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Abstract

Tumor trafficking of liposomes is routinely monitored via fluorescence microscopy and imaging.
To investigate whether an accumulation of liposomes depends on the type of fluorescent label,
we prepared PEGylated liposomes dual-labeled with indocarbocyanine lipids (ICLs: DiD or Dil)
and fluorescent phospholipids (FPLs: Cy3-DSPE or Cy5-DSPE) with similar cyanine headgroups
but different spectra. Using ex vivo confocal microscopy and imaging, we compared tumor
extravasation and accumulation of ICLs and FPLs. After systemic injection in a syngeneic mouse
model of 4T1 breast cancer, ICLs and FPLs initially colocalized in tumor blood vessels and
perivascular space. At later time points, ICLs spread over a significantly larger tumor area and
accumulated in tumor macrophages, whereas FPLs were mostly restricted to the vasculature with
limited extravascular signal. This phenomenon was independent of liposomal composition and
ICL/FPL type and was also observed in syngeneic intracranial GL261 glioma and LY?2 head and
neck cancer models. The dual-labeled liposomes were stable in plasma and delivered both dyes to
tumors at early time points. Notably, while the level of ICLs increased over time, FPLs gradually
disappeared from tumors and other organs /n vivo, likely due to degradation of the phospholipid.
These findings demonstrate that trafficking and stability of the label is of critical importance
when assessing extravasation and accumulation of nanocarriers in tumors and other organs by
fluorescence microscopy and imaging.

Graphical Abstract
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Liposomes are the most adopted nanosized drug carriers that comprise over 30% of

all nanopharmaceuticals currently in clinical trials.! The self-assembling property, the
ability to encapsulate water-soluble and lipophilic drugs, scalability, well-characterized
pharmacokinetics, and biodegradability make liposomes a popular choice of therapeutic
carriers. The mechanisms whereby systemically injected liposomes accumulate in tumors
are not clear. In the 1980s, Maeda reported the accumulation of macromolecules in
tumors (termed the enhanced permeability-retention (EPR) effect).2 Tumor permeability
to nanoparticles is increased in response to inflammatory mediators histamine, bradykinin,
C5a, or vascular growth factors.34 The notion of pore transport as the primary mechanism
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for the extravasation was indirectly suggested by the presence of gaps of irregular sizes
between tumor endothelial cells in mouse models.®> Endothelial gaps were also observed

in nontumor blood vessels in response to the inflammatory mediators.5 On the other hand,
several publications suggested transendothelial migration of liposomes and nanoparticles,’2
likely to be mediated by vesiculo-vacuolar organelles,19 and caveolae.811.12 Regardless of
the extravasation pathway, once liposomes and nanoparticles cross the endothelial barrier,
the subsequent binding to the extracellular matrix and stroma and uptake by immune and
tumor cells are critical for efficient retention in tumors.13.14

An overwhelming majority of studies on tumoral EPR effect of nanoparticles and
liposomes employ fluorescence imaging and microscopy. These studies established the
critical role of the nanoparticle size and geometry, physicochemical properties, tumor
model, vascularization, and stage.1>-19 However, fluorescence imaging of tumors is

often misleading due to quenching and tissue absorption of light outside of the optical
window (650-900 nm).20 We wondered, however, if the type of label also affects the
tumoral extravasation and accumulation of liposomes as studied by fluorescence imaging
and microscopy. Indocarbocyanine lipids (ICLs) are very popular lipophilic fluorescent
dyes for labeling liposomes and nanoparticles.21-24 as well as for long-term tracking

of cells.25-28 |CLs are stable in membranes and exhibit minimal transfer and exchange

in serum,2%-31 possibly due to the highly lipophilic nature and mild cationic charge.3?
Headgroup-moadified fluorescent phospholipids (FPLs), for example, lissamine rhodamine
phosphatidylethanolamine, are another type of popular lipophilic dye used for liposomal
labeling.33-3% To our knowledge, tumoral accumulation and distribution of these two classes
of dyes have not been compared side by side.

Here, we prepared liposomes that were double-labeled with dioctadecyl ICLs (C18-Dil

or C18-DiD) and distearoyl FPLs (Cy5-DSPE or Cy3-DSPE). These fluorophores have
long C18 alkyl or acyl chains to enable stable retention in liposomes and similar cyanine
fluorophore headgroups (Dil is the dioctadecyl derivative of Cy3 and DiD is the dioctadecyl
derivative of Cy5). To allow side-by-side comparison and to exclude the effect of size,
charge, and composition of liposomes, both ICL and FPL were incorporated in the same
liposome. We compared the extravasation and accumulation of the dyes in biologically
relevant, syngeneic immunocompetent tumor models by ex vivo confocal microscopy and
ex vivoimaging. We found that ICLs and FPLs accumulated in tumor blood vessels and
extravasated to the same extent at early time points, but there was a much better migration
and retention of ICLs at late time points. Unlike ICLs, we observed clearance of FPLs from
tumors and other organs. The data suggest that trafficking and stability of fluorescent dyes is
an important factor that could affect the conclusions about the magnitude of the EPR effect
and long-term accumulation of liposomes in tumors and other organs.

