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Abstract. Near-infrared laser-based microsurgery is prom-
ising for noninvasive cancer treatment. To make it a safe
technique, a therapeutic process should be controllable
and energy efficient, which requires the cancer cells to be
identifiable and observable. In this work, for the first time
we use a miniaturized nonlinear optical endomicroscope
to achieve microtreatment of cancer cells labeled with
gold nanorods. Due to the high two-photon-excited pho-
toluminescence of gold nanorods, Hela cells inside a tis-
sue phantom up to 250 um deep can be imaged by the
nonlinear optical endomicroscope. This facilitates micro-
surgery of selected cancer cells by inducing instant dam-
age through the necrosis process, or by stopping cell pro-
liferation through the apoptosis process. The results
indicate that a combination of nonlinear endomicroscopy
with gold nanoparticles is potentially viable for minimally

invasive cancer treatment. © 2010 Society of Photo-Optical Instru-
mentation Engineers. [DOI: 10.1117/1.3502566]
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1 Introduction

Targeted cancer-cell microsurgery is critical to realizing zero
damage to adjacent healthy cells or tissue, which is especially
important for damage-free ablation of tumor cells while they
are deeply embedded in complex tissue structures. Chemo-
therapy, radiation therapy, and surgery have been widely
adopted as cancer management options. However, the effec-
tiveness of chemotherapy is often limited by toxicity to other
tissues in the body. Radiation can also cause damage to nor-
mal tissue. Surgery often requires the removal of a wide sur-
gical margin or a free margin. The propensity of cancers to
invade adjacent tissue or to spread to distant sites by micro-
scopic metastasis often limits the effectiveness of those tradi-
tional methods.

Alternative methods have been sought to reach the goal of
cancer treatment. One of the promising treatment methods is
microsurgery of cancer cells using pulsed near-infrared (NIR)
laser beams and optical microscopy,’ which has allowed for
ablation of cancer cells. In addition, this method also pro-
vides a tool for 3-D imaging through thick tissue media. How-
ever, pulsed near-infrared laser-based microsurgery has not
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been adopted medically for cancer treatment due to the fol-
lowing hurdles. First, the utilization of bulky optics and mul-
tilaser systems limits the microscopes to be potentially useful
in in vivo inner organs and noninvasive environments. Sec-
ond, the weak light absorption of both malignant and normal
tissues to near-infrared light makes selective and low energy
(medically safe) treatment infeasible. To address these
hurdles, it is necessary to adopt an effective tool for delivering
a near-infrared laser beam to a malignant tissue in a mini-
mally invasive and observable manner without damaging sur-
rounding healthy tissues, and to enhance the light absorption
and heat conversion in malignant tissues.

Two-photon endomicroscopy is a useful tool for 3-D in
vivo imaging. A two-photon endomicroscope utilizes a femto-
second near-infrared laser as an energy source and delivers a
laser beam through an optical fiber to a miniaturized probe.
This design makes it possible to deliver a laser beam directly
to the targeted tissue in a minimally invasive manner. Re-
cently, photothermal therapy using surface plasmonic gold
nanoparticles has shown to be a promising method for a lo-

calized treatment of cancer cells.”™ Among the various gold
nanoparticles investigated, the gold nanorod is one of special
interest due to the easiness of synthesis and their near-infrared
absorption. The strong two-photon luminescence of gold na-
norods also makes them suitable to 3-D imaging.® Therefore,
a combination of two-photon endomicroscopy with gold na-
norods should lead to a breakthrough in near-infrared pulsed
laser-based microsurgery.

In this work, we use a portable nonlinear optical endomi-
croscope with a small probe connected by a long flexible fiber
to deliver a NIR pulsed beam.” The use of a double-clad fiber
(DCF) allows for the transmission of the laser beam to a
sample through a miniature probe.” At the sample, the NIR
pulses were measured as 1.5 ps by an autocorrelator (FR-
103XL, Femtochrome, Berkeley, California). The electromag-
netically driven resonant tuning fork in the probe facilitates a
fast scanning mechanism in the horizontal axis,7 and an axial
movement through a cantilever. This 3-D scanning unit leads
to a maximum field of view with 475X 475 um and a fast
imaging speed of 0.4 mm?/s.

