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ABSTRACT Hyaluronan-grafted liposomes (HA-liposomes) pre-
ferentially target (D44-overexpressing tumor cells in vitro via HA
receptor-mediated endocytosis. We investigated the pharmacoki-
netics and biodistribution of HA-liposomes with various sizes of HA
(MW 5—8, 50—60, and 175—350 kDa) in mice. Incorporation of
negatively charged HA on the liposome surface compromised its
blood circulation time, which led to decreased tumor accumulation

in (D444 human breast cancer MDA-MB-231 xenografts compared
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HA polymer length-dependent; high MW (175—350 kDa, highest ligand binding affinity) HA-liposomes displayed faster clearance compared to low MW

(5—8, 50—60 kDa) HA-liposomes or PEGylated liposomes. Surface HA ligand density can also affect clearance of HA-liposomes. Thus, HA is not an effective

stealth coating material. When dual coating of PEG and HA was used, the PEG-HA-liposomes displayed similar blood circulation time and tumor

accumulation to that of the PEGylated liposomes; however, the PEG-HA-liposomes displayed better cellular internalization capability in vivo. Tumor

histology showed that PEG-HA-liposomes had a more direct association with (D44 cancer cells, while PEGylated liposomes located predominantly in the

tumor periphery, with less association with (D44 cells. Flow cytometry analysis of ex vivo tumor cells showed that PEG-HA-liposomes had significantly

higher tumor cell internalization compared to PEGylated liposomes. This study demonstrates that a long blood circulation time is critical for active tumor

targeting. Furthermore, the use of the tumor-targeting ligand HA does not increase total tumor accumulation of actively targeted liposomes in solid

tumors; however, it can enhance intracellular delivery.
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HA polymer length - PEG coating

livery systems (DDS) have made an

enormous impact in the field of oncol-
ogy.' A breakthrough in liposomal DDS
occurred with coating of the liposomes with
hydrophilic polymer poly(ethylene glycol)
(PEG), which forms a hydrated shell, acts as
a “stealth” steric barrier against nonspecific
attachment of plasma protein (opsonin) to
the liposome surface, and slows down lipo-
some clearance from circulation in vivo.* ° It
is well accepted that long-circulating stealth
liposomes, with an average diameter of
100—200 nm, are capable of spontaneously

I iposome-based nanocarrier drug de-
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accumulating around tumors via the “en-
hanced permeability and retention” (EPR)
effect.”'° This “passive tumor targeting” is
achieved by extravasation of liposomes
through more permeable (“leaky”) tumor
vasculature within tumors that also have
impaired lymphatic drainage.'"’? On the
other hand, after localizing at the patholo-
gical site, the “PEG dilemma” becomes a
concern,'*'* because PEG polymer coating
not only reduces the rate of uptake by the
reticuloendothelial (RES) system but also
reduces interactions between liposomes
and the surface of the target cell, hindering
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entry of liposomes into tumor tissues, thus compromis-
ing efficacious drug or gene delivery to target cells
and intracellular trafficking to target subcellular
organelles.”>~ "7 The “active tumor targeting” strategy
serves to functionalize the surface of the nanocarrier
with various tumor targeting moieties such as ligands,
antibodies, peptides, protein fragments, and nucleic
acids to allow for preferential binding to selective
receptors or markers on diseased cells. This is often
followed by receptor-mediated endocytosis and nano-
particle internalization into cells to improve intracellu-
lar drug delivery and therapeutic index.>'® However,
the relative contributions of passive and active tumor
targeting are still under debate.’®~23 Multiple factors,
such as nanocarrier size, shape, charge, and surface
chemistry,?*?*> dynamic transport of the nanocarrier
in blood, tumor spatial and temporal heterogeneity,
receptor and ligand affinity, and complexities of the
diffusional barrier in solid tumors, may profoundly
affect the pharmacokinetics and efficiency of the active
tumor targeting approach.'’?32¢

Hyaluronan (HA), a hydrophilic and biodegradable
polysaccharide, has been the subject of extensive
investigation as a superior biomaterial for the formula-
tion of nanoparticles, bioconjugates, hydrogels, and
scaffolds for drug delivery and tissue engineering.?” ~%°
HA binds with high affinity to its principal receptor,
CD44, which is overexpressed in a wide variety of solid
tumors and is involved in cancer progression and
metastasis.>° 33 Multivalent interactions of endogen-
ous HA with CD44 drive numerous tumor-promoting
signaling pathways and transporter activities and
are crucial in both malignancy and resistance to
therapy.®*** In recent years, CD44 has attracted sig-
nificant attention because of its utility as a cancer stem
cell marker in several malignancies, and it has surfaced
as a promising therapeutic target and prognostic
marker for cancer therapy.3® HA polymer has been
used as a tumor-targeting ligand and drug delivery
carrier to target various anticancer drugs,>> 3’ genes,
RNAI,*33° and imaging agents*® to CD44-overexpres-
sing cells. HA-modified nanocarriers and HA—drug
conjugates have been shown to improve the tumor-
targeting potential and enhance the therapeutic
index of its payloads.*' For instance, conjugation of
HA (MW = 1200 kDa) to mitomycin C and epirubicin
was shown to enhance antitumor efficacy in Lewis lung
carcinoma mouse models.*? HA—paclitaxel conjugates
were demonstrated to enhance the survival of mice
bearing ovarian cancer (HA MW = 40—200 kDa),****
bladder cancer,*® breast cancer brain metastasis (HA
MW = 5 kDa),*® and squamous cell carcinomas of the
head and neck (HA MW = 40 kDa).*” HA—butyric acid
ester conjugate (HA MW = 85 kDa) inhibited hepatic
tumor metastases in vivo.*®* HA-grafted liposomes
(HA-liposomes, ~10° kDa HA) encapsulating doxoru-
bicin significantly increased its antitumor activity
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compared to PEGylated liposome Doxil in syngeneic
and human xenograft mouse tumor models.*® Further-
more, mitomycin C-loaded HA-liposomes (HA MW:
~1000—2000 kDa) enhanced the survival of mice with
lung metastasis.®

Despite the promising results of HA-liposomes for
targeting of tumors, there is a considerable amount
of confusion in the literature on how HA molecular
weight variability may influence its tumor-targeting
ability. For instance, HAs used for coating liposomes
are highly heterogeneous with respect to polymer
length, ranging from oligosaccharide HA (oligo HA,
~10—20 sugars in length)®” to naturally occurring high
molecular weight HA (HMW HA, ~10° Da).>**° Low
molecular weight HA (LMW HA) and HMW HA have
quite different CD44 binding affinities and biological
effects.”®®! In addition to the CD44 receptor, HA also
displays good affinity for several cell surface receptors,
such as RHAMM/CD168 (receptor for hyaluronan-
mediated motility, extracellular matrix receptor asso-
ciated with wound healing and cancer),®> HARE (HA
receptor for endocytosis, expressed in the sinusoidal
endothelial cells of the liver and spleen),®® LYVE-1
(lymphatic vessel endothelial HA receptor)>* and
Toll-like receptors 2 and 4.°° Intravenously admin-
istered HA has rapid clearance in humans and various
other animal species, with a half-life of less than
10 min.>®~>8 A clear picture of the mechanisms under-
lying the effects of HA modification on liposomes'
pharmacokinetic profile is still lacking.

We and others have previously shown that HA-
liposomes can selectively target CD44-overexpressing
cancer cells efficiently and specifically in vitro via receptor-
mediated endocytosis.*® The cellular-targeting effi-
ciency of HA-liposomes strongly depends upon HA
molecular weight (MW 5—8 < 10—12 < 175—350 kDa),
HA grafting density, and cell surface CD44 receptor
density.*° Both the size and grafting density of HA need
to be fine-tuned when designing an HA-coated nano-
carrier system for in vivo use. In the current study, we
aimed to address the following questions. Can hydro-
philic polymer HA substitute PEG to provide “stealth”
properties of liposomes in circulation? Will the polymer
length and grafting density of HA play a role in the
circulation properties of HA-liposomes in vivo? To what
extent will the HA-liposomes accumulate in tumors?
What are the relative contribution of passive tumor
targeting through the EPR effect and active tumor
targeting through the CD44 receptor-mediated active
tumor targeting for HA-liposomes?

