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Abstract

PEGylated liposome is the cornerstone platform for modern drug delivery. Unfortunately, 

as exemplified by PEGylated liposomal doxorubicin (aka Doxil®), altered doxorubicin 

pharmacokinetics causes off-target accumulation in the skin, including palms and feet, leading 

to severe dose-limiting toxicity. In addition to Doxil, other nanoparticles and PEGylated liposomes 

exhibit significant deposition in the skin, but mechanisms of accumulation are poorly understood. 

Using ex vivo imaging and ex vivo confocal microscopy, we show that PEGylated liposomes 

in mice accumulate predominantly in the areas subject to mechanical stress/pressure. Blood 

vessels in foot skin appear to be especially leaky, exhibiting burst-like extravasations. Using 

high resolution confocal microscopy and liposomes labeled with different dyes in the membrane 

and/or interior, two modes of extravasation were observed: 1) as intact liposomes; 2) as separated 

liposomal components. On the other hand, stable crosslinked iron oxide nanoworms extravasated 

only as intact nanoparticles. There was no colocalization between liposomes and exosomal marker 

CD81, excluding the role of exocytosis. Also, in situ perfusion of formalin-fixed foot skin with 

labeled liposomes revealed that the extravasation is mediated by passive, energy-independent 

diffusion and not by leukocyte “hitchhiking”. These findings improve our understanding of 

extravasation pathways of nanocarriers in the areas relevant to skin pathologies, and could lead to 

strategies to prevent and treat liposome-induced skin toxicities.
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Skin is the largest organ in the body with important barrier and immune functions. Many 

nanosized particles, including liposomes, gold and silica nanoparticles, and quantum dots 

accumulate in the mouse skin.1–7 PEGylated liposomal doxorubicin (PLD, Doxil®) is 

widely used for cancer therapy,8 but has serious cutaneous toxic side effects in up to 25% 

of patients.4, 9 Doxil induces severe pain, ulceration and hyperpigmentation in palms and 

soles, hence named “hand-foot syndrome (HFS)”, or palmar-plantar erythrodysesthesia.4, 10 

HFS coincides with mechanical stress/pressure on the affected areas, including palms, soles, 

armpits, sacral area, inner side of knees, posterior side of elbows, buttocks, and anterior 

folding lines of wrists. Therefore, patients are instructed to avoid belts, jewelry, tight clothes 

and bandages.11, 12 Cutaneous toxicities typically interfere with daily living activities and 

thus can severely impact patients’ physical, psychological, and social well-being.13–15 The 

most effective management for moderate-to-severe grade HFS is interrupting treatment, 

modifying dosage, and discontinuing treatment, which may affect efficacy outcomes 

especially in the curative setting; thus, better strategies to treat skin toxicities are urgently 

needed.16

Paradoxically, while many rigorous studies were dedicated to understanding the 

accumulation of nano-delivery systems in tumors17, 18 there is a paucity of knowledge on 

the mechanisms of nanoparticle extravasation in the skin. For instance, the explanation 

of Doxil toxicity in dermatological literature states that “..the hydrophilic coating of 

the liposomes appears to cause drug accumulation…”16 Excellent studies of Allen and 

colleagues2 on the pharmacokinetics of liposomes in mouse skin showed that in foot skin 

liposomes accumulate faster and over a longer period of time than in other areas, but 

no mechanisms of accumulation were reported. Recently, using fiber optical near infrared 

spectroscopy and ex vivo near-infrared imaging,19 we demonstrated that long-circulating 

PEGylated liposomes labeled with indocarbocyanine dye DiR showed up to a 10-fold 

greater skin deposition than non-PEGylated liposomes. Using intravital microscopy, we 

subsequently studied the dynamics of accumulation of DiI-labeled PEGylated liposomes 

and PEGylated liposomal doxorubicin, in ventral and dorsal skin.20 Soon after systemic 

injection in mice, liposomes extravasated and accumulated in the dermis, where they were 

detectable for at least 7 days postinjection. While these studies demonstrated that labeled 

liposomes are able to extravasate from skin capillaries, it is not clear how this process 

takes place, given that capillaries in healthy skin are known to be nonporous21 and not 

readily permeable to macromolecules.22, 23 In particular, several key questions need to be 

asked: 1) which skin areas are most prone to extravasation? 2) do liposomes extravasate 

