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ABSTRACT: Multifunctional nanoprobes have attracted signiﬁcant attention in a wide range of disciplines such as
nanomedicine, precision medicine, and cancer diagnosis and
treatment. However, integrating multifunctional ability in a
nanoscale structure to precisely target, image, and deliver with
cellular spatial/temporal resolution is still challenging in cellulo
applications. This is because the development of such highprecision resolution needs to be carried out without labeling,
photobleaching, and structurally segregating live cells. In this
study, we present an integrated nanostructure of a mesoporoussilica nanosphere with an optical nanocrescent antenna
(MONA) for multifunctional cellular targeting, drug delivery,
and molecular imaging with spatiotemporal resolution. MONA
comprises a systematically constructed Au nanocrescent (AuNC) antenna as a nanosensor and optical switch on a
mesoporous-silica nanosphere as a cargo to molecular delivery. MONA made of antiepithelial cell adhesion molecules (antiEpCAM)-conjugated AuNC facilitates the speciﬁc targeting of breast cancer cells, resulting in a highly focused photothermal
gradient that functions as a molecular emitter. This light-driven molecular, doxorubicin (DOX) delivery function allows rapid
apoptosis of breast cancer cells. Since MONA permits the tracking of quantum biological electron-transfer processes, in
addition to its role as an on-demand optical switch, it enables the monitoring of the dynamic behavior of cellular cytochrome c
pivoting cell apoptosis in response to the DOX delivery. Owing to the integrated functions of molecular actuation and direct
sensing at the precisely targeted spot aﬀorded by MONA, we anticipate that this multifunctional optical nanoantenna structure
will have an impact in the ﬁelds of nanomedicine, cancer theranostics, and basic life sciences.
KEYWORDS: multifunctional nanoprobe, nanocrescent, mesoporous silica nanosphere, breast cancer, plasmonic resonance energy transfer,
apoptosis, optical switch
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nanostructure integrating the capability of cellular−molecular
imaging with nanoengineered molecular control/delivery
nanostructures has been developed. Therefore, direct imaging
and monitoring of cellular−molecular changes at the site of
molecular delivery and their control at the cellular level are
possible. For nanoimaging components, integrative nanop-

anoengineered molecular control and delivery
structures have contributed to studying structure
and function for high-precision human health care.
Investigating the molecular changes at the cellular level is
critical for understanding precision models of disease development and biological events for subsequent intervention and
management. Traditionally, large-cell, number-based macroscale analyses, such as the enzyme-linked immunosorbent
assay, polymerase chain reaction, and Western blotting that
require cell lysis, molecular extraction, and puriﬁcation steps,
have been used to assess molecular changes. These approaches
are retrospective and thus fail to acquire real-time and highly
localized molecular changes at the cellular level in a living
system. To overcome these limitations, a multifunctional
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Figure 1. Multifunctional cellular targeting, molecular delivery, and imaging by light-derived molecular emitter called MONA. (A) MONA
enables cellular targeting, molecular delivery, and imaging in living cells with high spatiotemporal resolution. MONA has been designed for
targeted drug delivery with optically controlled spatiotemporal precision and temperature gradient-mediated actuation, followed by
postdelivery molecular imaging of the target environment in live cells. MONA permits the monitoring of quantum biological ET processes.
MONA allows tracking the dynamic behavior of response to the molecular delivery. (B) MONA consisting of anti-EpCAM conjugated AuNC
and MSN. The anti-EpCAM on the MONA enables targeted delivery of the loaded drug to speciﬁc cell types (e.g., MCF-7). (C) The MSN of
the MONA serves a role of a cargo of molecular deliver to targeted cells by taking advantage of the larger pore volume, ordered nanopore
array, and high biocompatibility. The asymmetric nanocrescent antenna allows the generation of the focused photothermal gradient in
MONA, which is crucial for its function as a molecular emitter.

robes can be added. Quantum dots,1,2 luminescent,3,4
ﬂuorophores,5−7 magnetic nanoparticles,8−10 and carbon
nanostructures,11,12 functioning as a leveling and contrasting
agent have led to major advances in cellular molecular imaging.
However, the challenges associated with the development of
multifunctional structures using these types of nanoprobes
pertain to labeling the target molecules,13 photobleaching,14
and the poor structural integrity of the nanoprobes at the
nanoscale with other molecular delivery and cellular-targeting
components in a single nanostructure.15 For example, the
ﬂuorophore-based materials involved in the photobleaching
eﬀect result in inconsistent and weaker signals over time.
Super-resolution imaging methods, such as stimulated
emission depletion, ground-state depletion, spectral precision
distance microscopy, and stochastic optical reconstruction
have been explored to achieve high-resolution imaging at the
cellular level. These approaches still require postsignal
processing, labeling steps, and improved structural integration
for multifunctional nanostructures.
Such multifunctional nanostructures are poised for highresolution spatiotemporal imaging. As an optical nanoantenna,
localized surface plasmon resonance (LSPR) structures have
been studied in cellular imaging and have shown great
potential for high spatiotemporal resolution molecular
monitoring in studies at the cellular level16,17 owing to the
more signiﬁcant absorption and scattering cross sections
without photobleaching. These advantages of LSPR nanostructures provide reliable integrated nanoprobes, which
ensure high spatiotemporal resolution performance at the
cellular level. For molecular probing at the cellular level,
binding between LSPR nanostructures and target molecules
mainly occurred through coupling-mediated ampliﬁcation.
These modalities rely on the geometry and size of the LSPR
nanostructures, and the strict surface chemistry depends on the
molecular binding event. However, when LSPR nanostructures
are integrated into a multifunctional nanostructure, they

