


 
 

ABSTRACT 

Theranostic gold nanoshell and nanomatryoshkas for cancer therapy 

by 

 Ciceron Ayala Orozco  

This dissertation describes the synthesis of multifunctional gold nanoparticles designed 

for therapy and diagnosis of cancer (theranostics), and the evaluation of their therapeutic 

efficacy and bioimaging of tumors in mice. The design of these metallic nanoparticles is 

aimed to incorporate imaging agents (MRI contrasts and fluorophores) in compact 

structures with dimensions below 100 nm while keeping their NIR-light-absorbing 

properties and optimum surface chemistry to enhance accumulation in tumor. The 

therapeutic response of these metallic nanoparticles is derived from the photoexcitation 

of their plasmon resonance, the collective oscillation of the conduction band electrons, 

which was advantageously utilized to enhance the quantum yield of fluorophores 

resonant in the NIR where the penetration of light is maximal in biological tissue and 

minimally destructive. Gold nanoshells as absorbers of NIR light can convert the 

absorbed light into heat consequently causing hyperthermia in the surrounding medium 

which leads to tumor cell death.         

To extent the application of previously developed theranostic nanoshells to the 

highly lethal pancreatic cancer, chapter 2 describes a magneto-fluorescent theranostic 

nanocomplex targeted to neutrophil gelatinase associated lipocalin (NGAL) receptor in 



 
 

pancreatic cancer. The large size of this theranostic nanocomplex (200 nm) potentially 

can hinder the accumulation in tumor.  

Seeking to reduce the size of the theranostic nanoparticles, chapter 3 presents the 

sub-100 nm Au nanomatryoshkas (Au/SiO2/Au). The smaller size and larger absorption 

cross section of Au nanomatryoshkas combine to make this nanoparticle more effective 

than Au nanoshells for photothermal cancer therapy. Chapter 4 presents the therapeutic 

efficacy in mice bearing large (>1000 mm
3
) and highly aggressive triple negative breast 

tumors.  

To equip the Au nanomatryoshkas with imaging contrast agents, fluorophores 

were encapsulated in the internal SiO2 layer of the Au/SiO2/Au matryoshkas as described 

in chapter 5. We observed strong fluorescence enhancements of the NIR dyes Cy7 and 

IR800. The combination of compact size and enhanced light emission with internal 

encapsulation of the fluorophores for increased biocompatibility suggests outstanding 

potential for this type of nanoparticle complex in biomedical applications as it is 

investigated and presented in chapter 6.  
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Chapter 1 

Introduction  

1.1. Theranostic nanoparticles 

The word “theranostics” refers to the simultaneous incorporation of diagnosis and 

therapy approaches in an all-in-one single platform.
1
 The purpose is to diagnose, treat the 

diseases and monitor the response to therapy by targeted co-delivery of imaging and 

therapeutic agents. Before initiating the treatment of diseases such as cancer, it is 

necessary to perform diagnostic imaging to establish the stage of the disease and the 

treatment strategy. In contrast to the traditional approach that uses separate materials and 

tools for these two objectives, theranostic nanomedicines have revolutionized the field by 

integrating imaging agents and therapeutic drugs in the nanometer scale. These 

theranostic nanoparticles are promising agents for cancer treatment because have shown 

potential to localize (to be targeted) in the tumors in a selective manner, reduce potential 

side effects and improve retention time in the bloodstream.
2
  



21 
 

The traditional methods to treat cancer, such as nucleic acid therapy, 

chemotherapy, hyperthermia treatment (photothermal ablation), photodynamic therapy, 

and radiation therapy, are adopted in the theranostic strategies through the combination 

with imaging techniques commonly used in clinics. Magnetic resonance imaging, nuclear 

imaging (PET/SPECT/CT), and/or fluorescence imaging/optical imaging are frequently 

combined with the therapeutic tools through the synthesis of theranostic nanomaterials 

such as linear and branched polymers
3-5

, dendrimers
6
, liposomes

7,8
, inorganic 

nanoparticles
9-11

, and protein conjugates
12

.  

Due to the unique optical properties of Au nanoshells
13

 and nanomatryoshkas
14

, 

their use is becoming widespread in biomedical applications such as biological 

sensing
15,16

, biomedical imaging
17

, photothermal cancer therapy
18

, and light-triggered 

drug delivery
19

. The Au surface can be easily functionalized via Au-thiol chemistry with 

therapeutic DNA/siRNA oligonucleotides, MRI contrast agents, fluorophores, and 

targeting moieties resulting in excellent theranostic probes.
20

 Upon photoexcitation, Au 

nanoparticles support a plasmon resonance, a collective excitation of the conduction band 

electrons, which can be utilized advantageously to remotely control the theranostic probe. 

For example, the quantum yield of a fluorophore attached near the vicinity of the 

nanoparticle is enhanced due to the plasmonic properties, which results in brighter probes 

with higher sensitivity for improved diagnosis.
21,22

       

1.2. Au nanoshell synthesis  

In this thesis, gold nanoshells were widely used to develop theranostic agents and 

as the reference standard for the efficacy of photothermal therapy. Nanoshells are 
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spherical particles of nanometric dimensions that consist of dielectric silica (SiO2) core 

coated with a uniform layer of metallic gold.
13

 The plasmon resonance frequency of 

nanoshells is controlled by the core-shell dimensions as well by the dielectric constants of 

the core, shell, and surrounded medium.
23-25

 By modifying these parameters the plasmon 

resonance of nanoshells can be tuned across the electromagnetic spectrum usually from 

the visible to near-infrared (NIR) region. Bigger SiO2 cores and thinner Au shells shifts 

the resonance to longer wavelengths while smaller SiO2 cores and thicker Au shells shift 

the resonance to shorter wavelengths. This precise control over the resonance peak is 

particularly important for biological applications because the plasmon can be tuned to the 

NIR “water window” (~700-900 nm), where the biological tissue is maximally 

transparent to the light.
26

 This property has lead to diagnostic and therapeutic applications 

of nanoshells such as NIR bioimaging
20,27-29

 and photothermal therapy of cancer.
18

 In 

addition, the non-toxic Au metallic surface is ideal for biological applications and 

compatible for   bioconjugation through thiolated polymers, oligonucleotides and 

polypeptides that have lead to the use nanoshells for targeting, imaging and therapy at the 

cellular level, small animals and human clinical trials. 
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Figure 1.1. Plasmon tunability for metallic nanoshells by controlling the shell thickness.    

The SiO2-Au core-shell nanoshells are fabricated following previously reported 

methods.
13,30

 First, the SiO2 cores are synthesized by the Stöber method which consist in 

the condensation reaction of tetraethyl orthosilicate (TEOS) usually catalyzed by 

ammonium hydroxide in ethanol:water mixture.
31

 Then the SiO2 cores are functionalized 

with 3-aminoporpyl triethoxisilane to introduce amine groups in the surface. The amine 

groups are used to attach 1-2 nm gold colloids which are used for the seeded growth of 

the outer Au shell layer. The 1-2 nm gold colloids are synthesized in a separate reaction 

using tetrakis(hydroxymethyl)phosphonium as a reducing agent following the method 

reported by Duff et. al.
32

 The SiO2 core decorated with THPC Au colloids are added to 

the right volume ratio of Au (III) in aqueous solution containing potassium carbonate 

(commonly called plating solution). Formaldehyde is added to reduce the Au(III) to 

metallic gold which growth onto the Au seeds to form a complete Au layer. Nanoshells of 

different Au thicknesses are fabricated by varying the volume ratio of the seeded 

precursors and the plating solution.  The plasmon resonance of the nanoshells is strongly 

400 600 800 1000 1200

 

 

E
x

ti
n

c
ti

o
n

 (
a

.u
.)

Wavelength (nm)

decreasing

r2/r1

r1 r2

r1 = 60 nm

r2 = 80 nm

70 nm

67 nm
65 nm



24 
 

tuned experimentally by varying the volume of seeded precursors and keeping the 

volume of plating solution constant.  An increase of the seeded precursor results in a 

thinner Au shell and red-shifting of the plasmon resonance. 

 

Figure 1.2. Schematic representation of nanoshell fabrication and corresponding TEM. (i) 

Silica core, (ii) seeded precursor, and (iii) Au nanoshell.      

 

Figure 1.3. SEM image of Au nanoshells fabricated with 60 nm SiO2 and 15 nm Au 

layer. 

1.3. Plasmon hybridization in Au nanoshells  

The tunable optical properties of nanoshells can be explained in terms of the 

plasmon hybridization model.
33,34

 It is the electromagnetic analog to the molecular orbital 

i ii iii

1μm

100 nm
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theory which explains the interaction of atomic orbitals for the formation of molecular 

orbitals. Plasmon hybridization theory deconstructs a complex structure into its 

elementary shapes and analyzes the interactions between the individual plasmons in the 

hybridized structure.   

The hybridized plasmon of a gold nanoshell results from the coupling between the 

sphere plasmon and the sphere cavity plasmon inside a bulk metal. Mie theory predicts 

the plasmon resonance of an Au sphere and a sphere cavity, given by: 

𝜔𝑠,𝑙 = 𝜔𝐵 (
𝑙

2𝑙+1
)

1/2

                                                   (1-1) 

     

𝜔𝑐,𝑙 = 𝜔𝐵 (
𝑙+1

2𝑙+1
)

1/2

                                                  (1-2) 

where 𝜔𝐵 is the plasmon frequency of the bulk metal and 𝑙 is the angular momentum. 

The oscillation of the conduction band electrons induces deformation fields which 

introduce charges in the inner and outer surface of the Au shell. These surface charges are 

involved in the hybridization of the cavity and sphere plasmons. The strength of the 

coupling between the cavity and sphere plasmon depends on the thickness of the Au 

shell.  
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Figure 1.4. Plasmon hybridization model for Au nanoshells. Adapted from reference 
33

. 

 The model of plasmon hybridization on Au nanoshells gives rise to two hybrid 

plasmon modes |𝜔+〉 and|𝜔−〉 for 𝑙 > 0. Where the frequency of these modes is defined 

by: 

𝜔𝑙±
2 =

𝜔𝐵
2

2
{1 ±

1

2𝑙+1
[1 + 4𝑙(𝑙 + 1) (

𝑟1

𝑟2
)

2𝑙+1

]
1/2

}                           (1-3) 

and |𝜔+〉 is a higher energy antisymmetric or antibonding mode and |𝜔−〉 is a lower 

energy symmetric or bonding mode. The symmetric mode |𝜔−〉 is dipole active; therefore 

interacts strongly with the optical field and because of that it is often referred as bright 

mode. The antisymmetric mode  |𝜔+〉 is dipole inactive; therefore interacts weakly with 
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the optical field and because of that it is often referred as dark mode, which means it 

cannot be excited by light. From equation 1-3, the hybridization model predicts that the 

coupling of the cavity and sphere modes depends on the ratio 𝑟1 𝑟2⁄  which explains why 

the energy of the optically active plasmon resonance shifts to lower energy when the Au 

shell becomes thinner. When the Au shell becomes thinner, the coupling between the 

cavity and sphere plasmon becomes stronger that results in a larger energy splitting 

between the symmetric and antisymetric. This effect corresponds to the experimental red-

shifting of the UV-Vis extinction spectrum.  

1.4. Near field and far field properties of Au nanoshells 

The near field and far field are regions of the electromagnetic field around an 

object which can be a metallic nanoparticle excited with light or the result of radiation 

scattering off the object. The near field has a non-radiative behavior and dominates close 

to the object and decays with the distance. In contrast, the far field dominates at longer 

distances and decays with the inverse square of the distance.  

The near field and far field properties of Au nanoparticles can be described by 

solving the Maxwell’s equations. Mie scattering theory solves analytically the Maxwell’s 

equations for spherical geometries by expressing the electromagnetic waves as 

expansions of the vector spherical harmonic basic set functions 𝐋, 𝐌 and 𝐍.
35

 The 

explicit form of the vector harmonic basis is discussed in detail elsewhere.
36

 Extension of 

Mie theory to multilayered concentric spherical nanoshells also is straightforward.
36-39
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Figure 1.5. Schematic representation of a gold nanoshell showing variable dielectric 

constants in each layer.      

The Au nanoshells consist of three regions with distinct dielectric properties: the 

core (𝜀1), the metallic shell (𝜀2), and the outer (𝜀3) dielectric environment (Figure 1.5).  

The electromagnetic fields in these regions are given by: 
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where i indicates the region of interest (Figure 1.5), and al
i
 and bl

i
 are the Mie coefficients 

in each region. The electromagnetic problem of light scattering by a nanoshell is 

summarized to solve for the Mie coefficients with the condition that the electromagnetic 

fields must satisfy Maxwell’s boundary conditions at each layer boundary.  

Once the Mie coefficients for a problem are known, the optical properties can 

be easily obtained. For example, we often are interested in the behavior of the 

electromagnetic fields outside the nanoshell (in region 3).  The local field can be 
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obtained by simply using Equation 1.4 for region 3, using the Mie coefficients in that 

region.  
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Since the spherical coordinates are used for the calculations, the radial distance is 

fixed and the surface average is calculated as the average of the field evaluated at 

different points on the nanoshell surface (different θ and different φ angles).  

  The far field scattering, absorption and extinction cross-sections of the 

nanoshells are obtained by 

  

   

scaextabs

l

llext

l

llsca

bal
k

bal
k


























1
2

1

22

2

Re12
2

12
2

   (1-6) 

where k is the wave vector in region 3. The theoretical extinction cross-section can be 

easily matched to the experimental absorbance of nanoshells. 

1.5. Photothermal properties of Au nanoparticles 

Photothermal cancer ablation
18

 and light-triggered drug release
19,40-42

 exploit the 

photothermal heating capabilities of gold nanoparticles such as nanoshells and 

nanomatryoshkas (concentric multilayered nanoshells). Nanoshells and nanomatryoshkas 

are efficient light-to-heat converters due to their large absorption cross-section.
43

 Even at 

low illumination intensities, the photothermal response of these particles results in 
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heating of the surrounding tissue inducing hyperthermia and subsequent tumor cell death. 

In this work, we have used these types of nanoparticles for cancer therapy. Therefore, it is 

critical to understand the physics behind the photothermal heating by gold nanoparticles.  

When the plasmon resonance of a metallic nanostructure is excited with light, the 

energy can dissipate radiatively through light scattering or non-radiatively resulting in 

light absorption. The absorbed light can efficiently be converted to heat. The absorption 

and scattering contributions in a nanoparticle depends on the size: small nanoparticles are 

strong absorbers but weak scatters, while larger particles are better scatters but weak 

absorbers.  

The fundamental physics underlying the process of light-to-heat conversion in gold 

nanoshells was studied with ultrafast laser spectroscopy.
44-46

 Upon resonant illumination 

with an ultrashort laser pulse, metallic nanoparticles undergo a perturbation of the 

electronic Fermi distribution. Following photoexcitation the relaxation via electron-

electron scattering leads to a rapid increase in surface temperature on the subpicosecond 

timescale; the electrons are at much higher temperature than the atomic lattice of the 

nanoparticle. This initial rapid heating is followed by cooling back to equilibrium by 

energy exchange between the electrons and the lattice via electron-phonon coupling on 

the few picosecond timescale. On the order of several hundred picoseconds, the lattice 

cools via phonon-phonon coupling which results in the heating of the medium 

surrounding the nanostructure.
45-48

 This energy dissipation via phono-phonon coupling is 

used in cancer therapy to induce photothermal cell death. 
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Chapter 2 

Targeting pancreatic cancer with magneto-

fluorescent theranostic gold nanoshells 

Reproduced with permission from Chen, W.;
†
 Ayala-Orozco, C.;

†
 Biswal, N. C.; 

Perez-Torres, C.; Bartels, M.; Bardhan, R.; Stinnet, G.; Liu, X.-D.; Ji, B.; Deorukhkar, 

A.; Brown, L. V.; Guha, S.; Pautler, R. G.; Krishnan, S.; Halas, N. J.; and Joshi, A. 

Nanomedicine, 2013, 9, 1209-1222. . 
†
Equal contribution. Copyright 2013 Future 

Medicine Ltd.  

Nanoparticle synthesis and characterization were obtained by C. Ayala-Orozco 

following R. Bardhan’s method with some minor modifications. W. Chen conducted the 

biological experiments such as animal injections, organ extraction, and in vitro tests. M. 

Bartels and N. C. Biswal were in charge of the optical imaging instrumentation, image 

processing and analysis. C. Perez-Torres and G. Stinnet conducted the MRI 

experiments. Rizia Bardhan synthesized the initial theranostic gold nanoshells samples 
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at the beginning of the project and obtained the in vitro photothermal therapy results. L. 

V. Brown contributed measuring the FTIR spectra.   

 

2.1. Introduction 

Pancreatic cancer is the fourth leading cause of cancer-induced mortality in the 

United States, accounting for 36,800 estimated fatalities in 2010 
49

. Its dismal five-year 

survival rate of 5% is attributed primarily to rapid metastasis and to a lack of reliable 

tumor markers for early diagnosis. Among patients without metastatic disease, less than 

20% are surgically resectable, the only potentially curative treatment, which still confers 

only a 15-25% rate of 5-year overall survival 
50

.  Other patients are frequently treated 

with chemo-radiation therapy with 5-year overall survival rates of 5-10% 
51,52

. Current 

therapies, alone or in combination, have done little to improve the grim outlook, since 

pancreatic cancer has low response to chemotherapy, and develops resistance to 

gemcitabine, the standard first-line chemotherapeutic agent for advanced stage disease 
53

. 

The development of a method for detection and therapy of early stage pancreatic cancer, 

immune to drug resistance, would be immensely helpful for improving the chance of 

survival.  

    Cancer nanotechnology developments in the area of theranostic probes 

(combined diagnosis and therapy) provide an attractive avenue for detecting and treating 

pancreatic cancer 
20,54-57

. Recently we demonstrated the theranostic capabilities of 

multifunctional magneto-fluorescent silica core-gold nanoshells for diagnosis and 

photothermal therapy of cancer 
17,28,58

. These agents are comprised of a silica core with a 
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thin gold layer whose thickness can be varied to tune the plasmon resonance wavelength 

of the nanoparticle into the NIR wavelength region, where light penetration in tissue is 

maximal. In addition to photothermal therapy, these complexes enhance the fluorescence 

of the only FDA cleared NIR dye Indocyanine Green (ICG) by up to 50X, resulting in a 

biocompatible, yet stable and bright NIR fluorescence with imaging performance 

comparable to the semiconductor quantum dots.  As the outcome of pancreatic cancer 

surgery strongly depends on the margin status, deployment of magneto-fluorescent 

theranostic probes for image guided surgery/thermal therapy can favorably impact the 

care of pancreatic cancer patients.  

    For maximal impact on pancreatic cancer, the emerging cancer theranostics 

should be targeted to early stage malignancies. However, there is a scarcity of early stage 

tumor biomarkers for pancreatic cancer along with the lack of clinical validation 
59-63

. 

Recently, neutrophil gelatinase-associated lipocalin (NGAL) has been detected in 

pancreatic cancer tissue and it has been clinically investigated as a marker for early 

diagnosis of pancreatic intraepithelial neaoplasia 
64,65

.  NGAL has been reported to be up-

regulated up to 27 times in pancreatic cancer cells
64

.  NGAL expression is also up-

regulated in multiple human cancers including breast, colorectal, ovarian, thyroid 

carcinomas, prostate and bladder 
66-72

, implying that NGAL may have a critical role in 

solid tumor formation. In particular, strong NGAL over-expression has been observed in 

early stage pancreatic cancer lesions, suggesting that it is a marker for early dysplasia in 

pancreas and an attractive target for cancer theranostic nanoprobes.  

    We report that silica-gold-iron-oxide magneto-fluorescent TGNS complexes 

can be used for combined image contrast and photothermal therapy of pancreatic cancer 
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over-expressing NGAL. The agent was comprised of a silica core-gold shell nanoshell 

with an additional silica epi-layer encapsulating approved NIR (ICG) and MR (iron 

oxide) contrast agents. The agents were targeted to NGAL-overexpressing cells via 

antibodies conjugated to the external surface of the complex. Nanocomplex dimensions 

were tuned to provide a plasmon resonance at ~808 nm, coinciding with the emission 

maximum of the fluorescent dye ICG, and thus enhancing its quantum yield by ~50X. 

The resulting probe acted as an NIR imaging agent when illuminated with 785 nm light, 

and as a photothermal therapy agent when illuminated with 808 nm light. We identified 

the efficacy of TGNS for image contrast and therapy of pancreatic cancer in vitro and in 

vivo on disease models created with AsPC-1, a human pancreatic adenocarcinoma cell 

line known to overexpress NGAL. In vitro MRI and fluorescence optical imaging (FOI) 

verified the enhanced specific binding of NGAL targeted TGNS to AsPC-1 cells. We also 

report the lack of cytotoxicity of these constructions and nearly 100% efficiency in 

ablation of the cancer cells upon exposure to NIR radiation at 808 nm.  In vivo MRI and 

FOI imaging studies on nude mice with AsPC-1 xenografts were conducted to 

demonstrate the favorable biodistribution of NGAL targeted TGNS to tumors following 

systemic delivery.  

2.2. Experimental Methods 

TGNS fabrication. The TGNS were fabricated similar to the procedure we 

previously reported with some modifications 
17

. GNS were prepared by synthesizing a 

metal shell of gold (15 nm layer) around a silica nanosphere (60 nm radius) giving a 

resonant wavelength of 770 nm. The amine functionalized 10 nm Fe3O4 nanoparticles 
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(Amine Fe3O4, SHA-10-05, Ocean Nanotech) were first diluted adding 150 µL into 1.85 

ml of water. The diluted solution of amine functionalized Fe3O4  (2 mL) was added 

dropwise to 5 ml of nanoshells at a concentration of 1x10
11

 nanoshells/mL and  the 

solution was mixed under magnetic stirring for 2.5 h to allow the amine-terminated Fe3O4 

to bind to the Au shell surface. The Fe3O4 conjugated nanoshells were put directly into 

the silica coating reaction and the unbound Fe3O4 nanoparticles were easily removed by 

centrifugation after the silica coating. The silica coating reaction consists in the 

deposition of a  silica layer  around the NS@Fe3O4 by adding  7 mL of nanoshell solution 

under magnetic stirring, 60 mL 200-proof ethanol and 600 µL of 28% ammonium 

hydroxide (Fisher). Immediately, 5 µL of tetraethyl orthosilicate (TEOS, 99.999% purity, 

Sigma Aldrich) were added to the mixture under vigorous stirring. After 5 min, a mixture 

of 2 mg ICG plus 5 µL of APTES dissolved in 1 mL of 200-proof ethanol  was added, 

then the flask was immediately sealed and vigorously stirred for 45 min at room 

temperature. The reaction mixture was transferred to the refrigerator at 4°C and was 

gently stirred for 12 h.  The mixture was centrifuged at 340 g for 20 min in 50 mL 

centrifuge tubes, where a 20 mL volume was dispensed in each tube. The pellet obtained 

after centrifugation was resuspended in 10 mL of ethanol in each tube, then centrifuged 

again and redispersed in a total volume of 30 mL of ethanol. To prepare a control system, 

unconjugated TGNS, an aliquot of the previously synthesized nanocomplex 

(NS@Fe3O4@SiO2-ICG) was resuspended in 1 mM PBS buffer pH 7.4. The suspension 

was centrifuged at 300 g for 15 min. The supernatant was removed and the particles were 

resuspended once more in 1 mM PBS for a final concentration of 5x10
9
 particles/mL. 
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Extinction spectra were obtained using a Cary 5000 UV/Vis/NIR 

spectrophotometer. Fluorescence emission spectra were obtained using a Jobin Yvon 

Fluorolog 3 with excitation wavelength at 780 nm. 

