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Multiphoton Luminescence from Gold 
Nanoparticles as a Potential Diagnostic 
Tool for Early Cancer Detection

Nicholas J. Durr, Marica B. Ericson, and Adela Ben-Yakar

17.1 Introduction

Cancer is the second leading cause of death, after heart diseases [25]. It is well known that early detec-
tion of precancerous lesions can dramatically decrease morbidity and mortality [37]; thus, there is an 
urgent need for new diagnostic tools in order to aid in early cancer detection. More than 85% of all 
cancers begin as precancerous lesions that are confined to the superficial region of the epithelium [38]. 
However, of the currently used clinical imaging modalities, none have sufficient resolution and sensi-
tivity to detect tumors less than a few cubic centimeters in volume [23]. The current gold standard for 
assessing suspicious cancerous lesions is histopathology of excised tissue biopsies. Generally the tissue 
biopsy is sectioned and stained before histopathological assessment. This is an invasive, labor intensive, 
and costly procedure. Furthermore, the accuracy of the pathological diagnosis depends on the subjective 
assessment of pathologists [58], which makes current tumor diagnostics ambiguous. Therefore, there is an 
urgent need for alternative techniques for early detection of cancer that can provide noninvasive, three-
dimensional (3D), depth-resolved imaging with microscopic resolution, high sensitivity and specificity.

There are several techniques at the research stage that can meet the requirements for obtaining non-
invasive imaging; however, their resolution and applicability are varying. For example, high-frequency 
ultrasound can image down to several millimeters deep in epithelial and connective tissue, but only 
provides a maximum resolution of approximately 100 μm [60]. Photoacoustic imaging is based on the 
photoacoustic effect in which laser pulses causing localized heating, leading to transient thermoelastic 
expansion and thus wideband (e.g., MHz) ultrasonic emission. The generated ultrasonic waves are then 
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detected by ultrasonic transducers to form images. Compared to traditional ultrasound imaging, photo-
acoustic imaging can provide slightly better resolution of about 50–100 μm [78,79].

Optical techniques can provide substantially better resolution. For example, optical coherence tomog-
raphy (OCT) can reach resolutions of 10 μm in the lateral direction and submicron in the axial directions 
[16]. Other advantages of OCT include fast imaging and the capability of imaging deep into epithelial 
tissue—down to approximately 1 mm. OCT has found growing success in intravascular imaging over 
the last decade and is now being applied toward epithelial tissue imaging [24]. Confocal optical imaging 
technologies reject out-of-focus light to generate 3D images with diffraction-limited resolution, namely, 
with axial and lateral resolutions below 1 and 0.5 μm, respectively. Unfortunately, because the confocal 
pinhole nominally rejects all the scattered emission light, the confocal autofluorescence microscopy, 
using blue visible excitation light source, can generally probe intrinsic fluorophores in a very thin super-
ficial layer of tissue that is less than 100 μm thick. Therefore, confocal autofluorescence microscopy is 
limited for in vivo use as a deep tissue diagnostic tool. As an alternative, confocal reflectance microscopy 
(CRM) based on imaging of the back-scattering of near-infrared (NIR) light is preferentially applied 
for improving imaging depths to several hundreds of microns in tissue [59]. However, CRM can only 
provide structural information with limited diagnostic capabilities. To further improve imaging depth in 
high-resolution optical imaging while still obtaining both molecular and structural information, nonlin-
ear optical imaging technologies can be applied [81].

Nonlinear microscopy based on multiphoton excitation of endogenous fluorophores, so-called auto-
fluorescence, has emerged as a novel noninvasive diagnostic tool [29,39,47]. Two-photon microscopy 
(TPM) was first demonstrated by Webb and colleagues in 1990 [53] and has since become the method 
of choice for 3D imaging of biological tissue. The quadratic dependence of the two-photon excitation 
process confines the fluorescence emission to the focal volume, which means that a confocal pin-
hole is not necessary. Unlike in confocal fluorescence microscopy, all the generated fluorescence in 
TPM can be collected and assumed to originate from the focal volume. More importantly, TPM uti-
lizes NIR light through two-photon absorption process to excite UV-visible absorbing fluorophores 
[13,47]. In general, the mean free path length is the largest in the NIR wavelength range between 700 
and 1400 nm, where the scattering is reduced and the absorption of common biological molecules is 
minimized [36]. The reduced attenuation in the NIR wavelengths effectively makes the tissue more 
transparent. Consequently, this wavelength regime generally referred to as “the optical window” of bio-
logical tissue and is preferentially used when performing optical microscopy to probe deeper layers of 
biological tissue. Most recently, Ben-Yakar and colleagues have shown that it is possible to image two-
photon induced autofluorescence in human oral tissue biopsies down to 370 μm, reaching the theoretical 
imaging depths of 3–5 mean free scattering lengths [18]. Even though tissue autofluorescence enables 
visualizing tissue morphology, cancer diagnostics based on TPM is complex mainly due to weak signal 
from epidermal layers [29,56]; thus, there is a need for strategies to improve tumor contrast. In addition, 
the weak signal of autofluorescence makes clinical use of TPM using miniaturized endoscopes very 
challenging.

