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Abstract 

Small Gold Nanostructures in Cancer Theranostics 

by 

Christyn A. Thibodeaux 

 

The development of small (40-150nm) nanoparticles is of significant interest in 

biomedicine for effective detection and delivery of therapeutic molecules to diseased cells. The 

optical exploration of hollow gold nanoshells with sacrificial Co cores reveals the spectral 

FWHM increases due to the presence of Co while only minimally altering the spectral mean 

wavelength position. Other plasmon resonant nanostructures including nanoshells and 

nanomatryoshkas are valuable delivery and imaging vectors for oligonucleotide based 

therapies. In this study, light-triggered release of siRNA hybridized to a polypeptide 

functionalized NS is employed for gene silencing therapy of a specific pathogenic gene 

transcript with the intent to downregulate proteins. Similarly, fluorescently labeled NM are 

conjugated with an ESTA-1 aptamer via for bioimaging of highly specific inflammation 

targeting at metastasis sites. Each having advantageous platforms of ideal size, therapeutic 

gene optimization and heightened metastasis targeting, these three nanostructures prove viable 

functionality in cancer theranostics. 
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Chapter 1: Introduction 

Due to their unique optical properties, metallic nanoparticles have maintained interest 

in many fields: chemical and biological sensing,[1][2][3][4] localized surface plasmon 

resonance (LSPR) sensing[5][6], biomedical imaging[7][8][9][10][11][12][13], photothermal 

cancer therapy[7][8], and energy conservation via solar steam.[14][14][15] More specifically, 

Au nanoparticles in various geometries valuably employ viable functionality in biomedicine 

due to their low toxicity as Au is bioinert, absorb near-IR light with the support of plasmon 

resonances that can be tuned to the minimally transparent tissue window, and other intrinsic 

characteristics.  As a nanomedical material for the imaging, diagnostics, and therapy of cancer, 

it is widely believed that permeation and accumulation of nanoparticles in tumors is dependent 

upon nanoparticle size, and should be enhanced for nanoparticles with sizes below 100 nm. 

However, no systematic series of near-IR optically active nanoparticles exists that allows us to 

study nanoparticle size dependence in vivo, with consistent nanoparticle geometry and surface 

chemistry.  

1.1. Scope of Thesis 

Accordingly, current research included in this thesis is focused on the development of 

a size-dependent “library” of near-IR absorbing nanoparticles across the nominal ~50-150 nm 
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size range, with surface chemistries tailored to in vivo theranostic studies. Chapter 2 initiates 

spectral discussion regarding hollow gold nanoshells (HGNS) with synthesized sacrificial Co 

cores (d=40-50 nm). The optical properties are studied in depth revealing a damping 

phenomenon in the extinction spectrum with increasing amounts of residual Co. HGNS prove 

their usefulness as the smallest particle highlighted which are more easily circulated and 

uptaken at the molecular level.  

Chapter 3 introduces controlled delivery and release of genetic drugs (short strands of 

DNA or RNA) to specific tissues in the body. The research for the two projects discussed in 

this chapter is pending. First, a photothermal delivery system that utilizes gold nanoshells (NS) 

with a Au shell coating a silica core (~120nm) was developed to release oligonucleotides via 

light mediated release. A cationic polypeptide (poly-L-lysine, PLL) acts as a carrier for 

negatively charged therapeutic oligonucleotides. Specifically, siRNA is preferentially 

hybridized in our synthesis over DNA due to the intrinsic gene interference. The PLL@siRNA 

is electrostatically bound so that incident light impengent upon the NS surface will thermally 

break the weak interation releasing the therapeutic siRNA into the cell. After release, siRNA 

hybridizes to mRNA which inhibits the translation of the mRNA sequence into its 

corresponding protein. Oligonucleotides can similarly be used for targeting metastasis. As 

alternate form of ligands, thioaptamers structurally diverge from RNA and DNA and are 

synthesized to bind with high affinity to specified target. In the second research project, 

multilayered Au-SiO2-Au nanoshells (d=90-100+ nm), also known as nanomatryoshka (NM), 

are functionalized with pegylated ESTA-1, an aptamer with high selectivity for inflamed vessel 

targeting via E-selectin. Conjugated fluorescent NM provide a prime vector for targeting and 
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imaging at the cellular level. Error! Reference source not found. provides general 

conclusions for the body of work completed and future work efforts. 
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Chapter 2: Damping Effect of Ultra-Small 