Using radiotracer- and near-infrared (NIR) dye-
labeled HA-liposomes and real-time imaging methods,
we have systemically investigated the pharmaco-
kinetics and biodistribution of HA-liposomes of varying
polymer length and grafting densities and with or
without PEG in healthy mice and immunocompro-
mised mice bearing human breast cancer. We found
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that, compared to PEGylated liposomes, incorporation
of biologically active HA can compromise liposome
circulation time in blood due to recognition and
clearance by the RES system, leading to decreased
passive accumulation in the tumor; therefore, hydro-
philic HA is not a suitable stealth coating material.
In vivo clearance of HA-liposomes was HA polymer
length dependent, with high MW HA-liposomes (175—
350 kDa HA, high ligand binding affinity) displaying
faster clearance, despite exhibiting higher CD44
receptor-mediated endocytosis in vitro. PEG-HA-
liposomes had similar blood circulation time and tu-
mor accumulation to the PEGylated stealth liposomes
upon dual coating with PEG and HA; however, PEG-HA-
liposomes had better cellular internalization capabil-
ities compared with PEGylated liposomes in vivo.

RESULTS AND DISCUSSION

Properties of HA-Liposomes. HA-liposomes with differ-
entHA sizes (5—8,50—60, and 175—350 kDa, CD44 bind-
ing affinity: 175—350 kDa > 50—60 kDa > 5—8 kDa HA)
were prepared via carbodiimide-conjugation chem-
istry.>° Particle size, polydispersity index (PDI), and zeta
potential (£) of plain (unsubstituted) liposomes, PEGy-
lated liposomes (methoxy-PEG, or mPEG, 5 kDa, 5%
mol), and HA-liposomes are shown in Table 1. We
selected PEG-5000 to match the size of LMW HA
(5—8 kDa). In vivo studies have shown that the PEG-
5000 liposomes had similar blood circulation time to
PEG-2000 liposomes.>*~®' We confirmed that PEG-
5000 liposomes and PEG-2000 liposomes displayed
similar cellular uptake in MDA-MB-231 cells and in vitro
phagocytosis in THP-1 cells (Supporting Figure 1). All
formulations had sizes around 120 nm with limited
variation in particle size (PDI < 0.3). All HA-liposomes
had higher negative surface charge ({ ~ —50 mV)
compared to that of plain liposomes (—38.5 mV) and
PEGylated liposomes (—6.6 mV), owing to the presence
of anionic polymer HA on the surface of the liposomes
and a slightly different lipid composition. The HA to
lipids ratio (HA/L, g HA/umol lipid) ranged from 20 to
35 ug/umol. All liposomes were used for in vivo study
within 2 weeks after preparation. All formulations were
stable with unchanged particle sizes and zeta poten-
tials prior to injection.

TABLE 1. Physicochemical Characteristics of Liposomal
Formulations

liposomes size” (nm)  PDI®  C°(mV)  HA:dipid? (ug/pmol)
plain 1M74+4 0288 —385+1 NA
5—8 kDa HA 12542 0130 —50.1 42 344
50—60 kDa HA 120+ 2 0091 —49.7 +5 23
175—350 kDa HA 120+£3 0090 —523+4 20.0
PEG-175—350 kDaHA 12141 0213 —9.23 43 185
mPEG-5000 1M34+£2 0112 —66403 NA

%< Measured by dynamic light scattering. ® Polydispersity index. ¢ HA contents were
measured by CTAB precipitation assay.
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Pharmacokinetics of *H-Labeled HA-Liposomes with Different
Sizes of HA. To examine the effect of polymer length
of the HA ligand on the pharmacokinetics of HA-
liposomes in healthy mice with an intact immune
system, we incorporated radioactive tracer label
3H-cholesteryl hexadecyl ether into liposomes
(H-liposomes). The nonexchangeable and metabo-
lically inert label is reliable to monitor the fate of
liposomes in vivo.®®> The blood radioactivity—time
profiles of HA-*H-liposomes (5—8, 50—60, and
175—350 kDa HA) or PEGylated 3H-liposomes after
intravenous (iv) injection into CD-1 mice are presented
in Figure 1A. The radioactivity remaining in the blood
was expressed as a percentage of the injected dose
(%ID). The blood levels of all liposomes fell rapidly to
nearly 20—40% of the injected dose within 3 h post-
injection. Higher blood levels of PEGylated liposomes
were observed compared to all HA-liposomes at all of
the time points measured. The 5—8 kDa HA-liposomes
and 50—60 kDa HA-liposomes had overlapping resi-
dual blood radioactivity curves, which were modestly
lower than that of the PEGylated liposomes. The
175—-350 kDa HA-liposomes displayed accelerated
clearance from blood, which resulted in lower blood
levels compared with those seen with PEGylated lipo-
somes or HA-liposomes with short and medium HA
chain lengths (Figure 1A).

Pharmacokinetic parameters, which were esti-
mated by noncompartmental analysis of the blood
concentration (%ID/mL)—time data, are summarized
in Table 2. PEGylated liposomes had significantly
higher area under the blood concentration—time
curve (AUC) in comparison to 5—8, 50—60, and 175—
350 kDa HA-liposomes (p < 0.05). The 175—350 kDa
HA-liposomes had significantly lower AUC in compar-
ison to 5—8, 50—60 kDa HA-liposomes and PEGylated
liposomes (p < 0.05). The 175—350 kDa HA-liposomes
also had significantly higher clearance (CL) and
volume of distribution (Vd) compared to that of 5—38,
50—60 kDa HA-liposomes and PEGylated liposomes
(p < 0.01). Other parameters, such as elimination half-
lives and mean residence time (MRT), were not signifi-
cantly different among all liposomes tested (p > 0.05).

A previous study suggested that surface-bound
HMW HA polymer can behave just like PEG, providing
a hydrophilic shield and promoting long circulation.*®
Another study indicated that LMW HA could be a viable
option as a PEG substitute when passive delivery is
required.”’ We have systemically studied the pharma-
cokinetics of HA-liposomes with three different HA
polymer lengths and compared with that of PEGylated
liposomes. Our data show that the addition of HMW HA
ligand (175—350 kDa, highest ligand binding affinity)
can significantly accelerate liposome blood clearance.
The clearance of HA-liposomes is dependent on the
polymer length of HA. The surface charge of nano-
particles is also an important factor affecting the
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Figure 1. Pharmacokinetics and biodistribution of *H-labeled PEGylated liposomes versus HA-liposomes (with varying MW of
HA) after a single iv bolus injection into CD-1 mice. At different time points, mice were sacrificed; residual blood radioactivity
of3H-Iiposomes is presented as %ID remaining in total blood (A). The radioactivity in various organs at 24 h (B) postinjection is
presented as %ID/g. All values are reported as mean + SD (n = 3—6 mice per time point).

TABLE 2. Pharmacokinetic Parameters Derived from Noncompartmental Analysis of >H-Liposomes Injected into CD-1

Mice®

formulation ti2 (h) AUG,._... (%ID - h/mL) Vd (mL) CL (mL/h) MRT (h)
5—8 kDa HA 6.32 £ 0.69 327 £53 287 £ 0.77 0.31 £ 0.05 8706
50—60 kDa HA 735£ 0.75 324 1+ 34 3.28+£021 0314 0.03 96+ 1.0
175—350 kDa HA 9.14 £ 1.64 216 4 34* 6.14 £ 0.98** 0.47 & 0.07* 15431
mPEG-5000 9.60 £ 2.46 428 + 8* 3.23 £0.78 0.23 £ 0.01 1M5+£33

“ All values are reported as mean == SD. AUCy_... values were calculated by using trapezoidal integration of radioactivity concentrations (%ID/mL blood) versus time curves from
0to 24 h and extrapolation from 24 h to infinity. Statistical analyses among HA-liposomes and PEGylated liposomes were conducted using one-way ANOVA followed by Tukey's
multiple comparison test. *p < 0.05; **p < 0.01 significant difference compared to all other groups.

corona composition after interaction with plasma pro-
teins;>>®3 the higher the particle surface charge den-
sity, the more proteins are adsorbed.®* Levchenko et al.
reported that the rate of clearance from blood and
uptake by the liver were significantly higher for the
negatively charged liposomes ( < —40 mV) than for
the neutral liposomes (£ = +10 mV).5® Lee et dl.
reported that polymersomes with a slightly negative
surface charge ({ = —7.6 mV) have longer circulation
time and a higher tumor accumulation in mice than
polymersomes with a more negative surface charge
(& = —38.7 mV).%° The negative surface charge of the
HA-liposomes (¢ ~ —50 mV) may contribute to their
shorter blood circulation time in comparison to near
neutral PEGylated liposomes (§ = —6.6 mV). Together,
although hydrophilic HA polymer shares a number of
similarities with PEG, HA does not appear to be a
suitable stealth material in vivo.

