
pubs.acs.org/JAFCPublished on Web 10/22/2010© 2010 American Chemical Society

J. Agric. Food Chem. 2010, 58, 11695–11702 11695

DOI:10.1021/jf102944c

Selective Delivery of Cargo Entities to Tumor Cells by
Nanoscale Artificial Oil Bodies

CHUNG-JEN CHIANG,*,† CHIH-JUNG CHEN,† LI-JEN LIN,‡ CHIH-HSIANG CHANG,§ AND

YUN-PENG CHAO*,§

†Department of Medical Laboratory Science and Biotechnology, China Medical University, Taichung,
Taiwan, ‡School of Chinese Medicine, China Medical University, Taichung, Taiwan, and §Department of

Chemical Engineering, Feng Chia University, Taichung, Taiwan

Artificial oil bodies (AOBs) are oil droplets that result from self-assembly of a mixture containing triacyl-

glycerols, phospholipids, and membrane proteins of plant seeds. Owing to their small size, stability,

hydrophobic core, biocompatibility, and biodegradability, AOBs were explored to examine their feasibility

as a drug delivery carrier. This was approached by fusion sesame oleosin (Ole), the primary membrane

protein of seed oil bodies, with a small domain consisting of the arginine-glycine-aspartic acid (RGD)

motif. The resulting Ole-RGD fusion protein was overproduced in Escherichia coli and then isolated for

reconstitution of AOBs. At the optimal condition, the size of stable AOBs was within the range of

100-400 nm. Furthermore, AOBs entrapped with a hydrophobic fluorescence dye were incubated with

human tumor cells. As visualized by fluorescent microscopy and confocal microscopy, the RGD-tagged

AOBs were able to selectively target cells expressing the Rvβ3 integrin. Moreover, these AOBs were

effectively internalized and the fluorescence dye that they carried was subsequently released inside the

cells. The percentage of cells internalized by AOBs could reach 80% as analyzed by flow cytometry.

Taken together, it illustrates a great promise of this proposed approach for targeted delivery of cargo

entities to tumor cells.
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INTRODUCTION

Oil bodies are small spherical vacuoles that appear within the
cells of plant seeds. They are composedof triacylglycerols (TAGs)
surrounded by a monolayer of phospholipids (PLs) and provide
the fuel needed for seedling growth during seed germination(1,2).
With the entrapment of membrane proteins into PLs, oil bodies
have the size of 0.5-2 μm in diameter on average and exhibit
remarkable stability in the form of separate entities both in vivo
and in vitro. This stability has been attributed to the steric
hindrance and electronegative repulsion contributed by oleosin
(Ole), known as the primary membrane protein in oil bodies (3).
The structure of Ole consists of the central hydrophobic region
linkedwith twopeptide arms. The central region is embedded into
the TAG matrix while two terminal domains of the negative
charge are extruded from the surface of oil bodies (4).

Reconstitution of oil bodies in vitro, called artificial oil bodies
(AOBs), is technically feasible. This is carried out bymixing three
essential constituents includingTAGs (94-98%), PLs (0.5-2%),
andmembrane proteins (0.5-3.5%) (5,6). In addition to thermal
and structural stability, the size of AOBs can be modulated by
varying the ratio of their constituents and, particularly, correlates
with the amount of membrane proteins in use (7). Formed byOle
that is expressed inEscherichia coli, AOBs have been shown to be

comparable in size, topology, and stability with those encapsu-
latedwith nativeOle isolated from seedoil bodies (8).Owing to its
unique structural and topological features, Ole has been utilized
to formulate AOBs for many biotechnological applications by
our research group. These practices include the scaffold-assisted
refolding and purification of recombinant proteins (9-11), one-
step immobilizationof enzymes (12), andencapsulationofprobiotics
for oral administration (13).

