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Prolonged retention of internalized nanoparticulate systems inside cells improves their efficacy in

imaging, drug delivery, and theranostic applications. Especially, regulating exocytosis of the nanoparticles

is a key factor in the fabrication of effective nanocarriers for chemotherapeutic treatments but orthogonal

control of exocytosis in the cellular environment is a major challenge. Herein, we present the first

example of regulating exocytosis of gold nanoparticles (AuNPs), a model drug carrier, by using a simple

host—guest supramolecular system. AuNPs featuring quaternary amine head groups were internalized into
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Introduction

Drug delivery systems (DDSs) improve the efficacy of conven-
tional pharmaceutics through enhanced pharmacokinetics
and biodistribution." Finely tuned and engineered nanoparti-
cle platforms® are used to design DDSs to achieve the release
of drugs at a controlled rate.® Trigger sensitive release mecha-
nisms of covalently* or non-covalently’ attached drugs are
widely employed for on-target site activation strategies.®
Furthermore, much effort has focused on increasing the
uptake of the carrier into targeted tissues passively through
the enhanced permeability and retention (EPR) effect’” and/or
actively by using targeting modalities.® However, for effective
DDSs, the sustained therapeutic effect inside cells relies not
only on the cellular uptake of nanocarriers but also on their
subsequent long-term retention in the cells.’

One of the main obstacles facing DDSs is the rapid removal
of the internalized drug carriers through exocytosis before
drug release.'® Exocytosis is the process of expelling wastes
and other large molecules out of the cells,"" which is also com-
monly observed with a wide variety of drug carriers.’> As an
example, internalized poly (p,L-lactide-co-glycolide) nanoparti-
cles undergo exocytosis to the extent of 65% at 30 min and
85% at 6 h."® Reducing exocytosis of the nanoparticulate drug

Department of Chemistry, University of Massachusetts, 710 North Pleasant Street,
Ambherst, MA 01003, USA. E-mail: rotello@chem.umass.edu

tElectronic supplementary information (ESI) available: Synthesis of ligands,
nanoparticles and characterization. See DOI: 10.1039/c40b02433h

2474 | Org. Biomol. Chem., 2015, 13, 2474-2479

the cells through endocytosis. Subsequent in situ treatment of a complementary cucurbit[7]uril (CB[7]) to
the amine head groups resulted in the AuNP-CB[7] complexation inside cells, rendering particle assembly.
This complexation induced larger particle assemblies that remained sequestered in the endosomes, inhi-
biting exocytosis of the particles without any observed cytotoxicity.

carriers thus prolong their retention time and concurrently
release the loaded drugs gradually inside cells, enhancing the
therapeutic efficiency of the DDSs.'* Developing strategies for
orthogonal control of exocytosis in the cellular environment is
a major challenge because of the intracellular chemical com-
plexity and a potential toxicity of relevant reagents.

Supramolecular chemistry generates controlled assemblies
from molecular building blocks through non-covalent inter-
actions including hydrogen bonding, hydrophobic, and van
der Waals interactions.”® Due to their reversible modularity,
supramolecular complexes are useful for creating responsive
host-guest systems for many therapeutic applications.'®
Cucurbit[n]urils (CB[n]) are water-soluble macrocyclic hosts
with a hydrophobic cavity that form strong inclusion com-
plexes with many types of guests, including positively charged
ligands on gold nanoparticle (AuNP) surfaces.'” Various CB[n]-
guest systems have been developed to create delivery vectors
for therapeutic materials and an actuator system to control
catalytic activity of an enzyme.'® Moreover, engineering host-
guest systems provides the capability of actuation for the regu-
lation of therapeutics in living cells.”®*° Among the cucurbi-
turil family, cucurbit[7]uril (CB[7]) is attractive as a building
block for the construction of supramolecular architectures due
to its remarkable guest binding behavior in aqueous media®'
and non-toxic behavior in vitro and in vivo.>*

Herein, we describe a new approach to regulate the exocyto-
sis of AuNPs by using host-guest interactions between AuNPs
and CB[7] molecules.*® Quaternary ammonium functionalized
cationic gold nanoparticles (AuNP-TBen) were readily taken up

This journal is © The Royal Society of Chemistry 2015


www.rsc.org/obc
http://crossmark.crossref.org/dialog/?doi=10.1039/c4ob02433h&domain=pdf&date_stamp=2015-02-07
https://doi.org/10.1039/c4ob02433h
https://pubs.rsc.org/en/journals/journal/OB
https://pubs.rsc.org/en/journals/journal/OB?issueid=OB013008

Published on 23 12 2014. Downloaded by Fail Open on 2025/05/07 8:41:37.

