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     Gold nanoparticles (GNP) have been widely used as optical imaging and 

photothermal therapy agents due to their biocompatibility, simplicity of conjugation 

chemistry, optical tunability and efficient light conversion to heat. A number of in vitro 

and in vivo studies have demonstrated that they can be used as effective thermal therapy 

and imaging contrast agents to treat and diagnose cancer. As clinical applications of 

GNPs for cancer imaging and therapy have gained interest, efforts for understanding 

their accumulation kinetics has become more important. Given the recent demonstration 

of intrinsic two-photon induced photoluminescence (TPIP) of gold nanoshells (GNSs) 

and gold nanorods (GNRs), TPIP imaging is an efficient tool for investigating the 

microscopic distribution of the GNPs at intra-organ level.  

     The following work explores these GNPs’ physical and optical properties for 

effective use of GNPs in TPIP imaging and examines the feasibility of using intrinsic 
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TPIP imaging to investigate GNP’s biodistribution in bulk tumors and thin tissue slices 

processed for standard histology. Our results showed that GNPs yield a strong TPIP 

signal, and we found that the direct luminescence-based contrast imaging of GNPs can 

image both GNPs and nuclei, cytoplasm or vasculature simultaneously.  

     Also, we present the effect of GNP morphology on their distribution within organs. 

Collected images showed that GNPs had a heterogeneous distribution with higher 

accumulation at the tumor periphery. However, GNRs had deeper penetration into tumor 

than GNRs due to their shape and size. In addition, GNPs were observed in unique 

patterns close to vasculature.  

     Finally, we introduce single- and multiple-dose administrations of GNPs as a way of 

increasing GNP accumulation in tumor. Our results show that multiple dosing can 

increase GNP accumulation in tumor 1.6 to 2 times more than single dosing. Histological 

analysis also demonstrated that there were no signs of acute toxicity in tumor, liver and 

spleen excised from the mice receiving 1 injection, 5 injections of GNPs and trehalose 

injection. 

 

 
 
 
 
 
 



viii 
 

Table of Contents 
 

List of Tables ............................................................................................................................. xi 

List of Figures ........................................................................................................................... xii 

Chapter 1. Gold Nanoshells and Nanorods as Nanovectors .............................. 1 

   1.1  Introduction ............................................................................................................... 1 

   1.2  Gold Nanoparticles as Photothermal Therapy Agents .............................................. 3 

   1.3  Gold Nanoparticles as Optical Imaging Contrast Agents ......................................... 4 

Chapter 2. Photo-Physical Properties of Gold Nanoshells and Nanorods ....... 7 

   2.1  Introduction ............................................................................................................... 7 

   2.2  Materials and Methods .............................................................................................. 8 

        2.2.1  Synthesis of Gold Nanoparticles ....................................................................... 8 

        2.2.2  Measurement of Quadratic Dependence ......................................................... 11 

        2.2.3  Brightness Characterization ............................................................................ 12 

        2.2.4  Damage Threshold of Gold Nanoparticles ..................................................... 13 

        2.2.5  Imaging Depth Characterization ..................................................................... 13 

   2.3  Results ..................................................................................................................... 14 

        2.3.1  Nonlinear Property of Gold Nanoparticles ..................................................... 14 

        2.3.2  Brightness Characterization ............................................................................ 15 

        2.3.3  Damage Threshold of Gold Nanoparticles ..................................................... 17 

        2.3.4  Imaging Depth Characterization ..................................................................... 19 

   2.4  Conclusion and Discussion ..................................................................................... 22 

 

 



ix 
 

Chapter 3. TPIP Imaging of Bulk Tumors Using Gold Nanoshells ................ 23 

   3.1  Introduction ............................................................................................................. 23 

   3.2  Materials and Methods ............................................................................................ 24 

        3.2.1  Multi-Photon Microscopy ............................................................................... 24 

        3.2.2  3D visualization and multiplexed imaging ..................................................... 26 

        3.2.3  Cell Lines and Animal Subjects ...................................................................... 27 

            3.2.3.1  Mouse Colon Tumor ................................................................................ 27 

            3.2.3.2  Human Colorectal Tumor ........................................................................ 28 

   3.3  Results ..................................................................................................................... 29 

        3.3.1  TPIP Images of Mouse Colon Tumor ............................................................. 29 

        3.3.2  TPIP Images of Human Colorectal Tumor ..................................................... 32 

   3.4  Conclusion and Discussion ..................................................................................... 36 

Chapter 4. Intra-Organ Biodistribution of Gold Nanoshells and Nanorods . 38 

   4.1  Introduction ............................................................................................................. 38 

   4.2  Materials and Methods ............................................................................................ 39 

        4.2.1  Slide Staining Protocol ................................................................................... 39 

        4.2.2  Cell Lines and Animal Subjects ...................................................................... 40 

   4.3  Results ..................................................................................................................... 41 

        4.3.1  Multiplexed Imaging ....................................................................................... 41 

        4.3.2  Luminescence Images of H&E Stained Tumor Slices .................................... 43 

        4.3.3  Luminescence Images of YOYO-and IHC-Stained Tumor Slices ................. 46 

            4.3.3.1  Luminescence images of control tumor ................................................... 46 

            4.3.3.2  Luminescence images of GNS-injected tumor ........................................ 47 

            4.3.3.3  Luminescence images of GNR-injected tumor ........................................ 50 

        4.3.4  Luminescence Images of H&E-stained Liver and Spleen Slices .................... 54 

   4.4  Conclusion and Discussion ..................................................................................... 56 
 



x 
 

Chapter 5. Single- and Multiple-Dose Administrations of Gold Nanoparticles .. 59 
   5.1  Introduction ............................................................................................................. 59 

   5.2  Materials and Methods ............................................................................................ 60 

        5.2.1  Cell Lines and Animal Subjects   .................................................................... 60 

        5.2.2  Histology ......................................................................................................... 61 

        5.2.3  Neutron Activation Analysis ........................................................................... 62 

   5.3  Results ..................................................................................................................... 63 

        5.3.1  TPIP Images of Trehalose-Injected Mice ....................................................... 63 

        5.3.2  TPIP Images of Single-Dose Administered Mice ........................................... 65 

        5.3.3  TPIP Images of Multiple-Dose Administered Mice ....................................... 68 

        5.3.4  Neutron Activation Analysis ........................................................................... 79 

        5.3.5  Histological Analysis ...................................................................................... 82 

   5.4  Conclusion and Discussion ..................................................................................... 84 

Chapter 6. Conclusions ........................................................................................ 86 

   6.1  Summary ................................................................................................................. 86 

   6.2  Future Work ............................................................................................................ 88 

Bibliography ......................................................................................................... 89 

VITA  ..................................................................................................................... 96 

 

 

 

 

 

 

 



xi 
 

List of Tables 
 

Table 3.1: Animal use table  ............................................................................................. 61 

Table 5.1: NAA data of single- and multiple-dose administered mice ............................ 80 

 

 

 

 

 

 
  



xii 
 

List of Figures 
 
Figure 1.1: Surface plasmon resonance tunability of the gold nanoparticles. (a) Silica 

core-gold shell nanoshell resonances as a function of their core/shell thickness ratio (Loo, 

Lin et al. 2004). (b) Surface plasmon absorption spectra of 35 nm diameter gold nanorods 

with different aspect ratios (Huang, El-Sayed et al. 2006). .................................................... 6 

Figure 2.1: Properties of the gold nanoshells and nanorods used for this study. (a) TEM 

image of synthesized gold nanoshells with average diameter of 135 ± 15 nm. (b) 

Extinction spectra of gold nanoshells. (c) TEM image of gold nanorods with average 

width of 7.3 nm ± 0.8 nm, length of 24.0 nm ± 3.9 nm and average aspect ratio of 3.3. (d) 

Extinction spectra of gold nanorods. ........................................................................................ 11 

Figure 2.2: Nonlinear property of TPIP from gold nanoshells. (a) Quadratic dependence 

of luminescence intensity on the excitation power at 780 nm, which confirms the two-

photon luminescence process. Error bars represent standard deviation (n=3). (b) 

Luminescence emission spectrum of gold nanoshells in solution. ....................................... 15 

Figure 2.3: Brightness characterization. (a) TPIP images of single nanoparticles. (b) 

Brightness ratio of GNS, GNR to FB. Single GNRs produce 160 times brighter signal 

than single FBs, and single GNSs are 140 brighter than single FBs.  ................................. 17 

Figure 2.4: TEM images of gold nanoshells irradiated with 0.8 to 12.5 mW incident laser 

powers. (a), (b) Intact nanoshells. (c) Nanoshell’s debris was found. (d), (e) Melted gold 

shells and silica cores were shown after 12.5 mW irradiation. (Scale bar: 200 nm) ......... 18 

Figure 2.5: TEM images of gold nanorods irradiated with 0.8 to 17.5 mW incident laser 

powers. (a), (b) Intact nanorods. (c) Slightly damaged nanorod was found. (d), (e) 



xiii 
 

Heavily deformed gold nanorods were shown after 17.5 mW irradiation. (Scale bar: 50 

nm) ................................................................................................................................................ 19 

Figure 2.6: Measurement of the depth limit. (a) TPIP image of the particles embedded in 

a bulk tumor. Mean of pixel values in the yellow window is I_of and the brightness at the 

center of the particle in orange box is I_f. (b) Intensity of TPIP at the center of the gold 

nanoparticle. ................................................................................................................................ 20 

Figure 2.7: Normalized intensity of TPIP of gold nanoshells (a) and gold nanorods (b) as 

a function of imaging depth....................................................................................................... 21 

Figure 3.1: Schematic of the custom-built NIR laser scanning multi-photon microscopy.  

 ....................................................................................................................................................... 25 

Figure 3.2: Standard white light images and TPIP images from subcutaneous tumors. (a), 

(c) White light images of tumor with and without gold nanoshells. (b), (d) TPIP images 

of tumors with and without gold nanoshells. TPIP imaging clearly demonstrates GNSs 

accumulated in tumor ................................................................................................................. 30 

Figure 3.3: TPIP images of distribution of gold nanoshells in tumor. (a) 3D TPIP image 

of gold nanoshell-injected tumor. (b) x-y (en-face) plane image of TPIP with field of 

view of 124 µm x 124 µm. (c) x-z (cross-sectional) plane image of TPIP in tumor from 

surface (0 µm) down to 150 µm deep ...................................................................................... 31 

Figure 3.4: 3D visualization of nanoshells (green) and blood vessels (red) in tumor. (a) z-

projection of x-y images. (Red: fluorescein in blood vessels, Green: gold nanoshells) (b) 

y-projection of x-z images with field of view 198 µm x 80 µm. (c)–(f) 3D images of old 

nanoshells in tumor at different rotational angles. These images confirm GNS’s 

perivascular accumulation. ........................................................................................................ 32 



xiv 
 

Figure 3.5: TPIP images of gold nanoshells in tumor with extended field of view. (a) en-

face image with field of view of 550 µm x 550 µm. (b) Cross-sectional image with the 

imaging depth of 145 µm. (c), (d) 3D images at different rotational angles. (e) White light 

image of tumor ............................................................................................................................ 33 

Figure 3.6: TPIP images of gold nanoshells (yellow) and acriflavine-stained nuclei 

(green) at different depths. GNSs were shown from surface to 150 µm depth, which 

indicated their peripheral accumulation ................................................................................... 35 

Figure 4.1: Emission spectra of the dyes used in this study and GNS luminescence 

emission. (     : YOYO-1 iodide,     : Fluorescein-dextran,     : Eosin Y,      : GNS 

luminescence, and       : 510 and 700 nm band pass filter’s transmittance). Because these 

dyes’ fluorescence emission peaks were around 500-550 nm, these fluorescence signals 

and GNS luminescence were separated by two BPFs with center wavelength of 510 nm 

and 700 nm .................................................................................................................................. 42 

