1duosnuely Joyiny 1duosnue Joyiny 1duosnuep Joyiny

1duosnuepy Joyiny

Author manuscript
Nano Lett. Author manuscript; available in PMC 2016 March 11.

-, HHS Public Access
£

Published in final edited form as:
Nano Lett. 2015 March 11; 15(3): 1766-1772. doi:10.1021/n1504444w.

High Resolution Live Cell Raman Imaging Using Subcellular
Organelle-Targeting SERS-Sensitive Gold Nanoparticles with
Highly Narrow Intra-Nanogap

Jeon Woong Kang', Peter T. C. So*, Ramachandra R. Dasari', and Dong-Kwon Lim™8
fLaser Biomedical Research Center, G. R. Harrison Spectroscopy Laboratory, Cambridge,
Massachusetts 02139, United States

*Department of Mechanical and Biological Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, United States

SDepartment of BIN Fusion Technology, Graduate School of Chonbuk National University,

Jeonju, South Korea

Abstract

Subcellular-Organelle High-Resoclution/Speed Raman Spectra
Targeting Au-NNPs Live-Cell Raman Imaging of Reporter Molecules

We report a method to achieve high speed and high resolution live cell Raman images using small
spherical gold nanoparticles with highly narrow intra-nanogap structures responding to NIR
excitation (785 nm) and high-speed confocal Raman microscopy. The three different Raman-
active molecules placed in the narrow intra-nanogap showed a strong and uniform Raman
intensity in solution even under transient exposure time (10 ms) and low input power of incident
laser (200 pW), which lead to obtain high-resolution single cell image within 30 s without
inducing significant cell damage. The high resolution Raman image showed the distributions of
gold nanoparticles for their targeted sites such as cytoplasm, mitochondria, or nucleus. The high
speed Raman-based live cell imaging allowed us to monitor rapidly changing cell morphologies
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during cell death induced by the addition of highly toxic KCN solution to cells. These results
strongly suggest that the use of SERS-active nanoparticle can greatly improve the current temporal
resolution and image quality of Raman-based cell images enough to obtain the detailed cell
dynamics and/or the responses of cells to potential drug molecules.
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Since its first inception, Raman spectroscopy has been widely used as an analytical tool in
many fields.! Confocal Raman microscopy, which combines confocal microscopy with
conventional Raman spectroscopy, has been extensively used to obtain three-dimensional
information and can be used to achieve high resolution label-free imaging using the
fingerprint peaks of biomolecules of interest such as DNA and protein.2= However,
observing a living cell with Raman microscopy is quite challenging due to the intrinsically
weak Raman signal intensity of endogenous cellular components.1-6:” The Raman scattering
cross-section is about 10739 cm?/sr, which is much smaller than the absorption cross-section
of typical fluorescent molecules (10716 cm?/sr). Therefore, Raman-based cell imaging
requires a relatively long exposure or integration time (typically few seconds per pixel),
making it unrealistic to image a live cell whose cellular changes can occur on the scale of
milliseconds. To address this issue, many researchers have developed high-speed Raman
microscopy systems. Slit-scanning Raman microscopy,® multifocal Raman microscopy,®
and direct Raman imaging systems have all been previously reported.® In order to overcome
a weak Raman intensity and the spectral overlapping from cell body, exogenous small
molecule Raman tags with strong signals were introduced into the Raman-silent cellular
region!®11 and plasmonic nanoparticles to enhance the Raman signals of biomolecules
placed inside cells were also extensively investigated.12-15 In spite of these efforts, the
technologies for high speed live-cell Raman imaging without sacrificing the image
resolution have not been firmly established.14-17

Recently, we developed a high-speed confocal Raman microscopy system using
commercially available galvano mirrors instead of mechanical stage movement.*18 This
custom-built high-speed Raman system was successfully applied to monitor the transient
uptake of single-walled carbon nanotubes with a 1 min temporal resolution. In this work, 50
ms integration time per pixel (30 x 30 spectra from 17 pm x 17 um field of view) were
applied for single cell imaging.1® Although spatial and temporal tracking of two cell-
intrinsic and nine nanotube-derived Raman bands were conducted simultaneously in RAW
264.7 macrophages, the previous study lacked targeting capability, and acquisition time was
not fast enough to monitor the rapidly changing cell dynamics. (It should be noted that 50
ms integration time per pixel is still not desirable for high speed imaging purposes since 125
s has been required to obtain all Raman spectra from 50 x 50 for high resolution images).