usually change the optical properties of the LSPR nanostructures due to electron transfer (ET) to the integrated structure
and loss of the optical nanoantenna eﬀects resulting from poor
structural integrity.
Recently, plasmonic energy resonance transfer (PRET) by
direct ET between the LSPR structure and the target molecule
has garnered attention as a promising integrative molecular
probing approach.17−21 Notably, PRET is highly sensitive and
spectrally selective with a high-response speed without
photobleaching. This would be highly desirable for the direct
acquisition of localized and real-time data on molecular levels.
It could indicate cellular responses at the point of molecular
delivery for cases where the LSPR structure is integrated with
cellular targeting and molecular delivery functions. Indeed,
signiﬁcantly improved integrative geometries and dimensions
of the LSPR nanostructures are needed to oﬀer simultaneously
high-resolution cellular targeting, molecular delivery, and
monitoring at the cellular level.
Here, we report an integrated mesoporous-silica with an
optical Au nanocrescent (AuNC) antenna named MONA
(Figure 1). The MONA integrates AuNC with an mesoporoussilica nanosphere (MSN) for simultaneous molecular delivery,
cellular imaging, and targeting a cell with bioconjugation
(Figure 1A). The MSN with a large pore volume and highly
ordered pores functions as a highly eﬃcient molecular carrier
and a substrate for the AuNC fabrication. Its high molecular
(doxorubicin [DOX])-loading capacity can be attributed to the
large pore volume (Figure 1B). The asymmetric AuNC in the
MONA generates a photothermal gradient for its function as a
molecular emitter (Figure 1C). We directly monitor DOXinduced apoptotic events in Michigan Cancer Foundation-7
(MCF-7) cells by measuring the PRET between the MONA
and cytochrome c (cyt c). Furthermore, we analyze the
targeting performance in MCF-7 cells by antiepithelial cell
adhesion molecule (anti-EpCAM) onto MONA.
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Figure 2. MONA construction. (A) Schematic illustration of MONA preparation: (i) synthesis of MSN using block copolymer assembly and
sol−gel method, (ii) immobilization of the MSN particles on a SiO2 substrate, (iii) deposition of nano Au layer on the immobilized MSN,
(iv) harvest the nanostructure, (v) bioconjugation and drug loading, and (vi) photoactivation. (B) TEM images of the prepared MONA
structures at dAu = 12 nm (scale bars = 20 nm).

RESULTS AND DISCUSSION
Nanocrescent Antenna on Mesoporous Silica Sphere
Structure. Figure 2 illustrates the construction concept and
morphologies of MONA. We ﬁrst synthesized MSNs by the
self-assembly and incorporation method (Figure 2A and see
Methods section). Subsequently, the angled deposition of Au
nanolayer enabled forming an AuNC on the MSN particles
arrayed on the SiO2 substrate. We then harvested the MONA
from the SiO2 substrates. We performed further molecular
loading and bioconjugation steps. After suspending the
fabricated MONA, we conﬁrmed the shape using tunneling
electron microscopy (TEM) images (Figure 2B). The image
clearly shows the size, shape of AuNC on MSN, and the 2D
hexagonal pore array of the MSN are uniform and evenly
distributed after the fabrication.
After conﬁrming the fabrication steps of MONA, we studied
the optical-antenna design strategy of the MONA structure
(Figure 3). The light focusing in AuNC consists of sharp edge,
plasmonic curvature, and a cavity ﬁlled with dielectric materials
(e.g., MSN) parts (Figure 3A). When light is illuminated to
MONA, incoming waves are focused onto the edges of the
AuNC. It leads to the propagation of plasmons toward the
sharp edges, slowing down as they progress without reaching

the sharp edges. Then, the propagating light energy
accumulated around the sharp edges. Owing to the sharp
edges, extremely high ﬁeld intensity can be achieved.22−29 The
sharp edge features in MONA functions as singularities for
surface plasmons. These result in continuous interaction with
light over a broad frequency range.23,30 To explain the
interaction, we performed ﬁnite element analysis (FEA) and
developed an insight into a relationship between the
multimode of electric-ﬁeld enhancement and the multidimensional geometry. We ﬁrst compared electric (E)-ﬁeld
distribution of MONA (inner diameter (DMSN) = 40 nm and
outer diameter (DAu) = 60 nm) with that of Au nanospherical
particle (AuNP) (Dsize = 50 nm) at λ = 550 and 850 nm
(Figure 3B and Supporting Information). The MONA revealed
strong light focusing around the edge tips around λ = 850 nm,
and another focusing is observed around the curvature
structure at λ = 550 nm, compared to weak E-ﬁeld distribution
in AuNP at both wavelengths. A plot of spectrum comparison
between the MONA and AuNP is shown in Figure 3C. The
MONA leads to strong extinctions at ∼550, ∼650, and ∼850
nm, simultaneously. The peak resonance is characterized by
resonant coupling of the edge tips, inner cavity edge, and outer
2015
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Figure 3. MONA characterization. (A) Schematic illustration of the LSPR modes of MONA. The incident light is propagated toward the tip
region as a surface plasmon polariton. The energy of the concentrated electric ﬁeld is transformed into phonon vibration. The energy of
phonon vibration is propagating within AuNC shaped antenna of the MONA. Plasmonic nanogap between tips in the MONA structure leads
to plasmonic coupling eﬀect. DAu, DMSN, and Dedge−edge are the diameters of AuNC and MSN and the distance of edge to edge, respectively.
(B) Electric (E)-ﬁeld distribution around (i) AuNP (diameter, D = 40 nm) and (ii) MONA (DMSN = 40 and DAu = 50 nm) at λ = 550 and 650
nm. (C) Scattering spectra of AuNP and MONA. (D) Characterization of the MONA: (i) schematics of AuNC structural optimization in the
MONA, (ii) TEM images, (iii) SEM images, and (iv) E-ﬁeld distribution at λ = 650 nm of MONA at dAu/DMSN = 0.05, 0.1, 0.25, 0.5, and 0.75
(scale bars = 20 nm). (E) Change of key geometric parameters; DAu/DMSN and dedge−edge/DMSN as a function of dAu. (F) Scattering spectra of
MONA with varying dAu/DMSN from 0.05 to 0.75.