2 Endoscopic Imaging of Gold Nanorods and
Cancer Cells Labeled by Gold Nanorods

Gold nanorods were prepared according to a method previ-
ously reported.s’8 The as-synthesized gold nanorods have a
maximal plasmonic absorption at 790 nm. Detailed character-
ization is available in our previous publication.5

The human cervical cancer-cell line HeLa was used as a
cell model. To achieve efficient targeting of gold nanorods to
the cancer cells, transferrin molecules were conjugated to the
surface of the nanorods.” Transferrin has been proven to be
efficient in enhancing cancer targeting by nanoparticles, in-
cluding gold nanoparticles.” To stabilize the nanorods in cell
culture buffer, polyethylene glycol (PEG) molecules were also
conjugated on the gold nanorods. The molecular ratios of
transferrin and PEG to gold nanorods are 3000:1 and 650:1,
respectively. The concentration of gold nanorods in the cul-
ture medium is 0.5 nM. The cytotoxicity of the transferrin-
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Fig. 1 Two-photon photoluminescence image of Hela cells labeled
with biofunctional gold nanorods imaged at (a) the collagen surface,
(b) 84 um, (c) 168 um, and (d) 252 um below the surface. The im-
age size is 475X 475 um. The excitation wavelength is 790 nm. The
excitation power is 5 mW.

conjugated gold nanorods was examined using trypan blue.
After incubating for 24 h, the viability of the cells is
100.8 = 1.5% (cells not incubated with gold nanorods were
used as controls). This means that the conjugated gold nano-
rods at this concentration are not toxic to cells.

To realize cancer-cell microsurgery in a precisely observ-
able manner, we first identify the cancer cells using the non-
linear endomicroscope through its small probe. 3-D two-
photon-excited photoluminescence images of the HeLa cells
labeled with gold nanorods within a field of view of 475
X475 um were obtained by gently pressuring the tip of the
probe onto the surface of the collagen matrix tissue phantom.
The unique automatic axial scanning function of the nonlinear
endomicroscope allows for 3-D imaging of the cancer cells by
obtaining a set of slice images with a slice spacing of 4 um
and a penetration depth of 252 um. Figure 1 shows some
selected two-photon-excited photoluminescence images of the
cancer cells from a set of the slice images. The images clearly
reveal individual cancer cells at different depths. The HeLa
cells without gold nanorod labeling cannot be detected by the
endomicroscope.

Probe

Fig. 2 Video showing 3-D imaging and localized necrosis of cancer
cells in the collagen matrix tissue phantom mixed with propidium
iodide (PI). Parts A1, B1, and C1 show two-photon photolumines-
cence images of Hela cells labeled with biofunctional gold nanorods
at the collagen surface, 20 um, and 40 um below the surface, respec-
tively. Parts A2, B2, and C2 show Hela cells selectively killed by the
focused excitation laser beam at the collagen surface, 20 um, and
40 um below the surface, respectively. (QuickTime, 3.2 MB) [URL:
http://dx.doi.org/10.1117/1.3502566.1].
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Fig. 3 Apoptosis and necrosis induction of HeLa cells at power levels
of (a) 2 mW and (b) 10 mW, respectively, and (c) average irradiation
time for a single cell through necrosis and apoptosis processes as well
as (d) the probability of a cell through necrosis and apoptosis pro-
cesses caused by the nanorod-induced photothermal effect. The scale
bars in (a) and (b) are 20 um.

3 Localized Three-Dimensional Cancer-Cell
Treatment by Endomicroscopy

With the help of this visualization method of cancer cells, the
gold-nanorod-enhanced cancer-cell necrosis process can be
investigated. Necrosis is a process of cell death by the com-
promising of membrane integrity.m To this end, live HeLa
cells labeled by transferrin-conjugated gold nanorods were
placed in the collagen tissue phantom mixed with propidium
iodide (PI). PI can be used to examine the death of cells after
being irradiated by an excitation laser beam. The nuclei of
dead cells could be stained with PI, while that of live cells
could not. The cancer-cell microsurgery was achieved by im-
aging the cancer cells first, then selecting a single cancer cell
and focusing the laser beam to the selected cell for a period of
time (Fig. 2). We first obtained the two-photon-excited pho-
toluminescence image (Fig. 2 part A1) of the live cancer cells
at the surface of the collagen using a laser beam of wave-
length 790 nm, which is the longitudinal surface plasmon
resonance wavelength of the transferrin-conjugated gold na-
norods. The power of the excitation laser beam at the sample
was 5 mW. This visualization facilitates that particular cells
within the field of view (here the cells in the “L” shape) can
be selected. The excitation laser beam was focused on each of
those cells with a dwelling time of 0.5 s. Six minutes after the
entire selected cells were illuminated, the cells were imaged
by the nonlinear endomicroscope again, while the excitation
wavelength was changed to 740 nm (Fig. 2 part A2), which is
the peak two-photon absorption wavelength of PI. Figure 2
part A2 shows a clear “L” shape in the field of view, and
confirms that the selected cells irradiated with a dwelling time
of 0.5 s were dead while the rest of cells were not.