Biodistribution of HA-Liposomes in Healthy Mice. At 24 h
postinjection of HA-*H-liposomes of various HA poly-
mer length or PEGylated *H-liposomes, all mice were
sacrificed, and radioactivity in the blood, plasma, and
major organs was analyzed (Figure 1B). All HA-lipo-
somes and PEGylated liposomes showed high accu-
mulations in RES organs, such as the liver and spleen,
which are responsible for active clearance of liposomes
from circulation. The 175—350 kDa HA-liposomes

QHATTAL ET AL.

exhibited the highest levels in the spleen (167.2%ID/qg)
and the lowest levels in blood and plasma. Although the
%ID/g value for spleen was highest among all organs
tested, the overall spleen accumulation (%ID) repre-
sented only 10% of the total injected dose due to its
small mass. The liver accounted for greater than 50% of
clearance of the injected liposomal dose for all formula-
tions used in the study. Uptake of liposomes from all
organs did not total 100%, suggesting other possible
uptake sites, such as the bone marrow, muscle, skin,
and/or gut.

Liver sinusoidal endothelial cells were shown to be
involved in the clearance of HA-conjugated quantum
dots.%” Liver and spleen are more involved in the
clearance of free HA compared to other organs.®®¢°
The fast clearance and high RES uptake of 175—
350 kDa HA-liposomes could potentially be due to
their high affinity for other HA receptors such as HARE
and LYVE-1, which are abundantly expressed in normal
sinusoidal endothelial cells of the liver, spleen, and
activated tissue macrophages.”®”"

Real-Time Imaging of NIR Dye-lLabeled HA-Liposomes in
Healthy Mice. To confirm the pharmacokinetic data seen
with radiotracer-labeled liposomes, we set up a non-
invasive whole-animal fluorescence imaging method
to follow the in vivo fate of NIR dye DiD-labeled
liposomes (DiD-liposomes) in real time. The DiD dye
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Figure 2. Real-time imaging of DiD-labeled PEGylated liposomes versus HA-liposomes (with varying MW of HA) after iv bolus
injection into CD-1 mice. (A) Representative fluorescence images of mice after iv injection of DiD-free dye (i), 5—8 kDa (ii),
50—60 kDa (iii), 175—350 kDa (iv), HA-liposomes and PEGylated liposomes (v) after normalizing the data to the same scale.
(B) Fluorescence kinetic curves of mice over time. The average radiance was generated from the ROIs drawn at the skull region
of mice representing systemic exposure of DiD-liposomes in mice. (C) Average radiance AUC og3_24n Values of different
treatment groups. The AUC values were calculated from fluorescence kinetic curves and normalized based on 175—350 kDa
HA-liposomes value (set as 100%). (D) Ex vivo fluorescence intensities of various organs 24 h postinjection. All images are
displayed on the same scale. (E) Image-based evaluation of the biodistribution of DiD-liposomes in various organs at 24 h. The
average radiance was generated from ROIs drawn on individual organs. ***Significant difference compared to all other
groups (p < 0.001, one-way ANOVA followed by Tukey's multiple comparison test). N = 3—5 mice per treatment group.

is highly lipophilic, mimicking some lipophilic drugs
that can potentially be loaded in liposomes. The DiD-
liposomes displayed bright fluorescence signals
in vivo. The average radiance values within the region
of interest (ROI) drawn at the skull region (underneath
the eyes and between ears, Figure 2A) were used as
surrogate representatives of liposome levels in circula-
tion. We did not draw ROIs over major organs or the
whole body, as this would introduce fluorescence
contributed from organs with high RES uptakes, which
do not represent circulation levels. We found that brain
ROI fluorescence intensity correlates with systemic
circulation levels but not actual brain tissue uptake,
since total brain uptake of 3H-liposomes was 100—
1000-fold lower than that observed in blood 24 h post-
injection of *H-liposomes (Figure 1B). Thus, the following
semiquantitative image analysis in mice was based on
the average radiance in the skull ROI of CD-1 mice.
Figure 2A shows representative images of CD-1
mice injected with equivalent doses of DiD-free dye,

QHATTAL ET AL.

DiD-HA-liposomes (5—8, 50—60, and 175—350 kDa), or
DiD-PEGylated liposomes after normalizing the fluo-
rescence intensity to the same scale. As expected, the
free dye was quickly removed from the body. All HA-
liposomes showed lower systemic fluorescence inten-
sities compared to PEGylated liposomes, as seen by the
pseudo-red color representing the presence of DiD-
liposomes in the body. The difference is more pro-
nounced at the terminal time point of 24 h. Kinetic
curves of fluorescence intensity were plotted based on
the average radiance generated from the ROIs drawn
at the skull region at different time points (Figure 2B).
The trend of the fluorescence kinetic curves is consis-
tent with the pharmacokinetic curves generated by
3H-liposomes; HA-liposomes had lower fluorescence
intensity at all time points compared with PEGylated
liposomes. The normalized fluorescence AUCj g3 24n
values showed that PEGylated liposomes had signifi-
cantly higher systemic exposure in comparison to all
HA-liposomes (p < 0.001, Figure 2C), suggesting that
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Figure 3. Circulation and biodistribution of DiD-labeled 5—8 kDa HA-liposomes with high (HA/L = 78) or low (HA/L = 34)
grafting densities in CD-1 mice. (A) Representative fluorescence images of mice after iv injection of HA-liposomes with high or
low HA grafting density liposomes. Images are presented on the same scale. (B) Kinetic curves of fluorescence intensity of
mice over time. The average radiance was generated from ROIs drawn at the skull region of mice representing systemic
exposure of DiD-liposomes in mice. (C) Average radiance AUCg og3_»4n Values of liposomes; results were normalized to high
grafting density HA-liposomes (100%). (D) Representative ex vivo fluorescence intensities of various organs 24 h postinjection
on the same scale. (E) Fluorescence intensity in various organs at 24 h. The average radiance was generated from ROIs drawn
on individual organs. *p < 0.05 after Student's t test. N = 3 mice per treatment group.

HA-liposomes were less “stealthy” and could be recog-
nized by the immune system for clearance.

We also monitored the fluorescence intensity of
ex vivo organs 24 h postinjection (Figure 2D). Organs
with the brightest yellow color represent the highest
DiD-liposome accumulation. We have drawn ROls on
each individual organ, and average radiance is pre-
sented in Figure 2E. Consistent with the trend of
3H-liposome data, all HA-liposomes and PEGylated
liposomes accumulated extensively in the spleen and
liver, suggesting involvement of RES organs in the
clearance of liposomes. These organs were not per-
fused with saline; the residual blood in capillaries may
contribute to increased plasma and organ fluores-
cence levels seen with PEGylated liposomes. In com-
parison to radiotracer analysis, in vivo near-infrared
fluorescence imaging data are semiquantitative since
the image information is surface-weighted (i.e., any-
thing closer to the surface will appear brighter), and
background signals are typically observed due to tissue
autofluorescence.”>”® However, the trend of imaging
results is consistent with prior pharmacokinetic data,
indicating that this noninvasive optical animal imaging
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method is convenient and useful in monitoring in vivo
behavior of nanoparticles in real time.

Effects of HA Grafting Density on Circulation Time of HA-
Liposomes. Grafting density of liposomes refers to the
amount of ligand or coating polymer present on the
liposome surface. In our previous in vitro study, we
showed that HA grafting density is crucial for cellular
uptake of HA-liposomes; HA-liposomes with higher
grafting density had higher cellular uptake.>® We com-
pared the circulation profiles of DiD-labeled 5—8 kDa
HA-liposomes with high (HA/L = 78) and low (HA/L =
34) HA grafting densities in CD-1 mice. The fluores-
cence images of representative mice at different time
points are presented in Figure 3A. The fluorescence
kinetic curves revealed that DiD-HA-liposomes with
high grafting density showed lower systemic exposure
and higher splenic uptake (red spot at left abdominal
region). The trend is more pronounced at 9 and 24 h
(Figure 3A,B). The normalized fluorescence AUCq og3_24n
values show that systemic exposure of 5—8 kDa
HA-liposomes with low grafting density is significantly
higher compared to HA-liposomes with high grafting
density (p < 0.05, Figure 3C). The ex vivo organ
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fluorescence images at 24 h postinjection show the
brightest fluorescence signals in the spleen and liver
(Figure 3D). The sequence of organ fluorescence inten-
sity is spleen > liver > kidney and lung > heart > brain
for both high and low grafting density HA-liposomes,
respectively (Figure 3E).