Cobalt-HGNS 

 

This work was done in collaboration with Vikram Kulkarni, Wei-Shun Chang, Oara 

Neumann, Yang Cao, Bruce Brinson, Ciceron Ayala-Orozco, Chih-Wei Chen, Emilia 

Morosan, Stephan Link, Peter Nordlander, and Naomi J. Halas. 

2.1. Introduction 

Resonant light impinging on a metal nanoparticle generates a collective oscillation of 

conduction band electrons known as a plasmon. The plasmon is a damping oscillator in the 

classical picture which generates strong electric field enhancements due to induced surface 

charges at the metal-dielectric boundary useful for applications such as surface enhanced 

Raman spectroscopy (SERS). Plasmon damping can influence the magnitude of the 

enhancement factor. Plasmons have two physical decay mechanisms: radiative decay[16] and 

nonradiative decay[17][18][19]. For radiative decay, the plasmon will decay into a photon. 

Emission of a photon is dependent upon nanostructure shape, size, local density of states, and 

frequency of light.[20] For nonradiative decay, the plasmon will decay into electron-hole 

pairs, followed by electron-electron scattering, and finally the energy transfer to the phonons 

of nanostructure through electron-phonon coupling.  Physically electron-hole generation, a 

dipole transition, will interact with the plasmon through the Coulomb force resulting in a 

dephasing of the plasmon oscillation. Intraband transitions and interband transitions are types 
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of electron-hole pair generation. The intraband transition occurs when electrons are excited 

within the conduction band while the interband transition occurs when electrons are excited 

from valence bands (such as the d band in the noble metal) into the conduction band.[21] 

Electron-hole pair generation supports numerous hot carrier injection applications including  

improved photosynthetic devices[22], drug release[23], plasmon enhanced 

photocatalysis[24][25], and interparticle coupling[26][27]. 

The lifetime of the plasmon can be deduced by the nanoparticle localized surface plasmon 

resonance (LSPR) spectral width where a shorter plasmonic lifetime leads to a broader 

width.[26] While much research has been done on tuning the LSPR energy, very little has 

been done on varying the width. The addition of cobalt impurities to a simple gold nanoshell 

is a method to increase the damping of plasmon. Cobalt, as shown in Figure 8, possesses a 

much larger imaginary component of the dielectric function than gold due to the larger 

interband transitions present in cobalt. However, the real component of the dielectric function 

of cobalt is similar to that of gold in the visible and near-infrared region of the 

electromagnetic spectrum. Thus, by adding cobalt impurities to a gold nanoshell, one can 

change the width without modifying the LSPR energy significantly. This is a novel way of 

potentially increasing hot electron generation, via cobalt interband transitions, in nanoshells.  

The plasmon spectrum is usually characterized by ensemble extinction measurements. 

However, the inherent heterogeneity of size and shape in chemically prepared nanostructures 

further broadens the ensemble spectra and hinders the exact spectral line-width. Therefore, a 

single particle measurement is required. The conventional method to measure single 

nanoparticle spectroscopy employs dark field microscopy. However, the scattering intensity 
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scales with the square of nanoparticle volume. It is very difficult to measurement the 

scattering spectroscopy of single nanostructure with size smaller than 50 nm. While various 

techniques were developed to measure the spectra of small 

nanoparticles[28][29][30][31][32][33][34], these methods require complicate 

instrumentation. As a result, a simple methodology to measure plasmon spectrum is 

necessary.    