Therapeutic application of hydrophobic agents still faces
challenges. Owing to their poor solubility, hydrophobic drugs
administrated orally or intravenously result in many problems,
usually leading to, for instance, low bioavailability and high local
concentration at the site of aggregate deposition (14, 15). This
issue has been addressed by development of various drug carrier
systems, such as liposome (16), synthetic polymers (17), mi-
celles (18), and many others (19). These systems are aimed at
increasing the drug bioavailability in the pathological area in the
hope of protecting normal tissues from undesirable side effects.
Although some promising results are reported, many technical
difficulties remain to be overcome (20).

The prerequisites for a drug carrier include small size, biocom-
patibility, and biodegradability. AOBs appear to possess these
characteristics. They comprise natural lipids as well as proteins
and have a size of nanoscale. Particularly, their hydrophobic core is
appealing for the entrapment of water-repelling agents. Therefore,
this study was initiated to explore the feasibility of AOBs as a drug
delivery vehicle. As an initial attempt, Ole was fused with a small
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peptide containing the core sequence of arginine-glycine-aspartic
acid (RGD) to its C terminus. The RGD-based ligand is known to
specifically interact with Rvβ3 integrin of human tumor cells (21).
After expressing in E. coli, this hybrid protein (Ole-RGD) was
recovered to constitute AOBs. Followed by entrapment of a
hydrophobic fluorescence dye, AOBs tagged with RGD could be
selectively and effectively internalized by Rvβ3 integrin-positive
cells. Subsequently, the fluorescence dye was freely released into
cells. This is the first report that illustrates a great potential ofAOBs
for targeted delivery of hydrophobic agents to tumor cells.

MATERIALS AND METHODS

DNA Manipulation. Plasmid pJO1-Ole-TR contains the RGD do-
main (GGCRGDMFGC) fused to theC terminus of Ole. It was constructed
by introduction of theRGDmotif into downstreamofOle onplasmid pJO1-
Ole using polymerase chain reaction (PCR). Plasmid pJO1-Ole was pre-
viously constructed to carry the Ole gene under the control of the T7
promoter (10). With primer JO21 (attgatccgaattaattccgatatc) and JO22
(attggatccggcggctgccgcggcgatatgtttggctgctaagcttgcggccgcactcgagcac), the
whole plasmid DNA with an extension containing the RGD motif was
synthesized by PCR. The resulting PCR DNA was digested with BamHI
and then self-ligated to obtain plasmid pJO1-Ole-TR. Finally, the correctness
of the plasmid construct was confirmed by DNA sequencing.

Analyses of Protein Overproduction. Plasmid pJO1-Ole-TR and
pJO1-Ole were transformed into E. coli strain BL21 (DE3) (Novagen) to
produce strain BL21-OleTR and BL21-Ole, respectively. Bacterial growth
was monitored for their growth by turbidimetrical measurement at 550 nm
(OD550). One unit at OD550 corresponds to 1.8� 108 cells per mL. With the
initial cell density of 0.1 at OD550, two recombinant strains were cultivated in
shake flasks containing Luria-Bertani (LB) medium(22) at 37 �C. Bacterial
cultures were induced with 100 μM IPTG for protein overproduction upon
reaching 0.5 at OD550. Four hours later, bacteria were harvested by
centrifugation and resuspended in 1 mL of 0.01M sodium phosphate buffer
(pH 7.5). As reported previously (23), proteins were analyzed by dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). To perform
SDS-PAGE analyses, harvested bacteria were lysed by sonication. After
centrifugation, the supernatant and the pellet were resolved onto 8%
polyacrylamide gel and stained with Coomassie blue R-250 for observation.

