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The ability to transport a large quantity of drug molecules

into cytosolic compartments of cancer cells has powerful

implications in modern molecular therapeutics because the

sites of action of the drugs are often cytosolic organelles.[1–4]

Furthermore, direct cytosolic delivery might offer a means to

evade efflux transporters, such as multidrug-resistance pro-

teins and P-glycoproteins.[5] Nanoparticle carriers play a

dominant role in this frontier field, at least in part because

of their ability to carry a large payload of drug entities

protected from extracellular degradation.[6, 7] However, cells

often take up particles through endocytosis, macropinocyto-

sis, or phagocytosis.[8,9] Since these processes confine the

internalized particles to closed vesicles (endosomes or

phagosomes), subsequent fusion of these vesicles with

lysosomes often leads to the rapid destruction of therapeutic

molecules with little release into the cytosol.[6] Thus, the

sequestration of drug carriers within endosomes following

endocytosis is one of the most critical bottlenecks for cytosolic

drug delivery.[10,11] Recent studies in this research area have

focused on increasing the ability of nanocarriers to escape

endolysosomes through controlled lysosomal destabilization

(e.g., triggered by the lysosomal pH value or enzymes) and

the incorporation of membrane-disruptive or fusogenic

moieties (e.g., viral peptides).[12–19] The engineering of a

nanocarrier that can bypass the endosomal route entirely

would open a new avenue for enhanced cytosolic drug

delivery.

The scavenger receptor class B type I (SR-BI) mediates

the selective transport of cholesterol esters from high-density

lipoprotein (HDL)[20] to the cytosol of cells, presumably by

forming a hydrophobic channel in the cell membrane.[21] To

exploit this unique non-endocytic uptake mechanism for the

direct cytosolic delivery of cancer diagnostics and therapeu-

tics, we created a peptide–phospholipid nanocarrier (denoted

as NC). The NC was prepared by three simple steps

(Figure 1A): 1) formation of a dry lipid film with 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC), choles-

terol oleate, and DiR-BOA (1,1’-dioctadecyl-3,3,3’,3’-tetra-

methylindotricarbocyanine iodide bisoleate, a lipid-anchored

near-infrared fluorophore to serve as the model drug

cargo),[22] 2) formation of a lipid emulsion, and 3) titration

of the emulsion with an apoA-I-mimetic, amphipathic a-

helical peptide (FAEKFKEAVKDYFAKFWD)[23] to pro-

duce a core–shell NC that traps DiR-BOA in the core

(denoted as DNC; see the Supporting Information for

synthetic details).

We hypothesized that the interaction between the self-

assembled a-helical-peptide network and the lipid monolayer

would provide the desired structural control over nano-

particle size, monodispersity, and stability, as well as func-

tional control over its cellular uptake mechanism. The DNCs

appeared spherical in shape on the basis of transmission

electron microscopy (TEM; Figure 1B). However, when the

payload was omitted, discoidal particles were observed by

TEM, a result consistent with previous studies in which only

DMPC was combined with HDL-mimetic peptides.[24, 25] The

shapes observed by TEM are consistent with other reports of

discoidal and spherical HDL.[26, 27]

To distinguish the fate of cargo molecules from that of the

nanoparticle components themselves, two additional fluores-

cein-labeled DNC particles were prepared. In the first,

F(lipid)-DNC, a portion of the lipid component was replaced

with a fluorescein-labeled lipid (DSPE-PEG-CF). In the

second particle, F(peptide)-DNC, some lysine residues on the

a-helical peptide were labeled with fluorescein. All three

particles, DNC, F(lipid)-DNC, and F(peptide)-DNC (Fig-

ure 1C) were readily synthesized and purified by fast protein

liquid chromatography (see Figure 1 in the Supporting

Information) and were stable under physiological conditions

(37 8C, pH 7.5) for 24 h without DiR-BOA leakage.