AntiNGAL and Polyethylene glycol (PEG) conjugation to the TGNS. The 

antibody (Anti-human Lipocalin-2/NGAL Antibody, MAB1757, R&D Systems) was first 

biotinylated. A 1 mM solution of Sulfo-NHS-biotin (PIERCE) reagent in PBS buffer pH 

7.4 was prepared. Then 30 µL of this solution were incubated with 300 µL of anti-NGAL 

antibody (200 µg/mL) at 4°C for 3 h. The biotin-antibody complex was dialyzed in a 

3500 MW dialysis unit (PIERCE) at 4°C for 12 h against 1 mM PBS pH 7.4
 
to remove 

unbound biotin. While antibody biotinylation was in progress, the NS@Fe3O4@SiO2-

ICG complex was functionalized with streptavidin. First, the ethanolic solution of the 

nanocomplex was incubated with 20 µL of (3-mercaptopropyl) triethoxysilane (MPTES, 

Sigma-Aldrich) at room temperature under slow stirring for 2 h. The MPTES-

functionalized nanoparticles were centrifuged at 280 g for 15 min and subsequently 

resuspended in 10 mL of 1 mM PBS buffer pH 7.4. Then 100 µL of a 1 mg/mL solution 

of streptavidin-maleimide (Sigma) in 1 mM PBS buffer pH 7.4 were added to the thiol-

terminated TGNS. The streptavidin-coated TGNS, NS@Fe3O4@SiO2-ICG@streptavidin, 

was centrifuged at 270 g for 10 min and resuspended in 2 mL of 1 mM PBS buffer pH 

7.4. Finally, half of the streptavidin-conjugated TGNS was mixed with the antiNGAL-

biotin complex and stirred at 4°C for 10 h. Biotin-conjugated antiNGAL bound with high 

affinity to the streptavidin-conjugated TGNS. Unbound streptavidin sites were 

conjugated by addition of 200 µL of 50 µM solution of PEG-biotin (Nanocs, MW 5000) 

followed by stirring at 4°C for 4 h. The nanoparticles were centrifuged at 300 g for 10 
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min and resuspended in 1 mM PBS buffer pH 7.4. For the PEG conjugated TGNS, 200 

µL of 50 µM PEG-biotin (Nanocs, MW 5000) was added to the second half of the 

streptavidin-conjugated TGNS and stirred for 4 h. The nanoparticles were centrifuged 

and redispersed in 1 mM PBS buffer pH7.4 at a final concentration of 5x10
9
 

nanoshells/mL. The number of antibodies attached per nanocomplex  was quantified by 

enzyme-linked immunosorbent assay (ELISA). Briefly,  450 uL of  nanocomplexes (at a 

concentration of 5x10
10

 particles/mL)  were incubated  1h with 50 uL of secondary 

antibody anti-rabbit IgG-linked horseradish peroxidase (HRP-AR, Sigma A0545) at a 

concentration of 100 ug/mL in 3% bovine serum albumin (Sigma) in PBS. Then 

nanocomplexes were centrifuged to remove unbound HRP-AR. The peroxidase activity 

was quantified on the pellet following conventional ELISA protocol. The number of 

antibodies in nanocomplexes was calculated using a standard curve of peroxidase activity 

ranging from 10-0.3 ng/mL of HRP-AR and then dividing the corresponding number of 

antibodies by the number of nanocomplexes in solution. 

Dark field microscopy and sample preparation. Dark field microscope samples 

were prepared using the immunohistochemical staining (IHC) slice: The half of 

pancreatic cancer xenograft was placed in Tissue-Tek with 10% formalin and embedded 

in paraffin, and 3μm–thick sections were examined with H&E and IHC staining. Block 

the section with 3% H2O2 for 10min at room temperature, following blocking 

endogenous biotin. Wash with TBST. Add primary antibody Human Lipocalin-2/NGAL 

Antibody (Catalog Number: MAB1757, R&D Systems: 1:50, Source Monoclonal Rat 

IgG2A). Rinse the slides with PBS thoroughly (avoid direct rinse to the tissue). Wipe out 

excess PBS around tissue. Add secondary antibody Goat anti RatIgG(H+L) (Jackson 
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ImmunoResearch) for 30 min and labelelled with streptavidin and conjugated with DAB 

substrate to be prepared for imaging. Dark field images were acquired with an optical 

microscope adapted with CytoViva® illumination system. 

In vitro Fluorescence Optical Imaging. The purpose of in vitro imaging was to 

validate the targeting efficacy and specificity of antiNGAL-TGNS for NGAL expressing 

pancreatic cancer cells by standard immunohistochemistry techniques. AsPC-1 (human, 

pancreas, adenocarcinoma, derived from metastatic ascites) cells were grown in RPMI 

1640 medium with 2.05 mM L-Glutamine (HyClone), 1% Antibiotic-Antimycotic and 

10% FBS. Cells were incubated at 37°C in a 5% CO2 environment and detached from 

culture with 0.05% trypsin /0.53mM EDTA, then resuspended in media for passaging to 

wells. 3×10
5 

cells of ASPC-1 were plated in each well of 4 well plates respectively, and 

allowed to incubate. Subsequently, cells were washed with 1×PBS twice and fixed with 

PFA (3.7% paraformaldehyde in PBS). Cells were then permeabilized with 0.2 % triton, 

following which they were washed twice with PBS. 10% NGS solution was added to 

each well plate and incubated for 15 min. The cells were divided into three groups: The 

NGAL group (AsPC-1 incubated with antiNGAL-conjugated TGNS with concentration 

2×10
9
 particles/mL 2 h at 4°C) was the experimental group while the blocked group 

(AsPC-1 incubated with antiNGAL-conjugated TGNS after blocking NGAL with 

antiNGAL, 20 µg/mL, 1 h at 4°C then washed three times with PBS 5min) and the 

unconjugated TGNS group (AsPC-1 cells incubated with unconjugated TGNS for 2 h at 

4°C) were the controls. After 2 h, the cells were washed with PBS to remove unbound 

nanocomplexes, after which the secondary antibody, Goat Anti-Rabbit IgG-Alexa Fluor 

488 (Invitrogen) was added to the wells and incubated for 1 h at 4°C. The cells were 
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again washed with PBS while protected from light for excess secondary antibody 

removal. The cell plates were then mounted on slides with mounting media containing 

DAPI (Invitrogen) and prepared for fluorescence imaging. To acquire the fluorescence 

images, we used a Leica fluorescence microscope (DM6000 B; Leica Microsystems 

GmbH) with a 100 W xenon lamp and specific filters. The images were obtained using 

cutoff filters with appropriate excitation/emission wavelengths (laser excitation/emission 

wavelengths 360/470 nm (DAPI), 480/530 nm (Alexa Fluor 488), and 720/820 nm (ICG). 

In vitro MR Imaging. 1×10
6
 AsPC-1 cells were plated in each well of 60×15 mm 

style cell culture dishes and allowed to incubate with the TGNS as described in the 

previous section. After 2 h of incubation with the nanocomplexes, the cells were washed 

with PBS, followed by scraping the cells from the bottom of the petri dish, dispersed in 

500 µL PBS, and centrifuged at 1100 rpm for 5 min. The supernatant was then removed, 

leaving ~100 μL cells containing antiNGAL-conjugated TGNS and unconjugated TGNS 

in the Eppendorf tubes, respectively. 500 µL of 0.5% agarose gel was added to each tube 

and the samples were left at 4°C for 10 min to allow the agarose to solidify. The tubes 

with the nanocomplexes suspended within the gel containing the solidified agarose gel 

with AsPC-1 cells were directly utilized for MR Imaging. MRI experiments were 

performed on a Bruker Avance Biospec, 9.4 T spectrometer, 21 cm bore horizontal 

imaging system (Bruker Biospin, Billerica, MA) with a 35 mm volume resonator. In vitro 

imaging of cells suspended in agarose was performed using a 3D RARE (rapid 

acquisition with relaxation enhancement) sequence with a repetition time (TR) of 2000 

ms, an echo time (TE) of 20 ms (TR/TE equal to 2000/20 ms) with a RARE factor of 8 

leading to an effective TE of 60 ms. FOV was 25.6×25.6×12.8 mm with an acquisition 
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matrix of 128×128×64 yielding an isotropic 200 µm resolution. Maximum intensity 

projections were created from the 3D MRI data using a threshold segmentation approach 

in MATLAB® (2008a, The Mathworks, Natick, MA). The threshold was set at the 

average minus twice the standard deviation of the sample. Pixels under this value were 

considered to be hypointense and labeled as black in the image. The surrounding 

normotense agarose was labeled as a transparent light green. Each hypointense pixel 

contains a cluster of labeled cells, since the scan resolution was not sufficient to identify 

individual cells. 

In vitro Photothermal Therapy and Cytotoxicity Studies. AsPC-1 cells were 

grown in a 4 well plate and divided into three groups, as described earlier.  5×10
5 

cells 

were incubated at 37 °C with nanocomplexes (2x10
9
 particles/mL) for 2 h and then 

washed with PBS. Photothermal ablation was performed using an NIR laser diode at 808 

nm (L808P200, Thorlabs Inc.) for 10 min at a power density of 5.81 W/cm
2
 and a spot 

size of ~0.8mm diameter. After irradiation, cells were rinsed gently with PBS and 

incubated at 37 °C with media for 4 h. Cell viability was assessed using Calcein to stain 

live cells and propidium iodide (PI) to stain dead cells. For cytotoxicity studies, cells 

were incubated at 37 °C with antiNGAL-conjugated TGNS, free antiNGAL followed by 

antiNGAL-conjugated TGNS, and unconjugated TGNS, these cells were not illuminated 

with the NIR laser. After incubating the cells with Calcein/PI mixture for 30 min at 37°C, 

a cover slip was mounted and the cells were imaged. The images were obtained using 

excitation/emission wavelengths 480/530 nm (Calcein), 520/620 nm (PI). 
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The AsPC-1 xenograft model. The protocol for xenograft tumor creation and 

nude mice imaging was approved by the Institutional Animal Care and Use Committee 

(IACUC) of Baylor College of Medicine. 

Athymic Nude-Foxn1nu female mice (4-6wk of age, 20±3g, Harlan) were 

injected s.c. on the right flank with 4×10
6
 cells per mouse, AsPC-1 cells suspended in 

0.2ml serum-free medium. After 14 days, tumors grew to about 8-12mm in diameter. 

Intravenous administration of nanocomplexes in mice was conducted in two stages. In the 

first stage, the specificity of antiNGAL-TGNS for the AsPC-1 xenografted tumors was 

determined. Mice were randomized into an experimental group (n=7) and a control group 

(n=6). Mice treated with antiNGAL-conjugated TGNS comprised the experimental 

group. As a control, mice were treated with free antiNGAL antibody (250 μg in 200 μL 

of saline injected through the tail vein) to block NGAL 4 hours prior to injecting 

antiNGAL-conjugated TGNS.  In both cases, nanocomplexes were administered via 200 

µL tail vein injections with concentration of 5×10
9
 particles/mL. In a second set of 

experiments the time dependent NIR/MR imaging was compared between antiNGAL-

conjugated TGNS and PEGylated TGNS to evaluate the contrast advantages of targeting 

over passive accumulation in tumor by enhanced permeability and retention (EPR) affect 

due to PEGylation. Mice were randomized into an antiNGAL-TGNS treated group (n=6) 

and PEGylated-TGNS treated group (n=6).     

Fluorescence Imaging Method. Mice were placed in a clear plastic chamber and 

isoflurane delivered in concentrations of 1-3% in oxygen (up to 5% for initial induction). 

To maintain body heat of the mice during anesthesia, we utilized a heating pad and 

temperature controller (FHC Bowdoin, ME, USA). Whole body fluorescence images at 
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0.5 h, 2 h, 4 h, 24 h, 48 h, and 72 h post-injection were acquired using a homebuilt NIR 

imaging system consisting of an image-intensified cooled CCD camera (Princeton 

Instruments) outfitted with a 28 mm Nikkor (Nikon) lens. Image acquisition was 

controlled by customised MATLAB routines (The MathWorks, Inc.) from an off-the-

shelf personal computer (Dell Optiplex 760). Excitation light was generated with a 100 

mW near infrared (NIR) laser diode at 785 nm (Thorlabs, Inc.) and diffused with a 

planoconvex lens and a light shaping diffuser (both Thorlabs, Inc.). For capturing 

excitation light images we used a neutral density filter with optical density (OD) 3 

(Andover Corporation). A fluorescence band pass filter at (830 ± 20) nm (Andover 

Corporation) in combination with a holographic notch filter (OD 6) at 785 nm (Kaiser 

Optical Systems, Inc.) was employed for collecting fluorescence emission light while 

rejecting excitation leakage, as suggested by Hwang et. al 
73

. From the images, regions of 

interests (ROIs) were manually selected around the tumor and non-tumor sites. The ratios 

of the fluorescence intensities from these ROIs were then calculated.  

In vivo MRI Methodology. Animals were anesthetized with gaseous isoflurane at 

1-3% in oxygen, then placed into a mouse holder within the magnet. During imaging, the 

animal body temperature was maintained at 37°C, continually monitored with a rectal 

probe using an animal warmed-air heating system (SA Instruments, Stony Brook, NY). 

Imaging was performed with a multislice RARE (rapid acquisition with relaxation 

enhancement) sequence with a TR/TE equal to 2805/20 ms with a RARE factor of 6 

leading to an effective TE of 60 ms. The imaging sequence included a 5 ms fat 

suppression pulse. FOV was 30×30 mm with 20 slices at 1 mm thickness. The acquisition 

matrix of 256×256 yielded an in-plane isotropic 117 µm resolution. The transverse 
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relaxation time T2 weighting sufficient for detection of superparamagnetic iron oxide. 

Qualitative criteria for the diagnosis of tumor were based on the identification of single or 

multiple focal zones of increased or decreased signal tumor intensity. Signal tumor 

intensity measurements were scaled to image noise, and tumor intensity compared before 

and after injection of nanocomplexes. 

2.3. Results 

TGNS characterization. The TGNS complexes were chemically synthesized by 

a stepwise multi-layered deposition process as described in the experimental section. The 

correct assembly and functionality of each layer was characterized. A schematic 

illustration of the assembly process of antibody (anti-NGAL) conjugation to TGNS is 

depicted in Figure 2.1A. The binding of Iron Oxide to gold nanoshells and localization 

inside silica layer was confirmed by TEM (Figure 2.2). Fluorescence emission from the 

ICG doped inside the silica is provided in Figure 2.3B. The size of the TGNS is ~180 nm 

according to TEM measurements (Figure 2.1B). FTIR spectra of the streptavidin-

conjugated TGNS and controls (bare-TGNS and streptavidin) were obtained to confirm 

the binding of streptavidin to the bare-TGNS (Figure 2.1C). The peak at 3303 cm
-1

 

corresponds to the N-H stretching mode present in streptavidin and in the conjugated 

TGNS but absent in bare-TGNS. In addition, the peaks at 1521 cm
-1

 (N-H bending mode) 

and 1635 cm
-1

 (C=O stretching mode) increase in intensity after streptavidin conjugation 

to the bare-TGNS.  Quantification of the number of antibodies on anti-NGAL conjugated 

TGNS by ELISA is significantly higher than that of the control (bare-TGNS), as shown 

in Figure 2.1D. These nanocomplex characteristics support the expected conjugation of 
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antiNGAL-biotin to TGNS using the streptavidin-biotin interaction. Further 

characterization of TGNS bioconjugation is provided in Figure 2.3 including optical 

properties, zeta potential and hydrodynamic diameter. 

 

Figure 2.1. Characterization of theranostic gold nanoshells (TGNS). (A) Schematic 

representation of antibody (anti-NGAL) conjugation to theranostic gold 

nanoshell(TGNS). (B) TEM image of the TGNS. The nanocomplex diameter is ~180 nm. 

Scale bar is 100 nm.   (C) FTIR spectrum of  streptavidin-conjugated TGNS. The FTIR 

spectra of streptavidin and bare-TGNS are shown for comparison. D) Quantification of 

the number of antibodies on anti-NGAL-conjugated TGNS and control (bare-TGNS).  
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Figure 2.2. TEM images of the theranostic gold nanoshell (TGNS). A) Gold nanoshells 

conjugated with iron oxide, B) Silica coated gold nanoshells with iron oxide and ICG dye 

embedded inside the silica (TGNS), C) and D) a low magnification view of each sample, 

respectively.   
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Figure 2.3. A) Normalized extinction of the TGNS with/without different 

functionalization. Plasma resonance of gold nanoshells (λmax~770-780 nm) is red-shifted 

after silica coating to form the TGNS complex (λmax~830-840 nm) and after 

bioconjugation λmax is ~850-860 nm. B) Fluorescence emission of the TGNS from the 

ICG dye doped inside the silica layer (λmax=804 nm). C) Zeta potential of the TGNS 

with/without functionalization. First, streptavidin is conjugated to the TGNS (Strep-

TGNS) and subsequently biotin-antiNGAL and/or biotin-PEG is attached on the 

streptavidin to form antiNGAL-TGNS or PEG-TGNS, respectively. D) The 

hydrodynamic diameter of the TGNS complex and its respective bioconjugates. 

 

AntiNGAL-conjugated TGNS bind pancreatic cancer cells in vitro to 

facilitate photothermal therapy. The efficacy of antiNGAL TGNS for binding to 
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NGAL expressed in pancreatic cancer cells was studied via FOI and T2-weighted MR 

imaging of cultured AsPC-1 cells. Fluorescence microscopy results are illustrated in 

Figure 2.4A. The antiNGAL-conjugated TGNS preferentially bound to cells over-

expressing NGAL vs the blocked group, and the unconjugated-TGNS treated group.  2-D 

MR images showed that the number of hypointense pixels of AsPC-1 cells labeled with 

antiNGAL-conjugated TGNS (Figure 2.4B) was higher than that observed with the 

blocked group and with the unconjugated-TGNS. The accompanying thresholded 3-D 

MR images gave a visual representation of the distribution of nanocomplex-conjugated 

cells. The brown spots represent the nanocomplex-labeled cells and the surrounding 

green regions represent the agarose medium. As the imaging studies were performed on 

fixed cells, these experiments only validated the specific binding of antiNGAL TGNS to 

immobilized NGAL expressed on AsPC-1 cells. In vitro NIR photothermal 

therapy/cytotoxicity experiments were conducted with live cells and results showed that 

almost complete cell death in the laser treated region was observed for AsPC-1 cells 

labeled with antiNGAL-conjugated TGNS (Figure 2.4C). Such an effect was not 

observed for the blocked group, nor for the unconjugated TGNS treated group, which 

further validated the specific binding of antiNGAL TGNS, this time in live cells. In the 

cytotoxictiy studies, the NIR laser was not applied and cell death was not significantly 

observed in the experimental group, and neither in the two control groups. This verifies 

that the gold nanoshell based cancer therapy observed was of an externally controlled 

nature (induced by incident NIR laser light). 
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Figure 2.4. Imaging and photothermal therapy of pancreatic cancer cells assisted by 

theranostic gold nanoshells. (A) Fluorescence Imaging of NGAL-expressing AsPC-1 

cells showing nuclei stained with DAPI (blue), immunolocalization of  antiNGAL stained 

with a secondary antibody-Alexa-fluor 488 (green) and NIR fluorescence of ICG doped 

inside the silica layer of the antiNGAL-TGNS (red). Cells were incubated with 

antiNGAL-TGNS, NGAL was blocked with antiNGAL before adding antiNGAL-TGNS, 

cells were incubated with unconjugated-TGNS respectively. Specific binding was 

observed on the AsPC-1 cell surface for the antiNGAL-TGNS. (B) 2-D MR images of 

AsPC-1 cells suspended in 0.5% agarose. 3-D MRI maximum intensity projections of 

thresholded T2 maps of the images corresponding to 2-D MRI. 3-D MRI give a visual 

representation of cells labeled with the magnetic TGNS. (C) Photothermal ablation and 

live/dead stain of AsPC-1 cells. Cells were treated with NIR laser at 808nm for 10 min. 

Absence of cytotoxicity in AsPC-1 cells. Live cells are stained green with calcein and 

dead cells are stained red with propidium iodide. Original magnification: ×100. 
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AntiNGAL-conjugated TGNS enhances accumulation in tumor possibly by 

interacting with NGAL. To study the specificity of antiNGAL-conjugated TGNS 

targeting of pancreatic tumors and the impact of molecular targeting on biodistribution of 

~180 nm nanocomplexes, we used NIR-FOI for tracking the fluorescence contrast 

evolution in three groups of mice with NGAL overexpressing xenografts. The results 

were illustrated in Figure 2.5, for a representative animal from each group. Group 1 was 

comprised of mice treated with antiNGAL-conjugated TGNS (Figure 2.5A, the third 

row),  mice with NGAL-blocked by prior free antiNGAL injection (Figure 2.5A, the 

middle row), and finally mice injected with unconjugated TGNS (Figure 2.5A, the first 

row) were imaged at 0.5 h, 2 h, 4 h, 24 h, 48 h and 72 h post-injection. The images were 

depicted in a pseudocolor scale with intensities normalized with respect to a maximal 

value for the experimental group mice, which demonstrated maximum fluorescence in 

tumors among the three groups. Substantial differences in fluorescence contrast variation 

within the mice bodies, especially between the targeted and nontargeted cases are clear. 

Qualitatively, the fluorescence distribution is similar between the experimental and the 

blocked group, but the fluorescence intensity in the tumor is lower for the blocked mice. 

To account for variations across animals and imaging conditions, Tumor-to-Background 

Ratio (TBR) were computed by selected tumor and normal ROIs from each image. TBR 

was plotted vs time for the three groups in Figure 2B. The TBR variation is significant 

between the three groups (p=0.0177), while the variation across time points is not 

significant (p=0.0779), which is expected, since the TBR is more or less constant from 24 

to 72 hours.  The results suggest that targeting NGAL overexpression increases the 

relative nanocomplex accumulation in tumors by 60-70% at 24 hours after injection.  The 
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TBR in the blocked group is almost the same as that in mice treated with unconjugated 

TGNS, suggesting the molecular targeting is responsible for the increased accumulation 

of antiNGAL-conjugated TGNS in tumors. 

 

Figure 2.5. Near-infrared fluorescence optical imaging of pancreatic cancer tumors 

assisted by theranostic gold nanoshell. (A) Delivery of nanocomplex in vivo and imaging 

via NIR-FOI in mice with overexpressing NGAL xenografts. NIR-FOI images of mice on 

top row were treated with unconjugated-TGNS (n=6), middle row were NGAL-blocked 

and treated with antiNGAL-TGNS (n=6), and bottom row were treated with antiNGAL-

TGNS (n=7) at 0.5, 2, 4, 24, 48, and 72 h post-injection, respectively. (B) Tumor to 

background ratio (TBR) for each group of mice across the imaging time points. The 

statistical results show the TBR signal increases significantly at 24h compared to the two 

control groups.     

While NIR images are strongly surface weighted due to multiple scattering and 

attenuation related losses from deep tissue signal, the iron oxide component of the 

nanocomplexes enables the observation of 3D spatial variations via T2-weighted MR 

imaging. Each of the mice was imaged in a small animal MR scanner after NIR imaging. 

Iron oxide is a negative contrast agent, where the image intensity is lowered in areas of 

nanocomplex accumulation. A representative image of the tumor central cross section for 

the mice from the experimental group, the blocked group and the unconjugated TGNS 

treated group at 24 hours post-injection is depicted in Figure 2.6A, 2.6B, and 2.6C, 
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respectively. A water phantom was placed along with the mice to allow normalization to 

account for unintentional variations in scanning conditions. The experimental group 

image demonstrates maximum darkening of the tumor relative to the water control by 

58.59% and the controls by 30.67% for unconjugated TGNS group and 17.58% for the 

blocked group. For quantitative comparison of nanocomplex biodistribution and to 

account for statistical variation across animals and imaging conditions, the tumor ROIs 

were manually segmented from each reconstructed slice, and the tumor-to-body T2 

intensity was determined, which was then averaged over all slices. The obtained tumor-

to-body ratio was averaged over mice in each group and plotted in Figure 2.6D. It is clear 

that the accumulation of nanocomplexes in tumors is increased by targeting NGAL, and 

the overall trend is similar to that obtained in NIR fluorescence images, with the 

difference that in MR the cross-sections of the tumors have been analyzed and there is no 

surface weighing as in NIR imaging. The relative contrast between T2 intensity ratios is 

approximately 30% at 24 hours post-injection, compared to 60-70% in case of NIR, 

which is expected as NIR imaging is more sensitive. 
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Figure 2.6. MRI of pancreatic cancer tumors assisted by theranostic gold nanoshells. (A) 

Nontargeted experiment with unconjugated-TGNS injection (n=6). (B) Blocked NGAL 

and antiNGAL-TGNS injection (n=6). (C) antiNGAL-TGNS injection (n=7). (D) TBR of 

intensities across time points.  MRI of mice cross-section and MR signal intensity 

analysis on tumors at 24 h post-injection. The statistical results showing the relative 

tumor intensity in antiNGAL-TGNS group (41.41%) is darkest compared to TGNS ( 

69.33%) and NGAL-blocked (82.52%) group. 

