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Abstract

Glioblastoma (GBM) is the most devastating and aggressive brain tumor in adults. Hidden behind 

the blood-brain and blood-tumor barriers (BBTB), this invasive type of brain tumor is not readily 

accessible to nano-sized particles. Here we demonstrate that fluorescent indocarbocyanine lipids 

(ICLs: DiD, DiI) formulated in PEGylated lipid nanoparticle (PLN) exhibit highly efficient 

penetration and accumulation in GBM. PLN-formulated ICLs demonstrated more efficient 

penetration in GBM spheroids and organoids in vitro than liposomal ICLs. Over 82% of the 

tumor’s extravascular area was positive for ICL fluorescence in the PLN group versus 13% 

in the liposomal group just one hour post-systemic injection in the intracranial GBM model. 

Forty-eight hours post-injection, PLN-formulated ICLs accumulated in 95% of tumor myeloid-

derived suppressor cells and macrophages, 70% of tumor regulatory T cells, 50% of tumor-

associated microglia, and 65% of non-immune cells. PLN-formulated ICLs extravasated better 

than PEGylated liposomal doxorubicin and fluorescent dextran and efficiently accumulated in 

invasive tumor margins and brain-invading cells. While liposomes were stable in serum in vitro 

and in vivo, PLNs disassembled before entering tumors, which could explain the differences in 

their extravasation efficiency. These findings offer an opportunity to improve therapeutic cargo 

delivery to invasive GBM.
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INTRODUCTION

Glioblastoma (GBM) is the most aggressive and predominant type of glioma in adults, 

with a historical survival of only 20 months [1, 2]. Although GBM generally does not 

metastasize to other organs, it displays a highly invasive phenotype by which glioma 

cells migrate in the brain away from the primary tumor mass, often along myelinated 

nerve tracks and blood vessels [3, 4]. Despite advances in the understanding of glioma 

biology, most novel therapies result in only a modest increase in patient survival and the 

inevitable progression of the disease [5]. Radiation therapy, the backbone of glioma therapy, 

leads to vascular damage and increased tumor permeability. However, it also increases 

invasiveness [6, 7]. The current therapies’ main limitation is poor drug penetration across the 

blood-brain and blood-tumor barriers (BBTB) and insufficient drug delivery to glioma cells 

invading surrounding brain tissue [8–12]. While tumor progression leads to BBTB structural 

changes in neuronal death, astrocyte end-feet displacement, and heterogeneous pericyte 

subpopulations, the accumulation of drugs in brain tumors remains heterogeneous [12, 13]. 

Several strategies have been explored to improve delivery, including convection-enhanced 

delivery and focused ultrasound [14, 15]. However, these strategies have shown mixed 

results in the clinic and often require complex invasive procedures.

Nanoparticles and liposomes have recently been suggested as attractive solutions to improve 

the penetration of drugs to gliomas, with various chemistries, nanoparticle types, and 

targeting ligands being tested for improving trafficking across BBTB [5]. However, despite 

this gain in therapeutic efficacy through engineering [16], including targeting endothelial 

transporters [17–21], nanoparticle delivery systems still show heterogenous penetration, 

diffusion, and retention [22, 23]. Therefore, there is a desperate need for new delivery 

modalities across BBTB while emphasizing the targeting of the invasive edge of tumors.

Fluorescent indocarbocyanine lipids (ICLs: DiI, DiD, DiR) are popular choices for labeling 

and tracking cells and nanoparticles [24–27]. Besides being a valuable probe for tracking, 

ICLs could also be viewed as a model surrogate “payload” [28]. We have recently 

demonstrated that liposomal ICLs exhibit more efficient migration and retention in glioma 

and other solid tumors than liposomal fluorescent phospholipids [29]. Here, we report that 

a simple formulation of ICLs with DSPE-PEG2000 in PEGylated lipid nanoparticles (PLN) 

leads to their superior extravasation, migration, and retention in various glioma models 

following a single systemic injection. This phenomenon can be exploited to understand the 

delivery process and to improve imaging and drug delivery efficiency in GBM.

RESULTS

1. ICLs formulated in PEGylated lipid nanoparticles show better tumor penetration than 
liposomes and dextran

We formulated ICL (DiD) at 33 mol % with DSPE-PEG2000 into PEGylated lipid 

nanoparticles (PLNs, Fig. 1A, bottom). The addition of DSPE-PEG2000 was necessary 

since DiD alone is almost water-insoluble. For comparison, we prepared EPC/DSPE-

PEG2000 liposomes with 0.4 mol % DiD (Fig. 1A, top). Liposomes had an average diameter 

of 125 nm, whereas PLNs were smaller, with an average diameter of 96 nm (Fig. 1A). 
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Both formulations appeared colloidally stable (Fig. 1B). At an equal molar concentration 

of DiD, the fluorescence of PLNs was about 90% lower than liposomes (Supplemental 

Fig. 1), likely due to quenching of their dye molecules being closely packed in PLNs. 