Figure 4.2:  Co-registered TPIP images. (a) TPIP image of blood vessels measured 

through a 510 nm BPF. (b) TPIP image of GNSs measured via a 700 nm BPF. (c) Co-

registered image of (a) and (b). Images measured through 510 nm and 700 nm BPFs were 

assigned to different channels (i.e. blood vessels to red channel and GNS to green 

channel) and co-registered to demonstrate both on the same image .................................... 43 

Figure 4.3: Light microscopy and TPIP images of tumor slices stained with hematoxylin 

and eosin. (a), (c), and (e) White light microscopy images of control tumor and GNS- and 

GNR-injected mice. (Pink: cytoplasm stained with eosin, Dark blue: nuclei stained with 

hematoxylin). (b), (d), and (f) TPIP images of Group 1, 2, and 3. (Green: cytoplasm 

stained with eosin, Yellow: GNSs and GNRs). While light microscopy images did not 

show any GNPs in tissue slices, TPIP images clearly visualized cytoplasm (green) and 

GNPs (yellow) ............................................................................................................................. 45 



xv 
 

Figure 4.4: TPIP images of control tumor slices with nuclei staining (a) and blood vessel 

staining (b). (Green: nuclei, Red: blood vessels). GNP TPIP was not present in any of the 

seven mice in Group 1 which served as control and received trehalose only. Fluorescence 

from the fluorescein stained blood vessels was clearly shown in Figure 4.4 (b) while GNP 

TPIP signals from the control tumor were not detected ........................................................ 47 

Figure 4.5: TPIP images of GNS-injected mice with nuclei staining (YOYO-1 iodide 

staining). (a), (b) TPIP images with FOV of 900 µm x 900 µm and 46 µm x 46 µm 

respectively. (c) Combined image with FOV of 9 mm x 7.5 mm. (Green: nuclei, Yellow: 

GNSs). Images provide clear visualization of peripheral accumulation of GNSs at the 

tumor site ..................................................................................................................................... 49 

Figure 4.6: TPIP images of GNS-injected mice with blood vessel staining (CD31-

immunofluorescence staining). (a), (b) TPIP images with FOV of 280 µm x 280 µm. (c) 

Combined image with FOV of 380 µm x 380 µm. (Red: blood vessels, Yellow: GNSs). 

GNSs accumulated at perivascular regions and short distance away from the vessels 

within the tumor .......................................................................................................................... 50 

Figure 4.7: TPIP images of GNR-injected mice with nuclei staining (YOYO-1 iodide). (a) 

TPIP image with FOV of 1 mm x 510 µm. (b) TPIP image with FOV of 720 µm x 490 

µm measured at the distance of approximately 100 µm inside the tumor edge. (Green: 

nuclei, Yellow: GNRs). GNRs have thicker annular accumulation at the tumor cortex 

than GNSs .................................................................................................................................... 52 

Figure 4.8: TPIP images of GNR-injected mice with blood vessel staining (CD31-

immunofluorescence staining). (a) TPIP image with FOV of 790 µm x 520 µm. (b) TPIP 

image with FOV of 1.56 mm x 530 µm. (Red: blood vessels, Yellow: GNRs). Like 

GNS’s perivascular accumulation, GNRs were also observed in the perivascular region.  

 ....................................................................................................................................................... 53 



xvi 
 

Figure 4.9: Light microscopy and TPIP images of liver and spleen slices stained with 

hematoxylin and eosin. (a) and (e) Light microscopy images of liver and spleen of GNS-

injected mice. (c) and (g) Light microscopy images of GNR-injected mice. (Pink: 

cytoplasm stained with eosin, Dark blue: nuclei stained with hematoxylin). (b) and (f) 

TPIP images of liver and spleen of GNS-injected mice. (d) and (h) TPIP images of liver 

and spleen of GNR-injected mice. (Green: cytoplasm stained with eosin, Yellow: GNSs 

and GNRs). While TPIP images show GNPs clearly with high contrast, light microscopy 

images could not distinguish GNPs in the slices .................................................................... 55 

Figure 5.1: TPIP images of control tumor (a), liver (b) and spleen (c) with nuclei staining 

(Green: nuclei). GNP TPIP was not present in any of the three mice in Group 5, which 

served as control and received trehalose only ......................................................................... 64 

Figure 5.2: TPIP images of spleen and liver stained with YOYO-1 iodide. There were no 

significant differences between GNS- and GNR-injected mice in liver and spleen in terms 

of GNP’s distribution patterns and concentrations. All GNPs in these organs appeared 

aggregated, and most GNPs accumulated in liver seemed to be elongated. (Green: nuclei, 

Yellow: GNSs and GNRs)  ........................................................................................................ 66 

Figure 5.3: TPIP images of tumors injected with GNSs (a) and GNRs (b). Both GNSs 

and GNRs had higher accumulation at the tumor cortex than tumor core; however, GNRs 

penetrated deeper into tumors than GNSs. (Green: nuclei, Yellow: GNSs and GNRs) ... 67 

Figure 5.4: TPIP images of spleen and liver of Group 3 (5 injections of GNSs) and 4 (5 

injections of GNRs). GNS’s distribution in spleen and liver was similar to GNRs, and 

there were no differences between single- (Figure 5.2) and multiple-dose administrations 

(Figure 5.4) in terms of their distribution patterns. (Green: nuclei, Yellow: GNSs and 

GNRs) ........................................................................................................................................... 69 



xvii 
 

Figure 5.5: Schematic of tumor. (a) Cross-sectional view of the tumor with length of 

9.25 mm and width of 4.75 mm. (b) Map of the areas where TPIP images were taken ... 70 

Figure 5.6 (1): TPIP images of tumor receiving 5 injections of GNRs. TPIP images of 

Area #1 and #2 were shown, and perivascular accumulation of GNRs was found in Area 

#1. (Green: nuclei, Yellow: GNRs) .......................................................................................... 72 

Figure 5.6 (2): TPIP images of tumor receiving 5 injections of GNRs. Higher 

accumulation of GNRs was found in Area #3.  (Green: nuclei, Yellow: GNRs) .............. 73 

Figure 5.6 (3): TPIP images of tumor receiving 5 injections of GNRs. GNRs were found 

even in tumor core (or near the core). (Green: nuclei, Yellow: GNRs) .............................. 74 

Figure 5.6 (4): TPIP images of Area #7 and #8. .................................................................... 75 

Figure 5.7 (1): Schematic of tumor indicating the area where TPIP images were 

measured and TPIP images of Area #1 demonstrating GNS’s peripheral accumulation. 

(Green: nuclei, Yellow: GNSs) ................................................................................................. 76 

Figure 5.7 (2): TPIP images of tumor receiving 5 injections of GNSs. Many GNSs were 

found at the tumor cortex.. (Green: nuclei, Yellow: GNSs) ................................................. 77 

Figure 5.7 (3): TPIP images of tumor receiving 5 injections of GNSs. Area #4 had higher 

accumulation of GNSs, while small amount of GNSs was found in tumor core (Area #5, 

#7 and #8). (Green: nuclei, Yellow: GNSs) ............................................................................ 78 

Figure 5.8: Gold concentration in tumor and liver. (a), (b) GNR concentration in tumor 

and liver receiving 1 injection and 5 injections. (c), (d) GNS concentration in tumor and 

liver administered with single dose and multiple doses of GNSs. These bar graphs 

represent average numbers of GNPs/g of tissue and error bars indicate standard deviation

 ....................................................................................................................................................... 81 



xviii 
 

Figure 5.9: Light microscopy images of tumor (a), liver (b) and spleen (c) for 

histopathological analysis. Each column shows the histological slides of trehalose, GNR 

and GNS injected mice. No significant differences in histological appearance were 

observed in all samples and no substantial signs of toxicity such as inflammation, edema, 

sinusoidal dilation and necrosis were found. .......................................................................... 83 

 

   



 

1 
 

 

 

 

Chapter 1 

Gold Nanoshells and Nanorods as Nanovectors 

 

1.1  Introduction 

 

     As a novel cancer management strategy, nanotechnology exploiting gold 

nanoparticles (GNPs) has gained great interest due to GNP’s highly desirable spectral 

and molecular properties. Much of the promise in this relies not only on their 

therapeutic effect but also their diagnostic potential. Ferrari et al. described these 

combined technologies as “nanovectors” that incorporate mechanisms for targeting, 

imaging and therapy into a single agent (Ferrari 2005). Gold nanoparticles (GNPs) such 

as gold nanoshells (GNSs) and gold nanorods (GNRs) have been introduced as a new 

class of materials with unique optical and molecular properties suitable for combining 

these three components. GNSs consist of a dielectric silica core covered with a gold 

shell, whereby the core/shell ratio can tune the surface plasmon resonance (SPR) to the 
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near-infrared (NIR) where light penetration in tissue is optimal (Averitt, Sarkar et al. 

1997; Oldenburg, Averitt et al. 1998; Oldenburg, Hale et al. 1999; Prodan and 

Nordlander 2003). In the case of GNRs, rod shaped gold nanoparticles, it has been 

known that the various aspect ratios allow tunable SPR (Link and El-Sayed 1999; Kelly, 

Coronado et al. 2003; Murphy, Sau et al. 2005). Given their gold surface, they are 

molecularly stable, provide surface chemistries suitable for bioconjugation of cancer 

targeting biomarkers and efficiently convert light to heat for photothermal therapy.  

     As clinical applications of GNPs for cancer imaging and therapy have gained interest, 

efforts for understanding the kinetics of their delivery and targeting to tumors has 

become more important. Several studies have reported organ-level biodistribution 

demonstrating primary accumulation within the tumor, liver, lung and spleen (James, 

Hirsch et al. 2007; von Maltzahn, Park et al. 2009). Although these studies have 

demonstrated the organ-level biodistribution of GNPs, there are still limited reports 

available for explaining their intra-organ biodistribution. Understanding of these 

particles’ distributions and biotransport at the intra-organ level will provide guidance 

for dosimetry in photothermal therapy and aid design of nanovectors for drug delivery, 

diagnostics and biomedical imaging. For example, distribution patterns that are 

homogeneous versus localized at the tumor cortex would affect the selection of 

appropriate laser dosimetry to reduce normal tissue damage and improve thermal 

therapy efficacy.  Given recent demonstrations of the intrinsic two-photon induced 

photoluminescence (TPIP) contrast of GNSs and GNRs, multi-photon microscopy is an 
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ideal tool for studying the microscopic distribution of the GNPs in whole tissue. The 

work presented here investigates the microscopic distribution of GNPs at the intra-

organ level using intrinsic TPIP imaging. The following section reviews GNP’s optical 

and therapeutic applications, and the photo-physical properties of GNPs are introduced 

in Chapter 2 to characterize their physical and optical properties for TPIP imaging. In 

Chapter 3 and 4, the effect of GNP morphology on their biodistribution within organ is 

discussed using multiplexed, three dimensional TPIP images with high resolution. 

Lastly, single- and multiple-dose administrations of GNP are compared for effective 

particle accumulation at tumor sites in Chapter 5.   

 

1.2  Gold Nanoparticles as Photothermal Therapy Agents 

 

     Current applications of GNPs as therapeutic agents have focused on laser induced 

photothermal therapy. Due to their large optical absorption cross sections, these 

nanoparticles can absorb large amounts of energy when irradiated with a NIR laser, and 

that energy is quickly converted to heat. Thermal therapy applications of GNSs have 

been demonstrated in both in vitro cell culture and in vivo murine models (Hirsch, 

Stafford et al. 2003). GNSs have been known to accumulate at the tumor site via the 

enhanced permeability and retention (EPR) effect (Maeda, Fang et al. 2003), a common 

drug delivery mechanism used for macromolecules. GNSs in solution delivered 
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intravenously will preferentially accumulate at the tumor site by extravasating through 

leaky neo-vasculature. Subsequent NIR irradiation of the tumor site leads to 

photothermal ablation and eventual tumor clearance. Several studies have demonstrated 

the efficiency of this treatment in murine survival studies (O'Neal, Hirsch et al. 2004; 

Gobin, Lee et al. 2007). For GNR application, in vitro selective photothermal therapy 

(Huang, El-Sayed et al. 2006; Huang, Jain et al. 2006) and hyperthermic effects of 

GNRs on tumor cells (El-Sayed, Huang et al. 2006; Huff, Tong et al. 2007) have been 

investigated.  

