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Abstract 

 

Near-infrared narrow-band imaging of gold/silica nanoshells in tumors  

 

 

 

 

Priyaveena Puvanakrishnan, M. S. E 

The University of Texas at Austin, 2009 

 

Supervisor:  James W. Tunnell  

 

Gold nanoshells (GNS) are a new class of nanoparticles that can be optically 

tuned to scatter or absorb light from the near-ultraviolet to near-infrared (NIR) region. 

We used GNS as exogenous contrast agents for enhanced visualization of tumors using 

narrow band imaging (NBI). NBI takes advantage of the strong NIR absorption of GNS 

to distinguish between blood and nanoshells in the tumor by imaging in narrow 

wavelength bands in the visible and NIR, respectively. Using tissue-simulating phantoms, 

we determined the optimum wavelengths to enhance contrast between blood and GNS. 

We then used the optimum wavelengths and performed ex-vivo NBI of tumor xenografts 

that demonstrated tumor specific heterogeneous distribution of GNS with a clear 

distinction from the tumor vasculature. The results of this study demonstrate the 

feasibility of using GNS as contrast agents to visualize tumors using NBI. 
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Chapter 1: Introduction 

 

 Nanoparticles have recently gained enormous interest as exogenous contrast 

agents in a variety of biomedical applications related to cancer detection and treatment. 

Nanoparticles include gold nanorods, gold nanoshells, carbon nanotubes, gold 

nanospheres, metal nanowires, semiconductor quantum dots and other nanoparticles 

produced from a variety of substances. Gold nanoshells (GNS) are a novel class of 

spherical metal nanoparticles consisting of a dielectric silica core surrounded by a thin 

gold shell. GNS have unique optical, chemical and physical properties, which make them 

ideal candidates for molecular and cellular imaging, enhancing cancer detection and 

treatment. 

1.1 OPTICAL PROPERTIES OF GOLD NANOSHELLS 

 

GNS possess a tunable plasmon resonance achieved by changing the ratio of the 

core (silica) to shell (gold) thickness.1 The changes in the optical spectrum of gold/silica 

nanoshells due to the tunable plasmon resonance are shown in Fig. 1.1. As the shell 

thickness is varied on a dielectric core of constant size, the optical absorption is shown to 

shift as a function of shell thickness: as the shell thickness decreases, the optical 

extinction is shifted to longer wavelengths. By varying the absolute size of the particle 

but maintaining the core/shell size ratio, one can determine whether the particle 

resonance will absorb or scatter light. The tunable optical property enables one to 

fabricate GNS as strong absorbers in the near infrared region (NIR) where there is 

minimal absorption of light by biological chromophores and optimal penetration of light 

through tissue.2, 3, 4 
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Figure 1.1: Gold/silica nanoshell resonances as a function of their core/shell thickness 
ratio.1 The core/shell ratio can tune the surface plasmon resonance to the NIR region. 

 

 

The optical cross sections (scattering/absorption cross section) of GNS compare 

well with those of conventional dyes and quantum dots. The absorptivity of a gold 

nanoshell with a 20 nm diameter corresponds to the absorptivity of 40,000 molecules of  

Indocyanine Green (IcG), a dye used as a photosensitizer in photodynamic therapy.5 The 

extinction cross section of GNS with a diameter of 130 nm is one million times greater 

than the extinction cross section of an IcG molecule6, and nearly two times greater than 

the extinction cross section of a CdSe quantum dot with the same radius.7 In addition, the 

optical cross sections of GNS are typically five times the geometric cross section of the 

particle, resulting in an intense interaction with the incident light.8 Due to their large 

optical absorption cross sections, these nanoparticles can absorb large amounts of energy 

when irradiated with a NIR laser and can convert them to heat for treatment of cancers. 
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1.2 PHYSICAL PROPERTIES OF GOLD NANOSHELLS 

 

Gold nanoshells are biologically inert and non-toxic.9 Several studies involving 

mice injected with GNS exhibited no clinical abnormalities or side effects after 

photothermal treatment of tumors accumulated with nanoshells.6, 10, 11 The biologically 

inert surface of GNS also enables bioconjugation with cancer targeting ligands, thus 

facilitating selective binding to in vivo targets.12, 13 Loo et. al successfully bioconjugated 

GNS with HER2 antibodies to target human mammary adenocarcinoma cells in vitro.9 In 

addition to the unique properties of gold nanoshells discussed above, GNS possess strong 

photostability 14 and are thermally stable.15 The high thermal conductivity of gold makes 

them efficient for transferring heat to the surrounding.  