An alternative strategy to relying on endogenous contrast is to introduce contrast agents into the 
sample. The ideal optical contrast agent should provide high contrast by being very bright and targeted 
to the specific tumor cells, in addition to having low toxicity. Fluorescent organic dyes suffer from prob-
lems with photobleaching. Quantum dots, while exhibiting bright fluorescence and photostability, are not 
suitable for clinical use due to toxicity. Instead, gold nanoparticles are attractive candidates as optical 
contrast agents because of their bright luminescence, as well as their biocompatibility [56]. Additionally, 
their optical properties can be tuned in the visible and NIR wavelengths [34], allowing us to take advan-
tage of the optical window of biological tissues.

Since the first demonstration of gold nanoparticles as sensitive probes for Raman spectroscopy [35,51], 
single-molecule studies [22,64,76], and as contrast agents in the electron microscopy [28], the biomedi-
cal optics community has been investigating them as sources of optical contrast for biomedical imag-
ing. The ability to control their optical properties by engineering the particle dimensions and geometry 
(e.g., nanospheres or nanorods) makes them an ideal source of contrast for a variety of optical imaging 
modalities. Their tunability is based on the localized surface plasmon resonance effect [21]. Surface 
plasmon resonance arises as a result of electrons collectively oscillating along the particle surface when 
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interacting with the incoming electromagnetic radiation. This intense interaction leads the nanoparticles 
to have strong absorption, scattering, and/or luminescence properties that can be utilized in providing 
the desired contrast mechanism for various optical imaging modalities.

One of the first uses of gold nanoparticles in combination with optical imaging of tissues was 
demonstrated by Sokolov et al. [66]. They applied molecularly targeted gold bioconjugates with high 
scattering cross sections for providing tumor contrast in CRM of human biopsies (Figure 17.1). After 
incubating tissue slices (200 μm thick) of fresh cervical biopsies with gold nanospheres labeled with 
anti-EGFR (epidermal growth factor receptor) antibodies, they successfully demonstrated molecu-
larly targeted contrast of tumor cells overexpressing EGFR. Figure 17.1a shows the elevated reflec-
tance signal obtained in the precancerous tissue due to the presence of gold nanospheres, as compared 
to normal tissue shown in Figure 17.1b. In another study, El-Sayed et al. demonstrated the use of 
the scattering properties of gold nanoparticles for providing cellular contrast in optical dark field 
microscopy [20]. Furthermore, gold nanospheres, nanoshells, and nanorods have also been applied as 
contrast agents for OCT [8,55,65], which also relies on scattering from the nanoparticles for a signal 
source.

Another approach is to use the absorption properties of gold nanoparticles to provide contrast suit-
able in, for example, photoacoustic or optoacoustic imaging [2,12,46,75]. The photoacoustic technique 
is based on detecting the acoustic signal of the expanding media caused by local heating due to laser 
irradiation. Therefore, the strong absorption of the gold nanoparticles drastically enhances the local-
ized heating, and, thus, the generated photoacoustic signal is increased. Figure 17.2 presents an example 
from the Emelianov and colleagues [46] where targeted gold nanoparticles significantly enhance the 
photoacoustic signal from an in vitro model for turbid tissue (a tissue phantom). The photoacoustic 

(a) (b)

Figure 17.1 Laser scanning confocal reflectance images of precancerous (a) and normal fresh cervical ex vivo tissue 
(b) labeled with anti-EGFR gold conjugates obtained using 647 nm excitation wavelength. The same acquisition conditions 
have been applied to both images. The scale bar is 20 μm. (Adapted from Sokolov, K. et al., Cancer Res., 63, 1999, 2003. 
With permission.)

(a) (b) (c)

Figure 17.2 Photoacoustic images (λ = 680 nm) of tissue phantoms consisting of A431 epithelial skin carcinoma cells: 
(a) unlabeled control, (b) targeted phantom exposed to anti-EGFR conjugated gold nanoparticles (50 nm), and (c) phantom 
exposed to nontargeted gold nanoparticles (50 nm). The images measure 2 × 1.67 mm. The faint signal in the lower region 
of the images in (a) and (c) seems to be due to absorption of the laser by the plastic bottom of the Petri dish holding the 
phantom. (Adapted from Mallidi, S. et al., Opt. Express, 15, 6583, 2007. With permission.) AQ2
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signal is nearly undetectable when no particles are present (Figure 17.2a), while the signal from cancer 
cells are clearly visible when labeled with gold nanoparticles functionalized with anti-EGFR (Figure 
17.2b). Interestingly, they also demonstrate the possibility of using wavelength tuning, to preferentially 
generate signal from particles which are bound to cells. As shown by Figure 17.2c, the signal obtained 
from the tissue phantom exposed to nontargeted gold nanoparticles, i.e., particles without anti-EGFR, 
is very low, which is explained by a redshift in the absorption spectrum of the functionalized particles. 
In addition to photoacoustic imaging, the strong light absorption of gold nanoparticles can be used for 
photothermal therapy [19], which is an intriguing research field in itself and will not be covered in this 
chapter.