intact? 3) do liposomes extravasate via passive or active process? Here we addressed these 

questions using ex vivo imaging and ex vivo high magnification confocal microscopy of 

freshly excised skin flaps. In addition to PLD, which is a small and dim nanoparticle 

not readily amenable to modifications, we explored a range of PEGylated liposomal 

formulations labeled with bright fluorescent dyes in the membrane/interior. Our studies 

demonstrate that liposomes accumulate most efficiently in the areas subject to mechanical 
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stress/pressure. The extravasation is via intact particles, and as liposomal components. On 

the other hand, more stable crosslinked iron oxide nanoparticles showed extravasation only 

as intact particles. These data improve our understanding of the mechanisms of abnormal 

accumulation of nano drugs in the skin, and could lead to strategies to decrease skin toxicity 

of nano drugs.

RESULTS AND DISCUSSION

1. Liposomes show preferential extravasation and accumulation in skin areas subject to 
mechanical stress/pressure

To study the accumulation of liposomes in skin areas , we first used commercially available 

~90nm PLD (LipoDox®, a generic version of Doxil, Table 1). Mice were injected i.v. with 

4 mg doxorubicin/kg, and histological sections from foot skin and back skin were inspected 

for doxorubicin fluorescence. According to fluorescence microscopy (Fig. 1A), doxorubicin 

accumulation and retention were much higher in the foot than in the back skin. In the foot 

skin, doxorubicin showed accumulation in eccrine sweat glands and ducts, hair follicles, 

sebaceous glands, and also in collagenous, fibroblast-rich areas of the dermis (Fig. 1A, 

asterisk).

To further investigate the liposomal biodistribution, including main organs and different 

skin areas, we used ex vivo imaging. While doxorubicin can be detected by ex vivo 
imaging (not shown), the hairs on the skin lead to scattering and autofluorescence; 

also, biodistribution in internal organs such as liver is problematic because of strong 

absorbance and autofluorescence in the doxorubicin wavelength. Conversely, liposomes 

and nanoparticles labeled with bright indocarbocyanine lipid dyes (DiR, DiD) can be 

readily detected in skin and other tissues.24 19 We prepared ~150nm HSPC/Cholesterol/

DSPE-PEG2000 liposomes labeled with 0.4% DiR (Fig. 1B and Table 1). Ex vivo imaging 

of freshly excised skin 4 days post-injection revealed that many areas accumulated DiR, but 

the areas subject to high mechanical stress/pressure, such as heels, fingers, ribs, and spine, 

exhibited the strongest signal (Fig. 1C, arrows). The mean fluorescence in the foot skin was 

higher than in the liver, lung and kidney, and was similar to the spleen, the main clearance 

organ (Fig. 1D). Collectively, these data suggest that liposomes preferentially accumulate in 

the areas subject to mechanical stress/pressure.

To further investigate the liposomal extravasation in high mechanical stress/pressure areas, 

we focused on the foot skin at 1h post-injection. We found that at this time point, there is 

a sufficient level of extravasation to enable quantification. Instead of intravital microscopy 

that we used previously,20 we performed ex vivo confocal microscopy of freshly excised 

skin flaps. While this approach does not allow monitoring the real-time dynamics, it allows 

much better resolution in the context of intact tissue due to lack of vibrations and breathing. 

Furthermore, intravital imaging through the relatively thick epidermis of the feet cannot 

achieve the necessary penetration depth. We prepared ~130 nm HSPC/Chol/DSPE-PEG2000 

liposomes labeled with 0.4% lipophilic indocarbocyanine dye DiD (Table 1) that matches 

the 640 nm laser of the confocal microscope. Low magnification confocal microscopy 

of foot skin (from the dermis side) showed efficient binding of DiD liposomes to blood 

vessels and extravasation (Fig. 1E). The extravasation was not equal in all areas, with the 
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occurrence of highly intense fluorescent “bursts” in foot pads and heels (Fig. 1E, center of 

the images). Extravascular fluorescence occupied 13.4% of the image area, whereas blood 

vessel-associated fluorescence occupied 4.9% (Fig. 1F). At higher zoom settings, discrete 

fluorescent dots were observed outside blood vessels (Fig. 1G). Intravenously injected PLD 

displayed a similar burst-like extravasation pattern in the foot skin 1h postinjection (Fig. 