In order to overcome current spatial and temporal resolution of the live cell Raman imaging
techniques, we introduced the near-infrared (NIR)-sensitive SERS-active nanoparticles that
can selectively target specific intracellular organelles. The use of highly SERS-sensitive
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nanoparticles can greatly decrease acquisition time per pixel and allow us to obtain the
intracellular particle distributions for specific subcellular organelles. In addition, the use of
NIR (785 nm) for imaging can further improve spatial resolution by minimizing the
autofluorescence background from the cell body.

In this work, we report high resolution and high speed single live cell Raman imaging using
a galvano mirror-equipped confocal Raman microscopy system? and NIR-sensitive SERS-
active nanoparticles,19 both leading to accomplish the high resolution (50 x 50 pixels) single
live cell imaging within 30 s (10 ms/pixel). Furthermore, the use of SERS-active
nanoparticles allowed us to monitor particle distributions within their targeted sites of cell
and enabled us to monitor rapidly changing cell morphologies without inducing significant
damages on cells.

For a microscopy system, a previously reported custom-built NIR confocal Raman
microscopy system was used. Briefly, 785 nm wavelength from Ti:Sapphire laser (3900S,
Spectra-Physics) was focused onto the sample, and backscattered light is collected by the
same objective lens. After series of filters, Raman spectrum is acquired by a spectrograph
(Holospec f/1.8i, Kaiser Optical Systems) and a thermoelectric-cooled, back-illuminated,
and deep depleted CCD (PIXIS: 100BR_eXcelon, Princeton Instruments). High-speed XY
scanning (0.1 ms response time) was performed by the galvanometer mirrors (CT-6210,
Cambridge Technology) (Figure S1, Supporting Information).418

As a SERS-active nanoparticle for Raman imaging, we selected Raman dye-coded
spherical-shape gold nanoparticles with uniform intra-nanogap (Au-NNP) prepared with
DNA-modified AuNP.19 The small particle size (~42 nm), uniform Raman response in
solution, and straightforward surface chemistries required for targeting are the major
benefits of using Au-NNP.20 However, the previously reported Au-NNP was not sensitive to
NIR (785 nm) excitations due to the lack of plasmonic absorptions at 785 nm
wavelength.1921 |n this work, we used NIR-sensitive Raman reporters. A large number of
molecules could be localized in the nanogap through electrostatic interactions between
molecules and Au surface.?? Furthermore, we found that the selection of a specific spacer
DNA sequence in the core DNA-AUNP was very critical in order to obtain a strong Raman
response with an excitation in the NIR region of the spectrum. The Au-NNPs prepared from
thymine spacer (T1g)-oligonucleotide modified AuNP showed the strongest Raman response
when excited using NIR-wavelength (Figure 1).