When it comes to providing contrast for nonlinear optical imaging, it is instead the bright pho-
toluminescence from the gold nanoparticles becomes an attractive optical property to be utilized 
[6,9,15,17,33,49,73,77]. Gold nanorods are particularly appealing because their longitudinal plasmon 
modes are resonant in the NIR range, where the absorption of water and biological molecules is 
minimized [67]. The potential of gold nanorods for in vivo nonlinear optical imaging was first dem-
onstrated by Cheng and colleagues [44,72]. They presented real-time noninvasive imaging of blood 
flow in a mouse ear using the multiphoton luminescence (MPL) from the nanorods. In another in 
vivo study, Tunnell and colleagues demonstrate the possibility of using MPL for enhancing the sig-
nal when performing tumor imaging using nonlinear microscopy. In this study, they administered 
gold nanoshells to murine tumors and compared the MPL images to autofluorescence signal [57]. 
These studies demonstrate the capability of gold nanoparticles as contrast agents in nonlinear opti-
cal microscopy; however, in order to provide tumor selectivity, the particles need to be targeted. 
Thus, our strategy is to adopt the tumor targeting protocol already implemented for other imaging 
modalities discussed earlier and combine with the strong MPL signal of gold nanorods, to provide 
tumor contrast. We here demonstrate the technology on experimental tissue phantoms and show that 
one to two orders of magnitude less excitation power are required when imaging labeled tumor cells 
compared to utilizing the autofluorescence, proving the strong brightness of gold nanorods when 
illuminated with femtosecond laser pulses at their resonance. In addition, we investigate the toxicity 
of the gold nanorods.

17.2 Materials and Methods

17.2.1 Preparation of gold Nanospheres

We prepared gold nanospheres using the method introduced by Turkevich and colleagues in 1953 [71]. 
The method is based on reducing a solution consisting of gold chloride using sodium citrate which causes 
the auric ions to nucleate and form particles. The size distribution of the formed nanoparticles is depen-
dent on the kinetics of the process. The diameter of the nanospheres was measured to be 50 nm with a 
linear absorption peak of 530 nm.

17.2.2 Preparation of CTAB-Coated gold Nanorods

The synthesis of gold nanorods generally starts from small gold seeds (1.5–3 nm) [48,62], but their 
anisotropic growth is promoted by adding cationic surfactant (hexadecyltrimethylammonium bromide, 
CTAB), silver ion, and ascorbic acid to the solution. The CTAB and silver atoms prefer to be adsorbed 
on the sides of the rods rather than at the edges, which leads to the deposition of gold atoms only on the 
edges and, subsequently, the formation of the desired gold nanorods. The CTAB molecules also play 
an important role as a stabilizer for dispersion in an aqueous phase by forming a bilayer on the gold 
nanorod.

In this study, we synthesized CTAB-coated gold nanorods using this seed-mediated, surfactant-
assisted growth method introduced earlier. Colloidal gold seeds (1.5 nm diameter) were first prepared by 
mixing aqueous solutions of CTAB (0.1 M, 9.75 mL) and hydrogen tetrachloroaurate(III) hydrate (0.01 M, 

AQ3
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250 μL). For nanorods to form, we found it necessary to use low-purity CTAB from Fluka (96% purity)* 
[17]. An aqueous solution of sodium borohydride (0.01 M, 600 μL) was added, and the colloidal gold 
seeds were injected into an aqueous “growth solution” of CTAB (0.1 M, 9.5 mL), silver nitrate (0.01 M, 
varying amounts of silver between 20 and 120 μL depending on desired nanorod aspect ratio), hydrogen 
tetrachloroaurate(III) hydrate (0.01 M, 500 μL), and ascorbic acid (0.1 M, 55 μL). Nanorods were purified 
by several cycles of centrifugation and resuspension in ultrapure water. They were then isolated in the 
precipitate, and excess CTAB was removed in the supernatant.

We characterized the physical dimensions of the formed gold nanorods with transmission electron 
microscopy (TEM) and measured the average aspect ratio of the nanorods as 3.4 ± 0.6. We air dried a 
2 μL volume from the stock solution of each sample on a copper grid from Grid Tech© (Cu-400CN). 
Imaging was performed on Hitachi S-5500 TEM at 150 k magnification. A representative image is shown 
in Figure 17.3a. Figure 17.3b shows that the longitudinal plasmon mode of these nanorods was centered 
at 754 nm and the lateral resonance around 520 nm wavelengths.

