to drugs.34 Many studies have revealed
increased specific activities of various lysosomal enzymes,
such as b-glucuronidase, b-N-acetylglucosaminidase, and

acid phosphatase in solid tumours than in their tissues of
origin.35 Pinocytosis has previously been suggested as a
mechanism for selective delivery to cancer cells based on
studies of uptake of labelled proteins into tumours in vivo
although in vitro cell culture studies did not show a consist-
ent increase in pinocytosis rates (see Trouet et al.36 and ref-
erences within). In our studies, 3-D culture was necessary to
demonstrate an increased endocytosis into tumours as

Figure 5 Time-dependent uptake and distribution of RBITC labelled NPs into DAOY and mixed brain spheroids. Uptake and distribution of NPs into DAOY spheroids

is shown on the left column of images and into mixed brain spheroids in the right hand side images. The incubation time was monitored at 4 h, 6 h, and 24 h. All pictures

are optical sections through the center of the aggregates. (A color version of this figure is available in the online journal.)
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noted in these earlier in vivo studies, and may explain why a
similar result was not seen in earlier in vitro studies using
2-D culture. A difference has been reported in the rate of
uptake of nanomicelles into MDCK cells compared to vari-
ous tumour related cell lines. Here a lower rate of endocyto-
sis is seen in the confluent MDCK cells which is dependent
on the formation of polarized epithelial cell layers due to
loss of the caveolae mediated uptake pathway. This is prob-
ably just related to epithelial function.37 Cell cycle phase
also influences rate of endocytosis in 2-D cell culture.38

However, in this case, the difference between the highest
and lowest rates of uptake is reported to be only double, so
is unlikely to account for more than a fraction of the differ-
ence seen in our studies. Studies on mechanisms of cellular
uptake and whether these are different under different
culture conditions and in different types of cells will be
investigated in future work.

To understand the properties of drug delivery systems, it
is also important to determine how far NPs may penetrate
into tumours for therapy. In vitro 3-D cell models may offer
an opportunity to study such penetration and how it varies
between different NP formulations more readily. In the pre-
sent work, we have studied the penetration of NPs into
organotypic slices and spheroids produced by two different
methods. Direct observation of spheroids by confocal fluor-
escence microscopy (Figure 6) showed that different meth-
ods of spheroid preparation affected the penetration of NPs
through spheroids with the rotation method producing
spheroids which showed a less effective penetration than
spontaneously formed spheroids. Also, penetration rate of
NPs in spheroid models was faster than in organotypic slice
culture (Figure 6). We should note that in addition to the
tissue and ECM having an effect on the penetration of NPs,
there may be some underestimation of penetration at
increasing depth sections due to light attenuation during
confocal microscopy. Once NPs were incubated with spher-
oids and slices, penetration of NPs through 3-D cell culture
models was likely to be limited by the surface charge of NPs

binding to cell surfaces and to ECM, by ECM protein dens-
ity, and width of cell–cell junctions.39 The different prepar-
ation methods of two types of spheroids and organotypic
brain slices might lead to different effects on the pro-
tein/polysaccharide concentration,40,41 viscosity of the
medium42 and size of the water channels in the interstitial
spaces, width of intercellular gaps, the matrix charge and
therefore ECM composition. ECM represents a major bar-
rier to drug delivery systems.43 During tumour develop-
ment, the presence of neutral collagen decreases and the
content of negatively charged hyaluronan markedly
increases.44 This can potentially influence the penetration
rate of NPs via electrostatic repulsion forces. Therefore,
NP penetration rate and location within tumour will
mainly depend on ECM composition, NP size, surface
charge and surface coating.45,46 This is supported by a
recent publication.47 The results from either of these spher-
oid models could be useful in relative studies comparing
penetration of different NP delivery systems. However, we
believe that the slower and lower penetration in the orga-
notypic slices is much more representative of normal tissue
in vivo.

