
DOI: 10.1002/adma.200602213

Molecular Imaging of Cancer Cells Using Plasmon-Resonant-
Enhanced Third-Harmonic-Generation in Silver Nanoparticles**

By Shih-Peng Tai, Yana Wu, Dar-Bin Shieh, Lung-Jin Chen, Kuan-Jiuh Lin, Che-Hang Yu, Shi-Wei Chu,
Chien-Huei Chang, Xuan-Yu Shi, Yu-Chieh Wen, Kung-Hsuan Lin, Tze-Ming Liu, and Chi-Kuang Sun*

Third-harmonic-generation (THG) has been emerged as an
important noninvasive intravital imaging modality of in vivo
biological research[1–4] in recent years with the advantages in-
cluding intrinsic optical sectioning capability due to the high-
order nonlinearity nature and no energy release due to the
virtual-state-transition characteristic,[5–9] thus allowing much
improved cell viability[3,4] in contrast to current absorption-
based fluorescence technologies. Although THG nonlinearity
exists in all bio-materials, the Gouy phase shift effect substan-
tially limits THG to be observed in the vicinity of interfaces
where the first order or third order susceptibility discon-
tinues.[10] Therefore, THG is generally regarded as a morpho-
logical imaging tool due to its interface-sensitive nature, with
limited capability for molecular imaging. It is thus highly de-
sirable to develop exogenous THG contrast agents to trace
the functions of a specific molecule, taking advantage of the
noninvasive nature of the THG process. Recently, noble metal
nanoparticles have been proved to be able to enhance various
nonlinear optical signals through surface plasmon reso-
nance.[11–16] It should be ideal to adopt nanoparticles as molec-
ular contrast agents of THG microscopy. However, these pre-

vious experiments proposed to enhance nonlinear emissions
by matching excitation energy with the plasmon resonance
energy of metal nanoparticles, which could induce strong laser
absorption in nanoparticles while the induced temperature in-
crease might alter the behaviors of the targeted bio-molecules
or even induce thermal damages in the studied biological
specimens.

In this letter, we demonstrate molecular THG microscopy
by using silver nanoparticles as exogenous THG contrast
agents. This demonstration was performed in cultured mouse
bladder carcinoma cells (MBT2) and the matched cell line
with knocked-down Her2/neu expression by RNAi. Through
matching surface plasmon wavelength to THG wavelength,
strong contrast can be provided by the silver nanoparticles un-
der a THG microscope, while the laser wavelength is located
in the biological penetration window and laser absorption in
nanoparticles is also strongly reduced due to the huge spectral
difference between the laser excitation wavelength and the
plasmon resonance wavelength. By successfully conjugating
anti-her2 antibodies with the citrated silver nanoparticles,
Her2/neu in the cancerous cell membranes is successfully im-
aged with THG microscopy.

With the help of surface plasmon-resonance, nanometer-
sized noble metals can serve as a nanoscopic optical resonant
cavity. Metal nanoparticles with the plasmon resonance at the
third harmonic of optical excitation, in the macroscopic point
of view, is analogous to an optical third-harmonic oscilla-
tor.[17,18] We chose silver nanoparticles for its blue-violet plas-
mon resonance wavelengths when soaked in water. For
nonlinear biological in vivo imaging, near-infrared (NIR) fem-
tosecond lasers are preferred as the THG excitation sources
to increase the penetration depth and to reduce the potential
optical damage. In particular, it has been demonstrated that
the spectral transmission window of common biological tis-
sues falls around 1200–1300 nm.[3,4,19,20] With a 410-nm surface
plasmon wavelength for THG resonance, the corresponding
NIR laser wavelength is 1230 nm, which concurs with the bio-
logical transparency window. In contrast, gold nanoparticles
are with a surface plasmon resonance wavelength of 520–
560 nm and the corresponding laser wavelength of 1560–
1680 nm[21] could suffer strong water absorption, thus not suit-
able for in vivo biological imaging. Our recent spectral study
of THG in silver nanoparticles, with a 410-nm plasmon wave-
length,[17] showed evident THG enhancement when the third-
harmonic of the excitation matched the surface plasmon reso-
nant frequency of silver nanoparticles, indicating that
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plasmon-enhanced silver nanoparticles could be an ideal con-
trast agent for THG microscopy.

