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Abstract Nanoparticles such as liposomes may be used as
drug delivery vehicles for brain tumor therapy. Particle geom-
etry and electrostatic properties have been hypothesized to be
important determinants of effective tumor targeting after
intraarterial injection. In this study, we investigate the com-
bined roles of liposome size and surface charge on the effec-
tiveness of delivery to gliomas after intraarterial injection.
Intracarotid injection of liposomes was performed in separate
cohorts of both healthy and C6 glioma-bearing Sprague
Dawley rats after induction of transient cerebral hypoperfu-
sion. Large (200 nm) and small (60–80 nm) fluorescent dye-
loaded liposomes that were either cationic or neutral in surface
charge were utilized. Delivery effectiveness was quantitatively

measured both with real-time, in vivo and postmortem diffuse
reflectance spectroscopy. Semi-quantitative multispectral fluo-
rescence imaging was also utilized to assess the pattern and
extent of liposome targeting within tumors. Large cationic li-
posomes demonstrated the most effective hemispheric and gli-
oma targeting of all the liposomes tested. Selective large cat-
ionic liposome retention at the site of glioma growth was ob-
served. The liposome deposition pattern within tumors after
intraarterial injection was variable with both core penetration
and peripheral deposition observed in specific tumors. This
study provides evidence that liposome size and charge are
important determinants of effective brain and glioma targeting
after intraarterial injection. Our results support the future de-
velopment of 200-nm cationic liposomal formulations of can-
didate intraarterial anti-glioma agents for further pre-clinical
testing.
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Nanoparticle

Introduction

Selective intraarterial (IA) nanoparticle delivery could provide
a vehicle for the delivery of a broad range of brain tumor
therapeutic agents [1, 2]. However, the pharmacokinetics of
such a strategy is complex and not well understood [3, 4]. In
theory, the regional deposition of nanoparticles after IA injec-
tion reflects a balance between the forces promoting attach-
ment to the vascular endothelium and the hydrodynamic and
sheer stress that tends to displace them (Fig. 1) [5–7]. For
spherical nanoparticles such as liposomes, computational
models suggest that the force of attachment largely depends
on size and surface charge characteristics [7].
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Although preliminary experiments indicate that cationic
charge may improve tissue deposition of liposomes after IA
injection, the combined roles of particle size and charge re-
main unclear [3, 8, 9]. Furthermore, the hemodynamic conse-
quences of altering these particle characteristics have not been
rigorously studied in animal glioma models. In the present
study, we investigate the combined effect of liposome size
and charge on delivery efficiency after IA injection.
Utilizing the well-established method of IA injection during
transient cerebral hypoperfusion (TCH), we demonstrate that
both the ipsilateral brain hemisphere and, more specifically,
glioma tissue are preferentially targeted by cationic liposomes
in a size-dependent manner.

Methods

General

All the experiments were approved by the Columbia
University Institutional Review Board and the Animal Care
and Use Committee. Details of animal care and monitoring,
anesthetic protocol, C-6 glioma culture and stereotactic im-
plantation, and induction of transient cerebral hypoperfusion
(TCH) can be found in our prior publications [4, 8, 9]. Four
experimental groups consisting of seven animals each includ-
ed cohorts injected with (1) small neutral liposomes, (2) large
neutral liposomes, (3) small cationic liposomes, and (4) large
cationic liposomes. The experiments were replicated in both
glioma-bearing and non-glioma-bearing animals. Gliomas
were allowed to grow for 1 week in vivo prior to the start of
the experiments in order to ensure relatively small tumor sizes
and no animal morbidity. Small liposomes were defined as

those having a diameter of 60–80 nm, and large liposomes
were defined as those having a diameter of 200 nm.

