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E
fficient encapsulation, targeted deliv-
ery, and controlled release of drugs are
prerequisite for designing advanced

drug delivery system. In particular, the de-
velopment of release-controllable delivery
systems is important not only to avoid
a substantial risk of systemic side effects
due to constitutive release but also to
greatly enhance the pharmacological effect
of drugs at the target site.1,2 Because of its
unique porous architecture and versatility of
surface chemistry along with biocompatibil-
ity, mesoporous silica nanoparticle (MSN)
has been an attractive nanomaterial to be
employed in drug delivery applications by
retaining a large amount of cargo.3�9 By
shielding the pores of MSN with a variety
of stimuli-responsive chemical entities as
capping agents, the MSN-based delivery

systems have been developed to regulate
the retention and release of drugs.10 For
example, the assembly of polymers such as
polyethylenimine11 and poly(acrylic acid)12

has been employed as a series of pH-
responsive release systems. Such polymers
tethered on the surface were producing su-
pramolecular nanovalves that were easily
disrupted in an acidic environment. A
chemically labile disulfide linkage was also
utilized to introduce the redox-responsive
controlled release system into MSN.13,14

Other external stimuli such as light and mag-
netic field have also beenwidely investigated
to control the pore opening of mesoporous
materials.15,16 As the gatekeeping materials,
small nanoparticles including CdS, Fe3O4, and
Au have been employed to control the reten-
tion and release of cargo inside MSN.17�21
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ABSTRACT For the development of an intracellular cargo release system with

mesoporous silica nanoparticles (MSN), gold nanoparticles coated with an

amyloidogenic protein of R-synuclein were employed to prepare a protein-

mediated nanocomposite into the “raspberry-type” particles-on-a-particle (PoP).

The PoPs were successfully fabricated only at pH 4.4 by yielding the MSN coverage

to 75.3% with 5 nm gold nanoparticles covalently coated with a mutant form of

R-synuclein containing a cysteine residue at the C-terminus. The entrapped cargo

of rhodamine 6G was shown to be selectively released from PoPs upon exposure to

divalent cations including the R-synuclein-specific pathophysiological ligand of

Ca2þ. Intracellular uptake of the PoPs preloaded with doxorubicin as an anticancer drug and its subsequent Ca2þ-dependent release were demonstrated

with HeLa cells in the presence of intracellular Ca2þ-regulating agents. Therefore, the fabrication of PoPs with the self-interactive protein ofR-synuclein is

expected to serve as a platform technology for preparation of diversified nanocomposites with various nanoparticles and/or bioactive molecules for

eventual applications in the areas of theranostics.
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In order to prepare a more efficient MSN-based
drug-delivery system, however, the surface coverage
of MSN by nanoparticles must be improved in addition
to the fact that its gating should be controlled by
pathophysiological agents other than acidic pH since
cancerous tissues, for example, exhibit the acidic envi-
ronment outside the cells, which would cause prema-
ture release of cancer drugs from their pH-sensitive
carriers. By employing gold nanoparticles (AuNPs)
coated with R-synuclein, an amyloidogenic protein
responsible for the Lewy body formation in Parkinson's
disease,22 MSN has been covered with the protein-
immobilized nanoparticles in high density. The result-
ing raspberry-type PoP nanocomposites have been
shown to successfully entrap cargo molecules without
premature leakage, and their release has been con-
trolled by calcium ion as a pathophysiological ligand of
R-synuclein (Figure 1). It has also been demonstrated
that the PoPs could successfully deliver a chemother-
apeutic agent of doxorubicin into cells and, thus,
exhibit the cytotoxic effect through controlled release
of the drug entrapped with cytosolic Ca2þ. Previously,
we demonstrated that R-synuclein-coated AuNPs
(RSyn-AuNPs) were assembled into a tightly packed
monolayer on the surface of hydrophilic and hydroxyl-
activated glass under acidic conditions, which would
be attributed to the pH-induced structural change
and self-interactive property of R-synuclein.23 There-
fore, the hydrophilic and silanol-rich MSN has been
considered to provide the surface for the monolayer
assembly of RSyn-AuNPs, which would produce the
nanoparticle-capped MSN via a facile two-step proce-
dure. Moreover, the R-synuclein introduced into PoP
could play multiple roles offering a biocompatible
surface to MSN, a ligand-sensitive switch to open the
gates of MSN by altering its conformation, and addi-
tional modification sites to generate multifunctional
MSN in addition to the simple anchoring of AuNPs
to MSN.

