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Purpose. The aim of this study was to investigate the different phar-
macokinetic behavior of surface-modified poly(methylmethacrylate)
(PMMA) nanoparticles.

Methods. The particles were *C-labeled and coated with polysorbate
80, poloxamer 407, and poloxamine 908. Plain particles served as
control particles. /n vivo studies were performed in three tumor mod-
els differing in growth, localization, and origin. Particle suspensions
were administered via the tail vein, and at given time animals were
killed and organs were dissected for determination of PMMA con-
centration.

Results. For the PMMA nanoparticles coated with poloxamer 407 or
poloxamine 908, high and long-lasting concentrations were observed
in the melanoma and at a lower level in the breast cancer model. In
an intracerebrally growing glioma xenograft, the lowest concentra-
tions that did not differ between the tumor-loaded and tumor-free
hemispheres were measured. Organ distribution of the four investi-
gated batches differed significantly. For instance, poloxamer 407- and
poloxamine 908-coated particles circulated over a longer period of
time in the blood, leading additionally to a higher tumor accumula-
tion. In contrast, plain and polysorbate 80-coated particles accumu-
lated mainly in the liver. The strong expression of vascular endothe-
lial growth factor and Flk-1 in the melanoma correlated with high
concentrations of PMMA in this tumor.

Conclusion. The degree of accumulation of PMMA nanoparticles in
tumors depended on the particle surface properties and the specific
growth differences of tumors.

KEY WORDS: poly(methylmethacrylate) (PMMA) nanoparticles;
surface modification surfactant; in vivo; pharmacokinetics; angiogen-
esis; enhanced permeability and retention effect (EPR); tumor
model.

INTRODUCTION

Macromolecular or colloidal drug carriers, such as poly-
mer drug conjugates, liposomes, and nanoparticles, are gain-
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ing in importance for the therapy of solid tumors due to the
enhanced permeability and retention (EPR) effect first de-
scribed by Maeda and Matsumura (1,2). This effect, i.e., the
observation that natural macromolecules, polymer-protein
conjugates, and small particles accumulate passively in solid
tumor tissue, has been attributed to two main factors (3,4).
First, tumor vascularization often has a discontinuous endo-
thelium, which allows macromolecular extravasion to a
greater extent than via most other endothelial barriers, and
second, these tumors also frequently display a lack of effec-
tive lymphatic drainage leading to macromolecular accumu-
lation.

Moreover, angiogenesis has a profound influence on the
amount of particles reaching the tumor and on the EPR ef-
fect. Jain (5) pointed out that angiogenesis (i) affects vascular
permeability as well as the metabolic microenvironment, (ii)
is different in tumors of various genesis, and (iii) greatly in-
fluences tumoral blood flow heterogeneity.

An additional factor seems to play an important role in
the tumor accumulation of particulate drug carriers, namely,
their surface properties. Beck et al. (6) and Reszka et al. (7)
observed that the body distribution and the antitumoral effect
of mitoxantrone differed in two different types of experimen-
tal tumors, leukemia P388 and B16-melanoma, depending on
whether a drug carrier was used, as well as which type of
carrier. The liposomes showed the highest antitumoral effects
in leukemia P388, followed by the simple drug solution and,
finally, the nanoparticles. In the solid Bl6-melanoma re-
versed results were observed: nanoparticles were most potent,
a minor efficacy of the drug solution was revealed, whereas
the liposomes were least effective. The two carriers differed in
their surface properties. A number of authors, most exten-
sively Troster et al. (8), demonstrated previously in healthy
animals that the body distribution of the nanoparticles after
intravenous injection depended on their surface properties.
These properties were monitored by the surfactants adsorbed
onto the particles.

The objective of the present study was to investigate the
influence of the surface properties on the transport of par-
ticles into different tumours. '*C-poly(methylmethacrylate)
(PMMA) nanoparticles were used in combination with three
surfactants: polysorbate 80, poloxamer 407, and poloxamine
908. PMMA was chosen as a model polymer carrier material,
because it can be '“*C-labeled within the polymer chain and
because of its very slow biodegradability. These properties
enable an accurate determination of the body distribution of
virtually nondegraded carriers for more than 1 week (9). Un-
coated nanoparticles served as control particles. Three tumor
models were chosen: the murine B16-melanoma as well as a
human breast cancer (MaTu) and a human glioblastoma (U-
373) transplanted into nude mice. The latter tumor was se-
lected because we wanted to know whether the particles, or at
least the particle-bound drugs, are able to cross one of the
tightest barriers for drug delivery, the blood-brain barrier
(10-13). This barrier also may become leaky in later stages of
tumor development but represents a major obstacle at least in
the initial phase. The expression of vascular endothelial
growth factor (VEGF) and FLK-1 in the tumor models was
investigated to characterize the different tumors according to
vasculature parameters and to find an explanation for the
nanoparticle accumulation in the tumor models.
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MATERIALS AND METHODS