Organic & Biomolecular Chemistry

Inhibition
of exocytosis

AuNP-TBen AuNP-TBen-CB[7]

Induced assemblies

\@ Hydrophobic

h\ & )
Hydrophilicf \ @ _
=)

CB[7]

Hydrophilic

Hydrophobic .
m, ) > E Hydrophobic
— mesmmoc ‘
AuNP-TBen == = >
Induced AuNP-TBen-CB[7]
assemblies

Fig. 1 Controlling exocytosis of AuNPs by using intracellular host—
guest complexation. (a) Inhibition of AuNP-TBen exocytosis by the
threading of CB[7] onto the nanoparticle surface. (b) Formation of the
AuNP-TBen-CBI[7] assemblies.

by the cells via endocytosis as reported in previous studies
(Fig. 1).%** Afterward, in situ treatment of complementary CB([7]
molecules resulted in threading of CB[7]s on the terminal func-
tionalities of AUNP-TBen inside the cells, resulting in AuNP-T-
Ben-CB[7] complexes. This complexation rendered the surface of
the particles less hydrophilic, inducing the self-assembly of
AuNP-TBen-CB[7] sequestered in the endosomes. Exocytosis
of the AuNP-TBen-CB[7] was then blocked by the increased size
of the induced assemblies. This approach provides a new strat-
egy for improving efficacy of DDSs through prolonged retention
of drug carriers within the cells.

Results and discussion

Exocytosis of nanoparticles is dependent on their size’® and
surface functionality.”® Larger nanoparticles (more than 100
nm in diameter) tend to undergo exocytosis at slower rate and
lower amount compared to their smaller counterparts. There-
fore, an efficient way of regulating exocytosis could be indu-
cing in situ assembly of internalized individual nanoparticles
entrapped in endocytic vesicles by using a host-guest supra-
molecular system. The exocytosis of the particles then would
be blocked by the increased size of the induced assemblies®®
and the host-guest system provides an orthogonal stimulus,
allowing temporal control of the exocytosis (Fig. 1).
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We have synthesized a water-soluble AuNP-TBen featuring a
tetra(ethylene glycol) and quaternary benzyl amine head group
prepared via a Murray place-exchange reaction.>” The detailed
syntheses and characterization of the AuNPs are available in
the ESI (Scheme 1 and Fig. 1-41). The gold core had an
average size of 2.1 + 0.5 nm with hydrodynamic diameter of
the AuNP-TBen being 9.7 + 0.1 nm determined by trans-
mission electron microscopy (TEM) and dynamic light scatter-
ing (DLS), respectively. The AuNP-TBen had a zeta potential of
+14.2 mV. The terminal quaternary benzyl amine moiety serves
as a recognition unit for the formation of a host-guest
inclusion complex with CB[7] with the association constant of
~10® M~'.?® This binding constant is strong enough for the
complexes to remain stable under biological conditions.>’

The complexation between AuNP-TBen and CB[7] was inves-
tigated by performing DLS experiments whose results are
shown in Fig. 2(a). For DLS experiments, AuNPs were used at a
concentration of 1 pM. At the molar ratio of 1:1 and 1:2
(AuNP-TBen:CB[7]), the hydrodynamic diameter of the
AuNP-TBen slightly increased from 9.7 + 0.1 to 11.6 = 0.5 nm.
At a ratio of 1:4 (AuNP-TBen:CB[7]), the particles began to
assemble together and completely aggregated at the ratio of
1:10 (AuNP-TBen:CB[7]) to give a clear solution with a
precipitation on the bottom of vial as shown in Fig. 1 (b). The
hydrodynamic sizes of control nanoparticles including
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Fig. 2 Inducing nanoparticle assemblies upon binding with CB[7] and
the effect of surface functional group on the assembly formation. (a)
Size changes of nanoparticle assemblies at different NP : CBJ[7] ratios. (b)
AuNP-ADA and AuNP-TMC6 induce the larger assemblies upon binding
with CB[7], but no assembly formation was observed for AUNP-TMOH
and AuNP-TMNH2 with polar end groups.
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AuNP-TTMA and AuNP-TCOOH showed no observable change
upon addition of CB[7] because both particles have no signifi-
cant binding affinities to CB[7].