RESULTS AND DISCUSSION

Liposomal ICLs and FPLs Show Similar Accumulation in Tumors at Early Time Points but
Drastic Differences at Late Time Points.

To compare tumor accumulation and extravasation of Dil and a phospholipid with a similar
cyanine fluorophore headgroup but different excitation/emission spectra, we synthesized
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Cy5-DSPE (Figure 1A). We prepared 130 nm, negatively charged egg phosphatidylcholine
(EPC)/DSPE-PEG2000 liposomes with 0.2 mol % of Dil and 0.2 mol % of Cy5-DSPE in the
same liposome (Table 1). High-magnification confocal microscopy confirmed colocalization
of both dyes in the same liposome, although the distribution of the dyes was not

entirely homogeneous (Figure 1B). The liposomes were injected intravenously (i.v.) in 4T1
syngeneic orthotopic breast carcinoma-bearing mice. Confocal imaging of freshly excised
(nonfixed to avoid dye migration36) tumor slices showed colocalization of both dyes in
blood vessels at 1 h (Figure 1C, upper panel, Figure 1D, and Figure S1). However, at 24

h postinjection Dil efficiently extravasated and migrated throughout the tumor, whereas
Cy5-DSPE mainly was confined to blood vessels (Figure 1C, lower panel, Figure 1D, and
Figure S1). Quantification of confocal images taken in different areas of the tumor (gain
settings were adjusted as described in the Methods and Figure S2) showed that while Dil
and Cy5-DSPE occupied similar areas at 1 h postinjection, Dil occupied a significantly
larger area than Cy5-DSPE at 4, 24, and 48 h postinjection (Figure 1E, p-value <0.0001

for all). To test another immunocompetent subcutaneous model, we injected Dil/Cy5-DSPE-
labeled EPC/DSPE-PEG2000 liposomes in LY2 head and neck cancer, and again observed
colocalization of Dil and Cy5-DSPE in blood vessels at 1 h postinjection and much better
extravasation of Dil that Cy5-DSPE at 24 h (Figure S3).

Glioblastoma is the most aggressive and predominant type of gliomas with historical
survival of only 20 months.37:38 One of the main limitations of the current therapies

is the insufficient delivery of drugs to tumors due to low penetration through the blood-
brain barrier (BBB) and blood—tumor barrier (BTB).3%-41 Accumulation of nanoparticles

in gliomas is often analyzed viaimaging of ICL-labeled nanoparticles.*2 We injected EPC/
DSPE-PEG2000 liposomes labeled with 0.2% Dil and 0.2% Cy5-DSPE i.v. in mice with
syngeneic intracranial GL261 glioma model. At 48 h postinjection, mice were perfused with
FITC-lectin (blood vessel label) and Hoechst (nuclear label). According to ex vivo confocal
microscopy of fresh brain slices (the settings were adjusted as described in the Methods),
Dil accumulated and spread in tumors much more efficiently than Cy5-DSPE (Figure 1F,G).
Dil visibly extravasated the lectin-positive tumor blood vessels and spread over a much
larger area than Cy5-DSPE (Figure 1F,G, p-value <0.0001).

We switched colors in the liposome to confirm that the observed difference is not
fluorophore-dependent and is not due to a selective quenching of Cy5-DSPE in tumors.

We synthesized Cy3-DSPE and coformulated it with DiD (Figure 2A) at 0.2% each in

~290 nm EPC/DSPE-PEG2000 liposomes (Table 1). Both dyes showed colocalization in
liposomes under a high-magnification objective (Figure 2B). After 2—4 h i.v. injection in
4T1 tumor-bearing mice, DiD extravasated and migrated over a significantly larger area than
Cy3-DSPE, which mostly stayed in blood vessels (Figure 2C,D, p-value <0.0001).

The experiments clearly demonstrate that ICLs and FPLs exhibit significant differences

in tumor extravasation and distribution at late time points. To validate these findings for
other liposomal compositions, we prepared 150 nm negatively charged HSPC/Chol/DSPE-
PEG2000 liposomes (DOXIL formula, Table 1) labeled with both 0.2% Dil and 0.2% Cy5-
DSPE and injected i.v. in 4T1 mice. Confocal microscopy at 24 h showed the same result
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as for EPC/DSPE-PEG2000 liposomes, that is, more efficient extravasation and spreading of
Dil than Cy5-DSPE (Figure S4).

