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Gold nanoparticles (AuNPs) coated with ester-headed or
ether-headed PEG ligands were synthesized. Ester-headed
AuNPs, but not ether-headed, were transferred from organic
phase (CH,Cl,) to alkali aqueous phase, indicating that the
hydrolysis of the ester moiety triggered the phase transfer of
the AuNPs. We found that AuNPs with ester-headed ligands
(Ester-AuNPs) were internalized into HeLa cells at a greater
level than were ether-headed AuNPs.

Gold nanoparticles (AuNPs) have been the focus of much
attention as an attractive material for medical uses,1 such as a tool
for photothermal therapy,” biosensing device’ and drug delivery
carrier.* To achieve these purposes, the features of the surface
ligands displayed on AuNPs play a crucial role because the
ligands determine the properties of the nanoparticles,” such as
their colloidal stability in serum,® the level of cellular uptake,’
cytotoxicitity,® and accumulation organs in the body.® For
effective drug delivery, appropriate functionalization of the
carrier surface is particularly important. Hydrophilicity is
required for the stable dispersion of nanoparticles in serum
media; however, the hydrophobicity of the nanoparticle surface
enhances their affinity to the cellular membrane, thereby
facilitating its internalization into cells.>® To satisfy these two
contradictory requirements and promote cellular uptake, we

focused on stimuli-responsive changes to the nanoparticle surface.

There have been several reports on nanoparticles with external
stimuli-induced variable surfaces, such as pH,'" light'"™"® and
sugar”. For instance, Rotello and coworkers reported a
photocleavable ester ligand that can convert a cationic surface to
an anionic surface in cells to release drugs upon UV irradiation.'®
However, for the in vivo use of such stimuli-responsive
nanoparticles, it is preferable that changes to the nanoparticle
surface can be induced by biocompatible and internal stimuli
without external stimuli.

In this paper, we propose an ester ligand coating as a stimuli-
responsive surface to accelerate AuNP internalization into cells
via esterase-catalysed hydrolysis of ester moieties within cells. In
prodrug technology, ester capping of carboxylic acid has already
been used to promote the cellular uptake of drugs."’ The ester
capping of prodrugs can be detached with esterase in cells to
produce the original drug. However, the application of the ester
capping method has been limited to the internalization of small
molecules. Our aim in this study is to clarify whether AuNPs with
a terminal ester moiety can effectively enter cells as demonstrated
previously using small molecules.

Previously we reported that AuNPs coated with alkyl ether-
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headed PEG ligands can be transferred from an aqueous phase to
chloroform phase due to their flexible PEG ligands.'® This phase
transference property affords a high affinity to the hydrophobic
cell membrane from the media; however, it lacks the necessary
force to cross the cellular membrane into the cells. In this paper,
"ester"-headed PEG ligands were synthesized as a capping
reagent for AuNPs and the level of cellular uptake was compared
to corresponding ether-headed ligands. Ester-AuNPs are expected
to be transferred from the membrane into cells on cleavage of the
ester moiety by esterase.
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Fig. 1 PEG-derivative ligands for the surface modification of
AuNPs.
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PEG-derivative ligands bearing ethyl ester (C2-Ester), n-butyl
ester (C4-Ester), ethyl ether (C2-Ether) or n-butyl ether (C4-
Ether) at their termini were synthesized as shown in Fig. 1. These
ligands were then conjugated to AuNPs of 10 nm in diameter. We
chose 10 nm as the diameter for the AuNPs as AuNPs of this size
are large enough to simultaneously reach the outer and inner
space of cells when they pass through the membranes. The mixed
solution of each ligand with BSPP-coated AuNPs (BSPP: Bis(p-
sulfonatophenyl)phenylphosphinedihydrate dipotassium salt) was
let stand for 2 hrs, followed by centrifugal purification to remove
free ligands. The hydrodynamic diameters of the four resultant
AuNPs were measured by dynamic light scattering (DLS) in a
serum-reduced medium (Opti-MEM). BSPP-AuNPs were
precipitated soon after dispersion in Opti-MEM; however, C2-
Ester-AuNPs and C2-Ether-AuNPs were well-dispersed in Opti-
MEM and maintained their original sizes (12.4 nm and 12.7 nm,
respectively) for over 20 hrs without aggregation (see DLS time-
course in Fig. S1). On the other hand, C4-Ester- and C4-Ether-
AuNPs tended to form sub-micron size aggregates within a few
hours (ca. 700 nm) but did not precipitate. Therefore, there is a
hydrophobic threshold between C2 and C4 that causes the
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aggregation of AuNPs.

