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iological applications of semiconduc-

tor quantum dots (QDs) are translat-

ing from bioanalysis to in vivo
imaging’~'® and photodynamic
therapy'®~'® since Bruchez et al.'® and Chan
and Nie?® demonstrated cell imaging using
bioconjugated QDs. Bright and stable emis-
sion and broad absorption and narrow
emission bands of QDs are attractive prop-
erties for multiplexed detection of
biomolecules™2¢ and multicolor imaging
cells,”1%27736 tissues, and whole
animals' %% for extended periods of time.
Also, noninvasive imaging of tumor
vasculature''#1538 and lymph nodes'*68
are two recent achievements owing to the
large two-photon absorption cross section
of QDs and the introduction of NIR
QDs.38373940 Recently, the potential of QDs
for photodynamic therapy of cancer was
recognized when photosensitized energy
transfer from QD was realized.'®”® How-
ever, the in vitro and in vivo imaging and
therapeutic applications of QDs are limited
by their poor intracellular delivery and
aggregation,'1021:23303241-45 The intracellu-
lar delivery of QDs depends on many factors
such as size, surface charge, and surface
functionality.* Different techniques investi-
gated for the intracellular delivery of QDs
were electroporation,*” microinjection,'
and biochemical techniques.’-30:38444748
Generally, QDs delivered in cells by physi-
cal methods aggregate in the cytosol due to
endosomal arrest, which was considerably
resolved by Nie and co-workers by encapsu-
lating QDs in a polyethylene glycol grafted
polyethyleneimine.3>42 More recently,
Weng et al. successfully targeted QDs in tu-
mor cells using multifunctional immunoli-
posomes.*® Similarly, Yong et al. demon-
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ABSTRACT Efficient intracellular delivery of quantum dots (QDs) and unravelling the mechanism underlying
the intracellular delivery are essential for advancing the applications of QDs toward in vivo imaging and
therapeutic interventions. Here, we show that clathrin-mediated endocytosis is the most important pathway for
the intracellular delivery of peptide-conjugated QDs. We selected an insect neuropeptide, namely, allatostatin
(AST1, APSGAQRLYG FGL-NH,), conjugated it with CdSe—ZnS QDs, and investigated the intracellular delivery of
the conjugate in living cells such as human epidermoid ovarian carcinoma cells (A431) and mouse embryonic
fibroblast cells (3T3). We selected AST1 to investigate the intracellular delivery of QDs because we recently found
it to be efficient for delivering QDs in living mammalian cells. Also, the receptors of AST1 in insects show functional
and sequence similarity to G-protein-coupled galanin receptors in mammals. We employed flow cytometry and
fluorescence microscopy and investigated the contributions of clathrin-mediated endocytosis, receptor-mediated
endocytosis, and charge-based cell penetration or transduction to the intracellular delivery of QD—AST1
conjugates. Interestingly, the intracellular delivery was suppressed by ~57% when we inhibited the regulatory
enzyme phosphoinositide 3-kinase (PI3K) with wortmannin and blocked the formation of clathrin-coated vesicles.
In parallel, we investigated clathrin-mediated endocytosis by colocalizing QD560-labeled clathrin heavy-chain
antibody and QD605 —AST1. We also estimated galanin receptor-mediated endocytosis of QD—AST1 at <10%
by blocking the cells with a galanin antagonist and transduction at <30% by both removing the charge of the
peptide due to arginine and suppressing the cell-surface charge due to glycosaminoglycan. In short, the current
work shows that multiple pathways are involved in the intracellular delivery of peptide-conjugated QDs, among
which clathrin-mediated endocytosis is the most important.
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strated that InP QDs conjugated with
anticlaudin 4 and antiprostate stem cell an-
tigen were efficiently delivered in pancre-
atic cancer cells.”® Yet another promising
approach for the intracellular delivery of
QDs is coating/conjugating QDs with
phospholipids.”11"1351 Despite all these ad-
vancements, due to bioavailability and cost
effectiveness, peptides are promising candi-
dates for the intracellular delivery of
QDS_10,12,26,38,41*45,48,52*55 NeVertheIeSS, the
intracellular trafficking of many peptide-
conjugated QDs are limited due to
aggregation.
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Figure 1. (A) Fluorescence image of A431 cells incubated with a 5 uM
Syto16 dye solution for 10 min followed by a 1 nM QD605—AST1 solu-
tion for 30 min. Cell nucleus is preferentially stained green by Syto16
due to its cell permeability and DNA intercalation. The yellow-orange
color indicates colocalized QD—AST1 and Syto16. (B—E) Phase, fluo-
rescence, and overlay images of (B,C) A431 and (D,E) 3T3 cells labeled
using solutions of (B,D) 0.5 nM QD—streptavidin and (C,E) 0.5 nM
QD—AST1. The scale bars are 25 um. Note that all of the images were
equally corrected for brightness and contrast.