Preparation of *C-Labeled Nanoparticles

Radioactive monomer methyl(2-'*C)methacrylate cus-
tomer-synthesized by Amersham Radiochemical Centre
(Buckinghamshire, UK) was used for the preparation of the
nanoparticles carried out by gamma irradiation-induced po-
lymerization as described elsewhere (14). The particle sus-
pension was freeze-dried as a suspension in 0.15 M phos-
phate-buffered saline. The lyophilized powder contained
37.2% polymethylmethacrylate and 62.8% buffer salt [dibasic
sodium phosphate dihydrate-monobasic potassium phos-
phate-sodium chloride (7.6:1.45:4.8; w/w/w)]. The lyophylisate
possessed an activity of 4.43 wCi/mg.

Particle size determination by laser light diffraction
(LS230, Coulter Technices, Miami, FL) showed the same me-
dian value of 107 nm for the uncoated and coated particles
after incubation in human plasma for 5 min. The size of the
particle diameter measured by electron microscopy was on
the same order of magnitude as detected with laser light dif-
fraction. The particles used were stable over the entire time of
experiments in vivo (14).

Surfactants

Three different surfactants were used to modify the sur-
face of the nanoparticles: polysorbate 80 (Tween 80; Sigma,
Gottingen, Germany), poloxamer 407 (Pluronic F127; Erb-
sloh, Krefeld, Germany), and poloxamine 908 (Tetronic 908;
BASF, Mount Olive, New Jersey).

Preparation of the Suspension for
Intravenous Administration

Uncoated batch (A): The lyophilized PMMA-buffer salt-
mixture (30.34 mg) was resuspended in 10 mL distilled water
and ultrasonicated at 35 kHz (Ultrasonicator T570, Roth,
Karlsruhe, Germany) for 20 min.

Coated batches (B, C, D): The PMMA-containing
lyophylisate (30.34 mg) was added to 5 mL distilled water and
ultrasonicated; after 5 min, a 2% surfactant solution (5 mL)
was added to receive a 1% mixture. Thereafter, the suspen-
sions were processed like the uncoated batch for another 15
min.

The resulting suspensions of uncoated and coated
PMMA nanoparticles for i.v. administration had a final con-
centration of 1.128 mg PMMA/mL medium and were termed
as follows: A: PMMA uncoated; B: PMMA coated with poly-
sorbate 80; C: PMMA coated with poloxamer 407; D: PMMA
coated with poloxamine 908.

Activity of the Suspensions

The specific activities of the suspensions of the coated
batches and the uncoated batch were evaluated. For that pur-
pose, four samples of each batch in each trial were mixed with
scintillation cocktail (Ready Organic Cocktail, Beckman In-
struments GmbH, Munich, Germany) and counted in a liquid
scintillation counter (TRI-CARB/1900TR, Packard, Gro-
ningen, Netherlands) as described below. The nanoparticle
suspensions were prepared freshly for each experiment
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(Table I). The average activity of all suspensions was 5.08 +
0.87 wCi/mL.

Animals and Tumor Models

For the melanoma model, female B6D2F1 mice (Charles
River, Sulzfeld, Germany) were used, and for both other
models (breast cancer, glioblastoma) female nude mice (Necr,
Taconic, Germantown, PA) were used. The B6D2F1 mice
were kept at room temperature (20°C), nude mice at 25°C
and a relative humidity of 50% The animals received steril-
ized water and diet (Ssniff, Soest, Germany) ad libidum. All
investigations using experimental animals adhered to the
“Principles of Laboratory Animal Care” (NIH publication
#85-23, revised 1985).

Murine Bl6-melanoma was inoculated as a tumor ho-
mogenate (0.5 x 10° cells in 0.1 mL) intramuscularly (i.m.)
into 160 B6D2F1 mice on day 0. On day 14 the tumors had an
average weight of 1110 mg (SD + 660 mg).