Previous observations demonstrated that nanoparticles and liposomes accumulate in the
immune microenvironment of tumors.1343 In some areas of 4T1 tumors, we did observe

a macrophage-like accumulation pattern of lipids (not shown). To measure accumulation

in immune cells, we prepared liposomes separately labeled with 0.2% DiD or Cy5-DSPE
(Figure 3A and Table 1). Flow cytometry analysis 72 h after a single i.v. injection in 4T1
mice demonstrated minimal accumulation of Cy5-DSPE in cells in the tumor, whereas DiD
liposomes resulted in about 17% of labeled cells (Figure 3B), with over 50% of F4/80+
tumor-associated macrophages being positive (Figure 3C,D). While it does not take into
account the extracellular liposomes, the flow cytometry experiment demonstrated a much
more efficient accumulation of ICLs than FPLs in tumor macrophages.

To characterize the immune uptake of ICLs in gliomas by immunostaining, we injected
mice with liposomes labeled with a fixable Dil-amine (Figure 4A and Table 1). ICLs

are nonfixable and migrate in tissues,36 hence the need in the aminated ICL. Histological
sections of GL261 tumors 48 h postinjection (Figure 4B) showed colocalization of Dil-
amine with CD11b (myeloid) and CD45 (myeloid and lymphoid). Some proportion of Dil+
cells was negative for the immune markers. Overall, these findings suggest that ICLs are
taken up by many populations of immune and nonimmune cells in tumors.

ICLs and FPLs Are Stable in Serum and Extravasate Together in Tumors but Show
Differences in Stability in Tumors and Tissues.

Intrigued by these findings, we further investigated the fluorescence behavior of Dil/Cy5-
DSPE-labeled EPC/DSPE-PEG2000 liposomes /n vitro and /n vivo. Both Dil and Cy5
fluorescence changed by less than 10% after incubation of liposomes in 1% Tween-20,
suggesting low degree of quenching (Figure 5A). We next questioned if the observed
differences between ICLs and FPLs are due to the differences in stability of the dyes in
serum. Incubation of Dil/Cy5-DSPE liposomes in mouse serum showed less than 10%
release of Dil and Cy5 fluorescence after 1 and 3 h (Figure 5B). Following injection in 4T1
bearing mice, the elimination profiles of Cy5-DSPE and Dil from plasma were similar in

the first 60 min (Figure 5C, inset), but there was a faster elimination of Cy5-DSPE at 24 h
(half-life 131 and 187 min, respectively). There was no binding of Dil/Cy5-DSPE liposomes
to erythrocytes after injection /n vivo, with over 99% of fluorescence associated with plasma
(Figure S6). Confocal microscopy of liposomes in plasma 1 min and 1 h postinjection
showed mostly intact Dil/Cy5-DSPE liposomes (Figure 5D). High-magnification confocal
microscopy of 4T1 tumor cryosections 1 h postinjection showed intense binding of Dil/Cy5-
DSPE liposomes to the tumor endothelium and initial extravasation of Dil and Cy5-DSPE
(Figure 5E). These data demonstrate that liposomes are stable /7 vivo and bind to the tumor
vasculature.

Since the accumulation of liposomes is often monitored v/a ex vivo organ imaging,

we imaged Dil and Cy5 signals in excised tumors and livers at different time points
postinjection (gain settings were adjusted as described in Methods). The tumor images
(Figure 6A, upper panel) showed that both dyes accumulated to the same extent at 1 h. Dil
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fluorescence continued to increase at 24 and 48 h, whereas Cy5 fluorescence plateaued at
24 h and dropped at 48 h (Figure 6A). A similar trend was observed for the liver images
(Figure 6A, lower panel), which showed a similar accumulation of Dil and Cy5 signals at 1
h, but then an increase in Dil and a decrease in Cy5 at later time points. Measurement of the
Dil/Cy5 fluorescence ratio in the images showed a ~6-fold increase over 48 h in both tumors
and livers (Figure 6B). These data are consistent with the confocal imaging of tumors and
suggest that in both tumors and livers, there is an initial accumulation of ICLs and FPLs,
followed by a decrease of FPLs. Fluorescence lipids are known to undergo quenching in
organs including liver;** therefore, we extracted the lipids from tumors, livers, spleens, and
kidneys at 1, 24, and 48 h postinjection and remeasured the distribution (percent of injected
dose/gram tissue) and Dil/Cy5 fluorescence ratio in the extracts. The organ distribution data
in Figure 6C showed drastic differences in the tumor and organ accumulation between Dil
and Cy5. Thus, while the Dil level showed an increase in all organs except kidney over 48
h, the Cy5 level did not show any increase or even decreased over time in all organs. The
Dil/Cy5 fluorescence ratio over time showed a much higher increase in the liver and the
spleen than in the tumor (Figure 6E).