One of the main challenges in the cell biological
and in vivo applications of peptide-conjugated QDs is
that the mechanism underlying the intracellular deliv-
ery of QD—peptide conjugates remains largely un-
known. Cell-penetrating cationic peptides such as
polyarginines,*8 polylysines,*® tryptophan-rich pep-
tides,”” and Tat peptides'?34® were widely investigated
for the intracellular delivery of QDs. Two mechanisms,
endocytosis and transduction, were proposed to ac-
count for the intracellular delivery of cell-penetrating
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peptides.#1424451.5859 Recently, Chen et al. found that
the intracellular delivery of a QD—Tat conjugate took
place through lipid-raft-dependent macropinocytosis.®!
Endocytosis is mediated by cell-surface receptors and
clathrin protein.>”>%62 The general mechanism underly-
ing clathrin-mediated endocytosis is that the extracellu-
lar molecules such as peptides, proteins, ligands, and lo-
calized receptors are encapsulated into clathrin-coated
pits and subsequently taken up in the form of clathrin-
coated vesicles. The heterodimeric regulatory enzyme
phosphoinositide 3-kinase (PI3K) is essential for assem-
bling clathrin protein into clathrin-coated vesicles;®®
PI3K is activated during the translocation of autophos-
phorylated growth factor receptors. On the other hand,
transduction takes place through either a direct cell
penetration or an inverted micelle formation due to
the charge, hydrophobicity, and hydrogen bonding
ability of a peptide.>®>° For example, the intracellular
delivery of arginine-rich peptides is initiated by a
charge-based interaction with the plasma membrane
followed by the formation of a bidentate hydrogen
bond between the guanidine group in the peptide and
the phospholipid head groups in the plasma mem-
brane,® but tryptophan-rich peptides attach to the
plasma membrane through hydrophobic interactions.®®
Thus, the intracellular delivery of a peptide or a peptide-
conjugated QD varies with the structure and the physi-
cochemical properties of the peptide.

To account for what mechanism is important in the
intracellular delivery of QDs by peptides, we selected
an insect neuropeptide, namely, allatostatin (AST1, APS-
GAQRLYG FGL-NH,),%5%” conjugated it with CdSe—ZnS
QDs, and investigated the intracellular delivery of the
conjugate in living A431 and 3T3 cells. AST1 belongs to
the allatostatin family of 13 neuropeptides, bearing
8—13 amino acids and conserved C termini (YXFGL-
NH,), which are widely distributed in insects and
crustaceans.®®%” We selected AST1 because we recently
found that it efficiently delivered QDs in living mamma-
lian cells.> Also, DAR1 and DAR?2 receptors of AST1 in
insects and crustaceans show functional and sequence
similarity to G-protein-coupled galanin receptors in
mammals.%6%8 Here, we investigated clathrin-mediated
endocytosis, galanin receptor-mediated endocytosis,
and charge-based cell penetration or transduction to
account for the intracellular delivery of QD—AST1. We
investigated clathrin-mediated endocytosis by inhibit-
ing PI3K with wortmannin, a cell-permeable steroidal
furanoid that irreversibly inhibits PI3K,%* and by colocal-
izing clathrin heavy-chain antibody and QD—AST1. We
also investigated the contributions of galanin receptor-
mediated endocytosis by blocking the cells with a gala-
nin antagonist and transduction by both incubating
the cells with QDs conjugated with an AST1 mutant in
which the positive charge of AST1 was removed by re-
placing the arginine unit with an alanine unit (MAST1,
APSGAQALYG FGL-NH,) and suppressing the cell-
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RESULTS AND DISCUSSION

We prepared two QD —peptide conju-
gates, QD—AST1 and QD—MASTT, by simple
biotin—streptavidin linkage. The peptides

Number of cells

A43] (Wortmannin)

were biotinylated using biotin
N-hydroxysuccinimide (NHS) ester and subse-
quently conjugated to streptavidin-
functionalized QDs (QD605) at a 1:5 molar ra-
tio (QD/peptide). We selected this ratio to im-
prove the intracellular delivery of QDs. Nano-
particles conjugated with multiple peptides
were efficiently delivered in living cells.>® We
cultured human epidermoid ovarian carci-
noma cells (A431) and mouse embryonic fi-
broblast cells (3T3) up to 50% confluencies

3T3 (QD-AST1)
Number of cells

3T3 (Wortmannin)
o

and incubated with 1 nM solutions of

QD —peptide conjugates. Intracellular deliv-
ery of the conjugates was investigated using
fluorescence microscopy. Here, we selected
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Figure 2. (Column a) Flow cytometry histograms, (column b) optical transmission

two different cell lines to test the general na-  images, (column c) fluorescence images, and (column d) overlaid images of A431
ture of the intracellular delivery of QD—AST1. and 3T3 cells: (panel A) A431 cells incubated with a 1 nM QD—AST1 solution, (panel