To analyze the biodistribution of nanocomplexes in different organs and infer 

information about their bio-elimination, the animals were sacrificed at 72 hours post-

injection and the resected organs were imaged with the NIR imaging system under 

conditions identical to in vivo imaging, as illustrated in Figure 2.7 (A, B). The highest 

fluorescence intensities were observed in tumors of the experimental group compared to 

the NGAL blocked and bare (unconjugated) control group. The luminous intensity on the 

unit surface area of each tissue suggested that the tumors have a higher nanocomplex 

uptake compared to other tissue. As expected, tissues of the overexpressing NGAL 

xenografts have higher nanocomplex accumulation than the blocked group. 
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Immunohistochemical staining of tumor sections verified the strong NGAL expression, 

and vascularized nature of xenografted AsPC-1 tumors (Figure 2.8). Mean tumor 

accumulation of nanocomplexes for antiNGAL-TGNS injected mice was twice as high 

compared to animals with prior injections of free antibody.  

  

 

Figure 2.7. Nanocomplex biodistribution in organs and xenografts of euthanized mice at 

72 h post-injection. (A) NIR-FOI of representative mice organs. The fluorescence 

intensity is normalized with respect to the intensity in the tumor labeled as antiNGAL-

TGNS. (B) Fluorescent intensity in each organ.   

 

 



54 
 

 

Figure 2.8. A) H-E stained image of excised tumor section, B) NGAL stained image of 

tumor section, C) Co-staining of NGAL and macrophages (pink), and D) Endothelial 

staining with anti CD-34 antibodies. Tumors had intense expression of NGAL, which 

was not correlated with macrophages. 

Performance of antiNGAL-conjugated TGNS versus PEG-TGNS on 

imaging. The second set of in vivo experiments investigated the performance of long 

circulating PEG-TGNS agents vs antiNGAL-TGNS agents, which were also PEGylated 

following antiNGAL conjugation. Passive accumulation of nanoparticles in tumors using 

PEG-TGNS was compared against the active NGAL targeting effect of the antiNGAL-

TGNS (Figure 2.9). The TBR with the antiGNAL-TGNS is significantly higher than the 

PEG-TGNS across all imaging time points (Figure 2.9A, 2.9B), suggesting there is an 

effect on active NGAL targeting using anti-NGAL. In addition, the antiNGAL-

conjugated TGNS result in a greater lowering of T2 intensity on the pancreatic tumor 

compared to the only the PEG conjugated TGNS (Figure 2.9C, 2.9D).  The temporal 

behavior of T2 contrast in Figure 2.9D is different from Figure 2.6D for time points after 

24 hrs.  While strong contrast differences between PEG-TGNS and antiNGAL-TGNS are 
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clear at early timepoints, compared to Figure 2.6D, the tumors from experiment group 

lost contrast after 24 hours. This may be because of fluctuations in MR measurements 

arising from differences in positioning of mice from day to day, the possibly lower iron-

oxide loading of nanoparticles in this batch resulting in reduced sensitivity, or lower 

uptake in this batch of tumors. 

 

Figure 2.9. Analysis of the NIR-fluorescence and T2 MRI contrast induced by 

accumulation of the theranostic gold nanoshells (TGNS) in pancreatic cancer tumors 

(AsPC1 cell line). A) TBR of fluorescence intensity for each group of mice across the 

imaging time points. B) Fluorescence Optical Imaging of mice at 24 h post-injection with 

PEGylated TGNS (PEG-TGNS, n=6) and anti-NGAL conjugated TGNS (antiNGAL-

TGNS, n=6). C) Tumor to body ratio of T2 MRI intensities across time points. D) T2 

MRI of mice before injection (0 h) and 4 h post-injection of PEG-TGNS and anti-NGAL-

TGNS.          



56 
 

2.4. Discussion 

The nanocomplex presented here integrates targeting, diagnosis, and photothermal 

therapy all within the same nanostructure. The complimentary features of high sensitivity 

NIR molecular imaging and high resolution 3D MR imaging are both enhanced by 

integration into the theranostic nanostructure. The immunotargeting allowed the 

antiNGAL-conjugated TGNS to specifically attach to pancreatic cancer cells over-

expressing NGAL in amounts up to four times more than in the case of blocked NGAL, 

or unconjugated TGNS, under in vitro settings. Moreover, photothermal therapy in vitro 

was shown to effectively ablate the cancer cells only when the nanocompex was 

antiNGAL-conjugated. Both unconjugated and antiNGAL-conjugated nanocomplexes 

were not toxic to the cells in the absence of 808 nm NIR illumination, confirming the 

externally modulated nature of nanocomplex-mediated photothermal therapy. Recently 

the toxicity of gold nanoshells has been evaluated extensively including cytotoxicity, 

pyrogenecity, genotoxicity, hemolysis, systemic toxicity and intracutaneous reactivity 

without any indication of toxicity in any of the studies 
74

.  

Similar trends for NGAL targeting were observed in vivo by NIR-FOI and MRI. 

Imaging experiments validated the specific binding of antiNGAL-TGNS to tumors as a 

consistent higher contrast both in NIR and MR imaging was observed for mice injected 

with antiNGAL-TGNS compared to when mice were pre-injected with free antiNGAL. 

Both techniques complemented each other, as FOI showed higher sensitivity than MRI. 

However, MRI allowed imaging of tumor cross-sections with high 3D spatial resolution. 

The nanoparticle biodistribution studied by FOI in each organ and ICP-MS also 

confirmed quantitatively that nanoparticle uptake within the tumor is enhanced by NGAL 
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targeting. ICP-MS also revealed that the nanoparticles accumulate in liver and spleen in 

substantial amounts which was anticipated since particles > 10 nm are scavenged by the 

macrophages of the reticuloendothelial system and accumulate in liver and spleen 
75,76

. 

The enhancement in imaging contrast was again observed when antiNGAL-TGNS were 

compared with PEG-TGNS. It should be noted that antiNGAL-TGNS were also 

PEGylated, However, PEG-TGNS agents in spite of having a longer circulation time, 

showed inferior contrast in tumors especially at the early time points, possibly because of 

their extended circulation half life. The tumor to body ratio was seen to exceed unity for 

PEG-TGNS (Figure 2.9D) and antiNGAL-TGNS (Fig. 2.6C) when prior injections of 

free antibody was performed. This indicated higher amounts of TGNS in circulation 

compared to accumulation in tumors. 

Even as our targeting strategy against NGAL on the pancreatic cancer cell line 

AsPC-1 was effective in the mouse xenograft model, numerous challenges remain for 

clinical translation.  NGAL is typically stored in neutrophil granules, and is present 

systemically, which can adversely impact bio-distribution in humans. The rationale for 

using NGAL for targeting pancreatic cancer is three fold: (i) There is a scarcity of 

biomarkers for early stage pancreatic cancer, when the disease has the best response to 

treatment, (ii) NGAL is significantly (27 fold) overexpressed in pancreatic cancer, 

compared to normal pancreatic tissue and acute pancreatitis, and (iii) nanocomplexes 

targeting NGAL are inherently non-cytotoxic and can be locally activated only by 

application of NIR light, with NIR/MR imaging guidance.   

Many other biological events have been discovered to be associated with NGAL, 

such as inhibition of bacterial iron uptake, renal injury, and mediation of inflammatory 
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activity 
77-80

. Moreover, NGAL is associated with human atherosclerotic lesions by 

forming a NGAL-MMP-9 complex which prolongs  matrix metalloproteinase-9 activity 

81-83
 and thus recently NGAL targeting with nanoparticles has been demonstrated for MRI 

studies of the atherosclerotic plaque 
84

. Since, we employed antihuman NGAL targeted 

TGNS in a mouse model, the contrast in xenografted human tumors was maximized, 

however, in other artherosclerotic plaque imaging study
83

, antimouse NGAL antibody (vs 

antihuman NGAL in the present study) was employed for targeting magnetic micelles to 

vascular disease sites in a genetically engineered mouse, and irrespective of systemically 

distributed mouse NGAL, MR image contrast in plaque with NGAL overexpression was 

achieved.  The fact that NGAL is up-regulated in certain injury and inflammatory states 

can potentially reduce the effectiveness of proposed agents and lead to off-target effects, 

and the discrimination of cancer can be difficult in chronic pancreatitis patients. 

However, it has been reported that in the context of Pancreatic Cancer, NGAL levels 

progressively increase with disease progression, but decrease in advanced stages of the 

disease (stage-4) 
64

. Hence the proposed probe will be suited for early stage interventions, 

when chemo-radiation therapy induced injury to internal organs is not present.  

In summary, antiNGAL-conjugated TGNS are promising candidates for diagnosis 

and treatment of pancreatic cancer, especially in early stages when NGAL over-

expression is significant. Fully exploited, the proposed theranostic nanocomplexes can 

contribute to lowering the morbidity and mortality associated with pancreatic cancer. 
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2.5. Conclusions 

 The results presented in this study pave the way towards photothermal therapy in 

an in vivo tumor graft under FOI/MRI guidance. In this imaging focused study, the 

injected TGNS concentration was limited to ~5x10
9
 particles/ml, which is more than two 

orders of magnitude lower than concentration used in prior studies on gold nanoparticle 

mediated photothermal therapy
57

 hence prospects of successful image guided 

photothermal therapy are bright. However, a major challenge for targeting pancreatic 

cancer with nanoparticles irrespective of the targeting mechanism is circumventing the 

intense stroma, and desmoplastic reactions around the pancreatic cancer lesions 
85

, which 

are not replicated in the subcutaneous xenograft tumor model. The current NGAL 

targeted TGNS embodiments at >150nm diameter, while successful in generating high 

NIR and MR contrast, may not have optimal penetration in orthotopic tumors. 

Overcoming tumor transport barriers is a multifaceted undertaking with nanoparticle size 

expected to have a significant role. Current research efforts are underway to reproduce 

NIR plasmon resonance, NIR fluorescence enhancement, and MR contrast in 50-100nm 

particle sizes, by utilizing alternate geometries including nanosphere inside a nanoshell 

(nanomatryoshka), or hollow gold nanoshells 
14,86

. A key technology for multimodal 

contrast enabled photothermal therapeutic agents is the deposition of reproducible and 

tunable width silica layers on gold surfaces, which was demonstrated in this paper for 

silica core gold nanoshells, but can be adapted for gold nanoparticles in other size 

regimes.
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Chapter 3 

Au Nanomatryoshkas as Efficient Near-

Infrared Photothermal Transducers for 

Cancer Treatment: Benchmarking against 

Nanoshells 

Reproduced with permission from Ayala-Orozco, C.; Urban, C. Knight, M. W.; 

Urban, A. S.; Neumann, O.; Bishnoi, S. W.; Mukherjee, S.; Goodman, A. M.; Charron, 

H.; Mitchell, T.; Shea, M.; Roy, R.; Nanda, S.; Schiff, R.; Halas, N. J.; and Joshi, A. 

ACS Nano 2014 8, 6372-6381. Copyright 2014 American Chemical Society. 

All nanoparticle synthesis and characterization, optical properties, photothermal 

efficiencies in solution and ICP-MS analysis were obtained by C. Ayala-Orozco. The 

photothermal therapy experiments and optical imaging processing and analysis were 

conducted by C. Urban, H. Charron and R. Roy. The SEM images were taken by M. W. 

Knight. A. S. Urban took and processed the tissue fluorescence images. O. Neumann, S. 

W. Bishnoi, S. Mukherjee and A. M. Goodman contributed with helpful discussions and 
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editing the manuscript. T. Mitchell and M. Shea provided the cancer cell lines. R. 

Schiff, N. J. Halas and A. Joshi were the PIs directing the research. 

 

3.1. Introduction 

Nanoparticle-mediated photothermal ablation of tumors with near-infrared (NIR) light 

is an emerging tool in the fight against cancer. Unlike conventional approaches to 

treatment, such as surgery, radiation therapy, and chemotherapy, nanoparticle treatments 

are minimally invasive, can be passive or targeted, and should result in minimal side 

effects.
18,27,29,87-91

 In photothermal therapy, light is administered, absorbed by the 

particles and converted into heat sufficient to destroy cells in the local vicinity of the 

nanoparticle. The treatment is performed with laser light at NIR wavelengths (~800 nm), 

where the penetration depth of light in biological tissue is maximum (therapeutic 

window).
26

 NIR absorbing Au-based nanoparticles serving as photothermal transducers 

are the key components for this treatment. Since the first demonstration of Au nanoshells 

as NIR photothermal transducers,
18

 many other nanoparticles such as Au nanorods,
88

 

nanocages,
29

 hollow Au nanoshells,
89

 carbon nanotubes,
90

 and graphene
91

 have also been 

actively investigated for photothermal tumor ablation. All these photothermal transducers 

provide a wide range of geometries with various compositions and therefore different 

capabilities, advantages and limitations in photothermal therapy.    

 An ideal nanoparticle photothermal transducer should have the following features: 

(1) NIR absorption between 700 - 1000 nm, (2) a large absorption cross-section, (3) a 

size below 100 nm to enhance tumor uptake and to reduce sequestration by the 
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reticuloendothelial system (RES), and (4) low toxicity and biocompatibility of chemical 

components. Au nanoparticles absorbing in the NIR have been shown to be excellent 

photothermal transducers due to their plasmon resonance,
18,21,29

  the collective oscillation 

of conduction electrons that occurs upon optical excitation at the resonance frequency of 

the nanoparticle. Plasmon resonance frequencies can be tuned to the NIR therapeutic 

window by controlling the geometry and size of the Au nanoparticles.
13

 Au is also a 

particularly attractive material because of its biocompatibility and low cytotoxicity.  

 Among Au plasmonic nanoparticles, nanoshells can sustain large absorption 

cross-sections due to their spherical geometry, thereby providing high photothermal 

conversion efficiencies.
21

 Additional advantages of Au nanoshells over other NIR 

absorbing gold nanoparticles are the non-cytotoxicity and biocompatibility of their 

component materials, properties that have led to their current use in clinical trials.
92

 In 

contrast, Au nanorods also offer NIR plasmon resonances with sizes in the sub-50 nm 

range; however, they are synthesized using high concentrations of cytotoxic 

cetyltrimethylammonium (CTAB) as a surfactant. Unfortunately, when CTAB is 

removed, the result is often a reshaping and/or an irreversible aggregation of the 

nanorods. Shape-preserving chemical functionalization strategies of nanorods are now 

available that limit the cytotoxicity of CTAB in vitro, but often they require multiple 

washing steps and are not suitable for long-term storage at physiological conditions.
93,94

 

In addition, strategies that provide replacement of CTAB with cationic thiol 

functionalities still have not been evaluated for their in vivo biodistribution, but it is likely 

that due to their high positive charge that they will have shorter circulation half times 

than PEGylated nanoparticles.
95

    

93-95
 Au nanocages and hollow Au nanoshells (HGNS) are synthesized using a galvanic 

replacement reaction consisting of Au reduction on a sacrificial metallic core of Ag or Co 

through a redox process.
96

 In this reaction, residual Ag and Co can remain inside of, or 

alloyed with, the hollow Au nanostructures, raising potential in vivo stability and 
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cytotoxicity issues.
97-100

 Therefore, SiO2/Au nanoshells remain as one of the most 

promising systems for photothermal therapy.
87,101,102

 Unfortunately, current experimental 

synthesis limits NIR absorbing SiO2/Au nanoshells to diameters above 100 nm. The 

development of directly clinically translatable NIR-absorbing sub-100 nm Au 

nanoparticles remains an important challenge.  

Multilayered Au nanoparticles (Au/SiO2/Au), known as nanomatryoshkas, offer the 

possibility to achieve NIR plasmon resonances in the sub-100 nm size range.
29

    

Nanomatryoshkas (Au/SiO2/Au) consist of a Au nanoparticle core, coated with a thin 

silica layer, surrounded by a final thin Au shell. Due to strong coupling between the 

plasmons supported by the Au core and the Au shell, known as plasmon hybridization, 

the plasmon resonance can be tuned to the NIR region in particles with smaller overall 

dimensions than the standard SiO2/Au nanoshell.
29

 The development of sub-100 nm 

nanomatryoshkas is potentially a critical advancement in optimizing photothermal cancer 

therapy. However, the large scale synthesis required for this application has been 

hindered by the low efficiency of the amine functionalization of the synthetic precursor 

Au/SiO2 nanoparticle prior to growth of the terminal Au layer of the nanoparticle.
29

      

Here we report a direct comparative study of sub-100 nm Au nanomatryoshkas and 

~150 nm diameter Au nanoshells in photothermal cancer therapy.  This study was 

facilitated by improvements to the nanomatryoshka synthesis which significantly 

increased nanoparticle yield, making in vivo studies possible. Here we demonstrate the 

first use of nanomatryoshkas as photothermal transducers in cancer studies in mice, for 

the therapy of highly aggressive triple negative breast cancer (TNBC) tumors. The 

subtype TNBC accounts for about 15% of breast cancer cases and is characterized by the 
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lack of estrogen receptor, progesterone receptor, and epidermal growth factor receptor 2 

(HER2).
103

 Few therapeutic options currently exist for TNBC, a highly aggressive cancer 

associated with poor patient prognosis, shorter survival times, and non-responsiveness to 

endocrine and immunotherapies.
103-105

 A challenge for nanomedicine in the treatment of 

TNBC is the lack of traditional targeting receptors. For that reason, passive accumulation 

of particles in the tumor by the enhanced permeability and retention (EPR) effect is one 

of the primary mechanisms for nanoparticle intratumoral uptake. Since EPR-based 

nanoparticle accumulation in tumors strongly depends on nanoparticle size,
106,107

 it is 

vitally important to obtain suitable candidate nanoparticles in the sub-100 nm size range. 

In this study, we show that sub-100 nm diameter Au nanomatryohskas exhibit enhanced 

accumulation in tumors and improved photothermal conversion efficiency relative to a 

parallel treatment using Au nanoshells, conditions which resulted in a substantially higher 

survival rate of the treated mice.  

3.2. Experimental Methods 

Synthesis of gold nanoshells was conducted by standard methods described in detail 

elsewhere.
13,30

  

Gold nanomatryoshka synthesis 

Gold nanomatryoshkas were synthesized by improving our previously reported 

method.
29

 

Synthesis of silica coated gold colloid: Au colloid (40 nm citrate NanoXact Gold, 

nanoComposix) was coated with silica doped with 3-aminopropyl triethoxysilane 

(APTES) by a modified Stöber process. For this reaction, 21 mL of Au colloid (7.0 x 10
10 
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particles/mL, citrate-capped 40 nm Au sphere, NanoComposix) were added under stirring 

to an Erlenmeyer flask with a ground glass joint. Next, 180 mL of 200 proof ethanol 

(Decon Labs), and 1.8 mL of ammonium hydroxide (28-30%, EMD Chemicals) were 

added. Finally, 36 µL of a solution of 10% tetraethoxysilane (TEOS, SIT7110.2, Gelest) 

in ethanol and 36 µL of 10% APTES (SIA0610.1, Gelest) in ethanol were added. The 

solution was sealed and stirred 50 min at room temperature followed by stirring 24 h at 4  

̊C. The solution was transferred into a dialysis membrane (Spectra/Por 6, MWCO = 

10000, Spectrum Labs) previously washed with Milli-Q grade water to remove residual 

chemicals and then washed with ethanol to remove excess water. The solution was then 

dialyzed at least 12 h in 1 gallon of 200 proof ethanol at room temperature to remove 

ammonium hydroxide and the remaining free silanes (TEOS and APTES) from the 

reaction. The purpose of the dialysis is to decrease aggregation of nanoparticles during 

centrifugation. The solution was cooled to 4 ̊C and centrifuged 45 min at 2000 rcf (the 

solution was centrifuged in aliquots of ~17 mL using 50 mL plastic tubes). The 

supernatant was removed and the pellet was redispersed by sonication in a total volume 

of 5 mL of ethanol. If there is red color in the supernatant, we repeated centrifugation to 

recover more particles.    

Synthesis of Duff colloid: Briefly, under rapid stirring, 1.2 mL of 1 M NaOH were 

added to 180 mL of H2O, followed by addition of 4 mL of a 1.2 mM aqueous 

tetrakis(hydroxymethyl) phosphonium chloride (THPC, 80% solution in H2O, Sigma). 

After stirring 5 min, 6.75 mL of 1% (w/v) aqueous chloroauric acid (HAuCl4•3H2O, 

Sigma-Aldrich) were quickly added, after which the solution immediately turned brown. 

The final solution was refrigerated for at least 2 weeks before use.  
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Synthesis of seeded precursor: The fabrication of the seeded precursor consists of the 

functionalization of APTES-doped silica surface with small gold colloid (1-2 nm) 

fabricated by the method reported by Duff et al.
32

 First, the APTES-doped silica-coated 

gold colloids were bath sonicated for 20 min. Then, in a 50 mL plastic centrifuge tube, 20 

mL of Duff colloid solution was added, followed by rapid, simultaneous addition of 300 

µL of 1 M NaCl and 1 mL of APTES-doped silica-coated gold colloid (this reaction is 

repeated until we use all the silica-coated gold colloids, usually ~4 reactions per batch). 

The solution was quickly vortexed and sonicated for 30 min. The resulting solutions were 

incubated 4 days at room temperature and gently shaken once at day followed by 

sonication 20 min to prevent aggregation. During this time two processes took place: 1) 

the silica was etched and 2) small gold colloids were attached to the surface of the silica-

coated gold colloid. After the incubation, the solutions were sonicated for 20 min, then 

centrifuged 30 min at 700 rcf. The supernatant was transferred into a new tube and the 

pellet was redispersed in 800 μL of water by sonication 5 min and transferred into a 2 mL 

centrifuge tube. We repeated the centrifugation of the supernatant and recovery of pellets 

three times (in total about 16 pellets were collected, each one distributed separately in 2 

mL tubes). All solutions were centrifuged in the 2 mL tubes 30 min at 700 rcf and 

redispersed in water by sonication 5 min. Centrifugation was repeated but particles were 

redispersed and combined in a total volume of ~1 mL of water. This particle is the seeded 

precursor used for seeded growth of the outer Au shell.    

The synthesis of a metallic shell of gold around the seeded precursor was done using a 

plating solution as a source of Au
3+

. The plating solution was prepared by mixing 200 mL 

of water, 50 mg of anhydrous potassium carbonate (K2CO3), and 3 mL of 1 wt% aqueous 
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chloroauric gold solution followed by aging for 12-19 h. The reduction of Au
3+

 into a 

metallic shell of Au around the seeded precursor was done in a 4.5 mL metacrylate 

cuvette with a plastic cap. A volume of 3 mL of plating solution was added into the 

cuvette followed by 20-60 µL of seeded precursor. Next, 15 µL of formaldehyde were 

dropped inside the cap, and the cuvette was closed followed by a fast shaking of the 

solution for about 1 min. The solution changed color from red to purple upon the 

formation of the outer shell. The extinction spectra of gold nanomatryoshkas were 

measured in a UV-vis-NIR spectrophotometer (Cary 5000, Varian). The plasmon 

resonance of the nanomatryoshka was controlled by altering the volume of seeded 

precursor in the reaction. The concentration of nanomatryoshkas as synthesized is ~9x10
9
 

particles/mL.   

PEG conjugation to nanoparticles 

Freshly made nanoparticles were centrifuged, nanoshells (~300 mL of ~3x10
9
 

parts/mL) at 240 rcf for 30 min and nanomatryoshkas (~100 mL of ~9x10
9
 parts/mL) at 

200 rcf for 30 min. Nanoparticles were redispersed in 10 mL of Milli-Q water. Thiol-

PEG (mPEG-SH, MW 10000, Laysan Bio) was added to the nanoparticle solution to a 

final concentration of 100 µM and stirred for 12 h. Nanoparticle solutions were filtered 

through 0.8/0.2 µm pore size syringe filters (PALL Acrodisc PF 32 mm) to sterilize the 

solution. Finally, nanoparticle solutions were centrifuged (nanoshells 280 rcf for 30 min 

and nanomatryoshkas 240 rcf for 30 min) and redispersed in 4 mL of sterile 1 mM 

phosphate buffer pH 7.3.  The Au concentration in each sample was analyzed by ICP-MS 

and was adjusted to 1.5 mg of Au/mL.     

Scanning Electron Microscope (SEM) imaging 



68 
 

 

First, silicon wafers (P-type/boron-doped silicon, Silicon Valley Microelectronics) 

were functionalized with PVP (poly(4-vinylpyridine), Sigma-Aldrich) by immersion in 

1% (w/v) ethanolic solution for 24 h. Silicon wafers were washed with ethanol to remove 

excess PVP on the surface. Wafers were dried in a stream of nitrogen gas, and the sample 

of gold nanoparticles was drop-cast onto the silicon wafer and allowed to interact with 

the substrate for 1-4 h. The remaining solution was removed in a water rinse and the 

sample again dried with nitrogen. SEM imaging was performed using a Quanta 650 FEG 

SEM (FEI, Inc.).  Nanoparticle dimensions were determined from SEM images with a 

custom MATLAB sizing program based on edge detection with a Hough transform.   

