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U
nfortunately, a high percentage of
potent drug candidates for antican-
cer therapy are poorly soluble in

water.1,2 Many of them possess a polycyclic
structure which enhances the ability of the
molecules to reach cellular targets.3 Owing
to their hydrophobic characteristicsmany of
these therapeutic agents never enter the
formulation development stage.1 This re-
mains one of the main challenges in future
anticancer chemotherapy. Nanoparticles with
a hydrophobic matrix provide an excellent
possibility for the formulation of such poorly
water-soluble drugs. The biodegradable
and biocompatible polyesters poly(lactide)
(PLA) and poly(lactide-co-glycolide) (PLGA)
are frequently used for this purpose and are
approved in several market products for
parenteral application by the FDA.4 PLA is
more hydrophobic as compared to PLGA.
Therefore, PLA nanoparticles can homoge-
neously incorporate very lipophilic drugs in
their core. After intravenous (i.v.) applica-
tion and possible accumulation into tumor
tissue the slow degradation of PLA5,6 pro-
vides a continuous release of the drug at the
place of its action. Such nanoparticles thus
present an interesting approach for a con-
venient therapy with extended drug admin-
istrations. However, the nanoparticles have
to reach and accumulate in tumor tissues
where the drug is needed. Both steps, trans-
port via the bloodstream as well as tumor
enrichment are triggered by twomain para-
meters, the particle size and the surface
properties of the nanoparticles.
It is well established that flexible hydro-

philic surfaces like polyethylene glycol (PEG)
have the ability to extend circulation time

and retention half-life of nanoparticles as
they reduce opsonisation and the subse-
quent clearance by the mononuclear phago-
cytic system (MPS) also known as reticu-
loendothelial system (RES). The RES has
been shown to be the major barrier for an
effective tumor targeting using nanoparticles.7

Thereby, mainly the Kupffer cells of the liver
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ABSTRACT Cancer therapies are often terminated due to serious side effects of the drugs. The

cause is the nonspecific distribution of chemotherapeutic agents to both cancerous and normal cells.

Therefore, drug carriers which deliver their toxic cargo specific to cancer cells are needed. Size is one

key parameter for the nanoparticle accumulation in tumor tissues. In the present study the influence

of the size of biodegradable nanoparticles was investigated in detail, combining in vivo and ex vivo

analysis with comprehensive particle size characterizations. Polyethylene glycol�polyesters poly-

(lactide) block polymers were synthesized and used for the production of three defined, stable, and

nontoxic near-infrared (NIR) dye-loaded nanoparticle batches. Size analysis based on asymmetrical

field flow field fractionation coupled with multiangle laser light scattering and photon correlation

spectroscopy (PCS) revealed narrow size distribution and permitted accurate size evaluations.

Furthermore, this study demonstrates the constraints of particle size data only obtained by PCS. By

the multispectral analysis of the Maestro in vivo imaging system the in vivo fate of the nanoparticles

next to their accumulation in special red fluorescent DsRed2 expressing HT29 xenografts could be

followed. This simultaneous imaging in addition to confocal microscopy studies revealed information

about the accumulation characteristics of nanoparticles inside the tumor tissues. This knowledge

was further combined with extended size-dependent fluorescence imaging studies at two different

xenograft tumor types, the HT29 (colorectal carcinoma) and the A2780 (ovarian carcinoma) cell lines.

The combination of two different size measurement methods allowed the characterization of the

dependence of nanoparticle accumulation in the tumor on even rather small differences in the

nanoparticle size. While two nanoparticle batches (111 and 141 nm in diameter) accumulated

efficiently in the human xenograft tumor tissue, the slightly bigger nanoparticles (diameter 166 nm)

were rapidly eliminated by the liver.

KEYWORDS: in vivo imaging . fluorescence imaging . AF4 . PEG�PLA . nanoparticle .
HT29 . A2780
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as well as the macrophages of the spleen have been
identified to be responsible for the rapid clearance of
nanocarriers from the bloodstream.7,8 Tumor tissue is
often characterized by a leaky vasculature with an
enhanced permeability.7,9 Intravenously injected nano-
particles can accumulate by passive diffusion due to
this hyper-permeable tumor vasculature. This reten-
tion of nanoparticles in the tumor tissue is called EPR
(enhanced permeability and retention) effect.10 Indivi-
dual molecules like drugs and dyes are transported
through the bloodstream for only a few minutes up to
1 h until they are eliminated rapidly. In contrast,
properly designed, nanoparticles can reach much
longer circulation times and have the ability to be
retained in tumor tissues due to the EPR effect. It has
been shown that the upper size limit for extravasation
into solid tumors is about 400 nm.11 Other groups
showed that particles with diameters <200 nm accu-
mulate even more effectively than bigger ones.9,12,13

This can be explained by an increased nanoparticle
uptake by the RES in the size range between 150 and
300 nm.14 A lower size limit based on size is difficult to
define due to further influencing parameters like
structure, surface charge, and molecular-flexibility.15

Studies have shown that the size limit for renal excre-
tion of proteins and water-soluble polymers is approxi-
mately 45 kDa (hydrodynamic diameters <8 nm),
depending on the particle size, shape, density, and
the surface charge.15�18 It is furthermore known, that
also liposomes which are smaller than 70 nm are faster
cleared from the bloodstream than larger ones.19,20

This is the effect of extravasation and accumulation in
the parenchymal cells of the liver.20 On the basis of this
knowledge and of other reports, the optimum nano-
particle size for tumor accumulation is between about
70 and 200 nm.21 This rather narrow size range clarifies
the necessity of the preparation of nanoparticle for-
mulations with well-defined and characterized sizes
and sufficiently narrow size distributions. Only some
few publications discuss nanoparticle-dependent tu-
mor accumulation and in vivo biodistribution, how-
ever, based on particle batches with polydispersity
indexes (PDI) between 0.2 and 0.5.22,23 Because of
the broad particle size distribution in these studies,
information about the in vivo fate can only be drawn
with care. This again underlines the necessity to control
the size of the nanoparticles during preparation. In
addition, reliable and appropriate size determinations
using different size measurement techniques are ne-
cessary as the basis for meaningful interpretation of
in vivo data.24