RESULTS AND DISCUSSION

For the construction of PoP, the MSNs were synthe-
sized to an average particle diameter of∼100 nm with
channel-like mesoporous structures inside (pore dia-
meter of 2�3 nm) as described in the previous report.24

The cysteinemutant of recombinant humanR-synuclein
(Y136C) was immobilized on 10 nm AuNP surface to
yield RSyn-AuNP. MSNs were then mixed with an
excess amount of RSyn-AuNP (g0.037 pmol of RSyn-
AuNP per μg of MSN) in 10 mM citrate buffer (pH 4.4).
In fact, the red particulates started to appear in solu-
tion within 5 min, and they eventually precipitated in
60 min, indicating the immediate assembly of RSyn-
AuNPs on MSN (Figure 2a). As shown in the previous
study,23 this R-synuclein-mediated assembly of AuNPs
onMSNoccurred only at acidic pH,whereasmost of the
AuNPs remained in the supernatant at neutral or basic
pH even after centrifugation (Figure 2b). However, bare
AuNPs were not able to bind to MSN even at the acidic
pH. The transmission electronmicroscope (TEM) clearly
revealed the 10 nm RSyn-AuNPs uniformly distributed
in monolayer on the surface of MSNs in the absence of
any sort of nonspecificAuNPaggregateswhichwere fre-
quently found in other studies preparing nanoparticle-
immobilized MSNs.17�19 In terms of their appearance,
therefore, our PoPs are unique by producing a
“raspberry-type” nanostructure of AuNPswith the core
of MSN. However, with the AuNPs immobilized with
other mutant types of R-synuclein, S9C and A53C,
those “raspberry-type” nanocomposites were not pro-
duced, thus indicating the importance of the exposed
region of R-synuclein from AuNP for the PoP assembly
(Figure S1, Supporting Information). We have mea-
sured zeta potentials of bare MSN and the AuNPs
coated with R-synuclein in different orientations by
employing three cysteine mutants of Y136C, A53C,
and S9C. As pH changed from 6.5 to 4.4, the zeta
potential of MSN increased drastically by almost 60%
from�25.4 to�10.4 mV. While the AuNPs coatedwith

Figure 1. Schematic representation of “raspberry-type” PoPs and Ca2þ-triggered controlled release of cargo
molecules.
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either A53C or S9C also showed considerable change
in zeta potentials as pH changed, the potential of the
AuNPs coated with Y136C, which were the most
effective RSyn-AuNP capable of producing PoPs, re-
mainedalmost unchanged from�18.8mV to�17.7mV
at pH 6.5 and 4.4, respectively (Figure 2c). Since PoPs
have been successfully prepared only at pH 4.4 with
the AuNPs conjugated with Y136C, the large decrease
in the negative surface charge ofMSNandno change in
the charge of RSyn-AuNP appear to be critical for the
PoP production. However, unlike other surface-coating
simple polymers, the zeta potential of polypeptide with
many ionizing groups and local noncovalent interac-
tions does not allowus a straightforward interpretation.
Nevertheless, a special molecular environment of
mutant R-synuclein of Y136C on the surface of AuNP,
whose net surface charge is resistant to the pH change,
becomes suitable for the attachment to the acidified
MSN by possibly eliciting selective local charge
interactions.
The surface coverage of MSN by the AuNPs was

expected to be improved as the AuNP sizeswere varied
for the PoP preparation. In fact, the numbers of AuNPs
per MSN based on TEM images increased to 58( 11.1,
157 ( 8.1, and 300 ( 21.9 as the RSyn-AuNP sizes