 

1.3  Gold Nanoparticles as Optical Imaging Contrast Agents 

 

     GNPs have been explored as a number of in vitro and in vivo scattering- and 

absorption-based imaging contrast agents due to given their high optical absorption/ 

scattering cross sections and tunable optical properties illustrated in Figure 1.1. For 

GNS’s imaging applications, dark field microscopy (Loo, Lin et al. 2004; Loo, Hirsch 

et al. 2005), optical coherence tomography (Gobin, Lee et al. 2007), NIR diffuse optical 

tomography (Wu, Liang et al. 2005), diffuse optical spectroscopy (Zaman, Diagaradjane 

et al. 2007) and narrow-band imaging system (Puvanakrishnan, Park et al. 2009) have 

benefitted from GNS’s scattering and absorption properties. For GNR’s imaging 

applications, dark field microscopy (Huang, El-Sayed et al. 2006), photoacoustic 
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imaging (Eghtedari, Oraevsky et al. 2007) and confocal reflectance microscopy (Zhou, 

Wu et al. 2010) have been exploited. While these imaging techniques show great 

promise, direct luminescence-based imaging of metal nanoparticles provides high 

background rejection and signal-to-noise ratios enabling imaging relatively deep within 

tissue in addition to multiplexing of various tissue components. For these reasons, SPR 

enhancement of luminescence of nanoparticles has recently been extended for 

biological imaging.  

     The recent finding that GNPs exhibit bright luminescence allows direct imaging of 

these particles within tissue. It has been demonstrated that strong NIR excited TPIP 

from a single GNR was 58 times brighter than a single rhodamine 6G molecule (Wang, 

Huff et al. 2005) and GNSs produced 140 times brighter signal than fluorescent beads, 

100 nm diameter polystyrene beads covered with fluorescein molecules, with the same 

incident power (Park, Estrada et al. 2008). This strong TPIP has been used to image 

molecularly targeted GNRs for cancer cells in vitro (Durr, Larson et al. 2007) and to 

image GNRs flowing in a mouse ear blood vessel in vivo (Wang, Huff et al. 2005; Tong, 

He et al. 2009). It has also been used to demonstrate GNS’s microscopic distribution in 

bulk tissue ex vivo (Park, Estrada et al. 2008) and to image anti-HER2-conjugated 

GNSs in vitro (Bickford, Sun et al. 2008).  
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Figure 1.1: Surface plasmon resonance tunability of the gold nanoparticles. (a) Silica 

core-gold shell nanoshell resonances as a function of their core/shell thickness ratio 

(Loo, Lin et al. 2004). (b) Surface plasmon absorption spectra of 35 nm diameter gold 

nanorods with different aspect ratios (Huang, El-Sayed et al. 2006).  
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Chapter 2 

Photo-Physical Properties of  
Gold Nanoshells and Nanorods 

 

2.1  Introduction 

 

     Historically, direct luminescence measurements from metals have been difficult due 

to metal’s small quantum yields. Single-photon induced photoluminescence (SPIP) 

from gold and copper was first reported by Mooradian in 1969 (Mooradian 1969). This 

researcher described the photoluminescence process as the radiative recombination of 

excited electrons in the sp-band and holes in the d-band (Imura, Nagahara et al. 2005). 

Subsequently, Boyd et al. (Boyd, Yu et al. 1986) investigated SPIP and TPIP from 

smooth and roughened metal surfaces. They reported significant enhancement of TPIP 

intensity (~ 106) from the roughened surfaces of copper and gold, and attributed this 

enhancement to efficient coupling of the localized SPRs. With recent advancements in 
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the fabrication of nanoparticles with strong SPR in the NIR, GNP’s luminescence 

enhancement has been used for biological imaging.  

     In addition, two-photon imaging is a powerful technique for the early diagnosis of 

epithelial cancers because it permits noninvasive imaging of sub-cellular features a few 

hundred micrometers deep into tissue (Masters, So et al. 1998; Koenig and Riemann 

2003; Zipfel, Williams et al. 2003). Given these merits, TPIP imaging can be 

conceivable as a good candidate for investigation of GNP distribution. For effective use 

of GNPs as a TPIP-based imaging contrast agent, this chapter investigates the physical 

and optical properties of GNPs. 

 

2.2  Materials and Methods 

 

2.2.1   Synthesis of Gold Nanoparticles 

     The following procedures describe the methods for the fabrication of GNS and GNR 

used in this study. GNS were synthesized using the seed-mediated method. The core of 

the particle (120 nm diameter) was made of colloidal silica. Nanoscale gold colloid (1-3 

nm) was grown using the method of Duff et al. (Duff, Baiker et al. 1993). This colloid 

was aged for 2 weeks at 4 ˚C; then, aminated silica particles were added to the gold 

colloid suspension. Gold colloid adsorbed to the amine groups on the silica surface, 

resulting in a silica particle covered with gold colloid as nucleating sites. Gold-silica 



 

9 
 

GNSs were then grown by reacting hydrogen tetrachloroaurate (III) hydrate with the 

silica-colloid particles in the presence of formaldehyde. This process reduced additional 

gold onto the adsorbed colloid, which act as nucleation sites, causing the surface colloid 

to grow and coalesce with neighboring colloid, forming a complete metal shell. GNS 

formation and dispersion in solution were assessed using a UV-Vis spectrophotometer. 

GNS for this study were designed to have 120 nm core diameters and a 15 nm thick 

shell resulting in an absorption peak between 780 and 800 nm. For in vivo use, a layer 

of 5,000 MW poly(ethylene glycol) was added to the exterior shell through a thiol bond, 

and the particles were suspended in an iso-osmotic solution of 10 % (wt/v) trehalose. To 

prevent changes in osmotic pressure in the bloodstream, 0.9 % saline is commonly used; 

however, GNSs tend to aggregate in the presence of salt. Therefore, isotonic sugar 

solution, trehalose, was used in this study. Prior to injecting GNS into mice, the solution 

was sterilized by passing through a 0.45 µm filter (12993, Pall Corporation). For all the 

samples we have tested with a total bioburden assay (aerobic and anaerobic, and 

sporeformers), the 0.45um filter has removed all bioburden. A transmission electron 

microscopy (TEM) image of synthesized GNS and its extinction spectra are shown in 

Figure 2.1 (a) and (b). 

     GNR were synthesized in a two-step procedure adapted from the work of Huang et 

al. (Huang, El-Sayed et al. 2006). Small (~ 1.5 nm) gold seeds were prepared, and these 

seeds were injected into a growth solution containing silver and gold ions, ascorbic acid, 

and two surfactants, BDAC (benzyldimethylammonium chloride) and CTAB 
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(cetyltrimethylammonium bromide). Seeds were nucleated by reducing the gold in an 

aqueous solution of hydrogen tetrachloroaurate (III) hydrate (0.01 M, 250 µl) and 

hexadecylcetyltrimethylammonium bromide (0.1 M, 7.5 ml) with cold sodium 

borohydride (0.01 M, 600 µl). The growth solution was prepared by mixing aqueous 

solutions of BDAC (0.15 M, 5 ml), CTAB (0.1 M, 40 ml), silver nitrate (0.01 M, 250 

µl), hydrogen tetrachloroaurate (III) hydrate (0.01 M, 1.7 ml), and ascorbic acid (0.1 M, 

270 µl). To initiate the growth, 840 µl of seed solution was added to the growth solution 

and then, GNR solution was purified by two-cycle centrifugation and redispersion in 

ultra-pure water. The GNRs were isolated in the precipitate, and excess CTAB was 

removed in the supernatant. For in vivo applications, GNRs were PEGylated by the 

addition of 1 mM thiol-terminated methoxypoly(ethylene glycol). The final PEGylated 

rod solution was cleaned by diafiltration of the solution into ultra-pure water.  After 

cleaning, the particles were transferred via diafiltration into a 10% (wt/v) solution of 

trehalose to make the solution iso-osmotic with the blood.  A TEM image of the GNR 

and the extinction spectra with a second plasmon peak at 760 nm are shown in Figure 

2.1 (c) and (d), respectively. 
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Figure 2.1: Properties of the gold nanoshells and nanorods used for this study. (a) TEM 

image of synthesized gold nanoshells with average diameter of 135 ± 15 nm. (b) 

Extinction spectra of gold nanoshells. (c) TEM image of gold nanorods with average 

width of 7.3 nm ± 0.8 nm, length of 24.0 nm ± 3.9 nm and average aspect ratio of 3.3. 

(d) Extinction spectra of gold nanorods.  

 

2.2.2   Measurement of Quadratic Dependence  

     The nonlinear nature of GNP’s TPIP signal was confirmed by measuring the 

quadratic dependence of TPIP emission intensity as a function of the excitation power. 

GNS suspended in trehalose solution (2.85 x 108 GNS/ µl) were mixed with 2 % (wt/wt) 

gelatin (G9382, Sigma) solution (1.14 x 106 GNS/ µl) and placed onto a glass slide. 
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Luminescence intensities from GNS solution were obtained using the custom built 

multi-photon microscopy described in section 3.2.1. Incident laser power was 

monitored using a photodiode and calibrated to determine the power delivered to the 

sample. Luminescence intensities were measured by the photomultiplier tubes.  

 

2.2.3   Brightness Characterization 

     To quantify the luminescence brightness from GNPs, GNS TPIP was compared to 

that of GNRs and fluorescent beads (FBs). FBs are 100 nm diameter polystyrene beads 

covered with fluorescein molecules (F8803, Invitrogen) which have been widely used 

as fluorescent probes in multi-photon microscopy due to their brightness. A single FB 

used in this study is equivalent to 7.4 × 103 fluorescein molecules. The solutions of FBs 

(3.60 x 105 FB/ml), GNRs (1.35 x 106 GNR/ml) and GNSs (1.14 x 106 GNS/ml) were 

mixed with 2 % gelatin (wt/wt) and dispersed on to glass slides. Then, fluorescence and 

luminescence intensities from FBs, GNRs and GNSs were obtained by imaging the 

individual particles. GNR and GNS measurements were performed under the same 

condition with incident laser power of 457 µW and excitation at 780 nm. 
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2.2.4   Damage Threshold of Gold Nanoparticles         

     As it is possible to damage GNPs at high incident powers, the damage threshold was 

measured to confirm that signals from luminescence measurements did not result from 

damaging, burning and melting GNPs. 50 µl of GNS and GNR solutions was placed 

onto a TEM grid and then, incident laser powers of 0.8 to 17.5 mW was applied to 

GNPs on the grid. After irradiation, TEM images were obtained to verify their 

conformation. 

 

2.2.5   Imaging Depth Characterization   

     The maximum imaging depth of TPIP was determined using a bulk tumor injected 

with GNSs and GNRs. A subcutaneous xenograft tumor model is described in Chapter 

3.2.3. 100 µl of GNS (1.05 x 1011 GNS/ml) and GNR (6.35 x 1012 GNR/ml) solutions 

were directly injected into the extracted bulk tumor using a syringe and then TPIP 

images of GNPs were acquired over a depth range of approximately 300 µm. Images 

were averaged over five scans at each depth with 2.0 mW laser irradiation and depth 

increments of 5 µm. After dark level correction, intensity of out-of-focus luminescence 

(I_of: intensity measured at the area of the image that did not contain any particles) and 

intensity of focal luminescence (I_f: the brightness in the center of a particle) were 

measured to determine the maximum imaging depth at which focal and out-of-focus 

luminescence become equal.  



