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Abstract: The blood-brain barrier (BBB) and multidrug resistance (MDR) are the main causes
for poor prognosis of glioma patients after chemotherapy. To explore the way for settling this
problem, in this study, a novel antitumor agent loaded drug delivery system, lactoferrin-conjugated
biodegradable polymersome holding doxorubicin and tetrandrine (Lf-PO-Dox/Tet), integrating
both BBB and glioma-targeting moiety and MDR inhibitor, was designed and its chemotherapy
for glioma rats was evaluated. Biodegradable polymersome (PO) encapsulating both doxorubicin
(Dox) and tetrandrine (Tet) was prepared by the thin-film hydration method (PO-Dox/Tet) and
then conjugated with lactoferrin (Lf) to yield Lf-PO-Dox/Tet with an average diameter around
220 nm and surface Lf molecule number per polymersome around 40. Compared with PO-
DOX, PO-Dox/Tet, and Lf-PO-Dox, Lf-PO-Dox/Tet demonstrated the strongest cytotoxicity
against C6 glioma cells and the greatest uptake index by C6 cells. In vivo imaging analysis
indicated that Lf-PO labeled with a near-infrared dye could enter the brain and accumulate at
the tumor site. Pharmacokinetics and tissue distribution results also showed that Lf-PO-Dox/
Tet accumulated more in the right hemisphere than other groups of polymersomes. Pharma-
codynamics results revealed that tumor volume of the Lf-PO-Dox/Tet group was significantly
smaller than that of other therapeutic groups, and the median survival time of Lf-PO-Dox/Tet
group was longer than that of Lf-PO-Dox group and significantly longer than those of the other
three therapeutic groups. These results suggested that Lf-PO-Dox/Tet could have therapeutic
potential for gliomas.
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Introduction pending on the location and degree of malignancy.” However,
the infiltration to normal surrounding brain parenchyma made
it impossible to thoroughly eradicate gliomas using surgery,
resulting in inevitable relapse.> On the other hand, chemo-
therapeutic drugs could hardly reach brain tumor cells but
with systemic side effects just like those of radiotherapy.

As the most common intracranial malignant tumor, glio-
mas account for more than 40% of incidence of primary brain
tumors.! Treatments for gliomas usually involve combined
therapies of surgery, radiotherapy and chemotherapy, de-
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Multidrug resistance (MDR) presents one of the main
obstacles for chemotherapeutic drugs to gain access into brain
tumor cells effectively. Among the quite a few mechanisms
of MDR, exocytosis mediated by translocator of ATP-binding
cassette (ABC) superfamily was most commonly seen,
including P-glycoprotein (P-gp), multidrug resistance-as-
sociated protein (MRP), breast cancer resistance protein
(BCRP), and so forth. P-gp and BCRP are overexpressed in
glioma cells and glioma blood vessels, rigidly restricting the
entry of antitumor drugs.> The blood-brain barrier (BBB)
presents another main hindrance for chemotherapeutic drugs.**
The unique anatomical structure together with an overex-
pression of MRP and P-gp in astrocytes and brain capillary
endothelial cells (BCECs), respectively, consolidates the
barrier function of the BBB,® hindering the chemotherapy
of the active glioma cells infiltrated to normal surrounding
brain parenchyma where the BBB remains intact, and
allowing progression of the tumor at these sites. Moreover,
poor site-specific distribution to glioma tissue and serious
systemic toxicities of most antitumor agents also make up
the main obstacles of effective tumor chemotherapy.

Lactoferrin (Lf) is a novel brain targeting ligand that has
emerged in recent years, and several studies reported that
drug-loaded carriers were able to transport across the BBB
by mediation of Lf with high efficiency superior to
transferrin.”® Our lab also adopted Lf as a brain targeting
ligand which was conjugated with PEG-PLA nanoparticles,
achieving improved uptake by the BBB model cells and
increased drug delivery to mouse brain.” What is more
important is that low-density lipoprotein receptor-related
protein (LRP), the receptor of Lf,'® was proved overex-
pressed in glioma cells'"'? and mediated the transcytosis of
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multiple ligands across the BBB such as Lf,'* melanotrans-
ferrin,'* receptor associated protein,'> and Angiopep-2 pep-
tide.'® Therefore, as a both BBB and glioma targeting ligand,
Lf has great potential to overcome the BBB and target drug
carriers to brain tumors, increasing the specific interaction
of carriers with glioma cells and enhancing the amount of
drug delivered into these cells after tumorous accumulation
of carriers. To date, no reports have been published about
the application of lactoferrin in glioma targeting.

As a new class of synthetic thin shelled capsules based
on block copolymer chemistry, polymersomes are self-
assembled vesicles of amphiphilic block copolymers with
thicker and tougher membranes than those of lipids,'”'®
resulting in higher stability compared to liposomes. The
combination of a thick wall for a hydrophobic drug and a
vesicular lumen for a hydrophilic drug will lead to synergistic
effects such as cocktails. Moreover, the physical and chemi-
cal properties of polymersomes including particle size, drug
loading, surface modification, and even in vivo behavior may
be broadly tunable through a rich diversity of block
copolymer chemistries.'® Therefore, polymersomes are good
candidates for drug delivery systems (DDS) which are
currently being developed by many groups.””