Reconstitution of Fluorescent AOBs. AOBs were reconstituted
essentially following the previous method (10). In essence, the density of
bacteria as harvested was adjusted to reach 10 at OD550 using 0.01 M
sodiumphosphate buffer (pH7.5). Bacteriawere then disrupted byFrench
press and fractioned into the supernatant and pellet part by centrifugation.
Unless stated otherwise, AOBs were prepared bymixing 100 μg of plant oils,
150 μg of PL, and 100 μg of Ole-RGD in 1mL of 10mM sodium phosphate
buffer (pH 7.5). Fluorescent AOBs were formed in the same way except that
1 μg of yellowGGKdye (WidetexCo., Taiwan) was additionally added. The
plant oil selected for usewas soybeanoil (TaiwanSugarCo., Taiwan), canola
oil (LeaderPriceCo.,Taiwan), vegetable oil (TaisunCo.,Taiwan), sunflower
oil (Leader Price Co., Taiwan), olive oil (Taisun Co., Taiwan), and mineral
oil (Sigma,USA). Themixture was subjected to sonication three times on ice
with the amplitude set at 20% and 10 s. Subsequently, AOBs were removed
from the top after centrifugation. Followedbywashing,AOBswere stored in
the buffer solution until use.

Analyses of AOBs’ Morphology, Size, and Stability. The mor-
phology of AOBs prepared at various conditions was analyzed by a light
microscopy (Nikon type E600, Japan) as described previously (7). The size
of AOBs was determined by measurement of laser light scattering at a 90�
angle with N4-submicrometer particle size analyzer (Beckman Coulter,
USA). Each data point represents the mean ( standard deviation (SD)
from three independent measurements. Furthermore, AOBs were also
analyzed using transmission electronmicroscopy (Jeol JEM-1400, Japan).
One drop of RGD-tagged AOB suspension was placed on a 400 mesh
copper grid coated with carbon. After deposition for 2 min, the grid was
tappedwith a filter paper to remove surface water before negative staining
with uranyl acetate solution. Meanwhile, the stability of AOBs was
determined by the turbidity test according to the previous method (7).
In brief, 1 mL of AOB solution was placed in a cuvette. Covered with
parafilm, the cuvette containingAOBswas kept at the indicated condition.
The absorbance (A) of the suspension in the lower portion of the cuvette

was measured at 600 nm with spectrophotometer (Beckmen DU 530,
USA). The absorbance read at the beginning (A0) and time intervals (A)
was used for calculation of the relative turbidity.

Cell Culture. Human tumor cell lines, MDA-MB-231, SKOV3,
SKBR3, and MCF7, were maintained in DEME/F12 medium (HyClone
Lab., USA) supplemented with 10% fetal bovine serum (FBS) and cultured
at 37 �C in a humidified atmosphere of 5% CO2 incubator. The culture
medium was changed every 2 days until cell confluence reached 80%. Cell
concentration was counted by hemocytometer, and cells were resuspended
and seeded into a 24-well plate to reach 1 � 105 cells per well.

Fluorescence Microscopy, Confocal Microscopy, and Flow Cy-

tometry. To react with AOBs, tumor cells were washed with a phosphate
buffer solution (PBS) of pH 7.4 and fixed with 3.7% formaldehyde at room
temperature for 15 min. Followed by washing with PBS, AOBs were added
to the cells for interaction at 37 �C for 30 min. Subsequently, cells were
washed with PBS containing 0.01% Tween-20 once and PBS twice. A
blocking solution, consisting of 3%FBS albumin in PBS, was added to cells
at room temperature for 1 h. Finally, anti-integrinRvβ3 antibody (SantaCruz
Biotech., USA) of 200-fold dilution was added to react at room temperature
for 1 h.After rinsing three timeswith PBS, anti-mouse IgG-TRIAC (Jackson
ImmunoResearch Lab., USA) of 500-fold dilution was applied for reaction
and washed with PBS to remove the unbound secondary antibody. In
addition, cell nuclei were stained by diamidino-2-phenylindole (DAPI) of
15,000-fold dilution and washed with PBS. The cells were visualized with
fluorescence microscopy (Olympus IX71, Japan) and confocol microscopy
(Leica TCS SP2, Germany).

Alternatively, tumor cells were seeded into a 6-well plate (1 � 105 cells
per well) and grown to 80% confluence. After incubation withAOBs, cells
were washed twice with PBS. Followed by trypsinization, cells were
harvested by centrifugation and resuspended in PBS. Analysis of inter-
nalized AOBs was conducted using a FACScanto flow cytometer system
(Becton Dickinson, USA).