Ligand grafting density is one of the crucial factors
that may influence liposome clearance, as it directly
affects receptor binding affinity and plasma—protein
interactions. Despite the fact that, in vitro, HA-
liposomes with higher grafting density had higher
CD44-mediated cellular uptake,*® they displayed faster
clearance in vivo, presumably due to their higher
affinity to macrophages and other HA receptors. A
similar observation was also reported that the pre-
sence of folic acid on the surface of liposomes com-
promised their blood circulation time.”* When the
folate ligand density was higher than 0.15%, it re-
sulted in lower circulating levels of folate-liposomes.”
Aptamer-targeted nanoparticles with very high (10%)
and no (0%) grafting densities had higher hepatic and
lower tumor uptake compared to moderate (1% and
5%) ligand densities.”® The optimal ligand density is
referred to as the minimum amount of ligand on the
nanoparticle surface to confer maximal targeting
effect.”® Fine-tuning the HA polymer length and ligand
grafting density is important to balance good systemic
circulation and maximal target affinity.

Tumor Accumulation of NIR-Labeled HA-Liposomes in MDA-
MB-231 Subcutaneous Xenografts. Since receptor-mediated
uptake is dependent upon ligand—receptor interac-
tions, we sought to determine whether the presence of
tumor-targeting ligand HA on the surface of liposomes
would enhance their ability to actively target tumors
and overcome the previously observed loss in circula-
tion time. We compared tumor accumulation of the
actively targeted HA-liposomes and passively targeted
PEGylated liposomes in nude mice bearing CD44-over-
expressing MDA-MB-231 tumors. We injected equal
doses of DiD-HA-liposomes with different HA polymer
lengths or PEGylated DiD-liposomes ivin MDA-MB-231
xenografts and monitored tumor accumulation for
up to 96 h using the real-time imaging method
(Figure 4A). ROIs were drawn at the subcutaneous
tumor region at the right flank of the mice (white circle,
Figure 4A). The average radiance of the tumor at
different time points is presented in Figure 4B. PEGy-
lated liposomes not only showed higher tumor-
associated fluorescence compared to HA-liposomes of
all HA sizes (5—8,50—60, and 175—350 kDa HA) but also
had higher overall body fluorescence, suggesting high-
er systemic exposure at all time points (Figure 4A,B).
The normalized tumor fluorescence AUC pg3_ogn Values
show that tumor exposure of PEGylated liposomes
was ~3—5-fold higher than 5-8, 50—60, 175—
350 kDa HA-liposomes (p < 0.05), with no statistically sig-
nificant difference among all HA-liposomes (Figure 4C).

QHATTAL ET AL.

Consistent with the grafting density experiment per-
formed in healthy mice, 5—8 kDa HA-liposomes with
high HA content (HA/L= 78) showed significantly
lower tumor accumulation compared to 5—8 kDa HA-
liposome with low HA content (HA/L = 39) in MDA-MB-
231 xenografts (Figure 4DE, p < 0.01).

These results indicate that nanocarrier blood circu-
lation time is critically important for active tumor
targeting. Partitioning from blood to tumor through
active tumor targeting mechanisms requires sufficient
blood residence time and circulating levels before
tumor accumulation and receptor-mediated uptake
can occur. For passive and active targeting mechan-
isms, nanoparticles must first move across the leaky
vasculature of the tumor and extravasate into the
tumor interstitium. Nanoparticle extravasation is di-
rectly proportional to the concentration of nanoparti-
cles in blood.? If fewer targeted nanoparticles are able
to reach the tumor site, the gains from active targeting
after extravasation into the tumor will be compro-
mised. Our results support the notion that mass trans-
port of nanoparticles across the tumor vasculature is
the rate-limiting step for targeted delivery, and the
kinetics of this step is largely unaffected by receptor-
binding at the target.>° We also observed that the
PEGylated liposomes accumulate at the tumor gradu-
ally over 96 h, while tumor accumulation of all HA-
liposomes dropped within the initial 6 h (Figure 4B,D).
We speculate that nonspecific hepatic and splenic HA-
receptors quickly removed HA-liposomes from circula-
tion, resulting in decreased delivery to the tumor.

We also determined whether blocking hepatic and
splenic receptors for HA clearance would enhance
circulation time and tumor accumulation of HA-
liposomes. Chondroitin sulfate A (CsA) is a sulfated
glycosaminoglycan that binds to hepatic and splenic
receptors for HA clearance (HARE) and has weak
affinity for CD44.”” We injected CsA (5 mg/mouse)
intraperitoneally 1 h prior to and 4 and 23 h postinjec-
tion of 175—350 kDa DiD-HA-liposomes in MDA-MB-
231 xenografts. The imaging results show that CsA
treatment only modestly improved the systemic circu-
lation and tumor accumulation of HA-liposomes
(Figure 4F), but the difference in tumor fluorescence
AUC values was not statistically significant (p > 0.05,
Figure 4G).

Effects of PEGylation of HA-Liposomes on Cancer Cell Uptake
and Macrophage Phagocytosis in Vitro. To enhance circula-
tion time of HA-liposomes, we prepared DiD-labeled
PEG-175—350kHA-liposomes with dual PEG and HA
coating. The PEG-175—350kHA-liposomes (5 mol %
PEG-5000) had a mean particle size of 120 nm. PEG
coating reduced the surface's negative charge (§ —9.23
mV, Table 1) and brought the zeta potential close to
that of the nearly neutral charge of PEGylated lipo-
somes ({ —6.6 mV). We first tested CD44-mediated
cellular uptake in MDA-MB-231 cells using flow
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Figure 4. Tumor accumulation of DiD-labeled HA-liposomes with varying MW of HA in MDA-MB-231 xenografts. (A)
Fluorescence images of mice after iv injection of 5—8 kDa (i), 50—60 kDa (ii), 175—350 kDa (iii), HA-liposomes or
PEGylated liposomes (iv). All images were normalized to the same scale; white circles show the location of subcutaneous
tumor. (B) Kinetic curves of fluorescence intensity of the tumor during 0.083—96 h (inset, 0.083—2 h) postinjection. Average
radiance was generated from the ROIls drawn at the tumor. (C) Normalized tumor fluorescence AUC, g3_ g6 after treatment
with HA-liposomes or PEGylated liposomes. The tumor AUC values were generated from fluorescence kinetic curves and
normalized to 175—350 kDa HA-liposomes (100%). Tumor fluorescence intensity—time curves (D) and normalized tumor
fluorescence AUC og3_4gn (E) after iv injection of 5—8 kDa HA-liposomes with high (HA/L = 78) or low (HA/L = 34) grafting
densities. Tumor fluorescence intensity—time curves (F) and normalized tumor fluorescence AUCg g3 96h (G) of mice that
received an iv injection of 175—350 kDa HA-liposomes with or without treatment with chondroitin sulfate A (CsA). Arrows on
the x-axis represent time of CsA injection (—1, 4, 23 h). *Significant difference compared to all other groups (p < 0.05, one-way
ANOVA followed by Tukey's multiple comparison tests). **p < 0.01 after t test, ns = not significant. N = 3—6 mice per treatment
group.
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Figure 5. Quantitative analysis of in vitro tumor cell uptake and macrophage phagocytosis of DiD-labeled liposomes. (A)
Cellular uptake of various liposomes in CD44-overexpressing MDA-MB-231 cells. (B) Phagocytosis of various liposomes in
THP-1 macrophages. The uptake of liposomes was measured by flow cytometry, and the mean fluorescence was expressed as
a percentage of the PEGylated liposomes (100%). **p < 0.01, ***p < 0.001, ****p < 0.0001 significant difference compared to
PEGylated liposomes (one-way ANOVA followed by Dunnett's multiple comparison test). *p < 0.05, *p < 0.01, **#p < 0.001,
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comparison test).

cytometry analysis (Figure 5A). As expected, PEGylated
liposomes displayed the lowest cellular uptake (set as
100%), as the steric and electrostatic hindrance of PEG
reduces interactions of liposomes with cells and ham-
pers cellular entrance.' Plain liposomes, devoid of any
surface coating, had significantly higher uptake than
PEGylated liposomes (p < 0.0001). Conjugation of HA to
liposomes significantly enhanced the CD44-mediated
cellular uptake (p < 0.0001). Uptake was HA size
dependent (5—8 < 50-60 < 170—350 kDa HA-
liposomes), which is in agreement with a previous
report showing that longer polymeric HA chains
improve ligand accessibility to CD44 and promote
multivalent binding to receptor.>® The 175—350 kDa
HA-liposomes had a 4.9-fold higher cellular uptake
than plain liposomes (p < 0.0001). When incorporat-
ing PEG, PEG-175—350kHA-liposomes showed signifi-
cantly higher uptake than both PEGylated liposomes
(4.3fold, p < 0.0001) and plain liposomes (1.5-fold,
p < 0.01), but lower uptake than 175—350 kDa HA-
liposomes (31%, p < 0.0001). Therefore, the sequence
of in vitro cancer cell uptake was 175—350 kDa HA-
liposomes > 50—60 kDa HA-liposomes > 5—8 kDa
HA-liposomes > PEG-175—350kHA-liposomes > plain
liposomes > PEGylated liposomes.