Figure 1A shows the fluorescence image of

B) A431 cells incubated with a 50 nM wortmannin solution followed by a 1 nM
QD—AST1 solution, (panel C) 3T3 cells incubated with a 1 nM QD—AST1 solution,

A431 cells incubated with a 5 wM Syto16 dye  (panel D) 3T3 cells incubated with a 50 nM wortmannin solution followed by a 1 nM

solution for 10 min followed by a 1 nM
QD—AST1 solution for 30 min. Nuclei of the
cells were stained green by cell-permeable Sy-
to16. The yellow-orange color in Figure 1A is due to
QDs and Syto16 colocalized in the nucleus. Initially, we
detected the QD—AST1 conjugates on the cell mem-
brane, and with time under incubation, the conjugates
were transported into the cytoplasm and nucleus. Fig-
ure 1B—E shows phase, fluorescence, and overlay im-
ages of A431 and 3T3 cells incubated with QD—AST1
and QD —streptavidin conjugates (control). Figure 1B,D
shows that the control QDs sparsely labeled the cell
membrane. On the other hand, Figure 1C,E shows that
QD—AST1 conjugates were efficiently delivered inside
the cells. Note that any significant difference in the in-
tracellular delivery and distribution of QD—AST1 be-
tween A431 and 3T3 cells are probably due to differ-
ent cell structure and physiology.®? The efficient
intracellular delivery of QD—AST1 in A431 and 3T3
cells, which is consistent with our previous work,* indi-
cates that AST1 is a potential carrier of nanoparticles
and therapeutic macromolecules. Thus, a detailed in-
vestigation of how QD—AST1 conjugates were deliv-
ered in living cells is relevant not only to understand the
mechanism underlying the intracellular delivery of bio-
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QD—AST1 solution. The scale bars are 25 pm. Note that all of the images were

equally corrected for brightness and contrast.

conjugated nanoparticles but also to advance the cell
biological applications of nanoparticles, as well.

To investigate the mechanism underlying the intra-
cellular delivery of QD—AST1, we recorded and ana-
lyzed the flow cytometry histograms and fluorescence
images of A431 and 3T3 cells under various conditions
for blocking the endocytosis and transduction. We in-
vestigated the contribution of clathrin-mediated en-
docytosis to the intracellular delivery of QD—AST1 by
inhibiting the regulatory kinase PI3K with wortmannin.
Figure 2 shows the flow cytometry histograms and the
fluorescence images of cells incubated with QD—AST1
before (panels A and C) and after (panels B and D) inhib-
iting PI3K with a 50 nM wortmannin solution. Also,
bars “a” and “b” in Figure 3 show the efficiency for the
intracellular delivery of QD—AST1 before and after incu-
bating the cells with wortmannin. Interestingly, the effi-
ciency of the intracellular delivery was decreased for
the cells preincubated with wortmannin; the number
of cells with fluorescence was decreased by 57 = 5%
(bar b in Figure 3). On the basis of the flow cytometry
values and the average fluorescence intensity of cells, it
is apparent that blocking the formation of clathrin-
coated vesicles by inhibiting PI3K resulted in a consid-
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Figure 3. Fluorescence intensity distributions for (A) A431
and (B) 3T3 cells incubated with solutions of (a) 1 nM
QD—ASTT1, (b) 50 nM wortmannin followed by 1 nM
QD—ASTT1, (c) 100 nM galanin receptor antagonist followed
by 1 nM QD—AST1, (d) 1 nM QD—MAST]1, (e) 0.5 U hepari-
nase enzyme followed by 1 nM QD—AST1, and (f) 1 nM
QD—AST1 at 4 °C. The fluorescence intensity values were
measured for 5 X 10*to 1 x 10° cells in each flow cytome-
try experiment. The difference in the fluorescence intensity
values in A and B was probably due to the structural and
physiological differences between A431 and 3T3 cells.

erable decrease in the intracellular delivery of
QD—AST1. Wortmannin is a cell-permeable steroidal
furanoid, which irreversibly inhibits PI3K by blocking its
ATP binding pocket and modifying the lysine side chain
at the P110 catalytic subunit into a vinylogous carbam-
ate.%® Although wortmannin has many other inhibitory
functions in vivo at elevated concentrations (M), such
as the inhibition of various kinases, NADPH oxidase,
interleukin-8, platelet-derived growth factor receptor,
histamine release, insulin-stimulated glucose uptake,
nerve growth factor-dependent survival, differentiation,
and platelet aggregation,®® at concentrations as low as
50 nM, wortmannin is unlikely to interfere much with
the cell physiology, but PI3K, which is essential for as-
sembling clathrin protein into clathrin-coated vesicles.
Therefore, the decrease in the fluorescence of cells pre-
incubated with wortmannin suggested that clathrin-
mediated endocytosis contributed 57 * 5% to the in-
tracellular delivery of QD—ASTT.