1.3 BIODISTRIBUTION OF GOLD NANOSHELLS 

 

The distribution and accumulation of GNS in tumors depend on whether we use 

passive or active targeting methods. In passive targeting, GNS injected intravenously are 

cleared from the blood by the reticular endothelial system and preferentially accumulate 

in tumors due to the enhanced permeability and retention (EPR) effect.10, 16  The passive 

targeting mechanism depends on the particle’s size and a tumor’s leaky vasculature to 

enable accumulation at tumor sites through the EPR effect.17 In active targeting, the gold 

nanoshell’s surface is functionalized with antibodies or other biomolecules, which bind to 

the surface receptors on tumor cells producing enhanced accumulation at the tumor site.18 

Active targeting of nanoparticles has been demonstrated in vitro with very limited 

evidence in vivo. However, in both targeting mechanisms, the body’s immune system 

hinders the circulation of GNS and clears the particles from the blood stream.19 In order 
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to prevent particle clearance and increase the circulation time of GNS, the surface of gold 

nanoparticles is functionalized with polyethylene glycol (PEG) to stealth the 

nanoparticles from immune surveillance.20 In our present study, we have employed a 

murine model, whereby nanoshells were delivered intravenously through the tail vein and 

accumulated in the tumor through the EPR effect (passive targeting). 

 

One of the main interests for use of GNS in clinical purposes is the particle’s 

biodistribution. The existing imaging and treatment strategies require achieving the 

highest concentration of nanoshells in the target tissue i.e. a tumor, while minimizing 

concentrations in surrounding healthy tissues. The transport of GNS in the physiological  

system arises from a complex environment of physical (passage through vascular 

perforations, diffusion), chemical (antibody binding), and cellular (endocytosis, vacuolar 

transport) processes.21 Recently, a number of in vivo studies have been carried out to 

examine the distribution of nanoshells in various tissues (tumor, muscle, bone) and 

organs (lung, kidney, spleen, liver, brain).22-25  

1.4 GOLD NANOSHELLS AS DIAGNOSTIC AND THERAPEUTIC AGENTS 

 

GNS first showed promise as therapeutic agents for photothermal ablation of cells 

and tumors in murine models based on their strong absorption in the NIR.10, 26 Recently, a 

company has started clinical trials to treat patients with head and neck cancers using GNS 

as therapeutic agents.27 In addition to their potential applications as therapeutic agents, 

GNS have also gained popularity as scattering-based contrast agents in in vitro 28,29 and in 

vivo30 imaging strategies combined with therapy. Targeted gold nanoshell bioconjugates 

demonstrated increased optical contrast for imaging human breast cancer cells using in 

vitro dark field microscopy.12  In addition, GNS with high scattering cross sections have 
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been used as effective contrast enhancement agents in vitro using optical coherence 

tomography.31 Wang et al. demonstrated enhanced contrast between blood vessels and the 

surrounding brain tissue due to GNS absorption using in vivo photoacoustic tomography 

(PAT).32 In vitro tissue phantom studies using optoacoustic imaging33 demonstrated GNS 

as effective absorbing agents providing enhanced contrast. Recently, researchers have 

taken advantage of the two-photon luminescence properties of GNS to image the 3D 

distribution of GNS in tumors15 and image live breast cancer cells with immunotargeted 

GNS using in vitro two-photon microscopy.34 All these imaging techniques demonstrate 

GNS as contrast agents for enhanced visualization of targeted cancer cells at the 

microscopic level or as absorption agents to enhance contrast between blood vessels and 

surrounding tissue. However, in studies involving identification of tumor margins (e.g. 

breast tumor margin detection), one would require a wide-field, non contact method to 

image and resect the positive margins. Our proposed technique uses only two 

wavelengths to image the target tissue in a wide field of view and provides enhanced 

visualization of the chromophores present in the tumor. We use GNS’s strong NIR 

absorption to image the tumor in a wide-field and demonstrate enhanced contrast between 