The data above demonstrate that Cy5 fluorescence gradually disappears from the tumor and
other tissues. This was especially prominent in the liver and spleen, which are the main
organs that mediate the uptake of liposomes. To investigate whether Cy5 fluorescence is
lost as a result of quenching or fluorophore metabolism, Dil/Cy5-DSPE liposomes were
incubated in fresh liver homogenates for 1, 24, and 48 h. According to Figure 6E, there

was no significant change in the Dil/Cy5 fluorescence ratio at all time points, suggesting

no effect of the tissue homogenate on the fluorescence. A thin layer chromatography (TLC)
analysis of extracts of the liver homogenates showed the presence of both dyes at 1 h. At 24
and 48 h, Dil was stable, whereas Cy5-DSPE showed degradation (Figure 6F). TLC analysis
of the liver extracts of mice injected with Dil/Cy5-DSPE liposomes showed a degradation
and disappearance of Cy5-DSPE, but not Dil at 24 and 48 h (Figure 6G), confirming that
FPL is degraded and eliminated from the tissue.

The mechanism of the EPR effect of nanosized drug carriers is the fundamental question
in drug delivery and is the subject of debate.14 While fluorescent labels are commonly
used to measure biodistribution and tumor accumulation of nanocarriers /77 vivo and in
excised tumors ex vivo, fluorescence is highly problematic due to quenching and tissue
absorbance,** and several publications stressed that radioactivity rather than fluorescence
is the ultimate method for biodistribution measurements.204546 However, fluorescence
microscopy and flow cytometry are indispensable for the assessment of nanocarrier
extravasation and distribution in tumors. The labeling of liposomes is often based on
lipophilic membrane dyes. The significance of this work is that using two main classes of
fluorescent membrane dyes incorporated in the same PEGylated liposome, we demonstrated
that depending on the label, a different conclusion can be made about the efficiency of the
extravasation and accumulation in tumors as well as other organs. Thus, although ICL- and
FPL-labeled liposomes showed efficient endothelial binding, likely due to the entrapment
on a highly irregular surface of tumor vasculature, and similar extravasation efficiency of
both dyes at early time points, ICLs exhibited significantly better extravasation, migration,
and retention at later time points. While some of the liposomal formulations showed the
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PDI larger than 0.2 and variability in terms of the surface charge, this is unlikely to affect
the study’s conclusion, since both ICL and FPL were coencapsulated at 1:1 molar ratio

in the same liposome. The difference between ICLs and FPLs was observed regardless of
the fluorophore wavelength, liposome type, and tumor type (breast, head and neck, and
brain). The fluorescence properties and extinction coefficients of ICLs and FPLs are very
similar due to the same class of fluorophore headgroup. Also, the intensity of the Cy3 and
Cy5 channels was further calibrated using the liposomal batch used in each experiment.
Collectively, the data suggest that the decrease in the FPL fluorescence in tumors is not due
to a selective quenching of FPLs, but rather due to their degradation and elimination. This
process is not specific to tumors and happens also in the liver, spleen, and kidneys. Once in
the tissues, liposomal phospholipids could be subject to metabolism and degradation, most
likely inside the cells, for example, by phospholipases,*’48 as well as due to the acidic
hydrolysis leading to a release of glycerol phosphoethanolamine and lysophospholipids.4:50
FPLs could undergo the same fate, with smaller fluorescent fragments subsequently washed
out of the tissues and the tumors. While LC-MS analysis of tissue extracts was not feasible
due to a large excess of tissue lipids and hydrophobicity of ICLs and FPLs, TLC clearly
demonstrated the degradation of FPLs in liver homogenates /7 vitro and liver extracts /n
vivo. A similar process likely happens in tumors. The uptake of liposomes and nanoparticles
by the immune component of the tumors is well established, 1343 and we observed the
efficient uptake by tumor immune cells in both 4T1 and gliomas (Figures 3 and 4). The
uptake by tumor macrophages could lead to degradation of FPLs in lysosomes while
retaining a more stable ICLs.

CONCLUSIONS

In conclusion, our data suggest that the nature of the liposomal label could lead to
differences in tumoral extravasation, trafficking and biodistribution as studied by microscopy
and imaging. More studies are needed to further understand the impact of lipid structure in
tumoral migration and uptake by the microenvironment. We recommend that caution should
be exercised in interpreting biodistribution and tumor extravasation of nanocarriers based on
indirect labeling.