Using a high magnification confocal imaging, we show that both liposomes and PLNs are 

sub-micron-sized nanoparticles, with PLNs being more heterogeneous and less defined in 

shape than liposomes (Fig. 1C). To compare the efficiency of uptake in vitro, we incubated 

liposomal DiD or PLN-formulated DiD (0.7 μM) with either Matrigel™-based spheroids 

derived from U-87MG glioma cells or with organoids derived from mouse GL261 tumors 

and patient-derived xenograft GBM6 glioma tumors. Unlike spheroids, tumor organoids 

better recapitulate the tumor stroma and immune microenvironment [30]. Using confocal 

imaging, we observed much better DiD penetration for the PLN group that for the liposome 

group at the same Z-depth (Fig. 1D). Indeed, previous data suggest limited penetration of 

liposomes into spheroids [31]. Whole spheroid/organoid imaging confirmed significantly 

higher DiD accumulation in the PLN group than in the liposome group for U-87MG 

spheroids and GL261- and GBM6-derived organoids (Fig. 1E–F, p-values<0.0001, 0.014, 

0.003, respectively).

Liposomal or PLN-formulated DiD administered via i.v. route at 0.14 μmol/kg in C57BL/6 

mice showed similar plasma half-lives of DiD (174 min and 165 min, respectively (Fig. 

2A)). In order to compare the extravasation efficiency in tumors, particles were injected in 

GL261 glioma-bearing mice along with FITC-lectin and Hoechst to stain blood vessels and 

nuclei, respectively. Brains were excised 1h post-injection, snap-frozen, sectioned into 1-2 

mm slices, and immediately imaged non-fixed with a confocal microscope. This technique 

enables wide-field imaging of nanoparticles in intact tissue without introducing fixation-

induced autofluorescence and lipid migration artifacts, especially given the non-fixable 

nature of the lipids used in the study [29, 32]. Liposomal DiD exhibited enhanced binding 

to tumor blood vessels and initial extravasation and migration as both discrete particles and 

diffuse fluorescence (Fig. 2B, arrows). Conversely, PLN-formulated DiD displayed a pattern 

of diffuse fluorescence that spread over the entire tumor area (Fig. 2B). Line profile drawn 

across representative tumor blood vessels confirmed limited migration of liposomal DiD, 

and extensive migration of PLN-formulated DiD (Fig. 2C). The extravasation was much 

more widespread in the PLN-formulated DiD group compared to the liposomal DiD group 

in terms of the percentage of tumor total fluorescence area (Fig. 2D, top; 92% and 23%, 

respectively; p-value<0.0001) and the percentage of tumor extravascular fluorescence areas 

(Fig. 2D, bottom; 82% and 13%, respectively; p-value<0.0001).

At 48h post-injection, both liposomal and PLN-formulated ICLs exhibited spreading 

of intratumoral fluorescence. However, a significantly larger area was positive for PLN-

formulated DiD than liposomal DiD (Fig. 3A–C; total area: 62% vs 35%; p-value<0.0001). 

Occasionally, we observed fluorescence-positive areas at a distance from the tumors, but 

these were much dimmer than the tumors (not shown). Ex vivo imaging of organs showed 

an accumulation of liposomal and PLN-formulated DiD in the liver, spleen, kidneys, 

lungs, and intestine (Fig. 3D–E). Notably, PLN-formulated DiD showed more brain tumor 

accumulation than liposomal DiD. In order to compare the extravasation of ICLs in 

the same tumor, 0.14 μmol/kg of PLN-formulated DiI (DSPE-PEG2000/DiI 2:1; 87nm, 

Supplemental Fig. 2) and 0.14 μmol/kg of liposomal DiD (same formulation as above) were 
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co-injected in GL261 bearing mice. Confocal microscopy of fresh brain slices 48h post-

injection confirmed significantly better migration and spreading for PLN-formulated DiI 

than liposomal DiD (Fig. 3F–G; p-value<0.0001). To account for the potential quenching 

of the dye in PLNs, we extracted ICLs with organic solvent from liver, kidney, spleen, 

and brain homogenates and quantified the amount of the lipid using the calibration curve 

prepared in the extracts of the respective organs (Supplemental Fig. 3), as described by us 

before [29]. The analysis showed higher accumulation (reported as percent of injected dose 

per gram tissue %ID/g) of PLN-formulated DiI than liposomal DiD in the liver and brain, 

but lower accumulation in kidneys and spleen (Fig. 3H). Whole-brain accumulation (Fig. 

3I) was significantly higher for PLN-formulated DiI than for liposomal DiD (4.4%ID/g vs. 
2.7%ID/g; Fig. 3I; p-value 0.04). While the exact weight of the intracranially implanted 

GL261 tumors could not be determined precisely, the brain’s weight with a tumor is 15-20% 

more than a healthy brain. Therefore, the accumulation of PLN-formulated ICLs could be as 

much as 30% ID/g tumor, albeit this is an estimation.

