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Abstract

We describe the development of innovative plasmon resonance energy transfer (PRET)-based
molecular imaging of biomolecules in living cells. Our strategy of in vivo PRET imaging relies on
the resonant plasmonic energy transfer from a gold nanoplasmonic probe to conjugated target
molecules, which creates “quantized quenching dips” within the Rayleigh scattering spectrum of the
probe. The positions of these quantized quenching dips exactly match with the absorption peaks of
the target molecule since we intentionally design nanoantennas (i.e., nanoplasmonic probes) to
overlap the electronic dipoles of the molecule and the plasmonic resonance dipole of nanoantennas.
Such the quenching dips allow quantitative and long-term dynamic imaging of the target molecule
without the drawbacks of photobleaching and blinking inherent to fluorescent markers, which cannot
provide chemical fingerprints. Compared with other imaging methods, our PRET spectroscopic
imaging method allows us to generate nanoscale specific wavelengths of local light sources in living
systems via nanoantennas and transmit back the nanospectroscopic imaging data of biochemical
activities in living cells. As a first demonstration of in vivo PRET imaging, we performed a
visualization of the dynamics of intracellular cytochrome ¢ in HepG2 cells under ethanol-induced
apoptosis.

Our understanding of biological systems is increasingly dependent on our ability to visualize
and quantify biomolecules and biological events with high spatial and temporal resolution in
the cellular context. In this regard, the development of cellular and molecular imaging
techniques of living systems is of considerable interest in many areas of research, from
molecular and cellular biology to medical diagnostics and molecular medicine.1™

However, there is no existing spectroscopic imaging system for living cells. Current techniques
for in vivo cellular imaging are primarily based on organic fluorophores including genetically
encoded fluorophores.>~11 In spite of excellent demonstrations of fluorescent or quantum dot
(QD)-based imaging in biology, both methods cannot provide chemical fingerprint
information. Moreover, organic fluorophores have limitations in long-term imaging and
“multiplexing” without sophisticated instrumentation and processing due to broad absorption/
emission profiles, photobleaching, and blinking problems. In addition, multiple filter sets must
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be used for each corresponding fluorescent label in the case of using multiple fluorescent labels
to observe various biomolecules.

In order to overcome these limitations of organic fluorophores, QD as fluorescent labels have
been extensively developed.312-16 Because of the benefit of broad absorption with size-
dependent narrow, symmetric photoluminescence (PL) spectra, QD of different sizes can be
excited by the same laser and still be distinguished by their size-dependent PL spectra. In
addition, QD resist bleaching longer than their organic counterparts. However, in general, their
luminescence is subject to blinking, and they also bleach eventually. Moreover, QD-based
imaging techniques still need to be improved in terms of reproducible and robust surface
functionalization and flexible bioconjugation. Accumulating in vitro evidence suggests that
some QD can cause cellular toxicity, which may perturb the observed cellular components
severely.17,18

However, gold nanoplasmonic particles are very appealing localized biological light source
for dynamic molecular and cellular imaging, because they are highly water-soluble,
biocompatible, and do not suffer from photobleaching nor blinking. Cellular components
targeted by these particles within cells can be imaged in optical microscopy based on the intense
Rayleigh scattering of the particles'%20 or photothermal interference contrast induced by the
strong optical absorption of the particles at plasma resonance.?! It is extremely desirable to
acquire fingerprint (i.e., spectroscopic) information of a target molecule, but it is not possible
with Forster resonance energy transfer (FRET) method.

In one approach to this goal, we have recently developed plasmonic resonance energy transfer
(PRET)-based nanospectroscopy?2 by intentionally matching the plasmon resonance
frequency of a gold nanoparticle with the frequency of the electronic transition energy of a
biomolecule (Figure 1a). The underlying principle of PRET nanospectroscopy is the energy
transfer between plasmon resonance of the gold nanoparticle and the envelope of molecular
resonant peaks (i.e., absorption peaks) of the conjugated biomolecule that gives rise to resonant
quenching dips in Rayleigh scattering spectrum of the particle. As a demonstration, we
confirmed that the plasmon resonance energy of the 50 nm gold particle is transferred to
conjugated cytochrome c (Cyt c), which results in the resonant spectral quenching dips in the
particle Rayleigh spectrum. The positions of quenching dips exactly correspond to the
absorbance peaks of cytochrome c.