Animal preparation

Sprague Dawley rats were utilized for all animal experiments.
Anesthesia was induced with 5 % isoflurane and intramuscu-
lar ketamine. The internal carotid artery was surgically isolat-
ed while other branches of the common carotid artery were
ligated to ensure selective delivery to the ipsilateral brain
hemisphere. The common carotid artery was cannulated using
polyethylene P-50 tubing. The animals were then placed on a
stereotactic frame for scalp incision and calvarial drilling. The
skull was exposed and the parietal bone was thinned to near
transparency over the middle cerebral artery distribution. The
frontal bone was also prepared in a similar manner for place-
ment of a laser Doppler probe to record changes in cerebral
blood flow. The fiber optic probe for diffuse reflectance spec-
troscopy (DRS) was placed over the parietal region.
Physiological parameters were monitored including electro-
cardiogram, mean arterial pressure, inspired and expired oxy-
gen, carbon dioxide and isoflurane concentrations, respiratory
rate, skin blood flow, pulse-oxygen saturation, pulse volume,
and rectal temperature.

Liposome preparation

Dimyristoylphosphatidylcholine (DMPC) and dioleoyl-
trimethylammonium-propane (DOTAP) were obtained from
Avanti Polar Lipids (Alabaster, AL). Cholesterol (Chol) was
obtained from Sigma-Aldrich (St. Louis, MO). DilC18(5)
(DiD) was obtained from Invitrogen (Carlsbad, CA).
Liposomes were prepared by hydration of dried lipid films

Fig. 1 Factors affecting the
delivery of nanoparticles. A
schematic of the cerebral capillary
lumen is shown. Shear stress and
hydrodynamic forces tend to
displace nanoparticles from the
endothelium. Nanoparticle
properties including shape, size,
and charge as well as ligand-
receptor interactions determine
the affinity of the particles to
attach to the endothelium
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with NaCl/TRIS (140/10 mM, pH 6.8) buffer, followed by
freeze-thawing three times, and then sequential extrusion
through polycarbonate filters to a final diameter of 80 or
200 nm [1, 2, 9]. Large liposomes were purified further by
centrifugation (28,000g for 20 min). Cationic liposomes were
c o m p o s e d o f D M P C : D O TA P : C h o l : D i D
(2.75:2.75:4.5:1.1 mol% each), and charge-neutral liposomes
were composed of DMPC:Chol:DiD (5.5:4.5:1.1 mol%) [10].
The zeta potentials of DMPC:DOTAP:Chol:DiD and
DMPC:Chol:DiD are −9.53 and 3.7 respectively.

Liposome particle size was measured using a Nanobrook
Omni instrument (Brookhaven Inc., Holtsville, NY). The
charge-neutral liposomes (DMPC:Chol) had mean diameters
of 60 or 200 nm, with a polydispersity index (PDI) of 0.236.
The cationic liposomes containing 50 % DOTAP had mean
diameters of 80 or 200 nm (PDI 0.095). The liposome mem-
brane was labeled with a non-exchangeable dialkyl
carbocyanine dye DilC1818(5) (DiD) which has a peak ab-
sorption at 650 nm and an emission at 670 nm [11, 12]. The
final phospholipid concentration of the liposome prepara-
tions was 10 mM for all except the 200-nm cationic lipo-
somes, which was 8.4 mM. Therefore, the injection vol-
ume was adjusted to ensure administration of equal lipid
doses.

Intraarterial injection

Carotid artery injections consisted of microboluses of 50–
60 μl using a pneumatic syringe system consisting of a pres-
sure ejector (Picospritzer III, Parker Hannifin, Pine Brook, NJ)
controlled by a signal generator (Model #33220A, Agilent
Technologies Inc., Santa Clara, CA). Typically, 15 injections
were needed to ensure delivery of the liposome volume.

Spectroscopy and fluorescence imaging

Diffuse reflectance spectroscopy (DRS) measurements were
obtained using a custom-built spectroscope (Optimum
Technologies Inc., Southbridge, MA) to measure the concen-
tration of membrane-incorporated DiD dye [13]. In all, 612
measurements of tissue concentrations were made over a 45-
min period for in vivo samples. The pharmacokinetic param-
eters recorded were peak concentration, end concentration,
and the total area under the concentration-time curve (AUC).
Single time point, postmortem DRS was also performed in
tumor tissue.

Multispectral imaging (MSI) was used to determine the
liposome distribution in postmortem tissue samples.
Measurements were obtained on whole brain and on coronal
sections using 635±5 nmLED light excitation, while imaging
through a 680±5-nm band-pass filter using a CCD camera
(Allied Vision Technology Prosilica CE camera) [4].