GNS accumulated in the tumor and the surrounding vasculature using Narrow Band 

Imaging (NBI) technique. We propose that imaging target tissue at a macroscopic level 

using NBI will highlight tumor margins and the surrounding healthy tissue. This will 

ultimately aid in the removal of positive tumor margins without removing the normal 

tissue during surgery. The NBI system developed is simple and easy to operate and is a 

potential technique for combined imaging and therapy.  
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1.5 NARROW-BAND IMAGING COMBINED WITH ENDOSCOPY 

 

In recent years several research groups have used NBI combined with endoscopy 

to differentiate normal and cancerous tissue in the oral cavity,35 esophagus36 and colon.37 

Their technique involves illuminating light in narrow wavelength bands to enhance 

contrast of important endogenous tissue chromophores such as hemoglobin in blood 

vessels. The NBI system is composed of a sequential combination of an electronic 

endoscope and a light source equipped with new narrow-band filters corresponding to 

red, green and blue. The NBI system combined with a magnifying endoscope yielded 

clear images of the capillaries on the mucosal surface.38-41 By illuminating narrow light 

bands of lower wavelengths, one can differentiate vascular patterns and the surrounding 

tissue surfaces with greater visual contrast. Visualization of increased vasculature (i.e. 

angiogenesis) is an important indicator of certain early cancer.42  

1.6 NEAR-INFRARED NARROW-BAND IMAGING OF GOLD NANOSHELLS  

 

Previous studies reported with NBI combined with endoscopy have used 

endogenous chromophores to distinguish normal from cancerous tissue. In our study, we 

report a new application of NIR NBI for imaging tumors using exogenous contrast 

agents. In particular, we report the use of GNS, one of the classes of near-infrared-

absorbing materials available, as the exogenous contrast agent.  We used broadband light 

for illuminating the target and imaged select wavelength bands in the visible (VIS) and 

NIR regions to enhance visualization of hemoglobin and GNS, respectively. We 

combined the absorption properties of hemoglobin and GNS in the respective VIS and 

NIR wavelengths to specifically identify the tumor regions. We quantitatively determined 
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the narrow wavelength bands providing high contrast for hemoglobin and GNS using 

tissue simulating phantoms and found the optimum NBI wavelengths in the VIS and NIR 

to be 540 - 580 nm and 620 - 900 nm, respectively. We performed ex vivo NBI of murine 

tumors accumulated with GNS using two bands: 580 nm for highlighting blood and 810 

nm for highlighting GNS. 
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Chapter 2: Materials and Methods 

 

2.1 NBI SYSTEM 

A schematic of the NBI system is shown in Figure 2.1 (a). We used a quartz-

tungsten-halogen lamp (100 W, Newport Stratford Inc., Stratford, CT) for white light 

illumination (400-1100 nm), a liquid crystal tunable filter (LCTF; Meadowlark Optics 

Inc., Frederick, CO) for wavelength selection and a cooled 12-bit CCD (CoolSnap, 

Photometrics, Tucson, AZ) to collect reflected light.  We used a bifurcated fiber optic 

cable (Dolan Jenner, Boxborough, MA) to focus the light directly onto the sample.  

 

       

      (a)           (b) 

Figure 2.1: a) Schematic of NBI system b) Narrow-band imaging system 

 

The LCTF is a tunable band pass filter that has a full width at half maximum 

(FWHM) of ~5 nm tuned to operate in a wavelength range of 400-1100 nm. The LCTF 
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has a switching speed of less than 100 ms and a transmission of 5 % to 30 %. We 

characterized the basic parameters of the NBI system such as the field of view (FOV), 

spatial resolution and the working distance.  The FOV is the area of the sample that will 

be viewed on the monitor, the working distance is the distance between the LCTF and the 

sample and the spatial resolution is the smallest resolvable feature of a sample. The 

system specifications are shown in table 1. 

 

Parameter Specification 

Field of View (FOV) 3.3 cm 

Resolution 23 µm 

        CCD array size 1392 x 1040 

      Working Distance 14 cm 

Table 1: NBI system specifications 
 
 

2.2 GOLD/SILICA NANOSHELL FABRICATION 
 

We obtained GNS from Nanospectra Biosciences, Inc. (Houston, TX).  The GNS 

fabrication is based on the method of Oldenburg et al.1 Briefly, gold colloids, 1-3 nm in 

diameter, were grown over an aminated 120 ± 12 nm core of colloidal silica (Precision 