Here we discuss the spectral broadening effects of ~50 nm diameter cobalt-hollow gold 

nanoshells (HGNS) with tunable optical properties from the visible to the near infrared 

(NIR). The plasmon resonance of the nanoparticles can be tuned from 560 nm to 920 nm by 

controlling the thickness of the Au shell from 10 nm to 3 nm.[35][36]  The composition and 

characteristics of the HGNS were studied to understand the function of cobalt (Co) 

impurities. We employ a total internal reflection scattering microscopy to measure the 

scattering spectra of single Co HGNS with size smaller than 50 nm. A spectral width 

broadens significantly in Co HGNS compared to a single 50 nm Au nanosphere. Damping 

mechanisms were investigated both experimentally and theoretically. 

Noble metal nanoparticles support LSPR which serve to efficiently scatter light. HGNS 

absorb a great deal of light, far more than that of larger particles (> 100 nm) which scatter 

more than they absorb. The intensity of the scattered light by a nanoparticle scales with the 

square of the induced dipole moment[37], which tends to be quite small for the sub-50 nm 

particles. Consequently, scattering experiments are typically performed on ensembles of 

nanoparticles due to restrictions with measuring single ultra-small scatterers.  The inherent 

properties of small weak scattering particles coupled with most single particle optical 
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technologies, having signal-to-noise ratio (SNR) deficiencies, restrict clear spectral 

resolution of the scattering component. With inherent polydispersity when using chemical 

fabrication techniques, ensemble measurements lack specific details observed from an 

individual particle. Environmental effects such as aggregation and unique structural defects 

affect the ensemble SPR and, consequently, distort information on the structure of interest. 

This distortion is magnified for small particles, < 50 nm, where a 5 nm defect can comprise 

1-10% of the surface area of the overall particle).  

The desire for new spectral microscopy techniques with the ability to probe weakly 

scattering nanostructures at the single particle level gains strength due to the need for 

resolving information while maintaining unique spectral information lost in bulk 

measurements. Due to the size of our ultra-small scatterers coupled with the damping effect 

of a single nanoparticle, the use of single nanoparticle spectroscopy a requirement to extract 

the spectral width of the plasmon. In this article, we employ total internal reflection 

scattering (TIRS) microscopy, an enhanced total internal reflection (TIR) microscopy 

technique.[38] With increased SNR necessary for weak scatterers, TIRS microscopy is used 

to directly measure the scattering profile of individual HGNS with tunable sizes under 100 

nm in total diameter. Damping mechanisms were investigated both experimentally and 

theoretically.  

2.2. Experimental Details 

HGNS were synthesized (according to Appendix A) by coating cobalt (Co) 

nanoparticles with gold (Au) in an O2 free environment, according to previously published 
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methods.[35][36] Briefly, to a de-aerated solution of 0.01M sodium citrate trihydrate 

(Na3C6H5O7·3H2O) and 0.4M cobalt chloride hexahydrate (CoCl2·6H2O), we add 1.0M 

sodium borohydride (NaBH4) and mixed with mechanical stirrer. Use of a magnetic stir bar 

will induce magnetism and cause chain formation.[39] NaBH4 reduces the cobalt ions in 

solution  

2CoCl2 + 4NaBH4 + 12H2O → 2Co + 4NaCl + 14H2 +4B(OH)3 

and produces CoNPs.[40] After allowing the reduction reaction to complete for 10 min under 

N2 flow, 33 mL of the CoNP solution is added to a 0.1M chloroauric acid trihydrate 

(HAuCl4·3H2O) solution in ambient air. As Co oxidizes, Au ions are reduced onto the CoNPs 

via galvanic replacement since the reduction potential of gold is greater than the reduction 

potential of cobalt.[41] 

Magnetic cobalt nanoparticles (CoNP) inherently align themselves into dipole chains.[42] 

The size of the nanoparticles is small enough to consider them single domain dipoles.[43] 