We examined the phase transfer of C2-AuNPs from
phosphate-buffered saline (PBS) to dichloromethane. Dispersions
of C2-Ester- and C2-Ether-AuNPs in PBS were slowly mounted
on dichloromethane to form a heterogeneous system (Fig. 2a,
left). After 2 days, both of AuNPs were transferred from PBS
phase to dichloromethane phase (Fig. 2a, middle), which is in
agreement with the results of our previous report on alkyl ether-
headed AuNPs.'® Subsequently, a NaOH solution was added to
the aqueous layer and let stand for 1 day. The C2-Ester-AuNPs
went back to the PBS phase from organic layer, whereas C2-
Ether-AuNPs remained in the organic phase even after the
addition of NaOH solution (Fig. 2a, right). This phenomenon
indicates that the hydrolysis of the ester group at the interface is
the driving force of the phase transfer of AuNPs from organic
phase to aqueous phase. C4-Ester- and C4-Ether-AuNPs showed
a similar tendency in regard to phase transfer (data not shown).

This hydrolysis-triggered phase transfer would support our
hypothesis that the esterase promoted AuNP translocation from
the hydrophobic membrane to the hydrophilic environment inside
cells. In order to confirm that the ester-headed ligands
immobilized on AuNPs can be a substrate of esterase, we next
examined the hydrolysis of C2-Ester ligands on AuNPs by
esterase for 6 hrs. C2-Ester- and C2-Ether-AuNPs were treated
with esterase from porcine liver and subjected to electrophoresis
on 1.5% agarose gel. Before treatment with esterase, the C2-Ester
and C2-Ether-AuNPs showed similar mobility, and only the
mobility of the C2-Ester increased after esterase treatment (Fig.
2b), indicating that the C2-Ester ligands on the AuNPs were
converted to carboxylic acid. The exchange reaction of the C2-
Ester and C2-Ether ligands on BSPP-AuNPs was confirmed by a
comparison of their mobility with BSPP-AuNPs. The anionic
BSPP-coated AuNPs showed much larger mobility than neutral
C2-Ester- and C2-Ether-AuNPs, indicating the replacement of
BSPP with PEG-ligands.
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Fig. 2 (a) Phase transfer of AuNPs (Top: C2-Ester-AuNPs, Bottom: C2-
Ether-AuNPs), (b) Electrophoresis of AuNPs before (-) and after (+)
treatment with esterase.

AuNPs were administrated to HeLa cells and the level of cellular
uptake was measured and evaluated by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) to compare the
influence of the surface ligand. HeLa cells (1.0 x 10° cells/well,
in Opti-MEM) were incubated with AuNPs (10 nM) at 37°C for
the indicated time (3 or 24 hrs). After administration, serum was
washed out and AuNPs taken up into the cells were ionized by
aqua regia and then subjected to ICP analysis. Fig. 3 shows the
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relationships among surface ligands, incubation time and the
number of AuNPs taken up into HeLa cells per well. After
incubation for 3 hrs, few C2-Ether-AuNPs were taken up into the
HeLa cells, whereas a large number of C2-Ester-AuNPs were
internalized. Extension of the incubation time to 24 hrs resulted
in a larger cellular uptake of AuNPs, with the C2-Ester still
superior to the corresponding C2-Ether. Although C4-Ester-
AuNPs aggregate in Opti-MEM (Fig. S1), the same trend was
observed in the comparison with ether derivatives; C4-Ester-
AuNPs showed a higher uptake than did C4-Ether-AuNPs. Thus,
independent of aggregational status, ester-headed AuNPs were
more facile than ether-headed AuNPs with regard to cellular
uptake.
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Fig. 3 The number of AuNPs internalized into HeLa cells per well (1.0 x
10° cells/well).