Photothermal transduction efficiency 

To measure the photothermal transduction efficiency, the nanoparticle solution was 

maintained under magnetic stirring in a 1 cm path length quartz cuvette that was clamped 

to a foam cap to reduce the heat loss. A K-type thermocouple connected to a digital 

thermometer (OMEGA, HH309A) was inserted through the foam cap to measure the 

temperature of the solution. The bottom of the cuvette was kept 1 cm above the magnetic 

stir plate and 1 cm separated from the continuous diode laser (810 nm laser, Diomed). 

The probe of the thermocouple was carefully submerged into the solution and kept away 

from the illumination path of the laser light. The solution was irradiated with 2 W/cm
2
.      

Triple Negative Breast Cancer Xenografts 

MDA-MB-231LM2 cells, transfected with luciferase, were maintained in DMEM 

media (Sigma®), supplemented with 10% FBS (Gibco®) and 1% penicillin and 

streptomycin (Lonza®) and incubated in 5% CO2 at 37  ̊C as described in literature.  

108
Cells were routinely maintained by passaging when they became 80% confluent. 
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Prior to injection into the mice, the cells were collected with a sterile plastic scraper, 

counted and suspended in sterile PBS to the desired cell number concentration. Mice used 

in this experiment were 4-5 week old female athymic nude mice from Harlan Sprague 

Dawley. To induce tumor growth, 1x10
7
 cells in a total volume of 200 µL PBS were 

injected subcutaneously in the fat pack of the ribcage on one side following the method 

described by Rimawi et. al.
109

 Tumor growth was monitored every two days by 

measurement with a digital caliper and the tumor volume was calculated with the 

formula: tumor volume = ½ (length x width
2
). All in vivo studies were conducted in 

accordance with institutional guidelines and under approved IACUC protocols at Baylor 

College of Medicine. 

Photothermal therapy efficacy experiment  

When the tumors reached a volume of around ~200 mm
3
, 200 µL of either PEG 

conjugated nanomatryoshkas (NM-PEG), PEG conjugated nanoshells (NS-PEG) or a 

saline solution were injected into the tail vein. The gold concentration in both 

nanoparticle solutions was 1.5 mg of Au/mL. Four hours after injection, the mice were 

anesthetized with isoflurane and the tumor in the treatment groups was treated for five 

minutes with a CW-diode laser (Diomed 15Plus, Angio Dynamics) emitting 2 W/cm
2
 at a 

wavelength of 808 nm. Mouse were observed for 60 days and euthanized via CO2 if 

tumor size exceeded 1500 mm
3
, or if tumors persisted at 60 day after treatment. 

Biodistribution 

When tumors reached the same volume as used for the photothermal therapy treatment, 

18 mice were randomly put into two groups with nine mice per group. One group was 

injected with 200 µL NM-PEG and the other group was injected with NS-PEG equal to 
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300 µg of Au. Four hours, 24 h and 72 h after injection, three mice per group were 

sacrificed. Heart, lung, liver, spleen, gut, kidney, blood and tumor were collected, the 

organs were washed in PBS and stored at  -80 ˚C until further investigation. 

For the gold content analysis, the organs were weighed and digested in ~2 mL of aqua 

regia. The samples were purified and diluted in 10 mL 1% aqua regia for inductively 

coupled plasma mass spectrometry (ICP-MS, Perkin Elmer) analysis. The experiments 

were carried out in three independent runs for statistical analysis.  

Histopathology 

Small tumor parts were washed in PBS, held in 10% buffered formalin for 24 h, 

washed in PBS (3x for 20min) and then kept in 70% ethanol. For the staining, the organs 

were fixed in paraffin blocks and then cut with a microtome. Vasculature was stained 

with CD34 (LifeSpan Biosciences) and Alexa Fluor®594 (Molecular Probes®, 

InVitrogen) and the nucleus was stained with DAPI (Vector Laboratories). Dark field and 

fluorescence microscopy of tumor sections was conducted with an Olympus BX 41 

microscope with a 40x NA0.6 objective. 

Calculation of nanoparticle concentration  

In order to calculate the nanoparticle concentration, the extinction efficiency (𝑄𝜀) was 

determined for nanomatryoshkas and nanoshells using Mie theory.
35

 For 

nanomatryoshkas, the theoretical parameters used were [r1, r2, r3] = [21, 31, 46] nm, 

dielectric constant of the SiO2 (3.0), dielectric constant of the medium (H2O, 1.77), and 

dielectric constant of Au from Johnson & Christy,
110

 and theoretical extinction efficiency 

(𝑄𝜀, 5.53). The dielectric constant of SiO2 (3.0) required to match the experimental 

spectrum was higher than pure silica (2.04), likely due to a combination of factors such as 
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doping of APTES in the silica, attachment of dyes, and filling of small gold colloid in the 

cracks of the silica, which would lead to an effective medium with an elevated refractive 

index. For nanoshells, the parameters chosen were [r1, r2] = [62, 74] nm, dielectric 

constant of the SiO2 (2.04), dielectric constant of the medium (H2O, 1.77), and Johnson 

& Christy dielectric constant for Au, and theoretical extinction efficiency (𝑄𝜀, 8.49). The 

Beer-Lambert law was used to determine the concentration of the nanoparticle as follows: 

 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑚𝐿
=

2.303×𝐴𝑏𝑠

𝑄𝜀×𝜋×𝑟2×𝐿
 ,                                                  (3-1) 

where  𝐴𝑏𝑠 is the experimental absorbance, 𝑟2 is the overall nanoparticle radius in 

centimeters and 𝐿 is the optical cell path length (𝐿 = 1 𝑐𝑚).  
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3.3. Results and Discussion 

  

Figure 3.1. Optical and structural properties of nanomatryoshkas and nanoshells. (A) 

Experimental ensemble extinction spectrum of nanomatryoshkas (inset: SEM image of 

nanomatryoshkas with dimensions [r1, r2, r3] = [21, 31, 44] nm). (B) Experimental 

ensemble extinction spectrum of nanoshells (inset: SEM image of nanoshells with 

dimensions [r1, r2] = [62, 76] nm). (C) Calculated extinction, scattering and absorption 

cross-sections spectra (Mie theory) of the [r1, r2, r3] = [21, 31, 44] nm nanomatryoshka. 

(D) Calculated extinction, scattering and absorption cross-section spectra (Mie theory) of 

the [r1, r2] = [62, 76] nanoshell. 
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Au nanomatryoshkas were synthesized through an improved method of a previously 

reported protocol.
29

 In the previous method, the first step involves coating the Au colloid 

with a uniform layer of SiO2 and subsequent amine functionalization. Here a key 

improvement comes from doping the SiO2 layer with 3-aminopropyl triethoxysilane 

(APTES) during SiO2 layer synthesis, which better facilitates binding of Au colloid (1-2 

nm in diameter) onto the surface of the silica layer. The ultrasmall Au nanoparticles act 

as seeds for growth of the terminal Au shell layer, completing the Au nanomatryoshka 

synthesis. The thickness of the silica layer is critical for obtaining a high degree of 

control over the hybridized plasmon resonance modes in nanomatryoshkas, essential for 

strong NIR absorption. This modified method allows precise control of the silica 

thickness by first growing an oversized silica layer (~16 nm) on the Au core followed by 

controlled etch-back of the silica layer by hydrolysis. (The etching process takes place 

during the incubation in the Duff colloid solution
32

 as described in the fabrication of the 

seeded precursor in the Methods section.) In this step, the size of the silica layer was 

thinned to 10 nm after 4 days of incubation. During the etching process, the APTES-

doped silica also became densely covered with (1-2 nm) Au nanoparticles, bound to the 

nitrogen of the amine group of the APTES. An outer shell of Au was synthesized around 

this seeded precursor by reducing Au
3+

 with formaldehyde as a reducing agent. The silica 

core/Au shell nanoshells used in this study were synthesized by standard methods 

previously published.
30

 

Plasmon resonances in both Au nanomatryoshkas and Au nanoshells are highly tunable 

by control of nanoparticle dimensions.
13,29

 For nanomatryoshkas, increasing the Au core 

size, using a thinner silica layer, and growing thinner Au shells result in a tuning of the 
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plasmon to longer wavelengths. In particular, thinner silica layers increase the interaction 

between the core AuNP and Au shell, which strongly red-shifts the plasmon resonance. 

The Au nanomatryoshkas synthesized here show two plasmon modes: a low-energy 

plasmon subradiant mode at 783 nm and a high-energy superradiant plasmon mode at 

560 nm.  These modes are associated with the nanomatryoshka shown in the inset of 

Figure 3.1A with dimensions [r1, r2, r3] = [20.8±2.6, 31.3±2.1, 44±2.6] nm (nominally [r1, 

r2, r3] = [21, 31, 44] nm). The radii of each layer were determined from particle size 

statistics obtained from scanning electron microscope (SEM) images of over 1000 Au 

core particles, 500 seeded precursors, and 400 nanomatryoshkas. These strongly 

hybridized modes resulting from the core-shell interaction allow the plasmon to be tuned 

to ~800 nm for nanoparticles with diameters in the sub-100 nm size regime. Similarly, 

Au nanoshells exhibit a dipole plasmon mode that can be tuned to the NIR region by 

increasing the silica (SiO2) core size and growing thinner Au shells. Decreasing the shell 

thickness facilitates an interaction between the surface plasmons of the inner and outer 

layers of the metallic shell.
13

 The extinction spectrum of Au nanoshells with a plasmon 

resonance at 796 nm is shown in Figure 3.1B. In the inset of Figure 3.1B a representative 

SEM image of nanoshells with average dimensions [r1, r2] = [62±6.7, 76±4.7] nm 

(nominally [r1, r2] = [62, 76] nm) can be observed. These dimensions were calculated 

from particle size statistics obtained from SEM images of over 300 SiO2 core particles 

and 300 nanoshells.  
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Absorption cross-sections 

The absorption cross-section (𝜎𝑎) of the nanoparticle is the optical parameter that is 

directly relevant to photothermal heating efficiency. In contrast, the scattering cross-

section (𝜎𝑠) does not contribute to photothermal conversion. The absorption cross-section 

is defined as the product of the geometric cross-section area (𝜎𝑔) and the absorption 

efficiency (𝑄𝑎):  

𝜎𝑎 = 𝜎𝑔. 𝑄𝑎 .                                                         (3-2) 

and is therefore directly proportional to nanoparticle size.  The absorption efficiency, the 

ratio of the absorption cross section over the geometric cross sectional area (and 

analogously the scattering and extinction efficiencies), can be calculated from Mie 

theory. Calculated spectra of the optical (absorption, scattering and extinction) cross 

sections of a nanomatryoshka and a nanoshell are shown in Figure 3.1C and 3.1D. The 

absorption cross section of the nanomatryoshka at the absorption maximum wavelength 

of 800 nm is 2.7x10
-14

 m
2
 with a geometric cross section of 6.3x10

-15
 m

2
.   For 

nanoshells, the absorption cross section is 2.1x10
-14

 m
2
 with a geometric cross section of 

1.7x10
-14

 m
2
.  Even though the geometric cross section of a nanoshell is ~3 times larger 

than the nanomatryoshka, the absorption cross section in the nanomatryoshka is ~1.3 fold 

larger than a nanoshell. The absorption efficiency for a nanomatryoshka is 4.26, which 

corresponds to 77% of the total extinction efficiency of 5.53. These nanomatryoshkas 

show a scattering efficiency of 1.26, 23% of their extinction efficiency. For nanoshells, 

the major contribution to the total extinction comes from a scattering efficiency of 7.25, 

which represents 85% of the extinction efficiency, with a minor contribution from the 

absorption efficiency of 1.24, only 15% of the total extinction efficiency. The larger 
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absorption efficiency and smaller scattering efficiency of nanomatryoshkas will result in 

a higher photothermal transduction efficiency than that of the larger-diameter nanoshells.   

 

Figure 3.2. Photothermal transduction of nanomatryoshkas and nanoshells. A) 

Temperature change in solutions of nanomatryoshkas and nanoshells (optical density = 1) 

irradiated 40 min with a laser of wavelength at 810 nm and power of 2 W/cm
2
. B) Mean 

photothermal efficiency from the conversion of light to heat in nanomatryoshka and 

nanoshell solutions (OD=1). 
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Photothermal transduction efficiency 

Photothermal transduction efficiency is a measure of how efficient a nanoparticle is in 

converting absorbed light into a temperature increase of its surroundings. To 

experimentally determine the photothermal transduction efficiencies of nanoshells and 

nanomatryoshkas, the temperature of each nanoparticle solution was measured while 

irradiated with an 810 nm laser until it reached equilibrium (Figure 3.2A). The optical 

density was maintained at 1.0 for both types of nanoparticles. This optical density 

corresponds to a concentration of 6.5x10
9
 particles/mL for nanomatryoshkas and 1.6x10

9
 

particles/mL for nanoshells. Equal optical densities is the standard method for comparing  

photothermal efficiencies, since at equal nanoparticle concentrations, nanoshells will 

have a larger total geometric cross section than nanomatryoshkas.
21,111,112

 The 

photothermal transduction efficiency (𝜂) can be determined by:
111

 

𝜂 =  
ℎ𝐴(𝑇𝑚𝑎𝑥−𝑇𝑎𝑚𝑏)−𝑄0

𝐼(1−10−𝐴𝜆)
 ,                                                 (3-3) 

where ℎ is the heat transfer coefficient,  𝐴 is the sample well surface area, 𝑇𝑚𝑎𝑥 is the 

steady state maximum temperature, 𝑇𝑎𝑚𝑏 is the ambient room temperature, 𝑄0 is the 

baseline energy input by the solvent and the sample cell without nanoparticles, 𝐼 is the 

laser power,  and 𝐴𝜆 is the optical density of the nanoparticle solution at the laser 

wavelength. The heating and cooling temperature data shown in Figure 3.2A have a 

characteristic thermal time constant: 

𝜏 =
∑ 𝑚𝑖𝐶𝑝,𝑖𝑖

ℎ𝐴
 ,                                                         (3-4) 

where 𝑚 is the mass and 𝐶𝑝 is the heat capacity of each 𝑖 component of the sample cell. 

The mass of the nanoparticle solution was 3.5 g and its heat capacity (𝐶𝑝,𝑠) was 

approximated to be 4.187 Jg
-1

K
-1

 (the heat capacity of water). In addition, the mass of the 
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quartz cuvette was 5.67 g and its heat capacity (𝐶𝑝,𝑐) was 0.839 Jg
-1

K
-1

. By finding the 

best exponential fit of the cooling temperature data, we calculated the thermal time 

constant (𝜏) using: 

𝑇𝑚𝑎𝑥 − 𝑇𝑎𝑚𝑏 =  𝑒−
𝑡

𝜏 .                                                 (3-5) 

 The thermal time constant should be the same for either heating or cooling of the 

solution. Once we know the time constant we can calculate the heat transfer coefficient 

(ℎ). The heat energy (𝑄0) of the sample cell and solvent without nanoparticles was 

calculated similarly by calculating first the heat transfer coefficient from an independent 

experiment, then using the following equation:  

𝑄0 = ℎ𝐴(𝑇𝑚𝑎𝑥 − 𝑇𝑎𝑚𝑏) .                                           (3-6) 

The calculated photothermal transduction efficiency shows that the nanomatryoshkas  

have a higher average  efficiency (63%) than nanoshells (39%) as shown in Figure 3.2B, 

in agreement with previously calculated values for nanoshells.
21

 This indicates that 

nanomatryoshkas are 1.6 times more efficient than nanoshells at constant optical density 

of 1.0 for both nanoparticle systems.  
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Figure 3.3. Biodistribution of gold NM and NS in tumor-bearing mice. Mean and 

standard deviation of gold content in organs at 4 h (top), 24 h (middle), and 72 h (bottom) 

after intravenous injection. Gold concentrations were analyzed by ICP-MS. The gold 

content in tumors in µg of Au/g of wet tissue is plotted as log10 scale for visual clarity of 

values in organs with low gold content. 
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Figure 3.4. A) Mean number of gold nanoparticles in the tumor per gram of wet tissue 

with standard deviations. The mass of gold in the tumors was analyzed by ICP-MS and 

converted to the number of nanoparticles considering the mass of Au in a 

nanomatryoshka = 5.22 x 10
-9

 µg for nanomatryoshka dimensions [r1, r2, r3] = [21, 31, 

44] nm and for nanoshell = 1.62 x 10
-8

 µg of Au for a nanoshell with dimensions [r1, r2] = 

[62, 76] nm. B) Mean percentage of the total injected Au dose (%ID / g of tumor). C) 

Histology of tumor sections extracted from mice intravenously injected with gold 

nanoparticles. Fluorescence staining combined with dark field microscopy: DAPI stains 

cell nucleus in blue; Alexa Fluor®594 in combination with CD34 stains vasculature in 

red; and nanoparticle scattering is observed as bright spots. The three channels (DAPI, 

Alexa Fluor®594 and nanoparticle scattering) are overlaid. 
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Biodistribution of nanomatryoshkas and nanoshells 

Nanomatryoshkas and nanoshells were functionalized with thiolated polyethylene 

glycol (thiol-PEG) of molecular weight 10 kDa to render the nanoparticle surface 

biocompatible and to increase the circulation time in the bloodstream of the mice. The 

hydrodynamic diameter and surface charge of the PEG conjugated and non-conjugated 

particles are shown in Table 3.1. The surface charge is about -5 mV for PEG 

functionalized nanomatryoshkas and nanoshells. A close to neutral surface charge is 

required for longer circulation time in the bloodstream, better tumor penetration and 

evasion of the RES.
113,114

        

Sample Diameter 

SEM 

(nm) 

Hydrodynamic 

diameter (nm) 

Zeta 

Potential 

(mV) 

NM 88 ± 5 96 -46.7 

NM@PEG NA 137 -4.4 

NS 152 ± 9 161 -57 

NS@PEG NA 195 -5.4 

Table 3.1. Diameter and surface charge of PEG-functionalized and bare gold 

nanoparticles. 

 

PEG-conjugated nanomatryoshkas and nanoshells with an equal dose of gold (300 µg 

of Au) were delivered via tail vein injection into mice bearing a TNBC xenograft. This 

dose of Au is equivalent to 5.7x10
10

 nanomatryoshkas in 200 µL (approximate OD810nm = 

26) with dimensions [r1, r2, r3] = [21, 31, 44] nm and 1.9x10
10

 nanoshells in 200 µL 

(approximate OD810nm = 42) with dimensions [r1, r2] = [62, 76] nm considering that the 

density of gold is 19.3 g/cm
3
. After the nanoparticles had circulated in the bloodstream, 

the mice were sacrificed at 4 h, 24 h, and 72 h post-injection and the Au content in each 
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tumor was quantified using ICP-MS. The Au content in the mouse organs is shown in 

Figure 3.3. The circulation half-life of both nanoparticles is expected to be similar since 

no statistical difference was observed in the gold concentration in the blood at the time-

points analyzed. For nanoshells previous studies have reported a circulation half-life of 

12.7 h.
115

 The gold concentration in the blood at 4h is high, suggesting that the 

nanoparticles are still actively circulating in the blood stream.  Therefore, we can see that 

highly irrigated organs within the blood stream (e.g. lung and heart) show a 

correspondingly high Au content at 4 h. A non-trivial concentration of Au was observed 

in kidney that is in line with what has been observed previously in several studies using 

nanoshells.
115,116

 It is thought that the presence of larger nanoparticles in the kidneys is 

due to accumulation within and subsequent transport by phagocytotic cells.
117

 At all time 

points, the mean Au content in tumor (given in µg of Au per g of tumor) is ~1.7 times 

higher for nanomatryoshkas than for nanoshells, presumably because the smaller size of 

nanomatryoshkas facilitates better penetration into tissue. Considering that the mass of 

Au in a single nanomatryoshka is   5.22 x 10
-9

 µg and in a nanoshell is 1.62 x 10
-8

 µg, the 

number of nanoparticles in the tumor was calculated; results are shown in Figure 3.4A. 

The percentage of the injected dose is also included in Figure 3.4B for comparison.  As is 

clearly shown in Figure 3.4B, a larger percentage of the injected dose of NM is present in 

the tumor compared to NS at each of the time points.  

The presence of the Au nanoparticles in the tumor was visualized by dark field 

microscopy due to the nanoparticle light scattering combined with fluorescence staining 

of cancer cells (Figure 4C). DAPI stains the cell nuclei blue; Alexa Fluor®594 in 

combination with CD34 stains the vasculature red; and light scattering from nanoparticles 
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is observed as yellow bright spots. Qualitatively in these images, more Au 

nanomatryoshkas are observed than nanoshells in the tumor tissue.  Given the smaller 

scattering cross section of nanomatryoshkas, these images further support a greater 

degree of uptake in the tumor tissue by nanomatryoshkas relative to nanoshells.      

 

Figure 3.5. Survival curves of tumor-bearing mice after photothermal therapy, which 

consisted of intravenous injection of gold nanoparticles or saline solution followed by 

irradiation for 5 min with a laser of wavelength at 810 nm and power of 2 W/cm
2
. 

Bounds at 95% confidence intervals are drawn with dotted lines. The survival curves and 

trend differences were statistically significant (p < 0.005).  

 

Photothermal therapy efficacy 

Mice bearing 200mm
3
 triple negative breast tumors (MDA-MB-231-LM2) were 

randomly assigned to three experimental groups: (1) a control group treated with an 

injection of saline solution plus laser treatment (no nanoparticles) (n=4), (2) nanoshell 

injection plus laser treatment (n=5), and 3) nanomatryoshka injection plus laser treatment 

(n=6). Mice received, via tail vein injection, a volume of  200 µL PEG conjugated 

nanomatryoshkas or nanoshells at equal Au dose (300 µg of Au), equivalent to 5.7x10
10
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nanomatryoshkas and 1.9x10
10

 nanoshells. Laser photothermal ablation of TNBC tumors 

was conducted 4 h after injection. Laser power was 2 W/cm
2
 for 5 min.   

The temperature in the tumor was probed using a needle thermocouple while the 

treatment was conducted. After 5 min of laser treatment the average maximum 

temperature change in the tumor was 13.7 ± 1.0 °C for the “saline+laser” group, 31.1 ± 

0.7 °C for the “nanoshell+laser” group, and 33.7 ± 8.0 °C for the 

“nanomatryoshka+laser” group. While a higher temperature for the 

“nanomatryoshka+laser” than the “nanoshell+laser” group was expected due to the 

higher number of nanomatryoshkas in the tumors, no statistical difference was observed. 

We attribute this to the high sensitivity of thermocouple-based measurements to probe 

placement in the tumor, which is extremely difficult to reliably reproduce from mouse to 

mouse.   

Tumor size and mice health was monitored for the subsequent 60 days post-treatment, 

and mice were sacrificed when tumor size exceeded 1500 mm
3
, or after completion of the 

experiments if tumors persisted at 60 days after treatment. The survival curve for 

complete tumor regression (no tumor detectable by bioluminescence imaging, or 

otherwise palpable or visually noticeable) is shown in Figure 3.5. For nanomatryoshkas, a 

large percentage (83%) of the TNBE tumor-bearing mice appeared healthy and tumor 

free >60 days later, where only 33% of the nanoshell-treated mice survived the same 

period. One NS treated mice died within four days of treatment, likely due to thermal 

therapy off-target effects, as the tumors were close to liver, where nanoparticles 

preferentially accumulated.  All animals in the control group had to be euthanized 

between 14-20 days post-treatment due to rapid tumor growth above animal protocol 
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cutoff. The survival curves for the different treatment groups were compared with Log-

Rank (Mantel-Cox) test with p = 0.0008, and Logrank test for trends (p = 0.0006), and 

also with Gehan-Breslow-Wilcoxon test with p = 0.0025. Analysis was performed with 

Prism software. (Prism 6 for Mac OS X, GraphPad Software, La Jolla California USA, 

www.graphpad.com). 