METHODS

Materials.

DiD (1,1’-dioctadecyl-3,3,3",3’-tetramethylindotricarbocyanine, 4-chlorobenzenesulfonate
salt) and Dil (1,1"-dioctadecyl-3,3,3",3 -tetramethylindotricarbocyanine perchlorate) were
from Biotium (Hayward, CA, USA). Aminomethyl Dil was synthesized as described by

us previously.>! All fluorescent lipids were stored as 4-10 mM stock in ethanol. Whatman
Nucleopore Track-Etch Membranes, bovine serum albumin, and the chemicals for FPL
synthesis were from Sigma-Aldrich (St. Louis, MO, USA). Nitrocellulose membrane (0.45
4m) and PVDF membrane were from Bio-Rad (Hercules, CA, USA). Hydrogenated soy
phosphatidylcholine, egg phosphatidylethanolamine, distearoyl phosphatidylethanolamine
(DSPE), cholesterol, and DSPE-PEG2000 were from Avanti Polar Lipids (Alabaster, AL,
USA) and were kept as chloroform stocks at =20 °C). Antimouse CD11b, antimouse
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CD45, and antimouse F4/80 were from BioLegend (San Diego, CA, USA). Nuclear staining
reagent Hoechst 33342 trihydrochloride trihydrate was purchased from Life Technologies
(Carlsbad, CA, USA). Fetal bovine calf serum, RPMI 1640, and DMEM growth medium
supplemented with L-glutamine were from Corning Inc. (New York, NY, USA). FITC-
labeled tomato lectin (FL-1171-1) was from Vector Laboratories (Burlingame, CA, USA).

Synthesis of Cy5-DSPE and Cy3-DSPE.

A mixture of DSPE-NH, (8 mg, 0.01 mmol, 1 equiv) Cy5 NHS or Cy3-NHS (11.4 mg
0.015 mmol, 1.5 equiv) and DIEA (5.7 /L, 0.03 mmol, 3 equiv) was stirred in chloroform—
methanol (9:1) at 50 °C for 2 h. The solvent was then evaporated under reduced pressure,
and the resulting dark blue residue was purified by preparatory HPLC (C18 column) and
eluted with 70% to 80% methanol/water (0.1% TFA), to obtain the product. The product
was characterized by MALDI TOF mass spectrometry and was found to be 1212.77 Da for
Cy5-DSPE and 1185.74 Da for Cy3-DSPE.

Liposome Preparation.

Lipids at the following molar ratios were mixed and dried under a nitrogen stream: HSPC/
Chol/DSPE-PEG2000 (57/38/5) or EPC/DSPE-PEG2000 (95:5) with addition of 0.2% ICL
and/or 0.2% FPL. The dry lipid cake was resuspended in PBS for a total lipid concentration
of 20 mM and then incubated at 60 °C for 30 min. The solution was then vortexed

for 2 min and bath sonicated. Liposomes were extruded by a syringe extruder (Avestin,
Ottawa, Canada) through Whatman Nucleopore Track-Etch Membranes (200 nm pore size,
15 times). HSPC-based liposomes were extruded at 60 °C, EPC-based liposomes were
extruded at room temperature. Size and ¢ potential were measured at room temperature in
5% phosphate buffered saline using Zetasizer Nano (Malvern, UK). Liposomes were stored
at 4 °C at a final concentration of 10 mM (total lipid) for a maximum period of 8 weeks
before use.

Animal Experiments.

The University of Colorado and Northwestern University Institutional Animal Care and Use
Committee (IACUC) approved animal experiments (protocols 103913(11) and 1S00002999,
respectively). The 4T1 cell line was purchased from the ATCC and verified using the
University of Colorado sequencing core. LY2 cells derived from lymph node metastases that
developed in BALB/c mice post-inoculation of PAM 212 squamous cell carcinoma cells
were from Dr. Sana Karam, University of Colorado Anschutz Medical Campus. GL261
cells were obtained from the National Cancer Institute (NCI), and CT2A cells were a gift
from Dr. Tom Seyfried (Boston College). Cells were grown at 37 °C in RPMI 1640 (4T1
cells), DMEM-F12 medium supplemented with 10% FBS and 1% primocin (LY2 cells),