curvature. The highest extinction only occurs at ∼530 nm in
AuNP.
To investigate the shape of AuNC structure on MSN, we
constructed the MONA by depositing Au on the MSN with
varying the deposition thickness (dAu) (see Methods section).
Several studies involved in the geometric interpretation for
various AuNC geometries have been reported by changing key
parameters such as outer diameter, inner diameter, cavity
materials, and thickness of the structure.22−24,26,30 However, in
the experimental approaches, investigating the geometry eﬀect
of AuNC on plasmon tuning is still challenging due to the
limited controllability in the fabrication process. Considering
this aspect, we chose the dAu to control the geometry of
MONA. The TEM and scanning electron microscopy (SEM)
revealed that the nano Au layer was successfully formed onto
MSN as a function of dAu. In addition, to quantify the geometry
changes, we plotted the ratio between DAu/DMSN and edge−
edge distance (de−e)/DMSN as a function of dAu/DMSN, where
DAu and DMSN are diameters of AuNC and MSN, respectively
(Figure 3E). The DAu/DMSN increases with dAu/DMSN.

Maximum de−e/DMSN is shown when dAu/DMSN is similar to
DAu/DMSN. As the dAu/DMSN becomes larger than DAu/DMSN,
de−e/DMSN becomes narrower.
According to the constructed geometries, we analyzed Eﬁeld distribution around the MONA structures as a function of
dAu (Figure 3F). As we observed in Figure 3B, multimode light
focusing characteristics of the MONA exists regardless of Au
thickness. For the case where the dAu/DMSN is smaller than 0.5,
we observed two modes of light focusing originated from light
interaction with curvature and edge tips. As with dAu/DMSN
increases, the peak at longer wavelength resulting from the
curvature reveals a strong redshift from ∼750 to ∼900 nm,
meanwhile, a slight redshift from ∼600 to ∼650 nm is shown
at the shorter wavelength. When dAu/DMSN is larger than 0.5,
three resonance modes appear that are attributed to
interactions at the inner cavity/curvature interface, the outer
curvature structure, and the edge tips. Regarding the inner
cavity/curvature interface, the MONA ﬁlled with high
dielectric material in the cavity leads to the three resonances
at ∼580, ∼650, and ∼850 nm due to the larger internal
2016
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Figure 4. Cellular targeting performance. (A) Biofunctionalization of anti-EpCAM antibody onto the MONA to target suspended MCF-7
cells. With the prepared MONA, NeutraAvidin was conjugated through thiol binding on the NC. FITC-NeutraAvidin was used as the
visualizing template. Biotinylated anti-EpCAM was bonded to the NeutraAvidin on the MONA. (B) Schematic of cellular targeting: (i)
Biotinylated and NeutraAvidin-functionalized MONA selectively binds to a designated receptor of MCF-7 cell by EpCAM and anti-EpCAM
binding. (ii) MONA that is not biofunctionalized with antibodies leads to no binding to MCF-7. (iii) As a control experiment, MONA (dAu =
12 nm) functionalized with anti-EpCAM lead to no interaction with Hs-578T cell. (C) Bright-ﬁeld, (D) ﬂuorescence, and (E) dark-ﬁeld
images of interactions between (i) anti-EpCAM-MONA and MCF-7 cells, (ii) MONA and MCF-7 cells, and (iii) anti-EpCAM-MONA and
Hs-578T cells. The bright spot revealing NeutraAvidin in ﬂuorescence image in (D (i)) is well matched to the scattering spot of the AuNC
from the dark-ﬁeld images in (E (i)) (scale bar = 10 μm).

refraction at the interface,31 meanwhile, the cavity of AuNCs
ﬁlled with low dielectric material shows two resonances at
∼580 and ∼700 nm (Figure S1). These trends indicate that
strong light and cavity interaction occurs when dAu/DMSN is
larger than DAu/DMSN. The modes of LSPR resonance in the
MONA are found to be strongly dependent on the asymmetric
geometry and the species of cavity material (e.g., MSN). We
would expect that the strong and broad-spectrum-based
multimodes of the light focusing through the MONA will be
useful for applications in nanophotonic actuation or highresolution molecular imaging at the intercellular environment.
Cellular Targeting. We performed the cell targeting with
the MONA (Figure 4). As target cell line in this study, we
chose MCF-7 as it is the most commonly used breast cancer
cell line. EpCAM plays an important role in carcinogenesis,
and it is usually overexpressed in most tumor cells of epithelial
origin, and not in mesoderm-derived blood cells and
lymphocytes.32−34 The anti-EpCAM antibody that has been
proven to exhibit highly selective binding to EpCAM was
conjugated on the AuNC surface of the MONA (Figure 4A
and see Methods section). Using the selective interaction
between anti-EpCAM and EpCAM, the anti-EpCAM-MONA
could identify MCF-7 cells. To visualize the binding of antiEpCAM-MONA on MCF-7 cell, we co-conjugated a
ﬂuorescent-tagged secondary antibody.
Next, to validate distinctive cancer cellular targeting
capability of anti-EpCAM-MONA, we tested three diﬀerent
combinations of nanostructures and breast cancer cells: (i)