The proposed mechanism for direct cytosolic cargo trans-

port by the NC is depicted in Figure 1C. Upon recognition of
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DNC by SR-BI, the cell membrane undergoes membrane

reorganization, which leads to the cross-membrane transfer of

the DiR-BOA cargo from the NC to cytosolic compartments

without internalization of the intact particle. To elucidate this

powerful non-endocytotic uptake mechanism, we used LDL-

receptor-deficient Chinese hamster ovary cells (ldlA7) stably

expressing high levels of murine SR-BI (ldlA(mSR-BI)) as a

SR-BI-positive control (SR-BI+).[20] Confocal imaging studies

of F(lipid)-DNC and F(peptide)-DNC incubated with ldlA-

(mSR-BI) cells for 1 h clearly demonstrated that the cargo

DiR-BOA signal was located in the cytosolic compartments,

whereas the fluorescein-labeled lipid or peptide was mainly

retained on the cell surface (Figure 1D). These results were

consistent throughout the cells, as evidenced by 3D movies

reconstructed from confocal images at different depths (see

movie in the Supporting Information). Thus, cargo transport

by the NC is mediated through a non-endocytotic pathway,

presumably through SR-BI.

Next, we examined whether non-endocytotic cargo trans-

port by the NC was indeed SR-BI-specific. For this purpose,

wild-type ldlA7 cells expressing low levels of endogenous SR-

BI were used as a negative control (SR-BI�) for comparison

with results obtained with the ldlA(mSR-BI) cells (SR-BI+).

Confocal imaging studies (Figure 2A; see also Figure 2B in

the Supporting Information) showed strong uptake of DNC in

ldlA(mSR-BI) cells but not in ldlA7 cells, and its uptake in

ldlA(mSR-BI) cells was clearly inhibited by the presence of

HDL (the native SR-BI ligand). The SR-BI-targeting specif-

icity of DNCwas further quantified by flow cytometry studies.

A 55-fold difference (n= 5, P< 0.001) in DiR-BOA uptake

was observed between ldlA(mSR-BI) and ldlA7 cells (Fig-

ure 2B). Fluorescence of the DiR-BOA cargo in ldlA(mSR-

BI) cells was completed blocked by native HDL inhibition

(�98%, n=5, P< 0.001). These results suggest that non-

endocytotic cargo transport by NC is mediated by SR-BI.

We then evaluated the utility of the NC for cytosolic

delivery in cancer cells. A number of human cancers (e.g.,

breast cancer) are known to overexpress SR-BI receptors. On

the basis of western blot and confocal imaging data (see

Figures 2A and 2B in the Supporting Information), we

selected the human epidermoid carcinoma KB cell line

(KB). We also selected a human metastatic breast cancer

cell line (MT-1) as an SR-BI+ control, a human fibrosarcoma

cell line (HT1080) as an SR-BI� control, and the ldlA(mSR-

BI) cell line as an SR-BI+ reference. Consistent with the

pattern of direct cytosolic delivery, significant DiR-BOA

uptake in all SR-BI+ cells was observed, and the DiR-BOA

signals were not colocalized with those of LysoTracker

(Figure 3). No DiR-BOA uptake was observed in the SR-

BI� HT1080 cancer cells. Thus, the nonlysosomal localization

of DiR-BOA (core cargo) combined with the cell-surface

retention of both the lipid and the peptide (Figure 1D) clearly

point to a mechanism involving SR-BI-mediated direct

cytosolic cargo transport.

To test the potential utility of the NC for SR-BI-mediated

cargo transport in vivo, a double tumor-bearing mouse model

was introduced with KB (SR-BI+) on the left flank and

HT1080 (SR-BI�) on the right flank. Whole-body optical

images clearly showed the preferential accumulation of DNC

in the SR-BI+ tumor versus the SR-BI� tumor (Figure 2C): a

3.8-fold difference was calculated by ex vivo measurement of

Figure 1. Preparation and structure of DNC, and proposed direct

cytosolic delivery mechanism. A) DNC synthesis. B) Negatively stained

TEM images of DNCs (left) and discoidal particles formed from the

peptide and DMPC alone (right). C) Proposed DNC structures and

mechanism for the SR-BI-mediated cytosolic delivery of DNC cargo.

