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Biodegradable poly-(D,L-lactide-co-glycolide) microspheres (PLGA-MS) are approved as a drug delivery
system in humans and represent a promising antigen delivery device for immunotherapy against cancer.
Immune responses following PLGA-MS vaccination require cross-presentation of encapsulated antigen by
professional antigen presenting cells (APCs). While the potential of PLGA-MS as vaccine formulations is well
established, the intracellular pathway of cross-presentation following phagocytosis of PLGA-MS is still under
debate. A part of the controversy stems from the difficulty in unambiguously identifying PLGA-MS within
cells. Here we show a novel strategy for the efficient encapsulation of inorganic nanocrystals (NCs) into PLGA-
MS as a tool to study their intracellular localization. We microencapsulated NCs as an electron dense marker
to study the intracellular localization of PLGA-MS by transmission electron microscopy (TEM) and as
fluorescent labels for confocal laser scanning microscopy. Using this method, we found PLGA-MS to be rapidly
taken up by dendritic cells and macrophages. Co-localization with the lysosomal marker LAMP1 showed a
lysosomal storage of PLGA-MS for over two days after uptake, long after the initiation of cross-presentation
had occurred. Our data argue against an escape of PLGA-MS from the endosome as has previously been
suggested as a mechanism to facilitate cross-presentation of PLGA-MS encapsulated antigen.

1. Introduction

Poly(lactide-co-glycolide) microspheres (PLGA-MS) are spherical,
biodegradable polymer particles that can be loaded with a great variety
of therapeutic molecules [1,2]. They are approved by the US Food and
Drug Administration (FDA) to be used as drug delivery system in
humans. Recent studies highlight the promising role of PLGA-MS as
antigen delivery system for the induction of CD8+ T-cell dependent
immune responses against cancer [3,4]. They show ideal properties for
phagocytotic uptake by professional antigen presenting cells (APCs),
like dendritic cells (DCs), and macrophages (MΦs), and offer the
possibility to co-encapsulate antigenic material with immune stimula-
tory adjuvants [4].

In this study, we combined the biocompatibility of PLGA-MS with
the exceptional properties of inorganic nanocrystals (NCs). NCs are

colloidal particles, which exhibit a size in the low nanometer range.
NCs composed of a wide range of inorganic materials can be prepared.
Within the nanometer scale, their characteristic properties often
differ dramatically from those of the corresponding bulk material. The
particle size in turn is responsible for the exceptional change of
magnetic, electronic, and optic properties of the NCs. Semiconducting
NCs (quantum dots, QDs) show fluorescence at an emission
wavelength determined by the intrinsic electronic band gap structure
of the material and confinement effects depending on the particle size
[5]. Parameters like high photostability, the narrow emission signal
and small stokes shift of QDs provide an extraordinary potential for
replacing organic dyes within the biological diagnostic [6]. Further
examples to illustrate the special properties of NCs are super-
paramagnetic iron oxide nanoparticles (SPIONs). While the macro-
scopic iron oxide is ferromagnetic, its corresponding NCs show super-
paramagnetic characteristics [7]. Among others, the “hot injection”
method is a one pot procedure for synthesizing colloidal, monodis-
perse, and crystalline nanoparticles [8].

A common way to produce PLGA-MS is the so called spray drying
evaporation technique [9]. A homogenous emulsion, containing the
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PLGA polymer precursor resomer (organic phase) and usually
hydrophilic proteins or other therapeutics (aqueous phase), is
sprayed into vacuum. During this process the solvent evaporates
and PLGA polymer formation occurs, generating spherical micro-
particles. Depending on the resomer and the spray drying con-
ditions, the particular properties of microparticles can vary [2].
Using this technique, we introduce a straightforward protocol to
efficiently encapsulate NCs of different materials into PLGA-MS. This
novel strategy allows the application of the diverse properties of
NCs for investigating PLGA-MS function and offers interesting
options for the development of laboratory tools or novel strategies
to fight cancers.