The aim of the present work was to investigate the
in vivo fate and tumor accumulation of three PEG2-

PLA20 or PEG2PLA40 (numbers in kDa) nanoparticle
formulations with different and defined sizes. Storage
stability, homogeneity after redispersing, and suffi-
cient stability in aqueous media as well as high

biocompatibility were already established, and the
results evidenced the high potential of these nanopar-
ticles as drug delivery systems.25 In addition, nanopar-
ticle sizes were studied in detail using asymmetrical
field flow field fractionation (AF4) coupled with multi-
angle laser light scattering (MALLS) and photon corre-
lation spectroscopy (PCS). These size evaluations were
the main requirement to correlate the influence of
particle size on the in vivo distribution, studied by near-
infrared (NIR) fluorescence imaging.25 This imaging
technique provided a noninvasive monitoring modal-
ity with high temporal resolution also in deep tissues.26

Fluorescence imaging, especially the Maestro in vivo

imaging system allowed the detection of multispectral
emission curves and also the exclusion of the auto-
fluorescence from the mice.25,27 Hence, contempora-
neous imaging analysis of fluorescent tumors, dyed
nanoparticles and autofluorescence of the mice was
possible.
In the present study, tumor accumulation of PEG�

PLA nanoparticles differing in size was evaluated on
two different xenograft tumor types simultaneously to
improve the understanding of the in vivo nanoparticle
tumor targeting capacity. Xenograft tumors derived
from the HT29 colon carcinoma cell line and the A2780
ovarian carcinoma cell line were selected due to their
differences in structural shape and growth.
To the best of our knowledge, it is the first time that

the influence of size of narrow distributed nanoparticle
batcheswere studied in detail using AF4/MALLS aswell
as PCS and combined with extensive biodistribution
studies. The results of this study provide information
about the influence of the particle size on the in vivo

fate and tumor accumulation behavior of PEG�PLA
nanoparticles up to the cellular level. This study serves
as the basis for further nanoparticle applications to
enhance the therapeutic activity and safety of che-
motherapeutic agents.

RESULTS AND DISCUSSION

Nanoparticle Preparation. By variation of the polymer
concentration in a fixed volume of the organic solvent,
the particle size of the nanoparticles can be controlled.
Higher polymer concentrations lead to increased par-
ticle sizes. On the other hand, the ratio of the external
aqueous phase or the amount of the polymer solution
(at fixed polymer concentration) had nearly no effect
on the size of the produced nanoparticles.28 On the
basis of this knowledge, different amounts of PEG�
PLA were used to produce three batches of DiR-loaded
nanoparticles with different sizes (Table 1). One un-
loaded batch was produced for extended size char-
acterizations (batch D). Previous studies on the
physical stability and polymer degradation attested
the nanoparticles to be stable in the dried state for
more than 6 months. The nanoparticles were even
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stable in aqueous dispersion for up to 3 months when
stored in the refrigerator at about 5 �C, and no agglom-
eration or degradation was observed.25 These findings
are in good accordance with literature data.29,30

Physicochemical Properties. Fluorescence Spectroscopy.
Fluorescence intensities of the different nanoparticle
batches are shown in Table 1. Lowest intensities were
measured for batch A nanoparticles due to the lower
DiR-load of these nanoparticles. Batch B showed high-
est fluorescence intensities indicating high incorpo-
rated dye amounts. The intensity of batch C was in
between where the dye loading was decreased due to
the higher amount of polymer.

Photon Correlation Spectroscopy (PCS). The hydro-
dynamic mean particle diameters (z-averages) are
presented in Table 1. The results confirmed the pro-
duction of nanoparticles with different sizes. The size
range was between 111 nm (batch A) and 166 nm
(batch C), hencewithin the size rangewhich is reported
to be ideal for cancer treatment (70�200 nm).21 All PDI
values were between 0.13 and 0.16 indicating an
overall narrow particle size distribution.

Asymmetrical FlowField FlowFractionation (AF4). AF4/
MALLSmeasurements allowed an accurate determina-
tion of size distributions due to the fractionation step
prior to size determination.31,32 The calculated D10,
D50, and D90 diameters of all three batches are shown
in Table 1. The D50-diameters (median) were consider-
ably smaller compared to the PCS z-averages. This was
caused by geometrical mass weighed particle sizing in
AF4 measurement which reduced the influence of the
water shell and the presence of minor amounts of
larger particles in all batches. All three nanoparticle
batches had small fractions of larger particles (>200 nm)
but no particles with diameters larger than 600 nm could
be detected.

Nevertheless, the LS detector signals over the
whole elution time as well as the corresponding
cumulative mass distributions (Figure 1) confirmed
the overall narrow size distribution of the nanoparticle
batches. The analysis of batch A indicated that the
predominant fraction of nanoparticles was in the size

range between 36 and 80 nm. Only less than 10%were
larger than 100 nm (Table 1). Size distribution was
broadest for batch C. The amount of nanoparticles
which was smaller than 48 nm was similar to that with
sizes larger than 230 nm. The results indicated that PCS
z-averages are mainly influenced by larger particles.
This underlined the advantages of AF4 to get more
detailed information of the nanoparticle size distribu-
tion which has a major influence to possible in vivo

behavior.
Nanoparticle Stability in FBS and PBS Containing

Media. The PCS and AF4 measurements were ex-
tended to investigate the influence of physiological
conditions to the particle size distribution (Table 2). The
z-average inwaterwas determined to be 112 nmwith a
PDI of 0.08 indicating an even narrower distribution
than that of the loaded nanoparticles. Consequently,
the D50 value of 100 nm based on the AF4 results was
comparable to the PCS result. The difference of 12 nm
can be attributed to the water binding between the
PEG chains, which influence the movement of the
particles in the PCS measurement. The addition of
PBS had no influence on the z-average although the

Figure 1. (A) AF4/MALLS elution profiles (light scattering
signal at 90�) and corresponding diameters of the nano-
particle dispersions (arrows indicate the assignment). (B)
Cumulative mass weighted size distributions of PEG�PLA
nanoparticles, determined by AF4/MALLS.