First, we prepared oligonucleotide modified AuNP using thiolated DNA (3’-(CH,)3-spacer
sequence (A1g, G1g, C10, Or T10)-PEGg-AAACTCTTTGCGCAC-5) and then incubated 1.0
mL of DNA-AuUNP solution in the presence of 100 uL of 0.1 M 4,4’-dipyridyl (44DP) in
distilled water (DW) for 1 week at room temperatures. After centrifugation (12,000 rpm, 15
min) of the mixtures to remove excess 44DP in the supernatant, it was dispersed in 1.0 mL
of DW and formed the Au shell using NH,OH-HCI (500 uL, 10 mM) and HAuClI,4 (500 pL,
5 mM) in the presence of 0.3 M phosphate buffered saline and 1% PVP (Mw 40,000)
(Figure 1A). The TEM images and solution color (deep red wine) in Figure 1B showed the
formation of spherical shape nanoparticle (diameter; ~42 nm). Interestingly, the Au-NNPs
prepared from Aqg, G1g, or C1g spacer showed clearly visible intra-nanogap structures (1.2
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nm) as shown in Figure 1B-1,2,3, but the Au-NNP prepared from T1q spacer showed very
narrow nanogap distance, which is hard to define the distance (Figure 1B-4). The UV-
visible spectra of the Au-NNPs prepared with T10 spacer showed the absence of plasmonic
absorptions between 640-900 nm, which distinguishes from Au-NNPs with visible intra-
nanogap structures (Figure S2, Supporting Information). Next we used two different
excitation wavelengths (i.e., 633 and 785 nm) to evaluate the Raman responses of prepared
particles. When excited with a 633 nm laser to obtain the Raman response of Au-NNPs
(Figure 1C), the Au-NNPs prepared with T1q spacer (green line) showed the strongest
Raman intensity, which is 3.6 times higher than that of Au-NNPs from Aqq spacer (black
line). When excited with 785 nm (Figure 1D), the Au-NNPs prepared with Tqq spacer
showed a 7.7 times higher Raman intensity (based on the Raman shift at 1609 cm™1) than
that of Au-NNPs from A;q spacer. The presence of narrower intra-nanogap or small
nanogap space in the Au-NNPs prepared with T1g spacer as compared with Aqq, G1g, or Cqg
spacer is strongly expected, which is well matched with the results in the recent paper.2! We
investigated the intermediate structures involved in the formation of Au-NNP structures by
adding controlled amount of NH,OH-HCI and HAuCl, (Figure S3, Supporting Information).
We found the number of small budding particles on DNA-AUNP to be critical in
determining the intra-nanogap structures as indicated by the red arrow in Figure S3,
Supporting Information. In the case of A1, G1g, and Cqg spacers, one small budding particle
produced on the DNA-AUNP core particle was grown into a complete shell with a wide and
uniform intra nanogap structure (1.2 nm) (Figure S3a,b,c, Supporting Information).
However, in the case of Ty spacer it showed higher numbers of small budding particles on
the core gold nanoparticle as shown in Figure S3d, Supporting Information, which lead to
the formation of very narrow intra-nanogap structures.?! The high Raman cross-section of
4,4’-dipyridyl (44DP) molecules was also responsible for the strong Raman response at
NIR-wavelength.22

For targeting and multiplexed Raman-based cell imaging, we selected two more Raman dyes
(i.e., methylene blue (MB) and 4,4’-azobis (pyridine) (AB)) for NIR-sensitive Raman
reporters.22 The Raman dyes (MB, AB) were successfully localized on the surface of core
gold nanoparticle through physical adsorption, then Au shell (~11 nm thickness) was formed
to generate NIR-sensitive Au-NNPs. After PEGylation of Raman dye-coded Au-NNPs with
methoxy PEG-thiol (MPEG thiol, 5k), the Au-NNPs were subsequently modified with cell
penetrating peptide (RGD; RGDRGDRGDRGDPGC), and/or mitochondria-targeting
peptide (MLS; MLALLGWWWFFSRKKC), and/or nucleus-targeting peptide (NLS;
CGGGPKKKRKVGG) via covalent linkages between gold and thiol group of the cysteine
(bold in peptide sequence) (Figure 2) (See Supporting Information for synthetic details).23
The MB-coded, 44DP-coded, and AB-coded Au-NNP solutions (0.5 nM) showed highly
strong and uniform Raman response as shown in Figure 2B,C,D, respectively. It should be
noted that each Raman spectrum was obtained with an excitation of 785 nm wavelength (10
ms and 4.0 mW incident laser power density). The strong and uniform Raman responses
with time in solution state analysis are strongly required properties of the Raman probe for
cellular imaging applications.12.13
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Next, we selected human oral cancer cells (HSC-3) for single cell imaging due to the well-
established interactions between nanoparticle with targeting ligands and HSC-3 cell.23.24
HSC-3 cells were plated onto a custom-built quartz bottomed Petri dish (043210-KJ, Alfa
Aesar). The cells were allowed to adhere to the quartz bottomed plates for at least 24 h
before adding Au-NNPs. Raman dye (i.e., 44DP, MB, AB)-coded Au-NNPs (100 uL, 0.5
nM) were added into the human oral cancer cells (HSC-3) (1.0 mL of culture media), after
incubating cells with Au-NNPs for 3, 6, and 12 h, and then obtained bright field cell image
and confocal Raman image. After replacing the culture media, laser beam (200 pW, 785 nm)
was focused to a micron spot size and raster scanned the cells. Then 50 x 50 spectra were
acquired from 38 pm x 38 pm area with an integration time of 10 ms per pixel. With 1.0 ms
CCD readout time, the total measurement time was approximately 27.5 s.