These results indicate that photothermal therapy using nanomatryoshkas improves the 

survival of mice bearing TNBC tumors compared to the equivalent therapy using 

nanoshells.        
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Figure 3.6. Evaluation of tumor response to photothermal therapy by bioluminescence 

imaging. The bioluminescence signal is generated only in living cancer cells as a result of 

luciferase activity. A) Representative mice of each experimental group showing the 

luciferase activity in the tumor. The mice injected with nanomatryoshkas or nanoshells 

and treated with laser experienced loss of bioluminescence in the area illuminated by the 

laser as seen after therapy. Mice were euthanized when tumor volume reached 1500 mm
3
 

or if the tumor persisted at 60 days after treatment. B) Mean luciferase activity in the 

tumor with standard deviations. The luciferase signal was normalized to the signal before 

treatment. 
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Imaging of luciferase activity in tumors  

Imaging of luciferase bioluminescence helps to evaluate the tumor response to the 

photothermal treatment (Figure 3.6). Bioluminescence signal intensity provides a 

surrogate measurement for cancer cell viability. Photothermal therapy resulted in a 

drastic loss of luciferase activity in mice injected with nanomatryoshkas or nanoshells. In 

contrast, mice injected with saline solution and treated with laser did not exhibit 

significant decrease in bioluminescent intensity thus reflecting a non-measurable 

therapeutic effect. In both experimental groups, “nanomatryoshka+laser” and 

“nanoshell+laser”, the fraction of mice free of palpable or otherwise obvious tumors 

showed zero luciferase activity even after >60 days indicating complete eradication of 

cancer. However, one mouse in the “nanomatryoshka+laser” group and three in the 

“nanoshell+laser” group showed recurrence of luciferase activity and thus tumor relapse 

after intitial successful treatment. As depicted in Figure 3.6D, the recurrence of luciferase 

activity took longer time for mice treated with nanomatryoshkas than with nanoshells and 

was lower in magnitude indicating persistent effects on nanomatryoshka therapy, even 

after tumor recurrence.  

3.4. Conclusions 

Gold nanomatryoshkas exhibited improved photothermal therapy efficacy for 

orthotopic TNBC xenografts in nude mice when compared to standard gold nanoshells. 

We have demonstrated that nanomatryoshkas are highly efficient photothermal 

transducers due to their large absorption cross-sections. The photothermal transduction 

efficiency of nanomatryoshkas was 63% versus 39% for nanoshells.  In addition, the 
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tumor uptake of nanomatryoshkas was 5 times the number of nanoshells when both 

particle types were injected at equal doses of Au mass. This higher tumor uptake was due 

to the smaller size of the nanomatryoshkas (~90 nm diameter) compared to nanoshells 

(~150 nm diameter). These sub-100 nm gold nanomatryoshkas are promising NIR 

photothermal transducers for the treatment of highly aggressive tumors. 
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Chapter 4 

Sub-100 nm gold nanomatryoshkas improve 

photo-thermal therapy efficacy in large and 

highly aggressive triple negative breast 

tumors 

Reproduced with permission from Ayala-Orozco, C.; Urban, C.; Bishnoi, S.; Urban, 

A.;  Charron, H.; Mitchell, T.; Shea, M.; Nanda, S.; Schiff, R.; Halas, N. J.; and Joshi, 

A. J. Control. Release, 2014, 191, 90-97. Copyright 2014 Elsevier B. V. 

All nanoparticle synthesis and characterization, optical properties, phothermal 

efficiencies in solution and ICP-MS analysis were obtained by C. Ayala-Orozco. The 

photothermal therapy experiments and optical imaging processing and analysis were 

conducted by C. Urban and H. Charron. A. S. Urban took and processed the tissue 

fluorescence images. S. W. Bishnoi contributed with helpful discussion and editing the 

manuscript. T. Mitchell and M. Shea provided the cancer cell lines. R. Schiff, N. J. 

Halas and A. Joshi were the PIs guiding the research.  
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4.1. Introduction 

NIR light based nanoparticle-mediated photothermal ablation is a rapidly evolving tool 

for cancer therapy and compared to conventional treatments including surgery, radiation 

therapy, and chemotherapy, nanoparticle mediated thermal ablation is minimally 

invasive, relatively robust with respect to acquired or de novo drug resistance, and offers 

substantially reduced off-target effects.
18,27,87-91,118

 Nanoparticles effective as 

photothermal transducers are designed to efficiently convert incident light to heat, and 

ablate malignant cells in nanoparticle vicinity, upon illumination in the favorable NIR 

region.
26

 Gold nanoshells were the first successful NIR photothermal transducers
18

, and 

the NIR guided ablation approaches have been extended to nanoparticles such as gold 

nanorods
88

, gold nanocages
91

, hollow gold nanoshells
89

, carbon nanotubes
90

, and 

graphene
118

, which reproduce NIR plasmonic resonance in a variety of geometries and 

size regimes. 

Gold nanoparticles exhibit NIR activated photothermal activity due to their geometry 

dependent plasmon resonance,
18,43,91

 resulting from collective oscillation of surface 

electrons upon excitation with light at the resonance frequency. Gold is also attractive 

because due to its inertness, biocompatibility, low cytotoxicity and long history of 

medical use. ~150 nm silica core gold nanoshells are one of the most studied NIR 

plasmonic photothermal therapy agents with high photothermal conversion efficiency
43

, 

along with non-cytotoxicity and biocompatibility of their component materials, that has 

led to their approval for initial clinical trials for head and neck cancer treatment.
92

 In 

contrast, ~50 nm gold nanorods can also offer NIR plasmon resonances; however, they 
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are constrained due to their synthesis procedures which involve high concentrations of 

cytotoxic cetyltrimethylammonium (CTAB) as a surfactant. CTAB needs to be displaced 

before therapeutic use and it often results in reshaping and/or irreversible aggregation of 

nanorods. Nanorod surface functionalization is as a result much more involved than 

nanoshells.
93-95

 Other sub 50 nm nanostructures based on hollow shell or cage geometries 

have also been proposed. These agents utilize a sacrifical cobalt or silver core during 

synthesis, which can raise safety concerns due to leaching of core material,
119

 and 

scalable batch synthesis is difficult.
98,99,100

 Considering the safety, biocompatibility, and 

scalable synthesis concerns, silica core gold nanoshells are the mainstay of NIR 

photothermal therapy but they are constrained by ~150 nm size requirements for NIR 

resonance, providing motivation for development of sub 100 nm silica-gold structures 

which retain the efficacy and biocompatibility advantages of nanoshells. Similar to gold 

nanoshells, Gold nanomatryoshkas comprise of silica and gold but with crucial shape 

differences. Nanomatryoshkas consist of a silica layered Au core, further coated with a 

thin gold shell.
14

 Plasmonic interaction between the Au core and the Au shell, can be 

exploited by varying the three core-shell radii involved and NIR resonance achieved at 

smaller length scales than conventional SiO2/Au nanoshells. This development of sub-

100 nm nanomatryoshkas with identical surface functionalization as gold nanoshells is 

instrumental for enhanced tumor accumulation and much increased photothermal 

conversion upon NIR excitation. 

Breast cancer treatment is an attractive avenue for the application of NIR imaging and 

therapeutic methods because of relatively shallow tissue depth of both the primary 

disease and its loco-regional lymph node metastases, coupled with the low NIR 
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absorption and scattering of breast tissue, which enable light propagation upto multiple 

centimeters.
120

  The standard treatment protocol for breast cancer involves surgery 

accompanied by chemotherapy and/or radiation treatment. Much of the recent progress in 

cancer therapy has involved the treatment of early stage disease by this approach.
121,122

  

However, the past decade has seen a significant change in the statistics of breast cancer 

diagnosis. Since 2000, the incidence rate of smaller tumors (≤2.0 cm) among women of 

all races has declined by 3.3% per year and by 1.1% per year during 2006-2010, while 

the incidence rate of larger tumors (2.1-5 cm and >5.0 cm) has remained stable or 

increased by approximately 0.7 - 1.1 % per year. Larger tumor size at diagnosis is 

associated with distant metastases and decreased survival, dropping from the 5-year 

survivability rate of 95% for tumors ≤2 cm to 65% for tumors >5 cm.
123

 Clearly, the 

standard treatment is significantly less effective for patients with more advanced stages of 

the disease. Since currently more than 75% of all breast cancer diagnoses occur at more 

advanced stages,
123

 it is imperative that effective therapeutic strategies for breast cancer 

beyond early stage disease be developed. In this light, we report efficacy studies on 

tumors about 10-70 fold larger than the average size used in any previous study of 

photothermal therapy efficacy assisted by representative classes of nanoparticles (see 

Table 4.1). Almost all reported nanoparticle mediated studies are on sub 200 mm
3
 

xenografted tumors, which are typically well vascularized and do not pose the transport 

barriers expected in advanced disease.  We believe that the large tumors are a clinically 

relevant model to advanced, localized cancers.  

Here we report sub-100 nm gold nanomatryoshkas as efficient photothermal transducers 

for the therapy of large (~1000 mm
3
) tumors of a highly-aggressive triple negative breast 
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cancer (TNBC) variant. The subtype TNBC is characterized by the lack of estrogen 

receptor, progesterone receptor, and epidermal growth factor receptor 2 (HER2).
103

 The 

lack of these receptors is associated with high aggressiveness, poor prognosis, shorter 

survival, and non-response to endocrine therapies and immune therapy against HER2.
103-

105
 Therefore, active targeting of nanomedicines to TNBC does not exist, thus enhanced 

permeability and retention (EPR) effect is the only means for particle uptake in tumors 

following systemic delivery, and multiple EPR based diagnostic and therapeutic 

nanoparticles have been proposed, utilizing a variety of modalities and nanoparticle 

materials.
124-126

 As EPR-based nanoparticle accumulation in tumors is dependent on 

particle size,
106,107

 it is essential to obtain sub 100 nm sizes. In this study, we demonstrate 

that using sub-100 nm gold nanomatryohskas enhances accumulation in large tumors 

(>1000 mm
3
) and improves survival time of mice after photothermal treatment relative to 

the treatment with the standard SiO2/Au nanoshells. 

Volume 

(mm
3
) 

Diameter 

(mm) 

Nanoparticle type Reference 

1000 11.5-15 Nanomatryoshka This study 

14-83 3-5.5 Nanoshells 
87,101,127

 

14-100 3-6 Nanorods 
88,128,129

 

83 5.5 Carbon nanotubes 
90,130,131

 

50-100
 

4.5-6 Graphene 
118,132,133

 

Table 4.1 – Average tumor volume and diameter used in this study compared with 

previous photothermal therapy efficacy reports for representative photo-thermal 

transducers. 
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4.2. Experimental Methods 

Nanoshell and Nanomatryoshka Synthesis 

Gold nanoshells were synthesized by standard methods developed by our group and 

described in detail elsewhere.
13,30

 Gold nanomatryoshkas were synthesized by our 

previously reported method with several improvements.
14

 First, the Au colloid (40 nm 

citrate NanoXact Gold, nanoComposix) was coated with silica doped with 3-aminopropyl 

triethoxysilane (APTES) by a modified Stöber process. For this reaction the chemicals 

were added to an Erlenmeyer flask with a ground glass joint under magnetic stirring in 

the following order: 1) 21 mL of Au colloid (7.0 x 10
10 

particles/mL, citrate-capped 40 

nm Au sphere, NanoComposix), 2) 180 mL of 200 proof ethanol (Decon Labs), 3) 1.8 

mL of ammonium hydroxide (28-30%, EMD Chemicals), 4) 36 µL of a solution of 10% 

tetraethoxysilane (TEOS, SIT7110.2, Gelest) in ethanol and, 5) 36 µL of 10% APTES 

(SIA0610.1, Gelest) in ethanol. The reaction was capped and stirred 50 min at room 

temperature followed by stirring 24 h at 4  ̊C. Then, the solution was dialyzed for 12 h in 

1 gallon of 200 proof ethanol using a dialysis membrane (Spectra/Por 6, MWCO = 

10000, Spectrum Labs) previously washed with MilliQ grade water to remove residual 

chemicals and then washed with ethanol to remove excess water. The purpose of dialysis 

is to remove ammonium hydroxide and the remaining free silanes (TEOS and APTES) 

from the reaction to decrease aggregation of nanoparticles during centrifugation. The 

solution was cooled to 4 ̊C and centrifuged 45 min at 2000 rcf using 50 mL plastic tubes. 

The supernatant was removed and the pellet was redispersed by sonication in a total 

volume of 4 mL of ethanol. Centrifugation can be repeated when red color is still 
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observed in the supernatant to recoup more particles. The product obtained here are the 

APTES-doped silica-coated gold colloid. 

Next, the synthesis of the seeded precursor consists of the functionalization of APTES-

doped silica surface with Duff colloid (1-2 nm) fabricated by the method described in 

detail elsewere.
30,32

 First, the APTES-doped silica-coated gold colloids are sonicated for 

20 min. Then, in a 50 mL plastic centrifuge tube, 20 mL of Duff colloid solution was 

added, followed by rapid, simultaneous addition of 300 µL of 1 M NaCl and 1 mL of 

APTES-doped silica-coated gold colloid. The solution was quickly vortexed and 

sonicated for 30 min. The resulting mixture was incubated 4 days at room temperature 

and solution was gently shaken and sonicated 20 min once at day. During the incubation 

the silica layer is reduced in thickness by chemical etching (hydrolysis) and densely 

covered with Duff colloids. After the incubation, before centrifuging the solutions were 

sonicated for 20 min, and then centrifuged 45 min at 700 rcf. The supernatant was 

centrifuged again. The pellets were recovered and redispersed in 800 μL of water by 

sonication 5 min. The solution were centrifuged again for 30 min at 700 rcf and 

redispersed in water by sonication 5 min. Centrifugation was repeated but particles were 

redispersed and combined in a total volume of ~1 mL of water. This particle is the seeded 

precursor used for seeded growth of the outer Au shell as described in detail 

elsewhere.
14,30

 This last step uses the same method to synthesize the Au nanoshells. 

 

Functionalization of nanoparticles with thiol-PEG  

Nanoparticle solutions (about 300 mL of each nanoparticle) were centrifuged, 

nanoshells at 240 rcf for 30 min and nanomatryoshkas at 200 rcf for 30 min. 
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Nanoparticles were redispersed in 10 mL of Milli-Q water and functionalized with a final 

concentration of 100 µM  thiol-PEG (mPEG-SH, MW 10000, Laysan Bio) for 12 h. The 

nanoparticle solutions were sterilized using a 0.8/0.2 µm pore size syringe filters (PALL 

Acrodisc PF 32 mm). The nanoparticle solutions were centrifuged (nanoshells 280 rcf for 

30 min and nanomatryoshkas 240 rcf for 30 min) and re-dispersed in 4 mL of sterile 1 

mM phosphate buffer pH 7.3. The Au content was measured in each sample by ICP-MS 

and Au concentration was adjusted to 1.5 mg of Au/mL.     

Triple Negative Breast Cancer Xenografts 

Luciferase transfected MDA-MB-231LM2 cells first described in Minn et. al. 
108

,were 

maintained in DMEM media (Sigma®), with 10% FBS (Gibco®) and 1% penicillin and 

streptomycin (Lonza®) and incubated in 5% CO2 at 37  ̊C. Cells were routinely 

maintained by passaging when they became 80% confluent. Cells were counted and 

suspended in sterile PBS to the desired cell number concentration (5x10
7
 cells/ml) for 

injection via procedure described in 
109

. Briefly, 4-5 week old female athymic nude mice 

were sourced from Harlan Sprague Dawley. 1x10
7
 cells in a total volume of 200 µL were 

injected subcutaneously in the fat pack of the ribcage on one side. Tumor growth was 

monitored every two days by measurement with a digital caliper and the tumor volume 

was calculated with the formula: tumor volume = ½ (length x width
2
). 

Photothermal therapy efficacy experiments  

Tumors were allowed to grow to ~1000 mm
3
, then 200 µL of either PEG conjugated 

nanomatryoshkas (NM-PEG), PEG conjugated nanoshells (NS-PEG) or a saline solution 

were injected into the tail vein. Four hours after injection, the mice were anesthetized 

with isoflurane and the tumor in the treatment groups (with mouse number n=9 for NM-
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PEG, n=9 for NS-PEG, and n=5 for saline solution injections) was treated for five 

minutes with a CW-diode laser (Diomed 15Plus, Angio Dynamics) emitting 3 W/cm
2
 at a 

wavelength of 808 nm. The beam was expanded (~1.2 cm diameter illuminated region) to 

cover the tumor surface in its entirety and total time duration of treatment was 5 minutes. 

During treatment a needle based thermocouple probe was inserted in the tumor core and 

temperature elevations were recorded for each treatment group.  Three mice in each 

group (saline, NM-PEG, and NS-PEG injected) were left untreated as additional controls. 

Following treatment, mice were regularly monitored by bioluminescence imaging and 

manual tumor size measurements. When the tumors reached a volume of 2000 mm
3
 the 

mice were euthanized via CO2.  

Quantitative Bio-distribution Studies 

When tumors reached the same volume (~1000 mm
3
) as for the photothermal therapy 

treatment, 18 mice were randomly divided into two groups with 9 mice per group. One 

group was injected with 200 µL NM-PEG and the other group was injected with NS-PEG 

with equal dose of gold (300 ug). Four hours, 24 h and 72 h after injection, three mice per 

group were sacrificed. Brain, heart, lung, liver, spleen, gut, kidney, blood and tumor were 

collected, the organs were washed in PBS and stored at  -80 ˚C until further investigation. 

For the gold content analysis, the organs were weighted and digested in ~2 mL of aqua 

regia. The samples were purified and diluted in 10 mL 1% aqua regia for inductively 

coupled plasma mass spectrometry (ICP-MS, Perkin Elmer) analysis. The experiments 

were carried out in three independent runs for statistical analysis.  

Histopathology 
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Small tumor parts were washed in PBS, held in 10% buffered formalin for 24 h, 

washed in PBS (3x for 20min) and then kept in 70% ethanol. For the staining, the organs 

were fixed in paraffin blocks and then cut with a microtome. Vasculature was stained 

with CD34 (lifespan biosciences) and Alexa Fluor®594 (Molecular Probes®, Invirtogen) 

and the nucleus was stained with DAPI (Vectors). H&E staining was performed with 

hematoxylin and eosin from Sigma-Aldrich. Dark field and fluorescence microscopy of 

tumor sections were conducted with an Olympus BX 41 microscope with an 40x NA0.6 

objective and the bright field microscopy was conducted with a Zeis Axioplan 2 

microscope. 

4.3. Results and Discussion 

Gold nanomatryoshkas and nanoshells size and charge characterization  

Plasmon resonances in both gold nanomatryoshkas and nanoshells are highly tunable to 

NIR wavelengths by controlling their core and shell dimensions.
13,14

  The extinction 

spectrum of gold nanoshells and nanomatryoshkas is shown in Figure 4.1B. Gold 

nanomatryoshkas show two plasmon modes: 1) alow-energy plasmon subradiant mode at 

783 nm and 2) a high-energy superradiant plasmon mode at 560 nm; these 

nanomatryoshkas have dimensions [r1, r2, r3] = [21, 31, 44] nm. Nanoshells had the 

average dimensions [r1, r2] = [62, 76] nm. Figures 4.1C and 4.1D depict the TEM images of 

NM and NS, respectively. 

  A key parameter for photo-thermal therapy application is the surface charge, which in 

turn controls the circulation time following systemic injection of nanoparticles. 

Nanomatryoshkas and nanoshells were functionalized with thiol-polyethylene glycol 
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(thiol-PEG) of molecular weight 10 kDa to render the nanoparticle surface biocompatible 

and increase the circulation time in the bloodstream of the mice. PEGylation is a well 

known and popular strategy for increasing the biocompatibility and tailoring the surface 

characteristics of gold nanoparticles.
134

 The hydrodynamic diameter for NM-PEG and 

NS-PEG was measured to be 137 nm and 195 nm respectively. The surface charge for 

both the particles following PEGylation was ~-5 mV. A close to neutral surface charge 

has been reported in literature as contributory to longer circulation time in the 

bloodstream, better tumor penetration and evasion of the RES.
113,114
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Figure 4.1. A. Schematic illustrating the structural differences between nanomatryoshka 

([r1, r2, r3] = [21, 31, 44] nm) and nanoshells ([r1, r2] = [62, 76] nm), B. Extinction 

spectra (a.u.) for NM and NS. C. TEM images of NM, and D. TEM images of NS. 

 

Bio-distribution of nanomatryoshkas and nanoshells 

Nanomatryoshkas and nanoshells were injected in mice bearing ~1000 mm
3
 TNBC 

xenografts. The dose injected for both nanoparticles was 200 μL at the concentration of 

1.5 mg/mL of Au, which is equivalent to 300 μg of Au. Using the density of gold (19.3 

g/cm
3
) we calculated that this dose of Au is equivalent to 5.7x10

10
 nanomatryoshkas with 
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dimensions [r1, r2, r3] = [21, 31, 44] nm and 1.9x10
10

 nanoshells with dimensions [r1, r2] = 

[62, 76] nm. 

 

Figure 4.2. Bio-distribution of gold NM and NS in mice with large tumors (>1000 mm
3
). 

A) Gold content in organs after 4 h intravenous injection. B) Gold content in organs after 

24 h intravenous injection and C) Gold content in organs after 72 h intravenous injection.  

D) Number of gold nanoparticles in the tumor per gram of wet tissue. Gold 

concentrations were analyzed by ICP-MS. The number of nanoparticles was calculated 

considering the mass of Au in a NM = 5.22 x 10-9 µg for NM dimensions [r1, r2, r3] = 

[21, 31, 44] nm and for NS = 1.62 x 10-8 µg of Au for NS with dimensions [r1, r2] = [62, 

76] nm. The gold content in tumors in µg of Au/g of wet tissue is plotted as log10 scale 

for visual clarity of values in organs with low gold. 
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Mice were sacrificed at 4 h, 24 h, and 72 h post-injection and the gold content in each 

tumor was quantified by ICP-MS. Gold content in organs are shown in Figure 4.2. At all 

time points the gold content in µg of Au per g of tumor isabout twice higher for 

nanomatryoshkas than for nanoshells. The mass of Au was converted to the number of 

nanoparticles in the tumor; results are shown in Figure 4.2D. Considering the physical 

dimensions of each type of particle and density of gold (19.3 g/cm
3
) we calculated that 

the mass of Au in a single nanomatryoshka is 5.22 x 10
-9

 µg and for a nanoshell is 1.62 x 

10
-8

 µg. Overall, there is ~4.5-6.5 times the number of nanomatryoshkas than nanoshells 

in the tumor at all time points even though we injected an equal mass of gold. This higher 

accumulation of nanomatryohskas in tumor relative to nanoshells is due to their smaller 

size, which facilitates better penetration into tissue.      

 

Photothermal therapy efficacy 

Figure 4.3 reports the therapy efficacy results for the mice assigned to four experimental 

groups: 1) NM injection plus laser treatment (n=9), 2) NS injection plus laser treatment 

(n=9), 3) saline solution injection plus laser treatment (n=5) and, 4) only saline solution 

injection (n=3). All the mice received via tail vein injection 200 µL PEG conjugated 

nanomatryoshkas or nanoshells at equal Au dose (300 µg of Au), which is equivalent to 

5.7x10
10

 nanomatryoshkas and 1.9x10
10

 nanoshells. Laser photothermal ablation of 

TNBC tumors was conducted 4 h after injection. Laser power was 3 W/cm
2
 for 5 min.  

The temperature in the tumor was probed while the treatment was conducted. Figure 

4.3A shows the average maximum temperature change in the tumor after 5 min of laser 

treatment. After 5 min of laser treatment the average maximum temperature change in 
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tumor was 25.3 ± 4.5 °C for “NM+laser” group, 19.2 ± 2.9 °C for “NS+laser” group, and 

12.7 ± 3.1 °C for “saline+laser” group. Considering the average initial temperature before 

laser treatment was 32.6 ± 1.3 °C, the maximum average temperature in tumors was 57.9 

± 4.7 °C for “NM+laser” group, 51.8 ± 3.2 for “NS+laser” group and 45.3 ± 3.4 for 

“saline+laser” group. The higher temperature increase in tumor treated with 

nanomatryohkas is due to both 1) a higher accumulation of nanomatryoshkas and 2) a 

higher absorption cross-section of nanomatryoshkas than nanoshells. This higher 

temperature implies that more heat is produced and enables efficient cancer tumor 

ablation. Tumor sizes were monitored in mice after treatment and mice were euthanized 

when tumor size reached ≥ 2000 mm
3
. At time of therapy the average size of tumors was 

substantially larger (~1000 mm
3
) than in any other photothermal therapy efficacy 

experiment reported (~14-100 mm
3
).