The cells (1 x 107) of the human breast cancer MaTu
were administered subcutaneously (s.c.) into 160 nude mice,
and the tumors reached a weight of 259 mg (SD + 186 mg) by
treatment day 21.

The human U-373 glioblastoma cells (2 x 10° cells) were
administered intracerebrally (i.cer.) in 134 nude mice with a
10-p.L Hamilton syringe (Hamilton, Sigma, Gottingen, Ger-
many) in a volume of 3 pL with the help of a stereotactic
device. Before injections, a hole was drilled into the scull 3
mm beside the median line on the bregma. The tumor cell
administration was performed 3 mm deep in the putamen
during a time period of 5 min. On the day of nanoparticle
treatment (day 18) four randomized animals were killed; the
brain was dissected, shock-frozen (—-40°C), sliced (5 pm), and
stained with Kresylviolett (Merck, Darmstadt, Germany) to
detect the size of the glioblastoma. The average glioblastoma
volume was 2.24 mm?® (SD + 0.08 mm?) on the day of treat-
ment.

Injection

For each nanoparticle group (A, B, C, D) four (glioblas-
toma model) or five animals (Bl6-melanoma- and MaTu-
breast cancer model) at each time point (0.5, 1, 2, 4, 8, 24, 72,
and 168 h) were used. All mice obtained an adequate volume
(0.01 mL/g body weight) of suspension administered via the
tail vein at a rate of 1 mL/min. Because of rapid aggregation

Table 1. Specific Radioactivity = SD of Each PMMA Suspension

A B C D

Trial [wCi/mL] [wCiimL] [wCi/mL] [wCi/mL]

1. Melanoma

model 598+0.01 5.14+0.08 5.09+0.07 4.30+0.26
2. Breast cancer

model 731+0.12 4.05+0.05 4.63+0.06 5.11+0.26
3. Glioblastoma

model 4.62+0.22 4.02+0.04 556+021 512+0.17

A: PMMA uncoated; B: PMMA coated with polysorbate 80; C:
PMMA coated with poloxamer 407; D: PMMA coated with poloxa-
min 908.



Surface-Modified PMMA Nanoparticles

of the uncoated nanoparticles, it was necessary to ultrasoni-
cate the particle suspension for 20 s immediately before use.

Preparation of Organs

At the indicated time points, blood (0.1 mL) was taken
from the retro-orbital venous plexus, and the animals were
killed by cervical dislocation and passively exsanguinated. Af-
ter opening the abdomen and the chest, the liver, spleen,
kidneys, lung, heart, and brain were dissected. The breast
cancer and the melanoma nodules were removed completely
from the healthy tissue. All organs were weighed immediately
after removing and stored in glass vials at —20°C. The glio-
blastoma could not be dissected from the brain, because of its
soft consistency. Therefore, the tumor-free and the tumor-
bearing brain hemispheres were collected separately. The tail
was also examined by using the same conditions as for the
other tissue samples.

Determination of the '“C-Radioactivity

After thawing of the organs, 1-mL tissue solubilizer
(BTS-450; Beckman Instruments GmbH) was added, and the
samples were stored at room temperature for 1-2 days. After
a complete tissue solubilization 0.1-0.3 mL H,O0, (30%) was
added for destaining. The glass vials were filled up with 10 mL
scintillation cocktail (Ready Organic Cocktail, Beckman In-
struments GmbH), stored 2 weeks in the dark, and thereafter
counted in a liquid scintillation counter (TRI-CARB/1900TR,
Packard) for a decline of inherent chemoluminescence.

Calculation of the PMMA Concentration in the Organs

The evaluation of the activity in the blood, in the organs,
and tumors was performed after subtraction of the radioac-
tivity in the tail from the total administered dose. The con-
centrations (ng PMMA) of the nanoparticle preparations
were evaluated per mg tissue weight for a better interexperi-
mental comparability of the PMMA concentrations. An av-
erage value of 6.6% of total body weight was used for the
calculation of blood volume.

Data Analysis

All data were expressed as median and quartiles (25th
and 75th percentiles), because of the nonparametric distribu-
tion of the data. For statistical calculations, the software pro-
gram STATISTICA 5.0, including the nonparametric U-test
of Mann and Whitney with a significance level of P < 0.05,
was used.

The blood values were analyzed on the basis of a three-
compartment system with a pharmacokinetic software
(TOPFIT 2.1). With that model, the best adaptation of the
software calculated curve to the measured values was ob-
tained. The area under the curve (AUC), the clearance (Cl),
and the volume of distribution (V,4) were calculated.