Statistical analysis

Statistical analysis was performed using Stat View 5.2 (SAS
Institute, Cary, NC). Data were analyzed using ANOVA and
factorial ANOVA. Post hoc corrections (Bonferroni-Dunn)
were performed when multiple comparisons were made.
Statistical significance was set at p<0.05.

Results

Physiological and hemodynamic analyses during liposome
injection

Physiological and hemodynamic parameters were measured
in healthy rats during IA injections to test for liposome-related
changes in blood flow. All the experimental groups showed a
similar pattern and degree of hemodynamic change during
transient cerebral hypoperfusion (TCH) suggesting uniform
IA delivery physiology (Fig. 2). No differences in the sever-
ity of hypotension or in the degree of cerebral blood flow
reduction during injection were seen. Trends suggesting
faster recovery of blood flow with large neutral liposome
delivery and slower recovery with large cationic liposome
delivery were observed but not shown to be significant. No
evidence of prolonged cerebral blood flow stagnation or
occlusion was observed during delivery of liposomes of
any size.

Liposome deposition in normal brain

In vivo DRS measurements indicate that of all the experimen-
tal groups, large cationic liposomes are most effectively deliv-
ered to the hemisphere ipsilateral to the carotid artery injec-
tion. Althoughmeasured peak concentrations were highest for
cationic liposome formulations, this was not statistically sig-
nificant, reflecting that at this early time point the bulk of the
signal is contributed by liposomes in the blood space that are
not tissue bound. In contrast, the end concentrations which
represent tissue-bound liposomes having a delayed clear-
ance and the overall tissue exposure (area under the curve,
AUC) were both size and charge dependent, with large
cationic liposomes having the highest concentrations
(p< 0.05) (Fig. 2). Semi-quantitative postmortem MSI of
harvested brains was consistent with the real-time in vivo
findings (Fig. 3).

Liposome deposition in brain tumors

DRS and MSI revealed no significant uptake of neutral lipo-
somes by the ipsilateral brain hemisphere or glioma tissue.
Due to this very low deposition, no further testing was done
with neutral liposome formulations in tumor-bearing animals.
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On the other hand, cationic liposomes demonstrated robust
targeting to the ipsilateral hemisphere and to the site of tumor
growth (Figs. 4 and 5). Delivery efficiency was also seen to
be size dependent, with large cationic liposomes having
increased hemispheric and tumor targeting as compared
to small cationic liposomes as quantitated by postmortem
DRS (p= 0.03). Of note, real-time in vivo DRS concentra-
tion measurements did not reveal a significant difference in
the delivery of large versus small cationic liposomes and
are likely due to insensitivity of the method for deep tumor
measurements.

MSI demonstrated a variable pattern of liposome delivery
to the tumor mass (Fig. 6). Qualitative assessment suggests
that tumor core penetration by liposomes becomes less robust
and less consistent as the target glioma increases in volume.

Discussion

Liposomes and other nanoparticles can serve as carrier vehi-
cles for targeted delivery to the brain [2, 14–20]. Novel deliv-
ery approaches such as intraarterial (IA) administration with
the use of transient cerebral hypoperfusion can increase the
selectivity of particle delivery in pathological settings such as
when gliomas are present [9, 21–24]. In this study, we made
three potentially clinically relevant observations including
that (1) varying particle charge and size within the tested
range do not appreciably affect cerebral blood flow phys-
iology, (2) cationic liposomal formulations are superior as
compared to neutral formulations for brain delivery, and
(3) large (200 nm) cationic liposomes are more efficiently

targeted to glioma tissue than are smaller (80 nm) cationic
liposomes.

Measurement strategy

Our approach to the assessment of IA drug delivery effective-
ness presents a number of issues that are worthwhile to dis-
cuss. We employ both diffuse reflectance spectroscopy (DRS)
and multispectral imaging (MSI) in our analysis of liposome
concentrations in brain tissue. The key advantage of DRS is its
ability to assess drug/tracer concentrations in a subsecond
time frame and to generate site-specific tissue measurements
non-invasively [13]. PostmortemMSI and in some cases DRS
can then be used to corroborate calculated deposition concen-
trations. When employed in such a fashion, DRS and MSI
complement each other. Whereas MSI semi-quantitatively in-
terrogates large areas of the tissue sample, DRS provides
quantitative drug/tracer concentration measurements in very
small volumes of tissues.