Here we show how to capture in vivo nanospectroscopic imaging of Cyt c in living cells based
on PRET (Figure 1b). We demonstrate its utility for in vivo molecular imaging of intracellular
Cytcwithin HepG2 cells. Cyt ¢ is chosen as a model protein for (i) its physiological importance.
Cyt ¢ acts as the charge transfer mediator23 and plays a crucial role in bioenergy generation,
metabolism, and cell apoptosis;2* (ii) frequency matching for PRET. Cyt ¢ has molecular
resonances (optical absorption peaks) in visible range overlapping the plasmon resonance
profiles (Rayleigh scattering spectra) of gold nanoparticles.

An important prerequisite for PRET-based nanospectroscopy to be applied to dynamic cellular
imaging as a strong future application is to address the response time, the detection limit, and
the reversibility of our system in vitro. In particular, in order to achieve the reversibility which
is a very important capability of a molecular probe for dynamic imaging (Figure 2a), we
selected 3-mercaptopropionic acid (MPA) as a ligand, because carboxylic acid is known to
induce weak binding of Cyt ¢ to the surface of a gold nanoparticle.2> MPA-modified, 50 nm
gold nanoparticles were attached to the surface of glass slides. The scattering images and
spectra of the MPA-modified probes were acquired using a dark-field microscopy system with
a true-color imaging charge-coupled device (CCD) camera and a spectrometer (Figure 2b). In
vitro dynamic imaging of Cyt ¢ by both a single particle showing the plasmon resonance peak
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centered at 530~540 nm with green color and aggregates as judged by color and scattering
profile (Figure 3a) were tested in detail.

We first investigated the sensing performance of the probes. To evaluate the sensitivity,
different concentrations of Cyt ¢ from a single stock solution were tested. Since a quenching
dip at 550 nm is more dominant than that at 525 nm (Figure 2b) and no quenching dip at 525
nm was observed at Cyt ¢ concentrations lower than 20 M, only the quenching dip at 550 nm
was analyzed. A response curve was constructed by measuring the relative dip depth,
Alssonm= (Iscat,550nm, [cyt]=0 ~ lscat,550nm, [cyt])/Iscat,550nm, [cyt]=0, after exposure to a given
concentration of Cyt ¢ between 100 nM to 100 xM (Supporting Information, Figure S2). The
surface-confined thermodynamic affinity constant, K, can be estimated by Alssonm =

I550nm max (Ka [Cyt c])/(1 + K [Cyt c]). This curve reveals important characteristics that
describe the binding of Cyt ¢ to the carboxylic acid-terminated probe. An important binding
characteristic determined by the curve is K, of 2.5 x 104 M~1 for the interaction of Cyt ¢ and
the probe, which suggests the interaction can be reversible (Note that no resonance quenching
dips were observed without a ligand (MPA)). As expected, the quenching dips of the probe
Rayleigh scattering spectrum is found to be completely reversible irrespective of the Cyt ¢
concentrations. By replacing the Cyt ¢ solution with buffer (50 mM PBS), the scattering
spectrum is fully recovered. Detection limit (operationally defined as 5.0% change in the
differential quenching dip) is as low as around 500 nM.

Next, we evaluated the response time. A representative example of a time trace of the probe
(a single gold nanoparticle) measured at 100 M of Cyt ¢ is shown in Figure 2b. As the
incubation time increases, the scattering intensity of the dips gradually decreases, and reaches
the equilibrium over 30 min. Figure 3b shows time course of the transient quenching dip
changes varying concentrations of Cyt c. A significant fit is obtained when the entire time
course data are applied to a first order Langmuir equation, dAlssgnm/dt = K, [Cyt €](Almax —
Is50nm), Using the parameter (Almay) obtained from Supporting Information, Figure 2S and the
reaction is described by a single rate constant (gray dot lines in Figure 2b).

Since plasmon resonance frequency, Amax, Of internalized colloidal particles can be red shifted
throughout the visible region of the spectrum depending on the degree of aggregation under
physiological condition, it is very important to know the effect of A, On the quenching dip
depth with varying the concentrations of Cyt c. The correlation of 1,54 With the molecular
absorption peak (550 nm) was investigated by using the probes which have plasmon resonance
wavelength, Anax, in the range of 530~590 nm (Figure 3c,d). The resonant quenching dip depths
display interesting behavior when scanning Amax from 530 to 590 nm. When 45« is as close
as the molecular resonance, the dip depth is increased. When molecular resonance maximum
(550 nm) directly overlaps with Amax, the scattering intensity at the quenching dip drops sharply
up to 86% than its initial value. As Amax gradually tuned to the red from the molecular resonance,
a decrease in the induced dip depth is found. Off molecular resonance (Amax > 600 nm), no
resonant quenching dips (at 525 and 550 nm) were detected. This trend was maintained at three
different concentrations. It should be again noted that at higher concentrations (Cyt ¢ > 20
#M), two quenching dips are observed whereas only the quenching dip at 550 nm is detected
at lower concentrations.