Macromolecules, such as dextrans, accumulate in tumors and gliomas via the enhanced 

permeability and retention (EPR) effect [33, 34]. In order to compare tumor extravasation 

and accumulation of PLNs and dextran, we co-injected PLN-formulated DiD and 70kDa 

rhodamine-dextran in GL261 tumor-bearing mice. To compensate for the difference of 

the extinction coefficients between DiD (260,000 M−1cm−1) and rhodamine (106,000 

M−1cm−1), we injected 0.14 μmol DiD/kg and 0.33 μmol rhodamine/kg. PLN-formulated 

DiD showed widespread diffuse extravasation at 1h, whereas the tumor extravasation of 

dextran was heterogeneous and focal (Fig. 4A–B). Furthermore, the rhodamine-positive 

area was significantly smaller than the DiD-positive area (Fig. 4B, p-value<0.0001). Also, 

there was no detectable rhodamine-dextran signal in tumors 48h post-injection (Fig. 4C–D), 

suggesting that tumor retention of PLN-formulated ICLs is also more efficient than that of 

macromolecular dextran.

2. PLN-formulated ICLs target immunosuppressive microenvironment and invasive tumor 
cells more efficiently than liposomal ICLs.

To compare the uptake of liposomal and PLN-formulated ICLs by cell types in tumors, we 

performed flow cytometry analysis at 48h post-injection of liposomal and PLN-formulated 

DiD in GL261 bearing mice (Fig. 5A; gating strategy described in Supplemental Fig. 4–6). 

The analysis showed that 65% of CD45− cells (tumor cells as well as other non-immune 

cells including endothelial cells and astrocytes) were DiD+ in the PLN group, versus only 

4% in the liposome group (Fig. 5B, p-value 0.001), and 79% of lymphocytes were DiD+ in 

the PLN group, versus 19% in the liposome group (Fig. 5B, p-value<0.0001). Furthermore, 

97% of myeloid cells were DiD+ in the PLN group, versus 61% DiD+ in the liposome group 

(Fig. 5B, p-value 0.014). Percentages of DiD+ cells in dendritic cells (DC), monocytic (mo) 

MDSCs, polymorphonuclear (PMN) MDSCs, and tumor-associated macrophages (TAMs) 

were over 70% in both groups (Fig. 5C). The percentage of DiD+ DCs was significantly 

higher in the PLN group (Fig. 5C, p-value 0.016). The uptake efficiency, measured as the 

mean fluorescence intensity (MFI), revealed significantly higher uptake in the PLN group 

than in the liposomal group for DCs, PMN MDSCs, and TAMs (Fig. 5D, p-values 0.006, 

0.002, and 0.003, respectively). Lymphoid cells showed significantly higher percentage of 
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DiD+ B-cells, Tregs (CD4+CD25+), CD4+ and CD8+ T cells, and NK cells in the PLN 

group compared to the liposomal group (Fig. 5E, p-values 0.0004, 0.005, 0.0001, 0.0003, 

0.035, respectively). Lymphoid cells showed a significantly increased MFI in CD4+CD25+ 

Tregs in the PLN group compared to the liposomal group (Fig. 5F, p-values<0.0001, 0.003, 

respectively). Thus, these results suggest that the lipid formulation determines the uptake 

efficiency by the tumor microenvironment, and PLNs accumulate in immunosuppressive 

cells more efficiently than liposomes.

While many publications focused on improving the total delivery of nanoparticles to gliomas 

[5], to our best knowledge, the delivery to the glioma margin and invasive cells has not 

been studied in detail. Therefore, we examined the accumulation of PLN-formulated ICLs at 

the tumor/brain interface in several intracranial models. Forty-eight hours post-co-injection 

of 0.14 μmol/kg of PLN-formulated DiI and liposomal DiD, much greater labeling of the 

margin was seen with DiI compared to DiD in the GL261 bearing mice (Fig. 6A, arrows). 

PEGylated liposomal doxorubicin (aka Doxil®) is the clinically approved fluorescent 

liposome that often serves a “benchmark” for comparison with other nano delivery systems 

[35]. Notably, Doxil showed limited clinical efficacy in gliomas [36]. Therefore, we 

coinjected generic Doxil (LipoDox®) and DiD PLN in the GL261 glioma-bearing mice 

to compare delivery to the invasive margin. Due to differences in fluorescence properties 

(DOX ε=10,400 M−1cm−1 and DiD ε=260,000 M−1cm−1), we injected 90-fold molar excess 

of DOX over DiD and also adjusted the gain of the microscope by imaging the DOX:DiD 

mix spiked in tumor homogenate to account for any variability in fluorophore signal in 

tumor (Supplemental Fig. 7 and Methods). Confocal microscopy of fresh brain slices 48h 

post-injection revealed a significant difference in intratumoral distribution between DiD 

and DOX (Fig. 6B, top row). Notably, DiD accumulated in the entire tumor, including the 

margin, whereas DOX localization was confined to perivascular areas.