The formation of the assemblies upon binding with CB[7]
was carried out with AuNPs having different surface functional
groups (Fig. 2 (b)). AuNP-ADA (1 pM) and AuNP-TMC6 (1 pM)
behaved similarly to AuNP-TBen and induced the Ilarge
assemblies upon binding with CB[7] at the ratio of 1:10
(AuNPs : CB[7]).

In contrast, AUNP-TMOH and AuNP-TMNH2 did not show
any aggregate formation although the NP-CB[7] complexes were
formed as indicated in "H NMR and NOESY NMR (ESI Fig. 5-8).
This indicates that the surface end group of the AuNPs plays an
important role in inducing the assembly formation.

The amphiphilic nanoparticle, AuNP-TBen (also AuNP-ADA
and AuNP-TMC6) is soluble in both aqueous and organic sol-
vents (e.g. dichloromethane). In the aqueous solution, the
hydrophobic benzyl units on the particles are hidden from the
external environment, making the surface of the particles
more hydrophilic and soluble in the aqueous media. NOESY
NMR showed the interaction of benzyl peaks with tetraethyl-
ene glycol and 11-undecane peaks (ESI Fig. 91) as an indi-
cation of bending over of benzyl head group. Addition of CB[7]
resulted in a binding competition of pulling AuNP-TBen from
its hydrophobic shell to be encapsulated by CB[7] host mole-
cules. Upon binding with CB[7], the benzyl units on the par-
ticle became stretched out along the particle, rendering the
surface of the particle less hydrophilic. This process decreases
particle solubility and induces the formation of large assem-
blies/aggregates (Fig. 1 (b)). AuNP-TMOH and AuNP-TMNH2
can bind with CB[7] but the hydroxyl and amine end groups
presumably keep the surface of particles hydrophilic enough
even after binding with CB[7] and therefore no assembled
structures were observed. It indicates that inducing assemblies
is dependent on not only CB[7] binding but also end group
surface functionality of AuNPs.

When the particle assemblies of AuNP-TBen-CB[7] were
treated with excess of 1-adamantyl amine (ADA), a competitive
guest molecule for CB[7] binding, CB[7] dethreaded from the
NP surface through creation of more favorable 1:1 ADA-CB[7]
complexes (K, = 1.7 x 10'%).?'® Addition of ADA triggered dis-
assembly of the particles, (ESI Fig. 10t), indicating that host-
guest interactions can be used to control the solubility (hydro-
phobicity) of AuNPs by using the precise ‘lock and key’ modu-
lation over their molecular-level interactions.

Cellular uptake of the AuNPs was investigated by TEM ana-
lysis of the cell. After 3 h incubation of the cationic AuNP-TBen
(200 nM), TEM images showed that the AuNPs were trapped in
the endosomal vesicles in cytoplasm as shown in Fig. 3 (a).
This observation is consistent with an endocytotic behavior of
other cationic nanoparticles previously reported in litera-
ture.’>*! To study the exocytotic behaviors of the nanopatrticle,
the cells were washed off after 3 h incubation with the AuNP-
TBen and incubated with fresh media or CB[7] (0.2 mM) con-
taining media for an additional 24 h. When the cells were
treated by fresh media, the number of the particle-entrapped
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Fig. 3 Cellular uptake and intracellular behavior of the AuNPs. (a) TEM
images of MCF-7 cells incubated with AuNP-TBen. The -cationic
AuNP-TBen is trapped in organelles (red circle). TEM images MCF-7 cells
incubated with AuNP-TBen and then washed and further incubated with
(b) only cell culture media or (c) culture media with CBI[7] for 24 h. (d)
Quantification of the amount of gold retained in cells at different time
after incubation with free media or media containing CB[7]. Cellular
uptake experiments with each gold nanoparticle were repeated 3 times,
and each replicate was measured 5 times by ICP-MS. Error bars rep-
resent the standard deviations of these measurements.

in vesicles was significantly decreased (Fig. 3 (b)). Only a few
particles remained within the vesicles or dispersed in various
organelles, indicating a major portion of the AuNP-TBen are
removed from the cells through exocytosis. In contrast, when
the cells were treated by the CB[7] containing media, com-
plexation between the CB[7] and AuNPs occurred in endo-
somes and in turn the AuNPs remained trapped in the
endosomes (Fig. 3 (c))."® These results indicate that treatment
of CB[7] caused the intracellular assembly formation of the
AuNP-TBen-CB[7] as the CB[7] can cross the cell membrane®
and the large bulky assemblies remained sequestered in endo-
cytic vesicles without exocytosis. It is important to note that
CB[7] can be internalized by cells as free CB[7] and/or nano-
particle-bound CB[7] have been detected inside cells using
mass spectrometry.'”