The successful use of the plasmonic probes for monitoring changes in Cyt ¢ concentrations
based on PRET in vitro led us to establish the utility for in vivo biological dynamic imaging.
Since there are few proteins known in which their molecular absorbances overlap with those
of Cyt ¢,26 we focused on monitoring “changes” in intracellular Cyt ¢ concentrations. Spectral
interference can be avoided if the surface of gold plasmonic particles may be tailored to interact
with Cyt ¢ through a specific ligand-receptor interaction instead of using a nonspecific ligand
approach in this study.
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As a proof-of-concept, we applied PRET imaging to measure the changes in intracellular Cyt
cinliving HepG2 cells during ethanol-induced apoptosis. It is well known that Cyt c is released
from mitochondria to cytoplasm as the response to proapoptotic stimuli, such as ethanol, due
to increased permeability of the outer membrane of mitochondria.2427:28 MPA-modified 50

nm gold nanoparticles were internalized into live HepG2 cells, and we monitored the spectra
within HepG2 cells with 3 x 7 um spatial resolution (Supporting Information, Figure S3). Dark-
field images (Figure 4a) were taken at 1 h intervals (Figure 4a,b).

Compared to cells with internalized plasmonic probes, the striking differences of the scattered
light intensity of the region-of interest and brightness of the dark-field image were seen in cells
containing no probes. On average, maximum scattering intensities at Amnayx is ca. 2 times lower
than those of cell with the probes (103 particles per one cell). The enhancement of scattering
intensities also depends on the number of internalized particles (data not shown). Internalized
probes can be distinguished by their colors as the dosage of the particles per cell is increased
over 10%/cell (Supporting Information, Figure S4). Representative dark-field image of HepG2
cells after internalization of the probes is shown in Figure 4b. The positions I, I11, IV correspond
to the nucleus, whereas the positions |1, V, and VI indicate the cytoplasm.

As shown in Figure 4c, before exposure to 100 mM ethanol, only 3 positions among 69 regions
of interest (4.3%) show very weak dip (maximum Alssgnm ~ 0.05). By stark contrast, after
exposure to ethanol, significant quenching dip at 550 nm at positions Il, V, V1 after 2 h is
observed. After 6 h, 46% of total spectra show the spectral dip (minimum Alsggnm > 0.10).
More specifically, the average Alsgonm from 3to 6 h is ca. 0.17 in cytoplasm. On the other
hand, the average Alssgnm in the nucleus region is negligible (<0.032) as shown in positions
I, 111, and IV. Unlike the spectroscopic results, dark-field images of HepG2 cells with the probes
did not give any significant difference during the 6 h exposure to ethanol (Supporting
Information, Figure S5). We attributed the observed dip at 550 nm in the scattering spectra to
the release of Cyt ¢ from mitochondria to cytoplasm induced by ethanol. To confirm that the
observed quenching dips are indeed due to increased intracellular release of Cyt c, as a control,
HepG2 cells without ethanol treatment were monitored for 6 h. Similarly, the scattering
spectrum and corresponding dark-field images were obtained (Supporting Information, Figures
S6 and S7). In this case, before exposure to ethanol only 5.3% of total spectra obtained at 169
positions show very weak dip (maximum Alsspnm < 0.10), which is similar to that of HepG2
cells with the probes prior to exposure. There is no noticeable variation in Algsonm after 6 h.