Tetrandrine (Tet), one of the bisbenzylisoquinoline alka-
loids, has been used as an antifibrotic drug to treat lesions
of silicosis in China since the 1960s. Tet was a potent MDR
inhibitor which was proved by enhanced efficacy of doxo-
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Figure 1. Design of lactoferrin-conjugated biodegradable polymersome for glioma targeting.

rubicin both in vitro and in nude mice bearing tumors,>"%2

making it a good choice to be incorporated in biodegradable
polymersomes for MDR reversing just like verapamil loaded
in liposomes” and ceramide encapsulated in nanoparticles.>*

On the basis of the above considerations, a novel nano-
scaled drug delivery system was designed employing bio-
degradable polymersomes as carriers simultaneously holding
doxorubicin (Dox) as a model antitumor drug and tetrandrine
(Tet) as an MDR inhibitor (Figure 1). On the surface of
polymersomes, Lf was conjugated as glioma targeting ligand
meanwhile with the ability to lead polymersomes to over-
come the obstruction of the BBB. After accumulation of
polymersomes in glioma was achieved by the EPR effect
and overcoming BBB, the specific interaction of Lf-
conjugated polymersomes with glioma cells was expected
to enhance drug delivery into these cells, improving the
chemotherapy of glioma. Targeted delivery to glioma of the
Lf-conjugated polymersomes labeled with near-infrared dye
was first examined in glioma model rats. In vitro drug
delivery characteristics toward C6 glioma cells and in vivo
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pharmacokinetics together with tissue distribution and phar-
macodynamics of the Lf-conjugated polymersomes holding
Dox and Tet were investigated subsequently.

Materials and Methods

Materials and Animals. Methoxy poly(ethylene glycol)—
poly(e-caprolactone) (MPEG3k-PCL15k) and o-carboxyl
poly(ethylene glycol)—poly(e-caprolactone) (HOOC-PEG3.4k-
PCL15k) were synthesized as previously described.'® Lacto-
ferrin from bovine colostrum (Lf), 1-dimethylaminopropyl-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinim-
ide (NHS), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) were purchased from Sigma-
Aldrich (Saint Louis, MO). 1,1’-Dioctadecyl-3,3,3",3’-
tetramethylindotricarbocyanine Iodide (DiR), a near-infrared
dye, was offered by Biotium (Hayward, CA). Bovine
lactoferrin ELISA quantification kit was ordered from Bethyl
(Montgomery, TX). BCA protein assay kit was ordered from
Shenergy Biocolor Bioscience and Technology Co., Ltd.
(Shanghai, China). Doxorubicin (Dox) and tetrandrine (Tet)
were purchased from Beijing Huafeng United Technology
(China) and National Institute for the Control of Pharma-
ceutical and Biological Products (China), respectively. C6
glioma cell line from rat was obtained from the American
Type Culture Collection. Fetal bovine serum (FBS) and
related cell culture medium were purchased from Invitrogen
(Gibco, Carlsbad, CA). Plastic cell culture dishes, plates, and
flasks were ordered from Corning Incorporation (Lowell,
MA). Double distilled water was purified using a Millipore
Simplicity System (Bedford, MA). All other chemicals were
of analytical grade and used without further purification.

Sprague-Dawley rats (weighing 180—220 g) were provided
by Super-B&K Laboratory Animal Corp. Ltd. (Shanghai,
China). The animals involved in this study were treated
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according to protocols evaluated and approved by the ethical
committee of Fudan University.

Preparation of DiR-Loaded Polymersomes. The thin-
film hydration method as described previously®> was em-
ployed to prepare DiR-loaded polymersomes. Concisely, 50.0
mg of MPEG3k-PCLI15k, 2.5 mg of HOOC-PEG3.4k-
PCL15k, and 1 mg of DiR were dissolved in 20 mL of
dichloromethane, which was evaporated under vacuum at
25 °C in a rotary evaporator, leading to the formation of a
polymeric film onto the vial wall. This film was then fully
hydrated in 20 mL of phosphate buffer (PB, 0.1 M, pH 6.0)
by fiercely shaking at 65 °C for 30 min. The obtained vesicle
dispersion was extruded through a 0.45 gm filter membrane
(Millex-HV, Millipore) to remove the copolymer aggregates
and to narrow the vesicle size distribution. By means of
ultrafiltration, free DiR was removed and the vesicle disper-
sion was concentrated to yield DiR-loaded polymersome
(PO-DiR). For Lf conjugation, solid EDC (20 mg) and NHS
(50 mg) were then added into the PO-DiR dispersion to
activate surface carboxyl groups on polymersomes by stirring
at room temperature for 20 min. After unreacted EDC and
NHS were removed and the buffer was exchanged with
phosphate buffered saline (PBS, 0.01 M, pH 7.4) by
ultrafiltration, 1.0 mg of Lf was added into the obtained
vesicle dispersion and stirred for 3 h. By means of ultrafil-
tration again, unconjugated protein was removed and the
vesicle dispersion was concentrated to yield Lf-conjugated
DiR-loaded polymersome (Lf-PO-DiR). All operations were
conducted away from light.

Preparation of Dox-Loaded Polymersomes. Blank poly-
mersome was first prepared in the same way as described
above except that DiR was eliminated and the hydration
solution was changed to citrate buffer (0.2 M, pH 4.0). After
hydration and filtration, the pH of the vesicle dispersion was
neutralized to 7.4 by Na,CO; (1 M), and 1 mL of Dox
solution (2 mg/mL) was added and stirred in dark at room
temperature for 24 h. By means of ultrafiltration, unencap-
sulated Dox was eluted and the vesicle dispersion was
concentrated to yield Dox-loaded polymersome (PO-Dox).
Thereafter, 0.5 mg of Tet dissolved in methanol was added
into the PO-Dox dispersion and stirred for 6 h at room
temperature, which was then subjected to dialysis against
100 mL of PBS at 4 °C for another 6 h to get rid of methanol
and free Tet. By means of ultrafiltration again, the vesicle
dispersion was concentrated to yield both Tet and Dox-loaded
polymersome (PO-Dox/Tet). Lf was conjugated with PO-
Dox and PO-Dox/Tet with the same procedure as described
above.