Colloids, LLC, Cartersville, GA).  Gold colloid and the particles were then further 

reacted with HAuCl4 in the presence of formaldehyde causing the gold surface to grow 

and coalesce, ultimately forming a complete shell.  The gold surface was then pegylated 

using thiolated polyethylene glycol (SH-PEG) (Laysan Bio, Huntsville, AL) to improve 

stability and blood circulation. GNS formation and dispersion in solution were assessed 

using a UV-Vis spectrophotometer.  
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We designed the particles to have a core size of 120 nm and a shell thickness of 

15 nm resulting in an extinction peak between 800 and 810 nm. Based on the Mie theory 

calculations for these GNS, the absorption cross-section was approximately 25 % of the 

extinction cross-section (approximate scattering cross-section was 5.6 x 104 nm2 and the 

absorption cross-section was 2 x 104 nm2). For passive targeting, we added thiolated 

polyethylene glycol (SH-PEG) (Laysan Bio, Huntsville, AL) to the shell surface by 

combining 5 µM SH-PEG and GNS in deionized water for 12 hr,  followed by 

diafiltration to remove the excess SH-PEG. The GNS were in 1L volume, at a 

concentration of approximately 4 x 109 particles/mL. This corresponds to a particle 

concentration of ~7 pM when 5 µM PEG-SH is added. We used 10% trehalose to 

suspend GNS for injection because GNS exhibit greater long-term stability in trehalose 

compared to PBS. In addition, 10% trehalose is iso-osmotic with blood.  

 

2.3 TISSUE PHANTOMS 
 

To determine the optimum wavelength bands and the GNS detection limit, we 

used tissue simulating phantoms of known optical properties. These phantoms were 

fabricated using polystyrene microspheres (diameter = 1.025 μm; Polysciences, 

Warrington, PA) to simulate scattering and hemoglobin (Sigma, St. Louis, MO) and GNS 

(Nanospectra Biosciences Inc, Houston, TX) to simulate absorption. We used Mie theory 

to calculate the reduced scattering coefficient (μs’(λ)) and a spectrophotometer (DU 720, 

Beckman Coulter, Fullerton, CA) to measure the extinction spectra of oxy hemoglobin 

(Figure 2.2) and GNS (Figure 2.3) .  
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Figure 2.2: Molar extinction spectrum of oxy hemoglobin with Q bands at 540 and 560 
nm. 

 

 

Figure 2.3: UV-VIS extinction spectrum of GNS. A concentration of 2.66 x 109 (100x 
dilution factor) particles/ml produced a peak OD of ~ 1. 

 

We prepared a set of six tissue simulating phantoms as shown in Figure 2.4. 

Phantom 1 (control phantom) contained polystyrene microspheres in de-ionized water 

and phantom 2 (hemoglobin phantom) contained polystyrene microspheres and 
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hemoglobin ([Hb]=2 mg/ml; μa (λ=580 nm) = 0.36 mm-1). Phantoms 3-6 contained 

varying concentrations of GNS (1X, 2X, 5X and 10X, where X refers to 1.14 x 109 

particles/ml) in polystyrene microsphere solutions. All phantoms contained the same 

density of polystyrene microspheres (μs’(λ0 = 630 nm) = 1 mm-1). We used a standard 

digital camera and obtained an image of the tissue phantom matrix (Figure 2.4). 

 

 

Figure 2.4: Matrix of tissue-simulating phantoms. X represents 1.14x 109 GNS/ml. 
 

The range of μa and μs’ for phantoms 3-6 at the peak extinction wavelength of 

GNS (810 nm) was 0.02 – 0.21 mm-1 and 0.82 – 1.38 mm-1, respectively. The μs’ of 

phantoms 3-6 represents scattering from both GNS and polystyrene microspheres at 810 

nm. GNS concentration of 1X represents the physiological concentration shown to 

accumulate in tumors.22,43 We fabricated and imaged one additional GNS phantom with a 

concentration of 0.5X; however, this phantom demonstrated minimal contrast from the 

control phantom.  
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2.4 ANIMAL MODEL 
 

We demonstrate NBI in two tumor xenograft animal models of colorectal cancer. 

In the first model, we used BALB/c mice inoculated with mouse colorectal cancer cells 

(CT26.WT, ATCC #CRL-2638, mouse colon). Tumors were grown to approximately 5 

mm in diameter. The test group (n = 1) of BALB/c mice received 4.5 μl/g of GNS 

solution standardized to an optical density of 100 at 800 nm (2.85 x 1011 particles/ml) 

injected intravenously via the tail vein. The control group (n = 1) received 4.5 μl/g saline 

injections. Previous studies show that the maximum accumulation of GNS in tumors is 24 

hours post injection.22 Therefore, we sacrificed the mice after 24 hr following GNS 

injection and excised the bulk tissue containing the tumor and surrounding normal tissue 

from the mice to expose the subcutaneous side of the tumor for imaging.  