Since GL261 is not an invasive tumor, we studied the distribution of PLN-formulated 

DiD and DOX in highly invasive genetically engineered mouse models (GEMM) of 

supratentorial high-grade and diffuse midline glioma [37]. In GEMMs, similarly to the 

GL261 model, there was an extensive spreading and localization of DiD in the center and 

edge of the tumor, with DiD localization within breakaway islands of tumor cells (Fig. 6B, 

middle and bottom row). The accumulation of DOX was again restricted to the perivascular 

areas. In order to localize DiD in the margin, tumors were stained for engineered human 

IL13 receptor alpha 2 (IL13Rα2) on the surface of the cancer cells. In addition, the tumor’s 

margin was visualized with an H&E stain on sequential tissue sections. This allowed us to 

determine a colocalization of DiD with the tumor margin and with brain-invading tumor 

cells. According to Fig. 7A–B, several breakaway IL13Rα2+ cells could be observed near 

the margin, and these cells were also positive for DiD.

3. PLNs undergo disassembly in vivo, which could explain better tumor penetration 
efficiency than liposomes.

A recent paper hypothesized that DSPE-PEG2000-based lipid nanodiscs have higher 

malleability than liposomes, which might facilitate their squeezing through pores in the 

vasculature [38]. To test if this is the case with PLNs, we compared the filterability of 
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liposomes and PLNs through 0.1μm pore size filters, which is on the order of the gaps 

observed in the tumor endothelium [39–42]. Supplemental Fig. 8 shows that both liposomes 

and PLNs almost entirely pass through 0.1μm pore membrane, suggesting that both types 

of particles are malleable enough to make through the vascular pores. We, therefore, 

hypothesized that changes to the formulations taking place in serum could explain the 

penetration efficiency. Therefore, we prepared PLNs and liposomes labeled with DiI only, 

or with both DiI and DiD. In the latter case, the proximity of the dyes should lead to 

fluorescence resonance energy transfer (FRET) between the Cy3 headgroup of DiI (donor) 

and the Cy5 headgroup of DiD (acceptor), leading to a quenching of DiI fluorescence as 

compared to DiI only particles. Indeed, PLNs exhibited almost complete FRET efficiency 

of 0.97, whereas liposomes exhibited lower but still significant FRET efficiency of 0.38 

(Supplemental Fig. 9). Addition of serum led to an immediate unqenching and ~60% relative 

loss of FRET in PLNs (Fig. 8A and Supplemental Fig. 9). In contrast, the addition of 

serum did not decrease, but instead increased FRET efficiency in liposomes (Fig. 8A and 

Supplemental Fig. 9), suggesting compaction of lipids in the bilayer, or other effects of the 

protein corona on fluorophores.

Previously, we used confocal imaging of double-labeled liposomes and demonstrated their 

stability in plasma after injection in mice [29, 32]. To compare the integrity of PLNs 

and liposomes, we injected DiI/DiD-labeled PLNs and liposomes in mice and collected 

plasma 15 min post-injection. According to high magnification confocal images (Fig. 8B), 

liposomes were intact and showed colocalization of DiI and DiD before and after the 

injection. At the same time, PLNs showed some colocalization before injection, but a lack 

of colocalization after the injection, with both dyes appearing to be separated. The resolution 

of confocal microscopy is not sufficient to determine if PLNs separated into individual 

lipids or smaller nanoparticles. Finally, we correlated the observed disintegration of PLNs 

in vivo with very early steps of tumor entry. DiI/DiD PLNs or DiI/DiD liposomes were 

injected in GL261 glioma-bearing mice, and extracted brains were snap-frozen at 15 min 

post-injection, cryosectioned, and immediately imaged with high-magnification confocal 

microscopy (Fig. 8C–D). Liposomes showed primarily binding to blood vessels and high 

degree of colocalization of DiI and DiD. On the other hand, PLN-injected mice showed 

spreading of DiI and DiD away from the endothelium and much lower colocalization of 

DiI and DiD outside of blood vessels, suggesting that the dyes enter tumors separated (Fig. 

8C–D).

DISCUSSION

Due to the heterogeneous permeability and presence of efflux transporters in the BBTB 

[41], there is a dire need to improve drug delivery to glioma [43]. Liposomes, lipid 

nanoparticles, and lipid-drug conjugates are some of the most promising candidates for 

cancer delivery [43–46]. We demonstrated highly efficient extravasation, and penetration of 

ICLs formulated in a simple nanoformulation without decoration with transcytosis ligands 

(e.g., glucose transporter substrates or growth factors) or use of physical methods such as 

convection-enhanced delivery and focused ultrasound in glioma tumors. Moreover, while 

several classes of nanoparticles can achieve an improved degree of BBTB penetration [16], 

targeting the invasive cells, a major problem in GBM, remains unsolved [5]. Importantly, 

Balyasnikova et al. Page 6

J Control Release. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



our study demonstrated the fluorescent lipid delivery to the invasive edge in aggressive 

models of supratentorial high-grade and diffuse midline glioma in the immunocompetent 

host. Furthermore, in addition to the invasive cells, PLN-formulated ICLs showed a better 

delivery than liposome-formulated ICLs to the tumor’s immunosuppressive myeloid cells. 

Based on our data, the next logical step is to use PLN-formulated ICLs as carriers for drugs 

for enhanced delivery of brain-impermeable small molecules, e.g., by conjugating drugs via 
cleavable self-immolating linkers [46].

