JIAIC

S

COMMUNICATIONS

Published on Web 05/08/2004

A Quantum Dot Conjugated Sugar Ball and Its Cellular Uptake. On the Size
Effects of Endocytosis in the Subviral Region

Fumio Osaki, Takuya Kanamori, Shinsuke Sando, Takashi Sera, and Yasuhiro Aoyama*

Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyatoslt\ni
Katsura, Nishikyo-ku, Kyoto 615-8510, Japan

Received March 2, 2004; E-mail: aoyamay@sbchem.kyoto-u.ac.jp

Endocytosis is the drinking activity of eukaryotic cells, which
thereby ingest a part of their plasma membrane continually to form
endocytic vesicles<100 nm), into which external objects are

swallowed. This suggests that endocytosis-susceptible guest particlesg 40

have an upper size limit o100 nm. The size of many viruses
meaningfully falls in the range of 26100 nm. We recently reported
an artificial glycoviral gene delivery systelmyhere onlymonomeric
“glycoviruses” (~50 nm) possess substantial endocytosis-mediated
transfection activitie$.This is in agreement with the 100-nm size
limit. A question then arises which is essential when designing
artificial molecular (drug, gene, probe, etc.) delivery machtiss:
there any lower size limit or do smaller particles undergo readier
endocytosis? Actually, little is known about the size effects of
endocytosis in the subviral size regian30 nm), primarily because

of the lack of appropriate size markers. We notice here the utility
of quantum dots (QDs) in this context. QDs are inorganic
semiconductor nanocrystals{8 nm), whose unique fluorescence

properties (strong, sharp, stable, and size-tunable emission) makes,

them attractive biolabels® when they are suitably functionalized
with biomolecules such as protein and DNA. The present work is
concerned about saccharide coating of Qe report here that
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Figure 1. DLS size distribution profile fof©PQD?* (a; in reference to

intensity of scattered light which theoretically shows & dépendence on
the size of particle; particle of4 nm size is GNI®) and TEM image for
ToPQQD!2 (b, no staining) as extracted in water containiigor 1a.

Scheme 2. Formation of GNP and Glycovirus from la
50 nm

o pCMViuc

GNP

"glycovirus"
PCMViuc + (~1400) GNP ™

the resulting QD-conjugated sugar ball serves as a 15-nm endosome

marker and reveals a remarkable size effect in endocytosis.
The lipophilic CdSe QD coated with trioctylphosphine oxide
(TOPAQD in Scheme 1¢ = 5 nm for the core QD (Figure S1) and

Scheme 1. Formation of T°POQD?* upon Coating of T°P°QD with
Glycocluster Amphiphile 1; the Terminal Saccharide Moieties in
1b, 1c, and 1d Are -Galactoside, a-Glucoside, and
o-Maltohexaoside, Respectively, in Place of -Glucoside in 1a
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Aem = 622 nmY-8is completely insoluble in water but is extracted
thereto when a chloroform solution of the former (2N, 1.5 mL)

is vigorously stirred (vortexed) fol h atroom temperature with
an aqueous solution of cone-shaped amphiphife(1.4 mM, 1.5
mL) having four long alkyl (R= (CH)10CHs) chains and eight
saccharide moieties (cellobiosd-g], lactose- {b), maltose- 1¢),

or maltoheptaose-derivedd)) on the opposite sides of the calix-

species °PQDY; 1 = 1a, 1b, 1c, or 1d) thus extracted~10%
based oD used) fluoresces at, = 620 nm (Figure S2§,
appears as a 15-nm sized particle in DLS (Figure 1la, intensity-
weighted), manifests itself in TEM (Figure 1b, no staining), and is
stable when amphiphilg is present in excess.

The four alkyl chains of the present glycocluster amphiphiles
provide a potent site of hydrophobic association. They thus form
~5 nm sized micellar glycocluster nanoparticles (GNPs) having
an aggregation number of 6 (Schemé-23nd are also readily
immobilized on hydrophobic platforms such as hydrophobized
sensor chip of SPRThis leaves little doubt that, upon extraction,
the TOPO-coated QD™@PQD) undergoes further coating with
amphiphilel (T°PAQD! in Scheme 1), the alkyl tails of which are
embedded in the hydrophobic forest™8f°QD with the saccharide
moieties being exposed to bulk watéiThe observed DLS size of
15 nm is in good agreement with this structure, judging from the
molecular dimensions of TOPO add(Scheme 1). The core QD
retains the original size of 5 nm (Figure 1b); there is no extraction-
induced or extraction-responsible fusion/aggregation thereof.