We also performed an in vitro phagocytosis assay
using human-derived, differentiated THP-1 macro-
phages;’® the phagocytic uptake of DiD-liposomes
was analyzed by flow cytometry (Figure 5B). PEGylated
liposomes displayed the lowest phagocytosis (set as
100%), which is consistent with their “stealth” effect.
Plain liposomes had significantly higher levels of
phagocytosis than PEGylated liposomes (p < 0.0001).

QHATTAL ET AL.

p < 0.0001 significant difference compared to plain liposomes (one-way ANOVA followed by Dunnett's multiple

The phagocytosis of HA-liposomes in THP-1 cells
was dependent on polymer length of HA with 5—8 ~
50—60 < 175—350 kDa HA-liposomes. All HA-liposomes
displayed significantly higher phagocytosis than PEGy-
lated liposomes (p < 0.0001). Interestingly, LMW HA-
liposomes (5—8 and 50—60 kDa) showed significantly
lower phagocytosis than plain liposomes (p < 0.05). PEG-
175—350kHA-liposomes showed significantly higher
phagocytosis than PEGylated liposomes (1.67-fold, p <
0.001), but lower than plain liposomes (75%, p < 0.0001)
and 175—350 kDa HA-liposomes (54%, p < 0.0001)
(Figure 5B). Thus, despite modest cancer cell uptake,
PEG-175—350kHA-liposomes were selected because of
their improved “stealth” properties.

Effects of Dual PEG and HA Coating on Liposome Circulation in
Healthy Mice. To determine whether liposomes with
dual PEG and HA coating display long circulation
properties in vivo, we used a real-time optical imaging
method to monitor circulation profiles of DiD-labeled
PEG-175—350kHA-liposomes in CD-1 mice after iv
injection. As shown in Figure 6, PEG-175—350kHA-
liposomes displayed markedly improved systemic
circulation compared to 175—350 kDa HA-liposomes,
as demonstrated by higher fluorescence intensity in
healthy mice at later time points (2—24 h, Figure 6A).
Fluorescence kinetic plots generated from the average
radiance of ROIs drawn at the skull region further con-
firmed the enhanced systemic exposure of PEG-175—
350kHA-liposomes (Figure 6B). Fluorescence AUC values
of PEG-175—350kHA-liposomes were calculated and
normalized with respect to 175—350 kDa HA-liposomes
(set as 100%) (Figure 6C). These AUC values show that
systemic exposure to PEG-175—350kHA-liposomes was
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Figure 6. Imaging analysis of circulation and biodistribution of DiD-labeled PEG-175—350kHA-liposomes in healthy mice. (A)
Representative fluorescence images of CD-1 mice after iv injection of 175—350kHA (i), PEG-175—350kHA (ii), or PEGylated (iii)
liposomes on the same scale. (B) Kinetic curves of fluorescence intensity of mice during 0.083—24 h postinjection. The average
radiance was generated from ROIs drawn at the skull region of mice representing systemic exposure of DiD-liposomes in
mice. (C) Fluorescence AUC g3 24n Of DiD-liposomes. The AUC values were generated from the average radiance kinetic
curves and normalized to control (100%). (D) Representative ex vivo fluorescence intensities of various organs 24 h
postinjection of DiD-liposomes on the same scale. (E) Mean fluorescence intensity in various organs at 24 h. *p < 0.05,
**p < 0.01 significant difference compared to 175—350kD HA-liposomes (one-way ANOVA followed by Tukey's multiple
comparison test, ns = not significant). N = 3 or 4 mice per treatment group.

significantly higher than that of 175—350 kDa HA-
liposomes (p < 0.05). The difference between the PEGy-
lated liposomes and PEG-175—350kHA-liposomes was
not significant (p > 0.05) (Figure 6C). The ex vivo organ
fluorescence intensity images at 24 h are presented in
Figure 6D. Semiquantitative analysis of average radi-
ance of individual organs shows enhanced plasma
and organ uptake of PEG-175—350kHA-liposomes com-
pared to 175—350 kDa HA-liposomes (Figure 6E).

PEGylation may minimize opsonization through not
only steric hindrance but also charge shielding."”””° PEG
in the PEG-175—350kHA-liposomes ({ = —9.23 mV)
serves to shield excess negative charges exhibited
by HA-liposomes (£ ~ —50 mV) and promotes steric
hindrance against various opsonins, which leads to sig-
nificantly reduced RES uptake and prolonged blood
circulation. Together, these data show that PEG-175—
350kHA-liposomes display long circulation properties
similar to those of PEGylated liposomes in healthy mice
with an intact immune system.

QHATTAL ET AL.

Biodistribution and Tumor Accumulation of PEG-175—
350kHA-Liposomes in Tumor-Bearing Mice. To determine
whether the actively targeted PEG-175—350 kDaHA-
liposomes with dual PEG and HA coating improve
tumor accumulation compared to passively targeted
PEGylated liposomes, we injected DiD-labeled PEGy-
lated or PEG-175—350kHA liposomes iv to nude mice
bearing MDA-MB-231 tumors (~300 mm?®) on both
flanks. Fluorescence intensity from optical imaging of
representative mice at different time points is pre-
sented in Figure 7A. Both formulations showed long
circulating properties, consistent with that observed in
healthy mice. We drew ROIs at the tumor region to
measure tumor liposome levels. Surprisingly, the total
tumor accumulation of both formulations was similar
despite PEG-175—350kHA-liposomes containing the
tumor-targeting moiety, HA (Figure 7B,C). To further
confirm these results, 3H-labeled PEGylated liposomes
or PEG-175—350kHA-liposomes were injected into
MDA-MB-231 tumor-bearing mice. The radioactivity
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Figure 7. Tumor accumulation of PEG-175—350kHA-liposomes in MDA-MB-231 xenografts. (A) Representative fluorescence
images of mice after iv injection of PEGylated liposomes (i) or PEG-175—350kHA-liposomes (ii) on the same scale. White circles
represent subcutaneous tumors on left and right flanks. (B) Kinetic curves of fluorescence intensity of tumor during 0.083—
24 h postinjection. The average radiance was generated from ROIls drawn at the tumor region. (C) The tumor fluorescence
AUCO0.083—24h of DiD-liposomes. The AUC values were generated from the fluorescence kinetic curves and normalized to
control (100%). (D) Biodistribution of 3H-liposomes in major organs of MDA-MB-231 xenografts at 24 h. (E) Tumor
accumulation of *H-liposomes in MDA-MB-231 xenografts at 24 h. N = 3 or 4 mice per treatment group; ns = not significant.

(%ID/g, after heart perfusion) of blood, various organs,
and tumor 24 h postinjection is presented in Figure 7D,
E. Both formulations had similar blood levels and organ
distribution patterns. Although PEG-175—350kHA-
liposomes displayed slightly higher accumulation than
PEGylated liposomes in tumor, the difference was not
significant (p > 0.05, Figure 7E).