All Raman spectra were fit with a linear combination of basis spectra with non-negative
restriction. Raman spectra from Au-NNPs solutions (Figure 2B,C,D) were normalized and
used as basis spectra. SERS signals are several orders of magnitude stronger than intrinsic
cellular Raman signals allowing us to easily exclude the cellular Raman signals from the
decomposition process. To avoid data overfitting, the process was carefully monitored by
restricting the fitting coefficient to nonnegative values. As a result, each Raman mapping
resulted in 2500 coefficients for each basis spectrum. Blue, green, and red colors are
assigned to MB-coded Au-NNPs for cytoplasm targeting, 44DP-coded Au-NNPs for
mitochondria, and AB-coded Au-NNPs for nucleus, respectively. Then these Raman images
are overlaid with corresponding bright field images as shown in Figure 3.

MB-coded Au-NNPs designed to be distributed in the cytoplasm showed time-dependent
intracellular uptake behaviors through the interactions of RGD peptide and «, /% integrins on
HSC-3 cell surface (Figure 3A).24 The Raman spectra in Figure 3A are representative
Raman spectra obtained from inside the cell at each time point. With an increase of
incubation time, strong spectra and extensive color distributions around cytoplasm were
observed. The blue color indicates the distributions of MB-coded Au-NNP in single cell
overlaid with bright field image. To obtain a single cell image in Figure 3A, we used 4.0
mW incident laser power density and 100 ms integration time per pixel, which allowed us to
obtain a 40 x 40 pixel single cell image within 162.6 s because of relatively low Raman
intensity and intracellular uptake efficiency of MB-coded Au-NNPs. On the contrary, the
44DP-coded Au-NNPs designed to target mitochondria showed much higher intra-cellular
uptake efficiency as compared with MB-coded Au-NNPs, which lead to the strong and
extensive green color distributions around the cytoplasm with an increased incubation time
(Figure 3B). The distributions of Au-NNPs were well matched with typical distributions of
mitochondria in HSC-3 cells. For single cell Raman imaging in Figure 3B, 200 pW of
incident laser power and 10 ms of integration time per pixel were applied to 50 x 50 pixel.
Therefore, the total imaging time was 27.5 s without inducing any cell damage. AB-coded
Au-NNPs designed to target nucleus through the interactions between NLS peptide and
importins a and f, karyopherins that are associated with the nuclear pore complex, also
showed time-dependent intracellular uptake of Au-NNPs and successful localization of Au-
NNPs at nucleus as shown in Figure 3C. Reportedly, the localization of AgNPs at the
nucleus with the same targeting ligand showed significant cytotoxic effects;2425 the Au-
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NNPs localized at the nucleus showed no such significant cytotoxicity. For this single cell
Raman imaging, we used 200 uW incident laser power density and 10 ms integration time
per pixel for 50 x 50 pixel, leading to a total imaging time per cell of 27.5 s.

Combining high-end optical and electrical components, the label-free Raman imaging for a
live cell was possible by use of fingerprint peak of DNA (785 cm™1), protein (1004 cm™),
and lipid (1450 cm™1) in the cell as shown in Figures 4A and S4, Supporting Information.?!
To obtain the high resolution (40 x 40 pixel) single cell Raman image displayed in Figure
4A, 60 mW of incident laser power was delivered to single HSC-3 cell, and long integration
time (500 ms per pixel) was applied to obtain a high-quality single cell Raman image. It
took about 13.5 min to acquire the single cell Raman image in Figure 4A. The time for cell
imaging should be reduced greatly to monitor rapidly changing and complex biological
events occurring inside cells. In this regards, the use of SERS-active nanoparticle can
provide various advantages for live cell Raman imaging such as reduced imaging time,
decreased excitation power, particle tracking capabilities, and enhanced Raman signals of
biomolecules of interest inside the cell.