or DMEM (glioma cells) medium containing 10% heat-inactivated fetal bovine serum, 10
mM HEPES, 100 U/mL penicillin, and 100 ng/mL streptomycin (all from Corning Inc.
New York, NY, USA). BALB/c mice of 8-10 weeks of age (females) were implanted with
0.5 x 10% 4T1 cells into the mammary fat pad (4T1) or subcutaneously in the jaw region
(LY?2) and used for experiments 1 week later when tumors reached ~200-300 mm3. For
brain tumors, C57BL/6 mice (6-8 weeks old) were implanted with a total 1 x 10° GL261
or CT-2A cells per animal using an established protocol.>2 To determine the distribution of
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liposomes in tumors and organs, liposomes were injected with 50 xL of 10 mM total lipid
intravenously. Blood was collected v/a periorbital plexus using heparin glass capillaries, and
the plasma was separated by centrifugation at 500g for 5 min. In some experiments, mice
were preinjected before dissection with 50 zL of FITC-tomato lectin (1 mg/mL) and 50 gL
Hoechst 33324 (2 mg/mL) to visualize the vasculature and the nuclei. Mice were sacrificed
with carbon dioxide, followed by cardiac perfusion with PBS through the left ventricle.

Nikon Eclipse ARLIHD inverted confocal microscope with 405, 488, 561, and 640 nm
excitation lasers and corresponding emission filters was used. For high-magnification
imaging, liposomes were diluted 1:1000 in PBS, mixed with glycerol at 1:1 ratio, and 2

4L was placed on a slide and covered with a glass coverslip. For liposomes in plasma,

the samples were diluted 1:100 (early time point) or 1:50 (late time point) and mixed with
glycerol. The preparations in glycerol were spread under a coverslip and imaged under an
Apo60 or Apo100 Qil objective at 2048 x 2048 resolution. For tumor imaging, tumors or
whole brains were frozen on dry ice and sliced with a blade into 1-2 mm thick slices. The
slices were placed on a glass slide and imaged using Plan Apo 10 objective. Channels’
voltage and laser intensity were adjusted using the dual-labeled liposomes placed on a slide
and imaged under the same magnification. These parameters were calibrated before each
imaging session using the batch of liposomes used in that experiment. For quantification,
multiple random image areas from different slices of the tumor (both periphery and center)
were acquired at 512 x 512 resolution. Images were quantified with Fiji using built-in or
customized macros. Briefly, 8-bit gray image stacks were automatically thresholded and the
percentages of binary (positive) areas in the Cy3 and Cy5 channels were calculated using
the “Measure” function. All the data were plotted with Prism version 8.3.0 (GraphPad, San
Diego, CA).

Flow Cytometry and Immunostaining.

A single-cell suspension of tumor tissue was prepared for flow cytometry analysis, as
previously described.>2 Single cell isolates were preblocked with Ultra-LEAF purified
antimouse CD16/32 antibody (BioLegend, San Diego, CA) in PBS supplemented with 2%
FBS 10 min at 4 °C before antibody staining. The 4T1 single-cell suspension was stained
with anti-F4/80-AF488. After incubation on ice for 20 min and washing, cells were analyzed
for staining using the cells were analyzed with Guava EasyCyte HT flow cytometer (Merck
KGaA). Cells were resuspended at ~0.5 million/mL and 20 000 events were detected. Dead
cells and microparticles were excluded with FSC/SSC and the percentage of Cy5+ cells was
analyzed with FlowJo software Version 10.6 (FlowJo, LLC). For immunostaining, mice with
GL261 tumors were injected with Dil-amine liposomes and perfused 48 h postinjection.
Brains were snap-frozen in OCT in liquid nitrogen and sectioned with a cryostat into 5-8
4m sections. The sections were fixed with 4% formalin on a slide, blocked with 10% goat
serum, and stained with anti-CD11b and CD45 antibodies and corresponding secondary
antibodies.
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Dye Stability in Serum and Liver Homogenates.

Liposomes were incubated at 2 mM in 80% mouse serum, PBS, or 1% Tween/PBS for
different times at 37 °C. Following incubation, the samples were dotted on a nitrocellulose
membrane and imaged at Cy3 and Cy5 wavelengths. Alternatively, to measure the release
in serum, the samples were diluted after incubation 10-fold in PBS and ultra-centrifuged at
80 000 rpm for 30 min, 4 °C using TLA-100.3 rotor of Beckman Optima ultracentrifuge.
The supernatant in serum, liposomes in whole serum and liposomes in PBS were dotted
and scanned at Cy3 and Cy5 wavelengths with Bio-Rad camera imager using Cy3 and
Cys5 filters. The mean fluorescence of the dots was determined and used to calculate the
percentage of release in serum. To measure the effect of tissue on Dil/Cy5 fluorescence
ratio, livers from BALB/c mice were homogenized for 5 min in PBS (1:2 weight: volume
ratio) using BioSpec Mini BeadBeater-16 tissue homogenizer with 1-2 zirconium beads
added per tube. Liposomes were added at a 1:10 ratio to the homogenate and incubated

at 37 °C for different times. The homogenate was further diluted 10-fold, dotted on a
nitrocellulose membrane, and scanned with Bio-Rad gel imager at Cy3 and Cy5 channels as
described above.