The efficient and specific tumor extravasation and penetration of PLNs are contrary to the 

prevailing dogma in the drug delivery field that serum stability is one of the prerequisites 

for successful nanoparticle design. However, the success of serum-unstable nanoparticle 

nab-paclitaxel (Abraxane®) provides an argument against this dogma, and that other factors 

besides serum stability dictate nanomedicine performance. While the estimated number of 

injected liposomal particles was higher than PLN particles (at the same ICL dose), the 

disintegration of PLNs into smaller structures after injection could explain the facilitated 

entry and migration of ICLs in tumors. While there is evidence of endothelial pores/gaps 

in tumors including gliomas in previous studies [40–42], superior extravasation of ICLs to 

70kDa dextran suggests a more complex mechanism than simple diffusion via gaps. Several 

recent papers suggested transcytosis as the primary mechanism of tumor accumulation 

of nanocarriers [47–50]. ICLs are known to efficiently label extracellular vesicles (EVs), 

including exosomes [51, 52]. Due to the efficient lateral diffusion in membranes [53–55], 

ICLs could become incorporated into the transcytosis machinery of endothelial or tumor 

cells. A high affinity of ICLs to cells could also explain the efficient retention of therse 

lipids in tumors. Understanding the mechanisms of extravasation, distribution, and retention 

of ICLs requires further investigation using a combination of relevant knockdowns in animal 

models and specific inhibitors of endocytosis and transcytosis. Such studies will be essential 

for understanding and improving cancer nanomedicine performance.

MATERIALS AND METHODS

Materials:

DiD (1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindotricarbocyanine, 4-chlorobenzenesulfonate 

salt), and DiI (1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindotricarbocyanine Perchlorate) were 

from Biotium (Hayward, CA, USA) and were stored as 10 mM sock in ethanol. Whatman 

Nucleopore Track-Etch Membranes, bovine serum albumin, and the chemicals for synthesis 

were from Sigma-Aldrich (St. Louis, MO, USA). Nitrocellulose membrane (0.45 μm) 

was from Bio-Rad (Hercules, CA, USA). Egg phosphatidylcholine (EPC), distearoyl 

phosphatidylethanolamine (DSPE)-PEG2000 were from Avanti Polar Lipids (Alabaster, AL, 

USA). Nuclear staining reagent Hoechst 33342 trihydrochloride trihydrate was purchased 

from Life Technologies (Carlsbad, CA, USA). Fetal bovine calf serum, RPMI 1640 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). PEGylated liposomal doxorubicin (LipoDox®, Sun Pharma) was obtained in sterile 

leftover vials from the University of Colorado Cancer Center pharmacy. Rhodamine B 

dextran (70kDa) was from ThermoFisher.
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Liposome and PLN preparation:

Lipids were mixed at the following molar ratios: EPC/DSPE-PEG2000/DiD (mole %: 

95/5/0.4) in chloroform and dried under a nitrogen stream. The dry lipid cake was 

resuspended in PBS for a total DiD concentration of 35μM, then incubated at 37°C for 

30 minutes. The solution was extruded using a syringe extruder (Avestin, Ottawa, Canada) 

through Whatman Nucleopore Track-Etch Membranes (100 nm pore size 15 times). To 

prepare PLNs, DiI or DiD was mixed with DSPE-PEG2000 at 1:2 mole ratio in ethanol, 

dried, and resuspended in PBS at 35μM DiD. NanoSight 300 (Malvern, UK) was used to 

measure the size of the particles. Liposomes and PLNs were stored at 4°C for a maximum 

period of 4 weeks.

Cell culture:

GL261 cells were obtained from the National Cancer Institute (NCI) and were grown at 

37°C in RPMI 1640 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). U-87MG cells were from American Tissue Culture Collection and were 

grown in DMEM medium with 4.5g/l glucose and L-glutamine without sodium pyruvate. 

The medium was supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml 

penicillin, and 100 ng/ml streptomycin.

To generate spheroids from glioma cells, adherent U-87MG cells were enzymatically lifted 

with trypsin-EDTA, pelleted by centrifugation, counted, and resuspended in NeuroCult™ 

NS-A Basal Medium with human recombinant epidermal growth factor (20ng/ml), basal 

fibroblast growth factor (10 ng/ml), heparin solution (2 ng/ml) (all from StemCell 

Technologies, Vancouver, Canada), and StemPro™ neural supplement (1% v/v, Thermo 

Fischer) to a concentration of 2000 cells/μl. The cell suspension was mixed with cold 

Matrigel® (Corning, Tewksbury, MA) at a 1:4 ratio. The Matrigel-cell suspension was 

added to the indentations created in the parafilm molds (20 μl) and polymerized for one 

hour at 37°C. After one hour, the spheroids were manually dislodged from the parafilm 

molds into DMEM and cultured for 72 hours at standard conditions (37°C, 5% CO2, 

95% humidity). After 72 hours, the spheroids were placed on an orbital shaker within an 

incubator, where they remained for 11 additional days. On day 14, the Matrigel was removed 

using Cell Recovery Solution (Corning) per the manufacturer’s protocol. Briefly, spheroids 

were washed with cold PBS and gently resuspended in 1 ml of cold Cell Recovery Solution 

for 5 min. After 5 min, spheroids were washed with cold PBS three additional times and 

placed back into DMEM for seven days. After 21 days of culture, spheroids were ready for 

experimental use.