Charaterization of Polymersomes. For morphological
examination, blank polymersome in citrate buffer was
concentrated and the buffer was exchanged with saline by
means of ultrafiltration to avoid the reaction of uranyl ions
with citrate ions during negative staining. After negative

(25) Photos, P. J.; Bacakova, L.; Discher, B.; Bates, F. S.; Discher,
D. E. Polymer vesicles in vivo: correlations with PEG molecular
weight. J. Controlled Release 2003, 90, 323-334.
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staining with 1% uranyl acetate solution, blank polymersome
was observed via transmission electron microscopy (TEM;
H-600, Hitachi, Japan). Vesicle size and zeta potential of
polymersomes were determined by dynamic light scattering
(DLS) analysis using a zeta potential/particle size analyzer
(Nicomp 380ZLS) with a He—Ne laser at 632.8 nm. Drug
loading capacity (DLC) and entrapment efficiency (EE) of
DiR and Dox were determined by fluorescence spectropho-
tometry after dissolving polymersomes in acetonitrile. The
average number of Lf molecules conjugated per polymer-
some was determined by using a lactoferrin ELISA kit and
calculated by dividing the number of Lf molecules by the
calculated average number of polymersomes using methods
described by Oliver et al.?

In Vitro Cytotoxicity of Dox Loaded Polymersomes
Against C6 Cells. C6 cells were seeded onto a 96-well plate
at a density of 10* per well and incubated for 24 h before
exposure to different Dox formulations with a series of
concentrations for a further 24 h at 37 °C. Eight wells for
untreated cells were prepared as controls. After exposure,
the cytotoxicity of these formulations was assayed by the
MTT method.?” The experiments were performed in
quadruplicate.

Cell Uptake and Intracellular Drug Distribution of
Dox Loaded Polymersomes. A 24-well plate was seeded
with C6 cells at a density of 10° per well, and the cells were
allowed to attach for 24 h. Dispersions of PO-Dox, Lf-PO-
Dox, PO-Dox/Tet, and Lf-PO-Dox/Tet as well as free Dox
solution were each added into the medium in triplicate to
make a final Dox concentration at 4 ug/mL in each well.
After 4 h incubation at 37 °C, the medium was removed
and the cells were stained with 1 ug/mL of 4’,6-Diamidino-
2-phenylindole dihydrochloride (DAPI) for 10 min at room
temperature. After PBS washing, the plate was subjected to
observation under the fluorescence microscope (Olymus
IX71, Japan).

Quantitative Determination of Cell Uptake of Dox
Loaded Polymersomes. Similarly to the above, C6 cells
were seeded onto 24-well plates at a density of 10° per well,
and the cells were allowed to attach for 24 h. Four groups
of polymersomes were respectively added into the medium
to make a final Dox concentration at 4 yg/mL in each well
(triplicate for each formulation). The plates were incubated
for 1, 2,4, 8, or 12 h at 37 °C. For each time point, cells in
each well of the corresponding plate were washed three times
with ice-cold PBS to remove surface-bound polymersomes
and further incubated with 0.4 mL of 1% Triton X-100
overnight. Afterward, 25 uL of the cell lysate from each well
was sampled to determine the total cell protein content using
the BCA protein assay kit. The rest of the cell lysate was

(26) Olivier, J. C.; Huertas, R.; Lee, H. J.; Calon, F.; Pardridge, W. M.
Synthesis of pegylated immunonanoparticles. Pharm. Res. 2002,
19, 1137-1143.
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247-260.
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used for extraction and HPLC determination of Dox (Agilent
1200).?® The uptake index (UI) was expressed as Dox (ug)/
cellular protein (mg).

In Vivo Imaging of DiR-Loaded Polymersomes in
Glioma Model Rats. The glioma model was established by
stereotactically injecting C6 cells into the right striatum of
rats.>” The in vivo imaging system was applied to qualita-
tively investigate the brain delivery property of PO-DiR and
Lf-PO-DiR in glioma model rats 10 days after transplanta-
tion. In brief, the model rat was anesthetized by intraperi-
toneal injection of 10% chloraldurate solution, and then its
hair was shaved off all over the body. Later, it was placed
in the dark chamber of the imaging system and the baseline
was scanned to set up the detection threshold to make sure
the background signal was avoided. The filters for excitation
and emission were set at 730 and 790 nm, respectively. The
rat was then i.v. injected with PO-DiR or Lf-PO-DiR at the
dose of 0.5 mg/kg of DiR and subjected to fluorescence
imaging which represented the in vivo distribution of
polymersomes. After that, an X-ray image was collected for
locating the fluorescence signal.

Pharmacokinetic and Tissue Distribution in Glioma
Model Rats. Twelve days after C6 cell transplantation, 16
glioma model rats were randomly divided into four groups,
which were treated with PO-Dox, Lf-PO-Dox, PO-Dox/Tet,
and Lf-PO-Dox/Tet respectively via i.v. injection into the
tail vein at a dose of 0.4 mg of Dox per rat. Blood samples
were collected from the orbital plexus at 2, 5, 10, 20, 40,
and 60 min after intravenous administration. Decapitation
and heart perfusion with saline were conducted closely after
the last blood sampling, and the brain tissue together with
other organ samples were collected. Later, Dox concentration
in plasma and tissue samples was measured by HPLC as
previously described.”® The pharmacokinetic parameters were
calculated using the pharmacokinetic software DAS version
2.0.