 

We used a second model to demonstrate the feasibility of NBI technique to image 

mouse inoculated with human colon cancer cell lines and to understand the accumulation 

pattern of GNS in tumors. In this model, we used four to five week old Swiss nu/nu mice 

weighing 25-30 g each. Each animal was inoculated subcutaneously with human 

colorectal cancer cells (HCT116, ATCC #CCL-247). The test group (n = 5) received 4.7 

μl/g of GNS solution standardized to an optical density of 97 at 811 nm (2.66 x 1011 

particles/ml) injected intravenously via the tail vein. The control mouse received 4.6 μl/g 

of the trehalose vehicle. We sacrificed the mice after 24 hr following GNS injection and 

excised the bulk tissue containing the tumor from the mice to expose the subcutaneous 

side of the tumor for imaging. 
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Chapter 3: Results 

3.1 OPTIMUM IMAGING WAVELENGTHS 
 

We determined the optimum imaging wavelengths for NBI using tissue-

simulating phantoms. Optimum imaging wavelengths are the wavelengths providing 

maximum contrast between hemoglobin and GNS in the tumor. We collected 

hyperspectral images of the set of tissue-simulating phantoms from the visible to NIR 

regions (500 – 900 nm) to determine the optimum imaging wavelengths. We constructed 

an image cube by collecting intensity images of the phantoms at 22 different wavelengths 

by tuning the LCTF.  

 

In our study, the contrast was evaluated quantitatively and defined as the 

luminance ratio (ratio of the difference between sample intensity (I) and background 

intensity (Ib) to the background intensity (Ib)) according to Weber’s law  (equation 1).44  

 

    (1) 

 

In the contrast calculation, the background intensity is that of the control phantom 

and the sample intensity corresponds to hemoglobin and GNS phantoms. We selected a 

small region of interest (100 x 100 pixels) from the imaged sample for each wavelength 

to calculate contrast for the hemoglobin phantom and one GNS phantom (10X).  

A contrast plot for the hemoglobin phantom and the GNS phantom in the 

wavelengths ranging from 500 – 900 nm is shown in Figure 3.1. The hemoglobin 

phantom contrast peaks at 540 nm and 580 nm, corresponding to the Q-bands of oxy-



 15 

hemoglobin. The hemoglobin phantom contrast is minimal beyond 620 nm. The GNS 

phantom’s contrast remains high throughout, with the peak at approximately 620 nm. The 

contrast peak of the GNS phantom appears to have a blue shift relative to the ~800 nm 

peak observed in the extinction spectra of Figure 2.3. Therefore, the optimum wavelength 

bands for enhancing contrast of hemoglobin and GNS are 540- 580 nm and 620 – 900 

nm, respectively. The subsequent NBI images use two bands: 1) VIS image: 580 nm for 

highlighting blood and 2) NIR image: 810 nm for highlighting GNS. The shaded areas 

seen in Figure 3.1 represent the NBI wavelengths bands. 

 

 

Figure 3.1: Contrast of hemoglobin phantom and GNS phantom in VIS-NIR region. The 
shaded areas represent the NBI wavelengths bands. (VIS image at 580 nm and NIR 
image at 810 nm) 
 

3.2 NBI OF TISSUE PHANTOMS 
 

We collected narrow band images of tissue simulating phantoms to demonstrate 

the concept of NBI using the wavelength bands identified in the previous section. Using 

the standard RGB format, we assigned the red channel to the VIS image and the green 
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channel to the NIR image. The composite NBI image was constructed by overlaying the 

two images as shown in Figure 3.2 (a). The composite narrow band image visually 

provides enhanced contrast of the hemoglobin phantom and the GNS phantom as 

compared to the standard color image shown in Figure 3.2 (b).  

 

 

Figure 3.2: (a) Composite NBI image (b) Standard color image. 1X, 2X, 5X and 10X 
refer to varying GNS concentrations where X is 1.14 x 109 particles/ml. 