The steric stabilization provided by polysorbate 80 may
also affect the penetration of these NPs. Polysorbate 80 is a
non-ionic surfactant which has both hydrophobic and
hydrophilic moieties in its structure. The hydrophobic por-
tions bind to the NP and present the hydrophilic compo-
nents at the surface which would be expected to provide a
low level of steric stabilization. This alters NP surface prop-
erties such as surface charge and surface hydrophobicity/
hydrophilicity. The steric stabilization of PEG chains
appears to reduce penetration of liposomes.45,46 However,
good penetration through spheroids was seen by our NPs.
This may be due to the nature of the surface coating with
short branched PEG chains of polysorbate 80. Also, good
penetration of sterically stabilized NPs in vivo has previ-
ously been reported for intradermally administered small
NPs,48 strongly suggesting that penetration of small NPs

Figure 7 Confocal images demonstrating uptake of NPs taken up by organotypic rat cerebral cortex slices is cell type dependent: (a) slice with OX-42 labelling;

(b) slices incubated with NP suspension. Blue fluorescence from DAPI; green fluorescence from monoclonal mouse OX-42 antibody, which labels macrophage cells;

orange fluorescence from co-location of NP (red) and LysoTracker (yellow). Few NPs were taken up by microglia (red circle). (A color version of this figure is available in

the online journal.)
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with a surface PEG layer through tissues does also occur in
vivo, but that penetration is size dependent.

The mixed neonatal brain spheroids and organotypic
brain slices used in our studies also revealed further infor-
mation about differential uptake between cell types.
Confocal images of co-localization of NPs (Figures 2
and 3) clearly suggested that NP uptake was dependent
on cellular type which was seen in both spheroids and
organotypic cultures. It is expected from the literature on
NP biodistribution that the major cell types involved in
uptake of particulate materials would be the cells of the
mononuclear phagocytic system and the reticulendothelial
system.49,50 Macrophages also constitute a large percentage
of the cell population in tumours.51 We therefore wished to
ascertain whether macrophages were involved in uptake
of our polysorbate 80 coated PGA NPs studied in
more realistic organotypic brain slice culture model.
Immunohistochemistry was therefore used to investigate:
(1) whether brain macrophages or microglia still exist in
cerebral cortex after long-term culture and (2) whether
NPs would be taken up by these macrophages. Some
brain macrophages and microglia were found in our slice
culture model (Figure 7a) as expected, because it is reported
that brain macrophages only disappear completely after the
third postnatal week and microglia exhibit a gradual
increase in number.52 Compared to significant NP uptake
by some other cells, only a few NPs were taken up by
macrophages or microglia in organotypic brain slice cul-
ture. It is not clear whether macrophages in tumour tissue
will have the same specificity for particle uptake.
Macrophages show significant plasticity during different
phases of tumour development initially promoting neoplas-
tic transformation and then switching to immunosuppres-
sion and supporting angiogenisis and metastasis.53 There
was also clearly some uptake of NPs by cell types other than
macrophages indicating some selectivity, and perhaps indi-
cating that steric stabilization of particles is not the only
factor affecting uptake. Polysorbate 80-coated NPs have
been reported to be transported across the blood brain bar-
rier due to adsorption of a serum protein, apo E,54 and a
similar mechanism for selectivity into different types of
cells through adsorption of serum proteins could be operat-
ing in our case.

Overall, these uptake studies have revealed a number of
interesting findings. We have provided good evidence that
detergent stabilized PGA NPs have differential endocytic
uptake not only between tumour and normal cells, but
also in the type of culture model whether in two or three
dimensions. It was also noted that there appeared to be
differences of endocytic uptake between different types of
normal neonatal brain cells, although we did not identify
the different types. We may also speculate that uptake is
also likely to be dependent on the nature of the surface of
NPs and may therefore differ between formulations. In add-
ition, the apparent preferential NP penetration into tumour
spheroids in comparison to normal tissue spheroids may be
reflective of differences in the respective 3-D microenviron-
ments. This may not be indicative of the tissues in vivo but at
least in controlled laboratory conditions there appears to be
a real difference between the two types of model. It is also

clear that 2-D models are of limited relevance for in vitro
studies of drug delivery function, and that further develop-
ment and understanding of 3-D culture models may prove
helpful in understanding interactions between tissues and
drug delivery systems. Further studies will be required to
define an in vitro 3-D model which is both convenient to use
and evaluates potential for measuring NP endocytosis and
penetration relevant to the in vivo situation.
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