 

14 
 

2.3  Results 

 

2.3.1   Nonlinear Property of Gold Nanoparticles 

     Figure 2.2 (a) illustrates the quadratic dependence of TPIP intensity on the input 

power with an average slope value of 2.05, confirming the two-photon luminescence 

process. This slope varied from 1.96 to 2.05 for the three replicate of this experiment. 

Figure 2.2 (b) shows the TPIP emission spectrum with a peak emission at 610 nm, 

which was detected by an optical fiber coupled to a spectrometer (USB4000, Ocean 

Optics). The general shape of this emission spectrum is similar to that reported from 

GNR (Durr, Larson et al. 2007) and roughened gold surfaces (Beversluis, Bouhelier et 

al. 2003); however, the location of the peak varies between the different samples. This 

likely occurs from variations in the location of the plasmon resonances for the different 

structures. 
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Figure 2.2: Nonlinear property of TPIP from gold nanoshells. (a) Quadratic 

dependence of luminescence intensity on the excitation power at 780 nm, which 

confirms the two-photon luminescence process. Error bars represent standard deviation 

(n=3). (b) Luminescence emission spectrum of gold nanoshells in solution.  

 

2.3.2   Brightness Characterization 

     Measured average intensities of GNSs (n=39) and GNRs (n=34) were 0.500 ±  0.053 

V and 0.575 ±  0.079 V, respectively. In this way, the brightness ratio of GNSs to 

GNRs was found to be 1 to 1.15, indicating the brightness of GNSs is on the same order 

of magnitude as that of GNRs.  

     Since the relative brightness of the FBs was much less than that of the GNSs, laser 

incident power was varied for the studies comparing the brightness of GNSs to FBs. 

FBs (n=12, average intensity of 0.175 ±  0.028 V) required an incident power of 3.16 

mW to achieve the same output intensity for GNSs (n=39, average intensity of 0.175 ±  

y = 2.05x - 2.62

(b)(a)

y = 2.05x - 2.62

(b)(a)
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0.018 V) excited with 270 µW. Intensity values of GNS luminescence at 270 µW were 

calculated by the quadratic relationship between incident power and emission intensity, 

which is illustrated in Figure 2.2 (a). Thus, FBs required approximately 12 times more 

incident power to achieve the same brightness in the image, and these measurements 

indicate that GNSs produce 140 times brighter signal than FBs with the same incident 

power. Figure 2.3 (a) shows TPIP image collected from the glass slides contacting GNS, 

GNR or FB embedded in gelatin. Using this TPIP image, we measured fluorescence and 

luminescence intensities of FBs, GNRs and GNSs.  Figure 2.3 (b) demonstrates 

brightness ratio which shows that single GNRs produce 160 times brighter signal than 

single FBs and single GNSs are 140 brighter than single FBs. These results suggest that 

the strong TPIP of GNSs can be used as effective multi-photon contrast agents for 

biological imaging. 
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Figure 2.3: Brightness characterization. (a) TPIP images of single nanoparticles. (b) 

Brightness ratio of GNS, GNR to FB. Single GNRs produce 160 times brighter signal 

than single FBs, and single GNSs are 140 brighter than single FBs. 

 

2.3.3   Damage Threshold of Gold Nanoparticles    

     Figure 2.4 and Figure 2.5 show TEM images of GNSs and GNRs at various incident 

laser powers, respectively. GNS’s debris was found at 6.0 mW (Figure 2.4 (c)) and 

heavily deformed particles were shown at 12.5 mW irradiation (Figure 2.4 (d) and (e)). 

In Figure 2.4 (d) and (e), gold shells appeared melted and peeled off from the silica core. 

However, 0.8 mW (Figure 2.4 (a)) and 2.6 mW (Figure 2.4 (b)) laser powers did not 

lead to morphological changes.  
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Figure 2.4: TEM images of gold nanoshells irradiated with 0.8 to 12.5 mW incident 

laser powers. (a), (b) Intact nanoshells. (c) Nanoshell’s debris was found. (d), (e) Melted 

gold shells and silica cores were shown after 12.5 mW irradiation. (Scale bar: 200 nm) 

 

     Figure 2.5 (c)-(e) show various conformations of melted nanorods due to the high 

incident power, while Figure 2.5 (a) and (b) illustrate intact GNRs, suggesting incident 

powers under 6.0 mW are below the GNR damage threshold.  

     From Figure 2.4 and 2.5, we found that the laser power (130 µW to 0.8 mW) used in 

this study to measure luminescence intensities, emission spectrum and TPIP images of 

GNPs was well below GNS’s and GNR’s damage thresholds which were 2.6 mW and 

6.0 mW.  
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Figure 2.5: TEM images of gold nanorods irradiated with 0.8 to 17.5 mW incident laser 

powers. (a), (b) Intact nanorods. (c) Slightly damaged nanorod was found. (d), (e) 

Heavily deformed gold nanorods were shown after 17.5 mW irradiation. (Scale bar: 50 

nm) 

      

2.3.4   Imaging Depth Characterization   

     Using Equation 2.1, we determined that GNS’s and GNR’s maximum imaging 

depths were 245 µm and 300 µm at 2.0 mW irradiation, respectively. 
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                                     Imaging depth limit
I_f I_dl

I_of  I_dl 1                                        2.1  

 

where I_f is the intensity of focal luminescence, I_of is the intensity of out-of-focus 

luminescence and I_dl is the intensity of dark level luminescence.  

     Figure 2.6 illustrates the estimation of the intensity values of I_of and I_f. Figure 2.6 

(a) shows en-face TPIP image where the bright spots are single GNPs, and Figure 2.6 (b) 

demonstrate the intensity value of the particle.  

 

 

Figure 2.6: Measurement of the depth limit. (a) TPIP image of the particles embedded 

in a bulk tumor. Mean of pixel values in the yellow window is I_of and the brightness at 

the center of the particle in orange box is I_f. (b) Intensity of TPIP at the center of the 

gold nanoparticle. 
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     Average TPIP intensities of the nanoparticles were also calculated at each depth of 

the tissue. Figure 2.7 (a) and (b) demonstrate the measured decrease of the GNS’s and 

GNR’s TPIP as a function of depth.  

 

Figure 2.7: Normalized intensity of TPIP of gold nanoshells (a) and gold nanorods (b) 

as a function of imaging depth. 
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2.4  Conclusion and Discussion 

 

     This chapter investigated the nonlinear photo-physical properties of GNPs for 

effective use of GNPs in TPIP imaging. It was shown that GNSs yield a strong TPIP 

signal. TPIP was verified by a quadratic dependence of TPIP emission intensity on the 

excitation power, and the luminescence emission spectrum was found to be consistent 

with that from roughened gold surfaces.  

     The brightness of GNS’s luminescence was characterized by comparing with GNRs 

and FBs. GNSs were as bright as GNRs and 140 times brighter than FBs. As GNR two-

photon action cross sections (2,320 GM; 1 GM (Göppert-Mayer unit) = 10 -50 (cm4·s) 

/photon) have been deemed as comparable to that of quantum dots (2,000-47,000 GM) 

(Wang, Huff et al. 2005), this indicates GNSs exhibit bright luminescence signals with 

potential for biological imaging applications. 

     We also confirmed that the luminescence measurements in this study were not 

affected by damaging the particles. In order to avoid damaging GNPs, we found that 

the incident laser power must be lower than 2.6 mW for GNSs and 6.0 mW for GNRs. 

With 2.0 mW laser irradiation, the maximum imaging depths of GNSs and GNRs at the 

tissue were measured to be 245 µm and 300 µm, respectively. As GNP’s damage 

thresholds are higher than 2.0 mW, we expect that these imaging depths will be 

increased with higher excitation power. 
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Chapter 3 

TPIP Imaging of Bulk Tumors Using Gold Nanoshells 

 

3.1  Introduction 

 

     This chapter examines the feasibility of using TPIP for imaging the distribution 

of GNS in bulk tumors. This discussion is important because investigation of 

GNP’s accumulation patterns will guide photothermal therapy, drug delivery, 

diagnostics and biomedical imaging with optimized GNP conditions (i.e. 

appropriate particle size, shape and surface chemistry). Also, it might be used to 

estimate other nanocarriers’ distribution patterns within the tumor. The nanocarrier 

clearance by the reticuloendothelial system (RES) and extravasation via leaky 

tumor vasculature are key transport mechanisms of nanocarriers such as carbon 

nanotubes, quantum dots, liposomes and polymer particles. Therefore, nanocarriers’ 

delivery is mainly affected by their surface chemistry, size and shape which are 
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related to RES and extravasation (Paciotti, Kingston et al. 2006). Because almost 

all nanocarriers are PEG-coated to improve RES avoidance (Storm, Belliot et al. 

1995; Vlerken, Vyas et al. 2007; Yang, Fernando et al. 2008; Schipper, Iyer et al. 

2009), their accumulation at the tumor truly depends on their size and shape. 

Hence, if the microscopic distribution of GNPs can be demonstrated by TPIP 

imaging, the same size- and shape-nanocarriers’ accumulation patterns would be 

estimated. In addition, these findings will be increasingly important as the use of 

the nanocarriers progress to human clinical trials.   

 

3.2  Materials and Methods 

 

3.2.1   Multi-Photon Microscopy 

     Measurements of TPIP from GNPs were performed using a custom-built NIR laser 

scanning multi-photon microscopy illustrated in Figure 3.1. A femtosecond Ti:Sapphire 

laser (Mira 900 with excitation wavelength of 800 nm, Coherent Inc.) was used as the 

TPIP excitation source, and the power was modulated using an acousto-optic modulator 

(23080-1, NEOS Technologies). Because the distance from the laser to the objective 

was large (~ 8 m), beam conditioning optics were used to reduce beam size of the 

diverging beam. A pick-off mirror (reflectance 1 %) sampled the beam prior to the 

scanning optics, and the beam power was monitored using a photodiode calibrated for 
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monitoring the power delivered to the objective’s back aperture. The focal volume of 

the objective lens (40x, 0.75NA, water emersion, Zeiss) was scanned along the sample 

in the x-y plane using a pair of galvanometric scanning mirrors (6215HB, Cambridge 

Technology Inc.). The objective lens used for this study produced a focal spot with a 

beam waist of 0.46 µm and a focal volume of 0.55 fl (Zipfel, Williams et al. 2003). The 

beam pulse width was approximately 300 fs at the pick-off mirror.  

 

 

 

Figure 3.1: Schematic of the custom-built NIR laser scanning multi-photon microscopy. 
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     TPIP from the GNPs was collected using an epicollection geometry and reflected by 

a dichroic beam splitter (FF735-Di01, Semrock) toward two photomultiplier tubes 

(PMT) (H7422P-40, H7422P-50, Hammamtsu). A lens was then placed after the 

dichroic to increase collection efficiency. Additionally, a short-pass, laser blocking 

emission filter (FF01-750/SP-25, Semrock Inc.) was used to pass the luminescence 

while blocking excitation scatter from reaching the PMTs. To separate the dye’s 

fluorescence from the GNP’s luminescence, three band-pass filters with center 

wavelength of 510, 610 and 700 nm (HQ510-2p with bandwidth of 80 nm, HQ610-2p 

with bandwidth of 75 nm, and HQ700-2p with bandwidth of 75 nm, Chroma 

Technology) were placed in the path of separate PMTs. As it is possible to damage 

GNPs at high incident powers, incident laser power of 0.8 mW was applied, which is 

well below the GNP damage threshold reported by Park et al. and Zhou et al. (Park, 

Estrada et al. 2008; Zhou, Wu et al. 2010). 