To further investigate clathrin-mediated endocyto-
sis of QD—AST1, we examined the colocalization of
clathrin heavy-chain antibody and QD—AST1 using flow
cytometry and fluorescence microscopy. The antibody
was biotinylated using biotin sulfo-NHS ester and sub-
sequently conjugated with green fluorescent QDs
(QD560, Ayax ~ 560 nm) through biotin—streptavidin
linkage. A431 and 3T3 cells were incubated with solu-
tions (equivalent to 1 nM QD560) of the labeled anti-

body for 30 min, copiously washed with PBS, and incu-
bated with 1 nM QD—AST1 (QD605) solution for 30 min.
Figure 4 shows the flow cytometry histograms and fluo-
rescence images of A431 cells incubated with the
QD560—antibody (green) and QD605—AST1 (red) con-
jugates. Compared with the fluorescence intensity of
cells incubated with QD560—antibody (trace b in Fig-
ure 4A), a considerable (>200%) increase in the fluores-
cence intensity was observed for the cells incubated
with QD560 —antibody + QD605—AST1 (trace c in Fig-
ure 4A), indicating that the cells were efficiently labeled
with both QD560—antibody and QD605—AST1 conju-
gates. Also, Figure 4B—E shows optical transmission im-
age and fluorescence images of A431 cells treated with
the QD—antibody and QD—AST1 conjugates. The over-
laid image (Figure 4E) shows that the QD—antibody and
QD—AST1 conjugates were efficiently colocalized. In
other words, QD—AST1 was colocalized with clathrin-
coated vesicles, suggesting that clathrin-mediated en-
docytosis considerably contributed to the intracellular
delivery of QD—AST1. Although clathrin heavy-chain
antibody specifically binds with the intracellular clath-
rin protein, how the QD—antibody conjugate pen-
etrated the plasma membrane of living cells and la-
beled the intracellular clathrin protein was unknown.
Thus, we further investigated the colocalization of
QD560—antibody and QD605—AST1 conjugates after
permeabilizing the cell membrane. For this, living A431
cells were incubated with QD605—AST1 (1 nM) for 30
min at room temperature, copiously washed with PBS,
and the medium was exchanged with 99.5% ice-cold
methanol. The cells were incubated in methanol for 10
min at —20 °C, rinsed with PBS, and blocked in a block-
ing buffer. The blocking solution was aspirated, and
the cells were incubated in a QD—antibody solution (1
nM) and copiously washed with PBS. Figure 4F—H
shows the fluorescence images of membrane perme-
abilized cells. We found that essentially all of the
QD605—AST1 conjugates (red fluorescence) were colo-
calized with the QD560 —antibody conjugates (green
fluorescence), suggesting that clathrin-mediated en-
docytosis considerably contributed to the intracellular
delivery of QD—AST1. In general, clathrin-mediated en-
docytosis takes place by encapsulating the extracellu-
lar molecules such as peptides, proteins, ligands, and
oligomerized receptors into clathrin-coated pits fol-
lowed by internalization in the form of clathrin-coated
vesicles.®%62 Therefore, on the basis of the PI3K inhibi-
tion assay and the colocalization of QD—AST1 and
clathrin antibody, we attribute that clathrin-mediated
endocytosis played an important role in the intracellu-
lar delivery of QD—AST1. Figure 5 shows schematic pre-
sentation of clathrin-mediated endocytosis of
QD—AST1.

To investigate the contribution of galanin receptor-
mediated endocytosis to the intracellular delivery of
QD—AST1, we blocked the galanin receptors in A431

s
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Figure 4. (A) Flow cytometry histogram of A431 cells: (a) scattering from unlabeled cells, (b) fluorescence from cells labeled
with QD560—antibody conjugate, and (c) fluorescence from cells labeled with QD560—antibody conjugate followed by
QD605—AST1. (B) Optical transmission image and (C—E) fluorescence images of living A431 cells treated with solutions of
QD560—antibody conjugate followed by QD—AST1. (F—H) Fluorescence images of fixed A431 cells; the cells were treated
with QD605—AST1 before permeabilizing the cell membrane and QD560—antibody conjugate after permeabilizing the cell
membrane. (C,F) Fluorescence images acquired through a band-pass filter for QD605, (D,G) fluorescence images acquired
through a band-pass filter for QD560, and (E,H) overlaid images. The scale bars are 25 pm. Note that all of the images were

equally corrected for brightness and contrast.