We then examine the cell affinities by fluorescence microscopy
(Figure 2). When treated with Hela cells (Hela(F) cells) whose
endosomes have been specifically labeled by green fluorescence
protein GFP (a, excitation (ex) at 47@90 nm and detection (de)
at 515-550 nm)! red-fluorescing (ex at 526550 nm and de at
>580 nm)TOPAQD! in a dilute solution (0.5 nM) readily invades
the cells to give red spots (b), which, upon computer overlap with
micrograph a, turn yellow (c) as a result of merge of red and green

[4]resorcarene macrocycle (Scheme 1). The water-solubilized QD colors. This indicates that the QD-conjugated 15-nm sugar ball
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F/gure 2. Fluorescence mlcrographs of Hela cells (e|ther Iabeled (Hela(F))
or unlabeled (Hela) with GFP at endosomes) treated with a DMEM medium
containing the following additives at 3T for 15 min, followed by washing

of the cells with PBS. Cells used and additives are (a and b) Hela(F) and
TOPQQD (0.5 nM) with excesdd (3 uM; [GNP] = 0.5 uM), (d) Hela

and plasmid-labeled glycovirus pCMVIuc¢f)-1400)GNP2 (0.5 nM) with
excessla (3 uM; [GNP!9 = 0.5 uM), (e) Hela and™©PQD!2 (0.5 nM)

with excessla (3 uM; [GNP = 0.5 uM), (f) Hela andTPQD!a (0.5

nM) and plasmid-unlabeled glycovirus pCMVHhie1400)GNP2 with
excessla (3 uM; [GNP = 0.5 uM), (g) Hela andla(F) (10 uM;
[GNPXF)] = 2 uM)), and (h and i)/°PQDaF) (0.5 nM) with excesda(F)

(3 uM; [GNPF] = 0.5 uM). Excitation wavelengths are as indicated.
Panels c and j: computer overlap of a and b and h and i, respectively.

TOPQQD! is taken up by the cells via endocytosighereby being
first trapped in the endocytic vesicles and then transferred into
endosomes. In the same manner, we previously demonstthged
facile endocytic uptake of a 50-nm sized artificial “glycovirus”
pCMVluc(F)-(~1400)GNP2(d), in which 7040 base-pair plasmid
DNA pCMVluc with specific rhodamine-labeling at the G moieties
(“(F)” denotes fluorescence labeling) is stoichiometrically coated
with ~1400 micellar particles (GNPs) of amphiphila (Scheme

2). Interestingly, there is a big difference in the activities of the
two particles. The otherwise facile incorporation™8fQD!2 (e)

is completely inhibited (f) by the presence of an equimolar amount
(0.5 nM) of the glycovirus pCMVIug~1400)GNP?2 containing

an intact plasmid without fluorescence labeling. Thus, the “com-
petition” betweerm©PQD'2 (15 nm) and pCMVIug~1400)GNP2

(50 nm) is remarkably in favor of the latter.

To step further toward the size effects, we need to know the
endocytosis activity of the micellar homoaggregate of amphiphile
13, referred to as GNP above (Scheme 2), which exists in a large
excess in a solution of°PAQD! or pCMVluc:(~1400)GNP2,
Fluorescein-labeled prolda(F) (Scheme 1, Supporting Information
for the preparation) forms 5-nm sized micellar particles (GNP
and is capable of extracting the QD to fofi?PeQD P of a 15-
nm DLS size in a similar manner as pareld. Fluorescence
monitoring of Hela cells (no endosome labeling) incubated in a 10
uM solution of green-fluorescent prode(F) alone ([GNPaF)] =
2 uM) reveals that there is very little fluorescence development in
the cells even at the highest sensitivity (g). When incubated in a
solution of TOPAQD!™F) (0.5 nM) and excesdaF) (3 uM or
[GNPF)] = 0.5 uM), the cells take up the former to give red-
fluorescing (ex at 526550 nm) endosomes (i), which are also
green-fluorescent upon excitation at 4490 nm (h) and give rise
to yellow color upon color merge (j). These results indicate that
the otherwise endocytosis-inactive molecular or micellar probe
1a(F)/GNPAR) in auM region can invade the cells when conjugated
with QD even in the nM range and that the resulting complex

TOPQQD!AF) in the endosomes exists as such, i.e., without undergoing

dissociation/decomplexation into components QD (red) af#)
(green).

To summarize, surface coverage of lipophfl®?QD with the
quadruple-chain octa(saccahride) amphiphigfords a novel QD-
conjugated sugar ball (15 nm), which marks endosomes much more
and much less efficiently than the micellar homoaggregate of the
amphiphile (GNP, 5 nm) and the virus-like DNASNP conjugate
(50 nm), respectively. Although their different nature precludes any
rigorous comparison, the dramatic difference in the activities of
the three nanoparticles which are commobéycoated and hence
neutral and highly hydrophilic strongly suggests that endocytosis
is highly size-dependent (58> 15 > 5). We also note that
glycovirus aggregates-(L00 nm) are incorporated only slightly in
the cells! These results may be combined to suggest an optimal
size at around 50 nm. The size of potential guests of endocytosis
such as viruses and lipid-carrying proteins indeed falls in this
range!? Thus, the size complementarity that governs molecular
recognition in small hostguest systems seems to play key roles
also in the encapsulation of nanometric guest particles by the
endocytic vesicles as a macrobiomolecular host. In designing
artificial molecular delivery systems, size control at the viral size
would be of an utmost importance.
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