anti-EpCAM-MONA with MCF-7 cell, (ii) MONA with MCF7 cell, and (iii) anti-EpCAM-MONA with another breast
cancer cell line (HS578T) that does not overexpress EpCAM
(Figure 4B). In this test, considering current clinical methods
of cell separation based on cell suspension,34 we used
suspended MCF-7 and HS578T cells in the medium in these
test. To visualize the ﬂuorescence probes and AuNC of the
MONA, simultaneously, we used a multimode microscope
integrated with bright-ﬁeld, ﬂuorescence, and dark-ﬁeld (DF)
(Figure 4C,D). After incubation, the ﬂuorescent secondary
antibody in anti-EpCAM-MONA was clearly observed in the
MCF-7 cells, while those incubated without anti-EpCAMMONA did not emit any ﬂuorescence signal. To conﬁrm the
binding of anti-EpCAM-MONA on MCF-7 cells, we acquired
DF images, simultaneously (Figure 4E). In addition, if
unconjugated antibodies exist in the medium, it can lead to
the binding of only anti-EpCAM. However, as the DF analysis
detected only the AuNC of the anti-EpCAM-MONA, the
binding of anti-EpCAM-MONA on MCF-7 cells was
conﬁrmed. The DF images also showed a strong extinction
from the AuNC, and the locations are well matched to the
ﬂuorescence probes observed in the ﬂuorescence microscopy.
The control experiments were also performed using MONAs
without anti-EpCAM and with MCF-7. The MONA itself was
conﬁrmed to be nonspeciﬁc to MCF-7 cells. Including the test
of anti-EpCAM antibody-MONAs with HS578T, in these
control tests, we did not observe any ﬂuorescence, and no DF
images were obtained for either sample. We also validated the
2017
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Figure 5. Molecular delivery. (A) Schematic illustration of DOX delivery from MONA inducing apoptosis pathway. (B) Schematics of DOX
releasing from the MONA. Focused energy distribution at the edge in the AuNC of the MONA creating highly concentrated photothermal
eﬀect leads to DOX releasing. (C) (i) Proﬁle and (ii) direction of thermal gradient in the MONA (dAu = 12 nm) at λ = 650 nm (scale bars =
50 nm). (D) Time-lapse DF images of MCF-7 cells treated with MONA-DOX (CDOX = 1 μM and dAu = 12 nm) (t0 = 0, t1 = 1, t2 = 2, t3 = 4, t4
= 8, and t5 = 12 h). The treated MCF-7 cells showed increased shrinkage with extended treatment time and increasing quantities of DOX
released from the MONA-DOX. (E) Cell viability of the treated MCF-7 cells incubated for 24 h, as a function of MONA-DOX concentration
at CDOX = 1 μM.

targeting function of MONA by performing ﬂow cytometry
cell sorting (Figure S2). The results show that MONA
selectively attached on MCF-7 cell.
Molecular Delivery. To verify the molecular delivery of
the MONA, we analyzed the molecular loading and releasing
performance (Figure 5). As the target molecule to be delivered,
we selected DOX, one of the most eﬀective antitumor agents.
As a chemotherapeutic agent, DOX is used for the treatment of
various carcinomas, soft tissue and bone sarcomas, and
heterogeneous neoplasms.35,36 Eﬀective DOX loading into
nanostructures has been proved to enhance the performance of
diseases treatment.37−39 We loaded DOX into the MONA
(MONA-DOX) via the amino groups incorporated in the
MSN pore of the MONA (Figure 5A). High photothermal
eﬀects on the AuNC of the MONA led to the DOX emission.
The emission in the MONA was dependent on the
temperature gradient (Figure 5B). In particular, the focused
E-ﬁeld on the sharp edges of the MONA led to higher
absorption cross-section (Cabs) which is ∼103 larger than that
of an AuNP.23,24,31 According to the photothermal energy
generated by the plasmonic structure (Q = CabsI0, where I0 is
intensity of incident light), obtaining photothermal energy
(Joule heating) is linearly correlated to the Cabs (Figure S3). As
a result, the high Cabs of the MONA results in highly enhanced
temperature gradient (= ∼5 × 107 K/m) which is 10-fold
higher than that in AuNP (Figure 5C). The temperature
gradient in MONA focused on the edge−edge geometry led to
DOX emission through weaker binding on the substrate. As a
result, asymmetric and high-temperature gradients in MONADOX can be an eﬀective driving force to deliver DOX under
light illumination. In addition, the temperature distribution is a
function of distance from the surface of the MONA. From the
surface of the MONA outward, the temperature proﬁle falls oﬀ
exponentially to 37 °C within 100 nm from the surface of the
structure. This indicates that the generated heat in the MONA
is highly localized to the surface of the structure and should