RESULTS

Reconstitution of Ole-RGD-Based AOBs. To examine the
production of Ole-RGD, E. coli strain BL21-OleTR and BL21-
Ole were cultivated and induced by IPTG. As analyzed by
SDS-PAGE (Figure 1), Ole-RGD was overexpressed in strain
BL21-OleTR in response to IPTG and could be found mainly in
the insoluble fraction of cell lysate (ppt-1). InsolubleOle-RGDwas
then recovered to reconstitute AOBs. Followed by centrifugation,

Figure 1. SDS-PAGE analyses of Ole-RGD overproduction in E. coli
strain. As described, recombinantE. coli strains were grown in shake flasks
and induced by IPTG for protein production. At the end of culturing,
bacterial cells were harvested and processed for SDS-PAGE analyses.
Total proteins from induced (þIPTG) and uninduced (-IPTG) strain
BL21-OleTR (left panel) and BL21-Ole (right panel) were resolved in
SDS-PAGE. Moreover, the total protein of strain BL21-Ole was fractioned
into the soluble part (sup-1) and insoluble part (ppt-1). Ole-RGD in the
insoluble fraction was then recovered and mixed with olive oil and PL. After
sonication, AOBs floating on the top with two other fractions, the super-
natant (sup-2) and precipitate (ppt-2), were obtained by centrifugation at
10000g for 15 min. AOBs were isolated and heated to release the protein
(AOB) as analyzed by SDS-PAGE.
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it resulted in the formation of AOBs floating on the top of super-
natant (sup-2) with few proteins left in the cell pellet (ppt-2).
Isolated AOBs were heated and readily disintegrated to liberate
incorporated proteins from which Ole-RGD was identified as the
main protein (AOB). Its molecular weight was estimated to reach
21 kDa as expected. This result indicates the strong association of
Ole-RGD with oils. Similarly, recombinant Ole overexpressed in
strain BL21-Ole was presentmostly in the form of inclusion bodies
upon IPTG induction.

Condition for Reconstitution of Ole-RGD-Based AOBs. The
conditions for reconstitution of Ole-RGD-based AOBs were
investigated in a systematic way. First, various types of plant oils

were examined for their effect on the stability of AOBs. This was
carried out bymixingOle-RGDandPLwith various plant oils. In
general, it led to relatively stable formation of AOBs as prepared
with sesame oil, soybean oil or olive oil (Figure 2A).

Moreover, AOBs were prepared with the various weight ratios
of oil to Ole-RGD (Oil/Ole). Their size was found to decrease
with lower Oil/Ole (Table 1). As prepared with lower Oil/Ole,
AOBs exhibited higher stability (Figure 2B) and had size ranging
between 40 and 410 nm (Table 1). Finally, AOBswere constituted
with olive oil at various pH. Owing to the instability of AOBs in
acidic conditions (7), the condition pH > 6.5 was chosen for
study. As shown in Figure 2C, AOBs formed at pH exceeding 7.0
were more stable. The mean distribution of their size was within
the range 80-340 nm (Table 1).

Selective Internalization of RGD-Tagged AOBs into Cells. For
the rest of the experiments, the conditions for preparation of
AOBswere chosenas follows: theweight ratio of olive oil toOle at
1:1 and pH 7.5. To investigate their biological function, the Ole-
RGD-based AOBs were entrapped with the hydrophobic fluo-
rescent dye. It was found that the stability of AOBs remained
unaffected with the entrapment of 1 μg/mL fluorescent dye. In
addition, morphology examination of AOBs was further con-
ductedusing transmission electronmicroscopy (TEM).The result
revealed the mean particle size ranging between 200 and 300 nm
(Figure 3), approximately in agreement with that (300-400 nm)
as measured by laser light scattering (Table 1). Note that the size
determined by TEM is the diameter of objects at the dehydrated
state, while that by laser light scattering is the hydrodynamic
diameter (hydrated state). This would account for the measure-
ment discrepancy in particle sizes by these two methods.