TABLE 1. Nanoparticle Compositions and Particle Sizes of

Freshly Dissolved Nanoparticle Batches

batch polymera A, PEG2PLA20 B, PEG2PLA40 C, PEG2PLA40
d

DiR loadingb 0.5% 1% 1%
polymer concentrationc 0.75% 1% 2%
PCS, z-average in nm (PDI) 111 ( 2 (0.16) 141 ( 1 (0.13) 166 ( 2 (0.13)
MALLS D10 (nm) 36 ( 2 40 ( 1 48 ( 10
MALLS D50 (nm) 43 ( 2 64 ( 1 99 ( 4
MALLS D90 (nm) 80 ( 3 153 ( 1 230 ( 2
fluorescence intensity ∼ 32 ∼ 100 ∼ 76

a The number 2, 20, and 40 refers to the molar mass of the polymer block (kDa).
b Dye loading in percent related to the polymer amount. c Polymer concentration
in percent related to the organic solvent. d Data is based on previously shown
results.25
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PDI was slightly increased (0.10). Measurements in FBS
containing media yielded in z-averages of 91.1 and
90.8 nm with PDI values of 0.29 and 0.30 (Table 2). The
increase of the PDI values and the reduced particle size
is caused by the proteins in the serum (mainly albumin,
high-/ and low-density lipoproteins) which influenced
the PCS measurements. This is not the case in the AF4
measurements where the sample is fractionized prior
to size determination. The measured D10, D50, and
D90 values in FBS containing media are in the same
range as in measurements of the samples dispersed in
pure water. The results indicate that the nanoparticles
are stable also in physiological media.

Cellular Confocal Microscopy Studies. On the basis of
reported size-dependent nanoparticle adsorption
and uptake by cells,33 smaller particles should be more
suitable to study the nanoparticle behavior on the
cellular level. Therefore, cell experiments were per-
formed using the smallest nanoparticles (batch A). First
tests were carried out with unstained HT29 cells, the
same cell line as used for further in vivo experiments.
The images of treated and untreated cells are given
exemplarily as grayscale intensity images in Figure 2A

with clear differences in the fluorescence intensities.
The results indicate that the nanoparticles have the
ability to bind to or to accumulate in the cells. On the
basis of these experiments, the tests were repeated
using both A2780 cells, the second cell line used in vivo,
and HT29 cells. Cell membranes were stained with DiO
for better localization of fluorescent nanoparticles.
Overall, the results indicate that the nanoparticles were
mainly bounded to the cell membranes in both cell
lines but with a higher association tendency to A2780
tumor cells (Figure 2B). This might be caused by the
PEG shell which inhibits the nanoparticle uptake into
the cells.34 But it has to be kept in mind that PEG is
necessary to circumvent nanoparticle recognition by
the RES. If they are fast eliminated by the liver they will
not reach tumor tissues and in vitro observed nano-
particle uptake will fail in vivo. But even nanoparticles,
which stick on the surface, will slowly be eroded and
degraded. Thereby, the dyes or drugs will be released
and diffuse into the cells effectively.

In Vivo Accumulation Studies in DsRed2 Fluorescent HT29
Tumors. Nanoparticle accumulation was studied in
male nude mice bearing two subcutaneous (s.c.)
HT29 xenograft tumors, one on each flank. For clear
visualization of nanoparticle accumulation in the tu-
mor tissue and normal nanoparticle distribution within
the body, DsRed2 expressing HT29 cells were used.
This allowed multispectral in vivo imaging of dyed NIR
nanoparticles (red) and the fluorescent tumor cells
(green) simultaneously (Figure 3A). At 10 min after i.v.
application of NIR fluorescent nanoparticles high fluo-
rescence intensities were detected in the s.c. blood
vessels in the abdominal area. Also the blood vessels
above both tumor grafts (green fluorescence) were
well visible. The intensity of the circulating particles
decreased continuously with time after injection and
were detectable in the blood vessels for about 6 h.
Afterward the intensity fell below the detection limit of
the fluorescence imager.25

The scaled intensity images (Figure 3B) were ob-
tained by using the “compare imaging” function of the
extracted DiR signal. This allowed time dependent
visualization of nanoparticle accumulation in tumor
tissues. Different measurement conditions like varying
exposure times were recomputed by the software and
all four imageswere displayed in relation to each other.

The big blood vessels under the skin were well
visible within the first minutes after injection (Figure 3B).
Already 3 h later there was a clear accumulation in the
area of the tumor accompanied by a simultaneously
decreased intensity in other parts of the body. The
enrichment within the HT29 tumors increased dis-
tinctly up to 24 h (Figure 3B). This was probably caused
by the EPR effect by what the passive accumulation of
nanocarriers occurs after a single application during
the first 24 h.35,36 After 48 h the DiR intensity in the
tumor decreased continuously but remained visible

TABLE 2. Particle Size of PEG2PLA40 Nanoparticles in

Different Dispersing Media

PCS, z-average

in nm (PDI)

MALLS D10

in nm

MALLS D50

in nm

MALLS D90

in nm

water 112.0 (0.08) 69 100 150
water (10% PBS)a 112.3 (0.10)
water (10% FBS)a 91.1 (0.29) 71 101 151
water (10% FBS,
10% PBS)a

90.8 (0.30)

water (50% FBS)a 68 101 151

a Particle sizes were determined 24 h after incubation.