Three examples are shown to demonstrate the potential of
NCs encapsulation. Although PLGA-MS are used as a drug delivery
system for years and are intensively studied as a tool to induce
T-cell responses, the intracellular fate of microparticles after uptake
by APCs is still poorly understood and controversially debated [10–
14]. Transmission electron microscopy (TEM) studies analysing
intracellular distribution of PLGA-MS were so far dependent on
osmium tetroxide incorporation [11], colloidal gold labelling [1], or
the abnegation of any electron dense marker [2,13,15,16]. Here we
show that lead sulfide (PbS) QDs serve as an excellent tool to
label PLGA-MS with an electron dense marker for replacing toxic
osmium tetroxide or rather inefficient colloidal gold labelling. In a
second approach we encapsulated fluorescent cadmium selenide
(CdSe) QDs to demonstrate their ideal properties for bioimaging.
Numerous studies performed microscopy analysis of PLGA-MS
labelled with fluorescent dyes like fluorescein isothiocyanate
(FITC) or coumarin [14,16,17]. However the high photo sensitivity
of such dyes hampers to take high resolution images by confocal
laser scanning microscopy (LSM), Z-stack analysis, or time course
experiments requiring multiple excitation of the same object. Using
CdSe QDs encapsulated PLGA-MS, we were able to perform high
resolution LSM images of PLGA-MS after phagocytosis by APCs.
Using the lysosomal marker LAMP1 we used LSM to show co-
localisation with fluorescent PLGA-MS, indicating the lysosomal
storage of phagocytosed particles.

Cell sorting based on magnetic beads is a well established and
commercially available method to purify individual cell populations
from biological samples [18,19]. This technique is usually based on
covalent labelling of magnetic beads with antibodies specific for a
certain lineage marker. Antibody binding attaches magnetic beads to
the cell surface and allows purification of the labelled cell type via a
magnetic column. In a third experimental setting, we tried to combine
the ideal properties of PLGA-MS for phagocytosis with the super-
paramagnetic characteristics of FeS nanoparticles, to generate
magnetic PLGA-MS for a novel cell sorting approach. Rapid inter-
nalisation of PLGA-MS by phagocytes was exploited to deplete such
cells from a heterogeneous cell suspension. Our results demonstrate
that many powerful properties of NCs can be utilized for biomedical
research by encapsulation into PLGA-MS.

2. Materials and methods

2.1. Synthesis of quantum dots

Nanoparticles were synthesized by hot injection method. PbS-
nanoparticles (PbS org) were prepared as described elsewhere [20],
using a TOP/OA stabilizing mixture. The synthesized PbS-nanoparti-
cles were transferred into water by a ligand exchange (PbS aq.). To
this aim, particles were incubated with an excess of hydroxyl amine
for 30 min. Themixture was centrifuged and the precipitated particles
were solved in water. CdSe/CdS/ZnS quantum dots were prepared in a
one pot hot injection synthesis as described elsewhere [21,22], using a
TOP/TOPO/HDA stabilizing mixture.

2.2. Poly(lactic-co-glycolic)acid microsphere preparation

PLGA-MS were prepared from resomer RG502H (Boehringer
Ingelheim, Germany) by spray drying as described elsewhere [3,4].
Briefly, phosphate buffered saline only (MS-empty) or 50 mg
ovalbumin (Grade V, Sigma) in phosphate buffered saline (MS-OVA)
(aqueous phase) were emulsified with 5% PLGA in dichloromethane
(organic phase) by ultrasonication (Hielscher, UP200 H, Ampl. 40%).
The emulsion was spray-dried (Mini-Spray-Dryer B-290, Büchi) at a
flow rate of 2 ml/min and inlet/outlet temperatures of 40/38 °C.
Immediately before use, MS were dispersed in media by ultrasonica-
tion. PbS nanoparticles were encapsulated by either adding particles
to the aqueous (PbS aq.) or the organic phase (PbS org.) of the
emulsion. The encapsulation of fluorescent cadmium selenide and
magnetic iron oxide nanoparticles was achieved by adding particles to
the organic phase of the emulsion.

2.3. Transmission electron microscopy (TEM)

Microspheres were embedded in a low-viscosity epoxy resin
(Spurr) as described elsewhere [23]. Slices of 100 nm were prepared
and analysed without further contrast agents. BMDCs were grown on
petriPERM® dishes (Sigma-Aldrich). Cells were pulsed with PbS
quantum dot-labelled PLGA-MS for 1 h. For TEM preparation, cells
were fixed after indicated times with 2% glutardialdehyde solution.
Samples were washed in sodium cacodylate buffer and treated with
1% OsO4. Cells were dehydrated by increasing concentrations of
ethanol. After reaching 100% ethanol, cells were embedded in Spurr.
Slices of 80 nm thickness were prepared and samples further
contrasted using lead citrate and uranyl acetate. Images were
acquired at 80 kV using a Zeiss EM10-S electron microscope.