17.2.3 Preparation of Pegylated gold Nanorods

Given the known cytotoxicity of CTAB surfactant coating, we also explored labeling with a more bio-
compatible coating, PEG-coated gold nanorods. In this case, we purchased gold nanorods having the 
dimensions 39 ± 6 nm × 9 ± 1 nm that were coated with neutravidin-terminated PEG [Ntherapy Gold 
Nanorods, Nanopartz]. The exact size the PEG used in the CTAB dialysis is a trade secret, but the manu-
facturer did specify that it is less than 5 kDa.

17.2.4 Molecular Targeting of Nanorods using Antibodies

To obtain molecularly specific targeting of the CTAB-coated gold nanorods, we functionalized the 
nanorods by adsorbing anti-EGFR antibodies (clone 29.1, Sigma) to the surface of the nanorods. In 
this protocol, the positive surface potential of the gold nanorods was converted to a negative poten-
tial by coating the CTAB nanorods with polystyrene sulfonate (PSS). PSS (MW 14 kD, 10 mg/mL in 

* The CTAB source was found to be critical for success in the gold nanorod synthesis. For nanorods to form using the pub-
lished procedures, it was necessary to use lower-purity CTAB. CTAB from both Fluka (96% purity) and MP Biomedical 
(98% purity) resulted in formation of gold nanorods; however, production of nanorods was not possible using CTAB 
obtained from the following manufacturers: Acros (99% purity), Aldrich (100% purity), and Sigma (99% purity). We 
speculate that this difference is due to degree of purity of the CTAB, but cannot fully understand the reason. However, 
reviewing the literature, it is clear that gold nanorod syntheses have only been reported using the CTAB of lower purity 
from either Fluka or MP Biomedical.
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Figure 17.3 Properties of CTAB-coated gold nanorods used as contrast agents. (a) TEM image of the produced gold 
nanorods indicates an average length and width of 48 ± 6 and 14 ± 2, respectively. (b) The corresponding absorbance spec-
trum of the gold nanorods in aqueous solution. The absorption peaks at 754 and 520 nm correspond to the longitudinal and 
latitudinal resonance, respectively.
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1 mM NaCl solution) was added to the nanorod suspension in a 1:10 volume ratio and allowed to react 
for 30 min. The particles were collected via centrifugation at 2000 g for 30 min, resuspended in NaCl 
(1 mM), and reacted with another aliquot of PSS solution. Following the second PSS incubation, the 
particles were washed twice in water and then resuspended in HEPES (40 mM, pH 7.4) for compatibility 
with the antibody solution. Anti-EGFR antibody was purified using 100 kD MWCO filters (Centricon) 
and resuspended in HEPES (40 mM, pH 7.4, 200 μg/mL). Antibody solution and nanorods were mixed at 
1:1 volume ratio and allowed to interact for 45 min. Polyethylene glycol (PEG, MW 15 kD, 10 mg/mL in 
1× PBS) was then added for stability, and the nanorods centrifuged to remove unbound antibodies. For 
the control, nanorods with unspecific PEG coating were used.

To conjugate the PEG-neutravidin-functionalized gold nanorods, we used biotin-labeled antibodies 
for EGFR (clone 111.6, MS-378-B0, Thermo Scientific). The density of the stock antibody solution was 
200 μg/mL, and the size of an individual antibody is 145 kDa, which gives an approximate antibody 
density of 8.3 × 1014 antibodies/mL. We mixed the GNR808p, antibody, and 40 mM HEPES solution at a 
1:1:4 volume ratio, which results in an interaction of ∼67 antibodies for every nanorod. The mixture was 
allowed to interact for 20 min and then centrifuged at 2000 × g for 30 min to remove unbound antibodies. 
We performed a second washing step, resuspending the pellet in 2 mL of 40 mM HEPES, and centrifug-
ing at 2000 × G for 30 min to further remove unbound antibodies.

17.2.5 Tissue Models

In this work, the targeted gold nanorods were demonstrated as potential contrast agents using two model 
systems: (1) monolayer of cancer cells (either EGFR-overexpressing A431 human epithelial skin cancer 
cells, American Type Culture Collection, or MDA-MB-468 human epithelial breast cancer cells) and 
(2) 3D tissue phantoms. The 3D tissue phantoms were prepared from A431 skin cancer cells cultured 
in DMEM supplemented with 5% fetal bovine serum (FBS, Sigma) incubated at 37°C in a humidified 
5% CO2 incubator. Cells were harvested via trypsinization and resuspended in PBS at a concentration of 
6 × 106 cells/mL. The cell suspension was mixed with either EGFR-targeted or PEG-coated nanorods in 
a 1:1 volume ratio and allowed to interact for 45 min. The cells were then spun down at 200 g for 5 min 
to remove unbound nanorods. The cells were resuspended in a buffered collagen solution at a concentra-
tion of 7.5 × 107 cells/mL. The collagen/cell mix was pipetted into a 500 μm well (Molecular Probes) and 
sealed with a coverslip for imaging.