Tumor organoids were generated from GBM6 and GL261 orthotopic tumors as previously 

described [56]. Briefly, GBM6 and GL261 were implanted intracranially in NSG and 

C57BL/6 mice, respectively. Following tumor engraftment and development, mice were 

sacrificed, and tumors were dissected from brains. Tumors were subsequently diced into 

approximately 0.5 mm3 fragments with a sterile blade, washed twice with PBS, and cultured 

in DMEM supplemented with 10% FBS on an orbital shaker within a tissue culture 

incubator. After 72 hours of culture, tumor explants were ready for experimental use.

Balyasnikova et al. Page 8

J Control Release. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Animal experiments:

The University of Colorado and Northwestern University Institutional Animal Care and Use 

Committees (IACUC) approved animal experiments (protocols 103913(11) and IS00002999, 

respectively). For circulation half-life, healthy C57BL/6 mice (6-8 weeks old females) were 

injected with PLNs or liposomes (0.14μmol/kg of ICL). Blood was collected via periorbital 

plexus using heparin glass capillaries, and the plasma was separated by centrifugation at 500 

g for 5 min. For brain tumors, C57BL/6 mice (6-8 weeks old) were implanted with a total of 

4x105 GL261 cells per animal using an established protocol.[57] NSG mice were implanted 

with 2x105 GBM6 cells as previously described [58]. For supratentorial high-grade and 

diffuse midline glioma models [37], nestin-tva (NTV-a) p53fl/fl mice were injected with 

RCAS-PDGFB/IL13Ra2 and RCAS-Cre DF-1 avian virus producer cells to form tumors 

that express invasive brain tumor marker human IL13Rα2 [59, 60]. Experiments were 

performed when tumors were fully developed in each model. Mice were injected i.v with 

80-100 μl boluses. Next, mice were preinjected 1h before sacrificing with 50 μl of FITC-

tomato lectin (1 mg/ml) and 50 μl Hochest33324 (2 mg/ml) to visualize the vasculature and 

the nuclei, respectively. Mice were sacrificed at different times post injection with carbon 

dioxide, followed by cardiac perfusion with PBS through the left ventricle.

Organ and plasma imaging:

The organs were excised and scanned with a Bio-Rad camera imager equipped with a 

Cy5 filter for DiD detection or Li-COR Odyssey for Cy7 detection. Mean fluorescence 

was determined from 8-bit TIFF images using Fiji software by subtracting the background, 

drawing a region of interest around the organs or tumors, and using the “Measure” function 

to determine mean gray values. Such measurement is independent of the organ cross-section 

area and is roughly proportional to the dye concentration. The mean gray values of non-

injected organs and tumors were subtracted from the measurements and plotted with Prism 

version 8.3.0 software (GraphPad, San Diego, CA). For fluorescence clearance, plasma was 

dotted on a nitrocellulose membrane, scanned as above. The mean fluorescence of dots was 

plotted versus time using Prism and fitted into mono-exponential decay to calculate half-life.

Microscopy and image quantification:

Nikon Eclipse AR1HD inverted confocal microscope with 405 nm (Hoechst), 488 nm 

(FITC), 561 nm (DiI), and 640 nm (DiD) excitation lasers and corresponding emission 

filters was used. For high magnification imaging of liposomes and nanoparticles, particle 

solution was diluted at 1:1000 before injection. Plasma collected after injection was diluted 

at 1:100 in PBS. The diluted samples were mixed with glycerol at 1:1 ratio, and 2 μl were 

placed on a slide and covered with a glass coverslip. The preparations were imaged under 

Apo60 objective at 2048 x 2048 resolution. For intact tumor slice imaging, mice were 

perfused via cardiac perfusion with PBS, brains were snap-frozen on dry ice for whole 

tumor imaging and sliced with a blade in 1-2mm thick slices. The slices were placed on 

a glass slide and immediately imaged using Plan Apo 10 or Plan Apo 20 objectives. Each 

tumor was imaged within 30 min to avoid artifacts. For cryosections in Fig. 7–8, brains were 

snap-frozen, cryo-sectioned in 7μm sections, fixed with formalin for 10 min and imaged 

under 20x objective. Multiple random image areas were acquired per section at 512x512 

Balyasnikova et al. Page 9

J Control Release. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or 1024x1024 resolution. Images were quantified with FIJI using built-in or customized 

macros. Briefly, for fluorescent area quantification, 8-bit gray image stacks were manually 

thresholded, and the percentages of binary (positive) areas in the green and red channels 

were calculated using the “Measure” function. For calculation of the percentage of an area 

outside of lectin-positive blood vessels, the lectin staining was selected in the FITC channel, 

applied to all channels, and the dye-positive area outside the selections was thresholded 

and calculated as described above. For fluorescence profile, a perpendicular line was drawn 

outwards from the periphery of blood vessels, and the “Plot Profile” function was used to 

determine pixel values versus distance. All the data were plotted with Prism.