 

To further demonstrate the NBI image characteristics, we selected small areas 

from the tissue phantom matrix of VIS and NIR grayscale images and the composite NBI 

image to present the NBI concept (Figure 3.3). We observe high visual contrast of the 

hemoglobin phantom in the VIS grayscale image resulting in a bright red NBI composite 

image for the hemoglobin phantom. The control phantom has relatively little contrast in 

either VIS or NIR band resulting in a bright yellow composite NBI image. The GNS 

phantoms exhibit increasing contrast with higher GNS concentration resulting in an 

increasingly green NBI image as GNS concentration increased.  
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Figure 3.3: NBI images of small areas from tissue phantom matrix to demonstrate NBI 
image characteristics. 

 

These tissue phantoms provide an estimate of the detectable concentration of 

GNS within tissue. The physiological concentration of GNS in tumor (1X) provides at 

least seven times more contrast (20%) from the background noise (3 %) indicated by the 

line in Figure 3.4. The background noise is the ratio of standard deviation to mean signal 

intensity of the control phantom. However, we observe that the concentration of GNS 

providing more than 40 % contrast is between 5X and 10X.   
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Figure 3.4: Contrast provided by GNS phantoms to estimate detectable concentration in 
tissue. The error bars represent the ratio of standard deviation to mean signal intensity for 
different GNS concentrations. The black line represents the background noise. 

 

3.3 NBI OF MURINE TUMORS 
 

We performed ex-vivo NBI of BALB/c mice inoculated with mouse colon cancer 

cells after the passive accumulation of GNS. The tumors and their surrounding normal 

tissue were imaged in the VIS and NIR bands, respectively (Figure 3.5). In the ex-vivo 

VIS images of GNS injected mouse and control mouse, we observe only blood vessels as 

seen in Figures 3.5a and 3.5e, respectively. On the other hand, in the NIR images, where 

the tissue absorption is minimal and the absorption by GNS is maximal, the GNS 

accumulated tumor regions are clearly defined (Figure 3.5b). However, the image of the 

control tumor in Figure 3.5f does not highlight the tumor in the tissue. The composite 

NBI images of the control and GNS injected tumors are shown in Figures 3.5c and 3.5g, 

respectively. We observe from the composite NBI image in Figure 3.5c that the GNS are 

highly specific only to the tumor and not to the surrounding tissue. We also observe that 
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the composite narrow band image enhances the contrast provided by GNS accumulated in 

the tumor compared to the standard color image of the tumor as seen in Figure 3.5d. 

 

 

Figure 3.5: Upper panel: Narrow band images of GNS accumulated colon tumor. (a) 
Grayscale VIS image (580 nm) (b) Grayscale NIR image (810 nm) (c) Composite NBI 
image (d) Standard color image. Lower panel: Narrow band images of control colon 
tumor. (e) Grayscale VIS image (580 nm) (f) Grayscale NIR image (810 nm) (g) 
Composite NBI image (h) Standard color image. 
 
 
 

We performed another set of ex-vivo imaging of Swiss nu/nu mice inoculated with 

human colon cancer cells. Narrow band images of both the control mouse and GNS 

injected mice were collected in both the groups of mice. A small portion from the tumor 

was selected to illustrate the micro-distribution of hemoglobin and GNS using the NBI 

technique. In the ex-vivo NBI images of the first group of mice, the blood vessels are 

clearly visible in the VIS image as seen in Figures 3.6a and 3.6d. In the NIR image of the 

GNS injected mouse, the GNS accumulated tumor regions are clearly visible as dark 
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areas as seen in Figure 3.6b. The control tumor indicates only the blood vessels as seen in 

Figure 3.6d. The advantage of NBI is clearly demonstrated in the composite NBI images.  

 

 

Figure 3.6: Upper panel: Narrow band images of human colon tumor. (a) Grayscale VIS 
image (580 nm) (b) Grayscale NIR image (810 nm) (c) Composite NBI image. The black 
arrows indicate GNS in tumor. Lower panel: Narrow band images of control tumor 
(injected with trehalose). (d) Grayscale VIS image (580 nm) (e) Grayscale NIR image 
(810 nm) (f) Composite NBI image. 