HA-targeted and nontargeted liposomes had com-
parable tumor accumulation levels. This result is in
agreement with theoretical modeling studies predict-
ing that targeting ligands will not significantly increase
tumor uptake relative to untargeted liposomes.2° Sev-
eral studies also reported similar observations. For
instance, the pharmacokinetics profiles of the anti-
HER2 and anti-EGFR immunoliposomes and their
nontargeted liposomes were almost identical; the im-
munoliposomes did not significantly increase tumor
accumulation at the tumor tissue compared to the
nontargeted liposomes.2"#? HER2-coated poly(pL-lactic

QHATTAL ET AL.

acid) nanoparticles also showed no difference in bio-
distribution as compared with nontargeted nano-
particles®® High-affinity and high-specificity o
ligand HO09 peptide-targeted liposomes displayed
similar tumor accumulation patterns to nontargeted
PEGylated liposomes.®* We have shown that PEG-
175—350 kDaHA-liposomes displayed enhanced CD44-
receptor-mediated cellular uptake compared to PEGy-
lated liposomes in vitro (Figure 5A). Others have
documented the therapeutic advantage of HA-
liposomes encapsulating various anticancer drugs.>%*°
Yet, increased total tumor accumulation was ruled out
as the mechanism responsible for the HA ligand-
targeted liposomes.

Intratumoral Microdistribution and Intracellular Internaliza-
tion of PEG-HA-Liposomes versus PEGylated Liposomes. To
further investigate the above paradox and delineate
the relative contributions of passive and active tar-
geting of PEG-HA-liposomes, we compared the
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intratumoral microdistribution of passively targeted
PEGylated liposomes and actively targeted PEG-HA-
liposomes within the tumor tissue. We collected MDA-
MB-231 tumors after 24 h of systemic circulation of
DiD-labeled PEGylated or PEG-175—350kHA liposomes
for histology examination. The distribution of DiD-
liposomes (pink) in the whole mounted tumor section
(DAPI, blue) was visualized by fluorescence micro-
scopy. At low magnification, PEGylated liposomes ac-
cumulated mainly at the tumor periphery (Figure 8A, i),
whereas PEG-175—350kHA-liposomes showed more
penetration inside the tumor (Figure 8B, ii). We also
stained for CD44 receptor expression and, as expected,
the tumors showed very high expression of CD44
throughout the tumor (green, Figure 8B). PEGylated
liposomes showed an uneven or patchy distribution,
predominantly in the vicinity of the tumor edge, and
less association with CD44-positive cells (Figure 8B, i).
In contrast, PEG-175—350kHA-liposomes distributed
more uniformly, and in close association with CD44-
positive cells (Figure 8B, ii). When visualized using con-
focal microscopy at high magnification (Figure 8C),
PEGylated liposomes (dotted pattern, Figure 8C, i)
had less direct co-localization with CD44-positive cells
compared to PEG-175—350kHA-liposomes (Figure 8C, ii).
The microscopic deposition pattern of PEGylated lipo-
somes is consistent with previous reports that long-
circulating stealth liposomes typically accumulate predo-
minantly within tumor stroma, either in the extracellular
space or within tumor-resident macrophages, with vir-
tually no tumor cell internalization®"%°

We also performed a quantitative flow cytometry
analysis to determine the cellular internalization of
passively versus actively targeted liposomes using
ex vivo tumor cells. MDA-MB-231 tumors were excised
24 h after iv injection of equal doses of DiD-labeled
PEGylated or PEG-175—350 kDaHA-liposomes. Tumors
were disaggregated; tumor cell suspensions were har-
vested (98% cell viability), and mean fluorescence of
cells was determined. PEG-175—350kHA-liposome-
treated tumor cells had nearly a 2.5-fold higher intra-
cellular fluorescence compared to PEGylated liposome-
treated tumor cells (p < 0.05) (Figure 9A). These data are
consistent with in vitro observations that PEG-HA-
liposomes have higher cellular internalization than
PEGylated liposomes (Figure 5A), due to CD44 recep-
tor-mediated endocytosis.>® These results demonstrate
that targeted PEG-HA-liposomes had higher intracellu-
lar internalization (true tumor targeting) compared to
PEGylated stealth liposomes. This result is in agreement
with several previous observations. For instance, HER2-
targeted immunoliposomes did not increase tumor
localization but increased internalization in HER2-
overexpressing breast cancer xenografts.81 EGFR-
targeted immunoliposomes internalized extensively
within tumor cells (92%) compared to nontargeted
liposomes (5%), despite the fact that both liposomes

QHATTAL ET AL.

had comparable accumulation in EGFR-overexpressing
tumors.®? Additionally, transferrin-targeted siRNA na-
noparticles enhanced intracellular delivery rather than
overall tumor uptake®” and ligand-targeted gold
nanocrystals altered intracellular distribution patterns
without affecting total gold accumulation in the
tumor.?° Taken together, our results, along with other
reports, suggest that passively targeted and actively
targeted nanocarriers are comparable in overall tumor
accumulation, but display distinct intracellular delivery
mechanisms.

Next, we replaced DiD dye with the anticancer
agent doxorubicin and assessed drug distribution
and apoptosis in vivo. Figure 9B shows representative
images for the distribution of doxorubicin (red fluo-
rescence) in the entire tumor tissue section 48 h after a
single bolus dose of 10 mg/kg of doxorubicin encap-
sulated in PEGylated (i) or PEG-175—350kHA liposomes
(ii). Consistent with the DiD-liposomes, doxorubicin
accumulated mainly at the periphery of the PEGylated
liposome-treated tumors. In contrast, doxorubicin
showed more penetration and internalization in PEG-
175—350kHA-liposome-treated tumors (Figure 9B),
which produced higher cleaved caspase-3 staining
(@ marker of apoptosis) (Figure 9C, ii) than that of
the PEGylated liposomal doxorubicin-treated tumor
(Figure 9C, i). This result indicates that improved
cellular internalization of doxorubicin led to enhanced
apoptosis in tumors. A previous study showed that HA-
targeted liposomal doxorubicin displayed superior
therapeutic responses compared to Doxil (com-
mercial PEGylated liposomal doxorubicin) and free
doxorubicin in tumor-bearing syngeneic mice (BDF1/
P388/ADR ascites, C57BL/6/B16F10.9 lung metastasis,
and BALB/c/C-26 solid tumors) and in nude mice
bearing PANC-1 solid tumors.*® The present study
offers a potential mechanism (i.e., improved intracellu-
lar delivery) to account for this improved efficacy.
Similarly, doxorubicin-loaded anti-HER2 immunolipo-
somes were significantly superior to other treatments
including free doxorubicin, liposomal doxorubicin,
and anti-HER2 antibody in tumor growth inhibition 2
Greater intracellular uptake of immunoliposomes,
rather than increased total tumor accumulation, was
correlated with improved antitumor activity.®' Anti-
EGFR immunoliposomes loaded with various antican-
cer drugs, such as doxorubicin, epirubicin, and vinor-
elbine, showed significantly improved antitumor
effects compared to the corresponding free or liposo-
mal drug.®? Total accumulations of anti-EGFR immu-
noliposomes and nontargeted liposomes in EGFR-
overexpressing tumors were comparable, but the
immunoliposomes internalized extensively within
tumor cells,®? suggesting that an improvement in
tumor cellular internalization with no difference in total
tumor delivery can translate into efficacy in terms
of prolonging survival or tumor growth inhibition.
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Figure 8. Microdistribution and internalization of DiD-labeled PEGylated liposomes versus PEG-175—350kHA-liposomes in
subcutaneous MDA-MB-231 tumor tissues. (A) Representative image of microdisribution of PEGylated liposomes (i) and PEG-
175—350kHA-liposomes (ii) in whole tumors at low magnification (objective = 2x , scale bar = 100 xm) 24 h post iv injection.
Tumors were snap frozen and sectioned into 10 um thick slices. Tumor cell nuclei were stained with DAPI (blue), and DiD-
liposomes appear as pink dots. (B) CD44 receptor expression in tumor slices treated with PEGylated liposomes (i) or PEG-
175—350kHA-liposomes (ii) (objective = 40 x , scale bar = 10 um). Green staining represents the presence of CD44 receptor,
which is expressed throughout all tumors, pink dots represent the DiD-liposomes, and the overlay shows the receptor
association of liposomes. (C) Confocal fluorescence images of CD44 receptor co-localization with DiD-liposomes in tumor
slices treated with PEGylated liposomes (i) and PEG-175—350kHA-liposomes (ii) (objective = 40 x, numerical aperture = 1.4,
scale bar = 20 um). Green staining represents the CD44 receptor, pink dots represent the DiD-liposomes that are bound to or
taken up by cells, and tumor cell nuclei were stained with DAPI (blue). N = 3 or 4 mice per treatment group.
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Figure 9. Ex vivo flow cytometry analysis of tumor cellular
internalization of liposomes and cleaved caspase-3 staining
after liposomal doxorubicin therapy. (A) Ex vivo tumor
cellular internalization of DiD-labeled PEGylated liposomes
and PEG-175—350kHA-liposomes. The tumor cells were
harvested from disaggregated tumor. The internalized for-
mulations were measured by flow cytometry, and mean
fluorescence intensity was normalized to control (set as
100%). *Significant difference compared to PEGylated lipo-
somes (p < 0.05, t-test). (B) Distribution of doxorubicin (red)
in the entire tumor tissue section (objective = 2, scale bar
=100 um) 48 h post iv injection of doxorubicin-encapsu-
lated PEGylated liposomes (i) or PEG-175—350kHA-lipo-
somes (ii). (C) Immunofluorescence staining of cleaved
caspase-3 antibody (green) and DAPI (blue) in tumor tissue
section (objective = 10x, scale bar = 100 um) 48 h post iv
injection of PEGylated liposomal doxorubicin (i) or PEG-
175—350kHA-liposomal doxorubicin (ii).