and 3T3 cells by preincubating the cells with a galanin
antagonist. Here, we investigated the role of galanin re-
ceptors in the intracellular delivery of QD—ASTT1 in
A431 and 3T3 cells because DAR 1 and DAR 2 recep-
tors of AST1 in insects and crustaceans show functional
and sequence similarity to galanin receptors in mam-
malian cells.?5%8 Figure 6A,B shows the flow cytometry
histograms and fluorescence images of A431 and 3T3
cells incubated with QD—AST1 after blocking galanin
receptors with galanin antagonist. Also, bar c in Figure
3A,B shows the efficiency for the intracellular delivery of
QD—AST1 in A431 and 3T3 cells after blocking galanin
receptors. The intracellular delivery of QD—AST1 in
A431 and 3T3 cells blocked with the antagonist was de-
creased by 8 = 3% compared with unblocked cells, in-
dicating that galanin receptors contributed only a little
to the intracellular delivery of QD—AST1. To confirm the
role of galanin receptors in the intracellular delivery of
QD—AST1, we further recorded and analyzed the flow
cytometry histograms of cells blocked with different
concentrations of the antagonist. Typically, the cells

Www.acsnano.org

were preincubated with 1—1000 nM antagonist solu-
tions for 30 min, copiously washed with PBS, and incu-

o
‘Wortmannin

Clathrin-coated vesicle

Figure 5. Schematic presentation of clathrin-mediated endocytosis of

QD—AST1 conjugates, and the inhibition of PI3K enzyme by

wortmannin.
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A431 (Galanin)
Number of cells

3T3 (Galanin)
Number of cells

Figure 6. (Aa,Ba) Flow cytometry histograms, (Ab,Bb) optical transmission images,
(Ac,Bc) fluorescence images, and (Ad,Bd) overlaid images of A431 (panel A) and 3T3
(panel B) cells incubated with 100 nM galanin antagonist solutions followed by 1 nM
QD—AST1 solutions. (C) Flow cytometry histograms of (Ca) A431 and (Cb) 3T3 cells pre-
incubated with 0, 1, 10, 100, and 1000 nM galanin antagonist solutions followed by a 1
nM QD—AST1 solution. (D) Histograms of fluorescence intensities from (Da) A431 and
(Db) 3T3 cells preincubated with 0—1000 nM galanin antagonist solutions followed by
a 1 nM QD—AST1 solution. The scale bars are 25 pum. Note that all of the images were

1000

NS I S - )
S © © O
S © S o

1000

images of A431 and 3T3 cells incubated
with 1 nM QD—MAST1 solutions. Also,
bars a and d in Figure 3 show the efficien-
cies for the intracellular delivery of
QD—AST1 and QD—MAST1, respectively.
We observed that the intracellular delivery
of QD—MAST1 was lower (by 13 *+ 4% in
A431 and 27 * 4% in 3T3) than that of
QD—AST1. Also, the fluorescence inten-
sity for the cells treated with QD—MAST1
(Figure 7A,B) was lower than that for cells
treated with QD—AST1 (Figure 2A,C). The
difference between the intracellular deliv-
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ery of QD—AST1 and QD—MAST1 sug-
gested that arginine in AST1 contributed
to the intracellular delivery of QD—ASTT1.
To further investigate the role of posi-
tive charge due to an arginine unit in AST1
on the intracellular delivery of QD—AST1,

Translocation efficiency (%)

10' 102 10° 10%
PL intensity, a.u.

equally corrected for brightness and contrast.