2.4. Cell lines and media

All cell culture media were purchased from Gibco, Invitrogen. The
murine dendritic cell line DC2.4 (H-2b) was a kind gift from K. Rock
(University of Massachusetts Medical School Worcester, MA) and
cultured in RPMI 1640, 10% FCS, 100 U/ml penicillin/streptomycin
(P/S). Bone marrow-derived dendritic cells (BMDCs) were prepared
and maintained as described elsewhere [4]. Murine peritoneal
macrophages (H-2b) were cultured in RPMI 1640 supplemented
with 10% FCS, 100 U/ml P/S. The CD8+ T-cell hybridoma cell line B3Z,
specific for the SIINFEKL (Ova257–264/Kb) peptide of ovalbumin was a
kind gift from N. Shastri (University of California, Berkeley, USA) and
cultured in IMDM, 10% FCS, 100 U/ml P/S [24]. The murine fibroblast
cell line B8 (H-2d) [25] was cultured in IMDM, 10% FCS, 100 U/ml P/S.

2.5. Preparation of primary cells

Bone marrow-derived dendritic cells (BMDCs) were prepared
from naive C57BL/6 mice as previously described [4]. For microscopy
BMDCs were differentiated on cover slips and used on day 6.
Peritoneal macrophages (pMΦs) were prepared by intra peritoneal
(i.p.) injection of 3% thioglycolate solution into C57BL/6 mice. After
three days, peritoneal cells were washed out of the abdominal cavity.
Cells were cultured for 2 days and adherent cells were used for
microscopy as well as cross-presentation assays.

2.6. Confocal laser scanning microscopy (LSM)

Cells were cultured on cover slips and CdSe quantum dot-labelled
microspheres were added on day 2. Unbound microspheres were
removed by washing cells with phosphate buffered saline. Cells were
fixed in 4% paraformaldehyde, treated with ammonium chloride
solution (50 mM in phosphate buffered saline), and permeabilized
in 0.2% triton X-100. Samples were blocked with 0.2% fish gelatine
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(G-7765, Sigma) in phosphate buffered saline. Anti-LAMP1 primary
antibody (553792, BD Pharmingen) was diluted 1:50 in 0.2% fish
gelatine. Secondary Alexa488 conjugated anti-rat Ig (A11006, Invitro-
gen) was diluted 1:300 in phosphate buffered saline. Cells were
embedded using Dapi-Fluoromount-G (SouthernBiotech). Samples
were analysed using an LSM510meta (Zeiss). Cadmium selenide
specific fluorescence was excited by UV laser. Microscopy images
were processed using the software AxioVs40 V4.7.2.0 (Zeiss).

2.7. Detection of antigen presentation by LacZ T-cell hybridoma assay

Presentation of Ova257–264 was detected using the CD8+ T-cell
hybridoma cell line B3Z [24]. Cells were co-incubated with APCs and
25 μg/well of either microspheres containing ovalbumin (MS-OVA) or
empty microspheres (MS-empty). After 18 h, LacZ-buffer [0.13% NP40,
9 mM MgCl2, 0.15 mM chlorophenolred-β-D-galactopyranoside
(CPRG) (Roche, Germany) in phosphate buffered saline] was added
for 4 h at 37 °C. Absorbance was measured at 570/620 nm using a
SpectroFluorPlus spectrometer (Tecan).

2.8. Magnetic depletion of phagocytes by PLGA-MS containing super-
paramagnetic iron oxide nanoparticles (SPIONs)

PLGA-MS containing SPIONs were prepared as described above.
50 μg/ml magnetic or empty PLGA-MS were added to heterogeneous
50:50 cell suspensions of B8 (H-2d) and DC2.4 (H-2b) cells for 1 h. For
magnetic separation of phagocytes, cells were applied to MACS
columns (Miltenyi Biotec) and washed with phosphate buffered saline.
Specific depletion of phagocytes was analysed by flow cytometry using
FITC anti-mouse H-2Db and PE anti-mouse H-2Dd (BD Biosciences).
Specific depletion was calculated following this equation: specific
depletion=(1–[ratio non-sorted/ratio sorted]×100, and ratio=%H-
2Db+/%H-2Dd+.