Pharmacodynamic Experiments in Glioma Model Rats.
Forty glioma model rats were equally and randomly divided
into five groups, which were treated with saline, PO-Dox,
Lf-PO-Dox, PO-Dox/Tet, and Lf-PO-Dox/Tet respectively
via i.v. injection at 2, 5, 8, and 11 days after glioma
transplantation, dosing at 1.5 mg/kg Dox. On the 7th day,
half of the rats in each group were sacrificed, and so were
the other half on the 14th day. Heart perfusion with 10%
neutral buffered formalin was conducted after sacrifice, and
the brain tissue sample was collected and fixed with 10%
neutral buffered formalin for at least 48 h and then embedded
in paraffin followed by routine hematoxylin and eosin (H&E)

(28) Pan, H.; Han, L. M.; Chen, W.; Yao, M.; Lu, W. Y. Targeting to
tumor necrotic regions with biotinylated antibody and streptavidin
modified liposomes. J. Controlled Release 2008, 125, 228-235.

(29) Lu, W.; Sun, Q.; Wan, J.; She, Z. J.; Jiang, X. G. Cationic albumin-
conjugated pegylated nanoparticles allow gene delivery into brain
tumors via intravenous administration. Cancer Res. 2006, 66,
11878-11887.

3 - = :
Figure 2. Transmission electron micrograph of blank
polymersome. Bar = 200 nm.

staining on 5 um thick sections using routine protocols.*
The maximum diameter (¢) and minimum diameter (b) of
glioma tissue was measured under stereomicroscope, and the
tumor volume (V) in each animal was calculated as V =
0.5ab.

Another 55 glioma model rats were subjected to the same
grouping and therapeutic regimen as described above. Rat
deaths of each group were recorded, and the corresponding
survival curves were drawn.

Statistical Analysis. Statistical differences in uptake index,
pharmacokinetic parameters, and tumor volume were deter-
mined by one-way analysis of variance (ANOVA), followed
by post hoc analysis of Bonferroni for multigroup compari-
son. P < 0.05 was considered significant.

Results

Characterization of Polymersomes. It was found that a
blend of MPEG-PCL(3k—15k) and COOH-PEG-PCL
(3.4k—15k) spontaneously assembled into polymersomes,
which was verified by TEM micrographs (Figure 2) in which
vesicles were generally round with a diameter at around 200
nm. The well-defined thick membranes of polymersomes
were obviously observed probably due to uranyl ions binding
to surface carboxyl groups of polymersomes. A relative broad
size distribution observed in TEM micrographs was proved
by DLS analysis. The intensity-based vesicle size of PO-
DiR and Lf-PO-DiR was 245.9 + 45.0 and 248.4 £ 49.5
nm, respectively, indicating that Lf conjugation had no
influence on the diameter of polymersomes. The same
situation was observed for PO-Dox, Lf-PO-Dox, PO-Dox/
Tet, and Lf-PO-Dox/Tet with nearly identical vesicle size
at around 220 nm. Drug loading capacity of Dox in the four
groups of polymersomes was about 4.4% with entrapment
efficiency above 96%. Zeta potential of all the above-

(30) Schoch, G.; Seeger, H.; Bogousslavsky, J.; Tolnay, M.; Janzer,
R. C.; Aguzzi, A.; Glatzel, M. Analysis of prion strains by PrPSc
profiling in sporadic Creutzfeldt-Jakob disease. PLoS Med. 2006,
3, el4.
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Figure 3. C6 viability—concentration curves for free Dox,
Tet, or their blend.
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Figure 4. C6 viability—concentration curves for poly-
mersomes.

mentioned polymersomes ranged from —10 to —9 mV,
displaying similar stability with each other. The mean Lf
molecule numbers per polymersome on the surface of Lf-
PO-DiR, Lf-PO-Dox, and Lf-PO-Dox/Tet were 37 & 2, 39
=+ 2, and 40 =+ 2, respectively, which were in a reasonable
range for brain targeting justified in other studies.®*

In Vitro Cytotoxicity Assay against C6 Cells. Cytotox-
icity of free Dox, Tet, or a blend of the two drugs at a mass
ratio of Dox/Tet = 4:1 against C6 cells was examined first.
According to viability—concentration curves (Figure 3), the

Nucleus

ICsp (drug concentration of 50% inhibition) of the blend and
Dox alone was 6.4 and 20 ug/mL, respectively, showing that
the cytotoxicity of the blend was 3.1 times higher than that
of Dox alone. Meanwhile, the cytotoxicity of Tet alone was
far lower than that of the other two formulations, suggesting
that Tet greatly improved the cytotoxicity of Dox against
C6 cells, but this improvement had little to do with the
antitumor activity of Tet itself.

The cytotoxicity of Lf-PO-Dox/Tet, PO-Dox/Tet, and PO-
Dox against C6 cells was investigated. Viability—concentration
curves (Figure 4) showed that the ICsy (Dox concentration
of 50% inhibition) of these three formulations was 8.4, 19.1,
and 32.2 ug/mL, respectively, manifesting a 2.3 times
intensification of cell inhibition of Lf-PO-Dox/Tet compared
to PO-Dox/Tet, and 1.7 times intensification of cell inhibition
of PO-Dox/Tet compared to PO-Dox, indicating a significant
improved cytotoxicity mediated by Tet and Lf.