decreased to 20, 10, and 5 nm, respectively (Figure 3a).
The packing density also increased to 0.52 � 103,
1.40 � 103, and 2.67 � 103 particles/μm2, respectively,
which might reflect the cargo retention capability of
PoPs. The packing densities were determined by divid-
ing the numbers ofRSyn-AuNPs attached onMSNwith
its surface area which was calculated with the average
hydrodynamic diameter of bareMSN as 189.1( 9.1 nm
estimated with dynamic light scattering (DLS) analysis.
Because of the highest surface coverage of MSN, most
of the experiments in this study were performed using
PoPs preparedwith 5 nmRSyn-AuNPs unless indicated
otherwise. The DLS data also showed that the resulting
PoPs were not aggregated but well dispersed with an
overall hydrodynamic diameter of 268.1 ( 34.9 nm
(Figure S2, Supporting Information). These PoPs were
also shown to be stable since they have maintained
their structural integrity at physiological pH, tempera-
ture, and a high salt concentration of 1MNaCl (Figure S3,
Supporting Information). The Brunauer�Emmett�Teller
(BET) analysis was also performed to find out how
efficiently AuNPs were able to block the pores of MSN
within the PoPs. The BET analysis of bare MSN showed
a typical curve of N2 adsorption/desorption isotherm
giving rise to a surface area of 721m2/g andpore volume

Figure 2. (a) Optical images of time-dependent “raspberry-type” PoP formation (top) and TEM images of bare MSN and PoP
nanostructures (bottom). Mixture of MSNs and an excess amount of 10 nm RSyn-AuNPs (g0.037 pmole of RSyn-AuNP/μg
MSN) was incubated in 10mM citrate (pH 4.4) for 30min at room temperature. (b) pH-dependent assembly of RSyn-AuNP on
MSN. Mixture of MSNs and RSyn-AuNPs was incubated at the buffer of indicated pH. The amount of free RSyn-AuNPs in the
supernatantwasmeasuredwith absorbance at 523 nm. The red dot line indicates the amount ofRSyn-AuNP to beused for the
PoP production. (c) Surface charge of MSN and RSyn-coated AuNPs. Zeta potentials of nanoparticles weremeasured in either
20 mM Mes or 10 mM citrate at pH 6.5 and 4.4, respectively.
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of 0.70 cm3/g (Figure 3b). For the mixture of MSN and
PoP (17.5%, w/w), however, the surface area and pore
volume decreased to 621 m2/g and 0.61 cm3/g, respec-
tively (Figure 3b). By considering a condition only with
PoPs in the absence of bare MSN and the weight ratio of
AuNP:MSN in PoPs (AuNP:MSN = 0.193:1), the surface
area and pore volume of PoPs were estimated to be
179 m2/g and 0.22 cm3/g, respectively. Therefore, these
data indicate thatRSyn-AuNPs efficiently shield thepores
of MSN in the PoP nanocomposites as the surface area
and pore volume of PoPs are calculated to be decreased
from bare MSN by 75.2% and 68.6%, respectively.
To investigate a drug retention effect of PoPs, a

fluorescent dye of rhodamine 6G (Rh6G) was loaded
onto the MSN by simplymixing the silica particles in an
aqueous solution of Rh6G (5mg/mL) overnight at 37 �C
with vigorous shaking. Following repeated washing
steps to remove unloaded dye with centrifugation, the
dye-loaded MSN was coated with RSyn-AuNP of 5 nm
in diameter as described above. The resulting Rh6G-
loaded PoPs were dispersed in 10 mM Mes at pH 6.5
and then transferred to a dialysis device (Slide-A-lyzer
MINI Dialysis, Thermo SCIENTIFIC) to remove incom-
pletely entrapped or nonspecifically bound dyes and
compare the drug retention efficiency of PoPs to
that of bare MSN. According to the dye release profile
from the Rh6G-loaded PoPs (Figure S4,e Supporting
Information), the release of the dye was not observed
after 2 h of dialysis. The amount of Rh6G entrapped
inside increased linearly as the ratio of RSyn-AuNP/
MSN (pmol/μg) increased, thereby indicating that
the more RSyn-AuNPs were attached, the more dye
was entrapped (Figure 4a). The dye retention by PoPs
was confirmed to be not due to a possible molecular
interaction between R-synuclein and Rh6G since they
were shown to be readily separated without any tight