 

3.2.2   3D visualization and multiplexed imaging 

     3D volume visualization of the cross-sectional luminescence images with 2 µm 

interval spacing was carried out using 3D data visualization software (Amira 4.1.2, 

Mercury Computer Systems). Also, for better understanding of GNS accumulation, 

blood vessels and nuclei were demonstrated with GNSs. To visualize microvessels in a 

bulk tumor, we injected fluorescein-conjugated dextran via the tail vein, which labels 
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the tumor vasculature. With band-pass filters (510 nm for fluorescein and 700 nm for 

GNS), fluorescein’s fluorescence (emission peak at 540 nm) was separated from GNS’s 

luminescence (emission peak at 610 nm). These two images were assigned different 

channels (red channel for fluorescein and green channel for GNS) and then, fluorescein 

and GNS images were co-registered. This process is also described in detail in section 

4.3.1. To demonstrate nuclei, nuclei were stained with acriflavine (01673, Fluka) by 

topical application. 10 µl of 0.02 % (wt/v) acriflavine solution was placed onto the 

tumor surface, and excessive dye was washed with PBS (Goetz, Memadathil et al. 

2007). Acriflavine-stained nuclei and GNS were imaged in the same way explained 

above.  

 

3.2.3   Cell Lines and Animal Subjects  

3.2.3.1   Mouse Colon Tumor  

     A subcutaneous xenograft tumor model in Balb/c mice inoculated with the 

CT26.WT cell line (ATCC #CRL-2638, Mouse colon carcinoma cells) was used. 

CT26.WT was cultured in RPMI-1640 medium (30-2001, ATCC) with 10 % fetal 

bovine serum (30-2020, ATCC) at 37 °C under 5 % CO2. When culture reached 

confluency, the cells were detached from the flask by 0.25 % trypsin-EDTA (30-2101, 

ATCC), centrifuged, and resuspended in sterile phosphate-buffered saline (PBS). 

Approximately 2 x 106 cells/50 µl were subcutaneously injected into the right flank of 
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the mice. When tumors grew to 0.8 to 1 cm in diameter, GNS, saline and fluorescein 

solutions were injected through the tail vein. After 24 h following GNS and saline 

injections and immediately after fluorescein injection, a skin flap with the tumor was 

excised from the mice to expose the subcutaneous side of the tumor. Then, TPIP images 

of the tumors were obtained using the multi-photon microscopy. Three groups of mice 

were selected for this study. Group 1 (n=3) received 4.5 µl/g of GNS solution 

standardized to an optical density of 100 at 800 nm (2.66 x 108 GNS/ µl). Group 2 (n=3) 

served as the control and received a 4.5 µl/g saline injection. Group 3 (n=2) received the 

GNS solution (4.5 µl/g) and a fluorescein-conjugated dextran (FD2000S, Sigma) 

solution (0.16 ml of a 2.5 % (wt/v) solution) for visualization of blood vessels 

(Nishimura, Schaffer et al. 2006).   

 

3.2.3.2   Human Colorectal Tumor  

     Immunocompromised male nude mice (nu/nu) inoculated with the HCT 116 cancer 

cells (ATCC #CCL-247, Human colorectal cancer cell line) were used to develop 

human colorectal tumor. HCT 116 was cultured in McCoy’s 5A medium (30-2007, 

ATCC) with 10 % fetal bovine serum (30-2020, ATCC) at 37 °C under 5 % CO2. The 

cells were cleaved by 0.25 % trypsin-EDTA (30-2101, ATCC), centrifuged, and 

resuspended in sterile phosphate-buffered saline (PBS). Approximately 2 x 106 cells/50 

µl was injected into the right thigh of the mice, and then 1.25 x 109 GNS/g was injected 
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intravenously via the tail vein when tumors reached 0.8 to 1 cm in diameter. After 24 h 

following GNS injection, a skin flap with the tumor was excised for TPIP imaging. 

 

3.3  Results  

 

3.3.1   TPIP Images of Mouse Colon Tumor 

     Luminescence from GNSs was visible in all mice of Group 1 and 3. Figure 3.2 (a) 

and (c) show white light images of tumors, and Figure 3.2 (b) and (d) demonstrate TPIP 

images. Whereas Figure 3.2 (d), the saline-injected animal, does not yield any TPIP 

signals, (b) shows strong TPIP signals at the tumor site, which verifies that 

luminescence-based imaging can be used to investigate GNS accumulation at the tumor. 
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Figure 3.2: Standard white light images and TPIP images from subcutaneous tumors. 

(a), (c) White light images of tumor with and without gold nanoshells. (b), (d) TPIP 

images of tumors with and without gold nanoshells. TPIP imaging clearly demonstrates 

GNSs accumulated in tumor. 

 

     3D luminescence images of GNSs were also measured with the first group of mice. 

Figure 3.3 (a) shows a 3D luminescence image of GNSs in the tumor, and (b) and (c) 

present the x-y (en-face) image stacked along z direction and x-z (cross-sectional) 

image stacked along y direction, respectively. The field of view (FOV) was 124 µm x 

124 µm, and the imaging depth was 150 µm. These images demonstrate the ability of 

TPIP imaging of GNSs up to a depth of 130 µm in bulk tumor. In addition, these images 

illustrate the heterogeneous nature of GNS distribution within a tumor site. 
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Figure 3.3: TPIP images of distribution of gold nanoshells in tumor. (a) 3D TPIP image 

of gold nanoshell-injected tumor. (b) x-y (en-face) plane image of TPIP with field of 

view of 124 µm x 124 µm. (c) x-z (cross-sectional) plane image of TPIP in tumor from 

surface (0 µm) down to 150 µm deep.  

 

     To understand GNS accumulation in detail, it is important to visualize other cellular 

structures (i.e. nuclei and blood vessels) as well as GNSs. Figure 3.4 demonstrates 

microvessels in a bulk tumor. Figure 3.4 (a) shows the x-y image projected along the z-

direction with field of view of 198 µm x 198 µm and (b) demonstrates the x-z image 

projected along the y-direction. x-y images were taken from the site where a blood 

vessel was shown (0 µm in Figure 3.4 (b)) and down to 80 µm. Figure 3.4 (c)–(f) 

present 3D images at different rotational angles. From the TPIP images of blood vessels 

and GNSs, we found that GNSs were located close to the blood vessels, which provides 

clear visualization of how the poorly defined vasculature system affects accumulation 
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of GNSs at the tumor site. These images indicate the application of TPIP for studying 

GNS targeting kinetics in three-dimensions. 

 

 

 

Figure 3.4: 3D visualization of nanoshells (green) and blood vessels (red) in tumor. (a) 

z-projection of x-y images. (Red: fluorescein in blood vessels, Green: gold nanoshells) 

(b) y-projection of x-z images with field of view 198 µm x 80 µm. (c)–(f) 3D images of 

old nanoshells in tumor at different rotational angles. These images confirm GNS’s 

perivascular accumulation.  

 
3.3.2   TPIP Images of Human Colorectal Tumor 

     After we found the potential application of TPIP for imaging with mouse colon 

tumor, we extended our investigation to more clinically relevant samples which is 
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human colorectal tumor with extended FOV. Figure 3.5 (a) and (b) show the en-face 

image with FOV of 550 µm x 550 µm and cross-sectional image with the imaging depth 

of 145 µm. From Figure 3.5, we found unique pattern in GNS accumulation. The 

curvature of the tumor in Figure 3.5 (e) appears to match GNS distribution shown in (c) 

and (d), which indicates that GNSs might accumulate at the tumor periphery.  

 

 

 

Figure 3.5: TPIP images of gold nanoshells in tumor with extended field of view. (a) 

en-face image with field of view of 550 µm x 550 µm. (b) Cross-sectional image with 

the imaging depth of 145 µm. (c), (d) 3D images at different rotational angles. (e) White 

light image of tumor.  

 

     To investigate peripheral accumulation of GNSs in detail, tumor was imaged from 

the surface to the core. As a reference fluorophore, nuclei were stained with acriflavine 
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by topical application. Figure 3.6 shows TPIP images of stained nuclei (green) and 

GNSs (yellow) measured at different depths (Z). While bright TPIP signals from GNSs 

were clearly shown within 150 µm depths, only acriflavine signals were observed at 200 

µm depth. Since GNS’s TPIP is much brighter than acriflavine’s fluorescence 

(Melhuish 1964; Park, Estrada et al. 2008), TPIP from GNSs must be visible if they 

exist at this depth range. Therefore, this result indicates that GNSs might accumulate 

preferentially at the tumor cortex.  
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Figure 3.6: TPIP images of gold nanoshells (yellow) and acriflavine-stained nuclei 

(green) at different depths. GNSs were shown from surface to 150 µm depth, which 

indicated their peripheral accumulation.  
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3.4  Conclusion and Discussion 

 

     This chapter examined the potential application of bright TPIP signal for biological 

imaging. Accumulation patterns of GNSs in bulk tumors (mouse colon and human 

colorectal tumors) were successfully demonstrated by TPIP imaging. By utilizing 3D 

data visualization software, 3D luminescence images were also constructed, which can 

be an attractive method to investigate the tumor targeting kinetics of GNPs.  

     From TPIP images of bulk tumors, we found that GNSs had a heterogeneous 

distribution with higher accumulation at the tumor cortex. In addition, GNSs were 

observed in unique patterns surrounding the perivascular region. These peripheral and 

perivascular accumulation features of GNPs were coincident with previous findings. Li 

et al. observed the similar distribution patterns of GNSs using photoacoustic 

microscopy imaging (Li, Wang et al. 2009). They demonstrated extravasation and 

accumulation of GNSs within the tumor site and reported their heterogeneous and 

peripheral accumulation. Diagaradjane et al. showed GNS accumulation near the 

perivascular region using scanning electron microscopy images (Diagaradjane, Shetty et 

al. 2008).  

     This nature of distribution can be understood in terms of tumor physiology. Tumors 

typically have increasing interstitial fluid pressure as we move towards the center of the 

tumor (Boucher, Baxter et al. 1990; Jain 1990), and these high pressures cause vessels 

to become compressed and malfunctional. Since it is known that GNSs are transported 



 

37 
 

by vessels, we can expect to see the most GNSs in the periphery where interstitial 

pressures are lowest and many large vessels exist. Also, because GNSs penetrate tumors 

either via extravasation through fenestrations of vessels or by traveling through smaller 

terminal branches, GNSs can be easily seen at perivascular regions and short distances 

away from the vessels within tumor.  

     From this study, we found that direct luminescence-based imaging of metal 

nanoparticles can hold an invaluable and promising position in understanding the 

accumulation kinetics and distribution of GNPs, providing high resolution and 

molecular specific multiplexed images.  
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Chapter 4 

Intra-Organ Biodistribution of  
Gold Nanoshells and Nanorods 

 

4.1  Introduction 

 

     Histology has been widely used technique to investigate microscopic anatomy of 

tissue sectioned as thin slices using a microscopy. Even though tissue slices require pre-

treatments such as tissue fixation, sectioning and staining, this technique allows 

molecular specific and cross-sectional imaging. Also, histology slides are more 

clinically relevant than bulk tissues because a histopathological test has been used as a 

gold standard for cancer diagnosis and staging providing precise geographic mapping of 

cellular- and tissue-level architecture. As the use of GNPs progresses to human clinical 

trials, histopathology techniques will be increasingly used to analyze the particles’ 

effects. Therefore, it is important to examine the feasibility of using TPIP imaging to 
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demonstrate GNP distribution in the thin tissue slices. This chapter illustrates the utility 

of TPIP imaging which is compatible with standard hematoxylin and eosin (H&E) 

staining and immunohistochemistry (IHC). In addition, the effect of GNP morphology 

on intra-tumoral biodistribution is demonstrated.  