Immunohistologic Staining

The three tumors used were investigated with regard to
their ability to induce angiogenesis. The immunohistologic
investigation was performed on separate tumor samples ex-
cised at the same time when the mice were treated with the
nanoparticles. After the samples were sliced (5 pm) and air-
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dried, an antibody against the VEGF (Cl) (Santa Cruz Bio-
technology, Heidelberg, Germany) and an antibody detecting
the VEGF receptor FLK-1 (A-3) (Santa Cruz Biotechnology)
were used. The immunohistologic staining was performed
with the LSAB-2Kit (K677; Dako, Hamburg, Germany) ac-
cording to a routine protocol (Dako); hdmalaun was chosen
as the counterstaining agent. The slices were evaluated by
counting 400 cells with light microscopy (Axioskop, Zeiss,
Jena, Germany).

RESULTS

The body distribution of uncoated and coated PMMA
nanoparticles was investigated after i.v. administration in tu-
mor-bearing mice during a period of 168 h. Three different in
vivo models were chosen to ensure relatively broad informa-
tion on the ability of plain and surface-modified nanoparticles
to achieve high concentrations in a variety of tumorous tissue.
Tumors different in growth, localization, and origin were
used. The average weight of the murine melanoma on the day
of particle injection was 4 times higher than the weight of the
human breast cancer nodules. As a third model, an intrace-
rebrally growing glioblastoma was selected.

For the PMMA nanoparticles coated with the surfactants
poloxamer 407 or poloxamine 908, high and long-lasting con-
centrations were observed in two tumor models (Table II).
The other preparations (uncoated and coated with polysor-
bate 80 PMMA) were not able to induce remarkable concen-
trations in tumor tissue.

In the melanoma (first trial) 2 h after i.v. injection, a
maximum of 23.4 ng nanoparticles per mg was found for batch
C and of 21.4 ng per mg tumor tissue for batch D (Table II),
corresponding to 14.5% and 15.6% of the total nanoparticle
dose (data not shown). We observed a fast and continued
increase of radioactivity after injection of batches C and D
during the first 2 h. That was followed by a slow decrease
with a second peak measured 24 h after administration (20.38
and 18.85 ng/mg tumor tissue for batches C and D). Hence,
sufficiently high concentrations in the tumor during more
than 24 h were maintained, although the particle concentra-
tions in the blood decreased exponentially (Fig. 1a). In com-
parison, within the other investigated organs, relatively high
concentrations of particles were found only in the liver and
the spleen during the total investigation time.

In the second trial (breast cancer), the maximum con-
centrations (Table II) were clearly lower compared to the
melanoma, but the proportional accumulation of the different
nanoparticle batches was the same as in the first trial. Again,
batches C and D achieved the highest radioactivity in the
human breast cancer xenografts. The PMMA concentrations
of these batches were relatively stable during the time of
investigation. At the last time point (168 h) the concentra-
tions of batches C and D were at least 10-fold higher than in
the melanoma trial.

In the third trial, the enrichment of plain and coated
PMMA nanoparticles was measured in a glioma model. None
of the formulations could produce a higher concentration in
the tumor-bearing than in the tumor-free brain hemisphere
(Fig. 2). Only among the particle formulations were differ-
ences observed. The highest concentrations were achieved
after administering batches C and D (in all three trials) be-
tween 0.5 and 1 h, but the values were always below 0.5% of
the total administered dose.
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Table II. Concentration of PMMA in Tumor Tissue (ng/mg) (Trial 1
and 2) as Median Values with Q25 (25th Percentiles) and Q75
(75th Percentiles)