complex formation as assessed with size-exclusion
chromatography (Figure S5, Supporting Information).
In fact, the extent of cargo retention increased as
the plugging AuNP size decreased. The PoPs plugged
with 5 nm RSyn-AuNP entrapped the dye six times as
much as thosewith 10 nmRSyn-AuNP, and a negligible
amount of dye was retained in the PoPs ornamented
with 20 nm RSyn-AuNP (Figure 4b). By considering the
AuNP packing density per MSN (see above), the ex-
ponentially augmented dye retention by 5 nm AuNP-
PoPs might not be solely attributed to the small AuNP
size. Hence, the protein of R-synuclein attached on
AuNP could have played an additional role on holding
the dyewithinMSNby acting alone or protein�protein
interactions between the adjacent AuNPs. Therefore,
the drug-loading capacity of PoPs can be improved by
tuning the MSN pore diameter and/or the plugging
nanoparticle size in the presence of R-synuclein.
As a physiologically relevant ligand for R-synuclein

to control the gating behavior of PoP, Ca2þwas chosen
to monitor the dye release since the cation was
demonstrated to affect the amyloidogenesis of R-
synuclein through specific molecular interaction.25,26

Unlike other cations, most of which have been chelated
under physiological conditions with biomolecules, the
level of free Ca2þ remains relatively high and fluctuates
in cytoplasm via tight regulation on the Ca2þ storing
intracellular organelle of endoplasmic reticulum. More
importantly, Ca2þ is not only a ubiquitous signaling ion
involved in diverse cellular processes but also its spatial
and temporal surges are implicated in thepathogenesis
of various devastatingdiseases includingcancer, neuro-
degenerative diseases, and cardiovascular disease.27,28

Therefore, Ca2þ and its related signaling processes
have been actively exploited as targets for drug devel-
opment, and in the same context, we investigated the

Figure 3. (a) TEM images of PoPs assembled with the RSyn-coated AuNPs of different sizes. (b) N2 adsorption/desorption
isotherms of PoPs. PoPs were constructed with 5 nm RSyn-AuNPs. The sample for BET analysis was prepared by mixing bare
MSN with 17.5% of PoPs. Adsorption and desorption branches were represented by blank and red lines, respectively.
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Ca2þ-responsive cargo release from the PoPs. As shown
in Figure 5a, while the Rh6G-loaded PoPs did not leak
in the absence of Ca2þ, the addition of 2 mM Ca2þ led
to an abrupt initial increase of the dye fluorescence
which in turn completed within 30 min, thereby indi-
cating instantaneous release of the dye in response
to the Ca2þ stimulation. This Ca2þ-triggered release
was highly dependent upon the amount Ca2þ treated
(Figure 5a inset). Since the ligand-induced conforma-
tion change of R-synuclein on RSyn-AuNP is suspected
to be responsible for the dye-release from PoPs, we
have employed theDLS analysis tomonitor any change
in the size of RSyn-AuNP in the presence of Ca2þ. In the
absence of Ca2þ, the hydrodynamic diameter of RSyn-
AuNP was 22.57 ( 0.46 nm. However, the diameter
shrank to 20.51( 0.64 nm with 2 mM Ca2þ (Figure 5b).
This ∼2 nm change suggests that the R-synuclein on
the surfaceofAuNPexperiences conformational change
with Ca2þ. It was also found that the RSyn-AuNPs
remained tethered on the MSN surface after the dye
release as assessed with a lack of the absorbance for
RSyn-AuNPs in the supernatant collected after a cen-
trifugationof theCa2þ-treatedPoPs and the TEM images
of PoPs obtained before and after the Ca2þ treatment
(Figure S6, Supporting Information). Therefore, the shrink-
age of RSyn-AuNPs on PoPs could open the nanopores
of MSNwhile the nanoparticles remain attached on the
surface. When the PoPs were treated successively with
increasing amounts of Ca2þ to the final concentrations
of 0.5, 1, 2, and 4 mM, the Rh6G release responded
in a stepwisemanner, suggesting that the cargo release
could be controlled intermittently (Figure 5c). This
Ca2þ-triggereddye releasewasapparentlynot observed
in the presence of calcium chelating agent, EDTA
(Figure 5c). Taken together, these results indicated that
the Ca2þ-induced conformational change ofR-synuclein
was responsible for unleashing the dye from PoPs not

because of the actual detachment of RSyn-AuNPs from
MSN but because of altered protein-MSN or protein�
protein interactions on the MSN surface.
Other polyvalent (Cu2þ, Mg2þ, and Fe3þ) and mono-