 

4.2  Materials and Methods 

 

4.2.1   Slide Staining Protocol 

     For better understanding of tumor-GNP targeting, it was essential to demonstrate 

surrounding cellular structures as well as GNP distribution; therefore, we stained 

cytoplasm, nuclei and blood vessels using H&E, YOYO-1 iodide and fluorescein-

conjugated antibody, respectively. For cytoplasm staining, we used standard H&E 

staining method which has been described elsewhere (Spector and Goldman 2006). 

Paraffin blocks of 10 % buffered formalin-fixed tissues were cut into 8 µm thick slices. 

Following deparaffination and rehydration with xylene and ethanol, the sections were 

stained with H&E. For nuclei staining, YOYO-1 iodide (Y3601, Invitrogen) was used 

following the method of Tekola et al. (Tekola, Baak et al. 1994). To visualize 

microvessels in tumor slices, immunofluorescence staining was performed on the 8 µm 

thick frozen tissue slices. The slices were fixed in ice-cold acetone for 5 min and then 

blocked with protein blocking solution (559148, BD Pharmigen) for 30 min at room 
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temperature. For binding a primary antibody, sections were incubated overnight at 4 °C 

with rat monoclonal anti-CD31 antibody (1:200 diluted in antibody diluent) (553370, 

BD Pharmingen) and washed with 0.1% Tween-20 in PBS (10 min x 3). Then, slides 

were incubated with fluorescein-conjugated AffiniPure goat anti-rat IgG (1:100 diluted 

in antibody diluent) (76748, Jackson ImmunoResearch) for 1 h at room temperature and 

washed with 0.1% Tween-20 in PBS (10 min x 3). After washing, the sections were 

covered with a coverslip following addition of an anti-fade fluorescence mounting 

medium.  

 

4.2.2   Cell Lines and Animal Subjects  

     A subcutaneous xenograft tumor model in nude mice inoculated with the HCT 116 

cells (CCL-247, ATCC, Human colorectal cancer cell line) was used in this study. HCT 

116 was cultured as described in section 3.2.3.2. Tumor xenografts were created in 27 

male nude mice (Swiss nu/nu) consisting of three groups. Group 1 (n=7) served as the 

control and received 7 µl/g of trehalose solution, and Group 2 (n=10) received 7 µl/g of 

GNS solution standardized to an optical density of 100 at 780 nm (2.7 x 108 GNS/ µl). 

Group 3 (n=10) received 7 µl/g of GNR solution with an optical density of 100 at 808 

nm (5.8 x 1010 GNR/ µl).  
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4.3  Results 

 

4.3.1   Multiplexed Imaging 

     For multiplexed imaging, cytoplasm, nuclei and blood vessels were stained with 

eosin, YOYO-1 iodide and fluorescein-conjugated antibody. As those dyes’ 

fluorescence emission peaks were around 500-550 nm, these fluorescence signals and 

GNS luminescence were separated by two band-pass filters (BPFs) with center 

wavelength of 510 nm/bandwidth of 80 nm and 700 nm/bandwidth of 75 nm.  Figure 

4.1 shows emission spectra of YOYO-1 iodide, fluorescein-labeled dextran conjugate, 

Eosin Y, GNS TPIP emission spectrum and the BPFs’ transmittance. In order to 

demonstrate both images collected through the filters simultaneously, the dyes’ 

fluorescence image and GNSs’ luminescence image were assigned to different channels 

and then co-registered. According to TPIP emission spectrum of GNRs measured by 

Wang et al. (Wang, Hsu et al. 2009), we separated GNR luminescence in the same way. 

Note that the GNP luminescence is present in both channels while the dye luminescence 

is present in only the 510 nm channel. 
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stained with eosin as pink and nuclei stained with hematoxylin as dark blue within 

tumors. While light microscopy images did not show any GNPs in tissue slices, TPIP 

images in Figure 4.3 clearly visualized cytoplasm (green) and GNPs (yellow). In 

addition, we found that TPIP of GNS- and GNR-injected mice was visible in all mice of 

Group 2 and 3, whereas Group 1 did not yield luminescence signals. This result 

demonstrates that TPIP imaging can image GNPs in tissue slices processed for standard 

H&E staining.  



 

 

 

Figu

hem

and 

nucl

(Gre

ure 4.3: Li

atoxylin and

GNS- and 

ei stained w

een: cytopla

ight micros

d eosin. (a), 

GNR-injecte

with hematox

asm stained

scopy and 

(c), and (e) W

ed mice. (P

xylin). (b), (

d with eosi

45 

TPIP imag

White light m

Pink: cytopla

(d), and (f) 

in, Yellow: 

ges of tum

microscopy 

asm stained 

TPIP image

GNSs and

mor slices s

images of c

with eosin

es of Group 

d GNRs). 

 

stained with

control tumor

, Dark blue

1, 2, and 3

While ligh

h 

r 

e: 

. 

ht 



 

46 
 

microscopy images did not show any GNPs in tissue slices, TPIP images clearly 

visualized cytoplasm (green) and GNPs (yellow). 

 

4.3.3   Luminescence Images of YOYO-and IHC-Stained Tumor Slices  

4.3.3.1   Luminescence images of control tumor 

     To demonstrate nuclei or blood vessels as well as GNP, we stained the tissue with 

YOYO-1 iodide or fluorescein-conjugated antibody. Figure 4.4 (a) shows multi-photon 

microscopy images of YOYO-1 iodide stained slices derived from the control group 

(Group 1). GNP TPIP was not present in any of the seven mice in Group 1 which served 

as control and received trehalose only.  
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objective lens and combined them into one image to construct cross-sectional images of 

the whole tumor. Figure 4.5 (a) and (b) show GNSs as yellow and nuclei as green, and 

(c) demonstrates the mosaic image providing clear visualization of peripheral 

accumulation of GNSs at the tumor site demarcated by nuclei staining. In Figure 4.5 (b), 

we also observed that some GNSs appeared located close to the nuclei, which might 

indicate GNS’s internalization at 24 h post injection. For quantifying the concentration 

of GNSs at tumor cortex and tumor core, we added the areas of yellow dots where 

GNSs were detected at the tumor cortex (edge to 120 µm inside) or tumor core (whole 

tumor area except cortex) in Figure 4.5 (c) and normalized those areas with tumor 

cortex or core region. In this way, we found that there were approximately 6 times more 

GNSs at the tumor cortex than core. This peripheral accumulation feature was found in 

six mice in Group 2. Because the remaining four mice had a very small number of 

GNSs, it was challenging to characterize GNS distribution features in those mice. 
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where GNRs had the same accumulation pattern as GNSs. However, some GNRs were 

also found even in the regions of 0.1 mm to 0.8 mm inside the edge as illustrated in 

Figure 4.7 (b) while GNSs were limited in their accumulation to within 400 µm 

penetration inside the tumor. Four mice from Group 3 had further penetration of GNRs 

up to approximately 1.5 mm from the edge in the 8-10 mm diameter tumor, and we 

demonstrate this with CD31-immunofluorescence staining in Figure 4.8 (b). These 

results indicate that GNSs have a 400 µm thick annular accumulation, whereas GNRs 

have a 1.5 mm thick annular pattern at the tumor cortex.  

     Like GNS’s perivascular accumulation shown in Figure 4.6, GNRs were also 

observed in the perivascular region. Figure 4.8 (a) and (b) demonstrate TPIP images of 

blood vessels and GNRs measured at the tumor edge to 0.78 mm and 1.56 mm inside, 

respectively.  
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4.3.4   Luminescence Images of H&E-stained Liver and Spleen Slices  

     We observed the effect of GNP morphology on the microdistribution at the other 

primary organs where GNPs accumulate (i.e. liver and spleen). We imaged H&E 

stained liver and spleen explanted from Group 2 and Group 3. Livers and spleens were 

extracted with tumors at 24 h following GNP injection and stained in the same way 

used for tumor’s H&E staining. Figure 4.9 (a), (c) and (e), (g) show standard light 

microscopy images, and Figure 4.9 (b), (d), and (f), (h) demonstrate TPIP images of 

H&E stained liver and spleen, respectively. While TPIP images show GNPs clearly 

with high contrast, light microscopy images could not distinguish GNPs in the slices. 

Unlike intra-tumoral biodistribution of GNPs, any significant difference of GNP 

accumulation between organ’s edge and core was not found, and all GNPs were shown 

to be aggregated.  
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4.4  Conclusion and Discussion  

 

     This chapter demonstrated the feasibility of using intrinsic TPIP imaging to 

investigate GNP’s biodistribution in thin tissue slices processed for standard H&E 

staining, YOYO-1 iodide staining, and IHC techniques. Tissue-level tumor and stromal 

cellular architecture as well as biodistribution of GNPs were well demonstrated in a 

multiplexed fashion using intrinsic TPIP while light microscopy images of these stained 

slices were not able to readily visualize GNPs. In addition, we showed how GNP’s 

morphology affects their biodistribution within organs. We found that GNSs and GNRs 

had a heterogeneous distribution with higher accumulation at the tumor cortex. 

However, GNRs have thicker annular accumulation at the tumor cortex than GNSs. 

GNSs and GNRs were also observed in unique patterns close to vasculature.  

     Whereas the EPR effect accounts for the bulk of the accumulation of GNPs within 

tumors, we were able to discern subtle differences in global and regional accumulation 

of GNPs that may be attributable to their size and shape. Since xenografted human 

tumors derive their blood supply from the mouse vasculature, larger vessels envelop the 

tumor periphery and smaller branches invade deeper into the tumor. Since GNPs are 

transported by vessels, the smaller GNRs extravasated further from the vasculature 

lumen into tumor parenchyma, possibly a reflection of the effect of size on tumor 

penetration. They were also entrapped more efficiently once they penetrated deeper into 

tumors through smaller vascular branches, possibly a reflection of greater entrapment 
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due to non-uniform shape. Some turbulence at low velocities within small vessels or 

spaces might also lead to a greater chance of being confined. 

     It was also noticeable that some tumors did not have significant numbers of 

nanoparticles to image. We attribute this to variability of the RES activity and tumor 

aggressiveness. We have observed that some mice had more hair than others, which 

might reflect varying degrees of immunocompetence. It could suggest that some tumors 

may be more aggressive than others, which causes various levels of angiogenesis in 

each mouse. Since GNPs have been known to target tumor via EPR effect (Maeda, Fang 

et al. 2003), different levels of angiogenesis might affect the numbers of particles 

accumulated at the tumor site. In addition, this variability of immunocompetence could 

induce varying degree of GNP’s clearance by RES. Particle clearance is related to the 

process of particle recognition and uptake. Opsonin, known as any substances (i.e. 

complement or antibodies) in blood serum facilitating phagocytosis, plays a pivotal role 

in the particle recognition process, and RES is responsible for particle uptake. Opsonin 

makes foreign particles (i.e. pathogen, quantum dot, carbon nanotube, gold 

nanoparticles, etc.) more recognizable to the RES by binding to the foreign particles in 

order to eliminate them from the circulation (Frank and Fries 1991; Owens and Peppas 

2006). Therefore, we hypothesize that variability of immunocompetence could affect 

the amount of opsonins and activity of RES resulting in different level of GNP uptake 

into the organs (i.e. liver and spleen) of RES and accumulation at the tumor site. 
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     Unlike intra-tumoral biodistribution of GNPs, we did not find any significant 

difference of GNP accumulation between the liver’s and spleen’s cortex and their core, 

and all GNPs in these organs appeared aggregated. It might be explained that GNPs are 

captured by Kupffer cells in the liver and macrophages in the spleen (Tong, He et al. 