Together, our results support the notion that the
use of tumor-targeting ligands does not increase

METHODS

Chemicals. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC),  1,2-dihexadecanoyl-sn-glycero-3-phosphoethanola-
mine (DPPE), and cholesterol were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). *H-Cholesteryl hexadecyl ether (*H-
CHE) was purchased from PerkinElmer (Boston, MA, USA). DPPE-
mPEG5000 sodium salt was a kind gift from Lipoid GmbH
(Newark, NJ, USA). Hyaluronan of various MWs (5—8, 50—60,
and 175—350 kDa) was purchased from Lifecore Biomedical
(Chaska, MN, USA). Hexadecyltrimethylammonium bromide
(CTAB), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC),
and N-hydroxysulfosuccinamide (NHSS) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The fluorescent dyes DiD (1,1'-
dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, ~ 4-chloro-
benzenesulfonate salt) and DAPI (4, 6-diamidino-2-phenylindole)
were obtained from Invitrogen (Carlsbad, CA, USA). Doxorubicin
was obtained from LC Laboratories (Woburn, MA, USA). Scintisafe
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the total tumor accumulation of targeted nanocarriers
in solid tumors. However, targeting can increase
the intracellular internalization of nanocarriers and,
thus, potentially contribute to improved therapeutic
efficacy.

CONCLUSION

This study provides mechanistic insights into how
CD44 ligand-targeted HA-liposomes work in vivo.
Although HA is a hydrophilic biocompatible polymer,
incorporation of targeting moiety HA on the surface of
liposomes can compromise the liposome's circulation
time in the blood, negatively affecting tumor accumu-
lation compared to PEGylated liposomes. Therefore,
HA cannot serve as a substitute for PEG as stealth
coating polymer. In vivo clearance of HA-liposomes
was dependent upon HA polymer length (HMW HA-
liposomes had faster clearance) and HA grafting den-
sity (too much HA coating led to faster clearance). Our
studies indicate that long blood circulation is critical for
active tumor targeting. Mass transport of nanoparticles
across the tumor vasculature is the rate-limiting step in
tumor accumulation regardless of the presence or
absence of tumor-targeting ligand. When dual PEG
and HA coating was used, PEGylation reduced the
negative surface charge of HA-liposomes, reduced
their cellular uptake in vitro, but prolonged their
circulation time in vivo. The actively targeted PEG-
HA-liposomes displayed equal tumor site accumula-
tion as passively targeted PEGylated liposomes, but
PEG-HA-liposomes had better cellular internalization
capabilities than PEGylated liposomes in vivo. Our data
suggest that the passively targeted EPR effect, rather
than active ligand targeting, drives HA-liposome blood
circulation, extravasation, and accumulation in tumors.
The HA-CD44 ligand—receptor interaction occurs after
delivery by blood circulation and extravasation; target-
ing ligand HA alters the microdistribution of the cargo
and facilitates the entry and internalization of the
payload into CD44-positive tumor cells.

30% cocktail scintillation fluid was purchased from Fisher Scien-
tific (Pittsburgh, PA, USA). Solvable was purchased from Perkin-
Elmer. All other chemicals were purchased from Sigma-Aldrich
and were of standard analytic grade or higher.

Cell Culture. Human breast cancer cell line MDA-MB-231 and
human monocytic cell line THP-1 were obtained from ATCC
(Manassas, VA, USA). MDA-MB-231 cells were maintained in
RPMI-1640 medium (Mediatech, Inc.; Manassas, VA, USA) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco, Invitro-
gen), 100 U/mL penicillin, and 100 xg/mL streptomycin. THP-1
cells were cultured as suspension in RPMI-1640 medium with
10% FBS and 0.05 mM 2-mercaptoethanol (Sigma). Cell suspen-
sion was maintained at a density of 1 x 10%/mL. To differentiate
THP-1 monocytes into macrophages, cells were incubated with
200 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma) for
96 h, and the adherent THP-1 cells were used for phagocytic
experiments.”® All cells were incubated at 37 °C in a humidified
atmosphere with 5% CO,.
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Animals. Female CD-1 mice [Crl: CD1 (ICR), weighing 25—
35 g] and athymic female nude mice (Nu/Nu, aged 6—8 weeks)
were obtained from Charles River Laboratories. All animal pro-
cedures were performed according to the Institutional Animal
Care and Use Committee approved protocols. To establish the
subcutaneous tumor model, exponentially growing MDA-MB-
231 cells were suspended in serum and antibiotic-free RPMI-
1640 medium containing 50% Matrigel (BD Biosciences) to a
final concentration of 5 x 107 cells/mL. Cell suspensions (5 x
10° cells/100 L) were injected into the subcutaneous flanks of
nude mice near the hind limb. Tumor growth was measured
with a caliper, and tumor volume (mm?3) was calculated as V =
0.5 x length x width? Once tumor volumes were at or above
300 mm®, animals were randomly assigned to different groups
and injected with various formulations through the lateral tail
veins. Mice with ulcerated tumors were excluded from the
studies.

Liposome Preparation and Characterization. Liposomes com-
posed of DPPC/DPPE/cholesterol at 55:5:40 molar ratios were
prepared by film hydration and size extrusion procedures as
previously described.>® Radiolabeled liposomes were prepared
by incorporating *H-CHE at a concentration of 0.5 uCi/umol
phospholipids into a lipid mixture and quantified by liquid
scintillation counting (Beckman LS 6500). NIR fluorescent lipo-
somes were prepared by adding DiD oil to the lipid mixture at a
final concentration of 0.5 mg/mL liposomes, and unentrapped
free dye was removed by Sephadex G-25 gel filtration chroma-
tography (>98% entrapment). The DiD content was quantified by
a fluorescence plate reader (Biotek, Winooski, VT, USA, ex/em =
645/665). The leakage of entrapped DiD from liposomes was
negligible within 2 weeks. Different MWs of HA (5—8, 50—60,
and 175—350 kDa) were covalently conjugated to the surface of
liposomes using EDC and NHSS coupling agents.***' Unconju-
gated HA was removed by repeated washing and ultracentri-
fugation (150000g). HA conjugation increased the particle size,
so the HA-liposomes were re-extruded through 100 nm pore
size polycarbonate membranes using an extruder (Avestin Inc.,
Ottawa, Canada). The amount of HA conjugated to the lipo-
somes was determined by CTAB precipitation assay.”® Size-
matched PEGylated liposomes were prepared by replacing
5 mol % cholesterol with DPPE-mPEG5000. PEG-HA-liposomes
were prepared similarly (DPPC/DPPE/DPPE-mPEG5000/choles-
terol at 55:5:5:35 molar ratios) and then conjugated to 175—
350 kDa HA. Final lipid concentrations of liposomes were
20 mM. Doxorubicin was encapsulated into liposomes via the
ammonium sulfate remote loading method.2° The final doxor-
ubicin concentration was 1.4 mg/mL of liposome. The size and
zeta potential of liposomes were determined by a Malvern
Zetasizer Nano ZS90 (Malvern Inc., Westborough, MA, USA).
Particle size of the liposomes was measured after 100-fold
dilution in PBS, and the zeta potential was measured after
100-fold dilution in 0.0017 M KCI solution. All liposomes were
sterile-filtered through a 0.2 um filter before animal injection
and used within 2 weeks after preparation.