bated with 1 nM QD—AST1 for 30 min. Figure 6C,D
shows the flow cytometry histograms of the cells incu-
bated with 0, 1, 10, 100, and 1000 nM antagonist solu-
tions followed by a 1 nM QD—AST1 solution. We found
that the efficiency for the intracellular delivery of
QD—AST1 was initially decreased by 8 = 3% at 1 nM an-
tagonist concentration and remained essentially unaf-
fected up to 1000 nM (Figure 6D), suggesting that the
contribution of galanin receptors to the intracellular de-
livery of QD—AST1 is not significant. Although galanin
receptors are expressed in neurons, lung cancers,
glioma, prostate cancer, etc., the levels of galanin and
galanin receptors are low in A431 and 3T3 cells.”%!
Thus, regardless of the functional and sequence similar-
ity between the receptors of galanin in mammalian
cells and AST1 in insects and crustaceans, we attribute
that the poor efficiency of galanin receptor-mediated
endocytosis of QD—AST1 in A431 and 3T3 cells was due
to the low levels of galanin receptors in these cell lines.
To investigate whether charge-based cell penetra-
tion due to the presence of a positively charged argin-
ine unit in AST1 contributed to the intracellular delivery
of QD—AST1, we employed MAST1, a mutant of AST1,
in which the arginine unit was replaced with an alanine
unit. We estimated the efficiency for the intracellular de-
livery of QD—MAST1 using flow cytometry and fluores-
cence microscopy and compared the efficiencies for
QD—MAST1 and QD—AST1. Panels A and B in Figure 7
show the flow cytometry histograms and fluorescence
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we treated the cells with heparinase en-
zyme, which suppresses the negative
charge on the plasma membrane by de-
pleting glycosaminoglycan (heparan sul-
fate). Here, we preincubated A431 and 3T3
cells with 0.5 U heparinase enzyme solu-
tions, copiously washed the cells with PBS,
and incubated with 1 nM QD—AST1 solu-
tions. Panels C and D in Figure 7 show the
flow cytometry histograms and fluores-
cence images of A431 and 3T3 cells incubated with he-
parinase enzyme solutions followed by QD—AST1 solu-
tions. Also, bars a and e in Figure 3 show the efficiencies
for intracellular delivery of QD—AST1 before and after
incubating the cells with heparinase enzyme. We found
that the efficiencies were decreased by 18 = 7 and 30
* 4%, respectively, for A431 and 3T3 cells incubated
with heparinase enzyme, suggesting that the negative
charge of the plasma membrane due to heparan sulfate
contributed to the intracellular delivery of QD—ASTT.
The efficiencies for the intracellular delivery of
QD—AST1 in cells preincubated with heparan sulfate
and of QD—MASTT in untreated cells were comparable.
These results suggested that an electrostatic interac-
tion between positively charged arginine moiety in
QD—AST1 and negatively charged plasma membrane
was involved in the intracellular delivery of QD—AST1.
Although the role of arginine in the intracellular deliv-
ery of peptides is a matter of considerable debate, the
current work supports earlier reports on efficient intra-
cellular delivery of arginine-rich peptides. 3697273 |n
general, arginine-rich peptides internalize through fu-
sion with the plasma membrane. This fusion transiently
destabilizes the membrane, creates pores in the mem-
brane and translocates the peptides.”® On the basis of
the low efficiencies for the intracellular delivery of
QD—MASTT in normal cells and QD—AST1 in heparan
sulfate treated cells, we attribute that charge-based cell
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Figure 7. (Column a) Flow cytometry histograms, (column b) optical transmission images, (column c) fluorescence images,
and (column d) overlay images of A431 and 3T3 cells: (panel A) A431 cells incubated with a 1 nM QD—MAST1 solution, (panel
B) 3T3 cells incubated with a 1 nM QD—MAST]1 solution, (panel C) A431 cells incubated with a 0.5 U heparinase enzyme fol-
lowed by 1 nM QD—AST1, (panel D) 3T3 cells incubated with 0.5 U heparinase enzyme followed by a 1 nM QD—AST1 solu-
tion, (panel E) A431 cells incubated with a 1 nM QD—AST1 solution at 4 °C, and (panel F) 3T3 cells incubated with a 1 nM
QD—AST1 solution at 4 °C. The scale bars are 25 pum. Note that all of the images were equally corrected for brightness and

contrast.

penetration cannot be underestimated in the intracellu-
lar delivery of QD—AST1.

Transduction but endocytosis is an energy-
independent process unaffected at low temperatures.
Thus, to verify transduction, we examined the intracel-
lular delivery of QD—AST1 at 4 °C. Panels E and F in Fig-
ure 7 show the flow cytometry histograms and fluores-
cence images of A431 and 3T3 cells incubated with
QD—AST1 at 4 °C. Also, bars a and f in Figure 3 show
the efficiency for the intracellular delivery of QD—AST1
at 37 and 4 °C. We estimated the efficiencies of intracel-
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lular delivery at 4 °C to be 87 = 4% for A431 and 55 +
3% for 3T3 cells, suggesting that transduction was in-
volved in the intracellular delivery of QD—AST1. The dif-
ference in the efficiencies of the intracellular delivery
between A431 and 3T3 cells was probably due to differ-
ence in the cell structure and physiology. Also, the
higher efficiency for A431 cells was contributed by non-
specific binding of QD—AST1 to the cell membrane, ap-
parent in the fluorescence images (Figure 7Ec,Fc). De-
spite the quantitative difference in the intracellular
delivery between A431 and 3T3 cells, the low efficien-

VOL.3 = NO.8 » 2419-2429 = 2009 ACIN\JANI)
J

2425



2426

d

x®x o
(=R ]

S
S

Cell viability, %
oy
(==}

0

P

Cell viability, %
oy
S

N

0 0.1 ‘0 10 100 1000
Concentration, nM

Figure 8. Histograms of MTT assays for (A) A431 and (B) 3T3
cells incubated with (a) AST1, (b) QD—streptavidin, and (c)
QD—AST1.

cies for both the cells lines at 4 °C suggested that both
endocytosis and transduction contributed to the intra-
cellular delivery of QD—ASTT1.