Figure 2. (A) Grayscale intensity confocal microscopic
images of HT29 tumor cells (incubated with batch A and
untreated). (B) Carcinoma cells, incubated with batch A
nanoparticles (red) and stained by membrane dye DiO
(green).
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over several days as shown exemplarily in Figure 3B.
This result is in agreement with the understanding of
the EPR effect.10 Owing to polymer degradation at 37 �C
which is reported to take in vitromore than 1month29,30

we expect a continued long-term release of the dye
from the nanoparticles.

Ex Vivo Accumulation Studies in DsRed2 Fluorescent HT29
Tumors. A DsRed2 fluorescent tumor bearing mouse
was sacrificed 48h after nanoparticle injection (Figure 3B).
The tumor was imaged ex vivo using the Maestro
(Figure 3C). Analyzing the cube to assign DiR and
DsRed2 signals allowed the generation of respective
corresponding jet color intensity images. The DsRed2
image (Figure 3C) revealed clusters with high fluores-
cence intensity of DsRed2 expressed cell clusters. DiR
jet color image in Figure 3C illustrated the fluorescent
areas where DiR nanoparticles accumulated. Highest
concentrations were located between DsRed2 expres-
sing cells. This was confirmed by the overlay image
(Figure 3C). The highest threshold values of the DiR
signal were displayed red, and this information was
afterward overlaid on the green displayed DsRed2
areas.

After ex vivo imaging a sliced tumor part was
analyzed by confocalmicroscopy. By this, the detection
of NIR fluorescent nanoparticles in addition to the

DsRed2 expressing tumor cells was possible. Figure 3D
shows the plain-imaged nanoparticle suspension for
comparison. The red-appearing DiR-loaded nanoparti-
cleswere homogeneously distributed and scaled in the
nanometer size range. Compared to the size results
obtained by PCS and AF4/MALLS, the particles ap-
peared bigger due to also laterally emitted fluores-
cence light. Examination of the sliced tumor tissue
(Figure 3D) allowed visualization of the PEG�PLA
nanoparticles (red spots) between the xenograft tumor
cells (green). Most nanoparticles were located in non-
DsRed2 fluorescent, channel-like areas. These consist
either of necrotic tumor tissue or of nonfluorescent
mouse cells. On the basis of additional performed
hematoxylin and eosin (H&E) analyses, an accumula-
tion of nanoparticles mainly in necrotic/fibrotic tumor
tissue was proven.

In Vivo Fluorescence Imaging Studies. Nonfluorescent
HT29 and A2780 cell lines were used as xenograft
models to evaluate tumor accumulation dependent
on the nanoparticle size. The HT29 tumors are char-
acterized by their bright and firm shape; they grow
slower than A2780 tumors and generally contain large
central necrotic/fibrotic areas which are surrounded by
peripherally arranged vital tumor cells.37 The A2780
tumors grow faster and are highly vascularized. Their

Figure 3. (A) Unmixed fluorescence image (DiR signal = red, DsRed2 = green) of a mouse bearing 2 DsRed2 expressing HT29
xenograft tumors (left and right). (B) Time-dependent intensity images (isolated DiR signal) of the same mouse. The area of
the liver was masked. (C) Ex vivo fluorescence images of a DsRed2 fluorescent HT29 colon carcinoma (from left to right: raw
image, intensity weighted jet color image of the extracted DsRed2 and DiR signal, overlay of high intensity DiR parts and in
green displayed fluorescent DsRed2 areas). (D) Confocal microscopic images: in vitro DiR nanoparticle dispersion and ex vivo
images, DsRed2 tumor cells in green with accumulated DiR nanoparticles in red (same areas are marked by an arrow).
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blue color attests a high perfusion and vascular perme-
ability which is more than 4 times higher than that in
neighboring tissues.38 Owing to the smaller amount of
connective tissue, A2780 tumors are more soft com-
pared to HT29 tumors.

For direct comparison, both of these xenograft
tumors were established in the same mouse, one to
the right and to the other to the left side. The A2780,
known as a fast growing tumor, reached in all groups
average tumor sizes between 1.25 and 2.25 cm3. They
were 3�6 fold bigger than the HT29 ones (0.3�
0.5 cm3) and showed larger size variations within the
respective group. All mice were imaged for 24 h after
nanoparticle injectionof batchesA, B, andC (Table 1). The
resulting in vivo images yielded overall similar nano-
particle distributions as shown in Figure 3A,B. NIR
nanoparticles accumulated slowly but continuously
in the tumor during the first 24 h after injection.
Nanoparticle tumor accumulation was clearly detect-
able in vivo in more than 80% of the mice. However,
pharmacokinetic data and tumor enrichment differ-
ences between all three nanoparticle batches could
not be visualized due to the limited resolution of the
fluorescence images.

Ex Vivo Fluorescence Imaging Studies. The distribution
pattern inside both tumor models was further investi-
gated by the comparison of fluorescence images of
complete and sliced tumor tissues. The results of group