B16-melanoma MaTu breast cancer

Time Median Median
(h) Group  value Q25 Q75 value Q25 Q75
0.5 A 343 197 633 0.92 047  1.65
B 0.95 0.88 422 1.27 0.81 1.47
c 11.89 1017 12.70 213 1.86  3.06
D 6.94 512 1825 2.78 2.65  2.96
1 A 0.61 0.58  0.73 0.62 0.50  0.65
B 1.58 1.27 322 0.68 049 093
c 11.20 1020 1338 1.82 161 237
D 9.81 8.88 12.25 2.37 231 256
2 A 1.41 0.99 748 0.95 093 1.30
B 2.16 177 3.95 0.67 0.57  0.75
Cc 23.42 11.69 34.14 2.34 216 250
D 21.36 530 2146 3.15 2.88 346
4 A 1.54 125 1.78 0.61 0.54 1.24
B 1.76 0.64 227 0.50 0.19 0.1
C 13.77 13.77 2833 3.13 258  3.95
D 1587  12.08 19.80 4.29 308 682
8 A 0.80 073 115 1.12 072  1.49
B 3.14 127 352 0.56 051  1.62
C 15.23 10.98  15.46 341 310 3.74
D 14.56 9.06 15.81 311 297 439
24 A 0.76 0.48 0.95 0.49 040 0.81
B 2.80 143 377 0.76 035 095
C 20.38 8.12 2644 4.24 396 430
D 18.85 1356 21.85 3.36 254 4.64
72 A 0.49 0.47 1.26 0.54 047 0.74
B 0.88 057 111 0.20 0.16 025
C 7.84 4.64 1037 2.34 1.83 248
D 5.71 569 597 5.24 448 560
168 A 0.61 0.35 0.92 0.25 020 0.30
B 0.13 0.06  0.15 0.25 020 082
C 0.27 019 044 2.63 1.82 373
D 0.21 0.00  0.60 4.12 346 4.89

A: PMMA uncoated; B: PMMA coated with polysorbate 80; C:
PMMA coated with poloxamer 407; D: PMMA coated with poloxa-
min 908.

All three tumors were investigated with regard to their
ability to express VEGF and FLK-1. In the fast-growing B16-
melanoma a high and widespread expression of VEGF and of
Flk-1 was found (Table III). In the breast cancer, a lower
expression than in the melanoma was observed for both pro-
teins. In the glioblastoma, no stained cells could be found.

For the nanoparticles coated with poloxamer 407 and
poloxamine 908, a high and long-lasting concentration in the
blood (Fig. 1a) was observed. At 0.5 h after i.v. administra-
tion, concentrations of 103,531 ng PMMA per mL blood for
batch C and of 89,301 ng PMMA per mL blood for batch D,
corresponding to 60 and 61% of the total dose of the
poloxamer 407 and poloxamine 908-coated PMMA nanopar-
ticles, respectively, were found. The blood concentrations of
batches C and D were significantly higher, up to 8 h, than the
concentrations of A and B. Also after 8 h of circulation,
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11,326 (batch C) and 18,590 (batch D) ng per mL blood,
corresponding to 6-12% of the total dose were registered. In
the second trial, we also investigated the concentration of the
particles 5 min after i.v. administration; only 3.5% for batch A
and 9.6% for batch B of the total dose could be found in the
blood at that time point. The clear differences beween the
particle formulations were underlined by the pharmacokinet-
ic calculations (Table IV). The AUC of batches C and D was
more than 100 times higher than the AUC of the batches A
and B.

In the liver, we observed a high and relatively constant
concentration of 150-200 ng PMMA per mg tissue (Fig. 1b)
over the total time period corresponding to 57-71% of the
total administered dose for the plain and the polysorbate 80-
coated PMMA nanoparticles. In contrast, the concentrations
of batches C and D were much lower, but increased continu-
ously.

In the spleen, an opposite group ranking compared to the
liver was found (Fig. 1c). The particles, which led to high
radioactivity in the liver, were found in low levels in the
spleen. Especially remarkable is the increase of spleen con-
centrations during prolonged times for preparations C and D,
whereas the levels for preparations A and B remained rela-
tively constant. The highest concentration was detected in the
spleen with 1,539 ng per mg tissue for batch C 168 h after
injection. This is the highest concentration ever detected in
any of the investigated organs.

The courses of the PMMA radioactivity and the group
ranking in the brain (Fig. 1d), lung, and kidney (data not
shown) resembled each other. In the kidney, we measured a
maximum at the first time point (0.5 h) after the i.v. admin-
istration of the particle formulations and afterward an expo-
nential decline. In the brain and in the lung, the maximum
was detected at 1 or 2 h after treatment with a similar elimi-
nation behavior. In most organs, only a low level of polysor-
bate 80-coated PMMA nanoparticles was found.