It is important to analyze how toxic the internalized
QD—AST1 and AST1 is before evaluating the relevance
of their intracellular delivery for in vivo applications.*’74
Thus, we examined the cytotoxicity of QDs, QD—AST1,
and AST1. Figure 8 shows the cytotoxicity assays for
A431 and 3T3 cells in the presence of AST1, QDs, and
QD—AST1. Here, we separately incubated the cells with
0.1—100 nM solutions of QD, AST1 (up to 1 wM), and
QD—AST1 and analyzed both the mitochondrial impair-
ment by 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium (MTT) assay and the cell mem-
brane integrity by lactate dehydrogenase (LDH) en-
zyme assay. On the basis of MTT assay, we found that
the viability of both the cell lines was decreased, more
for A431 cells (Figure 8A), with increase in the concen-
tration of QD—AST1, but LDH assays were negative (not
shown). Note that the cell viability was not affected by
up to 100 nM QD (bar a, Figure 8) and 1 uM AST1 (bar b,
Figure 8) concentrations. In MTT assay, we measured
the cell viability in terms of the intracellular reduction
of yellow MTT into purple formazan. MTT assay is stan-
dard for quantifying the redox activity of mitochondrial
dehydrogenase enzyme in living cells, and any de-

EXPERIMENTAL METHODS

Preparation of QD—Peptide Conjugates. Lyophilized AST1 (Gen-
Script Corporation) was reconstituted into a 0.75 mM solution
in sterile water, and it was biotinylated using a 15 mM aqueous
solution of biotin NHS ester (Sigma-Aldrich) at 25 °C for 1 h. Bi-
otinylated AST1 was purified by gel filtration on a sephadex G-25
column (Sigma) and diluted with water into a 250 nM solution.
It was reacted with a 50 nM aqueous solution of
QD—streptavidin (Aem ~ 605 nm, Invitrogen) at 25 °C for 30

>\E VOL.3 = NO.8 = ANAS ET AL.

crease in the reduction of MTT is an index of mitochon-
drial damage and cell death. In LDH assay, we mea-
sured LDH released from the cytoplasm into the culture
fluid. LDH assay is standard for quantifying the leakage
of LDH and detecting the cell wall integrity. Thus, the
decrease in the cell viability in MTT assay but not in LDH
assay suggested that the internalized QD—AST1 was
toxic, especially at elevated levels in A431 cells (Figure
8A), probably due to an increase in the intracellular oxi-
dative stress and not due to the lose of cell wall integ-
rity. On the other hand, AST1 is essentially nontoxic (bar
a, Figure 8). In contrast to AST1, cell-penetrating pep-
tides derived from bacterial toxins, neural peptides, and
the translocation domains of viral proteins reduce the
cell viability by destabilizing the plasma membrane.”?
For example, Tat induces cytotoxicity due to membrane
perturbations in Hela cells. Cytotoxicity of QDs de-
pends on many factors including their surface func-
tional groups,*#77# and it is a matter of great concern
for advancing the applications of QDs in vivo. In addi-
tion to the clathrin-mediated endocytosis of QD—AST1,
the current work shows that AST1 has great potential
as a carrier of nanoparticles and therapeutic macromol-
ecules in vivo.

In conclusion, we show that multiple pathways such
as clathrin-mediated endocytosis, galanin receptor-
mediated endocytosis, and transduction are involved
in the intracellular delivery of QDs by AST1 peptide.
Among these pathways, clathrin-mediated endocytosis
is the most important, which was characterized by in-
hibiting PI3K, an essential kinase for assembling clath-
rin protein in to clathrin-coated vesicles, and colocaliz-
ing QD605—AST1 and QD560 —clathrin heavy-chain
antibody conjugates. Also, we characterized the roles
of galanin receptor-mediated endocytosis and charge-
based cell penetration in the intracellular delivery of
QD—AST1 by blocking the cells with a galanin antago-
nist, removing the positive charge of AST1 due to argi-
nine and suppressing the negative charge of cell mem-
brane due to heparan sulfate. The current work
suggested not only the importance of clathrin-
mediated endocytosis in the intracellular delivery of
peptides and peptide-conjugated nanoparticles but
also the potentials of invertebrate bioresources for im-
aging and therapeutic applications when integrated
with nanoparticles and macromolecules.

min, which provided a 50 nM solution of QD—AST1 conjugate.
These steps were repeated for MAST1 and prepared a 50 nM so-
lution of QD—MAST1 conjugate. The QD—peptide conjugates
were prepared immediately before cell labeling.