A are exemplarily shown in Figure 4D,E. Nanoparticles
were highly enriched in all three A2780 tumors
(Figure 4 D). In contrast the smaller HT29 tumors
showed no or only slight fluorescence, whereas the
bigger one was highly fluorescent (Figure 4 E). After
cutting the HT29 tumor into two pieces, inhomoge-
neous fluorescence of accumulated nanoparticles was
visible. Two areas with highest fluorescence intensity
could be identified: the boundary and the central area.
On the basis of Figure 4D an irregular distributed
nanoparticle accumulation in the A2780 tumor tissue
can be assumed. Different inner and surface parts are
dark-red. In contrast there are large areas appearing
dark-blue with only low fluorescence intensity, indicat-
ing areas with less accumulated nanoparticles. Dark-
red and dark-blue areas as found in the A2780 tissue
(Figure4D) indicatingonlyveryhighorminornanoparticle
concentrations could not be seen in the HT29 tumors
(Figure 4E). This confirmed a more homogeneous
nanoparticle distribution throughout the tumor. The
low interstitial pressure in parts of the HT29 tumor
tissue causes that after extravasation, the nanoparti-
cles diffuse and accumulate in the tumor center
(Figure 4E). As it is visible in the H&E stained light
microscopic images shown in Figure 4G, this is an area
with low central microvessel densities but with central
fibrotic and or necrotic areas which is in accordance
with literature.37,39,40 Jain et al. characterized the

Figure 4. Normalized total fluorescence intensity amounts (A, B) and maximum intensities (C). (A) Time-dependent
nanoparticle accumulation in A2780 tumors, in vivo measured compared to 24 ex vivo results. (B and C) Tumor size
related fluorescence intensities of HT29 and A2780 tumor accumulation values, 24 h after i.v. injection, measured ex vivo
(SD, n = 3). (D and E) Ex vivo fluorescence images of excised (left) and sliced (right) xenograft tumors (group A, 24 h after i.v.
injection). (F and G) Light microscopic images of excised and sliced xenograft tumor tissues (H&E stained). Arrows point to
blood vessels (F) and central necrotic areas (G).
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necrotic tissues as regions with less blood vessels and
low blood flows.41 Immediately after i.v. injection, the
nanoparticles are transported to perfused regions.
Owing to the low interstitial pressure in parts of the
tumor, tissue extravasation of nanoparticles is possible.
Afterward they can diffuse to necrotic areaswhere they
accumulate. Thus loaded nanoparticles would allow
high intratumoral drug concentrations, and the antic-
ancer therapy could start from the tumor center. The
low interstitial pressure would also explain that no size
dependent differences between the accumulation of
batch A and B nanoparticles were found within HT29
tumor tissues. A2780 tumor tissues are better supplied
with blood (Figure 4 F). Numerous blind ends, occlu-
sions, and wall defects of the tumor blood vessels
promote nanoparticle accumulation.42

Ex Vivo Biodistribution Analysis. The degree of nanopar-
ticle accumulation in different organs and tissues
based on ex vivo fluorescence measurements is shown
as normalized total and maximum intensities in Table
3. Owing to the linear relationship between exposure
time and fluorescence intensity, the Maestro software
allows the calculation of exposure-time independent
total and maximum intensities. By a previously de-
scribed calculation method, different nanoparticle
batches with consequently varying DiR concentration
could be compared.25

Measured total intensities as the sum of all pixels of
the respective organ and tissue are shown in the left
rows of Table 3. It is visible that highest intensities were
found in both organs of the RES, the liver, and the
spleen. Batch A and B nanoparticles accumulated in
similar amounts in the liver. The smaller size and the
higher PLA/PEG ratio of batch A nanoparticles (PLA
with a molecular weight of 20 kDa and consequently a
higher amount of PEG) compared to batch B had no
positive effect to reduce liver accumulation. This might
be explained by an optimum size range for both
batches and a completely PEG covered surface already

in the case of batch B nanoparticles with an PLA:PEG
ratio of 20:1 which cannot be improved by higher PEG
amounts. However, for batch C nanoparticles with the
largest mean size, liver accumulation was clearly high-
est. The larger fraction of nanoparticles with bigger size
(Figure 1) yielded in a nearly double amount of nano-
particles in the liver. This observation is in agreement
with other published data where an increased nano-
particle uptake by the RES was found in size ranges
between 150 and 300 nm.14

The intensity levels of all other organs and tissues
were in the single-digit range. Nearly the same values
were obtained for the male and the female mouse
group. This underlines the reproducibility of our in vivo
studies. The corresponding maximum intensity signals
are also given in Table 3 (right rows). The maximum
intensities allow a restricted comparison of organs and
tissues varying in size although the errors of the
measurement especially at the lower limit highly in-
crease. Liver and spleen have comparable optical
properties. Therefore, the maximum intensity allows
a comparison of the accumulation rate between the
bigger liver and the much smaller spleen. The results
indicate a slightly decreased liver and an increased
spleen uptake for the smaller nanoparticles. The max-
imum intensity results further confirm that no specific
accumulation occurred in the kidneys, the lung, the fat,
and the heart. An accumulation of nanoparticles based
on higher maximum fluorescence intensities, mea-
sured for batch A in the lung and for batch B and C
in the heart, could not be confirmed in the fluores-
cence images as fundamental accumulation. The
slightly higher intensity level in the gall bladder and
the intestine indicate the renal excretion of the parti-
cles, which was visually confirmed earlier.25

In Vivo and ex Vivo Tumor Accumulation Analysis. Normal-
ized total and maximum tumor intensities based on
in vivo and ex vivo imaging data for all three batches are
shown in Figure 4A,B. The calculated total intensities of