87,88,101,127
 These large tumors sizes mimic the tumor 

sizes commonly found in patients and provide a closer model for the efficacy of 

photothermal cancer therapy in the clinic.
135-139

 The survival curve of mice is presented in 

Figure 4.3B. The mean survival time for the non-laser treated saline group was 6.7 ± 3.2 

days, 7.2 ± 4.0 days for the “saline+laser” group, 11.3 ± 3.8 days for the “NS+laser” 

group, and 15.8 ± 8.6 days for the “NM+laser” group. Our results show that gold 

nanomatryoshkas improve the efficacy of photothermal therapy compared with the 

nanoshells.  
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Figure 4.3. A) Maximum temperature change in treated tumors under 5 min irradiation 

with a laser of wavelength at 808 nm and power of 3 W/cm
2
. B) Kaplan-Meier survival 

curve of tumor-bearing mice after photothermal therapy. The average survival times were 

6.7 ± 3.2 days (for the “saline” group), 7.2 ± 4.0 days (for the “saline+laser” group, 11.3 

± 3.8 days (for the “NS+laser” group), and 15.8 ± 8.6 days (for the “NM+laser” group). 

The results are statistically significant (p < 0.05).     

  Time course of tumor viability following treatment 

Imaging of luciferase bioluminescence can non-invasively track and evaluate the tumor 

response to the photothermal treatment (Figure 4.4). Mice injected with saline solution 

and treated with laser did not exhibit any therapeutic effect as the bioluminescence signal 

increased monotonically with time. In contrast, mice injected with nanoshells or 



105 
 

 

nanomatryoshkas did present a loss of luciferase activity in the area illuminated by the 

laser. However, certain portions of tumors did not present with complete remission, these 

often include the irregular tumor edges. Growth of surviving cancer cells at the edge of 

the tumors causes a recovery of luciferase activity and tumor relapse. Mice treated with 

nanomatryoshkas in combination with laser exhibit a longer recovery time of luciferase 

activity than with nanoshells. In addition, the tumor growth was slower after treatment 

with nanomatryoshkas than nanoshells. This allowed longer survival time and longer 

periods of bioluminescence imaging for nanomatryoshkas.  This effect can be directly 

related to higher accumulation of NM in tumors compared to NS. It should be noted that 

we performed only a single treatment with an expanded laser beam as the objective was 

to strictly compare only the effect of nanoparticle size while maintaining all other 

parameters constant. Since large tumors have an irregular structure, tailoring beam shape 

to specific cases can lead to improved therapy but in this case it would have violated the 

constancy of therapy conditions, which was carefully maintained for all the treatment 

groups. Multiple treatments or treatments with an interstitial laser fiber can lead to further 

improvement in therapy efficacy. Further, an interesting observation was that while the 

Saline+laser treatment tumors did exhibit temperature increases of ~12 degree C above 

baseline (Figure 4.3A), the luciferase activity didn't decrease post treatment for any mice, 

indicating that hyperthermia in absence of nanoparticles had no effect on tumor viability. 
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Figure 4.4. Evaluation of tumor response to photo-thermal therapy by bioluminescence 

imaging. The bioluminescence signal is generated only in living cancer cells as result of 

luciferase activity. The mice treated with laser and nanomatryoshka (NM) or nanoshells 

(NS) experienced loss of bioluminescence in the area illuminated by the laser spot as seen 

1 day after therapy. However, there were viable cancer cells in the edges of the tumor 

post therapy, which cause tumor recurrence for the highly aggressive cell lines used in 

this experiment. Mice were euthanized when tumor volume reached 2000 mm
3
. 

  

Histopathology  

The cancer cell morphology in tumors before and after laser treatment was investigated 

through fluorescence microscopy with co-localization of gold nanoparticles by dark field 

microscopy (Figure 4.5). The cell nucleus is stained in blue with DAPI; cell cytoplasm in 

red with Alexa Fluor®594 and gold nanoparticles are observed as yellow bright spots due 



107 
 

 

to nanoparticle light scattering. The tumor samples for these studies were collected at the 

time of mice sacrifice, which was 6-7 days for non-laser treated mice, and 12-18 days for 

the laser treated mice depending upon the nanoparticle treatment group. After 

nanoparticle injection without laser treatment very few gold nanomatryoshkas or 

nanoshells were detectable in the tumors, most likely because the particles were already 

cleared out of the tumor at the time of mice euthanasia. In contrast, for the laser treated 

tumors the nanomatryoshkas and nanoshells were clearly detectable in the tissue most 

likely because thermal ablation causes fixation of gold nanoparticles in the tumor, and the 

vascular disruption leads to slow clearance of nanoparticles from tumors. Cancer cell 

morphology was disrupted with the laser treatment in presence of gold nanoparticles, but 

not in tumors with control saline solution injections. The hematoxylin and eosin staining 

confirmed cell destruction when the tumor is treated with Au nanoparticles and laser 

(Figure 4.5). But cells were morphologically intact in the absence of Au nanoparticles or 

laser. The continued presence of both NM and NS in tumors for up to 18 days in laser 

treated samples promises the potential of repeated therapy for ablating the relapsed 

tumor. H&E stained images indicated ablated and scarred regions for both NM and NS 

treated tumors, however, regions with complete absence of tumor cells, and regrowth of 

mammary fat cells was only observed in NM treated tumors.  
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Figure 4.5. Histopathology of tumor sections extracted from mice intravenously injected 

with gold nanoparticles or control saline solution. (Left panel) Fluorescence staining 

combined with dark field microscopy: cell nucleus is stained with DAPI in blue; cell 

cytoplasm stained with Alexa Fluor®594 in red and gold nanoparticle can be observed as 

yellow bright spots due to the nanoparticle scattering in the dark field mode. (Right 

panel) Hematoxyline and Eosine (H&E) staining. The cell morphology in all non-treated 

tumors, specially the nucleus, is observed intact. However, after laser treatment in 

presence of gold nanomatryoshkas or nanoshells the cell morphology is disrupted. 

4.4. Conclusions 

Herein, we have reported for the first time the differences in tumor accumulation and 

therapy outcomes in an advanced triple negative breast cancer model with >1000 mm
3
 

tumors for two spherical gold-based Near-infrared photothermal transducer nanoparticles, 

where the only parameter varied was size. The elemental composition, nanoparticle 

surface coating/charge, and gold dose given to mice was kept constant.  Gold 
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nanomatryoshkas showed an improved photothermal therapy efficacy of TNBC when 

compared to gold nanoshells. The tumor uptake of nanomatryoshkas was 4-5 fold the 

number of nanoshells when both were injected at equal dose of Au mass. This higher 

tumor uptake is because nanomatryoshkas are smaller (~100 nm) in diameter than 

nanoshells (~150 nm). A key feature of presented study was the use of highly aggressive 

and >1000 mm
3
 tumors at therapy initiation, which better mimics the locally advanced 

breast cancer in clinic. Nanoparticle based photo-thermal interventions in locally 

advanced breast cancer have the potential of reducing or even eliminating the tumors 

prior to surgery and reduce the treatment morbidity, especially for triple negative breast 

cancer, where targeted molecular therapies are not available. Further improvements in 

therapy outcomes are possible with interstitial laser treatments and percutaneous 

interventional radiology based methods. The development of non-toxic and stable sub 50 

nm NIR resonant gold nanostructures in future can lead to similar improvements in tumor 

uptake and therapy efficacy.  
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Chapter 5 

Fluorescence Enhancement of Molecules 

Inside a Gold Nanomatryoshka 

Reproduced with permission from Ayala-Orozco, C., Liu, J. G., Knight, M. W., 

Wang, Y., Day, J. K., Nordlander, P. and Halas, N. J. Nano Letters 2014, 14, 2926-

2933. Copyright 2014 American Chemical Society. 

 

C. Ayala-Orozco conducted the nanoparticle synthesis and fluorescence 

experiments. J. G. Liu and Y. Wang contributed with the theoretical calculations. M. W. 

Knight obtained the SEM images and participated extensively editing the manuscript 

and guiding the theoretical modeling. J. K. Day contributed with helpful discussions. P. 

Nordlander and N. J. Halas designed the experiments and calculations, edited the 

manuscript, and guided the research.  
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5.1. Introduction 

Fluorescence enhancement has been an active topic of research since it was first 

established that spontaneous emission can be modified by coupling an emitter to a 

resonant cavity or by positioning it near a metallic surface.
140,141

 More recently, 

fluorescence enhancement has attracted increased interest because it offers the potential 

for significant improvements in a variety of fluorescence-based biomedical applications, 

such as in vivo imaging, high-throughput diagnostics, cell sorting, single cell imaging, 

genomics, and proteomics.
20,29,142-146

 Of particular interest has been the case where a 

molecule can be positioned within a few nanometers of the surface of a metallic 

nanoparticle. Nanoparticle geometry, size, and the distance between fluorophore and 

metal nanoparticle surface, all strongly influence this interaction and can be responsible 

for either fluorescence enhancement or quenching.
147

 Control of these parameters can 

lead to both enhanced absorption and a reduction in radiative lifetime, resulting in 

substantial increases in the fluorescence quantum yield of the molecule.   

Au nanoshells, comprised of a silica core and a metallic shell, have been used 

extensively for the systematic investigation of fluorescence enhancement due to their 

geometrically tunable plasmon resonance.
13

 In particular, Au nanoshells have been used 

in bioimaging applications to enhance molecular fluorescence in the near-IR, where light 

has a maximal penetration depth in biological tissue.
21,22,148

 Fluorescence enhancement 

with nanoshells was obtained by growing a nanoscale dielectric layer around the outer 

metallic shell layer of the nanoshell, then by adsorbing fluorophores onto the exterior of 

the coated nanoparticles. The spectral tunability of plasmon resonances in Au nanoshells 

has enabled a better understanding of nanoparticle antenna-mediated fluorescence 
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enhancement. In larger nanoshells, where scattering dominates the optical response, 

fluorescence enhancement is maximal when the plasmon resonance is at the same 

frequency as the fluorophore emission.
148

 Near field mediated absorption enhancement 

can also be observed with smaller nanoshells, when the plasmon resonance overlaps the 

absorption frequency of the fluorophore. 
148

  

Although near-IR fluorescence enhancement with Au nanoshells has proven to 

create a bright, useful probe for bioimaging, several aspects of this nanoparticle-

fluorophore complex limit its widespread use in biomedical applications. The conjugation 

of fluorophores to the surface of the nanoparticle increases its surface charge, limiting 

circulation time in the bloodstream.
113

 Growth of the dielectric layer around the 

nanoparticle to separate the fluorophore from the metal surface of the nanoparticle 

increases its overall size, which can adversely affect biodistribution, particularly in 

applications involving tumor uptake.  To circumvent these limitations, we examine a 

more compact, yet more complex, plasmonic nanoparticle geometry for fluorescence 

enhancement: the nanomatryoshka.  

A nanomatryoshka consists of a solid Au core surrounded by a thin dielectric 

(SiO2) layer, capped with an outer Au shell layer. Its plasmonic properties result from the 

strong interaction between the plasmon modes of the Au core and the Au shell, giving 

rise to hybridized modes that can be tuned into the NIR, for particle sizes below 100 nm 

in diameter. These interactions also give rise to a strong Fano resonance in the visible 

region of the spectrum,
149

 appearing as an asymmetric modulation in the far field 

extinction spectrum of the nanoparticle and prompting an alternate name for these 

nanoparticles of “Fanoshells”.
149

  The Fano resonance results from the coherent transfer 
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of energy between a broad bright (superradiant) mode and a narrow dark (subradiant) 

mode and results in a dip in the far field extinction spectrum, “Fano dip”  at a wavelength 

in between the two modes.
150-153

 The indirect excitation of the subradiant mode results in 

a strongly enhanced near field, which can play an important role in the fluorescence 

enhancement process. 

Here we report the enhancement of molecular fluorescence by nanomatryoshkas 

when the dye molecules are incorporated within the interstitial dielectric layer between 

the metallic core and the outer metallic shell. Three molecular fluorophores, Cy7, IR800, 

and Cy5, were selected to overlap the long-wavelength extinction peak (Cy7, IR800) or 

the Fano dip (Cy5) of the far field extinction spectrum of the nanomatryoshka-dye 

complex. A strong modification of fluorophore emission, depending on the emission 

frequency of the fluorophore relative to the various features of the nanomatryoshka 

extinction spectrum, was observed. For the fluorophores resonant with the long-

wavelength subradiant mode close to the extinction maximum, fluorescence was strongly 

enhanced. Fluorophores with emission overlapping the far field Fano dip, by contrast, 

were quenched.  Through a simple model, we show that both the enhancement and 

quenching can be understood in the context of the near field properties of the Fano 

resonance of the nanomatryoshka. 

5.2. Experimental Methods 

Notes: In the fabrication protocols described here, sonication was used to re-

disperse the nanoparticles after each centrifugation step. Milli-Q grade water was always 

used unless otherwise specified. Glassware was always cleaned with aqua regia and 
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washed thoroughly with distilled water and Milli-Q water in the last washing step. The 

1% (w/v) aqueous chloroauric acid (HAuCl4•3H2O, Sigma-Aldrich) solution for gold 

nanoparticle fabrication was aged at least two weeks before use.    

Coating of gold colloid with APTES-doped silica 

Au colloid (40 nm citrate NanoXact Gold, nanoComposix) was coated with silica 

doped with 3-aminopropyl-triethoxysilane (APTES) by a modified Stöber process. 

APTES was used as a binding site to gold colloids and fluorescent dyes. 21 mL of Au 

colloid (7.0 x 10
10 

particles/mL, citrate-capped 40 nm Au sphere, NanoComposix) were 

added under stirring to an Erlenmeyer flask with a ground glass joint. Next, 180 mL of 

200 proof ethanol (Decon Labs) and, 1.8 mL of ammonium hydroxide (28-30%, EMD 

Chemicals) were added. Finally, 36 µL of a solution of 10% tetraethoxysilane (TEOS, 

SIT7110.2, Gelest) in ethanol and 36 µL of 10% APTES (SIA0610.1, Gelest) in ethanol 

were added. The solution was sealed and stirred 50 min at room temperature followed by 

stirring 24 h at 4 °C. The solution was transferred to a dialysis membrane (Spectra/Por 6, 

MWCO = 10000, Spectrum Labs) previously washed with Milli-Q grade water to remove 

residual chemicals and then with ethanol to remove excess water. The solution was then 

dialyzed in 1 gallon of 200 proof ethanol for at least 12 h at room temperature to remove 

ammonium hydroxide and the remaining free silanes (TEOS and APTES) from the 

reaction and, therefore, decrease aggregation of the nanoparticles during centrifugation. 

The solution was cooled to 4 °C and centrifuged 45 min at 2000 rcf (the solution was 

centrifuged in aliquots of ~17 mL using 50 mL plastic tubes). The pellet was redispersed 

by sonication and using a total volume of 5 mL of ethanol. If the supernatant was still 
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red, the centrifugation was repeated to recoup more particles before combining all the 

pellets in one solution.                   

Fabrication of seeded precursor  

Fabrication of the seeded precursor (SP) consists of the functionalization of 

APTES-doped silica with small gold colloid (1-2 nm) fabricated by the method reported 

by Duff et al.
32

  

Synthesis of Duff colloid: Quickly under rapid stirring, 1.2 mL of 1 M NaOH were 

added to 180 mL of H2O, followed by addition of 4 mL of a 1.2 mM aqueous 

tetrakis(hydroxymethyl) phosphonium chloride (THPC, 80% solution in H2O, Sigma). 

After stirring 5 min, 6.75 mL of 1% (w/v) aqueous chloroauric acid (HAuCl4•3H2O, 

Sigma-Aldrich) were quickly added, after which the solution immediately turned brown. 

The final solution was refrigerated for at least 2 weeks before use.  

Seeded precursor: First, the APTES-doped silica-coated gold colloids were 

sonicated for 20 min. Then, in a 50 mL plastic centrifuge tube, 20 mL of Duff colloid 

solution were added, followed by rapid, simultaneous addition of 300 µL of 1 M NaCl 

and 1 mL of APTES-doped silica-coated gold colloid (this reaction is repeated until all 

silica-coated gold colloids are used, usually ~4 reactions per batch). The solution was 

quickly vortexed and sonicated for 30 min. The resulting solutions were incubated 4 days 

at room temperature and gently shaken once a day followed by sonication 20 min. During 

this time two processes took place: 1) the silica was etched and 2) small gold colloids 

were attached to the surface of the silica-coated gold colloid. After the incubation, the 

solutions were sonicated for 20 min, then centrifuged 30 min at 700 rcf. The supernatant 

was transferred into a new tube, while the pellet was redispersed in 800 μL of water by 5 
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min of sonication and transferred to a 2 mL centrifuge tube. The centrifugation of the 

supernatant and recuperation of pellets was repeated three times (in total about 16 pellets 

were collected, each one distributed separately in a 2 mL tube). All solutions in the 2 mL 

tubes were centrifuged 30 min at 700 rcf and redispersed in water by sonicating for 5 

min. Centrifugation was repeated but particles were redispersed and combined in a total 

volume of ~4 mL of water. These particles were the seeded precursor used for the 

conjugation of the fluorescent dyes and then seeded growth of the outer Au shell.    

 

Functionalization of seeded precursor with fluorescent dyes 

Three dyes were used for this study, IR800 (IRDye 800 CW NHS ester, 929-

70020, LI-COR), Cy7 (sulfo-Cy7 NHS ester, cat 15320, Lumiprobe), and Cy5 (sulfo-Cy5 

NHS ester, cat 13320, Lumiprobe). First, dyes were dissolved in water at 3 mM 

concentration and immediately added at 0.25 mM final concentration to 1 mL of the SP 

solution described above. Solutions were incubated at 4 °C for 2 weeks to allow the 

maximum number of dye molecules to penetrate and interact covalently and 

electrostatically with the APTES-doped silica. Incubation for 4 h at room temperature is 

enough to obtain similar results. In particular, the samples reported here were incubated 

for 2 weeks. SPs were then centrifuged 30 min at 700 rcf followed by re-dispersion of the 

pellet in 1 mL of water. This was repeated 3 times, and SPs were re-dispersed in a final 

volume of 250 µL of water in the last centrifugation step.       

 Note: another method to attach the dye consisted on adding the dye during the 

growth of the silica layer. This was achieved by adding only 16 μL of 10 % APTES 

instead of 36 μL of 10% APTES in the silica coating reaction. Then after 2 h was added 
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dropwise a mixture, previously incubated at room temperature under gently shaking for 2 

h, comprised of 2 uL of APTES, 1.5 mg of sulfo-Cy7-NHS ester dissolved in 80 μL of 

water and 160 μL of EtOH. With this method were obtained similar fluorescence 

enhancements as when the dye is attached to the seeded precursors, in a step posterior to 

the silica synthesis. 

        

 

Fabrication of gold nanomatryoshka 

The synthesis of a metallic shell of gold around the SP was done using a plating 

solution as a source of Au
3+

. The plating solution was prepared by mixing 200 mL of 

water, 50 mg of anhydrous potassium carbonate (K2CO3), and 3 mL of 1 wt% aqueous 

chloroauric gold solution followed by aging for 12-19 h. The reduction of Au
3+

 into a 

metallic shell of Au around the SP was done in a 4.5 mL methacrylate cuvette with a 

plastic cap. A volume of 1.5 mL of plating solution was added into the cuvette followed 

by 20-60 µL of SP. Next, 7.5 µL of formaldehyde were dropped inside the cap, and the 

cuvette was closed followed by a fast shaking of the solution for about 1 min. The 

solution changed color from red to purple upon the formation of the outer shell. The 

extinction spectra of gold nanomatryoshkas were measured in a UV-vis-NIR 

spectrophotometer (Cary 5000, Varian). The plasmon resonance of the nanomatryoshka 

was controlled by altering the volume of SP in the reaction. 

 

Fluorescence enhancement experiment 
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Each batch of SP-dye conjugate was first tested to fabricate nanomatryoshkas as 

described previously. Once the right volume of seeded precursor to make the 

nanomatryoshka was known then equal volumes of seeded precursor were used to 

prepare the controls (seeded precursor-dye conjugates). The controls were prepared in a 

manner similar to the nanomatryoshka, adding all reagents except the formaldehyde to be 

consistent with the solvent present in the nanomatryoshka. All samples (nanomatryoshkas 

and controls) were prepared simultaneously, and when the outer nanomatryoshka shell 

layer was complete (~3 min after adding formaldehyde), water was added to the samples 

to bring the solution to a total volume of 2.5 mL. Next, fluorescence was measured using 

a spectrofluorometer (Fluorolog-3 Horiba JobinYvon). The Cy5 dye was excited at 640 

nm, and emission was collected from 652 nm to 750 nm. Cy7 was excited at 745 nm, and 

emission was collected from 760 nm to 850 nm. IR800 was excited at 765 nm, and 

emission was collected from 780 nm to 850 nm.   

 

Transmission Electron Microscope (TEM) imaging  

Samples were drop cast on TEM grids (CF200-Cu mesh copper grids, Electron 

Microscopy Sciences). Most samples were imaged using a JEOL 1230 high contrast 

transmission electron microscope. For improved imaging of the core inside the NM, the 

NM samples were imaged using a JEOL 2010 transmission electron microscope. 

 

Scanning Electron Microscope (SEM) imaging 
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First, silicon wafers (P-type/boron-doped silicon, Silicon Valley 

Microelectronics) were functionalized with PVP (poly(4-vinylpyridine), Sigma-Aldrich) 

by immersion in 1% (w/v) ethanolic solution for 24 h. Silicon wafers were washed with 

ethanol to remove excess PVP on the surface. Wafers were dried in a stream of nitrogen 

gas, then the solution was drop-cast onto the silicon wafer and allowed to interact with 

the substrate for 1-4 h. The remaining solution was removed in a water rinse, and the 

sample was again dried with nitrogen. SEM imaging was performed using a QUANTA 

650 FEG SEM.  Nanoparticle dimensions were determined from SEM images with a 

custom MATLAB sizing program based on edge detection with a Hough transform. 

   

Mie theory calculations  

Mie theory
35

 calculations were performed to obtain the theoretical extinction spectrum of 

the NM and SP that closely matched the experimental extinction spectrum for the 

dimensions [r1, r2, r3] = [21, 31, 45] nm. The dielectric constant of SiO2 (2.92) required to 

match the experimental spectrum was higher than pure silica (2.04), likely due to a 

combination of factors such as doping of APTES in the silica, attachment of dyes, and 

filling of small gold colloid in the cracks of the silica, which would lead to an effective 

medium with an elevated refractive index.
154,155

 The average field enhancements within 

the silica layer were obtained using Mie scattering theory, 

〈|
𝐸

𝐸0
|

2

〉 = ∫ ∑
2𝜋

2𝑛 + 1

∞

𝑛=1

𝑛2(𝑛 + 1)2𝑟2d𝑟{𝑗𝑛
2(𝑘𝑟)𝑎𝑛

2 + [(𝑛 + 1)𝑗𝑛−1
2 (𝑘𝑟) + 𝑛𝑗𝑛+1

2 (𝑘𝑟)]𝑏𝑛
2

𝑠𝑖𝑙𝑖𝑐𝑎
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                               +ℎ𝑛
2 (𝑘𝑟)𝑐𝑛

2 + [(𝑛 + 1)ℎ𝑛−1
2 (𝑘𝑟) + 𝑛ℎ𝑛+1

2 (𝑘𝑟)]𝑑𝑛
2}  

 (9) 

where an, bn, cn, dn are coefficients of the spherical harmonic vectors for the silica layer.  

 

5.3. Results and Discussion 

 

 

Figure 5.1. Nanomatryoshka synthesis. (A) Schematic illustrating the particle geometry 

of each synthesis step. Step 1, unfunctionalized Au nanosphere. Step 2, APTES-doped, 

silica-coated Au nanosphere. Step 3, seeded precursor nanoparticle, a silica-coated gold 
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nanosphere decorated with an unsaturated coverage of small Au colloid (1-2 nm). Step 4, 

Seeded precursor nanoparticles doped with fluorescent dyes in the silica layer. Step 5, Au 

nanomatryoshka, formed by reduction of Au
3+

 onto the seeded precursor nanoparticle in 

the presence of formaldehyde.  (B) Transmission electron microscope (TEM) image of a 

Au nanosphere with r1 = 20.8 ± 2.6 nm, (C) TEM image of Au nanosphere coated with 

silica layer of 16.0 ± 1.3 nm thickness, (D) TEM image of a seeded precursor 

nanoparticle with etched silica layer (10.5 ± 0.7 nm thick)  in presence of 1-2 nm gold 

colloid, (E) TEM image of a Au nanomatryoshka of dimensions [r1, r2, r3] = [21, 31, 44] 

nm where r1 is the radius of the core, r2 is the silica-coated core and r3 is the radius of the 

nanomatryoshka.    

Synthesis of dye-encapsulated nanomatryoshkas  

The synthesis of gold nanomatryoshkas (NM) was performed using a modified 

version of the technique reported previously.
14

 This improved method provides precise 

control over the silica layer thickness, and permits a simple, efficient conjugation of Au 

colloidal nanoparticles and fluorescent dyes by doping the silica layer during synthesis. 