Internalization of AuNPs and their location were confirmed by
transmission electron microscope (TEM) imaging. Fig. 4 shows a
TEM image of HeLa cells after incubation for 3 hrs in the
presence of C2-Ester-AuNPs. C2-Ester-AuNPs were mainly
found in the multivesicular bodies (MVBs), although a small
number of AuNPs were also found within the cytosol (red arrows
in Fig. 4, also see Fig. S2 for an enlarged view and additional
image). This implies that the main internalization pathway is
endocytotic uptake, although some C2-Ester-AuNPs were
internalized into cells via membrane permeation. Fig. S3 shows a
time course of TEM images of HeLa cells after incubation with
C2-Ester-AuNPs. After 5 min, some AuNPs were translocated
inside cells near the plasma membrane in a monodispersed state.
The internalized AuNPs were observed in small vesicles in the
cell at 30 min, and after 1 hr, the AuNPs were gathered in the
MVBs. The aggregated C4-Ester-AuNPs were also internalized in
cells (Fig. S4). Therefore, the cellular internalization of AuNPs
bearing ester functionality was more effective than that of ether
derivatives independent of aggregation status.

To verify the mechanism of cellular internalization of AuNPs,
C2-Ester-AuNPs were administrated to HeLa cells in the
presence of Chlorpromazine hydrochloride, 5-(N-ethyl-N-
isopropyl)amiloride, or Genistein all of which are well-known as
endocytosis inhibitors,'” at a final concentration of 3, 4, or 40 uM,
respectively. In the presence of those inhibitors, the number of
C2-Ester-AuNPs taken up into the HeLa cells was clearly
reduced after incubation for 3 hrs in all cases (Fig. SS5).
Consequently, the main mechanism of the internalization was
found to be endocytosis. We propose the following hypothesis to
rationalize the preferential uptake of ester type ligands. Both
hydrophobic ester and ether terminal moieties have high affinity
to the cellular membrane. However, the hydrolysis of the ester
group by esterase at the cellular membrane creates hydrophilic
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characteristic which enables longer retention at the membrane, so
promoting their uptake into the cell via endocytosis.
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Fig. 4 Ultra-thin section image of HeLa cells observed by TEM. HeLa

10 cells were incubated for 3 hrs in the presence of C2-Ester-AuNPs and
then fixed by 2.5% glutaraldehyde. Red arrows indicate nanoparticles
within the cytosol. Scale bar: 200 nm.

15 Conclusions

In conclusion, ester-headed PEG ligands (C2-Ester and C4-Ester)
for the modification of the AuNP surface were synthesized and
the advantages of these ester ligands over ether-headed PEG
ligands (C2-Ether and C4-Ether) with regard to cellular uptake
20 were demonstrated. C2-Ester-AuNPs were monodispersed in an
aqueous solution (PBS) and transferred to an organic phase
(CH,Cl,). C2-Ester-AuNPs in PBS can cross from CH,Cl, to a
PBS phase by the addition of NaOH as a stimulus. The detail
mechanism underlying their accelerated internalization into cells
»s remains  unclear;  however, the  hydrolysis-triggered
aqueous/organic phase transfer suggests that the esterase
hydrolysis of ligands could induce the internalization of AuNPs
into cells. Our finding regarding the advantages of ester ligands
will be applicable to deliver the various functional nanoparticles
30 into cells.
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