We observed this inherent magnetic aggregation is quite different from typical aggregation 

where particles can bind to any face on multiple particles without the distinct dipole to dipole 

configuration our CoNPs have. Rapid vortexing of the CoNP in solution prevents the 

homogenous chain formation (Figure 1A). By exposing the Co core/Au shell nanoshells to 

ambient air, the core is partially oxidized allowing residual Co impurities in the resulting in a 

structure.[40][41][42][43] [44] 
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Figure 2-1: (A) The schematic of Co-HGNS with corresponding images chemical formation 

synthesized by coating CoNP under rapid stirring disrupting the natural magnetic chain 

formation of nanoparticles with Au in an O2 free environment. By exposing the Co core/Au 

shell nanoshells to ambient air, the core is oxidized, resulting in hollow gold shell 

nanostructures after centrifugation. TEM image of (i) CoNPs oriented with aligned dipoles, 

(ii) oxidation of cobalt with the formation of porous shell, and (iii) completely formed HGNS 

is shown. (B) EDX and corresponding TEM of HGNS were performed revealing the Co:Au 

ratio for two particles with different gold shell thickness. The denser particle (ii) is less porous 

and retains more Co whereas a particle with a thinner shell (i) allows more Co to escape. The 

scale bar for all TEM images is 50nm. (C) The field-dependent magnetization of CoNP at T= 

300K (black), CoNP at T= 5K (red), HGNS at T= 300K (green), and HGNS at T= 5K (blue) 

is measured. The inset is a magnification of the hysteresis loop further identifying the HGNS 

loop.  

The intermediate step of partial oxidation is studied by exposing the structures to ambient 

air for 10 seconds followed by vacuum evacuation. Transmission electron microscopy (TEM) 
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grids prepared and imaged under N2 reveal the Au shell is porous allowing Co to pass 

through the pores (Figure 2).[41] The air/Co interface readily oxidizes while the Au shell 

grows over time reducing porosity. Since the Au shell grows rapidly at relatively high 

concentrations, a mixture of Co2O3 and Co is trapped in the HGNS with larger shell 

thicknesses; residual Co2O3 is also left on the surface of the nanoshell and in solution. The 

Co2O3 compound was identified using X-ray photoelectron spectroscopy (XPS) (Figure 

3).[45] Multiple steps of centrifugation greatly reduce the amount of Co2O3 in solution but 

does not remove residual cobalt inside the nanoshell.  
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Figure 2-2: High-performance BET Surface Area Analyzer and Pore Size Analyzer of the (A) 

isotherm of CoNP, (B) CoNP oxidation kinetics, (C) isotherm of HGNS, and (D) HGNS  pore 

size distribution were all measured to analyze the Au and Co porosity composition of ensemble 

HGNS. 

Variations in particle size from 20 nm to 100 nm can be controlled by modifying the 

reducing agent concentration. We consistently use the 50 nm geometry for all TIRS 

measurements with the exception of exploring spectral broadening agents. Energy-dispersive 

X-ray (EDX) measurements were obtained using a 200kV JEOL 2100f field emission TEM 

(Figure 1B). HGNS were imaged and EDX was performed revealing the Co:Au ratios at the 

center marker on particles with varying shell thicknesses. Elevated amounts of Co are 

measured for thicker shell HGNSs due to the reduction in shell porosity. As a result, the 

volume fraction of Co, ranging from 0-30%, can be controlled by modifying shell thickness.  
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Figure 2-3: (A) TEM and (B) XPS survey of HGNS. X-ray photoelectron spectroscopy 

(XPS) confirms presence of both Co and CoxOy.  

 

Due to the relatively large amounts of Co contained in our particles, as illustrated in Figure 

1B, we first investigate the magnetization of these HGNS. Field-dependent magnetization 

was collected using a Quantum Design Magnetic Property Measurement System (QD 

MPMS, MPMS XL/ Quantum Design, Inc.). Figure 1C documents the magnetic properties 
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for Co and HGNS, measured at T = 5 K and 300 K. As expected for ferromagnetic 

nanoparticles, the magnetization for the CoNP displays hysteresis at both T = 5 K and 300 K, 

with coercive field values HC = 60 Oe and 40 Oe, respectively. Both isotherms show a rapid 

increase of the magnetization with the applied field, indicating that the ferromagnetic ground 

state persists above 300 K. The HGNS display hysteresis at T = 5 K, with the coercive field 

HC reduced to 10 Oe satisfying superparamagnetic conditions. The corresponding magnetic 

field at 300 K is linear up to 7 T, which indicates that the paramagnetic state for HGNS has 

been reached at this temperature. Thus, the coercivity of HGNS is smaller than CoNP at the 

same temperature.[44][46] 

 

Figure 2-4: Using TEM, Energy-dispersive X-ray (EDX) measurements were obtained. 