3. Results

3.1. Efficient encapsulation of PbS quantum dots after addition of
nanoparticles to the organic phase of the spray drying process

The encapsulation of QDs into PLGA-MS can be achieved by two
possible strategies. The PLGA emulsion used for spray drying consists
of an organic and an aqueous phase. NCs to be encapsulated can
therefore be added to either one of the two phases. In order to test
both possibilities, we first tried to encapsulate NCs via the aqueous
phase of the emulsion. Therefore, PbS QDs were hydrophilised by
exchanging the stabilizing hydrophobic ligand against a hydrophilic
one (PbS QDs (aq.)). Using these particles, we achieved encapsulation
of electron dense material into PLGA-MS (Fig. 1B,C). However the QD
inclusions were not evenly distributed throughout the microspheres
and only low numbers of particles showed QD incorporation. At the
same time, PLGA-MS that did contain QDs were found to contain large
aggregates of nanoparticles. In a second experimental setting we used
hydrophobic QDs (PbS QDs (org.)) to reach our aim. Indeed, addition
of PbS QDs (org.) into the organic phase of the spray drying emulsion
led to an improved distribution of NCs inclusions (Fig. 1E, F). PLGA-MS
were prepared for TEM analysis andwere found to be entirely labelled
with electron dense NCs. The distribution of QDs within single
microspheres was smoother, compared to the preparation in aqueous
solution (Fig. 1G).

A comparison of the two experimental strategies revealed that the
addition of QDs into the organic phase of the spray drying emulsion
led to the most efficient and even encapsulation of nanoparticles into
the PLGA-MS. Hence, this experimental setup was chosen for all
further experiments.

3.2. Encapsulation of PbS quantum dots is a suitable methods to
label PLGA microspheres with an electron dense marker for
electron microscopy

Initially we started to encapsulate QDs into PLGA-MS to have an
electron dense marker that allows identification of microspheres after
phagocytotic uptake by immune cells. The labelling of PLGA-MSwith a
defined electron dense material is essential to distinguish phagocy-
tosed microparticles from subcellular structures that also occur in the
absence of microspheres (Fig. 2, control). As shown in Fig. 1, we
successfully labelled PLGA-MS with electron dense PbS QDs and were
therefore able to identify PLGA-MS within the cytoplasm of bone
marrow-derived dendritic cells (BMDCs), when analyzing TEM
images of samples after phagocytosis. Interestingly, we found most
microspheres present in larger vacuole-like organelles, each contain-
ing multiple particles. These structures were observed at 4 and 48 h
after addition of labelled microspheres to BMDCs (Fig. 2; upper right,
lower left).

As we were interested whether microspheres after phagocytotic
uptake do enter the cytoplasm or stay in defined membrane-enclosed
compartments, we had a closer look at cellular positions, where

Fig. 1. Transmission electron microscopy (TEM) images of PbS nanocrystals (NCs)
before and after encapsulation into PLGA microspheres (PLGA-MS). (A) Hydrophilic
PbS NCs (QDs PbS (aq.)) directly after synthesis. (B,C) TEM images of PLGA-MS
preparations after including PbS (aq.) into the aqueous phase of the spray drying
emulsion. (D) Hydrophobic PbS NCs (ODs PbS (org.)) directly after synthesis. (E,F) TEM
images of PLGA-MS preparations after including QDs PbS (org.) into the organic phase
of the spray drying emulsion. (G) Image of encapsulated QDs PbS (org.) within a PLGA-
MS at higher magnification. Scale bars indicate the size of the images. PLGA-MS images
were performed from 50 nm slices. Figure panels show representative images.
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microspheres and cytoplasm are in close proximity (Fig. 2; lower
middle, lower right). For some contact sides it was evident that
microspheres and cytoplasm were separated by a surrounding
membrane. Other slices depicted microspheres that fused with the
cytoplasm without a visible membrane. We observed microspheres
that were surrounded by a membrane 48 h after particle uptake.
However, we wanted to confirm these results with an independent
method. Therefore we performed uptake experiments with fluores-
cent PLGA-MS, followed by confocal LSM.