TABLE 3. Normalized Total and Maximum Intensities of Different Mouse Organs and Tissues, Measured ex Vivo

total intensity signal maximum intensity signal

batch: A B C A B C

gender: ma fb ma fb ma fb,c ma fb ma fb ma fb,c

liver 39.8 45.0 34.8 37.4 100.0 88.8 53.4 47.4 56.2 29.6 100.0 89.0
spleen 8.8 9.3 9.0 0.5 12.4 15.2 34.9 25.4 27.4 4.8 41.8 37.9
gall bladder 0.1 0.4 1.1 11.2 5.5 4.2 2.4 33.2
intestine 1.5 1.2 0.5 1.2 4.5 5.3 7.9 11.6 6.2 9.0 14.2
kidney 0.4 0.2 0.1 0.1 2.1 4.7 4.6 1.0 4.8 7.3
lung 0.1 0.2 0.1 0.1 22.5 17.8 4.9 0.5 4.3 5.6
fat 0.1 2.5 4.9 2.3 0.4 2.1 9.6
heart 1.5 1.2 0.5 1.2 4.5 5.3 7.9 11.6 6.2 9.0 14.2

a Data in percent based on three male mice per nanoparticle batch, 24 h after injection. b Data in percent based on four female mice per nanoparticle batch, 24 h after injection.
c Data are based on previously shown results.25
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the A2780 tumors based on in vivo and ex vivo mea-
surements are shown in Figure 4A. It is visible that the
total intensity remained constant between 3 and 5 h
andwas doubled after 24 h. Thismight be explained by
the long circulation time of the nanoparticles. Blood
vessels were detectable up to 6 h, still indicating
circulating nanoparticles. During the next hours an
increasing number of nanoparticles accumulated in
the tumor and those still circulating were continuously
removed by the RES. The ex vivo signals, measured 24 h
after injection are in good agreement with the in vivo

obtained total intensities (Figure 4A). The decreased
level of the total intensity measured ex vivo is the result
of the slightly imprecise tumor definition within the
ROI analysis of the in vivo cube file. The degrees of
nanoparticle accumulation in A2780 and HT29 tumor
tissues based on ex vivo data are shown in Figure 4B,C.
To allow comparison between the larger A2780 and
the smaller HT29 tumors both the normalized total and
the normalized maximum intensities were divided by
the respective ex vivo determined tumor volume. It is
clearly visible that nearly the same tendencies were
obtained for both normalized total and normalized
maximum intensities. Lowest tumor accumulation
generally was found for batch C nanoparticles. This
can be explained by the above-discussed efficient
elimination of the particles from the bloodstream by
the RES (Table 3). For the A2780 ovarian carcinoma
xenograft a strong size dependence of tumor accumu-
lation was found (Figure 4B): Batch A nanoparticles
with the smallest size (z-average = 111 nm, D90 =
80 nm) showed ∼50-fold higher total intensities com-
pared to the total intensities measured for batch C and
∼2-fold compared to that of batch B. Examining the
normalized maximum intensity of the A2780 tumor
(Figure 4C), even a ∼27-fold increase of the intensity
between batch C and A was observed. The size differ-
ence between both batches A and B of 30 nmbased on
the z-average values (PCS measurements) and of
70 nm based on the D90 diameter results (AF4/MALLS
analysis) resulted in a more than doubled enrichment
for the smaller nanoparticles (Figure 4B,C). Within
comparable liver accumulations between batch A
and B nanoparticles we expected that the smaller size
of batch A had a positive tumor-enhancing effect.
Owing to high perfusion and vascular permeability of
the A2780 ovarian carcinoma, this might be based on
the EPR effect which is known to be highly size
dependent.

In contrast to the A2780 tumors, the highest accu-
mulation in the HT29 tumor was detected for the
medium-sized nanoparticles (batch B, z-average =
141 nm, D90 = 153 nm). Batch A nanoparticles showed
comparable but slightly decreased accumulation rates.
Batch C (z-average = 166 nm, D90 = 230 nm) appeared
to be not suitable for tumor accumulation. The tumor-
size-related total and maximum intensity of batch C

were 5- to 9-fold reduced compared to the values of
the other two batches. Based on the tumor size
related calculations nearly the same normalized
maximum and total intensity values (Figure 4B,C)
indicate for HT29 and A2780 a homogeneous tumor
accumulation.

CONCLUSION

In the present study, we investigated the size-de-
pendent in vivo fate of PEG�PLA nanoparticle batches
with different but well-defined sizes. Therefore, de-
tailed particle size characterizations prior to the in vivo

studies were carried out. We could show that nano-
particle batches with different sizes (z-averages be-
tween 111 and 166 nm in our study) within the
optimum size range for tumor accumulation21 can be
produced. Noninvasive multispectral NIR fluorescence
imaging studies allowed nanoparticle detection just
after injection up to 48 h. Combining DsRed2 expres-
sing HT29 tumor cells with in vivo fate studies per-
mitted nanoparticle tracking simultaneously next to
tumor visualization from in vivo to ex vivo, up to cellular
ranges. The confocal microscopic pictures confirmed
the ex vivo imaging results where particles were lo-
cated between fluorescent, DsRed2 expressing cells.
In vivo studies with HT29 and A2780 tumor bearing

mice showed that nanoparticles accumulated in both
tumors. Interestingly, the ex vivo studies furthermore
demonstrated that the accumulation pattern mainly
differs between both used tumor models. In the HT29
tumor tissue nanoparticles enriched in the tumor
center primarily, whereas A2780 showed no centra-
lized nanoparticle accumulation. Furthermore, highest
tumor enrichments were found with batch A nanopar-
ticles for the A2780 and comparable accumulations for
batchA and Bnanoparticles in the case of HT29 tumors.
This points to the fact that the accumulation in cen-
tralized necrotic fields (HT29) is not as size dependent
as it is for vascular permeation (A2780). Ex vivo viscera
distribution studies showed distinct differences be-
tween the larger particles of batch C compared to
those of batches A and B. The increased particle size
yielded in high uptake rates by the RES and therewith
to very low tumor accumulations. The presented re-
sults showed impressively the size-dependent in vivo

behavior of produced nanocarriers. Slight differences
between the z-averages of ∼30 nm (between batch A
and B) and of ∼20 nm (between batch B and C)
with;compared to literature;rather low PDI values
(between 0.13 and 0.16) resulted in strongly different
in vivo results. The addition of AF4/MALLS as a further
particle size measurement method attested that all
three nanoparticle batches varied more in size than
PCS data would let expect. Whereas D50 values yielded
same size intervals as measured within the PCS results
(∼20 and ∼30 nm), D90 results attested size differ-
ences of ∼70 nm (between batches A and B) and
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∼80 nm (between batches B and C). On the basis of
these results, the combination of extended accurate
size determinations with in vivo fluorescence imaging

technique appears to be a very promising approach to
study the size-dependent fate and tumor accumula-
tion of nanoparticles.