(A)TEM of a entire particle was taken (B) and EDX was performed to reveal the Co:Au ratio 

inside the blue square. (C) TEM of the same particle was taken (D) and EDX was performed 

A C

B D
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on half the particle encompassed in the blue rectangular. The ratio consistencies reveal the 

morphology of the residual cobalt is homogenous inside the gold shell.  

Figure 4 provides two different EDX scans of the same HGNS. Panel A illustrates a scan 

of the entire nanoshell while panel B illustrates a scan of half the nanoshell. Remarkably, the 

percentage of cobalt in both scans is nearly the same (~20%) suggesting that the cobalt is 

homogenously distributed throughout the nanoshell. With a relatively high volume fraction 

of Co, the displayed weak magnetization signal verifies that a large portion of the residual Co 

is anti-ferromagnetic Co2O3. In order for Co to maintain its magnetic properties in ambient 

air, Co2O3 forms a self-terminating layer which serves as a protective barrier for the core to 

prevent further oxidation.[46] Since the presence of hysteresis verifies that the innermost 

core of the particle is pure magnetic Co, we conclude the inner particle geometry is also 

primarily composed of oxide. The final geometry consists of magnetic Co core surrounded 

by Co2O3. This complex is coated by a porous Au shell which allows excess Co2O3 to 

permeate through the shell. Dipole-dipole interaction strength is weakened in HGNS with the 

increase in inter-particle spacing of nonmagnetic Au coating and anti-ferromagnetic Co2O3.  

2.3. Results and Discussion 

 Single particle measurements utilize TIRS microscopy: an advantageous method for 

imaging and spectrally resolving the LSPR for a single nanostructure due to strong contrast 

attributable to an increased SNR necessary for measuring weakly scattering ultra-small 

particles. The resulting image is one of high contrast so traditionally weak scatterers, 

unobservable in more traditional techniques, are clearly visualized against a dark background 
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and are measured with both higher resolution and shorter integration times than dark-field 

microscopy. At an angle greater than the critical angle, light is totally internally reflected at 

the surface of the sample and an evanescent wave is generated exciting the HGNS. This 

surface wave can be scattered into free space when interacting with the plasmonic HGNS. 

Only scattered light from the particles is transmitted to the detector rendering our images 

with a significant difference in contrast due to an absence of substrate signal. In traditional 

dark-field microscopy, light can be reflected or transmitted to the detector from the substrate. 

TIRS removes this substrate signal providing greater sensitivity to the nanoparticle scatterers. 

The advantages of TIRS over dark field microscopy are discussed in the supplemental 

information. With enhanced sensitivity using TIRS, we are able to resolve scattering spectra 

for particles as small as 20nm, an impractical dark-field restriction, due to long integration 

time. The novelty of the TIRS system is the ability to isolate the NP scattering from the 

substrate scattering to provide better detection and resolution of particles with small 

scattering cross-sections. 

Single particle scattering measurements were performed with a custom built TIRS 

microscope as shown in Figure 5A. The unpolarized light from a halogen lamp was focused 

by an oil-immersion dark-field condenser (Zeiss,  N.A. = 1.40). Transmitted scattered light 

was collected by a 50X air-spaced objective (Zeiss, NA = 0.8) and guided to either an 

avalanche photodiode detector (PicoQuant) or a CCD camera (Horiba Jobin Yvon). Due to a 

high incident angle of 67o larger than the critical angle (41o) at the glass-air interface, the 

excitation in total internal reflection geometry greatly reduces the background scattered light 

and significantly increases the scattering field. The scattering images were acquired by 

scanning the sample with a XY piezo scanning stage (Physik Instrumente) across a 50 μm 
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pinhole located at the first image plane of the microscope. A LabView interface was 

designed to synchronize the stage movement and the data acquisition. Generally, the 

avalanche photodiode was used to image the sample. A typical image was composed of 128 x 