3.3. Encapsulation of fluorescent CdSe QDs shows co-localization
of PLGA-MS with LAMP1+ organelles in a dendritic cell line even
72 h after phagocytosis

After having established the encapsulation of PbS QDs into the
PLGA-MS preparations, we applied this procedure to NCs with other
properties. Here we used CdSe QDs with an emission maximum of
583 nm to study intracellular distribution of PLGA-MS by confocal
LSM. Encapsulation was performed by adding nanoparticles to the
organic phase of the spray drying emulsion. Indeed, fluorescent CdSe
QDs were efficiently encapsulated into the PLGA-MS (TEM, data not
shown).

Material which is engulfed by phagocytes usually ends up in the
late endosomal/lysosomal compartment of the cell, where digestion is
enabled by acidification [26]. In order to investigate whether micro-
spheres are targeted to the lysosomal compartment, we chose LAMP1
as amarkermolecule to label themembrane of lysosomes. At different
time points after phagocytosis of fluorescent PLGA-MS by the DCs line
DC2.4, we looked for co-localisation with the lysosomal marker
LAMP1 (Fig. 3). Shortly after addition of PLGA-MS (10 min) we
observed attachment of particles to the outer membrane of the cells.
Microspheres were not labelled by anti-LAMP1 staining (green). After
30 min microspheres were already taken up by DC2.4 cells. However,
no co-localization with LAMP1 could be observed at this early time
point. Interestingly, as early as 2 h after addition of microspheres,
LAMP1+ staining appeared around the microparticles, indicating the
presence of a lysosomal membrane. This co-localization was getting
even more prominent with time. At all later time points analysed,
microspheres were surrounded by a distinct LAMP1+ staining (24 h

and 48 h, data not shown). From these data we conclude that the
microspheres were efficiently taken up by DC2.4 cells and enter the
lysosomal compartment as early as 2 h after phagocytosis. Within the
first 72 h microspheres did not enter the cytoplasm, but localized in
LAMP1+ organelles.

3.4. Microspheres taken up by different primary antigen presenting cells
localize in LAMP1+ organelles even 48 h after phagocytosis

In order to extend the data observed for the cell line DC2.4,
we prepared primary mouse DCs and macrophages, to further
examine the intracellular fate of phagocytosed microparticles. Inter-
estingly, also for these primary cells it was evident that both, at 4 h
and 48 h after phagocytosis, microspheres were surrounded by a
bright LAMP1+ staining (Fig. 4), indicating the presence of a
lysosomal membrane. For both cell types and time points we were
not able to find significant numbers of microspheres that were not
enclosed by bright LAMP1 staining. Hence, we conclude, that the
lysosomal storage of PLGA-MS within LAMP1+ organelles is a general
feature that is common in all APC lines analysed. This lysosomal
storage has direct implications for the understanding of antigen
presentation following microsphere based vaccination.

3.5. Efficient cross-presentation of PLGA MS-encapsulated ovalbumin by
APCs despite of lysosomal storage of microparticles

The lysosomal storage of PLGA-MS is a crucial parameter for the
cross-presentation pathway. For the activation of CD8+ T-cells by
vaccination, it is critical that antigenic peptides are presented on MHC
class I molecules [27]. As discussed later, this cross-presentation of
PLGA-MS-encapsulated antigens was shown to be dependent on
proteins entering the “direct presentation pathway”. Our observation
of a lysosomal storage of PLGA-particles argues that cross-presentation
can only occur after translocation of proteins, but not entire particles,
from the endo/lysosomal compartment into the cytosol. We analysed
the intracellular fate of PLGA-MS in threedifferent cell types. Performing
an in vitro assay, we wanted to demonstrate that cross-presentation of
encapsulated ovalbumin can be observed in these cells, despite of
lysosomal localization of PLGA particles. DC2.4 cells, BMDCs, and pMΦs
were incubated with MS containing either ovalbumin (MS OVA) or left
empty as control (MS empty). Additionally, OVA257–264 specific CD8+

T-cell hybridomas were added to detect cross-presentation of the
SIINFEKL epitope on MHC class I molecules. As demonstrated for other
APCs, all three cell types were able to efficiently cross-present
MS-encapsulated OVA after 16 h (Fig. 5). From this finding we con-
clude that antigens encapsulated into PLGA-MS are released from
hydrolysing particles within the endo/lysosomal compartment and are
then translocated into the cytoplasm.