valent cations (Naþ and Kþ) were also tested tomonitor
their ability to release the dye from PoPs. In particular,
those di- and trivalent cations have been suggested
to bind the C- and/or partly N-terminal regions of
R-synuclein, which would cause the conformational
change and thus alter the fibrillation property of the
protein.29�31 The Rh6G-loaded PoPs were incubated
in 20 mM Mes, pH 6.5, containing 2 mM of each cation
for 10 min. The cation-triggered release of the dye
was determined by monitoring the fluorescence of
the supernatant following centrifugation (Figure 5d).
A significant dye release was observed in the presence
of Ca2þ, Cu2þ, Mg2þ, and Fe3þ. Cu2þ appeared to be
the most effective ion, probably due to its high affinity
to R-synuclein.32 Therefore, our PoPs could be also
developed into biosensors monitoring physiological/
pathological levels of biologically important ions. In-
triguingly, however, neither Naþ nor Kþ was able to
induce the dye release. It is this unresponsiveness of
PoPs against the monovalent cations, the most abun-
dant ions under the physiological condition, that is very
significant in terms of avoiding untimely release of the
loaded cargo from PoPs in biological fluids, and thus it
may guarantee the drug-loaded PoPs to arrive at target
sites safely without premature leakage. When the phy-
siologically relevant polyvalent cations such as Ca2þ

and metal ions bind to a protein, they are usually
coordinated by electron rich atoms like nitrogen,
oxygen, or sulfur comprising amino acid residues and
peptide bonds, which is suggested to be the molecular
basis of metal selectivity exerted by metal-binding
proteins in general.33 Ca2þ has been known to bind
to the acidic C-terminal domain of R-synuclein, and

Figure 4. (a) Dye retention capacity of PoPs. PoPs were prepared with 50 μg of Rh6G-loaded MSN and various amounts of
RSyn-AuNP (0.5, 2.5, 5, 7.5, and 10 pmol). At each ratio of RSyn-AuNP/MSN (pmol/μg), the amounts of entrapped Rh6G per
g PoP were calculated and plotted after removing free and nonspecifically bound dye with dialysis. (b) RSyn-AuNP size-
dependent retention of Rh6G within PoPs. Each Rh6G-loaded PoP was dialyzed for 2 h at room temperature, and then the
fluorescence of dialyate was measured.
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an NMR study has revealed that copper ions bind to
R-synuclein via the coordination of charged residues
and backbone nitrogens.25,34 Although molecular de-
tails are not clear, the coordination of polyvalent cations
within and between R-synucleins on PoPs, possibly
causing the conformational change of R-synuclein
and thus the shrinkage of RSyn-AuNPs, could be re-
sponsible for the cargo release from PoPs as demon-
strated with Ca2þ in Figure 5b. On the other hand,
monovalent cations of Naþ and Kþ could not be
adequately coordinated within/between the proteins
to induce a sufficient conformational change of the
protein for the opening of nanopores on PoPs although
they would interact with the acidic C-terminus of
R-synuclein through charge interaction.
We have then investigated the Ca2þ-dependent

intracellular drug release from PoPs loaded with anti-
cancer drug of doxorubicin (DOX) in HeLa cells. The
cellular uptake of PoPs was verified with confocal laser
scanning microscope following the PoP treatment of
HeLa cells for 1 h in PBS. Immuno-fluorescent staining

with anti-RSyn antibody (LB509) revealed many fluor-
escent dots inside the HeLa cells, indicating rapid and
successful internalization of the PoP nanostructures
(Figure 6a). To examine the actual drug delivery of
PoPs, the PoPDOX loaded with the chemotherapeutic
agent of doxorubicin was prepared. The UV�vis ab-
sorbance measurement indicated that 1 g of PoP
contained approximately 6.12 mg of DOX. The cyto-
toxic effect of PoPDOX was evaluated with HeLa
cells after 18 h of incubation with various amounts of
PoPDOX. The result indicated that the cells died with
PoPDOX in a dose-dependent manner (Figure 6b). As a
control, the empty PoPs at 100 μg without DOX loaded
were confirmed to be not affecting the cell viability
under the same condition (Figure S7, Supporting
Information). In order to find out the Ca2þ-dependent
cytotoxicity of PoPDOX inside the cells, we used two
well-established intracellular Ca2þ-regulating agents,
BAPTA-AM (1,2-bis(o-aminophenoxy)ethane-N,N,N0,N0-
tetraacetic acid, acetoxymethyl ester) and thapsig-
argin (TG). BAPTA-AM is the membrane-permeable