 

The NBI images of three other tumors accumulated with GNS are shown in 

Figure 3.7 demonstrating the various accumulation patterns seen among the tumors. The 

fifth mouse did not show significant particle accumulation by NBI. The black arrows in 

the images indicate focal regions of higher concentrations of the GNS.   
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Figure 3.7: Narrow band images of human colon tumors. (a) Grayscale VIS images (580 
nm) (b) Grayscale NIR images (810 nm) (c) Composite NBI images. Composite NBI 
images illustrating heterogeneous distribution of GNS. The black arrows indicate GNS in 
tumor. 
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Chapter 4:  Discussion 

 

We have demonstrated NIR NBI for imaging GNS systemically delivered to 

tumors. NBI uses a narrow band of wavelengths matched to the chromophores of interest 

to highlight contrast between tissue constituents and exogenous contrast agents. Although 

we have used GNS as the NIR absorbing particle to provide contrast between hemoglobin 

and GNS in tumor, one could use other nanoparticles such as nanorods45 that can be tuned 

to absorb in the NIR or organic dyes such as Indocyanine Green.46 In tissue phantoms 

containing only hemoglobin, we observe peak contrast between 540 and 580 nm (Figure 

3.1) consistent with the absorption peaks of hemoglobin. In tissue phantoms containing 

GNS and no hemoglobin, we observe high contrast throughout the 500-900 nm range 

with a peak at approximately 620 nm. The GNS with a core diameter of 120 nm and a 

shell thickness of 15 nm are anticipated to have an absorption peak around 800 nm.28 

While the peak contrast in tissue phantoms is blue shifted from that of pure GNS in 

solution, the contrast remains high above 600 nm. Therefore, in order to avoid 

hemoglobin absorption contrast and maintain high contrast from GNS, one should choose 

a band greater than ~620 nm. Based on this analysis, hemoglobin contrast can be 

enhanced by selecting bands between 540 – 580 nm and GNS contrast can be enhanced 

by selecting bands between 620 – 850 nm. In addition, as we move from the visible to 

NIR wavelengths, the scattering from tissue decreases, allowing for imaging of GNS at 

greater depths. Therefore, we chose to image tissue phantoms and murine tumors in two 

bands: VIS image (580 nm) and NIR image (810 nm).   

The tissue phantom images obtained using the optimum imaging wavelengths 

demonstrate the concept of NBI (Figure 3.2a). Figure 3.3 depicts the intensity variations 

due to varying concentrations of GNS. In the composite NBI image, we observe the 
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yellow color (control) to correspond to the tissue background. The hemoglobin phantom 

is assigned a red channel to depict the color of blood in tissue. We observe that as the 

concentration of GNS increase, the yellow intensity decreases due to increase in 

absorption which is shown by the increasing intensity of green color. 

 

Figures 3.6 and 3.7 demonstrate magnified ex-vivo images of mice inoculated 

with human colon cancer cells and injected with GNS. We observe GNS labeled in green 

are clearly distinguishable from blood vessels labeled in red. The black arrows highlight 

regions indicating the presence of GNS. The effects of uneven illumination result in the 

greenish background present in some of the composite NBI tumor images (eg. Figure 

3.6c). In these images, the background should ideally be uniformly yellow in color. The 

punctate areas in these composite NBI images are GNS. Improvement in the target 

illumination will eliminate shadows and hot spots in the collected images. Although we 

did not quantify the imaging depth, the imaging depth should be related to tissue optical 

properties. Based on the mean free path (mfp), the imaging depth in the NIR is 

approximately 1 mm (the estimated mfp for rat skin is ~760 µm at 810 nm).47 

 

Although we assume that the average concentration of GNS accumulated in the 

tumor is 1X, GNS tend to accumulate in small focal volumes of high concentrations in 

tumors as seen in Figures 3.6c and 3.7c. The contrast seen in these images can be related 

to the tissue simulating phantoms in Figure 3.3, suggesting the focal areas of high GNS 

contrast have concentrations much higher than 1X. In addition, the heterogeneous 

distribution of GNS suggests that the previously measured average 1X concentration for 

the whole tumor is actually located in focal regions. Although our images only show 

superficial tissue layers, recent studies suggest that GNS accumulate in the tumor 

cortex,48 and therefore, this focal heterogeneous distribution is volumetric, suggesting 
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these “hot spots” may have concentrations many times the volumetric average values 

previously reported. Using NBI, we observed GNS accumulation in four out of the five 

mice represented in composite NBI images in Figures 3.6c and 3.7c. We believe that the 

tumors identified with no accumulated GNS possibly had very minimal particles 

accumulated at the tumor site due to problems with particle delivery. This may be due to 

inadequate delivery of GNS to the tail vein during injection.  