not propagate signiﬁcantly. Thus, we expect that cell viability
will remain uncompromised after MONA activation.
We conﬁrmed pore properties of MONA and MONA-DOX
(Figure S4). Regarding the MSN of MONA, N2 adsorption
data showed that the structure and size of the nanopore were
well maintained through the fabrication steps. The surface area
and total pore volume were 505 m2/g and 1.27 cm3/g,
respectively, with a narrow pore size distribution (∼2.5 nm
±5%). Given the larger characterized surface area and volume
of MONA, we loaded DOX into MONA by incubating a
mixture of DOX solution and MONA for 24 h with stirring.
After rinsing, MONA-DOX was placed in PBS. We also
characterized the pore structure of MONA-DOX. The surface
area and total pore volume decreased to 35 m2/g and 0.12
cm3/g, respectively, while the pore size distribution of MONADOX was maintained at ∼2.5 nm. Furthermore, we conﬁrmed
that the dispersion of MONA particles in the diﬀerent medium
(PBS and DMEM) is uniform with minimal aggregation by
acquiring constant spectra as a function of the particle density
(Figure S5). We then conducted a DOX release test (Figures
S6 and S7). We could quantify the DOX released from the
MONA-DOX after light illumination by measuring the
intensity of ﬂuorescence emitted at λemi = 550 nm under
excitation (λext = 470 nm) (see Methods section). The test
results then showed that ∼55% of the DOX was released in 24
h. The released curve also showed a linear trend (R2 = 0.9644)
between CDOX = 0.5 and 10 μM at the sample density of
particles.
Subsequently, we performed a dynamic cellular viability test.
After the treating MCF-7 cells with MONA-DOXs (dMONA =
0.1 mg/mL and CDOX = 1 μM), we acquired the morphology
of the treated cells as a function of time from 0 to 24 h using a
DF microscope (Figure 5D). After 6 h, the MCF-7 cells lost
their morphology and started ﬂoating in the medium. These
changes indicated that the MONA-DOXs induced apoptosis of
MCF-7 cells. Subsequently, overall mitochondrial activity was
2018
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Figure 6. PRET through the interaction between biomolecules and MONA. DOX-induced apoptosis was monitored by measuring PRET
between the AuNC of the MONA and the cyt c released from mitochondria. (A) Schematic of DOX-induced cyt c release from mitochondria.
The delivered DOX triggers an apoptotic signal. Molecular communication between the nucleus and mitochondria results in cyt c release
from mitochondria, which is a pivotal step in apoptosis. (B) The binding of cyt c onto AuNC leading to an energy transfer in the resonance
states between the plasmonic energy of the AuNC and the absorption energy of the cyt c. This energy transfer results in a spectral quenching
dip in the scattering spectrum of the NC. The quenching depth is a linear response to the cyt c level. (C) DF images of MONA (dAu = 12 nm)
and the treated MCF-7 cells (scale bar = 20 μm) with 4 boxes (length × height = 2 × 1 um 2) indicating ROIs of (i) 1, (ii) 2, (iii) 3, and (iv)
4. (D) Dynamic scattering spectra and levels of quenching dips at ROI 3. (E) Scattering spectra from the representative ROIs (marked
number in (C)). (F) The dynamic variation of PRET quenching dip (ΔIdip) proﬁles of cyt c from the AuNC in MCF-7 cells. The average data
and range of standard deviations are shown as a solid line and area for MONA-DOX (red) and MONA (blue), respectively.

viability at each time are dependent on the dMONA. However,
we observed that ∼90% of the cells were viable at dAu‑MSN = 0
mg/mL after 24 h. In addition, we evaluated the capability of
molecular delivery as a function of CDOX from 0.1 to 10 μM
(Figure S8), and the cell viability decreased from 92% to 41%
after 72 h, while the control samples (dark) showed ∼91% cell
viability. Furthermore, we tested the eﬀect of the particle