Cell Uptake and Intracellular Drug Distribution of
Dox Loaded Polymersomes. Uptake of polymersomes into
C6 cells was demonstrated by fluorescence microscopy
photographs in which red fluorescence represented Dox and
blue fluorescence referred to nuclei stained with DAPI
(Figure 5). For free Dox, the red fluorescence nearly
completely overlaid with the blue fluorescence, indicating
that free Dox entered into the cells and mainly concentrated
at the nucleus, where its cytotoxicity exerted. As regards Lf-
PO-Dox/Tet, which acted as representative of Dox-loaded
polymersomes since no difference could be qualitatively
observed in the fluorescence microscopy photographs among
them (data not shown), the red Dox fluorescence distributed
mainly in the cytoplasm of cells except for partly in the
nucleus, indicating that the cell uptake of Dox in free Dox
group was mainly through diffusion mechanism, while the
cell uptake of Dox in Lf-PO-Dox/Tet group was at least
partially in a different way, possibly receptor-mediated
endocytosis.

Merge

-

Figure 5. Fluorescence photographs of C6 cells after incubation for 4 h with polymersomes represented by

Lf-PO-Dox/Tet (lower row) and free Dox (upper row).
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Figure 6. C6 uptake of different polymersomes at 37 °C
for different incubation times (Dox concentration: 4 ug/
mL). *p < 0.05, **p < 0.01 vs PO-Dox; #p < 0.01 vs
PO-Dox/Tet; A p < 0.01 vs Lf-PO-Dox.

Quantitative Determination of Cell Uptake of Dox
Loaded Polymersomes. Uptake of polymersomes by C6
cells increased with time (Figure 6). PO-Dox displayed
relatively lower uptake, which increased by only 50% from
1 to 12 h. The other three groups exhibited similar uptake
in the initial 4 h. However, 4 h later, uptake of Lf-PO-Dox/
Tet was significantly higher than that of Lf-PO/Dox and PO-
Dox/Tet. By 12 h, uptake of Lf-PO-Dox/Tet reached 1.5
times that of Lf-PO/Dox and PO-Dox/Tet and 3 times that
of PO-Dox. These results proved that both Lf and Tet
enhanced the cell uptake of Dox loaded polymersomes.

In Vivo Imaging of DiR-Loaded Polymersomes in
Glioma Model Rats. With time elapsing, brain fluorescence
intensity of the glioma model rat injected with Lf-PO-DiR
gradually increased and this process sustained until 24 h
(Figure 7, the upper row), which could be related with
weakened body metabolism due to anesthesia and prolonged
release behavior shaped by the polymersomes.'® Moreover,
the fluorescence region, especially the brightest site, leaned
to the right of the brain, anterior to the ears and posterior to
the epicanthus, which was in good accordance with the
transplantation site of the right striatum, indicating that Lf-
PO-DiR entered the brain and accumulated at the tumor site.
On the contrary, the glioma model rat injected with PO-
DiR did not exhibit an obvious intensifying process of brain
fluorescence which just emerged at 4 h and retained low
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Figure 8. Concentration—time curves of doxorubicin in
plasma after i.v. injection of polymersomes into glioma
implanted rats (n = 4).

intensity at the tumor site all the time until 24 h (Figure 7,
the lower row). According to the semiquantitative glioma
fluorescence intensity—time curve (data not shown), the
AUC,, of Lf-PO-DiR was 3.6 times higher than that of PO-
DiR, confirming that Lf conjugation increased the glioma
homing of Lf-PO-DiR.

Pharmacokinetics Experiments in Glioma Model Rats.
Plasma concentration—time curves of polymersomes after
i.v. injection to glioma model rats were presented in Figure
8 with the corresponding pharmacokinetic parameters listed
in Table 1. The descending curves revealed a gradual
decreasing process of plasma Dox concentration, indicating
polymersomes have long plasma circulation time after
intravenous administration. According to the pharmacokinetic
parameters, AUC(_, of Lf-PO-Dox/Tet was significantly
lower than that of PO-Dox/Tet, while t;,, of Lf-PO-Dox/Tet
was slightly higher than PO-Dox/Tet. Similar relationship
existed between Lf-PO-Dox and PO-Dox. There were no
significant differences of the elimination rate constant (k)
between groups and the MRT_, of all groups of polymer-
somes ranged from 21 to 28 h, suggesting Lf decoration and
Tet loading had no significant influence on the long plasma
circulation property of polymersomes.

Brain samples were separated into the left hemisphere and
right hemisphere, and drug distribution in these two parts

Overl ahw

Figure 7. Brain fluorescence imaging of glloma model rats at a series of time points after i.v. |nject|on of Lf-PO-DIiR
(the upper row) or PO-DIR (the lower row) at the dose of 0.5 mg/kg of DiR (n = 4).
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Table 1. Pharmacokinetic Parameters of Doxorubicin in Plasma after i.v. Injection of Polymersomes into Glioma Implanted