1H). Side-by-side comparison showed the same degree of extravasation in mice injected 

either with PLD or DiD-labeled HSPC/Chol/DSPE-PEG2000 liposomes (Fig. 1I). “Zoomed 

in” confocal images showed a diffuse mode of drug extravasation (Fig. 1J). Liposomes 

composed of Egg PC (EPC)/DSPE-PEG2000/DiD showed the same burst-like extravasation 

pattern in excised foot skin (Supplemental Fig. 1) as well as in intact walking pads of a 

living mouse (Supplemental Fig. 2). Since EPC-based liposomes are easier to extrude than 

higher transition temperature HSPC-based liposomes (further exacerbated by the presence of 

0.4% lipid label), we used EPC liposomes for all subsequent experiments.

2. Liposomes extravasate as intact particles and as separated components

The data above clearly demonstrate the ability of liposomes of different compositions 

to extravasate in the skin. We questioned whether the extravascular fluorescence in 

Figs. 1G, J contains individual liposomes. The resolution of low-magnification confocal 

microscopy in the context of whole skin is insufficient to provide a definite answer. In 

an attempt to visualize extravasated liposomes, foot skin of mice injected with PLD was 

cryo-sectioned into 8μm sections. High-magnification (600x) confocal imaging revealed 

doxorubicin accumulation in dermal endothelial cells, as well as widespread extravasation 

and accumulation in cell nuclei (Fig. 2). While several submicron-sized, doxorubicin-

positive particles were visible (Fig. 2, arrows) along with diffuse fluorescence, the presence 

of individual liposomes could not be verified due to the dim liposomal fluorescence against 

tissue background. Attempts to prepare DiD labeled liposomes loaded with doxorubicin 

using remote loading were unsuccessful, whereas post-labeling of LipoDox with DiD 

according to the previous protocols 25, 26 resulted in free DiD contamination. To reliably 

identify extravasated liposomes, we prepared ~130 nm EggPC/DSPE-PEG2000 liposomes 

that were double-labeled with two different classes of bright membrane dyes: 0.2% of 

indocarbocyanine lipid DiI and 0.2% of phospholipid Cy5-distearoyl phosphatidylcholine 

(Table 1, Cy5-DSPE, Fig. 3A–C). Phospholipid dyes are less stable than ICLs, but they 

are stable in liposomes in circulation for up to 48h and in tumors at 1h postinjection.24 

The dual-labeled liposomes were injected i.v, and foot skin was excised 1h postinjection 

and immediately cryo-sectioned. High magnification (600x) confocal microscopy (Fig. 

3D) revealed extensive binding of both dyes to dermal blood vessels and extravasation 

as dual-labeled particles with high level of colocalization (Fig. 3E–F), with diameter less 

than 1 μm. Notably, we also observed extravasation and migration of diffuse DiI and 

Cy5-DSPE fluorescence away from blood vessels (Figs. 3D,G), suggesting disintegration 

of some liposomes. This disintegration did not occur in plasma, since the liposomes are 

stable in circulation up to 24h post-injection24 and do not release the dye in serum. 20Also, 

the diffusion was not an artifact of sample preparation, since it was also observed in 

freshly excised skin (Fig. 1G). We also inspected the fresh foot skin of mice injected with 

double-labeled liposomes at a later time point (4 days), and found that while extravasated 

DiI was still present outside blood vessels, Cy5-DSPE remained only in the vascular lumen 
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(Supplemental Fig. 3), confirming our earlier observation that phospholipid dyes undergo 

degradation in tissues.24

To further confirm that the extravasated particles are indeed intact liposomes, we prepared 

~130nm EPC/cholesterol/DSPE-PEG2000 liposomes labeled with 0.4% DiD and internally 

with rhodamine B (Table 1, Fig. 4A). High magnification confocal microscopy showed that 

the majority of the liposomes contained internal rhodamine B and surface DiD, although the 

distribution of fluorescence was uneven (Fig. 4B–C). One hour postinjection, both DiD and 

rhodamine B colocalized in liposomes in plasma (Supplemental Fig. 4). High magnification 

confocal microscopy of foot skin histological sections showed binding of both dyes to the 

dermal endothelium and extravasation of double-labeled particles with size less than 1μm 

(Fig. 4D–E), similar to the liposomal size assessed by imaging (Fig. 4B). Also, there was 

a diffuse spreading of both DiD and rhodamine B away from blood vessels and the release 

of some rhodamine B from liposomes (Figs. 4D,G). The data unequivocally confirm that 

some liposomes exit skin blood vessels as intact particles, but there is also a significant 

disintegration of liposomes and extravasation of liposomal components.