quantiﬁed to estimate the in vitro safety and biocompatibility of
the MONA (Figure 5E). In addition, we incubated diﬀerent
concentrations of MONAs (dMONA = 0.1, 0.05, 0.01, 0.005, and
0 mg/mL) with MCF-7 cells (see details in Methods section).
The cell viability rapidly decreased during the ﬁrst 12 h. In
particular, the highest concentration (dMONA = 0.1 mg/mL) of
MONA-DOX led to 50% of cell death. The trends of cell
2019
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time monitoring of cyt c levels induced by the released DOX
(dMONA‑DOXs = 0.1 mg/mL, CDOX = 1 μM) in a living MCF-7
cell (Figure 6C). Using single-particle DF spectroscopy, we
measured the scattering spectrum from the MONA with the
presentative MCF-7 cell. At t = 0, we did not observe any
observable quenching dip. In 12 h, at ∼530 nm, the depth of a
quenching dip increased with ∼12.7% of the depth variation
(ΔIdip). Considering the absorbance spectrum of cyt c,17,18 the
spectral dip change trends clearly indicate the occurrence of
PRET in AuNC of MONA. The AuNC successfully allows
obtaining the temporal resolution of cyt c. In addition, at the
same condition of the photoactivation and DOX concentration, we performed the MTT assay and compared with cyt c
detection results from MONA. The color intensity changes as
a function of DOX in MTT assay indicated a linear trend with
PRET signals in cyt c change detected by MONA (Figure S9).
Subsequently, we performed the cyt c monitoring with
spatial resolution by visualizing the MONA-DOXs using a DF
microscope. The DF image of the treated MCF-7 cells showed
strong scattering because of the MONA-DOX in MCF-7 cells
(Figure 6D). We then chose four regions of interest (ROIs) in
MCF-7 cells and recorded the PRET signals (Figure 6E). ROIs
1 and 4 were from two diﬀerent cells (cell 1 and cell 3),
meanwhile, ROIs 2 and 3 were chosen in the same cell (cell 2).
At t = 12 h, ROIs 2 and 3 showed medium dips (maximum
ΔI550 nm ∼ 0.1), while ROIs 1 and 4 revealed a weak dip
(maximum ΔI550 nm ∼ 0.05). The measured dip intensity
revealed that cyt c levels were varied depending on cells and
locations. As a control, we tested MONAs without DOX. The
controls did not show any noticeable quenching dip
(maximum ΔI550 nm < 0.01) or change in quenching dip
depth in ΔI550 nm for 24 h (Figure S10). We continued the
dynamic monitoring of cyt c level using the MONA-DOX and
MONA to obtain real-time information on the progress of
apoptosis induced by the delivered DOX (Figure 6F). After
treating the cells with MONA-DOX (dMONA‑DOXs = 0.1 mg/
mL, CDOX = 1 μM), we acquired dynamic PRET signals from
multi ROIs for 24 h. We also compared the average PRET
signals and standard deviations with those of MCF-7 cells
incubated with MONA without DOX. In the former, ΔI550 nm
continuously decreased from a very weak dip to a strong dip,
and the ΔI550 nm level gradually increased at the strong dip level
even after 12 h. By contrast, the ΔI550 nm of MCF-7 cells
incubated with MONA did not show any noticeable change
over 24 h.
We anticipate that MONA will be applied in an animal
model as a next subject (Figure S11). The tissue structure
associated with thick skin depth must be taken into account. In
an animal model, the tissue thickness results in a deep skin
depth and two biological windows (Figure S11a,b). For the
implementation of MONA in the animal model, it is critical to
overcome such geometrical and optical properties. To explore
the possibility of MONA in the animal model, we looked into
the impact of the MONA design on spectral selectivity. We
picked the edge−edge distance of AuNC of MONA as the
essential parameter of the MONA design to control the
spectral selectivity, because the edge−edge distance is heavily
implicated in the nanogap and plasmonic coupling eﬀect. As
the edge−edge distance diminishes, extinction maxima shift to
longer wavelengths at the same thickness (12 nm) of AuNC on
the MSN (diameter = 40 nm) (Figure S11c). Strong extinction
peaks can be found around 850 and 1200 nm when the edgeto-edge spacing is 5 nm. The wavelengths of the extinction