The dopant, (3-aminopropyl)triethoxysilane (APTES), enables controlled binding of both 

dyes and Au colloid during synthesis. Uniform silica layer thicknesses were obtained on 

Au nanoparticles by first growing an initial, oversized silica layer around the nanoparticle 

(~16 nm, Figure 5.1A, step 2), then etching the layer to the desired thickness by 

hydrolysis (Figure 5.1A, step 3). The etching process was performed during incubation 

with 1-2 nm Au colloid (see Methods section); after 4 days the width of the silica layer 

reached 10 nm. During the etching process, the APTES-doped silica became densely 

covered with the 1-2 nm gold colloid and also became more porous. This increase in 

porosity (also observed in silica-coated Au nanoshells doped with APTES (Figure 5.2)), 

in conjunction with the presence of amine groups, allowed the incorporation of 
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fluorescent dyes within the silica layer. The nanoparticles at this stage of the synthesis, 

namely, silica-coated Au nanospheres decorated with ultrasmall Au colloidal 

nanoparticles, are referred to as “seeded precursors” in subsequent discussions, since they 

are the synthetic precursors of the final fluorescent nanomatryoshka complexes. 

 

 

Figure 5.2. TEM images of silica coated gold nanoshell. Effect of doping 3-

aminopropyltriethoxysilane (APTES) on the porosity of silica. A) Silica doped with 

APTES, dispersed in EtOH, imaged at 0 h of incubation, and B) 48 h of incubation. C) 

Silica doped with APTES, dispersed in water, imaged at 0 h of incubation, and D) 48 h of 

incubation in water  (porous silica), E) Pure silica, dispersed in water, imaged at 0 h of 

incubation, and F) 48 h of incubation in water 
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Figure 5.3. (A) Absorption (abs) and emission (em) spectra of fluorescent dyes: Cy5 

(λmax-abs = 646 nm and λmax-em = 662 nm), Cy7 (λmax-abs = 750 nm and λmax-em 767 nm) and 

IR800 (λmax-abs = 774 nm and λmax-em = 787 nm). (B) Experimental far field extinction 

spectrum of a gold nanomatryoshka ensemble with representative dimensions of [r1, r2, 

r3] = [21, 31, 44] nm. Green, purple and blue bars indicate the absorption/emission 

regions for Cy5, Cy7 and IR800, respectively.        

 

After etching, the seeded precursor nanoparticles were purified (see Methods 
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nanoparticles were fabricated, (Figure 5.1A, Step 4): one was left undoped as a control; 

the other three were each conjugated with different fluorescent dyes (Cy5, Cy7 or 

IR800). The nanomatryoshka synthesis was completed with the growth of an Au shell 

layer, formed by reducing Au
3+

 onto the seeded precursor-dye conjugates (Figure 5.1A, 

step 5). The plasmon resonance frequency of the complete nanomatryoshka is determined 

by the size of the Au core, thickness of the silica layer, and thickness of the Au shell.  

Transmission electron microscope images obtained at each stage of layer growth of the 

nanomatryoshka are shown (Figure 5.1B-E). 

The three fluorescent dyes chosen for the nanocomplexes were selected in order 

to investigate the effect of the Fano resonance on fluorescence enhancement (Figure 5.3). 

The dyes IR800 and Cy7 were chosen for their emission to be in resonance with the long-

wavelength plasmon resonance maximum of the far field spectrum, while Cy5 emission 

overlaps with the far field Fano dip (Figure 5.3B). IR800 was included in this 

investigation because the nanomatryoshka -IR800 complex could have potential use as a 

theranostic probe for simultaneous fluorescence optical imaging and photothermal 

therapy of cancer at near-IR wavelengths.
21,156

 Cy5 and Cy7 have similar chemical 

structures and quantum yields of 0.20 and 0.30, respectively.
157,158

  

The dyes are most likely bound within the porous silica matrix through both the 

negatively charged sulfonate group and the N-hydroxysuccinimide (NHS) ester group 

(Figure 5.4). The sulfonate group can form an ionic interaction with the positively 

charged amine group of the APTES, while the NHS ester moiety can react with the amine 

group in the APTES to form a covalent amide bond. The extinction spectra of all seeded 

precursor-dye nanocomplexes exhibited identical plasmon resonances, with maxima at 
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539 nm, corresponding to identical physical dimensions (Figure 5.5). This was also 

verified by electron microscopy (TEM and SEM), with all nanocomplexes yielding the 

same dimensions of [r1, r2] = [21, 32] nm (Figure 5.5B-E), where r1 is the radius of the 

Au core and r2 is the radius of the silica shell decorated with 1-2 nm gold colloid. 

Without dyes, the seeded precursor nanoparticles showed nearly identical dimensions of 

[r1, r2] = [21, 31] nm. The absorption peaks for the seeded precursor-dye complexes were 

specific to each type of dye molecule incorporated in the nanocomplex, with maxima at 

~640 nm for Cy5, ~746 nm for Cy7, and ~774 nm for IR800. The dimensions of the 

nanomatryoshka were designed so that the extinction peak was positioned at a 

wavelength of ~780 nm to overlap with the absorption/emission bands of Cy7 and IR800 

and the extinction minimum to ~660 nm to overlap with the Cy5 absorption/emission 

band (Figure 5.6A). The geometric properties of all nanomatryoshka-dye complexes were 

characterized by scanning electron microscopy (SEM) (Figure 5.6B). Both the seeded 

precursor-dye and nanomatryoshka-dye complexes exhibit consistent dimensions, 

independent of the type of dye conjugated within the silica layer. These identical 

dimensions allow a direct comparison of the dye responses between the different 

nanomatryoshka-dye complexes. 
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Figure 5.4. (A) Schematic diagram illustrating the conjugation of fluorescent dyes (Cy5, 

Cy7 and IR800) to a nanomatryoshka (NM) to form a dye-NM conjugate. (B) General 

chemical reaction for conjugation of NHS ester reactive group, present in the dye 

structure, with the amine group at the APTES. Chemical structure of dyes (C) Cy5, (D) 

Cy7 and (E) IR800. The dyes bind covalently, with additional binding taking place 

electrostatically between the negatively charged sulfonate groups and the positive amine 

groups of the APTES. 
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Figure 5.5. (A) Ensemble extinction spectra of seeded precursors (SP), unconjugated and 

conjugated, with three different fluorescent dyes in the silica layer (Cy5, Cy7, and 

IR800). Spectra are offset for clarity. (B) TEM images of SP-IR800 conjugate with radius 

32.5 ±  2.2 nm, (C) SP-Cy7 conjugate with radius 32.0 ± 2.5 nm, (D) SP-Cy5 conjugate 

with radius 32.2 ± 2.6 nm, and (E) unconjugated SP with radius 32.0 ± 2.3 nm.         
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Figure 5.6. (A) Ensemble extinction spectra of gold nanomatryoshkas (NM) both with 

and without dyes confined within the silica layer. (B) Average sizes of the gold NM and 

their seeded precursors (SP) from analysis of SEM images. SEM of the (C) NM with 

dimensions [r1, r2, r3,] = [21, 31, 44] nm, (D) NM-Cy5 with dimensions [r1, r2, r3] = [21, 

32, 46] nm, (E) NM-Cy7 [r1, r2, r3] = [21, 32, 45] nm and (F) NM-IR800 with dimensions 

[r1, r2, r3] = [21, 32, 47] nm. 
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Figure 5.7. Fluorescence emission intensity spectra of the (A) Cy7, (B) IR800, and (C) 

Cy5 dyes confined inside the nanomatryoshka relative to the dyes conjugated to the 

seeded precursor. Fluorescence enhancements/quenching are reported as the fluorescence 

intensities of the nanomatryoshka -dye complexes relative to the maximum fluorescence 

intensities of their respective seeded precursor-dye complexes. The fluorescence intensity 

of seeded precursor-dye complexes are normalized to 1. 
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The fluorescence emission intensities of the nanomatryoshka–dye complexes 

were measured in solution using a spectrofluorometer. Fluorescence emission was easily 

detectable despite the 13-15 nm outer Au shell layer of the nanoparticle complex (Figure 

5.7). The fluorescence response was obtained by normalizing the emission intensities of 

the nanomatryoshkas with respect to the emission intensities of their respective seeded 

precursors. The seeded precursors were chosen as a control rather than the free dye in 

solution because the seeded precursor geometry provides the same chemical environment 

and dye concentration as in the corresponding nanomatryoshka complex. The 

fluorescence emission of nanomatryoshka-Cy7 and nanomatryoshka-IR800 were both 

enhanced by ~16x relative to their seeded precursor controls (Figure 5.7A, B). In 

contrast, the fluorescence emission of the nanomatryoshka-Cy5 complex was quenched 

with respect to the corresponding seeded precursor control (Figure 5.7C).  
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Figure 5.8. (A) Radiative rate enhancement (black line) for a dipole in the center of the 

silica layer of the  seeded precursor (SP) and, (B) nanomatryoshka (NM), averaged over 

all dipole orientations and near-field enhancements (red line) for SP and NM averaged 

within the silica layer. Insets: electric field enhancements, |E/E0|
2
, calculated at an 

incident wavelength of 767 nm corresponding to the emission maxima of Cy7. The outer 

boundary of the NM is indicated for clarity (white dotted line). Green, purple and blue 

dotted lines indicate the emission positions of Cy5, Cy7 and IR800, respectively. (C) 

Analytical Fano resonance model: fitting of the Fano resonance model to the (far field) 

Mie scattering spectrum of  an [r1, r2, r3] = [21, 31, 44] nm NM. Insets: charge plots. The 

green solid lines indicates the wavelength of the subradiant mode which causes the Fano 

interference and induces the maximum near-field enhancement. 
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Both the near field enhancement and the radiative rate enhancement of molecules 

inside the nanomatryoshka were calculated to better understand our experimental 

observations (Figure 5.8).  The radiative rate enhancements were calculated as the ratio 

of power radiated from a dipole in the nanoparticle relative to the power emitted by a 

dipole in free space (finite element method, COMSOL Multiphysics 4.1).  An 

orientation-averaged dipole source is placed in the center of the internal silica layer of the 

nanoparticle. The optical response of the gold was described using an empirical dielectric 

function,
110

 and the permittivities of H2O and SiO2 were chosen as 1.77 and 2.92, 

respectively. The radiated power was calculated by integrating the Poynting vector flux 

across a spherical surface enclosing the nanostructure. Both extinction spectra and near 

field enhancements were calculated using Mie theory
35

 using the same permittivities. The 

properties of the seeded precursor particles were calculated by assuming a SiO2-coated 

Au nanoparticle geometry. 

The calculated radiative rate enhancements differed strongly between seeded 

precursor particles and nanomatryoshkas. Seeded precursors yielded only a minor 

enhancement, with a peak value of 5x found at 560 nm (Figure 5.8A). In contrast, the 

complete nanomatryoshka  shows a much stronger radiative rate enhancement occurring 

at 780 nm (Figure 5.8A). This radiative rate enhancement maximum, which closely 

matches the emission frequencies of Cy7 and IR800, has a peak value of 150x. At the 

Cy5 emission band at ~660 nm, the radiative rate is only enhanced by 9x.  
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The near-field enhancement spectra agree closely with the radiative rate 

enhancements (Figure 5.8A). While the radiative rate enhancement calculations provide 

significant physical insight into the photon emission, they are here calculated for a single 

spatial point within the silica. In contrast, the average field enhancement represents the 

field experienced by an ensemble of encapsulated dye molecules distributed throughout 

the silica layer. The importance of this spatial average can be seen in the near-field 

distribution of the nanomatryoshka, which was calculated at the Cy7 emission maximum 

(767 nm) (Figure 5.8B, inset). For both the nanomatryoshka  and the seeded precursor, 

the field enhancements are at a maximum near the inner Au core and decay strongly 

toward the outer surface of the silica layer. Taking the ratio of the averaged field 

enhancements within a nanomatryoshka relative to a seeded precursor particle, we 

calculate relative near field enhancements of 3.9x (Cy5), 86x (Cy7), and 98x (IR800).  

These relative near-field enhancements can be understood by examining their 

relationship with the far field Fano resonance scattering spectrum (Figure 5.8C). The 

energy of the subradiant mode was determined by representing the spectrum as an 

asymmetric modulation of an underlying Lorentzian resonance as described by Gallinet 

and Martin.
159

 With this approach, the energy of the subradiant mode is found to be 

located at 777 nm which is also where the near-field enhancement peaks (Figure 5.8B). 

The calculated charge plots show that this central frequency exhibits the characteristic 

anti-symmetric response of a subradiant mode, where the charge of the Au core and the 

Au shell oscillate out of phase and gives rise to a large field enhancement across the 

dielectric spacer between the two adjacent metallic surfaces.
149,160

 In contrast, the charge 

polarization around the far field Fano dip and the short-wavelength far field extinction 
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peak at 565 nm are superradiant in character, with the core and the shell layers exhibiting 

in-phase charge polarizations with only minimal field enhancements. The maximum near 

field enhancements clearly occurs for excitation of  the subradiant mode.
159,161

  

We have shown that the near-field enhancement, and concomitantly the central 

frequency of the Fano resonance, is maximal at the subradiant mode close to the long-

wavelength extinction peak of the nanomatryoshka (Figure 5.8). This is close to the ideal 

conditions for enhancement where the near-field maximum overlaps the excitation 

wavelength of the IR800 dye and the scattering peak matches the dye emission. However, 

the energies of the subradiant and super radiant modes can be readily tuned by changing 

the dimensions of the NM: for example, by  increasing the thickness of the outer Au 

shell.
149

 When the outer Au shell is made thicker, the spectral overlap between the 

subradiant and superradiant modes increases, giving rise to a more symmetric Fano dip in 

the far field scattering spectrum and increased field enhancements at the far field Fano 

dip (Figure 5.9). This geometric control enables tuning of the near-field enhancement 

maximum to the peak excitation wavelength of the dye while simultaneously overlapping 

the scattering peak with the dye emission. Matching both the near-field and far-field 

properties of the NM to the dye is crucial since the overall fluorescence enhancement 

depends on both the strong local field enhancement and the coupling efficiency of the 

local emission to the far field through nanoparticle scattering.
162,163

 



135 
 

 

 

Figure 5.9. (A) Mie theory calculated extinction, absorption, and scattering spectra of 

NM with different Au shell thicknesses. (B) Fitting of the far-field scattering spectra in A 

with an equation that determines the central frequency, width, and modulation of the 

Fano resonances.
159

 (C) Calculated average field enhancement spectra in the interior of 

the NM. The green lines represent the central frequency of the asymmetric Fano 

resonance extracted from the fitting in B.   

   

[r1,r2,r3] = [21,31,45] nm [r1,r2,r3] = [21,31,55] nm [r1,r2,r3] = [21,31,70] nmA

B

400 600 800

0

1

2

3

4

5

6

7

E
ff

ic
ie

n
c

y
 (

a
.u

.)

Wavelength (nm)

 Scatt

 Abs

 Extin

 

400 600 800

0

1

2

3

4

5

6

7

E
ff

ic
ie

n
c

y
 (

a
.u

.)

Wavelength (nm)

 Scatt

 Abs

 Extin

 

400 600 800

0

1

2

3

4

5

6

7

E
ff

ic
ie

n
c

y
 (

a
.u

.)

Wavelength (nm)

 Scatt

 Abs

 Extin

 

400 600 800
0

50

100

150

200

250

300
A

v
e

ra
g

e
 F

ie
ld

 E
n

h
a

n
c

e
m

e
n

t 

Wavelength (nm)

 
400 600 800
0

50

100

150

200

250

300

A
v

e
ra

g
e

 F
ie

ld
 E

n
h

a
n

c
e

m
e

n
t 

Wavelength (nm)

 

400 600 800
0

50

100

150

200

250

300

A
v

e
ra

g
e

 F
ie

ld
 E

n
h

a
n

c
e

m
e

n
t 

Wavelength (nm)

 

400 600 800

0

1

2

3

4

5

6

7

E
ff

ic
ie

n
c
y
 (

a
.u

.)

Wavelength (nm)

400 600 800

0

1

2

3

4

5

6

7

E
ff

ic
ie

n
c
y
 (

a
.u

.)

Wavelength (nm)

400 600 800

0

1

2

3

4

5

6

7

 

E
ff

ic
ie

n
c
y
 (

a
.u

.)

Wavelength (nm)
C



136 
 

 

 

Figure 5.10. Comparison of experimental and theoretical fluorescence 

enhancement/quenching of the dyes confined inside the nanomatryoshka (NM) versus 

conjugated to the seeded precursor (SP). Fluorescence enhancements are reported as the 

fluorescence intensities of the SP-dye and NM-dye conjugates normalized relative to the 

maximum fluorescence intensities of their respective SP. 

 

To understand why fluorescence quenching is observed in the nanomatryoshka-

Cy5 system, we need to account for both the near field enhancements and nonradiative 

decay in this nanoparticle geometry. The emission of a fluorophore in the absence of any 

enhancement/quenching interaction is described in terms of its quantum yield (𝑄0). The 

quantum yield, described in terms of the radiative decay rate (Γ𝑟
0) and the nonradiative 

decay rate (Γ𝑛𝑟
0 ) by 

𝑄0 =
Γ𝑟

0

Γ𝑟
0+Γ𝑛𝑟

0  ,      (5-1) 

which is the probability that the excited fluorophore relaxes by a radiative 

emission pathway relative to the total relaxation rate. The observed fluorescence emission 
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intensity (𝐼0) depends on the light excitation intensity (𝐼𝑒𝑥𝑐
0 ) and the absorptivity (𝜀) of the 

molecules, and can be expressed by 

𝐼0 =  𝐼𝑒𝑥𝑐
0 𝜀𝑄0       (5-2)  

When the fluorophore is in the presence of a nanomatryoshka, the near-field 

enhancement leads to an increased excitation (𝐼𝑒𝑥𝑐
𝑁𝑀) of the molecule. In addition, the 

electromagnetic coupling between the molecule and the nanoparticle leads to an 

enhanced radiative decay rate (Γ𝑟
𝑁𝑀).  When the molecule is very close to the Au surface, 

energy transfer from the molecule to the nanomatryoshka can take place and give rise to 

fluorescence quenching due to the increase in the nonradiative decay rate (Γ𝑛𝑟
𝑁𝑀).  This 

results in a modified expression for the quantum yield of the nanomatryoshka-dye 

system: 

 

𝑄𝑁𝑀 =
Γ𝑟

𝑁𝑀

Γ𝑟
𝑁𝑀+Γ𝑛𝑟

𝑁𝑀     (5-3) 

and the observed emission of the system is given by 

𝐼𝑁𝑀 =  𝐼𝑒𝑥𝑐
𝑁𝑀𝜀𝑄𝑁𝑀      (5-4) 

Therefore the fluorescence enhancement of the nanomatryoshka-dye system 

relative to the dye in free space is given by 

𝐼𝑁𝑀

𝐼0
=  

𝐼𝑒𝑥𝑐
𝑁𝑀

𝐼𝑒𝑥𝑐
0

𝑄𝑁𝑀

𝑄0
     (5-5) 
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The excitation intensity enhancement (𝐼𝑒𝑥𝑐
𝑁𝑀/𝐼𝑒𝑥𝑐

0 ) can be approximated by the near 

field enhancement (|𝐧𝑝 ∙ E𝑁𝑀|
2
/|𝐧𝑝 ∙ E0|

2
), where 𝐧𝑝is a unit vector pointing in 

direction of the electric dipole moment (𝐩).
147

  Now the fluorescence enhancement given 

by 

𝐼𝑁𝑀

𝐼0
=  

|𝐧𝑝∙E𝑁𝑀|
2

|𝐧𝑝∙E0|
2

𝑄𝑁𝑀

𝑄0
     (5-6) 

which is the product of the near-field enhancement and the quantum yield 

enhancement.
22,147

 A similar expression can be derived for the fluorescence enhancement 

in the seeded precursor-dye system: 

𝐼𝑆𝑃

𝐼0
=  

|𝐧𝑝∙E𝑆𝑃|
2

|𝐧𝑝∙E0|
2

𝑄𝑆𝑃

𝑄0
     (5-7) 

We evaluate the enhancement (following the same procedure used for analyzing 

the experimental results) by taking the ratio of the fluorescence intensity from the 

nanomatryoshka-dye system to the reference seeded precursor-dye system: 

𝐼𝑁𝑀

𝐼𝑆𝑃
=  

|𝐧𝑝∙E𝑁𝑀|
2

|𝐧𝑝∙E𝑆𝑃|
2

𝑄𝑁𝑀

𝑄𝑆𝑃
     (5-8) 

These enhancements depend on the position of the dye in the silica layer because 

the electromagnetic coupling and energy transfer processes are controlled by the distance 

between the dye and the Au nanoparticle.
22,147,164

 This distance-dependent effect can be 

qualitatively observed in the calculated near-field maps (Figure 5.8A). To account for this 

distance distribution within the dielectric layer, we approximate the dye molecules as 

randomly oriented dipoles, then average the near field within the layer. These averaged 
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near fields are shown in Figure 5.8A. Finally, the quantum yield is also averaged 

resulting in the expression: 

𝐼𝑁𝑀

𝐼𝑆𝑃
≅  〈

|E𝑁𝑀|2

|E𝑆𝑃|2
〉 〈

𝑄𝑁𝑀

𝑄𝑆𝑃
〉,     (5-9) 

which was used to describe the experimental fluorescence enhancements. The 

results of this model show excellent agreement with the experimental results (Figure 

5.10).  

To calculate the average quantum yield (〈𝑄𝑁𝑀/𝑄𝑆𝑃〉), several approximations 

were made. When the fluorescent dyes are very close to the surface of the metal, energy 

transfer from the dyes to the metal particle leads to fluorescence quenching. In this case 

𝑄 becomes very small because nonradiative decay increases. We therefore assume that 

the fluorescence is completely quenched (𝑄𝑁𝑀 = 0 and 𝑄𝑆𝑃 = 0) for dyes located within 

4.5 nm of either metal surface for the nanomatryoshka or from the surface of the metallic 

core for the seeded precursor particle. This assumption is consistent with previous studies 

of single molecule fluorescence on Au nanoparticles.
147

 Consequently, only the dye 

molecules located within a central 1 nm spacer layer (from 4.5 to 5.5 nm from the inner 

metallic core) are enhanced.
22,164,165

 For the seeded precursor-dye system, fluorescence 

enhancements thus only occur in the region 4.5-10 nm outside the metallic core. If we 

assume that the enhanced quantum yield QNM ~ QSP ~ 1, then 〈𝑄𝑁𝑀/𝑄𝑆𝑃〉 can be 

calculated as the ratio of the volumes of the enhanced molecules in the nanomatryoshka 

and the seeded precursor complexes: 〈𝑄𝑁𝑀/𝑄𝑆𝑃〉 = 0.153. This simple picture well 

accounts for the observed fluorescence enhancements (Cy7 and IR800) and  quenching 

(Cy5) and are shown in Figure 5.10). Our analysis suggests that the near-field of the 



140 
 

 

nanomatryoshka, through both absorption enhancement and an increase in the radiative 

decay rate, is responsible for the fluorescence enhancement that can be observed for dyes 

confined within the internal layer of the nanoparticle complex. 
148,166,167

 

5.4. Conclusions 

We report fluorescence enhancement of molecules confined within the inner 

dielectric layer of a Au nanomatryoshka exhibiting a plasmonic Fano resonance. Our 

theoretical calculations are in good agreement with the experimental wavelength-

dependent fluorescence enhancements. We have shown that the maximum fluorescence 

enhancements occurs for excitation of the subradiant mode where also the near field 

enhancement is maximal, leading to a ~16x enhancement of NIR fluorescent dyes 

relative to the seeded precursor particles. These sub-100 nm, highly fluorescent NIR 

nanomatryoshkas are promising candidates for multifunctional and biocompatible 

plasmonic nanoparticles for a diverse range of applications, including medical imaging 

and enhanced photothermal therapy.  
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Chapter 6 

Thioaptamer Conjugated Fluorescent Au 

Nanomatryoshkas for Tumor Vasculature 

Targeting and Imaging  

This work is in current progress in collaboration with  Alejandra García 

Piantanida, Sandra Bishnoi, and Naomi. J. Halas at Rice University. Niksa Valim and 

Amit Joshi from Baylor College of Medicine assisted by Milynh T. Bernardi, Laura A. 

M. Liles for the quantitative real-time PCR. David Volk, Lokesh G. L. Rao and David 

Gorenstein from the University of Texas Health Sciences Center provided the ESTA-1 

constructions. 