17.2.6 Multiphoton Microscopy imaging System

The MPL imaging in our studies is performed using two different home-built multiphoton micros-
copy systems, one inverted and the other upright. Both systems were connected to a Ti:sapphire, 
mode-locked laser oscillator (MaiTai, Spectra Physics, Newport). This source has a repetition rate 
of 80 MHz, an excitation wavelength, λx, tunable from 710 to 880 nm, and an average power, Pex, 
of 0.6–1.1 W across the tuning range. The full width at half maximum (FWHM) of the spectral 
bandwidth, Δλ, was measured to be 7.5 nm. Using a time-bandwidth product of 0.44, a transform-
limited pulse with this bandwidth would have an FWHM pulse duration, FWHM τp

FWHM, of 120 fs. 
We measured the 1/e2 diameter of the excitation beam to be approximately 1.5 mm in the vertical 
direction and 1.2 mm in the horizontal direction at the output of the laser oscillator. The slightly 
larger divergence of the smaller (horizontal) axis resulted in the beam shape being relatively circular 
at the position of the objective back aperture. We used two lenses in a Galileo-configuration beam 
expander with focal lengths of 30 and 75 mm for a 2.5× increase in beam size. Two sets of half-wave 
plate and polarizing beam cube are used to control the excitation power. In all experiments, the laser 
was operated at 760 nm.

We used the inverted microscope for single-cell-layer experiments, presented in this chapter. 
Figure 17.4 shows a schematic drawing and a photo of the inverted setup. The laser light is raster 
scanned into the back aperture of a high-NA oil immersion objective lenses (Zeiss 63×/1.4 and Olympus 
40×/1.3) with a set of galvanometric scanning mirrors (6215H, Cambridge Technologies). Emitted 
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light is epi-collected, reflected by a cold mirror (400–700 nm reflectance, HT-1.00, CVI Laser), passed 
through a laser filter (BG-38, Schott, blocks > 700 nm), detected with a cooled GaAsP photomultiplier 
tube (PMT) (H7422-40, Hamamatsu), and assembled into an image in real time with a data acquisition 
card (6111E, National Instruments). Given the response of the PMT and optics used, the system collects 
emission light between 400 and 700 nm. The scan area at each image plane is variable to sizes up to 
150 × 150 μm. The field of view can be scanned into a 512 × 512 pixel image at a rate of 1.5 frames per 
second. The sample can be moved in the axial direction with a piezoelectric actuator (P280, Physik 
Instrumente).

We used the upright microscope for phantom experiments, presented in this chapter. Figure 17.5 shows 
a photo and schematic drawing of the upright multiphoton microscope. The excitation path consists 
of a pair of scanning mirrors, two relay lenses, dichroic mirror, and a long working distance, large 
field-of-view objective lens (20×/0.95 water dipping objective, Olympus). The emission path uses non-
descanned collection, large diameter optics, high-throughput filters, and a sensitive PMT to maximize 
visible-light sensitivity. A customized computer program controls and synchronizes image acquisition, 
mirror scanning, excitation power control, and sample position. The microscope is configured in an 
upright configuration—the sample is placed under the objective—to enable the use of a water dipping 
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Figure 17.4 The inverted laser scanning microscope for nonlinear imaging. (a) Schematic with labeled parts. (b) 
Photograph of actual microscope. The lateral and axial resolutions are 320 and 625 nm, respectively, using the oil immer-
sion, 1.4 NA, 63× Zeiss objective.
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Figure 17.5 The upright laser scanning microscope for deep nonlinear imaging. (a) Schematic with labeled parts. (b) 
Photograph of actual microscope. The lateral and axial resolutions are 320 and 625 nm, respectively, using the water dip-
ping, 0.95 NA, 40× Olympus objective.
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objective and to facilitate future studies involving in vivo animal studies. Imaging is typically performed 
at 1 × 106 pixels per second to match the bandwidth of our preamplifier. This setup was used for deep 
imaging experiments with the tissue phantoms [18].

17.2.7 Toxicity Assay

We performed the toxicity test of the biocompatibility of the gold nanorods using an MTT assay (Promega 
CellTiter Aqueous One kit). Here, the proliferation of A468 cancer cells was assessed after incubation 
with either CTAB-coated or PEG-coated gold nanorods at different concentrations for 24 and 48 h. At 
each time point, the density of cells incubated with each solution was compared to the density of cells 
incubated in DMEM supplemented with 5%–10% FBS. Concentrations in the range 4–4000 pM were 
investigated, and around 100 pM was found sufficient for dense labeling of the cells.