MATERIALS AND METHODS
Materials. 3,6-Dimethyl-1,4-dioxan (D,L-lactide), poly(ethylene

glycol) monomethyl ether (mPEG2000; MW = 2000 Da), stannous
2-ethylhexanoate (>95%), phosphate buffered saline (PBS) buffer
solution, and sorbitolwere obtained fromSigmaAldrich, Germany.
Sucrosewas obtained fromMerck KGaA, Germany, poloxamer 188
(Pluronic F68) from Riedel-de Haën, Germany, and paraffin as well
as formalin (g35%) fromCarl Roth, Germany. The fluorescencedye
1,10-dioctadecyl-3,3,30 ,30-tetramethylindotricarbocyanine iodide
(DiR), Dulbecco's phosphate buffered saline (PBS) and the Vybrant
DiO cell-labeling solution (DiO) were purchased from Invitrogen,
Germany. RPMI-1640 medium, 1% streptomycin/penicillin solu-
tion, and fetal bovine serum (FBS) were provided from PAA,
Austria, and 10% fetal bovine serum came from Biochrom AG,
Germany. Polystyrene standard nanoparticles were obtained from
DukeScientific, UnitedStates (50, 100, 200nm), and fromBeckman
Coulter, Germany (300 nm). All other substances and solvents
were used as received.

Synthesis and Preparation of PEG�PLA Nanoparticles. The synth-
esis of the diblock copolymers PEG2PLA20 and PEG2PLA40

followed a previously established procedure.25 The numbers
refer to the molecular weight of the respective polymer block
(in kDa). A nanoprecipitation method was used for the nano-
particle preparation as described earlier.25 In brief, a solution
containing different amounts of polymer in 5 mL of chloroform
and the NIR dye DIR (for batches A�C) was dropwise added to
40 mL of an aqueous solution containing 0.25% (w/v) polox-
amer 188. Thereafter, the organic solvent was removed by
evaporation under stirring the dispersion at room temperature.
The nanoparticles were then collected by centrifugation,
washed with purified water, resuspended in 5% sucrose solu-
tions and subsequently freeze-dried.

Physicochemical Nanoparticle Characterization. Fluorescence Spec-
troscopy. Fluorescence spectra (775�900 nm) of the nanopar-
ticles redispersed inwater (nanoparticle concentration 0.23mg/mL)
were recorded using a LS 55 spectrophotometer (PerkinElmer,
United States) equippedwith a red-sensitive R928 photomultiplier
(750V), followingexcitationwith750nm. Themeasured intensities
were subsequently normalized to the particle concentration.

Photon Correlation Spectroscopy (PCS). For PCS measure-
ments, all three DiR-loaded nanoparticle batches (batch A�C,
Table 1) as well as a dye free PEG2PLA40 batch (batch D) were
diluted with purified, filtered (0.2 μm) water to reach a nano-
particle concentration of 0.1 mg/mL. The unloaded nanoparti-
cles were furthermore dispersed in purified water containing
10% PBS buffer, 10% FBS, and 10% of both, PBS and FBS,
respectively. The measurements were carried out with a high
performance particle sizer (HPPS, Malvern Instruments, Germany).
The samples were measured four times in the backscattering
mode (173�) at room temperature (25 �C) with 12�16 runs over
10 s each at a fixed measurement position in the middle of the
cuvette. Samples in PBS and FBS were measured after 24 h of
storage to detect possible interactions between the nanoparti-
cles themselves or between the nanoparticles and serum
components. The mean particle size (z-average) and the PDI
were determined by the instruments cumulant analysis soft-
ware (version 4.20), n = 4 for batches A�C and n = 3 for batch D.

Asymmetrical Field Flow Field Fractionation (AF4). Particle
size distributions of the nanoparticles were measured by AF4
(Eclipse, Wyatt Technology Europe, Germany) coupled with a
MALLS detector (DAWN EOS, Wyatt) under the same conditions
as used in our previous study.25 Size distributions were calcu-
lated by the Astra software 4.90 (Wyatt) using the particle mode
and assuming compact spheres. Characteristic diameters (D10,
D50, and D90) were obtained from cumulative size distribu-
tions. All three nanoparticle batches (Table 1) were diluted
with purified, filtered (0.2 μm) water (concentration, 1 mg/mL).

The unloaded nanoparticles (1 mg/mL) were also dispersed in
purified water and water supplemented with 10% and 50% FBS,
respectively. All samples were measured with purified water
(preserved and 0.2 μm filtered) as carrier liquid in triplicate, and
results are given as an average with standard deviation. The
accuracy of the AF4/MALLS separation system was routinely
checked using a mixture of 50, 100, 200, and 300 nm polysty-
rene standard nanoparticles.31

Cell Culture for Confocal Microscopy. Human colon carcinoma
cells (HT29) and human ovarian carcinoma cells (A2780) were
cultivated as monolayers on round cover glasses with 80,000
HT29 or 85,000 A2780 cells per cm2. Both cell lines were seeded
and incubated in RPMI 1640 medium supplemented with 10%
fetal bovine serumand 1% streptomycin/penicillin at 37 �C, 95%
humidity, and 5% carbon dioxide. After 24 h the medium was
removed and each of three round cover glasses with cells were
incubated for 24 h with either unloaded, DiR-loaded nanopar-
ticles (batch A, Table 1), or pure dispersion medium. A second
series of each of three round cover glasses with cells were
equally handled but stained additionally with DiO (Vybrant
standard procedure) to visualize the cell membranes next to
nanoparticles. After 24 h of incubation, the mediumwas removed
and the cells were fixed with formalin in PBS (2% v/v) for 20 min
at 37 �C. After washing the cells with PBS for three times, they
were immediately imaged in a confocal microscope.