population density of MONA-DOX (dMONA‑DOX) from 0.005
to 0.5 mg/mL at the same DOX concentration (CDOX = 1
μM). After 72 h, the cell viability decreased from 92% to 37%,
while the control (CDOX = 0 μM) resulted in 95%. In particular,
between dMONA‑DOX = 0.05 and 0.1 μM, we observed a
dramatic decrease in the viability from ∼81% to 45%. These
results indicate that the MONA-DOX is a strong candidate for
local delivery of molecules to cells. Thus, MONA-DOX could
be a powerful tool for investigating cellular response via
qualitative and quantitative stimulation or knocking out.
Monitoring of Biomolecules though Label-Free PRET.
We next validated the detection performance of the MONA
(Figure 6). According to previous studies, DOX treatment
leads to apoptotic cell death,35,40,41 and it is observed even
under submicromolecular concentrations.42,43 The apoptotic
process is followed by cyt c secretion from the mitochondria
and activation of the executioner caspase-7 in MCF-7 cells.
The cyt c secretion is also involved in mitochondria-mediated
apoptotic signaling in DOX-treated MCF-7 cells.44 The cyt c
level in MCF-7 cells changed rapidly, locally, and widely in
response to apoptotic stimulus (e.g., DOX41,43 and amyloid
beta oligomer (AβO)17,45,46), and the cyt c levels showed large
cell-to-cell variation. To understand the precise eﬀect of DOX
on apoptosis, real-time and direct monitoring of cyt c level with
the high spatial resolution is critical (Figure 6A). We
hypothesize that the AuNC of the MONA-DOXs can allow
direct and high spatiotemporal monitoring of apoptotic events
through real-time measurement of cyt c levels in response to
the DOX releases. This is achieved by measuring PRET
between the AuNC and cyt c molecules (Figure 6B). PRET is a
phenomenon based on free ET from a plasmonic nanostructure to the adsorbed biomolecule in the same electron state via
nanogap without any labeling agents.17−19,47 From the spectral
analysis, overlapping the extinction spectrum of the optical
nanoantenna and the absorption peak of the adsorbed
molecule leads to a quantum-quenching dip. The overlapped
wavelength is molecule speciﬁc, and the depth of the
quenching dip at the overlapped wavelength is dependent on
the concentration of the molecule.48 This phenomenon has
been conﬁrmed by using conventional electrochemical and
immunostaining method with ﬂuorescein isothiocyanate
(FITC)-Annexin V of cells.17,18 In particular, PRET-based
analysis of the AβO-induced apoptosis was well matched with
the results obtained with conventional methods for apoptosis
analysis.17 Therefore, MONA serves as an optical antenna with
wavelength-speciﬁc surface plasmon (SP) resonance with
strong light scattering when excited under white light
illumination. Since PRET is based on the ampliﬁed spectral
quenching dip, an optical nanoantenna to enable high E-ﬁeld
enhancement is critical for highly sensitive detection of the
molecules. As we showed in Figure 3, the AuNC of the MONA
with the edge−edge structures enables the highly sensitive
PRET detection of cyt c. The edge−edge structure and
asymmetric geometry led to a 102 times enhancement in the Eﬁeld, and the AuNC of the MONA exhibited broad scattering
between 450 and 750 nm. This wide spectral range enables to
detect various molecules that present diﬀerent energy states. In
particular, this spectral range of the MONA allows to analyze
cyt c, which reveals the absorption spectrum (520−560 nm).
To validate the cyt c detection, we treated MCF-7 cells with
MONAs or MONA-DOXs (see Methods section). We
performed the photoactivation to release DOX from MONA
with cells before the measurement. We then performed real2020
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MONA Characterization. We characterized the pore size, surface
area, and volume of the prepared MSN and MONA by nitrogen
adsorption−desorption measurements (ASAP 2020 sorptometer at
77K). Geometries and morphologies of the prepared MSN and
MONA were characterized by TEM (JEM-200CX) at a 200 keV
accelerating voltage. Morphologies of the MSN and MONA samples
were analyzed in the acquired SEM images with a FE-SEM (Hitachi
SU8000) at a 10 KV accelerating voltage.
Biofunctionalization of Anti-EpCAM on MONA. We conjugated the anti-EpCAM on MONA by adding the designed
concentration of antibody concentration to the MONA suspension
solution (see Supporting Information). After incubation of the
MONAs suspension (100 μL) with 10 μL NeutrAvidin (1 mg/mL)
and 10 μL of 0.1 mg/mL anti-EpCAM solution for 20 min at T = 25
°C and followed by washing steps, we obtained the sample solution by
centrifugation (14,000 rpm) at T = 5 °C for 20 min. The obtained
anti- EpCAM conjugated MONAs were suspended in PBS-BSA
(0.1%) solution. The ﬁnal sample was stored at 4 °C to avoid the
aggregation and unwanted binding.
EpCAM Receptor Targeting. The functionalized MONAs were
then loaded onto cultured breast cancer cells (MCF-7 cell line,
ATCC) for 30 min at 37 °C, followed by washing cells with PBS 1×
with sodium azide (0.1%) thoroughly to remove the unbound
MONAs. After dying the cells with Hoechst 33342, the cells were
ﬁxed with paraformaldehyde (1%) for imaging. As a control, the same
targeting experiment using functionalized MONAs with isotype
antibodies (mouse Ig ﬂuorescence controls, Becton Dickinson, NJ,
USA) was repeated, as described above. To conﬁrm that the antiEpCAM functionalized MONA has no attachment to cells that do not
overexpress EpCAM, other cells were used following the procedure
described above.
DOX Loading into MONA. To load DOX, we dispersed the
prepared MONA in 1 mL of methanolic DOX solution (5 mg/mL).
Then we stirred it overnight under in dark conditions and removed
the unloaded DOX by centrifugation and washing steps. After
collecting the MONA-DOX, to estimate the amount of loaded DOX
into the MSN, we measured the UV absorption (λ = 480 nm).
DOX Release Test. To evaluate the DOX release, we dispersed
MONA-DOX particles (1 mg) in 1 mL of buﬀer at various pH
conditions from 7.4 to 6.5 (10 mM phosphate buﬀer (pH 7.4−6.0)
and 10 mM acetate buﬀer (pH 5.5−4.0)). The particle mixture
solution was centrifuged at 1 h intervals. By measurement of the UV
absorbance, we quantiﬁed the DOX release. In addition, we
characterized the light-responsive properties. After dispersing
MONA-DOX particles (1 mg) in 1 mL of buﬀer, we placed the
sample under light (λ = 650 nm, P = ∼5 mW/cm2 for 10 min) and
dark conditions, individually. We measured the UV absorbance every
hour.
In Vitro Cell Viability; 4-Succinate Dehydrogenase Activity
(MTT) Test. We seeded MCF-7 cells in a 96-well plate at a density of
105 cells per well and cultured in 5% CO2 at 37 °C for 72 h. Then, the
cells were treated with MONA-DOX and MONA for 72 h in the
incubator. At the end of the incubation, 100 μL of MTT solution
(diluted in a culture media with a ﬁnal concentration of 0.1 mg/mL)
was added and incubated for another 4 h. Then, according to the
established protocol (see Supporting Information), we quantiﬁed the
cell viability.
In Cellulo Apoptosis Imaging and PRET. For the molecular
delivery, we treated MCF-7 cells (which are placed in a Petri dish)
with 100 μL of conjugated MONAs (1 mg/1 mL) for 30 min. After
30 min, the cells were removed from the Petri dish and washed three
times with 1× PBS. The cell was then placed on a microscope slide. A
micro PDMS chamber was used to form a well around the coverslip
on the microscope slide. This well was then ﬁlled with cell media. To
acquire the images, the microscopy system consisted of an inverted
microscope (Olympus IX73) equipped with a DF condenser (1.2−1.4
numerical aperture), a true color digital camera (Q-color3, Olympus),
a mercury lamp (Olympus), a white light source (Xenon Arc Lamp,
Olympus MD-631 Lamp, 300W), and monochromator (300 mm
focal length and 300 grooves per mm, Acton Research) with a 1024 ×

peaks correspond to the biological windows (red boxes in
Figure S11d) of tissues in the animal model. This ﬁnding
suggests that the animal model can beneﬁt from the calibrated
MONA structure. The MONA structure, which was inspired
by an animal model, is expected to enable NIR detection of
molecular signal and molecular liberation in a disease model.