17.3 Results

Here, we present the bright MPL properties of gold nanorods labeling cancer cells, as an attractive 
method to potentially improve tumor contrast for noninvasive diagnostics. First, we present data to 
demonstrate how the bright MPL significantly increases the signal obtained from nonlinear imaging of 
individual cancer cells labeled with molecularly targeted gold nanorods. We then present data validat-
ing that CTAB-produced gold nanorods can be made biocompatible, by capping the particles with PEG. 
Finally, we demonstrate the potential of MPL from molecularly targeted gold nanorods as a diagnostic 
tool in a tissue phantom consisting of cancer cells embedded in a collagen matrix, to simulate in vivo 
tissue.

To show the bright luminescence properties of gold nanorods, we present in Figure 17.6 a com-
parison between the properties of two-photon autofluorescence images of unlabeled cells and MPL 
images of nanorod-labeled human carcinoma skin cells (A431). Unlabeled cells show a relatively 
uniform distribution of two-photon-induced autofluorescence signal throughout cellular cytoplasm 
(Figure 17.6a), using a laser power of 9 mW. On the other hand, images of the cells, labeled with 
EGFR-targeting gold nanorods, show signal mainly in the periphery of the cells and interestingly can 
be acquired using much less laser excitation powers, as low as 0.14 mW (Figure 17.6b). At these low 
powers, the unlabeled cells cannot be visualized at all (Figure 17.6c). The bright rings observed in 
the cells labeled with functionalized gold nanorods are consistent with the expected distribution of 

Pin = 0.14 mW Pin = 0.14 mWPin = 9.00 mW
20 µm

1

0

(a) (b) (c)

Figure 17.6 Multiphoton images of A431 cancer cells without and with labeling of EGFR-targeted gold nanorods 
(length = 48 nm, width = 14 nm) as imaged using the inverted microscope with an oil immersion 63×/1.4 objective lens and 
760 nm excitation wavelength. (a) Two-photon autofluorescence image of unlabeled cells requires 9.00 mW of average laser 
excitation power. (b) MPL images of cells labeled with EGFR-targeted gold nanorods can be obtained using as little as 
0.14 mW of average laser excitation power. The need for 64 times less power to generate the same signal level indicates that 
MPL from nanorods can be more than 4000 times brighter than two-photon autofluorescence from intrinsic fluorophores. 
(c) Two-photon autofluorescence image of unlabeled cells does not generate any signal at 0.14 mW of average laser excita-
tion power used to obtain MPL images.
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EGFR at the cellular membrane and have been reported also in confocal reflectance imaging using 
spherical gold nanoparticles [66]. This result therefore indicates successful labeling and confirms that 
the signal is coming directly from the multiphoton-induced luminescence of gold nanorods. There are 
also several discrete bright spots in the cytoplasm of nanorod-labeled cells that are indicative of endo-
somal uptake of labeled EGFRs inside cells [4,63]. Taken together, these results imply that the cells, 
labeled with functionalized gold nanorods, can be visualized using 64 times less power compared 
to autofluorescence to obtain similar signal levels, and prove the potential of the nanorods as bright 
contrast agents for tumor diagnostics.

To find the optimal excitation wavelength used for excitation of the gold nanorods, we tuned the 
laser excitation wavelength from 710 to 910 nm (data not presented) and found that 760 nm yielded the 
brightest MPL signal from the nanorods. This excitation wavelength corresponds to the longitudinal 
plasmon resonance frequency of the nanorods (Figure 17.3b) and also coincides with the optimal excita-
tion wavelength of autofluorescence of the cells. The intrinsic fluorophores, such as NAD(P)H, flavins, 
retinol, and tryptophan, are mainly responsible for the autofluorescence as they have two-photon cross 
sections that increase with decreasing excitation wavelength from 1000 to 750 nm, and level off around 
750 nm [80]. The similarity of the optimal excitation wavelengths for both the gold nanorods and cellular 
autofluorescence allows a comparison of the two imaging modalities under identical excitation condi-
tions. As we showed earlier, MPL imaging of nanorod-labeled cells requires 64 times less power than the 
autofluorescence of unlabeled cells in order to achieve the similar collected intensity (Figure 17.6). Given 
the quadratic dependence of emission intensity on the incident power, this observation implies that, for 
equal excitation powers, MPL imaging of nanorod-labeled cancer cells can generate more than 4000 
times larger emission signal than two-photon autofluorescence imaging of unlabeled cells.

CTAB is known to be cytotoxic at the concentrations used in nanorod labeling, raising concerns about 
the in vivo use of nanorods for molecular imaging [32,69,70]. To alleviate cytotoxicity concerns, CTAB 
can be exchanged with PEG, a much more biocompatible material, in a dialysis reaction [52]. In this 
study, we compare the biocompatibility of CTAB-coated gold nanorods and PEGylated gold nanorods 
in a cell viability assay (Figure 17.7). This comparison also incorporates gold nanospheres since they 
are synthesized without CTAB and are expected to show no significant cytotoxic effects. Indeed, the 
CTAB-coated nanorod samples exhibit significant cytotoxicity within 24 h at concentrations of 400 pM 
and above. For longer incubation times, above 48 h, even concentrations as low as 40 pM show cytotoxic 
effects. On the other hand, we observe that this toxicity problem can be eliminated by using PEGylated 
gold nanorods. As Figure 17.7 indicates, the PEGylated nanorods have very low cytotoxicity at all con-
centrations after 24 h of incubation. After 48 h exposure, only small effects on cell proliferation are 
observed and only at the highest concentration 4000 pM (data not shown). These results which are in 
agreement with other studies [61] emphasize the importance of taking toxicity into consideration in order 
to avoid unwanted toxic effects using gold nanorods as contrast agents. We can conclude that PEG coat-
ing should be preferentially used to avoid unspecific toxicity.