128 pixels with integration time of 5 ms/pixel. Single particle spectra were collected by 

guiding the light towards a liquid nitrogen cooled CCD camera attached to spectrograph 

(Triax 190). All measured single particle spectra were corrected for the background 

scattering and normalized by the intensity of white light. Data analysis was carried out using 

Matlab. 
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Figure 2-5: (A) Total Internal Reflection Scattering (TIRS) spectroscopy system allows high 

sensitivity for imaging small nanoparticles that are traditionally weak scatters. The inset is a 

magnification of the TIR beam, multi-layered sample with index matching oil, and the resulting 

scattered light. (B) Optical microscope images illustrate (i) TEM image (ii) TIRS image and 

(iii) reflected dark field image illustrating sensitivity. 

HGNS were drop-casted on a patterned TEM grid with a 30nm layer of formvar film (SPI 

Supplies) and were both located and characterized by TEM initially to find isolated single 

nanoshells. The patterned TEM grid was then used to locate the same nanoshell under the 

optical microscope. The grid with particles facing outwards was layered with a glass slide in 

contact with dark field condenser as shown in the inset of Figure 5A. Index-match oil was 

filled in the gaps of TEM grid, glass slide and dark field condenser to ensure the total internal 

reflection condition, occurring at the air-formvar film interface where the HGNS were 

located, was met. Left, middle and right panels of Figure 5B show images of three HGNS 

with diameter of ~ 40 nm recorded by TEM , TIRS microscope and conventional dark-field 

microscope with reflected geometry. At matching integration times and detection conditions, 

scattering from small nanoshells can only be detected with TIRS microscope revealed in 

Figure 5B as opposed to a darkfield microscope configuration.  
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Figure 2-6: Experimental scattering spectra of (A) Au Colloid (black), 50nm HGNS (red), (B) 

100nm Au Colloid (blue), 100nm HGNS (cyan), and (C) 35nm HGNS with greater (magenta) 

and smaller (green) volume fractions of Co were taken with the TIRS technique with 

corresponding TEM images, respectively. The dark green fitting on each spectrum is Gaussian. 

The scale bar in each is 25nm. 

The scattering spectra of assorted individual nanostructures (HGNS and Au colloid) with 

variations in size and cobalt content are shown in Figure 6. The LSPR line-width of the 

plasmon excitations is studied.[39][47] The spectra convey the presence of a dipolar LSPR 

for each nanoparticle. As expected, HGNS demonstrate significantly more broadening than 

gold colloid. For an overall size of 50 nm (Figure 6A), the HGNS displays a full width at half 

maximum amplitude (FWHM) of 0.435 eV while the gold colloid has a FWHM of 0.266 eV. 

For an overall size of 100 nm (Figure 6B), the HGNS displays a FWHM of 0.659 eV while 

for the equivalent gold colloid, only a 0.329 eV FWHM is observed. Figure 7 shows 

additional spectra of various HGNS with unusually broad widths. The FWHM of the HGNS 

spectrum increases due to the presence of Co while only minimally altering the spectral mean 

wavelength position.  
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Figure 2-7: Experimental spectra of multiple HGNS with varying sizes using SPS.   

Physically, the larger FWHMs of the HGNS in the scattering resonance correspond to 

plasmon damping and are caused by the presence of cobalt impurities. Impurities cause both 

radiative damping and non-radiative damping. A pair of HGNS, nearly identical in size at 

approximately 35 nm, has a visibly noticeable variation in volume fraction of Co. As shown 

in Figure 6C, the particle with the greater volume of Co (magenta) results in a broader line-

width, 0.361 eV, which is greater than that of the HGNS with less Co (green), 0.306 eV.  