To demonstrate molecule-specific THG microscopy by
using silver nanoparticles as contrast agents, we synthesized
silver nanoparticles conjugated with antibodies for the first
time. The silver nanoparticles were first prepared by a citrate
ion reduction method.[22] A transmission electron microscope
was used to imaging the particle size and shape. The measured
average silver particle size is 30 nm (Ag-citrate) as shown in
Figure 1a. The Ag-citrate nanoparticles were then modified
with cysteamine to expose the amine group on the particles,
and crosslinked to the antibody through EDC (1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide) to form peptide bounds
in between (Fig. 1c). Since the coating and size of the silver
nanoparticles used for molecular imaging is different from
that reported in our previous study[17] (∼ 6 nm with PVP coat-
ing), we also measured the surface plasmon resonant wave-
length of silver nanoparticles soaked in water through their
absorption spectra. Although the plasmon resonance peak of
the 30-nm silver nanoparticle will be red-shifted relative to
that of the 6-nm silver nanoparticle,[23] the coating of nanopar-
ticles also effects the surface plasmon resonant wavelength.
As a result, the measured surface plasmon resonant wave-
length of the 30-nm silver nanoparticles was found to be
located at ∼ 410 nm (Fig. 1b), ideal for THG imaging. Since
the THG intensity nonlinearly increases with size when the
nanoparticle is much smaller than the laser spot size,[24] 30-nm
Ag-citrate nanoparticles should provide even better THG
contrast compared with smaller nanoparticles.

We added silver nanoparticles conjugated with anti-Her2
antibodies into the cultured mouse bladder carcinoma line
(MBT2) for imaging of Her2 expression in cancer cells. The
Her2 molecule is one of the transmembrane receptor proteins
for epidermal growth factors, and plays a key role in cell
growth and anti-apoptotic signaling.[25–27] The Her2 molecule
is also important in cancer development, clinical prognosis,
and therapeutic applications.[28–30] Overexpression of Her2/
neu in cancer lesion is a predictor for unfavorable clinical out-
come with more aggressive growth behavior as well as resis-
tance to some chemotherapy agents.[28,29] On the other hand,
the chemotherapeutic agent Herceptin, which is an antibody
peptide drug, is only effective for Her2/neu highly expressed
tumor cells.[31] The MBT2 cell line is known to highly express
Her2 molecules. As a control for the gene-expression-specific
molecular imaging, we have transfected expression vector car-
rying RNAi against Her2/neu into the MBT2 cells and
screened for the stable clone as the control group cancer cells.
Western blot analysis revealed the Her2/neu knocked-down
cancer cell line, MBT2-KD, expressed only about 15 % the
level of the wild type line, as shown in Figure 2a. To demon-
strate molecular imaging of cancer cells, we used a home-built
THG microscope based on a femtosecond Cr:forsterite laser
with an emission wavelength of 1230 nm,[3,4] to match the
THG wavelength with the silver plasmon resonance. Fig-
ure 2b–d show the epi-THG images of the wild type
MBT2 cells without and with the silver nanoparticle labeling,
and MBT2-KD cells with silver nanoparticle labeling. By
comparing these THG images, bright spots on the wild type
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Figure 1. Characteristics of silver nanoparticles made by a citrate-ion reduction method. a) Transmission electron micrograph of silver nanoparticles
used as the THG contrast agents of Her2 molecules. The measured average size of the particles is 30 nm in diameter. Scale bar: 50 nm. b) The absorp-
tion spectrum of the adopted silver nanoparticles soaked in water, with a resonant absorption peak at ∼ 410 nm. c) The chemical schematic of the anti-
body-conjugated silver nanoparticle.



cancer cell cytoplasmic membranes can be clearly observed
(Fig. 2d), in sharp contrast to the MBT2-KD line (Fig. 2c)
and in proportion to their endogenous Her-2 expression levels
(Fig. 2a). This should be attributed to the THG signals from
silver nanoparticles conjugated with anti-Her2 antibody. Mol-
ecule-specific THG microscopy is thus successfully demon-
strated by using antibody-conjugated silver nanoparticles as
exogenous THG contrast agents.

With a 410-nm plasmon resonance THG wavelength in
water-based silver nanoparticles, the corresponding laser
wavelength is 1230 nm, which is most penetrative and least
damage for the biological specimens, while nanoparticle ab-
sorption is also minimized by moving the excitation wave-
length far away from the plasmon resonance wavelength, with
a huge 820-nm wavelength difference (2eV energy difference)
never achieved before. In Figure 2d, epi-THG signals from
the silver nanoparticles can be found to be orders of magni-
tude higher than the cell-induced epi-THG background sig-
nals, not just due to the strong plasmon effect, but also due to
the nano-size effect of the silver particles. It is known that effi-
cient direct backward-emitted THG can only be generated in
a very thin (sub-micron) layer compared with the pump laser
wavelength under tightly focused excitation fields.[4,8,32–34] In
order to outline the cell distribution in Figure 2d, the epi-
THG signals from the silver nanoparticles were found to be
saturated after adjusting the THG image contrast. Without
saturation, the imaged spot size of the silver nanoparticle can
be found to be ∼ 308 nm. This number is equal to the convolu-
tion value (309 nm) of the theoretical system resolution and a