After 24 h incubation
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Figure 17.7 Cell viability of A468 cancer cells, exposed to various concentrations of gold nanospheres, CTAB-coated 
gold nanorods, and PEGylated gold nanorods for 24 h, is assessed using MTT assay. While the CTAB-coated nanorods 
exhibit strong cytotoxicity above 0.4 nM, the PEGylation is shown to drastically reduce cell death.
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To test the potential of the targeted gold nanorods not only to elevate the luminescence signal of a 
few cells but also luminescence of tissue, we used 3D cellular tissue phantom, mimicking epithelial tis-
sue. The tissue phantom is constructed by human cancer cells (A431) that are labeled with targeted gold 
nanorods and embedded in a collagen matrix. Here, we used the upright microscope with long working 
distance, water dipping objective to facilitate deep tissue imaging because the inverted microscope lim-
its imaging depths to a few tens of microns due to the spherical aberrations and short working distance of 
the oil immersion objective. Figure 17.8 shows the MPL signal of the tissue phantom obtained at different 
depths by performing optical sectioning. The increased PMT gain configuration used in this experi-
ment allowed imaging at 10 times less power than the single-cell-layer experiments presented in Figure 
17.6. To maintain a constant detected intensity throughout the phantoms, we increased the power when 
imaging deeper into the phantom. Even with the addition of gold nanoparticles or nanorods, the tissue 
extinction coefficient is dominated by the tissue scattering. Based on our calculations (unpublished data), 
the mean free path of a 780 nm photon in epithelial tissue only modestly decreases from 99 to 98 μm, 
when comparing the two different cases without or with the presence of nanorods. This approximate 
calculation is consistent with our experiments in which we observed no significant change in extinction 
coefficient in gold-nanorod-labeled tissue phantoms [17]. The ability to perform imaging down to a depth 
of 200 μm demonstrates the potential of gold nanorods to be used as contrast agents without inflicting on 
the maximum imaging depth achievable in biological tissue when performing TPM for in vivo imaging 
and tumor diagnostics.

17.4 Discussion

Here, we demonstrate the potential of gold nanorods as bright nonlinear plasmonic contrast agents 
based on MPL for molecularly targeted imaging of cancer cells. By functionalizing gold nanorods 
with anti-EGFR antibodies, we can molecularly target the cancer cells. The three orders of magnitude 
brighter signal of gold-nanorod-labeled cells as compared to the cell autofluorescence imply that we 
need much less laser excitation powers for in vivo imaging. This technique, therefore, has the potential 
to selectively diagnose tumor cells as the nanorod-targeted tumor cells will appear much brighter com-
pared to the low-autofluorescence, unlabeled background cells, although this experiment still needs to 
be demonstrated.

Within the last couple of years, nonlinear microscopy has gained elevated attention because of its 
potential for becoming a noninvasive diagnostic tool [14,40,56]. While two-photon-induced autofluo-
rescence of tissue may provide some contrast due to the presence of intrinsic fluorophores, such as 
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Figure 17.8 MPL images of a tissue phantom, consisting of cancer cells that are labeled with anti-EGFR-targeted nano-
rods as contrast agents and embedded in a collagen matrix. Imaging was performed using the upright microscope with a 
20×/0.95 NA water dipping objective, allowing deep tissue imaging. The laser excitation power was increased to maintain 
constant emission intensity at each imaging depth.
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NAD(P)H, flavins, retinol, and tryptophan, it exhibits weak emission due to the small values of the two-
photon absorption cross sections on the order of 10−4 to 10−1 GM [80,81]. Second harmonic generation 
(SHG) imaging, being a nonlinear scattering process, can also provide contrast to native structures in 
biological tissues; however, it is restricted to fibrillar structures, such as collagen, axons, muscle fila-
ments, and microtubule assemblies [11].

Exogenous fluorophores could potentially be used as alternative contrast agents to nonlinear imaging 
with only intrinsic fluorophores. Among the brightest of these fluorophores, some organic dyes have 
two-photon action cross sections on the order of 10–100 GM [3,74,81]. Also quantum dots are being con-
sidered as two-photon contrast agents, and extremely large two-photon cross sections of up to 50,000 GM 
have been reported [42]. However, problem with toxicity is the major obstacle of developing organic dyes 
or quantum dots to potential clinically applicable contrast agents. Instead, gold nanoparticles have been 
shown to have minimal cytotoxic effects and are believed to be relatively biocompatible [1,43]. We here 
demonstrate that PEG coating of CTAB-produced gold nanorods enhances their biocompatibility with 
cultured cancer cells.