DISCUSSION

The objective of our study was the evaluation of the
influence of surface-modifying surfactants on the body distri-
bution of PMMA nanoparticles in tumor-bearing mice. These
preparations were previously tested for their pharmacokinetic
behavior and tissue distribution in rats by Troster et al. (8).
Poloxamer 407 and poloxamine 908 are especially well inves-
tigated surface-modifying surfactants for nanoparticles.
Poloxamine 908 is known to increase the blood circulation
time and to reduce the uptake of nanoparticles in the liver
(6,8). Some authors (10-13) reported that polysorbate 80-
coated nanoparticles were able to overcome the blood-brain
barrier. Consequently, this surfactant was also chosen to coat
the PMMA nanoparticles and to examine its ability to achieve
an enrichment in different tumor types.

The maximum concentrations of 23.4 ng per mg tumor
tissue for batch C and of 21.4 ng for batch D determined in
the present study are difficult to compare with most data from
the literature, because these authors investigated the effect of
cytostatics loaded to nanoparticles on tumor size, survival
rate, and toxic side effects (15-17). In the few studies report-
ing drug concentrations in tumors their maxima varied from
1.4% (18) on day 14 in a human osteosarcoma up to 12% (7)
of the total dose at 1 h in a Bl6-melanoma. In our trials, we
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Fig. 1. Concentration of PMMA nanoparticle preparations in blood (a), liver (b), spleen (c), and brain (d) (trial 1) over time after i.v.
administration. The particle concentrations in groups C and D were significantly different from the concentrations of groups A and B (for
details see text). Median values of four to five mice were determined per time point. A: PMMA uncoated; B: PMMA coated with polysorbate
80; C: PMMA coated with poloxamer 407; D: PMMA coated with poloxamin 908.

found 14.5% for batch C and 15.5% of the total dose for batch
D in the B16 melanoma 2 h after i.v. application. In the MaTu
breast cancer the maximum concentration was clearly lower
than in the melanoma. A possible reason for the lower accu-
mulation of batches A and B may be the very low blood
circulation time for those preparations in all trials. After 5
min (trial 2) 91-96% of the dose was apparently removed
from the blood, probably by the cells of the RES and mainly
accumulated in the liver. The difference between both tumors
could be related to individual tumor tissue properties, e.g., to
tumor-associated angiogenesis. The strong expression of
VEGF and FIk-1 in the melanoma correlated with high con-
centrations of PMMA in this tumor. Interactions of the vas-
cular growth factor and the receptor of endothelial cell mem-
branes led to induction of angiogenesis in this tumor. The
tumor-associated vasculature has typical peculiarities such as
strong fenestration in the vessels, incomplete basal mem-
branes (19), and a higher endocytotic activity of endothelial
cells (20). Maeda et al. (1,2) described and summarized this
phenomenon as the EPR effect and as a reason for the accu-
mulation of colloidal carriers such as liposomes and nanopar-
ticles in solid tumors.

The results in the glioblastoma model revealed no differ-
ences between tumor-free and tumor-bearing brain hemi-

spheres. A remaining intact blood-tumor barrier could be dis-
cussed as the reason for that observation. Such a barrier is
developed in intracerebrally growing tumors, not in s.c. in-
oculated malignancies (5). Polysorbate 80 was described as a
very efficient surfactant to overcome the barrier (10-13).
However, in our experiments with PMMA this was not con-
firmed. A reason could be that the cited authors used another
nanoparticle formulation [poly-(butylcyanoacrylate)]. A lack
of VEGF and Flk-1 expression in the glioma could also be
responsible for the failed accumulation of PMMA particles in
the malignant tissue. It is well known from clinical data that
human glioblastomas grow in patients over a long period of
time and induce a profound angiogenesis. Because of ethical
reasons and experimental limitations, we used a xenograft
growing only for 18 days before treatment. Therefore, this
model probably does not exactly reflect the human conditions
concerning mainly more advanced tumor stages.

The blood circulation time was similar in all three trials
for the PMMA formulations. Batches C and D circulated
consistently in high and long-lasting concentrations. Troster et
al. (8), who worked with the same nanoparticles and the same
surfactants, but with a slightly modified preparation protocol,
reported somewhat different circulation times. Dunn et al.
(21) pointed out that with the same surfactants onto polysty-



1618

A
4.0
g 3.5
¥
= 30 -
£
& 25
=
S0 20
E
~ 15
g 1.5
1.0
= L
B
ep 0.5
= _—_—_-__—___—-__-_-—__
0.0
0.5 1 2 4 8 24 72 168
time (hr)
C

ng PMMA / mg brain tissue

0.5 1 2 4 8 24 72 168

time (hr)

Lode et al.