Figures 2 part B1, B2, C1, and C2 show the same process
of the localized necrosis effect at 20 and 40 um below the
surface of the collagen with cells at a square and a triangular
shape being killed. These images display that the cells outside
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the laser irradiated area were not affected at all, indicating that
the endomicroscope can be used for the highly localized 3-D
necrosis treatment of the selected cancer cells. Such a 3-D
treatment is significant to cancer therapy, especially at early
stages before it metastasises. In contrast, when cancer cells
are not labeled with gold nanorods, the experiment shows that
the cells cannot be killed by a laser power level as high as
35 mW. This indicates that the presence of gold nanorods can
significantly reduce the power and energy threshold for
cancer-cell necrosis. Since cancer cells can take more
transferrin-conjugated gold nanorods, the energy threshed for
injuring a healthy cell is much higher than that for a cancer
cell.

4 Cancer Cell Necrosis and Apoptosis by
Endoscopy

In the prior experiments, the high power illumination can lead
to fragmentation of the gold nanorods'' and the associated
localized mechanical shock to the cell membrane, causing
membrane perforation and thus inducing cell necrosis. The
intense heat produced at high power/energy fluence can also
destroy the cell membrane, leading to cell necrosis. In fact,
cell proliferation can be stopped either by the necrosis or apo-
ptosis processes. The photothermal effect of gold nanorods
can potentially lead to the dysfunction of subcellular struc-
tures that govern the apoptosis of cells at a laser power level
lower than that for necrosis. To examine whether apoptosis
can be induced with the nonlinear optical endomicroscopic
system, a combination of two dyes, namely annexinV-Cy3.18
and PI was used for this purpose. Annexin V is a kind of
protein that binds phospholipids in the presence of calcium.
During the early stages of apoptosis, cell membrane phos-
phatidyserine is transported from the inner plasma membrane
leaflet to the outer leaflet, where it binds with annexin-V mol-
ecules. Therefore, apoptotic cells are only membrane stained,
dead cells are both membrane and nuclei stained, while live
cells cannot be stained with either of the two dyes. To differ-
entiate the apoptosis and necrosis processes by a single laser
beam, cells were illuminated at laser power levels of 2 and
10 mW, respectively. Interestingly, we observed that although
2 mW was not high enough to kill all the cells (necrosis),
apoptosis could be induced. As shown in Fig. 3(a), only the
membrane of the cells treated at this laser power level was
stained. As a comparison, both the membrane and nuclei of
the cells treated at the laser power of 10 mW were labeled
[Fig. 3(b)]. The calculated energy fluence levels at 10 and
2 mW are 1.74 and 0.35 mJ/cm?2, which are far above the
energy (0.03 mJ/cm?) used in identifying a cell from the
photoluminescence of gold nanorods. This means that during
in vivo treatment, cells surrounding a tumor will not be
harmed during the imaging (identifying or diagnosis) process.

To induce necrosis and apoptosis of single cells, the re-
quired irradiation time of a laser beam depends on the exci-
tation laser power, as shown in Fig. 3(c). For a given laser
irradiation time of 0.5 s at a single cancer cell, the statistic
probability of a Hela cell to be necrotic and apoptotic as a
function of the laser power is displayed in Fig. 3(d). At a laser
power below 1 mW, the probabilities of a cell to be necrotic
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and apoptotic are close to almost zero; thus a cancer cell is not
affected by laser illumination. For laser power higher than
6 mW, the probability of a cell to be dead is close to 100%.
Therefore, a cancer cell is definitely damaged with laser
power over 6 mW. As the laser power decreases from
6 to 3 mW, while the probability of a cell through a necrosis
process declines from 100 to 30%, the probability for a cell
through the apoptosis process increases up to 70%. In other
words, a cancer cell can be killed with a 100% death rate
through necrosis or apoptosis processes when the laser power
is larger than 3 mW, corresponding to an energy fluence of
0.53 mJ/cm?.

5 Conclusion

In summary, we develop a novel technique for cancer-cell
microsurgery by combining our recently developed nonlinear
endomicroscope with the photothermal effects of gold nano-
rods. With the strong photoluminescence of gold nanorods,
cancer cells can be imaged and selected for apoptosis and
necrosis induction by controlling the laser energy. This bi-
functionality (imaging and treatment) opens an immediately
bright future for this technique to be used in minimal-invasive
cancer treatment with localized and selective therapeutic ef-
fects.
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