CONCLUSIONS
We report that MONA enabled the multifunctional cellular
targeting, drug delivery, and molecular imaging with spatial-/
temporal-resolution. The MONA was constructed by assembling an asymmetric AuNC antenna and MSN. The AuNC
functioned as a nanosensor and optical switch. The MSN
played the role of a cargo to carry molecules. First, we
demonstrated the conjugation of anti-EpCAM on AuNC of the
MONA resulted in targeting of MCF-7 cells, speciﬁcally.
Second, we showed the DOX-loaded MONA allowed rapid
apoptosis of MCF-7 cells owing to the highly focused
photothermal gradient. Third, we showed that the MONA
inducing quantum biological ET processes could monitor the
dynamic behavior of cyt c in response to the DOX cellular
delivery. We believe that the multifunctions of molecular
actuation and direct sensing at the targeted cellular environment will provide a crucial tool and will be very useful for the
molecular biology community and in the pharmaceutical
industry.
METHODS
Chemicals. Cetyltrimethylammonium bromide (CTAB), ethylene
glycol (EG), Ammonia solution, tetraethyl orthosilicate (TEOS), 3aminopropyltriethoxysilane (APS), ammonium nitrate (NH4NO3),
hydrazine (35 wt % in H2O), sodium azide, dimethyl sulfoxide
(DMSO), phosphate buﬀered saline (PBS), Hoechst 33342,
paraformaldehyde, and doxorubicin hydrochloride (DOX) were
purchased from Sigma-Aldrich, MO, USA. 3-Bromopropyltriethoxysilane (BPS) was purchased from Gelest, PA, USA. Nanopure
deionized (DI) water (18.1 MΩ·cm) was produced in house. 3-(4,5Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
NeutraAvidin were purchased from Thermo Fisher Scientiﬁc, MA,
USA. Anti-EpCAM and isotype antibodies (mouse Ig ﬂuorescence
controls) were purchased from, Becton Dickinson, NJ, USA. MCF-7
cell line was obtained from ATCC, VA, USA. Polydimethylsiloxane
(PDMS, Sylgard 184 Silicone Elastomer Kit) was purchased from
Dow Corning.
MONA Construction. First, we synthesized the MSN based on a
combined approach of sol−gel and incorporation methods. Brieﬂy, we
prepared CTAB (1.17 g) in a solution containing water (180 mL) and
EG (30 mL) with ammonia aqueous solution (7.2 mL, 25%), TEOS
(1.43 mL), and APS (0.263 mL). The resulting mixture was stirred for
2 h at 50 °C and incubated for 20 h at 60 °C. After completing posttreatment processes of separation, puriﬁcation, and drying steps, we
obtained dried MSN powder samples. The prepared MSN was
subsequently functionalized with 3- BPS (see Supporting Information). The prepared MSN samples were dropped and casted on the
clean SiO2 substrate. After drying the substrate, Au layer in various
thicknesses was deposited on the substrate by electron beam
evaporation. In the Au deposition steps, the Au source that was
evaporated from a crucible in the electron chamber to the top was
deposited on top of the MSN adhering SiO2 substrate located in the
top of the chamber. Finally, the AuNC integrated MSN was obtained,
and this resulted in a partially opened Au-MSN structure to allow the
loading and release of DOX. Then, the Au-coated MSNs were
detached from the SiO2 substrate by ultrasonic treatment. Final
MONA samples were collected by centrifugation (∼10,000 rpm, 10
min) and suspended in DI water (see Supporting Information).
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256 pixel cooled spectrograph CCD camera (Roper Scientiﬁc).
Fluorescence images were acquired in FITC ﬂuorescence.
For the PRET measurement from live cells, the cell culture plate
was mounted onto the microscope, and the spectra from the cellular
probes were obtained with the same method. After illuminating the
focused laser (λ = 650 nm) at 5 mW/cm2 for 10 min for the
molecular delivery, from the real-time DF image, scattering spectra
from the probes at diﬀerent ROI positions were collected using the
monochromator and the cooled spectrograph CCD camera. The
acquired spectra from all the ROIs were processed according to the
adjacent averaged method. We quantiﬁed the release cellular cyc t
level by calculating changes in quenching dip intensities at 520−530
nm (see Supporting Information).
Multiphysics Simulation of MONA. We solved the Helmholtz
wave equation (∇ × (μr−1∇ × E) − k02(εr − jσωε0)E = 0) to estimate
near-ﬁeld electromagnetic radiation around a MONA structure with a
FEA method (COMSOL Multiphysics software). We constructed
hybrid mesh structures to adopt its complicated geometry consisting
of round and sharp features of AuNC based on the acquired SEM and
TEM images. The dimensions of the AuNC (Exterior diameter (dext)
= 60 nm, interior diameter (din) = 20 nm, and asymmetric gap
distances between exterior and interior diameter (lext‑int) = 25 nm)
were chosen. To estimate the photothermal eﬀect, we simulated a
thermal energy conversion spectrum (q) of the AuNC. Subsequently,
we calculated the near-ﬁeld distribution of the photothermal
parameters including electric ﬁeld, thermal energy, and temperature.
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