Next, we asked if the extravasation is specific to liposomes. We prepared ~200 nm Cy3-

labeled cross-linked iron oxide nanoworms (Table 1, Cy3-CLIO NWs, Fig. 5A–B) which, 

unlike liposomes, have a crosslinked dextran shell and do not readily disassemble in vivo.27 

DiD-labeled liposomes and Cy3-CLIO NWs were coinjected in mice, and foot skin was 

harvested 1h postinjection as above. High magnification confocal microscopy of histological 

sections showed colocalization of liposomes and nanoparticles in the dermal endothelial 

cells. Both DiD liposomes and Cy3-CLIO NWs extravasated as individual particles (Fig. 

5C–D), of similar size (Fig. 5E). DiD also showed the diffuse extravasation mode, whereas 

extravascular Cy3-CLIO NWs were observed only as discrete particles (Fig. 5C). These 

findings confirm that solid nanoparticles are also able to extravasate, but only as intact 

particles.

3. Liposomal extravasation in the foot skin is a passive, energy-independent process

Previous studies, mostly in tumors, showed that more than one pathway could be responsible 

for the enhanced permeability of nanomedicines (Fig. 7A). Thus, vascular permeability 

can be mediated by: a) energy-dependent transendothelial transport,18, 28–31 including 

caveolae32 and vesiculo-vacuolar organelles; b) passive diffusion through endothelial pores/

gaps (Fig. 7A, center).33–37 Also, animal cells constantly release extracellular vesicles (EVs) 

as means of intercellular communication,38, 39 and liposomes could potentially piggyback on 

endothelium-derived EVs for extravasation (Fig. 7A). Indeed, the liposomal lipids including 

ICLs are known to become incorporated in EVs in vitro.40, 41 In addition, some reports 

showed that liposomes including PLD are taken up by blood leukocytes,42 which could then 

extravasate and deliver liposomes to the skin (Fig. 7A).

First, to elucidate the role of EVs, we injected mice with ~130nm EPC/DSPE-PEG2000 

liposomes labeled with 0.4% DiI (Table 1), dissected the foot skin 1h postinjection, stained 

cryosections for CD31 (marker of blood vessels) and tetraspanin CD81 (a marker of 

EVs43), and examined the sections with high-magnification confocal microscopy. While 

the endothelium was positive for both DiI and CD81, the extravasated DiI+ liposomes 
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showed no colocalization with CD81 (Fig. 7B–C). These data exclude the involvement of 

endothelium-derived EVs in the extravasation of liposomes.

Next, to distinguish between active transport and passive diffusion (Fig. 7A), and also to 

address the role of leukocyte trafficking, we established a “zombie” skin formalin perfusion 

model, similar to what was described for tumors.18 Perfusion with formalin stops all energy-

dependent transport but preserves existing gaps in the endothelium.44 We performed in 
situ perfusion of mouse hind limbs for 15 min with formalin or PBS, followed by 1h 

perfusion with DiD-labeled EggPC/DSPE-PEG2000 liposomes in 1% BSA/Ringer’s lactate 

buffer (Fig. 8A). According to Fig. 8B-C, formalin-perfused foot skin showed efficient 

extravasation, comparable to that of non-fixed skin and after in vivo injection (Fig. 1F). 

Quantification of extravascular fluorescence in freshly excised foot skin (Fig. 8C) showed 

only a small decrease in fixed versus non-fixed skin (15.4% vs 18.4% area, p-value 0.05, 

two-tailed t-test). These data confirm that the extravasation of liposomes mostly takes 

place via an energy-independent process. The data also rule out the role of trafficking of 

leukocytes and binding to lipoproteins, since the perfusion was performed in the absence of 

leukocytes and serum.