D) Confocal images of ldlA(mSR-BI) (SR-BI+) cells showing the fluo-

rescein-labeled lipid (top) and peptide (bottom) localized on the cell

surface and the DiR-BOA cargo in the cytosol. Scale bar is 10 mm. A

corresponding confocal-stack movie is included in the Supporting

Information. apoA-I=apoprotein A-I, DSPE-PEG2000-CF=1,2-di-

stearoyl-sn-glycero-3-phosphoethanolamine-N-(poly(ethylene

glycol)2000-N’-carboxyfluorescein).

Communications

9172 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 9171 –9175

http://www.angewandte.org


harvested-tumor fluorescence normalized to the mass of the

excised tumors. Biodistribution data indicated that DiR-BOA

accumulation was high in the tumor and surpassed only by

accumulation in the liver (see Figure 3 in the Supporting

Information). The above results reveal the in vivo utility of

the NC for enhanced cytosolic drug delivery. Caution must be

exercised in interpreting the presented xenograft data, as

xenograft growth rates, tumor microenvironments, and

stroma characteristics may have been different, and these

factors would affect the amount of DiR-BOA uptake.

To demonstrate that the NC system can be extended

beyond DiR-BOA, we synthesized Fluo-BOA,[28] which

consists of a two oleoyl groups conjugated to a hydrophilic

fluorescein dye (Figure 4A). Fluo-BOA was readily loaded

into the NCs by the procedure used for

DiR-BOA. Like DNC, the Fluo-BOA

NC was taken up selectively by cells

expressing the SR-BI receptor (Fig-

ure 4B). Z stacks in confocal micro-

scopy indicated that the NC cargo was

delivered to the cytosol of cells (see

arrows in Figure 4C). This result was

further confirmed by a subcellular frac-

tionation assay showing the preferen-

tial accumulation of the fluorescent

cargo in the cytosol (63% of the total

intracellular signal) versus nuclei

(12%) and other subcellular organelles,

including lysosomes (25%; Figure 4D).

Finally, when live cells were incubated

with the lipophilic fluorescent tracer

1,1’-dioctadecyl-3,3,3’,3’-tetramethylin-

docarbocyanine perchlorate (DiI), a

distinct difference was observed in the

localization of DiI and Fluo-BOA:

whereas DiI was found primarily on

the plasma membrane, Fluo-BOA was

localized in the cytosol of the cell

(Figure 4E). These data, taken

together, strongly point to the delivery

of the NC cargo to the cytosol of the

cell.

The central hypothesis of this study

was that a simple and robust peptide–

phospholipid nanocarrier could be

developed to mimic the HDL/SR-BI-

mediated cholesterol-transport mecha-

nism and thus bypass the formidable

threat posed by the endosomal trapping

of drug carriers. Our results strongly

support this hypothesis. The NC system

has several advantages in addition to

that of direct cytosolic delivery. First,

the biomimetic nature of the peptide–

phospholipid assembly offers precise

size control. The NC is highly mono-

disperse with a distinct core–shell struc-

ture of 10–30 nm; thus, it is able to

diffuse freely through interstitial spac-

ing (< 40 nm):[29] a key advantage for the enhancement of

both accumulation and internalization in tumors.[30–32] Second,

all structural components of the NC, including the apoA-1-

mimetic peptide,[23] the phospholipid,[33] and cholesteryl

oleate, are highly biocompatible. For example, several

apoA-1-mimetic peptides are in advanced clinical trials for

high-risk cardiovascular patients.[23, 34] Evidence of the bio-

compatibility of the NC was also obtained from an in vitro

MTT assay and a preliminary in vivo acute toxicity test (data

not shown; MTT= 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide). Third, the biomimetic surface proper-