The exocytosis of the nanoparticles was further quantified
by using inductively coupled plasma mass spectrometry
(ICP-MS). After 3 h incubation of AuNP-TBen (200 nM), the
cells were completely washed off and replaced by fresh cell
culture media or CB[7] (0.2 mM) containing media. The cells
were then further incubated for different time intervals (0 h,
3 h, 12 h, and 24 h). The amount of the AuNPs retained by the
cells was determined using ICP-MS. Retention of the AuNP-
TBen inside cells treated by free cell culture media decreased
to 34% at 24 h while no significant change was observed for
cells treated with CB[7] containing media (Fig. 3 (d)). Along with
the observed TEM results, ICP-MS data shows that the treat-
ment of the CB[7] on the cells effectively inhibited the exocyto-
sis of the AuNP-TBen.

The effect of the AuNP end group on the exocytosis was
further investigated and the retention of other AuNPs with

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Effect of surface functional groups on exocytotic behavior of
AuNPs. ICP-MS measurements of (a) AUNP-TTMA, (b) AuNP-TMOH, (c)
AuNP-TMC6, and (d) AuNP-ADA. Quantification of exocytosis of the
AuNPs was determined by analyzing ICP-MS on MCF-7 cell with same
experimental condition carried out for the AuNP-TBen. Error bars rep-
resent the standard deviations of these measurements.

different functional head groups in the cells was measured by
using ICP-MS. AuNP-TTMA and AuNP-TMOH (Fig. 4 (a) and
(b)) exhibited no significant difference of exocytotic behavior
for both free media and media containing CB[7], showing no
effect of CB[7] on exocytosis of these AuNPs.

Regardless of CB[7] treatment, retention of the AuUNP-TTMA
and AuNP-TMOH decreased to ~62% and ~70% at 24 h,
respectively. Compared to AuNP-TBen, AuNP-TTMA and
AuNP-TMOH showed higher retention inside cells. Faster exo-
cytosis rate of AuUNP-TBen could be originated from the aro-
matic head group structure.>® On the other hand, exocytosis of
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Fig. 5 Cytotoxicity of AuNPs. After 3 h incubation of AuNPs (200 nM),
MCF-7 cells were washed off and further incubated with media and
media of CBI[7] (0.2 mM) at 37 °C for 24 h. As a control, cell viability of
CBI7] (0.2 mM) was measured after 24 h incubation.
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AuNPs including AuNP-ADA and AuNP-TMC6 was blocked
when the cells were treated by the media containing CB[7]
similar to the AuNP-TBen (Fig. 4 (c) and (d)). Amount of the
retained AuNP-ADA and AuNP-TMC6 in the cells reduced to
~75% and ~70% at 24 h for the media treatment. Both
AuNP-ADA and AuNP-TMC6 induced assemblies of the particle
upon binding with CB[7]. This result indicates that CB[7] itself
does not affect cellular uptake of the particles and exocytosis
of the particles was regulated due to the increased size of the
assemblies.

Cellular proliferative activity was measured by the Alamar
blue assay to evaluate possible toxicity that can arise from
retained nanoparticles in the cells. As shown in Fig. 5, all the
nanoparticles exhibited no decrease in cell viability for the
treatment of both free media and media containing CB[7].
This result indicates that the induced assemblies of the par-
ticles sequestered in endocytic vesicles do not affect cell
viability.

Conclusions

In conclusion, we have demonstrated a strategy for regulating
exocytosis of the internalized nanoparticles. Using a supra-
molecular host-guest system on the AuNPs induced the assem-
blies of the particles in living cells, preventing their exocytosis
without any observed cytotoxicity. This approach provides a
potential strategy for prolonged retention of drug carriers
within endosomes, enabling sustained therapeutic effect of
the carriers. We are currently exploring this strategy with
AuNPs featuring prodrugs tethered with labile linkages that
can be degraded by external stimuli. Additionally, this
approach also will be applied to other nanomaterials with
potential utility of their prolonged transplantation in a wide
variety of cells for in vivo cellular tracking® and tumor-
targeted delivery of therapeutic systems.**

Experimental section
General

Synthesis of ligands and AuNPs and their characterization can
be found in ESL{ All the chemicals were purchased from
Sigma-Aldrich or Fisher Scientific unless otherwise specified.
The chemicals were used as received. AuNPs used in this work
have been reported previously.>> "H NMR spectra were
recorded at 400 MHz on a Bruker AVANCE 400 machine. A
Hewlett-Packard 8452A UV-Vis spectrophotometer was used to
record UV-Vis spectra. Dynamic light scattering (DLS) was
measured by Zetasizer Nano ZS. The fluorescence from
the Alamar blue assay was measured in a SpectraMax
M5 microplate spectrophotometer.