Figure 5. (a) Ca2þ-triggered Rh6G release from PoPs. Final 2 mM Ca2þ was added into the dialysate while monitoring a time-
course release of the entrapped Rh6G within PoPs. The arrow indicates the point of Ca2þ addition. Inset: Ca2þ concentration-
dependent Rh6G release from PoPs. (b) Hydrodynamic diameter of RSyn-AuNP in the presence or absence of Ca2þ. RSyn-AuNP
was incubated in the presence of 2mMCa2þ for 30min at room temperature, and then the change in the particle size distribution
was measured by DLS. (c) Stepwise response of the dye release from PoPs. Final concentration of Ca2þ in the dialysate was
increased every 50min to 0.5, 1, 2, and 4mM. The arrows indicate the points of Ca2þ addition. The experiment was performed in
the absence or presence of 5mMEDTA. (d) Effects of various cations on triggering the dye release from PoPs. Instead of Ca2þ, the
Rh6G-loaded PoPswere incubatedwith 2mMeach of themono- andpolyvalent cations denoted for 10min at room temperature.
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Ca2þ chelator that decreases cytosolic free Ca2þ concen-
tration, whereas TG is the widely used inhibitor for the
endoplasmic reticulum Ca2þ pump leading to an increase
of cytosolic Ca2þ level.35,36 The cytotoxicity exerted by
PoPDOX killing approximately 40%of the cells was reduced
to 15% in the presence of BAPTA-AM at 50 μM, which was
the concentration of BAPTA-AM hardly affecting the cell
viability by itself. Furthermore, the PoPDOX killedmore cells
in thepresenceof1μMTGbyapproximately10%although
the cytotoxicity of TG alone was comparable to that of
PoPDOX in the absence of TG (Figure 6c). Consequently,
these results suggest that the internalized PoPs can re-
spond to the change of intracellular Ca2þ level by control-
ling the release of its cargo molecules.

CONCLUSION

In this study, we have developed a novel MSN-based
cargodelivery nanocomposite, named “raspberry-type”

PoP, to which a protein ligand-responsive gate control
system was introduced by employing the amyloido-
genic and thus self-interactive R-synuclein and its
physiological/pathological ligand of Ca2þ. In vitro cell
studies demonstrated that the PoP nanocomposites
were able to exert the efficient delivery and release of
their entrapped chemotherapeutic agent of DOX, and
therefore, its cytotoxic effect could be controlled by
cytosolic Ca2þ level. Ongoing studies include optimi-
zation of the cargo entrapping efficiency and devel-
opment of more precise spatiotemporal gate control
system. Finally, we expect that these PoPs could be
developed into a multifunctional smart delivery sys-
tem for diverse theranostic purposes by incorporat-
ing various nanoparticles such as magnetic nano-
particles andQ-dots and derivatizing diverse bioactive
molecules onto the exposed surface protein of
R-synuclein.

METHODS

Materials. Cetyltrimethylamonium bromide (CTAB) and
tetraethyl orthosilicate (TEOS) were purchased from Acros.
Various diameters of gold nanoparticle (AuNP) were purchased
from Sigma-Aldrich or BBI international. BAPTA-AM, TG,

40 ,6-diamidino-2-phenylindole (DAPI), Rh6G, CaCl2, FeCl3,
MgCl2, and CuCl2 were obtained from Sigma-Aldrich. Anti-RSyn
(LB509) was purchased from Santa Cruz Biotechnology, and
Alexafluoro 488-conjugated secondary antibody was purchased
from Invitrogen.