Organ and Plasma Imaging.

Tumors and livers were placed in a 24-well plate and imaged with Bio-Rad imaged at Cy3
and Cy5 wavelengths. To match the intensity of the channels, the same liposomes used for
injection were diluted (1:10), dotted on a 0.45 gm nitrocellulose membrane, and scanned
together with the samples. Mean fluorescence was determined from 8-bit TIFF images using
Fiji software by drawing a region of interest around the tumors and using the “Measure”
function to determine mean gray values. Such measurement is independent of the organ
cross-section area. The mean gray values of noninjected tumors were subtracted from the
measurements. For elimination of Dil and Cy5-DSPE, blood was collected at different time
points and separated into plasma and RBCs by centrifugation at 500g for 5 min. The RBC
fraction was washed three times with PBS and brought to the original blood volume. Both
plasma and RBC fractions were dotted on a nitrocellulose membrane. Standard dilutions of
liposomes in noninjected plasma were also dotted, the membrane was scanned as above, and
the %ID per gram plasma was calculated (assuming blood is 7% of mouse weight, and 50%
hematocrit). The data were plotted with Prism, and the liposomal half-life was calculated
using monoexponential decay curve fit.

Organ Extractions and Thin Layer Chromatography (TLC).

For extraction using a modified Bligh-Dyer method,>3 50-100 mg of tissue was weighted
and homogenized as described above. Ten parts of chloroform/methanol (2:1) were added
to the homogenate (considering that organ homogenate is 1 part), and the samples were
mixed at 1400 rpm for 2 h at room temperature on Eppendorf Thermomixer. The tubes
were centrifuged at 500¢ for 10 min. The organic phase (bottom, approximately 80% of
the added amount) was carefully collected, dotted as 2 gL aliquots on a PVDF membrane,
and scanned for Dil and Cy5 fluorescence as described above. Dilutions of EPC/DSPE-
PEG2000/Dil/Cy5 liposomes (standard curve) made in extracts of organs from noninjected
mouse were dotted on the same membrane and scanned together with the samples. The
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percent of the injected dose of Dil and Cy5 in the extracts was calculated and divided by the
respective wet tissue weight. The fluorescence of control noninjected organs was subtracted
from that of injected organs. For TLC analysis, the mobile phase consisted of chloroform:
methanol (9:1) with 1% trifluoroacetic acid, and the samples were run on TLC Silica Gel 60
F254 (EMD Millipore).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ICLs exhibit enhanced extravasation in syngeneic solid tumors. (A) EPC/DSPE-

PEG2000/Dil/Cy5-DSPE liposomes were used (Table 1). (B) both dyes are colocalized

in liposomes. The size estimate by fluorescence microscopy is not accurate, and readers
are referred to Table 1 for accurate size and PDI measurements. (C) Confocal microscopy
imaging of fresh 4T1 tumor slices shows colocalization of Dil and Cy5-DSPE in tumor
vasculature but predominant extravasation and spreading of Dil at 24 h. (D) Line profiles
drawn across representative lectin-labeled tumor blood vessels (Figure S1) show spreading
of Dil at 24 h and mostly vascular localization of Cy5-DSPE. (E) Quantification of
fluorescence positive areas in the tumor (7= 30-60 images from 2 tumors per time

point, paired #test, repeated twice). (F)EPC/DSPE-PEG2000/Dil/Cy5-DSPE liposomes
were injected in GL261 syngeneic intracranial glioma bearing mice. Confocal microscopy
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imaging of brain slices shows predominant extravasation and spreading of Dil, and an
almost complete absence of Cy5-DSPE. The tumor (left of dotted boundary as identified
by highly irregular tumor blood vessels) is surrounded by normal brain tissue with defined
vasculature. (G) Quantification of fluorescence-positive areas in the glioma images (/7= 40
images from 2 tumors, paired ftest).
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The switch of fluorophore does not affect the enhanced extravasation of ICLs over FPLs.
(A) EPC/DSPE-PEG2000/DiD/Cy3-DSPE liposomes were used (Table 1). (B) Both dyes
showed colocalization in liposomes. Note that the size estimate by fluorescence microscopy
is not accurate, and readers are referred to Table 1 for accurate size and PDI measurements.
(C) Confocal images of tumor slices and (D) image area quantification show predominant
spreading of DiD in tumors (n7= 60 images from 3 mice, paired ftest).
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Figure 3.
ICLs but not FPLs label the tumor microenvironment. (A) EPC/DSPE-PEG2000/DiD or