The premise of our work was to uncover the basic mechanisms of enhanced extravasation of 

PEGylated liposomes in the skin, which could explain PLD accumulation toxicity. Previous 

studies in tumors suggested that PLD and other liposomes extravasate as intact vesicles,45–50 

but mechanism of liposomal and nanoparticle accumulation in the skin is still not clear.51 

As opposed to tumors, skin dermis is composed of loose collagen and sparse cells, allowing 

visualization of single extravascular nanoparticles and liposomes at high resolution. The 

limitation of our study was that high magnification confocal microscopy cannot accurately 

measure nanoparticle size less than 200 nm due to the diffraction limit, and mostly 

overestimates the diameter of the particles due to fluorescence halo. However, we rarely 

observed extravascular liposomes that were larger than 1μm. The extravasation phenomenon 

is passive, suggesting diffusion via vascular gaps. 36, 44While observed for larger liposomes 

and nanoparticles, we speculate that this phenomenon also applies to smaller PLD. As 

opposed to the foot skin, our previous intravital studies in the belly skin did not find 

evidence of discrete liposomes,20 suggesting that this phenomenon may be pronounced 

in the areas under mechanical stress/pressure. Previous work by Rakesh Jain suggested 

a 400nm extravasation cutoff for passage of intact liposomes across tumor vasculature.37 

Establishing the size cutoff and characterization of the vascular pores in the skin (e.g. 

using precisely sized beads combined with transmission electron microscopy as was done 

by McDonald’s seminal studies) is a major undertaking and is beyond the scope of this 

study. Also, we observed extravasation of separated liposomal components, including DiD 

and rhodamine B. The disintegration and cargo release could be dependent on liposomal 

formulations and loading strategies. While we found some evidence of doxorubicin release 

(Fig. 2), Doxil liposome is known to be more stable than the EPC liposomes used in this 

study.49 Therefore, additional experiments are required to understand factors that affect the 

extravasation via separated liposomal components. Thus, type of membrane lipid, loading 

method, payload molecule, and mechanical stress could play a role in the disintegration of 

liposomes in skin tissue.
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Treatments for liposomal skin toxicities are palliative, minimally effective, and many of 

them have no clear biological rationale (e.g., antiperspirants, DMSO, cold gloves, vitamin 

B6, urea).13, 16, 52 While the exact mechanism of the observed leakiness is not clear, 

pressure/mechanical stress can trigger vascular permeability, for example, due to mast cell 

degranulation and subsequent histamine release.53 Other mediators can promote vascular 

permeability in response to mechanical stress including bradykinin, VEGF, complement 

C5a, and substance P.23, 33, 36, 44 Understanding the pharmacological triggers of abnormal 

skin vascular leakiness can spur rational clinical interventions to prevent toxicity. Also, 

understanding nanoformulation parameters that control skin extravasation can lead to 

strategies to prevent or reduce HFS through reformulation, or alternatively to design 

effective delivery to areas of skin injury.

CONCLUSIONS

The experiments demonstrated the following: 1) liposomes show enhanced extravasation in 

the areas of mechanical stress/pressure, e.g., walking pads and heels, often in a burst-like 

pattern; 2) liposomes exhibit two modes of extravasation, via diffusion of intact particles 

and individual components, which suggests that some liposomes undergo disassembly at 

the endothelium/dermis interface. On the other hand, solid particles extravasate intact; 3) 

liposomes extravasate via energy-independent process that does not involve leukocytes and 

lipoproteins. Better understanding of the cause of the abnormal skin vascular leakiness in the 

absence of underlying pathologies can promote the development of treatments with better 

biological rationale.

METHODS

Materials:

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

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

(1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindotricarbocyanine Iodide) were from Biotium 

(Hayward, CA, USA). Cy5-DSPE and Cy3-DSPE were synthesized as described previously. 
24 All fluorescent lipids were stored at −20ºC as 4-10mM stocks in ethanol. Whatman 

Nucleopore Track-Etch Membranes, bovine serum albumin were from Sigma-Aldrich 

(St. Louis, MO, USA). Hydrogenated soy phosphatidylcholine (HSPC), cholesterol, egg 

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

USA) and were kept as chloroform stocks at −20ºC. Rabbit anti-mouse CD81 (Cat. 10037) 

was from Cell Signaling Technology (Danvers, MA, USA). Rat anti-mouse CD31 (Cat. 

102402) was from BioLegend (San Diego, CA). Goat anti-rabbit Alexa 647 antibody was 

from ThermoFisher. Hoechst 33342 trihydrochloride trihydrate was purchased from Life 

Technologies (Carlsbad, CA, USA). FITC-labeled tomato lectin (Cat. FL-1171-1) was from 

Vector Laboratories (Burlingame, CA, USA).