Rats®
PK parameter PO-Dox Lf-PO-Dox PO-Dox/Tet Lf-PO-Dox/Tet
AUGC,-; (ug/mL-min) 18.99 + 2.86 10.45 & 1.55° 14.69 £+ 2.01 9.81 + 4.28°
MRTo—; (min) 21.41 £ 0.85 22.50 £ 0.91 22.72 +£1.81 27.54 £ 3.75
K (min~") 0.047 £+ 0.002 0.044 + 0.002 0.044 + 0.004 0.037 + 0.005
ti2 (Min) 14.84 + 0.59 15.60 + 0.63 15.75 £ 1.26 19.09 + 2.60
@ Values were mean + SD, n = 4. ® p < 0.05 vs PO-Dox.
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Figure 9. Brain distribution of Dox in the right and left
hemisphere after i.v. injection of polymersomes (n = 4).
Statistically significant difference by Student's t test
when compared to the corresponding value of control.
**p < 0.01 vs Lf-PO-Dox/Tet; #p < 0.01 PO-Dox vs
Lf-PO-Dox.

was analyzed. The results (Figure 9) demonstrated that
although glioma tissue was mixed with normal brain tissue
in the right hemisphere, for the Lf-PO-Dox/Tet group, Dox
concentration in the right hemisphere was significantly higher
than that in the left hemisphere, showing more distribution
of Lf-PO-Dox/Tet in the right hemisphere where the glioma
was located, which indicated that Lf-PO-Dox/Tet was able
to enter the brain and further concentrate at the tumor site.

Dox distribution in other tissues showed that polymer-
somes accumulated most in the spleen with the liver ranking
next (Figure 10). Concentration of Lf-PO-Dox/Tet and Lf-
PO-Dox in spleen was significantly lower than that of PO-
Dox/Tet and PO-Dox respectively, indicating that Lf con-
jugation reduced the accumulation of polymersomes in
spleen, which was in accordance with the literature.® There
was no significant difference of drug distribution in other
major organs such as kidney, heart, and lung between groups.
Polymersomes of the four groups presented a relatively low
accumulation in the heart, suggesting that polymersome Dox
might have similar potential as liposome Dox to decrease
heart toxicity of Dox.

Pharmacodynamics Experiments in Glioma Model
Rats. As shown in Figure 11, the Lf-PO-Dox/Tet group
presented the smallest glioma volume for rats sacrificed on
the same day. Especially for rats sacrificed on the 14th day,
the tumor volume of the Lf-PO-Dox/Tet group was signifi-
cantly lower than those of the other four groups, indicating
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Figure 10. Distribution of Dox in heart, liver, spleen,
lung, and kidney after i.v. injection of Dox-loaded
polymersomes (n = 4). Statistically significant difference
by Student’s t test when compared to the corresponding
value of control (*p < 0.05).
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Figure 11. Glioma volume of different therapeutic
groups at the 7th and 14th day (n = 4). *p < 0.05; ** p
< 0.01 vs Lf-PO-Dox/Tet group.

Lf-PO-Dox/Tet treatment effectively inhibited the rapid
growth of glioma.

Life-span extension treated with a multidose of 1.5 mg/
kg Dox on days 2, 5, 8, and 11 after glioma implantation
exhibited diversity with different formulations (Figure 12).
By log-rank test (Table 2), the median survival times of four
polymersome groups except the PO-Dox group were all
significantly prolonged compared with that of saline control.
However, the increase in survival times (IST) of the Lf-PO-
Dox/Tet group was more considerable when compared with
any other group except Lf-PO-Dox group (p < 0.05), which
reached nearly 82% and 63% life-span extension compared
with the saline control and PO-Dox group. As compared with
the Lf-PO-Dox group, the Lf-PO-Dox/Tet group showed
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Figure 12. Percentage of survival (Kaplan—Meier plot)
of glioma bearing rats after intravenous injection of 1.5
mg/kg Dox on days 2, 5, 8, and 11 with different
formulations (n = 11).

higher median survival time but with no significance.
Significant life-span extension was observed for the Lf-PO-
Dox group, and PO-Dox/Tet vs PO-Dox confirmed that both
Lf and Tet enhanced the antitumor effect of Dox loaded
polymersomes.

Discussion

Chemical and physical properties of the nanoparticles,
including size, surface charge, and surface chemistry, are
important factors that determine their pharmacokinetics (PK)
and biodistribution, which largely define their therapeutic
effect and toxicity.?' Maintaining the size around 100 nm is
most optional for improving the PK of nanoparticles®' and
advantageous for endocytosis by brain capillary endothelial
cells.? In fact, vesicle size of polymersomes in this study
was around 220 nm, which might attribute to high distribu-
tion of polymersomes in spleen and liver where the mono-
nuclear phagocyte system (MPS) mainly was located.
However, one of the features of glioma is neoangiogenesis
with newly formed vessels generally not displaying BBB
properties that are characteristic for normal brain vascula-
ture,”” leading to high vascular density in solid brain tumors,
large gaps between endothelial cells in tumor blood vessels,
and the emerging of EPR effects at advanced stage of solid
brain tumor.** The frequency distribution histogram of brain

(31) Li, S. D.; Huang, L. Pharmacokinetics and biodistribution of
nanoparticles. Mol. Pharmaceutics 2008, 5 (4), 496-504.

(32) Huwyler, J.; Wu, D.; Pardridge, W. M. Brain drug delivery of
small molecules using immunoliposomes. Proc. Natl. Acad. Sci.
U.S.A. 1996, 93 (24), 14164-14169.

(33) Kemper, E. M.; Boogerd, W.; Thuis, I.; Beijnen, J. H.; Tellingen,
O. V. Modulation of the blood-brain barrier in oncology:
therapeutic opportunities for the treatment of brain tumours.
Cancer Treat. Rev. 2004, 30, 415-423.