The broadening of the mixed Au-Co nanoshell can be explained by examining the 

dielectric functions of Au and Co directly (as illustrated in Figure 8). The real part of the 

dielectric function is related to the polarization of the material, and will affect the peak 

position. Within the energy region of interest, the real parts of the dielectric functions of both 

materials are quite similar. Therefore, it is not surprising that the presence of Co does not 

shift the surface plasmon energy dramatically. However, Co does have a noticeably larger 

imaginary component of the dielectric function. Physically, the imaginary part of the 

dielectric function corresponds to absorption. Similarly, the Ohmic heating is also 
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proportional to the imaginary component of the dielectric function. As a result, electron-hole 

generation increases allowing for new avenues of plasmon decay while, correspondingly, the 

scattering spectrum peak broadens with increasing amounts of cobalt.  
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Figure 2-8: Johnson and Christy dielectric function of cobalt and gold.   

The hot electron is generated by the decay of plasmon. When the plasmon is excited, the 

collective oscillation of the plasmon decays within tens of fs leading to electron-hole pairs 

with initially excited hot electrons having the energy above the Fermi level equal to the 

plasmon energy. As the lifetime of the plasmon shortens, the excitation cycle under constant 

illumination of photons grows yielding more hot electrons. The lifetime of the plasmon can 

be deduced by the spectral width of nanoparticle spectrum.[26] Therefore, a shorter 

plasmonic lifetime leads to a broader spectral width. 

In the case of Co, the enhanced absorption comes from very pronounced interband 

transitions. These interband transitions result in the creation of electron-hole pairs and 

additional nonradiative decay channels, thus damping the resonance considerably. This 
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process is also referred to as internal damping, where excited plasmons decay into highly 

energetic electron-hole pairs due to a transfer of energy causing SPR broadening.[48]  

To further investigate the increased damping due to the Co impurities, Mie theory 

simulations were performed. We model the structure as a hollow core with a mixed Au-Co 

shell embedded in vacuum. The dielectric functions of Au and Co are taken from 

references.[49][50] The Bruggeman formula is used to obtain an effective dielectric function 

of the shell.[51] Figure 9 shows the resulting normalized scattering cross section for a 

nanoshell of inner radius 30 nm and outer radius 33 nm with varying volume fractions of Co. 

Noticeably, as the percentage of Co increases, the width of the scattering resonance also 

increases (Figures 9A and B). 

 

 

 

 

 

Figure 2-9: Mie theory simulations of HGNS. (A) Normalized scattering cross section for a 

{R1 = 30, R2 = 33} nm HGNS with varying percentages of Co where R1 is the inner radius and 

R2 is the outer radius of the HGNS. Inset shows the resulting full width at half maximum. (B) 
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Experimental (red) scattering resonance full width half maximum as a function of cobalt 

percentage with theoretical Mie fitting (blue).  

An experimental verification of this phenomenon is shown in Figure 9B. Solutions of three 

batches of nanoparticles with varying percentages of cobalt (0%, 17.4%, and 32.3%) were 

analyzed using TEM for imaging, EDX for determining Co content, and TIRS spectroscopy 

for visualization of the scattering spectra. TEM confirms a single particle of interest and the 

desired spherical geometry, neglecting remaining chain formations and aggregates. FWHM is 

plotted with respect to Co content in a given single particle. Altering the Co content in these 

structures is a nontrivial process which includes aggressive centrifugation and solute 

concentration variation in particle synthesis. Error bars were added to illustrate the variation 

in multiple single particles. The 32.3% case has no error bar in the y-direction as it is near the 

saturation point for the maximum volume fraction of Co in a single particle and, as a result, 

only one particle was measured in this case.    

To confirm the experimental data has an accurate trend, theoretical FWHM of mixed Au-

Co nanoshells are plotted in blue. The theoretical nanoshells have an overall diameter of 50 

nm and a shell thickness varied from 5 - 7 nm in order to keep a constant peak position of ~ 

2.23 eV. Though the experimental results for 0% HGNS are actually solid Au colloid, the 

theory shows that the experimental results are on the correct order of magnitude.  
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2.4. Conclusion 

 Eliminating ensemble spectral averaging and broadening due to particle size was 

circumvented with single particle spectroscopy. TIRS offers high contrast images where even 

ultrasmall and weakly scattering particles are clearly visualized against the dark background 

and are measured with much higher resolution than current microscopy techniques. TIRS 

microscopy was used to study LSPR in HGNS embedded with cobalt impurities. The 

imaginary component of the dielectric function of cobalt is much larger than that of gold, 

giving rise to tremendous interband transitions. The joule heating increases the fictions of the 

damping oscillator leading to larger damping and, therefore, shortens the plasmon lifetime. 