ICL quantification:

ICLs were extracted using a modified Bligh-Dyer method [61]. Briefly, 50-100 mg pieces 

of wet liver tissue (mid lobe), or whole spleen, kidney, and brain of tumor mice were 

homogenized as described previously [29]. Ten parts of chloroform/methanol (2:1) were 

added, and the samples were mixed at 1400 rpm for 2 h at room temperature. The tubes 

were centrifuged at 500 g for 10 min. The organic phase (bottom, approximately 80% of 

the added amount was recovered) was carefully collected, dotted as 2 μl aliquots on a 

PVDF membrane (Millipore), and scanned for ICL fluorescence with a Bio-Rad imager as 

described above. Two-fold dilutions of ICLs in extracts of organs and tumor-bearing brains 

from non-injected mice were dotted on the same membrane and scanned together with the 

samples. The calibration curves are in supplemental Fig. 3. The percent of the injected dose 

in the extracts was calculated and divided by the respective wet tissue weight.

Immunostaining and flow cytometry:

For immunostaining, mice with supratentorial high-grade or diffuse midline glioma tumors 

[62] were injected with DiD liposomes and perfused 48 h post-injection. Brains were 

snap-frozen in OCT in liquid nitrogen and immediately sectioned with a cryostat into 7 μm 

sections. The sections were fixed for 10 min with 4% formalin, blocked with 10% goat 

serum, and stained with mouse anti-human IL13Rα2 antibody (clone 47, BioLegend) and 

goat anti-mouse Alexa Fluor™ Plus 555 secondary antibody (ThermoFisher).

A single-cell suspension of brain tissue was prepared for flow cytometry analysis as 

previously described [57]. The markers, including for tumor associated macrophages 

and myeloid cell populations were based on previous publications [57, 63, 64]. Single-

cell isolates were pre-blocked with Ultra-LEAF purified anti-mouse CD16/32 antibody 

(BioLegend, San Diego, CA) in PBS supplemented with 2% FBS 10 min at 4 °C before 

antibody staining. The following flow cytometry panel (BioLegend) was used for cell 

staining: anti-CD4-FITC, anti-CD8-BV605, or -PE-Cy7, anti-CD19-BV711, anti-CD25-PE, 

anti-NK1.1-PE-Cy7, anti-Ly6G-FITC, anti-CD11b-Pacific Blue, anti-CD11c-BV605, anti-

Ly6C-AlexaFluor 700, anti-F4/80-PE, all at a 1:200 dilution. Cells were counterstained with 

fixable viability dye eFluor 780 (Invitrogen) to exclude dead cells from analysis. After 

incubation on ice for 20 minutes and washing, cells were analyzed for surface staining using 

the BD FACSymphony flow cytometer (Becton Dickinson, Franklin Lakes, NJ) and FlowJo 

software Version 10.6 (FlowJo, LLC).
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FRET assay:

PLNs and liposomes were prepared with DiI only, DiD only, or DiI/DiD as described 

above. Particles were added at 2μM dye to PBS or to 40% mouse serum at 37°C in a 

transparent bottom microwell plate, and fluorescence of DiI (donor) was measured at 550 

nm excitation/570 nm emission for 1h using Spectramax M2 fluorescence microplate reader. 

FRET efficiency in PBS and in serum was calculated according to the formula:

1 − IDiI − DiD
IDiI

,

Where IDiI-DiI is the fluorescence intensity of double-labeled particles, and IDiI is the 

fluorescence intensity of single-labeled particles. The efficiency was then plotted as is or 

as the percentage of the initial efficiency (before serum).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PLN-formulated ICLs penetrate glioma organoids more efficiently than liposomal ICLs.
A) PEGylated liposomes and PLNs (formulated with 0.4 mol% and 30 mol% DiD, top and 

bottom, respectively); B) both formulations are colloidally stable; C) confocal microscopy 

images of liposomes and PLNs. While the nanoparticle size cannot be accurately estimated 

by microscopy due to the diffraction limit, both particle types are smaller than 1μm. Sizer 

bar is the same for both images; D-E) penetration of PLN-formulated DiD but not liposomal 

DiD in glioma spheroids (U-87MG) and tumor organoids (GL261 and GBM6). Particles 

and liposomes were added at 0.7μM DiD for 24h. Organoids and explants were fixed and 

imaged with a confocal microscope (D) or Bio-Rad gel imager (E). The confocal depth 

(Z-plane) was 50-100μm from the spheroid surface for all experiments; F) quantification of 

DiD fluorescence from images in (E). N=3 organoids per group; 2-tailed parametric t-test. 