3.6. Encapsulation of super-paramagnetic iron oxide nanoparticles
(SPIONs) into PLGA-MS for depletion of phagocytes from
biological samples

PLGA-MS in the micrometer range are efficiently taken up by
phagocytes but not other cell types. This specific difference can be
utilized to deplete phagocytes from biological samples by magnetic
sorting using encapsulated SPIONs. In a straight forward proof of
principle experiment we tried to deplete dendritic cells from a
heterogeneous cell culture. The murine fibroblast cell lines B8 (BALB/
c-derived, H-2d) and the DC cell line DC2.4 (C57BL/6-derived, H-2b)
were cultured in a ~1:1 ratio. To illustrate the possibility tomagnetically
deplete DCs, PLGA-MS containing SPIONs (MS-SPIONs) or empty
microspheres (MS-empty) were added to the cell mixture for 1 h.
Afterwards cells were harvested and applied to amagnetic column. The
two cell lines can be distinguished due to differences in the expression
of themajor histocompatibility complex (MHC) class I alleles (H-2b and

Fig. 2. Transmission electron microscopy (TEM) images of PbS quantum dot-labelled
PLGA microspheres after uptake by bone marrow derived dendritic cells (BMDCs).
BMDCs were grown on petriPERM® dishes and microspheres were added or not
(control). After 1 h extracellular microspheres were washed off and BMDCs were
further inoculated in medium for the indicated time points before preparation for TEM.
The following abbreviations are used: MS, microsphere; N, nucleus; *, endoplasmatic
reticulum with ribosomes; C, cytoplasm. Scale bars indicate the size of cellular
structures. Arrows indicate enclosing membrane. Images were obtained from 50 nm
slices. Figure shows representative images.
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H-2d). The flow through was collected and analysed for the expression
of H-2 molecules (Fig. 6). We were able to magnetically deplete around
90% of DC2.4 cells from the heterogeneous culture indicating the
usefulness of this approach.

4. Discussion

Attempts to combine the properties of NCs with biocompatible
polymer particles are still restricted to very few examples. In two
recent publications, a method was introduced to externally label
PLGA nanoparticles with NCs as potential biological probe for
bioimaging and MRI spectroscopy [28,29]. The authors show
homogenous distribution of NCs covering PLGA particle surface by
TEM and are able to detect fluorescent PLGA nanoparticles by
fluorescence microscopy. Other efforts illustrate the possibility to
encapsulate NCs into PLGA particles using the nanoprecipitation
method [30,31]. In this report, we introduce a novel protocol to
efficiently encapsulate NCs into PLGA-MS using the spray drying
method. Encapsulation by spray drying has a number of advantages.
First, it does not modify the surface characteristics of PLGA particles,
which might alter their characteristic biodistribution pattern.
Second, generation of NC-encapsulated PLGA-MS by spray drying

does not require additional purification of particles from non-
encapsulated NCs, as needed for nanoprecipitation [30]. The
encapsulation of NCs described here can be easily performed by
any laboratory using the spray drying technique to produce PLGA-
MS, without any procedural adaptation.

The results presented in this report are to our knowledge the first
examples to illustrate the potential of PLGA-encapsulated NCs as a
tool to study intracellular distribution of particles by TEM and
confocal co-localization studies. Understanding the intracellular fate
of particulate vaccines after uptake by APCs is critical for the
development of successful immunotherapies. For the induction of
protective cytotoxic T-cell responses against cancer or other tissue
specific immune targets, it is critical that the antigen encapsulated
into PLGA-MS is targeted to theMHC class I presentationmachinery of
APCs. Only these specialised immune cells are able to initially activate
naïve T-cells by providing co-stimulatory signals [32]. Generally, there
are two pathways known on how antigen-derived peptides can be
presented on MHC class I molecules. Endogenous proteins that are
synthesized within the cell are usually degraded via the ubiquitin/
proteasome system into polypeptides that are loaded onto MHC I
molecules within the endoplasmatic reticulum [33]. From there
MHC/peptide complexes are translocated to the cell surface to allow