Labeled liposome and nanoparticle preparation:

To prepare liposomes, lipids were mixed at the following molar ratios: EPC/DSPE-PEG2000 

(94.6/5) or HSPC/Chol/DSPE-PEG2000 (56.6/38/5) with the addition of 0.4% lipid dye in 

Li et al. Page 7

ACS Nano. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a common solvent, and liposomes were prepared by the dehydration-rehydration method 

as described before 24. Liposomes were extruded by a syringe extruder (Avestin, Ottawa, 

Canada) through Whatman Nucleopore Track-Etch Membranes (100 nm pore size, 15 times; 

57ºC for HSPC-based liposomes). For passive internal loading of liposomes, EPC/Chol/

DSPE-PEG2000/DiD lipid mix (56.6/38/5/0.4) was used. Rhodamine B (Sigma) at 1 mg/ml 

was included in the 20mM HEPES resuspension buffer. The solution was then vortexed at 

37ºC for 30 minutes, extruded though 100 nm pore size and dialyzed against PBS overnight 

in 20kDa Slide-A-Lyzer® cassette (ThermoFisher). Liposomes were stored at 4°C at a final 

concentration of 10 mM (total lipid) for a maximum period of 8 weeks before use. The 

size and zeta potential was measured with Zetasizer Nano (Malvern, UK). Relatively high 

concentration of the membrane dye (0.4%) caused larger size and broader size distribution 

(PDI) than PLD.

Aminated crosslinked CLIO NWs were prepared as described before 54 and labeled with 

100-fold molar excess of sulfo-Cy3 NHS ester (Lumiprobe). The excess of unreacted dye 

was purified by dialysis, the particles were filtered through 0.2μm syringe filter and stored at 

4ºC in PBS.

Animal experiments:

The University of Colorado approved the animal experiments under protocol 103913(11). 

To determine the distribution of liposomes in skin and organs, liposomes were injected 

with 50 μl of 10mM total lipid via tail vein. Before sacrificing, mice were preinjected 

with 50μl of FITC-tomato lectin (1 mg/ml) and 50μl Hoechst 33324 (2 mg/ml) to visualize 

the vasculature and the nuclei. Mice were sacrificed with carbon dioxide, followed by left 

ventricle perfusion with PBS for 10 min to remove all residual liposomes and nanoparticles.

Organ and skin ex vivo imaging:

The back, front and foot skin was dissected and placed on a slide. Lungs, liver, spleen, 

kidney, intestine, brain were arranged in a 24-well plate and scanned with Li-COR Odyssey 

(Li-COR, Lincoln, NE) at 800 nm for DiR detection. The organs were pseudo-colored with 

Fiji software. Mean fluorescence was determined from 8-bit TIFF images by subtracting the 

background, drawing a region of interest around the organs or skin, 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 non-injected organs and skin were subtracted 

from the measurements.

Microscopy:

Nikon Eclipse AR1HD inverted confocal microscope with 405 nm, 488 nm, 561 nm, 

and 640 nm excitation lasers and corresponding emission filters was used. For high 

magnification imaging of liposomes and nanoparticles, they were diluted in PBS, mixed 

with glycerol at 1:1 ratio and 2μl were placed on slide and covered with a glass cover 

slip. The preparations were imaged under Apo60 oil immersion objective at 2048×2048 or 

1024×1024 resolution. For low-magnification skin imaging, the fresh flaps were placed 

on a glass slide with dermis facing the objective and imaged using Plan Apo 10x 

objective. Multiple random image areas were acquired at 1024×1024 resolution. Images 

Li et al. Page 8

ACS Nano. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were quantified with Fiji using customized macros. For calculation of the percentage of 

area outside of blood vessels, lectin staining in 8-bit gray image stack was selected in the 

FITC channel, and the selection was applied to all channels. The fluorescence was manually 

thresholded and the percentages of binary (positive) areas inside and outside the blood 

vessels were calculated using the “Measure” function.