Confocal Microscopic Analysis. The LSM 710, a flexible confocal
microscope (Zeiss, Germany), allows studying the cellular up-
take of nanoparticles as well as of ex vivo excised tissues. The
microscope was equipped with 40� or 63� Plan Apo oil
immersion objectives. The DiR was excited with a 633 nm laser.
Emitted fluorescence light was detected from 650 nm to the
upper detection limit. The excitation of DsRed2, a red fluores-
cent protein, was carried out using the 514 nm laser. The 458 nm
laser was used to excite DiO. Images were acquired in a
sequential scan mode and processed using the ZEN software
(Zeiss, Germany). To image the ex vivo samples the tumor tissue
was excised and cut into small panels (thickness approximately
0.5 mm) by a racer plate. Afterward the tissue was slightly
pressed between two cover glasses and immediately viewed
with the LSM 710.

Animal Models and Nanoparticle Injection. Nanoparticle accumu-
lation studies were preformed in male NMRI-nu (nu/nu) mice
from JANVIER SAS in Le Genest Saint Isle, France. All experi-
ments compliedwith the standards for use of animal subjects as
stated in the guideline from the animal care and use committee
of Saxony Anhalt. Aqueous nanoparticle dispersions (6 milli-
gram nanoparticles per millliter) were prepared by redispersing
adequate amounts of the freeze-dried nanoparticles (stabilized
with 5% sucrose) in purified water containing 2.25% sorbitol to
adjust tonicity. A 100 μL portion of the dispersion was slowly i.v.
injected into the tail vein of non-narcotized mice using a 30
Gauge needle. During imaging the mice were narcotized and
protected for cooling out.25

Xenograft Tumor Model and Application. HT29 and A2780 cells
weremaintained asmonolayer cultures as given above. DsRed2
expressing HT29 cells were generated by lentiviral transduction
according to the protocol described previously.43

After growing, 3 � 106 DsRed2 HT29 cells were subcuta-
neously injected into both flanks of nude mice. At a size of
approximately 1.5 cm3, 100 μL of batch A nanoparticles was
injected and time dependent images were grabbed by fluores-
cence imaging.

For detailed size dependent tumor accumulation studies
nonfluorescent s.c. xenograft tumors were established in 13
nude mice. A total of 3�106 HT29 cells were s.c. injected to the
right flank of the mice and 3� 106 cells of A2780 were injected
into the left side. Body weights and tumor sizes were measured
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twice a week. After the A2780 achieved a maximum tumor size
of about 2 cm3, the mice were separated into three groups
(three mice each) and care was taken for a preferably homo-
geneous tumor size distribution. One untreated mouse was
used as in vivo control and for further ex vivomicrocopy studies.
A 100 μL portion of each nanoparticle batch was injected in all
three mice of the respective group: A, B, and C (named like the
nanoparticle batch as in Table 1). The mice were imaged 24 h
after injection and sacrificed, and the respective tumors were
excised. The tumor was exactly determined with a caliper, and
the tumor volume was calculated using the tumor dimensions
of all 3 room directions assuming an elliptic tumor shape. All
excised tumorswere imaged as complete tissue and after slicing
into 2 pieces.

In Vivo and ex Vivo Tumor Imaging. In vivo and ex vivo fluores-
cence imaging experiments were preformed using the Maestro
in vivo fluorescence imaging system (Cambridge Research and
Instrumentation, United States).25,44 The green filter set (503�
555 nm excitation and 580 nm long-pass emission filters) was
used to detect DsRed2 tumor cells. For nanoparticle imaging the
NIR filter set with a 710�760 nm excitation and an 800 nm long-
pass emission filter was used as described in our previous
study.25 To prevent fluorescence interferences between nano-
particle accumulations in the tumor and in the RES, the area of
the liver was masked with a black plastic plate in selected
imaging experiments. Recordings (cubes) were analyzed using
in vitro DiR and cellular DsRed2 spectra as references, and the
signal from an untreated mouse was set as background. The
cubes were unmixed and segmented using these respective 2
or 3 spectra and saved as monochrome images. On the basis of
these images, RGB (red green blue) pictures were generated
allocating a respective color (DsRed2 in green and DiR in red) to
the spectra. The generated grayscale images were also inten-
sity-weighted illustrated.25

For ex vivo analysis the mice were sacrificed using carbon
dioxide 24 h after injection of the nanoparticles (48 h in the case
of DsRed2 expressing HT29 experiments). The excised tumors
and organs (liver and spleen) were imaged with the Maestro
in vivo imaging system using the same parameters as in the
in vivo study. To ensure reproducible conditions the organs
(liver and spleen) were placed in a 24 holeswell-plate. An area of
interest (ROI) in the size of the well-plate hole was generated.
Total and maximum intensities of all pixels in the ROI were
measured and correlated to the respective exposure times by
the software. To exclude intensity variations due to different
initial dye concentrations and intensities between the nano-
particle batches, a previously described correction method was
applied.25 The total signal (correlated to the exposure time) was
divided through the in vitro emission peakmaximumwhichwas
determined prior to the in vivomeasurements. The ex vivo total
and maximum intensity signals of the nanoparticle accumula-
tion in the tumor tissues were furthermore divided through the
ex vivo determined tumor size (volume of an ellipsoid, based on
three room directions). All graphs are normalized to 100%
related to the highest result. Excised tumors were fixed with
4% formalin for 1 week and afterward embedded in paraffin.
Resulted blocks were sliced (4 nm), dewaxed, and stained with
hematoxylin and eosin (H&E). Light microscopic images of the
stained tissues were obtained using a Zeiss Axiolab microscope
(Zeiss, Germany).
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