ICP-MS sample preparation and measurements

ICP-MS measurements were performed on a Perkin Elmer Elan
6100. Operating conditions of the ICP-MS are listed below: RF

Org. Biomol. Chem., 2015, 13, 2474-2479 | 2477
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power: 1200 W; plasma Ar flow rate: 15 L min~'; nebulizer Ar
flow rate: 0.96 L min™"; isotopes monitored: **’Au; dwell time:
50 ms; nebulizer: cross flow; spray chamber: Scott. AuNPs (200
nM, 0.5 ml) were incubated with pre-seeded MCF-7 cell line in
24 well plates (20 000 cells per well). After 3 h incubation, cells
were washed three times with PBS buffer and then 0.5 mL of
media or media of CB[7] (0.2 mM) were added to the cells. The
wells of the plates then connected to a peristaltic pump which
provides a continuous flow of the media or media of CB[7] to
remove exocytosed nanoparticles. The cells were then incu-
bated for different additional times (0 h, 3 h, 12 h, and 24 h).
Cells were washed three times with PBS buffer and then a lysis
buffer (300 pl) was added to the cells. The resulting cell lysate
was digested overnight using 3 mL of HNO; and 1 mL of H,0,.
On the next day, 3 mL of aqua regia was added and then the
sample was allowed to react for another 2-3 h. The sample
solution was then diluted to 100 mL with de-ionized water and
aqua regia. The final AuNP sample solution contained 5%
aqua regia. The AuNP sample solution was measured by
ICP-MS under the operating conditions described above. Cellu-
lar uptake experiments with each gold nanoparticle were
repeated 3 times, and each replicate was measured 5 times by
ICP-MS. A series of gold standard solutions (20, 10, 5, 2, 1, 0.5,
0.2, 0 ppb) were prepared before each experiment. Each gold
standard solution contained 5% aqua regia. The resulting cali-
bration line was used to determine the gold amount taken up
in the cells in each sample.

Cellular TEM measurements

For a preparation of cellular TEM sample, MCF-7 cells (100 000
cells per well in a 24 well plate) were seeded and incubated on
15 mm diameter Theramanox® coverslips (Nalge Nunc Inter-
national, NY) in 1 mL of serum containing media for 24 h
prior to the experiment. The media were replaced by 0.5 mL of
200 nM AuNP-TBen in serum containing media and incubated
for 3 h. The cells were completely washed with PBS buffer
three times and then 0.5 mL of media or media of CB[7]
(0.2 mM) was added to the cells. After 24 h incubation, the
cells were then fixed in 2% glutaraldehyde with 3.75% sucrose
in 0.1 M sodium phosphate buffer (pH 7.0) for 30 min and
then washed with 0.1 M PBS containing 3.75% sucrose three
times over 30 min. The cells were postfixed in 1% osmium tetr-
oxide with 5% sucrose in 0.05 M sodium phosphate buffer
solution (pH 7.0) for 1 h and then rinsed with distilled water
three times. They were dehydrated in a graded series of
acetone (10% per step) and embedded in epoxy resin. The
resin was polymerized at 70 °C for 12 h. Ultrathin sections
(50 nm) obtained with a Reichert Ultracut E Ultramicrotome
and imaged under a JEOL 100S electron microscopy.

Cell culture and cytotoxicity measurements

MCF-7 cells were grown in a cell culture flask using low
glucose Dulbecco’s Modified Eagle Medium supplemented
with 10% fetal bovine serum (FBS) at 37 °C in a humidified
atmosphere of 5% CO,. For cytotoxicity testing, MCF-7 cells
were seeded at 20 000 cells in 0.2 mL per well in a 96-well plate
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24 h prior to the experiment. During the experiment, old
media were replaced by 0.2 mL of AuNPs (200 nM) in serum
containing media and the cells were incubated for 3 h at 37 °C
in a humidified atmosphere of 5% CO,. The cells were then
completely washed with PBS buffer three times and media or
media of CB[7] (0.2 mM) were added to the cell. After 24 h of
incubation, the cells were then completely washed off and
10% Alamar Blue in serum containing media were added to
each well and further incubated at 37 °C for 4 h. The cell viabi-
lity was then determined by measuring the fluorescence
intensity at 570 nm using a SpectraMax M5 microplate
spectrophotometer.
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