For high magnification imaging of skin histological sections, one hour post-injection 

mice were perfused via left ventricle, foot skin was quickly dissected and snap-frozen 

in Tissue-Tek® O.C.T. Compound (Sakura-Finetek, Torrance, CA, USA) in isopentane 

(ThermoFischer) cooled in liquid nitrogen. Skin was sectioned immediately with a Leica 

cryostat into 8 μm sections. The sections were quickly fixed with formalin, dried, mounted 

with 50% glycerol and covered with a coverslip. For immunostaining, the sections were 

blocked with 10% goat serum and stained with anti-CD81 antibody, anti-CD31 antibody and 

corresponding secondary antibodies. Sections were imaged with a high magnification Apo 

60x oil immersion objective. For particle size analysis in high magnification images, the 

“Analyze Particles” function in thresholded images was used to measure particle area, which 

was then converted to area-weighted diameter. All the data were plotted with Prism version 

9 (GraphPad, San Diego, CA).

Zombie model:

Mice were preinjected with Hoechst/FITC-lectin 1h prior to perfusion. To establish 

perfusion of the systemic circuit including hindlimb feet, a 25G “butterfly” catheter 

connected to a peristaltic pump was inserted in the left ventricle, and the right atrium was 

punctured. The perfusion with PBS or 10% buffered formalin was maintained at a rate of 

2 mL/min for 15 min, then the buffer was switched to DiD liposomes in 1% BSA/Ringer’s 

lactate for 1 hour (1 mL/min; 200μM DiD, 60 ml buffer). Finally, the liposomes were 

flushed away for additional 5 min with PBS, and the foot skin was either excised and imaged 

as is, or cryosectioned into 8μm sections and imaged with high magnification objective as 

described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Extravasation of liposomes in different skin areas.
A) Representative images of accumulation of PEGylated liposomal doxorubicin (PLD, 

LipoDox®) in different areas of the skin. HF, hair follicle; SD, sweat duct; SwG, sweat 

gland; SG, sebaceous gland; asterisk shows deep loose dermis; B) HSPC/Chol/DSPE-

PEG2000 liposomes were labeled with indocarbocyanine dyes; C) pseudocolored ex vivo 
images 4 days after i.v. injection of DiR labeled liposomes show enhanced accumulation 

in feet and in the areas subject to mechanical stress/pressure in the back and front skin 

(arrows); D) Accumulation in the foot skin is higher than in main organs except spleen 
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(n=3 mice, 2 way ANOVA); E) mice were injected i.v with HSPC/Chol/DSPE-PEG2000 

liposomes labeled with DiD, and then FITC-lectin to label blood vessels. Mice were 

extensively perfused with PBS to remove the blood and remaining liposomes in all 

experiments. Representative confocal images of excised foot skin 1h post-injection show 

intense “bursts” of extravasation. Image on the right shows the extravascular fluorescence 

after blood vessel thresholding (outlined as yellow trace); F) quantification of intravascular 

and extravascular fluorescence in multiple areas of foot skin (n=13 images, 2 feet, paired 

t-test); G) “zoomed in” area of the extravasation “burst” with discrete particles (arrow) 

and diffuse fluorescence; H) representative confocal images of excised foot skin 1h post-

injection of PLD show similar burst-like extravasation (center). Image on the right shows 

the extravascular fluorescence after blood vessel thresholding (outlined as yellow trace); I) 

extravasation of doxorubicin fluorescence is comparable to the extravasation of PEGylated 

DiD liposomes (n=2 feet per group, repeated twice, two-sided t-test); J) representative 

“zoomed in” area showing doxorubicin extravasation.
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Fig 2. High-magnification microscopy of extravasation of PLD.
Representative confocal images of skin histological sections prepared 1h postinjection show 

accumulation of the drug in the cytoplasm and nuclei of endothelial cells and dermal cells 

(pink color due to overlap of both dyes), and extravasation as diffuse fluorescence. “Zoomed 

in” area shows endothelial staining and extravasated fluorescence. While some extravascular 

particles can be observed (arrows), due to dim fluorescence and small size, it is not clear if 

these are intact liposomes.
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Fig. 3. Double labeled liposomes extravasate as intact particles and as diffusing lipids.
A) EggPC/DSPE-PEG2000 liposomes were labeled with lipophilic membrane dyes DiI 

and Cy5-DSPE; high magnification image (B) and line profile (C) show colocalization. 