Subsequently, these fluorescent AOBs were coincubated with
various cell types thatwere prefixed.As visualizedby fluorescence
microscopy (Figure 4A), Ole-RGD-based AOBs were able to
adhere to Rvβ3 integrin-positive cells (e.g., SKOV3) instead of

Figure 2. Stability of AOBs reconstituted at various conditions. The
stability of AOBs prepared at various conditions was examined by the
turbidity test at room temperature as described. (A) AOBs were prepared
with various types of oils at 4 �C and pH 7.5. Symbols: sesame oil (9);
soybean oil (4); olive oil (1); peanut oil (O); mineral oil (b). (B)
Preparation of AOBs was carried out by using various Oil/Ole ratios at
4 �C and pH 7.5. Symbols: the weight ratio at 10:1 (b); the weight ratio at
2:1 (O); the weight ratio at 1:1 (1); the weight ratio at 1:5 (4); the weight
ratio at 1:10 (9). (C)With Oil/Ole at 1:1, AOBs were reconstituted at 4 �C
and various pH. Symbols: pH 6.5 (b); pH 7.0 (O); pH 7.5 (1); pH 8.0 (4);
pH 9.0 (9).

Table 1. Particle Size of RGD-Based AOBs Prepared at Various Values of Oil/
Ole and pH

A B

Oil/Ole (w/w) mean particle size (nm) pH mean particle size (nm)

10:1 1173.1( 24.1 6.5 787.7( 36.6

2:1 783.1( 16.8 7.0 472.5( 24.3

1:1 412.5( 23.4 7.5 339.3( 34.0

1:5 200.9( 47.7 8.0 159.6( 25.8

1:10 42.9( 4.3 9.0 77.9( 3.3

Figure 3. Morphology examination of the RGD-tagged AOBs by TEM. As
described, RGD-tagged AOBs were constituted and examined by TEM.



11698 J. Agric. Food Chem., Vol. 58, No. 22, 2010 Chiang et al.

Rvβ3 integrin-negative cells (e.g., MDA-MB-231). Moreover, the
controls (AOBs free of RGD) were not associated with any cells.

When incubated with Rvβ3 integrin-positive tumor cells with-
out prefixing, RGD-tagged AOBs became internalized and
clustered in the cytoplasmic space of cells (Figure 4B). This was
further confirmed by confocal microscopy (Figure 4C). Taken
together, these results indicate the successful presentation of the

RGDmotif on theAOBs’ surface, thereby leading to the selective
internalization of AOBs by Rvβ3 integrin-positive cells.

Internalization Efficiency of RGD-Tagged AOBs. The interna-
lization efficiency of RGD-tagged AOBs by Rvβ3 integrin-posi-
tive cells was evaluated on the basis of two factors, including the
incubation time and the incubation dose. Therefore, by incuba-
tion with 25 ng/mL AOBs for various periods of time, cells were