One potential issue, when using SERS-active gold nanoparticle for cell imaging, will be the
photothermal damages on cells during the laser illumination for Raman signal acquisition. In
spite of no plasmonic absorption property of Au-NNP at 785 nm as shown in Figure S5,
Supporting Information, significant cell damages after single cell imaging were observed
when applied incident laser power more than 4.0 mW. The bright field cell images in Figure
4B showed significant morphological changes in cell after illuminating the laser for Raman
measurement, indicating significant cell damage occurred by the presence of nanoparticles.
Importantly, we found the photothermal damages could be minimized with the use of low
laser power density (less than 2.0 mW) without sacrificing Raman intensity from Au-NNP.
The repeated Raman imaging for HSC-3 cell, which is incubated for 12 h with 44DP-coded
Au-NNPs, with the power of 200 W and 10 ms integration time per pixel showed no
significant cell damages as demonstrated in Figure 4D (1-4, images were obtained 1-2 min
time intervals). The bright field images of a single HSC-3 cell showed very little
morphological changes. More importantly, almost identical Raman images in terms of
Raman signal distributions and intensity were obtained, indicative of no significant
photothermal damages in cell and photobleaching of the Raman dyes in Au-NNPs.
Obtaining Raman image without inducing cell damage is essential for further application of
SERS-based analytical methods such as cell-based drug screening (the laser power
dependences on the cell morphology and viability were summarized in Figure S6,
Supporting Information).

To demonstrate the potentials of high speed and high-resolution live-cell Raman imaging
technology for drug screening capabilities, we monitored the rapidly changing cell
morphologies and Raman signal distributions of 44DP-coded Au-NNPs in the mitochondria
of HSC-3 cell by inducing cell death using strong cytotoxic reagents such as potassium
cyanide (KCN) (Figure 5). After addition of 100 pL of KCN solution (1.0 M) into a HSC-3
cell, the single cell was imaged repeatedly at every 2.5 min with a 200 uW of laser power
and 10 ms exposure per pixel (50 x 50 pixel). The overlaid images of bright field and
Raman image at t = 0, it showed typical distributions of 44DP-coded Au-NNPs in the
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mitochondria as shown in Figure 5A. After 2.5 min of addition, it showed some changes of
Raman signal distributions in the cell. After 5 min, the cell morphologies were significantly
changed, and the changes of Raman signal distributions were also observed (green in Figure
5A). Eventually it was completely changed into circular cell structure, indicative of cell
death (necrosis). In the case of 10 uL of KCN solution (1.0 M) addition, it also showed the
changes of cell morphologies and Raman signal distributions with time (Figure S7,
Supporting Information).

In summary, we found the use of specific spacer sequence (T1p) of oligonucleotides on the
core DNA-modified AuNP could lead to the formation of very narrow intra-nanogap
structures in Au-NNPs even in the presence of a large number of Raman reporters on core
DNA-AUNP. The narrow intra-nanogap and the presence of a large number of NIR-sensitive
Raman reporters (i.e., 44DP) in the nanogap were responsible for the 7.7 times increased
magnitudes of Raman responses at NIR wavelength and the strong and uniform Raman
responses in solution. The bright SERS-intensity of Au-NNP in solutions and a custom-built
high-speed confocal Raman microscopy enabled to accomplish high-resolution single live-
cell Raman imaging within 30 s. The current methods also showed excellent subcellular
organelle targeting capabilities as clearly evidenced by the colocalized Raman images with
fluorescent probes (Figure S8, Supporting Information) and multiplexed imaging
capabilities for informative cellular imaging (Figure S9, Supporting Information). It is
expected that the synthetic methods for Au-NNP would be a useful concept for the future
design of SERS-active nanostructures, and the high resolution live cell Raman imaging
method within half minutes can open new opportunities for Raman-based high throughput
and high contents drug screening platforms.