6.1. Introduction 

Fluorescent nanomatryoshkas are promising theranostic probes for biological 

imaging and photothermal ablation of tumors.
168-170

 The encapsulation of NIR dyes 

within the internal layers of compact sub-100 nm multilayered Au nanoshells 
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(nanomatryoshkas) can strongly enhance their fluorescence emission.
168

 Concomitantly, 

the high photothermal conversion efficiency of nanomatryoshkas and compact size lead 

to improved efficacy of photothermal tumor ablation.
169

 

 Pancreatic cancer is still one of the most lethal cancers with a five-year survival 

rate of 5% that is attributed primarily to rapid metastasis and to a lack of reliable tumor 

markers for early diagnosis.
49

 Developments of theranostic probes (combined diagnosis 

and therapy) provide an attractive solution for detecting and treating pancreatic cancer 

20,54-57
. For maximal impact on pancreatic cancer, the emerging cancer theranostics 

should be targeted to early stage malignancies. However, there is a scarcity of early stage 

tumor biomarkers for pancreatic cancer along with the lack of clinical validation 
59-63

. 

E-selectin is a cell-adhesion protein not expressed in endothelial cells under basal 

conditions but is rapidly induced in response to inflammatory stimuli.
171

 E-selecting 

overexpression in the inflamed tumor-associated vasculature is observed in many types of 

cancer including breast, colorectal, lung, pancreatic cancer, and prostate cancer.
172-176

 

Therefore, E-selecting represents an attractive marker to target the delivery of theranostic 

probes to pancreatic cancer. Gorenstein research group at UT Health have discovered E-

selectin thioaptamer ligand (ESTA1) that binds to E-selectin with nanomolar affinity 

(KD=47 nM).
177

 A thioaptamer is an oligonucleotide in which the phosphorus atom is 

substituted by sulfur. Thioaptamers have emerged as a promising alternative to the 

traditional ligands (e.g. antibodies) because offer high affinity and specificity, resistance 

to nuclease degradation, and scalable synthesis with versatile chemical 

modifications.
177,178

  Thioaptamers have shown promising results to selectively target 

nanomedicines to inflamed vascular endothelium in cancer.
179-181
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In this study we selectively target the delivery of ESTA1-conjugated fluorescent 

nanomatryoshka to pancreatic tumor vasculature mediated by E-selecting receptor. This 

result pave the way to a robust method for selective imaging of tumors combine with 

simultaneous photothermal treatment in the NIR therapeutic window.    

6.2. Experimental Methods 

Synthesis of thiol-PEG-ESTA1 construction. ESTA1 was synthesized on an 

Expedite 8909 DNA synthesizer and modified with a 5’- Carboxy C10 modifier (Glen 

Research). The aptamer was deprotected with 400mM NaOH in 80% methanol overnight.  

Following deprotection, methanol and NaOH were diluted 20-fold and removed by 

filtration through 3K MWCO centrifugal  filters (Millipore) and the aptamer was HPLC 

purified to enrich full-length product using a buffer gradient of 100 mM TEAA and 

acetonitrile. Acetonitrile and other impurities were removed by filtration using 3K 

MWCO centrifugal filters. The concentration was determined from OD measurement at 

260nm and using an estimated (OligoCalc) extinction co-efficient of 1.41 for ESTA1. To 

a 50ml falcon tube containing approximately 1 µmole ESTA1 in 250ul of 50mM MES 

buffer pH6.5, 20mg of each EDC and sulfo-NHS (100 fold excess) were added and 

stirred for 15 minutes at room temperature (RT).  7 mg of thiol-PEG-amino (10000 MW, 

LaysanBio Inc.) in 250ul of 500mM Borate buffer pH 8.5 was added to the above 

reaction mix and further stirred for 2 hr at RT.   The reaction was quenched by addition 

of 25µl of 1M Tris-HCl pH 8.0 (Sigma) and a small aliquot was analyzed by 1% agarose 

gel electrophoresis to monitor the reaction. The reaction mix was diluted 30 fold with 

nuclease free deionized water and re-concentrated using 3K MWCO centrifugal filters. 
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This process of dilution and re-concentration was repeated several times to removed 

EDC, sulfo-NHS and Tris-HCl.  The final thiol-PEG-ESTA1 construction product was 

suspended in water and the concentration was again determined as described above.  

Although, agarose gel analysis suggests that most of the ESTA1 is conjugated, there may 

be a small percentage of unconjugated thiol-PEG-amino and ESTA1-COOH. 

Synthesis of fluorescent nanomatryoshka (NM-Cy7) - Optimized Method. Au 

colloid (50 nm citrate NanoXact Gold, nanoComposix, batch #CLF0185) was coated 

with silica doped with 3-aminopropyl-triethoxysilane (APTES) by a modified Stöber 

process. APTES was used as a binding site to gold colloids and fluorescent dyes. 21 mL 

of Au colloid (4.0 x 10
10 

particles/mL, citrate-capped 50 nm Au sphere, NanoComposix) 

were added under stirring to an Erlenmeyer flask with a ground glass joint. Next, 180 mL 

of 200 proof ethanol (Decon Labs) and, 1.8 mL of ammonium hydroxide (28-30%, EMD 

Chemicals) were added. Finally, 35 µL of a solution of 10% tetraethoxysilane (TEOS, 

SIT7110.2, Gelest) in ethanol and 20 µL of 10% APTES (SIA0610.1, Gelest) in ethanol 

were added. The solution was sealed and stirred 50 min at room temperature followed by 

stirring at 4 °C. Then after 3 h 10 min was added dropwise a mixture, previously 

incubated at room temperature under gently shaking for 1 h, prepared by first adding 14.6 

μL of water to 1.6 mg of sulfo-Cy7-NHS ester powder (cat 15320, Lumiprobe), then 

adding 125 μL of EtOH, and finally adding 7.5 uL of 20% APTES solution in EtOH. 

Continue stirring at 4 
o
C for a total reaction time of 22 h. The solution was transferred to 

a dialysis membrane (Spectra/Por 6, MWCO = 10000, Spectrum Labs) previously 

washed with Milli-Q grade water to remove residual chemicals and then with ethanol to 

remove excess water. The solution was then dialyzed in 1 gallon of 200 proof ethanol for 
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at least 12 h at room temperature to remove ammonium hydroxide and the remaining free 

silanes (TEOS and APTES) from the reaction and, therefore, decrease aggregation of the 

nanoparticles during centrifugation (  Usually were put two reactions to dialysis for each 

gallon of 200 proof ethanol). The solution was cooled to 4 °C (1.5 h) and centrifuged 30 

min at 1000 rcf (the solution was centrifuged in aliquots of ~15 mL using 50 mL plastic 

tubes). The supernatant was removed and centrifuged again for 30 min at 1000 rcf. The 

pellets were redispersed in about 70 uL of remaining supernatant in the bottom (Particles 

were redispersed as soon as possible by using sonication and pipetting up and down while 

sonicating). Combine all redispersed pellets in one tube and sonicate 5 mins (the overall 

volume should be ~ 2 mL after recovery of pellets from the two centrifugations steps). 

The nanoparticle solution was sonicated for 15 mins. Immediately continue to make the 

seeded precursor.   

Fabrication of seeded precursor. Fabrication of the seeded precursor (SP) 

consists of the functionalization of APTES-doped silica with small gold colloid (1-2 nm) 

fabricated by the method reported by Duff et al.
32

  

Synthesis of Duff colloid: Quickly under rapid stirring, 1.2 mL of 1 M NaOH were 

added to 180 mL of H2O, followed by addition of 4 mL of a 1.2 mM aqueous 

tetrakis(hydroxymethyl) phosphonium chloride (THPC, 80% solution in H2O, Sigma). 

After stirring 5 min, 6.75 mL of 1% (w/v) aqueous chloroauric acid (HAuCl4•3H2O, 

Sigma-Aldrich) were quickly added, after which the solution immediately turned brown. 

The final solution was refrigerated for at least 2 weeks before use.  

Seeded precursor: First, the APTES-doped silica-coated gold colloids were 

sonicated for 20 min (This was already done in the previous section by 5 min+15 min 
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sonication). Then, in a 50 mL plastic centrifuge tube, 20 mL of Duff colloid solution 

were added (15 days aged), followed by addition of 300 µL of 1 M NaCl. Then mix and 

put to sonicate. While the solution is under sonication add 1 mL of APTES-doped silica-

coated gold colloid. Continue sonication for 20 min. The resulting solutions were 

incubated 1 day at room temperature and shaken at the end of incubation followed by 

sonication 20 min. Until here I have two reactions of 20 mL each. Each solution (20 mL) 

was split into two (10 mL each tube). Then the solution was centrifuged 30 min at 500 

rcf. The supernatants were transferred into new tubes and were centrifuged again for 30 

min at 500 rcf. Each pellet (8 total=4 from first centrifugation+4 from second 

centrifugation) was redispersed in 700 μL of water by 5 min of sonication and transferred 

to a 2 mL centrifuge tube. All solutions in the 2 mL tubes were centrifuged 25 min at 550 

rcf. The supernatant were disposed and the pellets redispersed in 700 µL of water 

(sonicate 3 mins). Centrifuge the solutions again for 25 mins at 550 rcf. The supernatant 

were disposed and each pellet was redispersed in 100 µL of water (sonicate 3 mins). 

Combine all the solutions in one tube (typically 8 tubes must produce around a total 

volume of 800 uL of seeded precursors (SP) after combining all in one). Note: Always 

keep the particle solutions covered with aluminum foil to prevent photobleaching.  

 

Fabrication of gold nanomatryoshka. The synthesis of a metallic shell of gold 

around the SP was done using a plating solution as a source of Au
3+

. The plating solution 

was prepared by mixing 200 mL of water, 50 mg of anhydrous potassium carbonate 

(K2CO3), and 3 mL of 1 wt% aqueous chloroauric gold solution followed by aging for 24 

h. The reduction of Au
3+

 into a metallic shell of Au around the SP was done in a 4.5 mL 
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methacrylate cuvette with a plastic cap. A volume of 1.5 mL of plating solution was 

added into the cuvette followed by 20-60 µL of SP. Next, 7.5 µL of formaldehyde were 

dropped inside the cap, and the cuvette was closed followed by a fast shaking of the 

solution for about 1 min. The solution changed color from red to purple upon the 

formation of the outer shell. The extinction spectra of gold nanomatryoshkas were 

measured in a UV-vis-NIR spectrophotometer (Cary 5000, Varian). The plasmon 

resonance of the nanomatryoshka was controlled by altering the volume of SP in the 

reaction. Note: Always keep the particles covered with aluminum foil to prevent 

photobleaching. 

Functionalization of NM-Cy7 with thiol-PEG and thiol-PEG-ESTA1. As 

synthesized nanomatryoshkas (NM-Cy7) were centrifuged at 240 rcf for 20 min and 

redispersed in water to concentrate the particles 8-fold with respect to the original volume 

as synthesized. Three particles conjugates were synthesized: 1) NM conjugated with 

thiol-PEG (NM@PEG), 2) NM conjugated with thiol-PEG-ESTA1 (NM@PEG-ESTA1), 

and 3) NM conjugated with a mixture of thiol-PEG and thiol-PEG-ESTA1 

(NM@PEG+(PEG-ESTA1)). NM@PEG: 300 μM thiol-PEG were added to the 8-fold 

concentrated NM-Cy7 solution. NM@PEG-ESTA1: 40 μM of thiol-PEG-ESTA1 

construction were added to the 8-fold concentrated NM-Cy7 solution. NM@PEG+(PEG-

ESTA1): 2 μM thiol-PEG-ESTA1 and 300 μM thiol-PEG were added to the 8-fold 

concentrated NM-Cy7 solution. The solutions were stirred overnight. After incubation, 1 

mM phosphate buffer pH 7.4 was added (6-fold the volume of the nanoparticle solution). 

Then, the solutions were filtered through 0.8/0.2 μm filters (Acrodisc Syringe Filters, 

PALL). Then centrifuge at 200 rcf for 18 min. Then redisperse in 1 mM phosphate buffer 
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pH 7.4 using sonication for 3 min. Repeat centrifugation and redisperse particles in ~ 1 

mL (for a starting volume of ~ 30 mL as synthesized NM-Cy7)  1 mM phosphate buffer 

pH 7.4. Quantify the Au concentration by ICP-MS and adjust the gold content of each 

sample to 1.5 mg/mL. The surface charge of the nanoparticles was measured in the 

Malvern Zetasizer System.      

The AsPC-1 xenograft model. The protocol for xenograft tumor creation and 

nude mice imaging was approved by the Institutional Animal Care and Use Committee 

(IACUC) of Baylor College of Medicine. 

Athymic Nude-Foxn1nu female mice were injected s.c. on the right flank with 

4×10
6
 cells per mouse, AsPC-1 cells suspended in 0.2ml serum-free medium. The tumor 

sizes were measured and 500 mm
3 

was considered the cutoff to apply treatment. 

Fluorescence Imaging Method. Mice were placed in a clear plastic chamber and 

isoflurane delivered in concentrations of 1-3% in oxygen (up to 5% for initial induction). 

To maintain body heat of the mice during anesthesia, we utilized a heating pad and 

temperature controller (FHC Bowdoin, ME, USA). Whole body fluorescence images at 

0.5 h, 2 h, 4 h, 24 h, 48 h, and 72 h post-injection were acquired using a homebuilt NIR 

imaging system consisting of an image-intensified cooled CCD camera (Princeton 

Instruments) outfitted with a 28 mm Nikkor (Nikon) lens. Image acquisition was 

controlled by customised MATLAB routines (The MathWorks, Inc.). From the images, 

regions of interests (ROIs) were manually selected around the tumor and non-tumor sites. 

ICP-MS. For the gold content analysis, the organs were weighed and digested in ~2 

mL of aqua regia. The samples were purified and diluted in 10 mL 1% aqua regia for 
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inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer) analysis. The 

experiments were carried out in three independent runs for statistical analysis.  

6.3. Results and Discussion 

The fluorescent Au nanomatryoshkas were synthesized as described in chapter 5 

but with some optimizations. See Experimental Methods section in this chapter for 

details. In figure 6.1A, B is shown the TEM image and extinction spectra of the 

synthesized fluorescent nanomatryoshkas. The fluorophore Cy7 was encapsulated within 

the internal silica layer of the nanomatryoshka which resulted in a 20-fold fluorescence 

enhancement with respect to the seeded precursor. The nanomatryoshka-Cy7 conjugate 

was excited at 750 nm and showed the emission peak at 767 nm (Figure 6.1C). The Au 

surface was functionalized with polyethylene glycol and/or thioaptamer ESTA1 to enable 

active tumor vasculature targeting as described next.  
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Figure 6.1. Characterization of fluorescent Cy7-conjugated nanomatryoshkas. A) TEM 

image of the fluorescent nanomatryoshkas. B) Extinction spectra. C) Fluorescence 

emission spectra. Excitation wavelength: 750 nm. Emission peak: 767 nm.   
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The ligand conformation and nanoparticle surface charge are critical factors for an 

effective targeting to tumor vasculature.
113,182

 First, the structural conformation of the 

thioaptamer is important to recognize the E-selecting receptor. Second, the surface charge 

of nanoparticles is vital for its accumulation in the tumor. For example, intravenous 

delivery of highly charged nanoparticles results in low tumor uptake.
113

 The direct 

attachment of the thioaptamer to the Au surface of the nanoparticle is not optimal since 

unfolding effects could take place due to direct molecular interactions between DNA 

bases and Au. To reduce that potential undesired effect we introduce a polyethylene 

glycol spacer between the Au surface and the thioaptamer ESTA1 (Figure 6.2). The 

spacer is a 10000 MW thiol-polyethylene glycol-amine which is reacted with a carboxi 

terminated ESTA1 by EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) coupling 

reaction to form the construction which was called thiol-PEG-ESTA1. This construction 

can be attached to the Au nanoparticle surface by forming strong S-Au bonds. Saturation 

of the Au nanoparticle surface with thiol-PEG-ESTA1 results in high negatively charged 

nanoparticles not suitable for efficient tumor uptake. Therefore, a mix layer of thiol-PEG 

and thiol-PEG-ESTA1 is added to passivate the surface charge (Figure 6.2B)           
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Figure 6.2. Conjugation strategy to bind ESTA1 to fluorescent nanomatryoshkas. A)  

Coupling reaction between thiol-polyethylene glycol-amine (PEG, MW 10000) and 

carboxi-ESTA1 to form the construction thiol-PEG-ESTA1. B) Conjugation of the thiol-

PEG-ESTA1 construction to the surface of gold nanomatryoshkas.   
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comparison of the passive targeting versus the active targeting. In the ESTA1-
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tumor targeting. Nanomatryoshkas saturated with thiol-PEG-ESTA1 versus a mix layer 

of thiol-PEG-ESTA1 and thiol-PEG were synthesized (Figure 6.3B,C).  

 

Figure 6.3. Schematic representation of fluorescent nanomatryoshkas 

conjugated/partially conjugated/unconjugated with thioaptamer (ESTA1). A) 

Nanomatryoshka conjugated with only thiol-polyethylene glycol (zeta potential = -4.4 ± 

0.6 mV) B) Nanomatryoshka conjugated with a mixture of thiol-polyethylene glycol and 

construction thiol-polyethylene glycol-ESTA1 (zeta potential = -8.6 ± 0.9 mV). C) 

Nanomatryoshka conjugated with only the construction thiol-polyethylene glycol-ESTA1 

(zeta potential = -14.5 ± 0.4 mV). 

 

 The functionalized nanomatryoshkas were delivery intravenously into the mice 

via tail vein injection to evaluate their accumulation in tumor. Mice with pancreatic 
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2) injected with NM@PEG-ESTA1 and 3) injected with NM@PEG+(PEG-ESTA1). The 

volume injected was 200 μL of nanoparticle solution at the concentration of 1.5 mg/mL 

of Au. The nanomatryoshkas were tracked in vivo by fluorescence optical imaging (FOI). 
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low target to background ratio (Figure 6.4). In contrast, saturation of Au nanomatryoshka 

surface with ESTA1 (NM@PEG-ESTA1) results in lower background but lower tumor 

accumulation as well. Interestingly, midrange thiol-PEG-ESTA1 concentration on the 

nanomatryohska surface leads to sustained and more selective tumor accumulation and 

low background signal.        

 

Figure 6.4. Fluorescence optical imaging of mice assisted by fluorescent gold 

nanomatryoshkas. Top row: Mouse injected with nanomatryoshka functionalized with 

polyethylene glycol (thiol-PEG). Middle row: Mouse injected with nanomatryoshka 

functionalized with construction thiol-PEG-ESTA1. Bottom row: Mouse injected with 

nanomatryoshka functionalized a mixture of polyethylene glycol (thiol-PEG) and the 

construction thiol-PEG-ESTA1.     

 

 The gold content analysis confirms that the midrange concentration of ESTA1 is 

more effective than the ESTA1-saturated surface to target the tumor as also was indicated 

by FOI experiments (Figure 6.5). The organs were extracted at 72 h after the nanoparticle 

injections and were analyzed by ICP-MS. The ESTA1-saturated Au surface leads to the 

lowest tumor uptake due to high surface charged (-14 mV) introduced by ESTA1. PEG-
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coated nanomatryoshkas holds the medium tumor accumulation due to PEG-assisted long 

circulation time and passive accumulation by EPR effect. The mid-range ESTA1 

concentration on the Au surface maintains the highest accumulation in tumor most likely 

to the combination of active targeting to E-selecting and good passive accumulation by 

EPR affect due to the PEG-passivated ESTA1 charge. In agreement with our 

observations, the reduction of ligand content in the nanoparticle surface has shown it 

reduces the avidity but enhances the vascular targeting in pulmonary inflammation.
183

                   

  

Figure 6.5.  Gold content measured by ICP-MS in organs and tumors excised at 72 h 

post-injection.   

6.4. Conclusions 

A compact ~100 nm Au nanomatryohska with plasmon-enhanced fluorescence 
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therapy of cancer. The fluorophore Cy7 confined within the Au nanomatryoshka is 

enhanced through the strong plasmonic near-fields resulting in a bright enough 

fluorescent probe (20-fold enhanced) for in vivo optical imaging of cancer. Furthermore, 

the attachment of the dye within the internal silica layer eliminates surface charging 

effects to improve accumulation in the tumor.     

We demonstrate that the thioaptamer ESTA1 enables the selective active targeting 

of nanomatryoshkas to pancreatic cancer tumors. This tumor targeting effect assisted by 

ESTA1 is concentration dependent. The critical ESTA1 concentration was found to be in 

the mid-range for preserving selectivity to E-selecting receptor but also to keep a 

moderate surface charge. Further experiments needs to be done to quantify the absolute 

number of thioaptamer molecules attached to the nanomatryoshka surface for optimum 

tumor targeting.     
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Chapter 7 

Conclusions 

In this thesis gold nanoshells (SiO2-Au core-shell nanoshell) and gold 

nanomatryoshkas (Au-SiO2-Au core-shell-shell nanoshell) were fabricated as starting 

building blocks of both therapeutic and diagnostic nanoagents, and advantageously 

utilized their unique optical property, the plasmon resonance, as therapeutic actuator and 

fluorescence enhancer for bioimaging. The research was focused on improving 4 aspects 

of the theranostic gold nanoshells for photothermal therapy: 1) reduction of nanoparticle 

size below 100 nm to enhance accumulation in tumor, 2) fluorescence enhancement, 3) 

therapeutic efficacy and 4) facile functionalization of nanoparticle surface to control 

tumor targeting.    

First we demonstrated that magneto-fluorescent gold nanoshells with embedded 

NIR and MR contrasts can be specifically targeted to pancreatic cancer cells with 

expression of early disease marker NGAL, and enable molecularly targeted imaging and 
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photothermal therapy. Targeting of NGAL receptor was accomplished by antiNGAL 

conjugation to magneto-fluorescent gold nanoshells. These nanostructures are composed 

of gold nanoshell (~150 nm) coated with a silica epi-layer, and the silica epi-layer is 

doped with iron oxide (for MRI) and indocyanine green (for optical imaging) with a final 

diameter of ~200 nm. These nanoparticles showed fairly good multimodal imaging 

capabilities and photothermal therapeutic effect. However, the large size of these 

nanocomplexes motivated the research towards the development of more compact 

theranostic nanoshells.   

Seeking to obtain compact theranostic Au nanoshells, sub-100 nm gold 

nanomatryoshkas were synthesized. Gold nanomatryoshkas exhibited improved 

photothermal therapy efficacy for triple negative breast cancer (TNBC) when compared 

to standard gold nanoshells. We have demonstrated that nanomatryoshkas are highly 

efficient photothermal transducers due to their larger absorption cross-sections than 

nanoshells. The photothermal transduction efficiency of nanomatryoshkas was 63% 

versus 39% for nanoshells.  In addition, the tumor uptake of nanomatryoshkas was 5 

times the number of nanoshells when both particle types were injected at equal doses of 

Au mass. This higher tumor uptake was due to the smaller size of the nanomatryoshkas 

(~90 nm diameter) compared to nanoshells (~150 nm diameter). To complement our 

studies we further investigate the differences in tumor accumulation and therapy 

outcomes in an advanced triple negative breast cancer model with >1000 mm
3
 tumors. A 

key feature of presented study was the use of highly aggressive and >1000 mm
3
 tumors at 

therapy initiation, which better mimics the locally advanced breast cancer in clinic. 

Nanoparticle based photo-thermal interventions in locally advanced breast cancer have 
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the potential of reducing or even eliminating the tumors prior to surgery and reduce the 

treatment morbidity, especially for triple negative breast cancer, where targeted 

molecular therapies are not available.  

Finally we equipped this promising therapeutic nanomatryoshkas with 

fluorescence. Fluorescence enhancement of molecules confined within the inner 

dielectric layer of Au nanomatryoshkas exhibiting plasmonic Fano resonance was 

accomplished. Our theoretical calculations are in good agreement with the experimental 

wavelength-dependent fluorescence enhancements. The maximum fluorescence 

enhancements occurred for excitation of the subradiant mode where also the near field 

enhancement is maximal, leading to a ~16x enhancement of NIR fluorescent dyes. In 

chapter 6, it was demonstrated that these sub-100 nm, highly fluorescent NIR 

nanomatryoshkas are facile to functionalize (via S-Au bonding) with targeting moieties 

while keeping compact size and high control of surface charge, a critical parameter for 

the effective tumor uptake. The development of non-toxic and stable sub 50 nm NIR 

resonant theranostic gold nanostructures in future can lead to similar improvements in 

tumor uptake and therapy efficacy.  
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