Figure 6. (a) Confocal images of HeLa cells containing PoPs. PoPs suspended in PBS was treated to HeLa cells for 1 h. Cells were
stained with DAPI (blue) and anti-RSyn antibody (green). Both fluorescence images were merged with bright-field image. Merged
image of nontreated HeLa cells (right end) was compared. (b) In vitro cytotoxicity of PoPDOX. Various amounts of PoPDOX were
treated toHeLacellsgrowntoabout70%confluence. Total live cellswerecounted following incubating for18h. (c) Ca2þ-dependent
cytotoxic effect of PoPDOX. HeLa cells were incubatedwith 100 μgof PoPDOX in the presence or absence of 50 μMBAPTA (left panel)
and 50 μgof PoPDOX in the presence or absence of 1 μMTG (right panel). Total live cells were counted following incubation for 18 h.
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Synthesis of Mesoporous Silica Nanoparticle (MSN). MSN was
synthesized as described in the previous report.24 Briefly,
50 mL of 0.2% CTAB solution was mixed with 0.35 mL of 2 M
NaOH. Themixture was heated to 70 �C, followed by addition of
0.5 mL of TEOS. One minute later, 0.5 mL of ethyl acetate was
added, and then the mixture was stirred for 30 s and incubated
for 2 h at 70 �C. The precipitate was collected by centrifugation
and washed with water and ethanol 4 times. Finally, CTAB was
removed by refluxing in acidic ethanol solution. The morphol-
ogy and size of the final nanoparticle were analyzed by TEM and
DLS. For the preparation for particles-on-a-particle assembly
and dye release assay, the ethanol-solubilizing MSN was ex-
changed with appropriate buffers by repeated equilibration
and centrifugation several times.

Synthesis of rSyn-Immobilized AuNPs (rSyn-AuNPs). Cysteine mu-
tants ofRSyn replacing amino acid residues of serine at position
9, alanine at 53, and tyrosine at 136 with cysteine as denoted
S9C, A53C, and Y136C, respectively, were synthesized according
to the previous procedures using site-directedmutagenesis and
Escherichia coli BL21 (DE3)-based overexpression system.37 To
construct RSyn-AuNPs, the cysteine mutant RSyn (final 14 μM)
was mixed with 200 μL of AuNP colloids, and the mixture
was incubated overnight at 4 �C. The cysteine mutant RSyn
was conjugated to AuNP by making a covalent bond between
the sulfhydryl group of cysteine and Au (Au�S). A molar ratio
of RSyn/AuNP above 100 was determined to be sufficient to
saturate the surface of nanoparticles with the protein. Actual
molar ratio of RSyn/AuNP employed in the experiments turned
out to bemuch higher than 100 like 15695, 1592, and 262 for 20,
10, and 5 nm of AuNP, respectively. The resulting reaction
mixture was centrifuged for 1 h at 16100g to eliminate unbound
proteins using a table-top centrifuge. The collected precipitate
was washed with 200 μL of 20 mM Mes (pH 6.5) twice at the
same centrifugal condition. The concentration of the finalRSyn-
AuNP was determined by themethod described in the previous
report.38 Mostly, we obtained the purified RSyn-AuNPs whose
concentration ranged from 0.3 to 0.5 nmol/mL for 5 nm AuNP,
0.08 to 0.11 nmol/mL for 10 nmAuNP, and 0.01 to 0.02 nmol/mL
for 20 nm AuNP. The successful conjugation of R-synuclein
to the surface of AuNP was verified by a flocculation test and
observation of the corona of protein layer around the particles
using TEM with 2% uranyl acetate staining. The flocculation
test was performed by adding 150 mM NaCl to the solution
containing RSyn-AuNPs, and the agglomeration of AuNPs was
monitored using UV�vis spectrometer by scanningwavelength
between 300 and 800 nm.