Labeling Clathrin Heavy-Chain Antibody with QD560. A stock solution
of the antibody (100 uL, Cell Signaling Technology) was divided
into 10 pL aliquots. One portion of the antibody solution was di-
luted to 100 pL using sterile water and biotinylated using a solu-
tion (2 wM) of biotin 3-sulfoNHS ester at 25 °C for 30 min. Bioti-
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nylated antibody was purified by gel filtration on a sephadex
G-25 column (Sigma) and diluted into a 200 nM solution. It was
reacted with a 200 nM aqueous solution of QD —streptavidin (Aem
~ 560 nm, Invitrogen) at 25 °C for 30 min. Biotin—streptavidin re-
action provided us with the QD—clathrin heavy-chain antibody
conjugate.

Cell Labeling and Imaging. A431 and 3T3 cells were cultured up
to ~50% confluence in 60 mm tissue culture plates or polylysine-
coated chamber slides containing Dulbecco’s modified Eagle’s
medium (DMEM, Sigma or GIBCO) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Sigma or GIBCO). The cells
were incubated with 0.5—1 nM solutions of QD —streptavidin,
QD—AST1, or QD—MAST1 conjugates. Samples for studying the
effect of low temperature on the intracellular delivery of
QD—AST1 were prepared by incubating the cells with 1 nM
QD—AST1 solutions at 4 °C for 30 min. Samples for studying
the effects of inhibitors on the intracellular delivery of QD—AST1
were prepared by incubating the cells with solutions of 50 nM
wortmannin (Biocompare Inc.) followed by 1 nM QD—AST1,
1—1000 nM galanin receptor antagonist (Sigma-Aldrich) fol-
lowed by 1 nM QD—AST1, or 0.5 U heparinase enzyme Il (Sigma-
Aldrich) followed by 1 nM QD—AST1. Samples for studying
clathrin-mediated endocytosis were prepared by incubating the
cells with solutions of 1 nM QD—clathrin heavy-chain antibody
followed by 1 nM QD—AST1. Samples for studying intranuclear
delivery of QD—AST1 were prepared by incubating the cells with
solutions of 5 wM Syto16 dye (Invitrogen) for 10 min followed
by 1 nM QD—AST1 for 30 min. The cells were copiously (5 times)
washed with 1X phosphate buffered saline (PBS) solution be-
fore and after each labeling. All of the labeling steps were car-
ried out at 37 °C for 30 min in DMEM medium without FBS and
phenol red unless otherwise stated.

Fluorescence images of the labeled cells were acquired in
an inverted optical microscope (Olympus 1X70) equipped with a
40X objective lens (Olympus-LUCPIanFl) or a 60X oil immersion
TIRFM objective lens (Olympus-PlanApo), a 2.5X telescopic lens,
band-pass filters for QDs and Syto16, an image intensifier
(Hamamatsu-C8600), and a CCD camera (Hamamatsu-C5985 or
Olympus). The samples were excited at 488 nm using a cw laser
(Coherent Sapphire CDRH-LP).

Flow Cytometry Analysis of Cells. Cells were cultured in DMEM me-
dium supplemented with 10% FBS for 3 days in 100 mm tissue
culture plates. These cells were labeled as described above. The
labeled cells were copiously washed with PBS and harvested by
adding a 10X trypsin/EDTA mixture (Sigma). Trypsin was inacti-
vated with a DMEM+FBS mixture, and the cells were suspended
in BPS and collected as pellets by centrifugation (3000 rpm for
3 min). The pellets were washed three times with PBS and resus-
pended in DMEM without FBS and phenol red. Flow cytometry
experiments were carried out on a fluorescence activated cell
sorting (FACS) machine (FACSCalibur, BD Biosciences). The la-
beled cells were excited at 488 nm, and fluorescence signals
from individual cells were collected through a band-pass filter
(564—604 nm). The flow cytometry histograms were constructed
for 5 X 10*to 1 X 10° cells in each experiment. We estimated
the efficiencies for the intracellular delivery of QD—AST1,
QD—MAST1, and QD—streptavidin by discriminating the back-
ground scattering due to unlabeled cells from the integrated
fluorescence intensity due to labeled cells by using CellQuest
software.

Cytotoxicity Assays. Cytotoxicity of QD, AST1, and QD—AST1
was evaluated by 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium chloride (MTT) and lactate dehydrogenase
(LDH) assays. These assays were conducted using an MTT cell
proliferation kit (Roche Diagnostics) and a CytoTox 96 kit
(Promega). Here, ~1 X 10° A431 and 3T3 cells were separately
inoculated into 96-well tissue culture plates (FALCON) contain-
ing DMEM supplemented with 10% FBS and incubated for 48 h
at 37 °C. The cells were copiously washed with PBS, and the me-
dium was exchanged with DMEM containing different concen-
trations of AST1 (1 nM to 1 wM), QD (1 to 100 nM), and QD—AST1
(1 to 100 nM). The cells were incubated for 3 h at 37 °C and as-
sayed using MTT and CytoTox 96 kits according to the instruc-
tions by the manufacturers.
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