ties of the NC system are responsible for its long circulation

half-life (ca. 15 h; see Figure 4 in the Supporting Informa-

tion), which is similar to that of HDL[35] and comparable to

Figure 2. Validation of the SR-BI specificity of DNC. A) Confocal imaging and B) flow cytometry

studies on ldlA(mSR-BI) (SR-BI+) cells and ldlA7 (SR-BI�) cells demonstrated the SR-BI

targeting of DNC. Mean values �standard deviation (SD), n=5; P values were calculated on

the basis of a nonpaired two-tailed Student t test (*P<0.05, **P<0.01, ***P<0.001).

C) Monitoring of the targeting accumulation of DNC in vivo by using a whole-body optical

imaging system at 0.5, 6, 24, and 72 h postinjection (representative of three experiments).

A color-coded scale of the fluorescence counts is shown.
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that of some of the best engineered (PEGylated) long-

circulating liposomes to date.[36] (The clearance kinetics were

based on the DiR-BOA fluorescence signal, which may have

been partially redistributed fromDNC to serum proteins over

time.) Finally, the NC system is also versatile, with the

capability to carry a range of diagnostic and therapeutic cargo

molecules. DiR and fluorescein, two small-molecule fluoro-

phores of different hydrophobicity, were amenable to bis-

oleoyl-based NC incorporation. Other molecules, such as

paclitaxel, have proven amenable to bisoleoyl modification

and NC loading (data not shown). Although small hydro-

phobic and hydrophilic molecules can be loaded upon

modification to render them suitably hydrophobic, there are

probably limitations even if molecules are conjugated through

bisoleoyl to the carrier system. For example, it is likely that

oligonucleotides cannot be loaded into the NC core owing to

their highly charged nature. The system described herein is

for the delivery of hydrophobic molecules. Further studies are

required for a better understanding of exactly what types of

cargo can be loaded into and delivered with the NC.

However, our initial explorations have demonstrated the

potential clinical utility of this novel method for cytosolic

drug delivery.

In summary, we created a novel biomimetic NC system

with biocompatible components and peptide-mediated struc-

tural and functional control. More importantly, by using a

near-infrared dye (DiR-BOA) as a model NC cargo together

with various fluorescence imaging techniques, we confirmed

the feasibility of using an NC to directly transport functional

cargo to the cytosol of cancer cells without the involvement of

endolysosomal trafficking. The direct transport mechanism of

Figure 3. Validation of the SR-BI-mediated, non-endocytotic cargo-

delivery mechanism in cancer cells by confocal imaging studies. Top:

ldlA(mSR-BI) cells, SR-BI+ reference cells; middle two rows: SR-BI+ KB

and MT-1 cancer cells; bottom: SR-BI� HT1080 cancer cells. The

fluorescent images from left to right are of the cells with LysoTracker,

the cells with DiR-BOA, and a merged fluorescent image showing the

localization of LysoTracker and DiR-BOA simultaneously. Scale bar is

10 mm.

Figure 4. Cytosolic delivery of Fluo-BOA. A) Structure of Fluo-BOA.

B) Confocal microscopy of Fluo-BOA loaded into NCs after incubation

with cells that express SR-BI (ldlA(mSR-BI)) or cells that do not

express SR-BI (ldlA7). C) Confocal z stacks showing the cytosolic

localization of Fluo-BOA after NC delivery to SR-BI+ cells. D) Uptake of

Fluo-BOA–NC in different (SR-BI-expressing) MT-1 subcellular frac-

tions, as determined by using the Focus Subcell kit (mean�SD,

n=3). E) Cytosolic localization of NC-delivered Fluo-BOA in ldlA(mSR-

BI) cells. Cell nuclei were labeled with a Hoescht stain (blue); cell

membranes were labeled with DiI (cyan) after incubation of the cells

with Fluo-BOA–NC (red) for 2 h.
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our NC system is a key advantage for the delivery of

intracellular active cancer agents.
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