Figure 4. Targeting tumor cells by AOBs with fluorescence and confocal microscopy. AOBs were prepared with an equal weight of Ole-RGD (or Ole) vs olive
oil and 1μg/mL fluorescent dye at 4 �Cand pH 7.5. Subsequently, AOBs resuspended in PBSwere added to 1� 105 cells with the final concentration of 25 ng/
mL. (A) Tumor cells,Rvβ3 integrin-negativeMDA-MB-231 cell (upper) andRvβ3 integrin-positive SKOV3 cell (bottom), were fixedwith paraformaldehyde on a
glass slide. Followed by washing with PBS buffer solution, the fixed cells were coincubated with fluorescent AOBs (green) consisting of Ole or Ole-RGD. After
30min, cells were extensivelywashedwith PBSbuffer 3 times. For further observation by fluorescencemicroscopy, cell nuclei (blue)were stained byDAPI and
the Rvβ3 integrin receptor (red) was stained with anti-Rvβ3 integrin antibody. The image was individually taken and then merged as shown on the right. (B)
Similarly, two Rvβ3 integrin-positive cells, SKBR3 and MCF7, were grown in 24-well plates. Without prefixing, cells were coincubated with fluorescent AOBs
(green) that were made from either Ole or Ole-RGD for 120 min. After washing with PBS buffer, cells were taken for analysis using fluorescence microscopy.
(C) Coincubation of live Rvβ3 integrin-stained SKOV3 (red) with RGD-tagged AOBs (green) was carried out and analyzed by confocal laser scanning
microscopy (CLSM). Each panel represents a section from the stack on the z axis which is appropriately chosen for clear visualization. Two three-dimensional
reconstruction sections perpendicular to the plane of themonolayer and parallel to the x or y axis are shown below (x-z section) and to the right (y-z section)
of the inset. A part of internalized AOBs is indicated by white arrows.
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Figure 5. Internalization efficiency of RGD-tagged AOBs by flow cytometry and confocal microscopy. AOBs were prepared and incubated with tumor cells
without prefixing as described in Figure 4. Cell lines chosen for test included MDA-MB-231 (control) and three Rvβ3 integrin-positive cells, such as MCF7,
SKOV3, and SKBR3. At the end of experiments, cells were collected for further analyses. (A) The effect of incubation time on internalization efficiency.
Coincubation of tumor cells with 25 ng/mL AOBs was carried out for various time and processed for analysis by flow cytometry. (B) The effect of incubation
dose on internalization efficiency. Tumor cells were incubated with various concentrations of AOBs for 120 min and then processed for analysis by flow
cytometry. All experiments were conducted in triplicate. Symbols: Ole, Ole-based AOBs; Ole-RGD, Ole-RGD-based AOBs. (C) Analysis of tumor cells
interacting with AOBs by confocal microscopy. Interaction of SKOV3 cells with RGD-based AOBs was analyzed by CLSM at various doses (left panel) and
incubation time (right panel).
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collected and processed for analysis by flow cytometry. In gen-
eral, the percentage of cells internalized by RGD-tagged AOBs
increased with increasing incubation time. It reached approxi-
mately 80% for Rvβ3 integrin-positive cells (e.g.,MCF7, SKOV3,
and SKBR3) when incubation time persisted for 240 min
(Figure 5A). Among tumor cells examinedhere, SKOV3 exhibited
the highest efficiency in uptake of RGD-based AOBs. Alterna-
tively, tumor cells were incubated with various doses of AOBs for
120 min. The percentage of cells internalized by RGD-tagged
AOBs was dependent on the AOB concentration (Figure 5B).
Within the range of 25-50 ng/mL AOBs, the internalization
efficiency could reach the maximum (roughly 80%) for Rvβ3
integrin-positive cells. Further examination by CLSM confirmed
the presence of RGD-tagged AOBs within the cells (Figure 5C).

Release of the Carried Fluorescent Dye.A good delivery carrier
is featured with the capability to liberate the cargo entities that
it carries upon entry into target cells. Therefore, we were
prompted to investigate the controlled release feature of AOBs.
SKOV3 cells were then incubated with 25 ng/mL RGD-tagged
AOBs for 120 min. Subsequently, cells were collected and
subjected to further analysis by fluorescence microscopy and
flow cytometry along the time course. As depicted in Figure 6A,
fluorescent spots within the cells started to decay as time
elapsed. After 4 days, the fluorescent signal was marginally
detected. This observation was correlated with the decay
profile of fluorescence intensity analyzed by flow cytometry
(Figure 6B). It implies that the hydrophobic dye released from
AOBs decomposes within the cells.