Supplementary Material
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Figure 1.
(A) Synthetic scheme of Raman dye (44DP)-coded Au-NNPs using DNA-AUNPs as a core

particle (four different kinds of spacer sequences such as adenine (A1), guanine (Gyp),
cytosine (Cqg), and thymine (T1p) in the thiolated DNA (3’-(CH>)3-spacer sequence-PEGg-
AAACTCTTTGCGCAC-5') were investigated). 4,4’-Dipyridyl (44DP) molecules were
loaded on the surface of DNA-AUNP via electrostatic interactions, then the Au shell was
formed. (B) The solution color and HR-TEM image of 44DP-coded Au-NNPs prepared
from Az spacer DNA-AUNP (1), Gyg spacer DNA-AUNP (2), Cyq spacer DNA-AUNP (3),
and T1g spacer DNA-AUNP (4). (C,D) Raman spectra of 44DP-coded Au-NNP solution
prepared from four different spacer DNA with an excitation of 633 (C) and 785 nm (D).
(Each spectrum was obtained using conditions 0.5 nM particle concentration and 1.0 s
exposure time).
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Figure2.
(A) Scheme for the PEGylation and peptide modifications on the Raman dye-coded Au-

NNPs: MB-coded Au-NNP was modified with mPEG thiol and RGD peptide
(RGDRGDRGDRGDPGC) targeting the cytoplasm; 44DP-coded Au-NNP modified with
mPEG thiol, RGD peptide, and MLS peptide (MLALLGWWWFFSRKKC) targeting the
mitochondria; and AB-coded Au-NNP modified with mPEG thiol, RGD peptide, and NLS
peptide (CGGGPKKKRKVGG). (B-D) Representative Raman spectra of MB-coded Au-
NNPs (B), 44DP-coded Au-NNPs (C), and AB-coded Au-NNPs (D) obtained from 0.5 nM
particle concentration with an incident laser power of 4.0 mW and 10 ms exposure time per
spectra.
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Figure 3.
Time-dependent live cell Raman images (50 x 50 pixel) after incubating with subcellular

targeting NNPs. (A) Representative Raman spectra obtained from inside cells incubated
with MB-coded NNPs for cytoplasm targeting, bright field image (t = 0), and bright field
images overlaid with Raman images (t = 3, 6, 12 h) (4.0 mW laser power; 100 ms exposure
time per pixel). (B) Representative Raman spectra from cell incubated with 44DP-coded
NNPs for mitochondria targeting, bright field image (t = 0), and bright field images overlaid
with Raman images (t = 3, 6, 12 h) (200 uW laser power; 10 ms exposure time per pixel).
(C) Representative Raman spectra from cell incubated with AB-coded NNPs for nucleus
targeting, bright field image (t = 0), and bright field images overlaid with Raman images (t =
3, 6,12 h) (200 pW laser power; 10 ms exposure time per pixel).
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Figure4.
(A) Label-free Raman images overlaid with bright field images of single HSC-3 cell. Red,

green, and blue colors represent the Raman intensities from 785, 1450, and 1004 cm™,
respectively. (B) Bright field images of HSC-3 cell after 12 h incubation with mitochondria-
targeting Au-NNPs (before Raman mapping). (C) Overlaid Raman images with bright field
image after Raman mapping (15 mW, 100 ms exposure time per pixel). (D) Repeated
Raman analysis for HSC-3 cell incubated with 44DP-coded Au-NNPs obtained with a low
laser power (200 uW) and exposure time (10 ms exposure time per pixel).

Nano Lett. Author manuscript; available in PMC 2016 March 11.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kang et al.

Page 13

Raman spectra of
44DP-coded Au-NNPs
at Mitochondria

t=7.5 min ” Ah “
t=5.0 min ‘\ * * h

t=2.5 min n A »‘
t=0 Aﬂ AA ’\

800 1000 1200 14‘00 1600 1800
Raman Shift (cm™)

Figureb5.
(A) Time-dependent Raman images overlaid with bright field image after additions of 100

uL of potassium cyanide solution (1.0 M) into HSC-3 cell. (B) Representative Raman
spectra obtained from inside cells at designated time points (0, 2.5, 5.0, and 7.5 min).
Imaged at every 2.5 min after additions of KCN with an analysis conditions (50 x 50 pixel,
200 pW laser power density, 10 ms/pixel, and 27.5 s (total imaging time)).
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