30-nm nanoparticle size, and is slightly smaller than the con-
volution value (314 nm) of the theoretical system resolution
and a 60-nm nanoparticle size. It is also well known that ag-
gregation of silver nanoparticles will not only red-shift the
plasmon wavelength but also reduce the surface plasmon den-
sity,[23,35] thus reducing the THG efficiency under 1230-nm ex-
citation. The strong epi-THG contrast should thus be contrib-
uted from a single nanoparticle. With a virtual transition
characteristic, the silver-nanoparticle-induced THG signals do
not suffer photobleaching[36,37] and blinking[38–41] problems,
and are ideal for future long-term observations, after reduc-
tion of nano-toxicity with proper surface treatment. With
accurate control of particle size, plasmon wavelength could be
manipulated with a much narrower spectral width.[23] With
different excitation laser wavelengths or with a broad-band
excitation light, multiple-color THG microscopy, aiming to
image different molecules, should also be possible. Other
nanoparticles with a strong plasmon resonance in the blue-
violet wavelength should also be ideal for in vivo molecular
THG imaging.

Experimental

The detailed synthesis of anti-body conjugated silver nanoparticles
is described as follows. The Ag-citrate nanoparticles were centrifuged
in 6000 rpm for 10 minutes to remove extra supernatant. The concen-
trated nanoparticles were added into 1 lM cyteamine and 10 mM

phosphate buffer (PB) (pH = 7) in original stock concentration for
4 hours and than washed twice to remove extra cysteamine. Then
10 lg ml–1 anti-Her2 antibodies produced by hybridoma (MAb 4D5)
were than added to PB (pH = 7) buffered cysteamine modified silver
nanoparticles. The nanoparticles and antibodies mixture was than add
1 mg ml–1 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC) as
a cross-linker reagent, and the whole reaction was stirred in 4 °C for
4 hours. The anti-her2 modified nanoparticles were than washed by
PB (pH = 7) for three times and added 0.05 % sodium azide as pre-
servative and then storied in 4 °C refrigerator.

The MBT2 and the MBT2-KD cells were cultured on chamber
slides and fixed by 4 % paraformaldehyde. The cells were then
blocked by 5 % milk, then exposed to the anti-Her2 conjugated silver
nanoparticles (0.2 ml with 1.67 pM concentration) for 1 hour and
washed 3 times by phosphate buffered saline (PBS).The cells were
then mounted on a slide with PBS.

The study of THG microscopy by using antibody conjugated silver
nanoparticles as THG contrast agents was performed using a home-
built femtosecond Cr:forsterite laser centered at 1230 nm with a 130-
fs pulsewidth and a 110 MHz repetition rate [8]. The spectral full
width half maximum of the laser output was about 20 nm. The infra-
red laser beam was first shaped by a telescope and then directed into
a modified beam scanning system and an Olympus upright micro-
scope. An IR water-immersion objective (Olympus UplanApo/IR
60X/NA 1.2) was used to focus laser beam into the observed speci-
mens. The observed specimens were mounted on a stage with an axial
resolution of 25 nm. The generated THG was collected by a NA
1.4 achromatic oil immersion condenser, and then directed into the
PMT with a 410-nm narrow band interference filter in front. Details
about our epi-THG microscope can be found in Ref. [8]. To ensure
the signal we detected is THG, a spectrometer was used to confirm
the detected THG wavelength before imaging. A power dependent
study confirmed the cubic dependency of the detected THG signals.
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Figure 2. Demonstration of molecule-specific THG imaging of cancer
cells. a) Densitometry quantification of Her-2 expression levels in the
corresponding cancer cell lines from the autoradiograph of Western blot.
b) THG image of wild type MBT2 cells without being treated with silver
nanoparticles. c) THG image of Her2-knocked-down MBT2 cells treated
with anti-Her2 antibody conjugated silver nanoparticles. d) THG image
of wild type MBT2 cells treated with anti-Her2 antibody conjugated silver
nanoparticles. Image size: 80 lm × 80 lm. All displayed epi-THG images
are the superimposition of twenty horizontal sections. Silver nanoparti-
cles significantly enhanced the THG signal intensity proportional to the
endogenous Her-2 expression levels of the cancer cells.
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