(34) Fang J. ; Nakamura H. ; Maeda H. The EPR effect: Unique
features of tumor blood vessels for drug delivery, factors involved,
and limitations and augmentation of the effect. Adv. Drug Delivery
Rev. 2010. DOI: 10.1016/j.addr.2010.04.009.

tumor endothelial gap size has a modal value of 0.38 um.*
Moreover, glioma has the ability to actively degrade tight
junctions by secreting soluble factors, eventually leading to
BBB disruption within invaded brain tissues.>® Therefore,
in the condition of glioma, a leaky brain vasculature
facilitated the bypassing of drug delivery systems even with
vesicle size beyond 200 nm like the polymersomes in this
study, which was verified by weak distribution of DiR labled
polymersomes at the glioma site.

The MRT,-, of all groups of polymersomes ranged from
21 to 28 h, showing longer plasma circulation time than
PEGylated nanoparticles by several-fold,?” as comparable
to PEG-based liposomal systems,?®*® which might be due
to the relative neutral zeta potential and full PEGylation on
the surface of polymersomes. In this study, the zeta potential
of all groups of polymersomes ranged from —10 to =9 mV,
which agreed well with the optional zeta potential within
10 mV, and might be helpful to decrease MPS uptake and
prolong blood circulation compared to the charged ones.*!
Surface modification with poly(ethylene glycol) reduces the
rate of MPS uptake and prolongs the circulation half-life of
nanoparticles. Long circulation of nondegradable polymer-
somes has already been found to increase with increasing
PEG chain length.”* The surface PEG of biodegradable
polymersomes in this study had long PEG chains of 3000
Da which might impart perfect stealth in blood. Moreover,
the full hydrophilic PEG (100%) content than PEGylated
liposome (5%—10% PEGylation) should confer better re-
sistance to opsonization and thereby extend vesicle circula-
tion times.'®

According to the theory on pharmacokinetics of brain drug
delivery put forward by Pardridge, the amount of drug that
entered the brain was positively correlated with permeability
coefficient surface area product (PS) of the drug against the
brain tissue and AUC of the drug in the blood.? Therefore,
increased brain drug delivery could be achieved by prolong-
ing systemic circulation of the drug (namely, increasing
AUC) and meanwhile improving the permeability of the drug
against brain tissue. The polymersome constructed in this
study was expected to be granted an elevated permeability

(35) Schlageter, K. E.; Molnar, P.; Lapin, G. D.; Groothuis, D. R.
Microvessel organization and structure in experimental brain
tumors: microvessel populations with distinctive structural and
functional properties. Microvasc. Res. 1999, 58 (3), 312-28.

(36) Schneider, S. W.; Ludwig, T.; Tatenhorst, L.; Braune, S.;
Oberleithner, H.; Senner, V.; Paulus, W. Glioblastoma cells release
factors that disrupt blood-brain barrier features. Acta Neuropathol.
2004, 107, 272-276.

(37) Lu, W.; Wan, J.; She, Z.; Jiang, X. G. Brain delivery property
and accelerated blood clearance of cationic albumin conjugated
pegylated nanoparticle. J. Controlled Release 2007, 118 (1), 38—
53.

(38) Cui, J.; Li, C.; Guo, W.; Li, Y.; Wang, C.; Zhang, L.; Zhang, L.;
Hao, Y.; Wang, Y. Direct comparison of two pegylated liposomal
doxorubicin formulations: is AUC predictive for toxicity and
efficacy. J. Controlled Release 2007, 118 (2), 204-15.

(39) Pardridge, W. M. Brain drug targeting; Cambridge University
Press: Cambridge, 1998; p 82.
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Table 2. Median Survival Time for Glioma Implanted Rats of Different Therapeutic Groups®
95% confidence
group median (day) standard error interval log-rank test ISTC (%) ISTG (%)
Saline 17.0 0.8 15.4—18.6
PO-Dox 19.0 1.2 16.6—21.4 12
PO-Dox/Tet 25.0 1.6 21.9-28.1 be 47 32
Lf-PO-Dox 28.0 2.8 22.6—33.4 b.e 65 47
Lf-PO-Dox/Tet 31.0 2.2 26.7—35.3 b.ed 82 63

2 Dosage of Dox is 4 x1.5 mg/kg. Log-rank test vs control. ® p < 0.01 vs saline. °p < 0.01 vs PO-Dox. 9 p < 0.05 vs PO-Dox/Tet. The
increases in survival times (%) are compared to saline control (ISTC) or to PO-Dox group (ISTG).

to brain tumor tissues through Lf conjugation and be armed
with long circulation property through full PEGylation and
neutral zeta potential. Pharmacokinetic parameters showed
that AUC,_, of Lf-PO-Dox/Tet and Lf-PO-Dox was lower
than that of PO-Dox/Tet and PO-Dox, respectively, which
might result from the increased uptake by MPS and distribu-
tion to organs such as liver after Lf conjugation, resulting
in rapid decline in plasma concentration in the first 10 min
after drug administration. However, Lf conjugation did not
influence the long circulation property of polymersomes
significantly in this study. In vivo imaging showed that Dir
labeled Lf-PO could concentrate in the brain tumor, signifi-
cantly more effective than unmodified polymersomes, indi-
cating intensified permeability of polymersomes to the brain
tumor by Lf decoration. The intensified permeability of
polymersomes was also verified by higher distribution of Lf-
PO-Dox/Tet than PO-Dox/Tet at the glioma site. Therefore,
with both unchanged long circulation property and enhanced
capability in drug delivery to the brain tumor, Lf-PO-Dox/
Tet’s therapeutic effect could be expected. In fact, in
pharmcodynamic evaluation, model rats treated with Lf-PO-
Dox/Tet presented significantly smaller tumor volume and
longer median survival time than rats treated with PO-Dox/
Tet, indicating effective inhibition of tumor growth, which
was in good accordance with the pharmacokinetic results.