EPC/DSPE-PEG2000/Cy5-DSPE liposomes were prepared (Table 1). The probes have the
same fluorescent headgroup but different lipid parts. (B, C) 4T1 mice were injected i.v.
with DiD or Cy5-DSPE liposomes. Flow cytometry of the tumor single-cell suspension 4
days postinjection shows that about 17% of cells were labeled with DiD and over 50%
were F4/80+ macrophages (/7= 3 mice). (D) Microscopy image of single-cell suspension of
tumors after staining for F4/80.
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Figure4.
Extravasation and immune uptake of ICLs in gliomas. (A) amino-Dil (fixable dye)

liposomes were injected in GL261 CT-2A syngeneic tumor-bearing mice. Whole brain slices
were imaged 48 h thereafter. Dil amine shows efficient extravasation in tumors but not in
healthy brain tissue. (B) Tumors were stained for the myeloid marker CD11b and the general
immune marker CD45.
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Figure5.
Both ICL and FPL are stable in serum and extravasate together at early time points.

(A) Incubation of EPC/DSPE-PEG2000/Dil/Cy5-DSPE-labeled liposomes in 1% Tween-20
that destroys liposomes does not affect the fluorescence significantly, excluding quenching
(repeated twice). (B) There was less than 10% release of Dil and Cy5 fluorescence from
liposomes in mouse serum /n vitro (repeated twice). (C) Dil and Cy5 in plasma after
injection of liposomes in 4T1 tumor-bearing mice show similar elimination profile (the
inset shows elimination within first 60 min postinjection (7= 3 mice)). Over 99% of
fluorescence was in plasma fraction, and no binding to red blood cells was observed (Figure
S6). (D) Both lipids are mostly localized in liposomes in plasma that was retrieved from
mice at 1 min and 1 h postinjection. Note that the size estimate by confocal microscopy

is not accurate, and also the size /n vivo could be affected by protein corona etc. (E)
high-magnification confocal microscopy of 4T1 tumor sections at 1 h show that both Dil
and Cy5-DSPE are together in lectin-positive blood vessel and extravasate either as intact
liposomes or as diffuse fluorescence.
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Figure6.

FPLs are less stable than ICLs and are eliminated from tumor and organs /n vivo. (A) Mice
were injected with Dil/Cy5-DSPE-labeled liposomes, and tumors (upper panel) and livers
(lower panel) were excised and imaged at different time points. Representative images of
merged Dil and Cy5 fluorescence are shown (/7= 2 mice, repeated three times). Liposomes
were dotted on a membrane and scanned together with tumors (image of the liposomal dot
is shown in upper panel). (B) The Dil/Cy5 fluorescence ratio in tumor and liver images
shows an increase over time (/7= 2 mice per time point). (C) Tumors and major organs
were homogenized and the lipids were extracted with organic solvent as described in the
Methods. Dil (left graph) and Cy5 (right graph) show major differences in biodistribution.
(D) The Dil/Cy5 fluorescence ratio in tumor and organ extracts shows an increase over
time. (E) Liver homogenates were spiked with Dil/Cy5-DSPE liposomes and incubated for
different times. There was no increase in Dil/Cy5 fluorescence ratio over time. (F) Thin
layer chromatography analysis of fluorescence after lipid extraction from liver homogenates
in (E). The arrow points to degradation of Cy5-DSPE. (G) TLC analysis of liver extracts at
different times after injection of Dil/Cy5-DSPE-labeled liposomes shows a decrease in the
levels and degradation of Cy5-DSPE but not Dil.

ACS Nano. Author manuscript; available in PMC 2022 November 11.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wang et al.

Table 1.

Characterization of Liposomes Used for the Studya

liposome compositions
EPC/DSPE-PEG2000/Dil/Cy5-DSPE 0.2%/0.2%
HSPC/Chol/DSPE-PEG2000/Dil/Cy5-DSPE 0.2%/0.2%
EPC/DSPE-PEG2000/DiD/Cy3-DSPE 0.2%/0.2%
EPC/DSPE-PEG2000/DiD 0.2%
EPC/DSPE-PEG2000/Cy5-DSPE 0.2%
HSPC/Chol/DSPE-PEG2000/Dil-amine

size (intensity weighted), nm
132
150
290
174
158
232

PDI
0.167
0.188
0.287
0.131
0.114
0.218

¢ potential, mV
-20.1
-22.7
-18.7
-135
-16.3
-17.3

aRepresentative batches are shown. ICLs are Dil, DiD, and Dil-amine. FPLs are Cy3-DSPE and Cy5-DSPE.
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