Fig. 3. Confocal images showing the uptake of fluorescent microspheres by DC2.4 cells and co-localisation with the lysosomal marker LAMP1. DC2.4 cells were grown on cover slips
and fluorescent CdSe quantum dot-labelled microspheres were added. After 1 h (10 and 30 min for the first two time points) unboundmicrospheres were removed by washing with
phosphate buffered saline and cells were further incubated in medium. At indicated time points cover slips were washed with phosphate buffered saline and cells were fixed in 4%
paraformaldehyde. Confocal laser scanning microscopy was performed after intracellular staining of cell nuclei (DAPI, blue) and the lysosomal marker LAMP1 (LAMP1, green). CdSe
quantum dot-labelled microspheres were excited with a UV-laser (QD583, yellow). Images in the very right panel show merged channels (MERGE). Shown examples are
representative images from the indicated time points after co-incubation.
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T-cell receptor signalling. This way of MHC class I presentation is
referred to as the “direct-presentation pathway”. In contrast, proteins
that are taken up by APCs from extracellular compartments primarily
enter the endo/lysosomal pathway. However, peptides derived from
such proteins can still be presented on MHC class I via a pathway
termed “cross-presentation” [27]. For the cross-presentation of
antigens that are encapsulated into PLGA-MS the intracellular
localization of hydrolyzing particles is critical to understand the
mode of action of this vaccine. There are several publications
addressing the intracellular localization after administration of PLGA
particles. However, the data are inconsistent and two hypotheses can
be found. In one of the first studies which analysed the intracellular
distribution of biodegradable particles the authors used colloidal gold
labelling to visualize nanoparticles (40–120 nm) by TEM [1]. In
this study particles were found to enter the cytoplasm and could

additionally be detected in Golgi and secretory vesicles of liver and
epithelium cell. This paper was followed by a number of other
publications that independently showed the endo/lysosomal escape
of PLGA particles after uptake by MΦs [15], smooth muscle cells [11],
and epithelial cells [12]. Biochemical evidence for an endosomal
escape was provided by studying DCs and B-cells [10]. An endosomal
escape would allow release of encapsulated proteins into the
cytoplasm, where they could be targeted to the “direct-presentation”
machinery. However, a number of other publications using similar
techniques were published, finding no evidence for cytosolic
transition of PLGA particles. A study using DCs and MΦs showed the
presence of a phagocytotic membrane after uptake of particles [2].
Independent reports showed membrane-enclosed PLGA particles
after uptake by peritoneal exudates cells [13] and peritoneal MΦs
[16]. These findings would favour other mechanisms for the cross-

Fig. 4. Confocal laser scanning microscopy (LSM) images of fluorescent CdSe quantum dot-labelled microspheres after uptake by primary peritoneal macrophages (A) and bone
marrow derived dendritic cells (BMDCs) (B) and co-staining for the lysosomal marker LAMP1. Cells were grown on cover slips and fluorescent CdSe quantum dot-labelled
microspheres were added for 1 h. Unbound microspheres were washed off with phosphate buffered saline and cells were further incubated in medium. At indicated time points cells
were fixed with 4% paraformaldehyde and intracellular staining of cell nuclei (DAPI, blue) and the lysosomal marker LAMP1 (LAMP1, green) was performed. CdSe quantum
dot-labelled microspheres were excited with the UV-laser (QD583, yellow). Images on the very right show merged channels (MERGE). Shown examples are representative results
for the indicated time points.
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presentation of encapsulated antigen. Nevertheless, there is a general
consensus that either the encapsulated antigens or the entire PLGA
particles have to enter the cytoplasm in order to achieve efficient
cross-presentation [34]. The heterogeneous results observed for this
important question, may be in part due to differences in cell-types