A targeting ligand conjugated to the surface of nanopar-
ticles can recognize and bind with the receptor expressed
on the target cell surface, which later triggers receptor-
mediated endocytosis, resulting in an increased level of
intracellular delivery of the formulation.*’ The quantitative
determination revealed that C6 cell uptake of Lf-PO-Dox/
Tet and Lf-PO-Dox increased with time, and was signifi-
cantly higher than that of PO-Dox/Tet and PO-Dox, repec-
tively, indicating that Lf decoration enhanced the intracellular
delivery rate of the drug loaded vesicle. Moreover, further
in vitro cytotoxicity confirmed Lf conjugation granted Dox-
loaded vesicle stronger inhibition capability that made it exert
its cytotoxicity toward C6 cells at a significantly lower
concentration, which was in accordance with the cell uptake
results. Considering LRP, the receptor of Lf, was overex-
pressed by glioma cells, especially in cell lines of human
origin such as U87 and SF-539,'"" and C6 cells'? of rat origin,
Lf conjugation might facilitate the tumor cell uptake of
polymersomes via LRP-mediated endocytosis as it did with
nanoparticles.”*Therefore, increasing the rate of intracellular
delivery to glioma cells by conjugating Lf on the surface of
polymersomes might be the main cause for enhanced

2004 MOLECULAR PHARMACEUTICS VOL. 7, NO. 6

permeability of Lf-conjugated polymersomes to brain tumor.
Further study on the uptake mechanism employing immu-
nofluorescence technique and inhibition experiments is
undergoing at present to verify this point.

The capability of Lf-conjugated polymersomes across the
BBB might also contribute to enhanced permeability to the
brain tumor. For the chemotherapy of the active glioma cells
of brain parenchymal metastases, the ability of Lf-conjugated
polymersomes to penetrate the BBB is critical to prevent
the active glioma cells from further invasion into normal
brain parenchyma. In this study, both in vivo imaging and
tissue distribution indicated that Lf conjugation could
increase the brain uptake of polymersomes, which agreed
well with our previous reports that surface Lf decoration
could increase the brain delivery of nanoparticles.’

Tet also played an important role in the enhanced
permeability of polymersomes to the brain tumor. PO-Dox/
Tet and Lf-PO-Dox/Tet exhibited much higher cell uptake
than PO-Dox and Lf-PO-Dox, respectively, indicating that
Tet enhanced the tumor cell uptake of the drug loaded
vesicle. Further MTT assay revealed that the ICs5y of PO-
Dox was 32.2 ug/mL, about 1.7 times that of PO-Dox/Tet,
meaning that the Tet-loaded vesicle had an intensified
cytotoxicity toward C6 cells, which conformed well to the
cell uptake results. Tissue distribution and pharmacodynam-
ics also revealed that Tet increased glioma drug delivery and
extended the survival of glioma bearing rats. As a potent
MDR inhibitor, Tet could reverse MDR of MCF/adr cells
toward Dox both in vivo and in vitro*® and increase the
accumulation in K562/A02 cells of Dox encapsulated in
magnetic nanoparticles;*® however, the action mechanism
of Tet was not clear. It was proved that Tet could down-
regulate the transcriptional level of mdrl (the gene sequence
coding P-gp), while the existing expression of P-gp was not
affected.*' This means that, in the repeated or long-term drug
administration to tumor cells, Tet could prevent the genera-
tion of MDR. However, this point could not be used to
explain the results in our study, because, different from the
above-mentioned MCF/adr and K562/A02 cell lines, the C6

(40) Chen, B. A.; Sun, Q.; Wang, X. M. Reversal in multidrug
resistance by magnetic nanoparticle of Fe;O4 loaded with adria-
mycin and tetrandrine in K562/A02 leukemic cells. Int. J.
Nanomed. 2008, 3 (2), 277-286.

(41) Shen, H. L.; Xu, W. L.; Chen, Q. Y. Tetrandrine prevents acquired
drug resistance of K562 cells through inhibition of mdrl gene
transcription. J. Cancer Res. Clin. Oncol. 2010, 136, 659-665.



Lactoferrin-Conjugated Biodegradable Polymersome

articles

cell line cultured in this study was not drug resistant. The
exclusive reasonable explanation might be that Tet function-
ally inhibited P-gp or other drug-resistant factors overex-
pressed in glioma cells and its blood vessels, and at the BBB
by decreasing the fluidity of the cell membrane and possibly
affecting the ATP enzymatic activity of P-gp, resulting in
the inhibition of exocytos.is,22 which was still in need of
further verification.

Conclusions

Lf-conjugated polymersomes constructed in this study
were proved to have the ability to target glioma by in vivo
imaging of brain fluorescence. After loading of Dox and Tet,
the obtained Lf-PO-Dox/Tet displayed higher cell uptake and
stronger inhibition toward C6 cells and more accumulation

in the brain tumor site, which was in good accordance with
its better therapeutic efficacy of glioma model rats manifested
by more effective inhibition of glioma growth and prolonged
median survival time. Taken together, Lf-PO-Dox/Tet is a
prospective drug delivery system for targeting therapy of
gliomas.
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