A limitation of using DRS for real-time analysis of live
tumor-bearing animals is that the method is insensitive to deep
subcortical signals. In fact, this may entirely explain why our
in vivo measurements did not reveal a significant difference in
the deposition of large versus small cationic liposomes.
Fortunately, concordant postmortem DRS and MSI indicate
that particle size is indeed an important variable that modu-
lates delivery efficiency.

Particle charge

The relative abundance of anionic lipids on cancer endothelia
provides a valuable target for cancer detection and treatment

Fig. 2 Hemodynamic changes and liposome delivery after intraarterial
injection during transient cerebral hypoperfusion in healthy animals.
In vivo measurements of liposome delivery to the ipsilateral hemisphere
show that both the end concentration and total tissue exposure (AUC)
were significantly highest for large cationic liposomes (top panel).

Physiological/hemodynamic changes in the animals including end tidal
carbon dioxide (ETCO2), mean arterial pressure (MAP), and percent
change in cerebral blood flow (CBF) were not significantly dependent
on the size or charge characteristics of the liposome delivered (bottom
panel)
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strategies, including the delivery of cationic nanoparticles
[25–28]. Prior studies have shown that tumor selective uptake
of cationic particles is feasible and that cationic particle charge
enhances binding to tumor vasculature [17, 29–34]. The mi-
croenvironment of the tumor has a considerable effect on drug
delivery, and these factors in glioma treatment are only recent-
ly being investigated [35, 36].

Anionic lipids are relatively overexpressed in the endo-
thelium of neoplastic tissue, thus imparting a relatively
greater negative charge to the neoplastic compared to

healthy endothelium [37]. In addition, certain cationic en-
tities are able to penetrate the blood-brain barrier through
adsorptive transcytosis [38]. Thus, optimizing cationic
nanoparticle properties—as we have done through the in-
troduction of size variation—represents an important strat-
egy for developing better intraarterial brain cancer treat-
ments. Indeed, our preliminary observation that liposome
deposition is variable and may be dependent on parameters
such as tumor volume reinforces that further optimization
may be useful.

Fig. 3 Dynamics of brain
liposomal uptake in healthy rats.
Concentration-time curves show
the real-time, in vivo uptake of
liposomes after ipsilateral carotid
artery injection (left panel).
Multispectral images (MSI) of
harvested brain show the degree
of liposome deposition for the
four liposome types tested (right
panel). Note that only minimal
neutral liposome deposition is
observed on postmortem MSI.
Higher-intensity MSI signal is
evident after 200-nm cationic
liposome delivery than after 80-
nm cationic liposome delivery
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Particle size

The size of a spherical nanoparticle has two opposing effects
on regional deposition. For a particle to stably bind to the
vessel wall, the adhesive forces between the cationic parti-
cle and the anionic endothelium need to overcome the hy-
drodynamic stresses that tend to dislodge them. For spher-
ical particles, the larger the particle size, the greater the
probability of adhesion. This is due to the larger particle

surface area being available for adhesive interactions with
the vessel wall. However, with increasing particle size, the
hydrodynamic drag (dislodging forces) on the particle also
increases. This may overwhelm the adhesive forces, mak-
ing it harder for the particles to stick to the wall. In other
words, a large as compared to a small nanoparticle will
have a greater surface area of contact with the cerebral
vascular endothelium but will be subjected to a greater
degree of hydrodynamic stress.