used, protocols for PLGA polymerization and size distribution of
particles. However, also the lack of electron dense material in PLGA
preparations for TEM and photobleaching of conventional dyes might
be responsible for misinterpretations. To circumvent this, we
established a protocol to label PLGA-MS with NCs. Our TEM analyses
not only showed the efficient encapsulation of NCs, but also indicate
the presence of an enclosing membrane 48 h after phagocytotic
uptake of PLGA particles. More evidence came from our experiments
performed by confocal LSM. Fluorescent QDs were encapsulated into
PLGA-MS and allowed co-localisation of intracellular particles with
the lysosomal marker LAMP1. It was evident that even after 48 h
PLGA-MS were located inside of LAMP1+ organelles. The kinetic of
particle uptake confirmed earlier studies performed by TEM [13].
Taken together, our data show the lysosomal storage of PLGA-MS after
phagocytosis (Figs. 2–4). This has direct implication for the cross-
presentation of encapsulated antigen, since MHC class I presentation
already occurs at much earlier time points (Fig. 5). We hypothesise
that not the entire PLGA particles, but proteins released within the
lysosomes do cross the lysosomal membrane to enter the direct MHC
class I loading machinery.

In the third part, we showed that encapsulation of SPIONs into
PLGA-MS leads to magnetic particles that can be applied for magnetic
cell sorting. Magnetic nanoparticles are studied as contrast agents for
magnetic resonance imaging (MRI) in humans [35]. The small size of
particles allows distribution with the blood stream throughout the
organism. SPIONs itself are not toxic and can be applied in vivo [36]. To
specifically label malignant tissues there were attempts to couple
SPIONs to tumor-specific antibodies [37]. This approach would allow
exact determination of tumor size and distribution by MRI. Here we
introduce the encapsulation of magnetic nanoparticles into PLGA-MS
using the spray drying method. PLGA-MS in the micrometer range
are specifically endocytosed by phagocytes only. Therefore, we
were able to successfully use magnetic PLGA-MS to clear a biological
sample from phagocytic cells. This technology is specific for phago-
cytes but independent of antibody recognition. It might therefore be
an easy and straightforward way to deplete phagocytes from a mixed
suspension of cells.

5. Conclusions

Herewe report on amethod on how PLGA-MS, successfully used as
antigen carrier devices in vaccination, can be labelled either with
electron dense PbS nanocrystals for intracellular localization of MS by
electron microscopy or with CdSe nanocrystals for fluorescence
microscopy. Microencapsulation of nanocrystals into PLGA-MS by
spray drying allowed us to localize PLGA-MS within dendritic cells
and macrophages at different time points after phagocytosis. We
show that PLGA-MS do not escape endosomes but remain in LAMP1+
lysosomes up to three days after uptake although cross-presentation
of microencapsulated antigen occurred much earlier. Microencapsu-
lated nanocrystals are therefore instrumental for elucidating the cell
biological pathways of the extraordinarily efficient cross-presentation
afforded by PLGA-MS. Furthermore, we show that ferromagnetic
nanocrystals can be used for the efficient magnetic separation of
phagocytic and non-phagocytic cells.
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Fig. 5. In vitro cross-presentation of PLGA-MS-encapsulated ovalbumin by different
antigen presenting cells 16 h after uptake. DC2.4 cells, bone marrow-derived dendritic
cells (BMDCs), or peritoneal macrophages (pMΦs) were incubated with OVA257–264

specific CD8+ T-cell hybridomas B3Z, in the presence of either external OVA257–264

peptide (peptide), empty microspheres (MS-empty) or microspheres containing
OVA (MS-OVA). Activation of B3Z cells was detected in a colorimetric LacZ assay
(absorbance at 570 nm with reference wave length of 620 nm). Significance was
calculated by student's t-test from two independent experiments: (*)=pb0.05.

Fig. 6. In vitro depletion of dendritic cells from a heterogeneous culture. The murine
fibroblast cell line B8 (H-2b) and the dendritic cell line DC2.4 (H-2d) were cultured over
night in a ratio of 1:1. For depletion of phagocytes, PLGA-MS containing either super-
paramagnetic iron oxide nanoparticles (MS SPIONs) or left empty as control (MS
empty) were added to the cell culture for 1 h. Afterwards, cells were harvested and
applied to a magnetic column. (A) The flow through was collected and cells were
analysed for the expression of H-2Db/d by flow cytometry. (B) Specific depletion of
DC2.4 cells was calculated as described in the methods section. Significance was
calculated by student's t-test from two independent experiments: (**)=pb0.01.
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