Size is overestimated in the fluorescence images but is less than 1μm for most of the 

liposomes; D) representative confocal images of foot skin histological sections (dermis) 

1h post-injection of liposomes (2 different areas). “Zoomed in” images show dual 

labeled extravasated particles, likely intact liposomes. Size of extravasated particles (albeit 

overestimated in fluorescence images) is less than 1μm; Diffusion and spreading of 
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both dyes away from blood vessels is also seen. Repeated in 2 mice; E) line profile 

drawn across multiple extravascular particles shows colocalization of both dyes; F) Person 

colocalization coefficient for multiple particles; G) representative line profile across lectin-

stained endothelium shows spreading of both dyes outwards.
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Fig. 4. Membrane- and internally-labeled liposomes extravasate as intact particles and as 
individual components.
A) EPC/DSPE-PEG2000 liposomes were labeled with lipophilic membrane dyes DiD and 

internally with rhodamine B; high magnification image (B) and line profile (C) show 

colocalization of both labels for the majority of liposomes, although the labels’ ratio is 

variable. Size is overestimated in fluorescence images but is less than 1μm; D) representative 

confocal images of sections of foot skin (dermis) 1h post-injection of dual labeled liposomes 

(2 different areas). Cropped images show extravasated liposomes. Diameter of extravasated 
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particles (overestimated in fluorescence images) is less than 1μm. Diffusion of both dyes 

from the blood vessels can be observed. Repeated in 2 mice; E) line profile drawn through 

multiple extravasated particles shows colocalization of both dyes; F) representative line 

profile drawn across lectin+ endothelium shows spreading of both dyes. Experiment was 

repeated twice.
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Fig. 5. Solid nanoparticles extravasate only as intact particles.
A-B) EPC/DSPE-PEG2000 liposomes labeled with DiD and similarly-sized CLIO NWs 

labeled with sulfo Cy3 were injected in the same mouse; C) representative confocal 

images of histological sections of foot skin (dermis) 1h post-injection of liposomes and 

nanoparticles (2 different areas) show that liposomes extravasated both as intact particles 

and as migrating DiD, whereas Cy3 extravasated only as intact particles. Repeated in 

2 mice; D) line profile drawn though multiple extravascular particles shows almost 

no colocalization between Cy3-CLIO and DiD liposomes; E) diameter of extravasated 
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liposomes and nanoparticles (overestimated in fluorescence images) is similar and mostly 

below 1μm.
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Fig. 6. Extravasation does not involve extracellular vesicle transport:
A) Possible nanomedicine extravasation pathways include active transport/transcytosis, 

passive diffusion via gaps, incorporation of liposomes in extracellular vesicle biogenesis, 

and leukocyte hitchhiking; B) Representative images of foot skin sections stained for EV 

marker CD81 1h post-injection of DiI labeled EPC/DSPE-PEG2000 liposomes; C) line 

profile drawn across multiple extravasated DiI+ liposomes shows almost no colocalization 

with CD81. Experiment repeated twice.
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Fig. 7. Skin “zombie” model.
A) Outline of the experiment (also in Methods). Formalin-fixed or non-fixed foot skin was 

perfused with EPC/DSPE-PEG2000 liposomes labeled with DiD; B) representative high 

magnification images of histological sections 1h post-perfusion show extravasated intact 

liposomes and diffuse fluorescence in both fixed and non-fixed skin; C) quantification of 

extravascular fluorescence in multiple confocal images of intact skin (n=2 mice, 4 feet per 

group, repeated twice) shows only a small (p-value 0.05, two-tailed t-test) decrease in the 

extravasation in the fixed foot skin.
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Table 1.

Characterization of the liposomes and particles with Zetasizer Nano.

Liposome and nanoparticle used in the study Main peak, nm PDI ζ–potential, mV

LipoDox (HSPC/Chol/DSPE-PEG2000) 89 0.08 −28.0

HSPC/Chol/DSPE-PEG2000/DiR 155 0.2 −22.0

HSPC/Chol/DSPE-PEG2000/DiD 126 0.1 −24.0

EPC/DSPE-PEG2000/DiI/Cy5-DSPE 132 0.17 −20.1

EPC/DSPE-PEG2000/DiD 174 0.13 −13.5

EPC/DSPE-PEG2000/DiI 134 0.05 −20.0

EPC/cholesterol/DSPE-PEG2000/DiD-Rhodamine B 170 0.15 −17.8

Cy3-CLIO NW 203 0.14 +1.2

EPC/DSPE-PEG2000/DiD (large) 1613 0.4 −21.0
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