Fig. 4 Cationic liposomes specifically target tumor site. Concentration-
time curves (left panel) as well as postmortem multispectral imaging
(MSI) of intact glioma-bearing brains (middle panel) indicate that
hemispheric delivery of both large and small cationic liposomes occurs

after intraarterial delivery. MSI of brain cross sections (right panel) show
that the site of glioma growth is specifically targeted by cationic
liposomes. Hematoxylin-eosin-stained section through tumor core is
also shown (inset, left panel)

Fig. 5 Delivery efficiency of liposomes to gliomas is size dependent. Bar
graphs of tissue concentration after 200-nm (a) and 80-nm (b) liposome
delivery are shown. Liposome concentrations were significantly greater
in the tumor-bearing region as compared to the contralateral hemisphere

and the ipsilateral non-tumor brain tissue for both liposome sizes. Tumor-
bearing regions and ipsilateral non-tumor brain tissue had higher
concentrations of 200-nm liposomes as compared to 80-nm liposomes
(p = 0.03, each)
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Hossain and coworkers reported this biphasic relationship
for a range of particle sizes and demonstrated that the opti-
mum size for maximum adhesion is a function of local hemo-
dynamics [6]. For example, when local hemodynamics are
such that the wall shear rate is low, the greater the particle
size, the more efficiently the particles adhere to the vessel
wall. Conversely, when the wall shear rate is high, larger par-
ticles adhere less efficiently. A lower wall shear rate promotes
particle adhesion as it reduces hydrodynamic stresses while
increasing particle residence time, thereby enhancing particle
surface-vessel wall (adhesive) interaction. For a given wall
shear rate, particle adhesion improves with larger particles
until it reaches an optimum (maximum) particle size beyond
which particle adhesion becomes less efficient with size in-
crease. This is because the gains in adhesive interactions can
no longer overcome the rise in hydrodynamic stresses due to
size increase.

Computational analysis suggests that an increase in particle
volume to approximately 0.1 μm3 (576 nm diameter) repre-
sents a limit beyond which further size increase is detrimental
to particle adhesion [7]. Emerging in vitro studies seem to
corroborate these calculations [5, 6]. In the present work,
transient cerebral hypoperfusion creates a low wall shear
rate environment that is sustained for a period of time to
promote particle adhesion. Under such favorable hydrody-
namic conditions, relatively larger liposomes are more ef-
fective. This is because gains in adhesive interactions due
to the larger area of interaction more than compensate for

the corresponding increase in hydrodynamic stresses as a
result of size increase.

Particle shape and future studies

Factors that affect the probability of liposome deposition in-
clude the number of particles present, shear stress, particle
shape and size, and other factors (Fig. 1). For example, a
computational model by Liu et al. [7] suggests that compared
to cylindrical particles of the same volume, spherical particles
tend to remain in the center of the stream. The tumbling mo-
tion of cylindrical nanoparticles would tend to displace them
from an axial flow distribution and also increase the probabil-
ity of contact with the endothelium. This, in turn, would in-
crease the probability of an elongated particle adhering to the
vascular endothelium. Discoid nanoparticles in such simula-
tions also seem better suited for regional deposition [7]. These
modeling concepts are still in early phases of evolution and
have been developed to describe particle behavior in large
vessels, leaving questions as to what happens at the capillary
level, especially during states of hemodynamic instability
such as that created by transient arrest of cerebral blood flow.
Therefore, application of such modeling approaches to the
complex physiological conditions inherent to our experimen-
tal model will be important to undertake, so that their limita-
tions can be understood and addressed. The refinement of
solid nanoparticles that can be designed to have a variety of

Fig. 6 Liposome deposition
pattern is variable after
intraarterial injection. A diffuse
pattern of 200-nm cationic
liposome deposition is
demonstrated (top panel).
Alternatively, incomplete core
deposition with regions of dense
peripheral deposition could also
be seen in larger tumors (middle
panel). Even less robust tumor
core penetration by 80-nm
cationic liposomes is seen in
another representative tumor,
consistent with 80-nm liposomes
being less efficient delivery
vehicles than 200-nm liposomes
(bottom panel). From left to right:
gross section through tumor core,
corresponding hematoxylin-
eosin-stained paraffin section,
MSI fluorescence image of
liposome deposits, and
fluorescence image superimposed
on gross section
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shapes in contrast to liposomes is an important future direction
for application in the system we present.

Conclusion

This study suggests that cationic liposomes may serve as an
effective vehicle for intraarterial delivery to gliomas.We dem-
onstrate that 200-nm cationic liposomes are better retained
than 80-nm particles in the brains of both healthy and
glioma-bearing animals. Our results support the development
of large cationic liposomal formulations of candidate
intraarterial anti-glioma agents for further pre-clinical testing.
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