Our measurements of gold nanoparticle brightness indicate that the effective two-photon absorp-
tion cross section of gold nanorods can be as high as 106 GM (unpublished data). Historically, the 
large multiphoton absorption cross-section values observed in metallic particles were somewhat unex-
pected. Instead, gold particles were known for their quenching of fluorescence rather than exhibiting 
fluorescence emission [41]. The lifetime of excited electrons in metals is extremely fast, on the order 
of tens to hundreds of femtoseconds [7,68], leading to very short emission lifetimes, on the order 
of 10−10 s [10]. Nonetheless, weak luminescence can be obtained. Single-photon-induced lumines-
cence from bulk copper and gold was first reported in 1969 [50]. Later, it was found that roughened 
metal surfaces exhibited much higher luminescence efficiency than smooth surfaces [10]. In 2000, it 
was found that gold nanorods offered dramatically larger quantum yield than bulk gold, which was 
dubbed, the “lightning rod” effect [49]. The results presented here support the hypothesis that the 
presence of a surface plasmon resonance is important to the efficient generation of luminescence from 
gold nanorods.

As gold nanorods exhibit intense optical interaction properties when excited at their plasmon 
resonance, they can preferably be utilized to improve contrast for nonlinear optical technologies. 
Furthermore, the use of bright contrast agents instead of the dim endogenous fluorophores can enable 
imaging using clinically relevant nonlinear endoscopes that are less efficient [29,30]. Thus, the large 
brightness of gold nanoparticles can enable molecularly specific imaging in systems with poor collec-
tion efficiencies and/or limited excitation fluence, such as that typically found in nonlinear endoscopic 
probes [12–15].

17.5 Future trends

To achieve molecularly specific nonlinear imaging of tissues with plasmonic contrast agents, several 
challenges remain. The biggest disadvantage of using gold nanoparticles as contrast agents is their large 
size. While some groups have had success in the topical application of gold nanoparticles by using 
permeation enhancers, such as chitosan [26], the delivery of gold nanoparticles, which are orders of 
magnitude larger than molecular fluorophores, remains a challenge. Therefore, more detailed studies 
exploring the topical delivery and biodistribution of gold particles are necessary to understand the true 
biocompatibility of this class of contrast agents. In addition, further studies on clearance of the com-
pounds are important.

While the large size of gold nanoparticles makes topical delivery and clearance challenging, it can 
actually be advantageous when it comes to intravascular delivery and plasmonic photothermal treatment 
[31]. Because of the leaky vasculature phenomenon, their large size may allow preferentially delivering 
them to the regions of tumors [54]. Their large size may also be beneficial in preferentially heating the 
nanorods. There has been indeed important progress in using gold nanoparticles as therapeutic agents, 
based on the large absorption of gold nanoparticles at NIR wavelengths for targeted thermal therapy 
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[19,27,31,45,53,54]. Excitation of nanoparticles with ultrashort laser pulses opens the possibility for addi-
tional novel laser therapies [5]. Thus, a highly interesting future direction is the combination of diagnos-
tic and therapeutic agents, in the so-called theragnostic contrast agent [57].

In conclusion, we here demonstrate the potential of the combination of nonlinear optical microscopy 
and molecularly targeted gold nanorods for high-resolution diagnostic imaging of cancer cells. By the 
use of nonlinear optical microscopy techniques based on femtosecond laser pulses operating in the opti-
cal window of tissue in the NIR wavelength region, we can perform deep tissue imaging as demonstrated 
by the 3D tissue phantoms. While endogenous fluorophores can visualize tissue morphology, enhanced 
tumor contrast is desirable, which we obtain using gold nanorods that exhibit bright MPL and can be 
molecularly targeted by conjugation to cancer-specific moieties such as antibodies. With some further 
refinement, the technique perhaps has its most important application for noninvasive multiphoton endo-
scopic diagnostics as improved tumor contrast and bright signal will here overcome the poor collection 
efficiencies with these types of miniaturized instruments.
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AUTHOR QUERIES
[AQ1] Please check the shortened running head “Multiphoton Luminescence from Gold Nanoparticles”.
[AQ2] Please check the source line of Figure 17.2 for correctness.
[AQ3]  Would you consider changing “hexadecyltrimethylammonium” to “hexadecyl cetyltrimethyl-

ammonium”? Please check.
[AQ4] Can all instances of the unit “kD” be changed to “kDa”?
[AQ5] Please check if edit in the sentence starting “While some groups …” is ok.
[AQ6] Please check the edit of the author names in Ref. [10] for correctness.
[AQ7] Please provide complete details for Ref. [25].
[AQ8] Please check the inserted publisher location for Ref. [38].
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