Figure 6. Release and decay of the fluorescence dye carried byAOBs.Refer toFigure 4, coincubation of liveSKOV3 cells withRGD-basedAOBswas carried
out in a similar way. The fate of internalized AOBs in the cells was then tracked along the time course. (A) At the end of experiment, cells were taken for
observation by fluorescencemicroscopy on (1) day 1, (2) day 2, (3) day 3, and (4) day 4. (B)Meanwhile, cells were processed for analysis by flow cytometry.
The mean fluorescence intensity (MFI) was measured for each day as indicated. Three independent measurements were performed.
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DISCUSSION

Targeted therapy of tumor vasculature has been by far con-
sidered as the most powerful means for treatment of cancers. The
essence of these approaches strongly relies on the specific inter-
action of the biomarker presented on the tumor cells with the
binding ligand. One well-known example is the selective recogni-
tion of the Rvβ3 integrin, mainly expressed on angiogenic en-
dothelial cells, by the RGD-based peptide (24). Accordingly,
many delivery vehicles conjugated with the RGD-containing
peptide have been developed to achieve targeted drug delivery
and tumor imaging (21). AOBs are oil dropletswith high stability.
In particular, their hydrophobic nature and excellent capability to
display peptides make them appealing as a drug delivery carrier.
To this end, our first step toward this goal was taken to present
the RGD-cored peptide onto AOBs’ surface. This was simply
conducted following the procedure outlined in Figure 6. The first
step was to recover insoluble Ole-RGD overexpressed in E. coli.
Followed by mixing Ole-RGD with oils and the fluorescent dye,
the mixture was subjected to sonication. After a brief centrifuga-
tion, AOBs acting like a milky “scum” were formed on the top.
Recovery of the scum in the buffer solution gave rise to theRGD-
tagged AOBs that were entrapped with the fluorescent dye.

The stability of RGD-tagged AOBs was correlated with their
size.On thewhole, stableAOBshad a size in the range 100-400 nm
(Table 1) and the size could be tailored by manipulating three
factors, such as oil type, Oil/Ole, and pH (Figure 2A-C). Further
illustration showed that AOBs equipped with RGD were able to
selectively penetrate Rvβ3 integrin-positive cells (Figures 4B and
4C). Without RGD, AOBs became noninvasive. Indeed, two
extruded peptide arms of Ole confer on AOBs a negative surface
charge (4), and this would prevent the undesired interaction with
the nontarget cells (25). Apparently, this unique feature of AOBs
makes them advantageous to serve as a delivery vehicle. It has
been reported that the amino acid residues flanking RGD could
impart a profound effect on the conformational feature of RGD,
which in turn affects its affinity and specificity (26). Therefore, the
present result clearly indicates the feasibility of Ole for functional
processing of RGD on AOBs’ surface. In addition, the efficiency
of RGD-mediated internalization of AOBs into Rvβ3 integrin-
positive cells could account for as high as 80%. This high uptake
rate suggests the presence of multivalent RGD on AOBs accord-
ing to the previous report (27).

The major pathway implemented by delivery carriers to enter
nonphagocytic cells is known as the zipper mechanism (28). It
relies on the direct contact between the binding ligand of the
carrier and cellular receptors. As a result of close attachment,
local cytoskeletal rearrangement occurs, which in turn induces the
uptake of the delivery carrier in an enclosed vacuole. The RGD-
mediated endocytosis is well documented and proceeds in a
similar way (29). This is probably reflected by the observation
of heterogeneous distribution of internalized AOBs in Rvβ3
integrin-positive cells (Figure 4B). Indeed, AOBs tend to aggre-
gate in an acidic condition, ultimately resulting in their disinte-
gration (7). This leads to the control-and-release feature of AOBs
upon entry into the acidic endosomes (30, 31). Therefore, the
RGD-triggered endocytosis of AOBs allows liberation of the
carried cargo entity (e.g., hydrophobic fluorescence dye) as
depicted in Figure 6.

In summary, AOBs linked with binding ligands and entrapped
with waster-insoluble agents can be simply and reproducibly
made in a single step (Figure 7). Particularly, they have superior
cellular targeting and internalization ability, tunable size, favor-
able surface charge, and acid-triggered release property. The
usefulness of AOBs for targeted drug delivery is currently under

investigation, and the result is encouraging (32). It is anticipated
that the advance of this proposed approach in the near future
shall open a new avenue for targeted delivery of therapeutic
entities.
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