Particles-on-a-Particle (PoP) Assembly and Characterization. To assess
an optimum condition for the maximum attachment of RSyn-
AuNPs to MSN, the amount of RSyn-AuNPs was increased with a
fixed amount of MSN (20 μg) during the incubation in 100 μL of
10 mM citrate at pH 4.4, and then the bound RSyn-AuNP per μg
MSN was estimated (Figure S8, Supporting Information). As a
matter of fact, RSyn-AuNP/MSN of 0.18 (pmol/μg) turned out to
be sufficient for 5 nmparticles to saturateMSN. As the AuNP size
increased to 10 and 20 nm, the RSyn-AuNP/MSN ratio for the
maximum particle attachment dropped to 0.037 and 0.017,
respectively, which were estimated based on the same proce-
dure performed for the 5 nm particles. Therefore, for all the
preparation of PoPs done in this study, the ratio of RSyn-AuNP/
MSN (pmol/μg) was maintained above the optimum values for
the particles with different sizes to ensure the maximum incor-
poration ofRSyn-AuNPs toMSN. In detail, MSN (50 μg or 100 μg)
was mixed with 20 pmol of 5 nm RSyn-AuNP in a total reaction
volume of 100 μL of 10 mM citrate buffer (pH 4.4). In the case
of 10 and 20 nm RSyn-AuNP, 4 pmol and 2 pmol were added,
respectively. The mixture was incubated for 30 min at room
temperature. A red particulatewas collected by centrifugation at
2300g for 10 min, and the resulting precipitates were dispersed
by repeated pipetting in the buffer. The TEM images without
stainingwere taken for confirmingand analyzing nanostructures
produced by particles-on-a-particle assembly. To confirm the
hydrodynamic size distribution and stability of PoPs, the DLS
analysis was carried out using the Zetasizer Nano (Malvern
Instruments, Malvern, UK). The BET analysis using the ASAP
2020 Surface Area and Porosity Analyzer (Micrometrics,

Cumming, GA) was employed to characterize the surface area
and pore volume of the PoPs.

Dye Retention and Release Assay. A MSN solution (100 μL
containing 4.35 mg of MSN) was added to 1 mL of 10 mM citrate
buffer (pH 4.4) containing 1.5mg/mL Rh6G, and themixture was
incubated overnight at 37 �C with vigorous shaking. After being
washed several times with the buffer by using centrifugation at
2300g for 10 min, the combined Rh6G-loaded MSN was mixed
with the appropriate amount of RSyn-AuNP in excess to obtain
the dye-entrapped PoPs. The Rh6G-loaded PoPs were collected
again and washed by using centrifugation at 2300g for 10 min.
For DOX loading, the MSN solution (20 μL containing 1 mg of
MSN) was added to 250 μL of 10 mM citrate buffer (pH 4.4)
containing 2 mg/mL DOX. For the dye retention and release
assay, 100 μg of Rh6G-loaded PoPs suspended in 100 μL of
20 mM Mes (pH 6.5) was transferred to a dialysis device
(20K MWCO, 2 mLmaximum volume, Slide-A-lyzer MINI Dialysis,
Thermo SCIENTIFIC) floating in 6 mL of 20 mM Mes (pH 6.5)
dialysis buffer. The constitutive and ion-responsive release of the
dye were monitored by measuring fluorescence of the dialysis
buffer at 552 nm (excited at 520 nm) at room temperature.
To evaluate ion-responsive dye release from the PoPs, each ion
was simply added to the dialysis buffer at the concentration
indicated.

Cellular Internalization of PoPs and in Vitro Cytotoxicity. The HeLa
cells were grown in Dulbecco's modified Eagle's medium
supplemented with 10% (v/v) fetal bovine serum under 5%
CO2 at 37 �C. For the immunofluorescence analysis to demon-
strate the cellular internalization of PoP nanocomposites,
1.8 � 104 cells were seeded in each coverslip-placed well of a
6-well plate and incubated for 24 h. PoP (25 μg) suspended
in the phosphate-buffered saline (PBS) composed of 11.8 mM
sodium/potassium phosphate, pH 7.4, and 0.14 M NaCl was
added to each well in the medium growing cells, and the
cells were incubated for another 3 h in 5% CO2 at 37 �C. After
washing with PBS to remove free PoPs, the cells growing on
a coverslip were stained with anti-RSyn antibody, Alexafluoro
488-conjugated secondary antibody, and DAPI according to the
manufacturer's instruction for immunofluorescence staining
procedure. The fluorescence images were acquired using con-
focal laser scanning microscope. For in vitro cytotoxicity assay,
1.8 � 104 HeLa cells were seeded in a 24-well plate and grown
until 70% confluence was reached. The indicated amounts of
PoP and PoPDOX were added to the media growing cells, and
the cells were incubated for 18 h in 5% CO2 at 37 �C. To examine
the Ca2þ-dependent cytotoxicity of PoPDOX, the cytotoxic
effect of PoPDOX was tested in the presence and absence of
the indicated amounts of BAPTA or TG. After beingwashed with
PBS and trypsinization, the total live cells were counted using
a hematocytometer following trypan blue staining.
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