In conclusion, we have demonstrated PRET-based in vivo spectro-nanoscopy and visualized
the dynamics of intracellular Cyt ¢ within living HepG 2 cells during ethanol-induced
apoptosis. The PRET between gold nanoplasmonic probe and a conjugated molecule creates
the mirror image of absorption spectrum (i.e., quenching dips in Rayleigh scattering) of target
molecule. By analyzing the quenching dip depth, we explored the sensitivity limits and
response time of our plasmonic probe and found that even weak ligands-functionalized
nanoplasmonic probe could detect reversibly low concentrations of Cyt ¢ down to 500 nM in
vitro. Having established the excellent sensing performance of our PRET imaging toward Cyt
c in vitro, we successfully visualized the changes in intracellular Cyt ¢ within living HepG 2
cells during ethanol-induced apoptosis. Our in vivo PRET imaging system has several key
advantages over conventional imaging methods. PRET imaging neither blinks nor bleaches
unlike fluorescence imaging and does not need to be discriminated from a strong background
signal which is common problem in other plasmonic marker-based imaging. More importantly,
PRET imaging provides the spectroscopic information of target molecule. In addition, since
gold particles are good labels for electron and X-ray microscopy, which enable better
crosschecks and permits the development of novel multimodal imaging technique. Since PRET
imaging depends on molecular resonances of target molecules, it is easy to multiplex and
distinguish different molecules by injecting different nanoplasmonic probes with different
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resonant frequencies. In the presence of other molecules in which molecular resonances overlap
those of the target, it is easy to distinguish the target molecule since other molecules cannot
overlap with matched frequency of specific nanoantenna. Spectral interference can be avoided
by either using tailoring the surface of the probe through a specific ligand—receptor interaction
or by modulating the resonant frequency of nanoantennas. We believe that in vivo PRET-based
spectro-nanoscopy of living systems will have huge impacts on the fields of in vivo cellular
imaging, systems biology, molecular diagnostics, drug discovery, and future quantitative
biomedicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Plasmonic resonance energy transfer (PRET)-based molecular imaging of living systems.
When the frequencies of electronic transitions of a molecule overlap with the plasmon
resonance frequency of gold nanoparticle upon conjugation of the particle with the molecule,
this intentional spectral overlap allows the selective energy transfer and generates
distinguishable spectral resonant quenching dips on the Rayleigh scattering spectrum of the
particle. (b) In vivo dynamic cellular imaging of resonant biomolecules in a single live cell. In
the example shown, as a white light illuminates into a live cell, gold nanoplasmonic probe can
monitor the fluctuations of intracellular Cyt ¢ in real time with nanoscopic spatial resolution
by exploiting quenching dips which results from the selective energy transfer from the probe
to the target Cyt c.
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(a) Scheme of nanoscopic local and in situ imaging of resonant biomolecule using the ligand-
functionalized probe. The adsorbed resonant biomolecule reversibly yields time, t (incubation
time with cytochrome ¢ (Cyt ¢)) and concentrations-dependent scattering spectra resulting from
PRET between the probes and the resonant biomolecule conjugated on the surface of the probe.
(b) Representative time-resolved Rayleigh scattering spectra of the single PRET probe in inset.
The coupling of quantized electronic energy levels of molecules and plasmonic resonance
dipole of nanoantennas via PRET is represented as quenching dips in nanoparticle Rayleigh
scattering spectrum, and the positions (gray vertical lines) of dips match with the molecular
absorption peak positions of Cyt c. The dip depth is found to be functions of incubation time
(t) and concentrations of Cyt c. Bar correspondsto 2 um. I, 11, and I11 in figure are corresponding
to the incubation time of 0, 10, and 30 min, respectively.
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Figure 3.

In vitro PRET-based spectro-nanoscopy of Cyt c. (a). Dark-field reflectance image of
carboxylic-acid functionalized 50 nm gold particles on a glass slide. The bar corresponds to 5
um. (b) Time course of the transient quenching dip changes with varying concentrations of Cyt
c. The dashed lines are theoretical fit to the first-order Langmuir equation (see inset) using the
parameter (Almax) Obtained from panel a. Note: to fit the data in panels a and b, the two lowest
concentrations were excluded. (c) Representative Rayleigh scattering spectra and
corresponding colors showing the effect of plasmon resonance frequency, Amax, of the probe
on the resonant quenching dip depths. (d) Plot of the differential resonant quenching dip depths
Versus Amax With varying Cyt ¢ concentrations.
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Figure 4.

In vivo dynamic imaging of Cyt ¢ by PRET-based spectro-nanoscopy (a) The microscopy
system consisting of a Carl Zeiss Axiovert 200 inverted microscope equipped with a dark-field
condenser, true-color digital camera, and monochromator with a cooled spectrograph CCD
camera. (b) Left: Representative dark-field image (from CCD camera) of HepG2 cells labeled
with carboxylic acid-terminated probes prior to exposure with 100 mM ethanol. The bar
corresponds to 10 um. Right: Corresponding B/W dark-field scattering image from
spectrometer. Scattering spectra were measured by an entrance slit in front of detector and by
defining a region of interest (ROI) in the software (Supporting Information, Figure 2). (c)
Imaging intracellular Cyt ¢ dynamics: Representative scattering spectra from the numbered
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positions in panel a after exposure with 100 mM ethanol. Arrows in the positions Il, V, and VI

indicate the spectral quenching dips at 550 nm. (d) Time-course of the differential quenching
dip changes at different positions compared to values at 0 h.
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