2009)]. Kupffer cells of the liver and macrophages of the spleen are the primary 

components of the RES which are responsible for particle clearance. In addition, it has 

been known that Kupffer cells mostly contribute to hepatic uptake of particulates 

(Storm, Belliot et al. 1995; Schreier 2001). Therefore, we can expect to see entrapped 

GNSs and GNRs by Kupffer cells and macrophages in the TPIP images of the liver and 

spleen.   

     We anticipate that the techniques demonstrated in the current study could extend the 

longitudinal in vitro studies (Chithrani, Ghazani et al. 2006; Wang, Lee et al. 2008) to 

an in vivo setting whereby one could understand the targeting kinetics (i.e. cell 

internalization, particle transport and cell specific targeting) in a more realistic solid 

tumor environment. In turn, this information will be valuable to develop models for 

generating thermal dosimetry of GNPs in therapeutic settings. In addition, these 

techniques will be increasingly important as the use of these particles progress to human 

clinical trials where standard histopathology techniques are used to analyze their effects.  
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Chapter 5 

Single- and Multiple-Dose Administrations  
of Gold Nanoparticles 

 

5.1  Introduction 

 

     It has been known that small particles extravasate and accumulate in tumors through 

leaky neo-vasculature (Kong, Braun et al. 2000; Needham, Anyarambhatla et al. 2000). 

However, this passive tumor accumulation mechanism, called EPR effect, allows only 

limited number of particles to be accumulated at the tumor site. James et al. showed 

that GNS’s tumor accumulation was 1% of total injection dose (James, Hirsch et al. 

2007), and von Maltzahn et al. demonstrated that 7 % of total GNR injection was found 

in tumor (von Maltzahn, Park et al. 2009).  In order to improve thermal therapy efficacy 

and enhance imaging contrast, it is important to investigate a method for increasing the 

particle accumulation in tumors. To find a way of increasing GNP accumulation in 
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tumor, this chapter compares single- and multiple-dose administrations of GNPs with 

TPIP images, neutron activation analysis (NAA) and histological analysis.      

 

5.2  Materials and Methods 

 

5.2.1   Cell Lines and Animal Subjects   

     4 to 6 week old nude mice (Swiss nu/nu) were inoculated with the A431 cells (CRL-

1555, ATCC, human epithelial carcinoma cell line). A431 cells were grown in 

Dulbecco's Modified Eagle's medium (30-2002, ATCC) with 10 % fetal bovine serum 

(30-2020, ATCC) at 37 °C under 5 % CO2.  When culture reached 90 % confluency, the 

cells were detached from the flask by 0.25 % trypsin-EDTA (30-2101, ATCC), 

centrifuged, and resuspended in sterile phosphate-buffered saline (PBS).     

Approximately 2 x 106 cells/50 µl were subcutaneously injected in the right thigh of the 

mice. When tumors attained a size of ~ 8-10 mm in diameter, GNP solutions and 

trehalose solution were injected intravenously via the tail vein. 20-24 h later, the tumor 

was extracted from the mice for TPIP imaging. For multiple dosing of GNPs, the same 

amount of GNP solution was injected once per day in 24 h intervals for 5 days.  

     Five groups of male nude mice were selected in this study, which is shown in Table 

3.1. To maximize particle accumulation in tumor, we injected the most amounts of 

GNPs that we could synthesize. Group 1 (n=2) and 2 (n=2) received 7 µl/g of GNS (2.7 
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x 108 GNS/ µl, optical density of 100) and GNR (1.2 x 1011 GNR/ µl, optical density of 

74) solutions once, and Group 3 (n=6) and 4 (n=6) received 7 µl/g of GNS and GNR 

solutions for 5 times with 24 h intervals, respectively. Group 5 (n=3) received 7 µl/g of 

trehalose solution. These GNS (7 µl/g at 100 OD) and GNR (7 µl/g at 74 OD) 

concentrations were comparable to the optical density of previous studies reported by 

James et al. (GNS injection dose of 7.0 µl/g with concentration of 2.4 x 108 GNS/ µl) 

(James, Hirsch et al. 2007), Goodrich et al. (GNR injection dose of 4.5 µl/g at 100 OD) 

(Goodrich, Bao et al. 2010) and Dickerson et al. (GNR injection dose of 5.0 µl/g at 120 

OD) (Dickerson, Dreaden et al. 2008).  

 

Table 3.1: Animal use table 

 1 injection 5 injections 

GNS Group 1 (n=2) Group 3 (n=6) 

GNR Group 2 (n=2) Group 4 (n=6) 

Trehalose Group 5 (n=3)  

 

5.2.2   Histology  

     Extracted tissues such as tumor, liver and spleen were embedded in a tissue freezing 

medium (50-949-021, Fisher Scientific) and then dipped in the liquid nitrogen. The 

frozen tissue blocks were sectioned as 10 to 20 µm thick slices. The sectioned tissues 
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were stained with YOYO-1 iodide as described above for TPIP imaging and some 

slices were sent to MD Anderson Cancer Center for H&E staining and pathological 

analysis. Histologists examined the histological slides of tumors, livers and spleens 

extracted from Group 1 to Group 5 under a microscope and indicated whether there 

were signs of toxicity such as inflammation, edema, necrosis and sinusoidal dilation in 

the sample.  

 

5.2.3   Neutron Activation Analysis 

     To quantify gold content in tumors, neutron activation analysis (NAA) was 

performed by Nuclear Engineering Teaching Laboratory (NETL) at The University of 

Texas at Austin. As a sample preparation, extracted tissues were placed into the NAA 

vial to measure their weight. After mass measurement, the tissue in a vial was 

dehydrated in a desiccator for a week. Once desiccated, the vial lids were closed, and 

samples were sent to NETL for irradiation. Since it has been known that the gold 

content of single GNS measured by NAA is in reasonable agreement with theoretical 

calculations (James, Hirsch et al. 2007), we used theoretical values (gold mass/single 

nanoparticle) to calculate total number of particles per gram of tissue. Gold contents of 

single GNS and GNR calculated theoretically were 7.40 x 10-9 µg/GNS for a 120 nm 

diameter core with 15 nm thick shell and 1.74 x 10-11 µg/GNR for width of 7.3 nm and 

length of 24.0 nm (ρgold = 19.32 g/cm3).  



 

63 
 

5.3  Results 

 

5.3.1   TPIP Images of Trehalose-Injected Mice 

     To demonstrate both nuclei and GNPs, we stained tissue with YOYO-1 iodide. 

Figure 5.1 shows TPIP images of nuclei stained tumor (a), liver (b) and spleen (c) 

derived from the control group (Group 5 receiving trehalose injection). Fluorescence 

from the stained nuclei was clearly shown (green), whereas GNP TPIP signals (yellow) 

were not detected.       

 



 

64 
 

 

 

Figure 5.1: TPIP images of control tumor (a), liver (b) and spleen (c) with nuclei 

staining (Green: nuclei). GNP TPIP was not present in any of the three mice in Group 5, 

which served as control and received trehalose only.  
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5.3.2   TPIP Images of Single-Dose Administered Mice 

     Figure 5.2 shows TPIP images of nuclei stained spleen (a, b) and liver (c, d) selected 

from Group 1 (1 injection of GNS) and 2 (1 injection of GNR). There were no 

significant differences between spleens extracted from the GNS-injected mice (Figure 

5.2 (a)) and GNR-injected mice (Figure 5.2 (b)) in terms of GNP’s distribution patterns 

and concentrations. TPIP images of the livers excised from the GNS-injected mice 

(Figure 5.2 (c)) and GNR-injected mice (Figure 5.2 (d)) also appeared similar in 

particles’ accumulation patterns.  All GNPs in these organs appeared aggregated and 

most GNPs accumulated in liver seemed to be elongated. 
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Figure 5.2: TPIP images of spleen and liver stained with YOYO-1 iodide. There were 

no significant differences between GNS- and GNR-injected mice in liver and spleen in 

terms of GNP’s distribution patterns and concentrations. All GNPs in these organs 

appeared aggregated and most GNPs accumulated in liver seemed to be elongated. 

 (Green: nuclei, Yellow: GNSs and GNRs) 



 

67 
 

     Figure 5.3 demonstrates TPIP images of tumor receiving GNSs (a) and GNRs (b). 

As we confirmed in Chapter 4, human squamous cancer also had the same 

accumulation patterns of GNPs at the tumor site as human colorectal cancer. Both 

nanoshells and nanorods had higher accumulation at tumor cortex than tumor core, and 

GNRs penetrated deeper into tumors than GNSs.  

 

 

 

Figure 5.3: TPIP images of tumors injected with GNSs (a) and GNRs (b). Both GNSs 

and GNRs had higher accumulation at the tumor cortex than tumor core; however, 

GNRs penetrated deeper into tumors than GNSs. (Green: nuclei, Yellow: GNSs and 

GNRs) 

 

 

 



 

68 
 

5.3.3   TPIP Images of Multiple-Dose Administered Mice 

     To increase GNP accumulation in tumors, we injected GNPs for five times with 24 

h intervals. Each injection dose was the same as a single dose used in section 5.3.2; 

therefore, multiple-dose administered mice received five times more GNPs than single- 

dose administered mice. Figure 5.4 shows TPIP images of spleen and liver of Group 3 

(5 injections of GNSs) and 4 (5 injections of GNRs). Like Group 1 and 2 described in 

section 5.3.2, no substantial differences were observed between GNSs and GNRs 

accumulated in liver and spleen. It was also noticeable that we could not find any 

differences between 1 injection and 5 injections of GNPs at the liver and spleen. Their 

accumulation patterns appeared similar in both 1 injection and 5 injections.    
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Figure 5.4: TPIP images of spleen and liver of Group 3 (5 injections of GNSs) and 4 (5 

injections of GNRs). GNS’s distribution in spleen and liver was similar to GNRs, and 

there were no differences between single- (Figure 5.2) and multiple-dose 

administrations (Figure 5.4) in terms of their distribution patterns. (Green: nuclei, 

Yellow: GNSs and GNRs) 
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     We also compared GNP’s distributions in tumors which received single dose and 

multiple doses of GNPs. To investigate their accumulation broadly, we imaged several 

areas including tumor cortex and core. Figure 5.5 (a) illustrates the cross-sectional side 

of the tumor receiving 5 injections of GNRs, and (b) shows the area where TPIP images 

were taken. According to these numbers shown in Figure 5.5 (b), GNR’s TPIP images 

will be demonstrated in Figure 5.6. 

 

Figure 5.5: Schematic of tumor. (a) Cross-sectional view of the tumor with length of 

9.25 mm and width of 4.75 mm. (b) Map of the areas where TPIP images were taken.  
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     Unlike TPIP images of the single-dose administered tumors, GNRs in multiple-dose 

administered tumors had relatively homogeneous distribution. Figure 5.6 demonstrates 

that all areas (#1 to #8) had GNRs, even though there were higher concentrations at the 

tumor cortex (Area #1, #3 and #8) than tumor core (Area #2, #4, #5, #6 and #7). Also, 

we could find more GNRs in multiple-dose administered tumors than the single-dose 

administered tumors. In Area #1, perivascular accumulation was clearly shown, which 

is coincident with our findings in bulk tumors and other tumor types (i.e. mouse colon 

cancer and human colorectal cancer). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

72 
 

 

 

 

Figure 5.6 (1): TPIP images of tumor receiving 5 injections of GNRs. TPIP images of 

Area #1 and #2 were shown, and perivascular accumulation of GNRs was found in 

Area #1. (Green: nuclei, Yellow: GNRs) 
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Figure 5.6 (2): TPIP images of tumor receiving 5 injections of GNRs. Higher 

accumulation of GNRs was found in Area #3.  (Green: nuclei, Yellow: GNRs) 
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Figure 5.6 (3): TPIP images of tumor receiving 5 injections of GNRs. GNRs were 

found even in tumor core (or near the core). (Green: nuclei, Yellow: GNRs) 
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Figure 5.6 (4): TPIP images of Area #7 and #8.    