ng PMMA / mg brain tissue

0.5 1 2 4 g 24 72 168
time (hr)

D

[
i3

ng PMMA / mg brain tissue

0.3 1 2 4 8 24 72 168

time (hr)

B tumour-bearing

B tumour-free

Fig. 2. PMMA concentrations in ng/mg in tumor-free and tumor-bearing brain-hemisphere (trial 3) after i.v. administration. A: PMMA
uncoated; B: PMMA coated with polysorbate 80; C: PMMA coated with poloxamer 407; D: PMMA coated with poloxamin 908.

rol and poly-lactide-co-glycolide nanoparticles, maximum
blood concentrations of 39 and 28%, respectively, of the total
dose after 3 h were achieved in rats, whereas in rabbits only
poloxamer 407-coated poly-lactide-co-glycolide nanoparticles
circulated for a prolonged time but not those coated with
other surfactants.

In our experiments, the PMMA concentration in the lung
never exceeded 2.6% of the total dose (data not shown). In
contrast, Troster et al. (8) found maximum concentrations of
42% of the total dose for poloxamer 407-coated PMMA

Table III. Immunohistologic Examination of VEGF and Flk-1

Tumor VEGF VEGF-receptor (Flk-1)
B16-melanoma ++ ++
MaTu-breast cancer + +

U373-glioblastoma — —

nanoparticles in the lung. These differences in the lung con-
centrations probably result from different preparation proto-
cols and suggest that our particles probably lack the potential
of lung embolism.

The particle formulations with the lowest values in the
blood showed the highest level in the liver (Fig. 1a and b).
The liver is the main collecting organ for plain and polysor-

Table IV. Pharmacokinetic Parameters according to a Three-
Compartment Model from Blood Values (Trial 1)

Nanoparticle AUC Cl Vy4
preparation [ng/mL = h] [mL/min] [mL]
A 3,790 0.0594 0.332
B 4,470 0.0433 0.299
C 725,000 0.000264 0.0000539
D 446,000 0.000363 0.0832

—, no stained cells per 4 x 100 counted cells per slide.
+, 2-5 stained cells per 4 x 100 counted cells per slide.
++, 5-10 stained cells per 4 x 100 counted cells per slide.

A: PMMA uncoated; B: PMMA coated with polysorbate 80; C:
PMMA coated with poloxamer 407; D: PMMA coated with poloxa-
min 908.
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bate-80-coated PMMA particles. The liver is well prepared to
take up vesicular material such as nanoparticles, liposomes,
and microcapsules because of the function of the liver: (i)
massive blood flow, (ii) strongly fenestrated capillaries, and
(iii) a high number of Kupffer cells (22). Surfactants are able
to change the surface properties in such a way that the phago-
cytosis by cells of the RES is reduced as the particles are
apparently “masked.” In our experiments, only poloxamer
407 and poloxamine 908 were able to decrease the uptake in
the liver.

In contrast to liver, spleen, and tumor, in the other or-
gans such as brain (Fig. 1d), kidney, and heart (data not
shown), a high concentration of particles was found immedi-
ately after administration with a rapid decrease at later time
points. This could be due to a reversible adhesion of the
particles to the vessel walls and not a real uptake into the
tissues.

In conclusion, our study showed that poloxamer 407- and
poloxamine 908-coated PMMA nanoparticles are able to ac-
cumulate in tumor tissue. For these formulations, we also
observed a long-lasting blood circulation and a reduction of
the liver uptake compared with the uncoated and the poly-
sorbate-80 PMMA particles. PMMA concentrations in the
melanoma and the breast cancer models were significantly
higher for groups C and D compared with groups A and B.
There was a clear difference between the tumor models, the
tumor (melanoma) with the highest expression of VEGF and
FLK-1, and the highest growth rate showed a 4- to 5-times
higher accumulation of PMMA nanoparticles compared with
the other malignancies. It is of interest that no distinction with
regard to accumulation of nanoparticles was observed be-
tween normal brain tissue and glioblastoma growing intrace-
rebrally. Our results demonstrate that the surface-modified
nanoparticles are not able to overcome the blood-brain bar-
rier. It is necessary to investigate in further studies whether
drugs encapsulated or associated with surface-modified nano-
particles can cross the blood-brain barrier either after release
from the particles or in particle-associated form. These results
are in good correlation with the immunhistochemical experi-
ments, because no angiogenesis-related markers could be
found in the brain tumor xenografts.
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