Pharmacokinetics and Biodistribution of *H-Liposomes. CD-1 mice
were randomly divided into four groups with 3—6 animals
per group per time point. Mice received a 0.1 uCi/g dose of
3H—CHE-labeled PEGylated or HA-liposomes (5—8, 50—60, and
175—350 kDa HA) as a single iv bolus injection through the tail
vein. The lipid dose was approximately 0.14 umol/g. Blood
samples were drawn by cardiac puncture at 1.5, 3, 6, 9, and
24 h, and 20 uL aliquots were transferred into preweighed
scintillation glass vials. At 24 h postinjection, mice were eu-
thanized, various organs such as heart, lung, liver, spleen,
kidney, and brain were removed, and 20—40 mg of tissue slices
were cut and transferred to preweighed scintillation glass vials.
Then, 1 mL of Solvable was added to sample vials followed by
overnight incubation at 55 °C to digest the tissues. Samples
were cooled to room temperature, and 0.25 mL of 30% H,0,
was added to decolorize the samples. Next, 10 mL of Scintisafe
scintillation fluid was added, and samples were stored in the
dark for 3 h before determining the radioactivity in a liquid
scintillation analyzer (Beckmann LS 6500). Sample disintegra-
tions per minute (dpm, 1 uCi = 2.22 x 10° dpm) values were
obtained. The total volume of blood was assumed to be 7% of
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body weight.”® The percent injected dose (%ID) and percent
injected dose per gram (%ID/g) values were calculated using
the following equations:

%ID = [Amount in blood or tissue sample (dpm)/
Injected dose (dpm)] x 100

%ID/g = %ID/weight of tissue (g)

Pharmacokinetic parameters were obtained by noncom-
partmental analysis with iv bolus input using Phoenix WinNon-
lin software (Pharsight, Sunnyvale, CA, USA). The initial dosing
was set at 100% at time zero. A minimum of three data points
were used for terminal half-life calculation.

Real-Time Imaging of NIR Dye-Labeled Liposomes. Far red dye DiD-
labeled PEGylated and HA-liposome (5—8, 50—60, and 175—
350 kDa HA) were administered to CD-1 mice at 0.2 ug of DiD/g
as a single iv bolus injection through the tail vein. Mice were
anesthetized with a constant supply of 2% isoflurane and
imaged at 5, 10, and 30 min and 1, 2, 4, 6, 9, and 24 h post-
injection by a Calipers IVIS Lumina XR imager (Caliper Life
Sciences Inc., Hopkinton, MA, USA). The fluorescence filters
were set at ex 640 nm and em 720 nm. Images were taken
under autoexposure setting with high lamp intensity. After the
terminal time point, mice were euthanized in a CO, chamber
followed by cervical dislocation. Blood samples were collected
from the heart, and plasma was separated. All major organs
were removed, washed twice with PBS, blotted dry, and trans-
ferred to a Petri dish. Ex vivo organ fluorescence intensities were
recorded at similar imaging settings. Living Image Software
(Caliper Life Sciences Inc., Hopkinton, MA, USA) was used to
analyze the imaging data generated. Regions of interest were
drawn at the brain/skull region of CD-1 mice, and average
radiance obtained was plotted against time to get the fluores-
cence kinetic curves of DiD-liposomes. Average radiance ([p/s/
cmz/sr]/[,uW/cmz]) refers to the sum of the radiance from each
pixel inside the ROI divided by the number of pixels. Average
radiance AUC values were calculated from the fluorescence
kinetic curves and normalized to that of control liposomes (set
as 100%). The MDA-MB-231 xenografts were imaged similarly
up to 96 h, when treated with various DiD-liposomes. ROIs were
drawn around subcutaneous tumor regions to generate the
average radiance from tumors. Fluorescence kinetic curves and
tumor average radiance AUC values were used to compare the
tumor localization of various DiD-liposomes.

Cellular Uptake and Phagocytosis Assay. Exponentially growing
CD44-positive MDA-MB-231 cells or PMA differentiated THP-1
macrophages were plated on a 12-well plate (0.2—0.3 million/
well) in complete growth media overnight. DiD-labeled plain
liposomes, PEGylated liposomes, HA-liposomes, and PEG-175—
350kHA-liposomes were diluted in serum-free media to a final
concentration of 2.5 ug/mL of DiD and were added to the cells
for 2 h at 37 °C. Cells were washed with ice-cold PBS three times
and then trypsinized for 10 min to detach them and remove any
surface-bound liposomes. Cells were further washed and resus-
pended in 0.4 mL of ice-cold PBS. Cellular uptake of the DiD-
liposomes was measured by an Accuri C6 flow cytometer (BD
Biosciences, San Jose, CA, USA) using the FL4 filter. A total of
10000 events were recorded for each analysis. Mean fluores-
cence intensity of cells was normalized to that of PEGylated
liposomes (set as 100%), and the relative uptake of different
treatments was presented as percentage of control.

Histology and Quantitation of Internalized Liposomes. DiD-labeled
PEGylated or PEG-175—350kHA liposomes were injected iv into
nude mice bearing MDA-MB-231 tumors (3 or 4 animals per
group) at 0.2 ug of DiD/g. Mice were euthanized after 24 h;
tumors were removed and cut into two equal portions. One half
of the tumor was immediately snap-frozen in isopentane at
—80 °C for histology analysis. The other half of the tumor was
minced in ice-cold complete growth media and passed through
the 40 um cell strainer using a plunger to harvest tumor cells.
Cell suspensions obtained were washed twice with ice-cold PBS
and resuspended in 400 uL of PBS. Cell viability was analyzed via
trypan blue exclusion assay. The fluorescence of DiD-liposomes
in ex vivo tumor cells was measured immediately by an Accuri
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C6 flow cytometer. MDA-MB-231 cells grown in vitro were used
as unstained control. Cells were excited with a 488 nm laser, and
fluorescence was recorded using the Cy5 (FL-4) channel for DiD-
liposomes.

Snap frozen tumors were embedded in optimum cutting
temperature compound (OTC) and cut into 10 #m thick sections
using a cryostat (Leica CM 30505). Tissue slices were placed on
Charged Plus slides, fixed in 4% paraformaldehyde at 4 °C for
30 min, and stained with DAPI solution (2 xg/mL). The distribu-
tion of DiD-liposomes in whole tumors was visualized with a 2x
objective on an Olympus IX81 inverted fluorescence micro-
scope. Excitation and emission filters were 360 + 20 and 460 +
25 nm for the blue channel (DAPI, nucleus) and 620 + 60 and
700 + 75 nm for the Cy5 channel (DiD-liposome). To visualize
tumor CD44 expression, tumor slices were stained with anti-
human CD44H (clone 2C5, R&D Systems) as primary antibody
and Alexa Fluor 488-labeled goat anti-human antibody (In-
vitrogen) as secondary antibody. Images were acquired by
using either an 1X81 fluorescence microscope (40x objective)
equipped with a CCD camera or a Nikon A1R MP confocal micro-
scope (40x oil immersion objective, numerical aperture = 1.4).

Liposomal Doxorubicin  Administration. Doxorubicin-encapsu-
lated PEGylated or PEG-175—350kHA liposomes were injected
iv via tail vein to MDA-MB-231 xenografts at a dose of 10 mg of
doxorubicin/kg. Mice were sacrificed 48 h after injection, and
tumors were dissected. The distribution of doxorubicin in the
entire tumor tissue sections (10 um thickness) was imaged
using an 1X81 fluorescence microscope (2x objective, Texas
Red filter). Immediately after imaging, the tumor slices were
fixed in 4% paraformaldehyde and incubated with anticleaved
caspase-3 antibody (Cell Signaling) at 1/250 dilution at room
temperature for 1 h. The slides were washed with PBS and
then incubated with species-matched Alexa Fluor 488-labeled
secondary antibody at 1/1000 dilution at room temperature
for 1 h. Tissues were counterstained with 2 ug/mL DAPI and
imaged by the IX81 fluorescence microscope (10x objective,
FITC filter).

Statistical Analysis. All values are expressed as mean =+ stan-
dard deviation (SD). Differences between two group means
were compared using an unpaired, two-sided Student's t-test.
Differences between multiple group means were compared by
one-way ANOVA followed by Tukey's or Dunnett's multiple
comparison tests using Graphpad Prism 6.0 (San Diego, CA,
USA). Differences with p < 0.05 were considered significant.
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