P-value: ****<0.0001, **<0.01, *<0.05.
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Fig. 2. PLN-formulated ICLs extravasate glioma tumors more efficiently than liposomal ICLs.
PLNs or liposomes were injected i.v. (0.14 μmol DiD/kg); A) Circulation half-life of PLN 

or liposomal DiD (n=3 mice); B) representative confocal images (from 3 mice per group) 

of fresh tumor slices at 1h post-injection of liposomal and PLN-formulated DiD (mice were 

perfused postmortem to remove the blood); C) line profiles drawn across representative 

blood vessels show much more efficient spreading of PLN-formulated DiD than liposomal 

DiD; D) quantification of fluorescence-positive areas (top) and extravascular fluorescence 

areas (bottom) in fresh tumor slices of PLN DiD-injected mice (N=3 mice per group, 

2-tailed parametric t-test). P-value: ****<0.0001.
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Fig. 3. PLN-formulated ICLs accumulate in gliomas at 48h more efficiently than liposomal ICLs.
A-B) Representative ex vivo confocal microscopy images (from 3 mice per group) of tumor 

slices from mice injected with liposomal DiD or PLN-formulated DiD. Scale bar is the 

same for all images; C) quantification of % fluorescent area in tumors (n=3 mice per 

group, pairwise t-test); D-E) pseudocolored images of DiD fluorescence in main organs after 

injection of liposomal DiD or PLN-formulated DiD; F) representative confocal microscopy 

images of tumor (central area) after co-injection of PLN-formulated DiI (Supplemental Fig. 

2) and liposomal DiD; G) quantification of tumor’s fluorescent area after co-injection of DiI 

PLN and DiD liposomes (n=3 mice per group, pairwise t-test); H-I) accumulation (% ID/g) 

of liposomal and PLN-formulated ICLs after extraction from clearance organs and brains of 

GL261 tumor-bearing mice. N=3 mice, pairwise t-test. P-value: ****<0.0001; *=0.04.
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Fig. 4. PLN-formulated ICLs extravasate and accumulate in gliomas more efficiently than 70kDa 
rhodamine-dextran.
GL261 tumor-bearing mice were co-injected with DiD PLN and rhodamine dextran (0.14 

and 0.33 μmol dye/kg, respectively). A) Representative confocal images of different areas 

of fresh non-fixed GL261 tumor slices show superior extravasation of PLN-formulated DiD 

over dextran injected in the same mice; B) quantification of % tumor fluorescent area (n=3 

mice per group, pairwise t-test. P-value: ****<0.0001); C-D) minimal accumulation of 
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rhodamine dextran at 48h injected in a separate cohort of GL261 tumor-bearing mice (n=3 

mice per group).
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Fig. 5. Flow cytometry analysis demonstrates better accumulation of PLN-formulated DiD than 
liposomal DiD.
GL261 tumor-bearing mice were injected with DiD liposomes or DiD PLNs, and the 

cell uptake was analyzed 48h post-injection. A) Gating strategy (also Supplemental Figs. 

4–6); B) CD45+ and CD45− populations (% or cells). Bar labels are the same for all 

subsequent graphs; C) myeloid cell subtypes (% or cells); D) myeloid cell subtypes (mean 

fluorescence intensity, MFI); E) lymphoid cell subtypes (% of cells); F) lymphoid cell 

subtypes (MFI). Dendritic cells (DC), monocytic MDSCs (mo MDSC), polymorphonuclear 
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MDSC (PNM MDSC), and tumor-associated macrophages (TAMs). N=3 mice per group, 

parametric t-tests with multiple comparisons. Only significant comparisons are indicated. 

P-value: ****<0.0001; ***<0.001, **<0.01, *<0.05.
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Fig. 6. Localization of PLN-formulated ICLs in tumor margin 48h post-injection.
Mice were injected and imaged as described in Fig. 3. A) DiI PLN and DiD liposomes 

were coinjected in GL261 mice. Difference in the margin (arrows) localization between 

PLN-formulated DiI and liposomal DiD in GL261 tumor; B) PLN-formulated DiD and 

PEGylated liposomal doxorubicin (DOX) were coinjected in GL261 mice (top row) and in 

genetically engineered invasive mouse models (supratentorial high-grade and diffuse midline 

glioma, middle and bottom rows). Arrows point to the margin. The size bar is the same for 

all images. The experiment is repeated twice.
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Fig. 7. Localization of PLN-formulated ICLs in brain-invading cells 48h post-injection.
A-B) Representative high-magnification fields of diffuse midline glioma GEMM with 

engineered human IL13Rα2 receptor 48h after injection of PLN-formulated DiD. 

Immunostaining for IL13Rα2 was used to identify tumor cells. In addition, sequential H&E 

staining is shown to confirm the tumor edge. There was colocalization of DiD with the 

invasive margin and some of the breakaway cells (yellow arrows).
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Fig. 8. PLNs show instability in serum in vitro and in vivo.
A) Normalized FRET efficiency (Supplemental Fig. 9 for absolute FRET values) after 

incubation of double-labeled PLNs and liposomes in mouse serum; B) confocal microscopy 

in plasma post-injection shows the disintegration of PLNs and stability of liposomes. The 

size bar is the same for all images; C) high magnification microscopy of GL261 tumor 

histological sections show a separation of PLN-formulated DiI/DiD, but not liposomal 
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DiI/DiD at early steps of tumor entry; D) colocalization of DiI and DiD in PLN injected 

tumors and in liposome-injected tumors (Pearson coefficient, calculated with Coloc2 in Fiji).
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