 

We observed a heterogeneous accumulation of GNS in the GNS injected mice. 

Previous studies have demonstrated this heterogeneous nature of GNS distribution in 

tumor. Li et al. imaged the passive accumulation of GNS in murine colon tumors grown 

in BALB/c mice using photoacoustic microscopy and found GNS to accumulate 

heterogeneously in the tumor, characterized by high concentrations in the tumor cortex 

and very low concentrations in the tumor core.48 Park et al. also reported heterogeneous 

nature of GNS accumulation in tumor and found that GNS were located in close 

proximity to blood vessels using two-photon luminescence technique.15 In-vivo thermal 

therapy of GNS accumulated tumor performed by Hirsch et al. have reported that the 

temperature distribution from NIR irradiation is non-uniform due to the diffuse 

distribution of GNS over the tumor.26 Recently, Diagaradjane et al. reported high 

concentrations of GNS within the perivascular region of tumors accounting for the high 

temperature increase in this region that resulted in vascular disruption after radiation 

therapy.49 Further macroscopic NBI imaging could be performed to better understand the 

cause of the varying pattern of GNS accumulation and GNS accumulation specificity 

within the tumor.  

 

The ex-vivo narrow band images of murine colon tumors (Figure 3.5) indicate that 

GNS accumulate only in tumors and not in the surrounding normal tissue, suggesting 
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their specificity to tumors. This demonstrates the potential use of NIR NBI technique for 

identifying GNS accumulations within tissue and suggests several applications to this 

technique. Given that these particles preferentially accumulate at the tumor site, one may 

potentially use NIR NBI clinically to identify tumors and their margins during surgery 

pre- and post-resection. Given the high photothermal efficiency of GNS, NBI may be 

used as a combined imaging and photothermal therapy platform for both identifying and 

ablating tumors, their margins, and residual disease after resection. The narrow band 

images could potentially guide in precise photothermal therapy without causing damage 

to surrounding normal tissue. For basic science applications, the narrow band images of 

tumor accumulated with GNS will aid in understanding the nature of particle distribution 

within the tumor. For example, as metal nanoparticles are actively being studied for 

photothermal treatment of solid tumors, one may wish to use NBI to image particle 

distributions within tumors of a test model (e.g. mouse tumor xenograft). As new 

applications for the use of NIR absorbing nanoparticles are developed, NBI can serve as a 

tool for distinguishing particle locations within tissue.  

 

Although we have demonstrated NBI of GNS that were systemically delivered to 

the animals and passively accumulated in the tumors due to EPR in this study, we intend 

to perform NBI of actively targeted GNS applied topically on tumors. Targeted gold 

nanoparticles accumulate ten times more efficiently than the nontargeted particles in the 

tumor.50 However, systemic delivery results in significantly high levels of GNS 

deposition in the liver and spleen, with a very small quantity (~2 %) reaching the tumor. 

In order to overcome this problem, we hypothesize that the topical application approach 

could possibly reduce the wait time (18-22 hrs) usually associated with post-injection 

imaging. 
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The proposed optical imaging technique is minimally invasive. The NBI system 

has simple instrumentation, is easily portable and is “noncontact” which facilitates 

clinical compatibility particularly in a sterile operating field. While we have 

demonstrated snapshot imaging in the current study, the simplicity of NBI 

instrumentation would allow for video rate imaging. The composite NBI images obtained 

containing the enhanced visualization of blood vessels and GNS will help in 

understanding the extent of angiogenesis at a macroscopic level.  
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Chapter 5: Conclusion 

 

In summary, we have demonstrated that NIR NBI can effectively highlight GNS 

systemically delivered to tumors. We illuminated the target using broad band light and 

collected narrow band of images in the VIS and NIR to highlight absorption of 

hemoglobin and GNS. We quantitatively identified the narrow wavelength bands for 

imaging that provides enhanced visualization of both hemoglobin and GNS in tumors. 

The preliminary results obtained from in vitro and ex vivo imaging are promising and also 

suggest that NIR NBI is a feasible technique to identify positive margins during surgical 

resection of tumors. The identification of tumor regions is a first step to image-guided 

surgical removal of tumor margins or photo thermal therapy. The NBI technique could 

potentially provide a platform for integrated cancer imaging and therapy.  
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