 

     GNS’s intra-tumoral biodistribution was also demonstrated in the same way. Figure 

5.7 (1) shows areas where TPIP images were measured. Like GNR accumulations 
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demonstrated in Figure 5.6, GNSs were also found even at the tumor core (Area #5, #7 

and #8), and more GNSs were present at the tumor overall compared to single-dose 

injected mice. This result indicates that multiple dosing might be an effective method to 

deliver more GNPs to tumor.  

 

 

Figure 5.7 (1): Schematic of tumor indicating the area where TPIP images were 

measured and TPIP images of Area #1 demonstrating GNS’s peripheral accumulation. 

(Green: nuclei, Yellow: GNSs) 
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Figure 5.7 (2): TPIP images of tumor receiving 5 injections of GNSs. Many GNSs 

were found at the tumor cortex. (Green: nuclei, Yellow: GNSs) 
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Figure 5.7 (3): TPIP images of tumor receiving 5 injections of GNSs. Area #4 had 

higher accumulation of GNSs, while small amount of GNSs was found in tumor core 

(Area #5, #7 and #8). (Green: nuclei, Yellow: GNSs) 
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5.3.4   Neutron Activation Analysis 

     To further investigate whether the higher accumulation of GNPs in A431 tumor 

could be attributed to multiple dosing, we quantified gold content in tumors and livers 

which received one injection and five injections of GNPs. As a control experiment, 

tumors (n=3) and livers (n=3) extracted from trehalose-injected mice were examined 

first. Gold level detected from these samples was very low, confirming detection limit 

of NAA performed in this study. From NAA data, we calculated total number of 

particles per gram of tissue by dividing this value by gold contents of single GNS (7.40 

x 10-9 µg/GNS) and GNR (1.74 x 10-11 µg/GNR). In this way, we found that 5 

injections of GNS had twice more particles in tumor than 1 injection, and 5 times more 

GNSs were found in liver of multiple-dose administered mice compared to single-dose 

administered mice. We also noticed that 5 injections of GNR had 1.6 times more 

particles in tumor than 1 injection, and 3 times more GNRs were present in liver 

receiving 5 injections of GNRs. These concentration data are demonstrated in Table 5.1 

and Figure 5.8.  
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Table 5.1: NAA data of single- and multiple-dose administered mice  

Analyzed 

Organ 

Injected 

Particle 

(A) Detected 

Gold Mass (µg)  

(B) Organ 
Mass 

(g)  

(C) Gold Mass 
of Single GNP 

(µg) 

(A/B*C) 
# of particles

g of tissue  

Tumor 

1x GNS 
(n=2) 0.368 0.341 7.40 x 10-9 1.47 x 108 

5x GNS 
(n=6) 0.623 0.300 7.40 x 10-9 3.02 x 108 

1x GNR 
(n=2) 2.089 0.292 1.74 x 10-11 4.08 x 1011 

5x GNR 
(n=6) 4.111 0.384 1.74 x 10-11 6.58 x 1011 

Trehalose 0.011 0.469 - - 

Liver 

1x GNS 
(n=2) 70. 893  0.299 7.40 x 10-9 3.15 x 1010 

5x GNS 
(n=6) 426.616  0.354 7.40 x 10-9 16.1 x 1010 

1x GNR 
(n=2) 56.490 0.359 1.74 x 10-11 9.18 x 1012 

5x GNR 
(n=6) 143.452 0.288 1.74 x 10-11 28.9 x 1012 

Trehalose 0.011 0.356 - - 

                                    (All values presented in this table are mean values of each group.) 
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Figure 5.8: Gold concentration in tumor and liver. (a), (b) GNR concentration in tumor 

and liver receiving 1 injection and 5 injections. (c), (d) GNS concentration in tumor and 

liver administered with single dose and multiple doses of GNSs. These bar graphs 

represent average numbers of GNPs/g of tissue and error bars indicate standard 

deviation.    
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5.3.5   Histological Analysis 

     To verify toxicity of multiple-dose administration, we performed histopathological 

analysis. Liver, spleen and tumor in each group (Group 1 to 5) were examined by 

pathologists at MD Anderson Cancer Center, and the light microscopy images of each 

group were evaluated. There were no substantial signs of toxicity such as inflammation, 

edema and sinusoidal dilation in tumor, liver and spleen excised from the mice 

receiving 1 injection, 5 injections of GNPs and trehalose injection. Figure 5.9 (a), (b) 

and (c) demonstrate light microscopy images of tumor, liver and spleen stained with 

H&E. At the tumor site, in animals receiving 5 intravenous injections of GNRs (Figure 

5.9 (a)), the extent of typical inflammatory cell infiltration (lymphocytes and 

neutrophils) was similar to Group 1 (1 injection of GNS), 2 (1 injection of GNR), 3 (5 

injection of GNS) and 5 (1 injection of trehalose). Similarly, there was no appreciable 

difference in edema (secondary to peritumoral inflammation) between tumors of 

animals in these groups. Also, no significant differences in histopathological 

appearance were observed in the liver (Figure 5.9 (b)) and spleen (Figure 5.9 (c)) of 

animals from all groups. Furthermore, in tumors, livers and spleens analyzed, there was 

no histopathologically appreciable necrosis as a result of any presumed increase in 

microvascular blockade by aggregated GNPs, even in the group that received multiple 

injections of GNPs.    
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Figure 5.9: Light microscopy images of tumor (a), liver (b) and spleen (c) for 

histopathological analysis. Each column shows the histological slides of trehalose, 

GNR and GNS injected mice. No significant differences in histological appearance 

were observed in all samples and no substantial signs of toxicity such as inflammation, 

edema, sinusoidal dilation and necrosis were found.   
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5.4  Conclusion and Discussion  

 

     This chapter investigated a method for increasing GNP accumulation in tumor to 

achieve effective thermal therapy and optical imaging. We compared the effect of 

single- and multiple-dose administrations of GNPs using TPIP images, NAA and 

histological analysis. So far as we know no attempts were made to evaluate the 

accumulation of nanoparticles after repeated administration.   

     TPIP images showed multiple dosing rendered homogeneous distribution and higher 

accumulation in tumor compared to single dosing. Also, we observed aggregated GNPs 

in liver and spleen due to capturing the particles by Kupffer cells in the liver and 

macrophages in the spleen. We did not find any significant difference of GNP 

distribution and concentration in liver and spleen between GNR-injected mice and 

GNS-injected mice.   

     After repeated injection, the gold content in tumor and liver was determined by 

NAA. This method allows the quantitative determination of gold in samples by 

comparison to recognized standard, and it has been shown that its detection limit for 

gold in mice was approximately 70 pg/g of tissue (10,800 GNSs), one half of one 

millionth of the injected dose (James, Hirsch et al. 2007). The results found in this 

study indicate that multiple doses rendered 1.6 – 2.0 times more particle accumulation 

in tumor and 3 – 5 times more in liver than single dose. Particle accumulation in tumor 

receiving 5 injections of GNPs via the tail vein was less than expected because we 
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injected 5 times more particles for multiple dosing experiment and found approximately 

twice more particles in tumor. Due to lack of comparable data reported by other 

researchers, we are still investigating clear answer about this discrepancy between total 

injection doses and particle accumulation. Since we used only two mice for 1 injection 

groups, we might need to increase sample number to six mice for accurate comparison.    

     Finally, in order to search in more detail for possible toxic effects, we tested whether 

multiple dosing method produces acute toxicity in mice during the course of the study. 

After administration of GNPs, mice were monitored daily for survival and any behavior 

changes. There was no effect of single- and multiple-dose administrations of GNPs on 

mortality and behavioral impairment. To examine organ morphology and cellular 

damage, histological analysis was performed. There were no appreciable 

histopathological signs of acute toxicity such as inflammation, edema, sinusoidal 

dilation and necrosis in all groups. As we used frozen tissues for histology, it was 

challenging to section the tissue as 5 µm thin slices which are commonly used for 

histological assessment. Therefore, we were not able to differentiate subtle changes of 

organ morphology and observe GNPs microscopically because thick slices (10 – 20 µm) 

caused poor H&E staining of the samples. For better assessment, we need to make the 

extracted organs blocked in paraffin rather than making them as a frozen block.   

     Here, we demonstrated the safety and efficacy of multiple dosing method and found 

that multiple dosing might be a good candidate to increase particle accumulation in 

tumor. Further study of long-term clearance, safety and biodistribution is required.  
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Chapter 6 

Conclusions 

 

6.1  Summary  

 

     From the study of GNP’s photo-physical properties, we verified, for the first time to 

our knowledge, GNS’s two-photon excitation process by measuring a quadratic 

dependence of TPIP emission intensity on the excitation power, and quantified the 

brightness of GNS’s luminescence by comparing with GNRs and FBs. GNSs are as 

bright as GNRs and 140 times brighter than FBs. We also confirmed damage thresholds 

of GNSs and GNRs by TEM measurement. GNS’s damage threshold was 2.6 mW, 

while GNR’s damage threshold was 6.0 mW. To optimize imaging parameters, we 

determined the maximum imaging depth. GNSs and GNRs embedded in tumor were 

imaged up to 245 µm and 300 µm, respectively with 2.0 mW incident laser power. 
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Since their damage thresholds are higher than 2.0 mW, we expect that these imaging 

depths will be increased with higher excitation power. 

     From TPIP images of bulk tumors and thin tissue slices, we found that GNSs and 

GNRs had a heterogeneous distribution with higher accumulation at the tumor cortex. 

However, GNRs have thicker annular accumulation at the tumor cortex than GNSs. 

GNSs and GNRs were also observed in unique patterns close to vasculature. We also 

investigated GNP’s biodistribution in liver and spleen. Unlike their intra-tumoral 

biodistribution, we did not find any significant difference of their accumulation between 

the liver’s and spleen’s cortex and their core, and all GNPs in these organs appeared 

aggregated.  

     To increase GNP accumulation in tumor, we compared single- and multiple-dose 

administrations of GNPs. TPIP images from multiple-dose administered mice showed 

that GNPs had more homogeneous distribution and more particles accumulated at the 

tumor compared to single-dose administered mice. NAA data also demonstrated that 

more gold contents in tumor were found from multiple-dosing group than single-dosing 

group. As it is possible to damage liver and spleen at multiple dosing, histopathological 

analysis was performed. We did not notice any signs of acute toxicity within the organs 

used in this study (i.e. organs extracted from the mice receiving 1 injection, 5 injections 

of GNPs and trehalose injection). These results suggest that multiple dosing might be an 

effective method to increase GNP accumulation in tumor.  
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6.2  Future Work 

 

     We have demonstrated GNP’s passive targeting to tumor. Since there are great 

interests in determining the distribution features of antibody-targeted GNPs, future 

work will explore GNP’s active targeting to assess the effect of particle’s 

bioconjugation on their accumulation in tumor. In a recent report, intense efforts 

have been made in the use of recognition molecules such as peptides or proteins 

for targeting nanoparticles to tumors and other diseased cells in the body (Loo, 

Lowery et al. 2005; El-Sayed, Huang et al. 2006; Huang, El-Sayed et al. 2006; 

Pissuwan, Valenzuela et al. 2006; Chen, Wang et al. 2007). For example, 

epidermal growth factor receptor (EGFR), one of these recognition molecules, is 

the receptor for epidermal growth factor (EGF), and mutations causing 

overexpression of EGFR can lead to uncontrolled cell division. It is well known 

that EGFR plays a very important role in tumor progression, and a number of anti-

cancer therapeutics target this pathway. For studying the effect of active targeting 

of GNPs, these anti-EGFR antibodies targeted GNPs can be used, and their 

targeting affinity will be investigated with TPIP imaging and NAA. To maximize 

GNP accumulation at the tumor site, multiple dosing might be used with 

conjugated particles.   
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