Consequently the HGNS experienced a significant plasmon line-width broadening due to the 

addition of cobalt. The presence of Co allows for a larger generation of hot electrons that 

could interact with the system. This additional damping mechanism is desirable since it can 

produce hot electrons and may have applications in plasmon enhanced catalysis. 
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Chapter 3: Controlled Delivery and Release of 

Genetic Drugs  

3.1. Project 1: Light-Induced Release of siRNA from Au Nanoparticles 

Damping Effect of Ultra-Small Cobalt-HGNS: Nanoshells and 

Nanomatryoshka  

 
This work is in current progress with help from Oara Neuman, Ryan Huschka, and 

Naomi. J. Halas at Rice University.  

3.1.1. Introduction 

 Unfortunately, cancer is globally devastating and a fatal threat in many cases. With 

uninhibited and nearly explosive cell proliferation that subsequently invades the adjacent 

normal tissue, cancer spreads through the blood stream or lymphatic system to various 

viscera and eventually metastases to other distant organs. Two genes are mainly responsible 

for the permanent genetic mutations: oncogenes (controls the types and divisions of cells) 

and tumor suppressor genes (slow down cell division, repair DNA, and indicate which cells 

die). The sequencing of the human genome has led scientists to formulate gene therapies to 

correct mutations.[52][53][54][55][56] The method of gene release was first proposed by 

Stephenson and Zamecnik in 1978. [57] Since then many gene therapeutics have been 

developed for targeting pathogenic genes for various types of cancers. [53][58][59][60][61] 
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Gene release methods involve delivery very specific drugs called antisense 

oligonucleotides, short single strands of DNA or RNA (~ 20 bases) with a base sequence 

designed to hybridize specifically to mRNA via Watson-Crick base pairing. Hybridization to 

mRNA sterically hinders translation of mRNA to the protein, thereby inhibiting action of the 

gene. Once delivered to malignant cancer cells, an antisense oligonucleotide targeted for the 

epidermal growth factor receptor can hybridize with mRNA and prevent future proliferation 

of malignant cells. However, the delivery of antisense DNA oligonucleotides has been 

hindered by their low stability due to enzymatic nucleases, which degrade DNA, and low 

cellular uptake. Coulombic repulsion between negative charges on the phosphate backbone 

of the antisense DNA nucleotide and the negative charge on the cell membrane prohibit 

fluent uptake. Addition of a positively charged gene therapy delivery vector is useful for 

circumventing the opposition of charge issue.  

Recently, a variety of gene therapy delivery and targeting systems have been developed, 

each characterized by diverse properties: synthetic carrier type, capacity for drug loading, 

controlling delivery.[62] Viral vectors have been successful in drug delivery trials while 

toxicity, immune and inflammatory responses, gene control, and targeting issues have 

hindered their further development as a gene therapy delivery vector. Other vehicles, such as 

polymers, dendrimers, and liposomes show less gene interference efficiency and increased 

cytotoxicity compared to viral systems. [63][64][65][66][67][68]  

In efforts to develop an ideal delivery vector, metallic nanoparticles (NP) have been 

pursued due to their low toxicity, plasmon tunability, large surface to volume ratios, and ease 

of functionalizing biomolecules to their surface.[69] Antisense oligonucleotides attached to 

small spherical gold nanoparticles increase the lifetime and cellular uptake of antisense 
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oligonucleotides and demonstrate down regulation of a specific protein by enhancing the 

green fluorescent protein. [70][71] However, nanoparticles functionalized with antisense 

oligonucleotides have three obstacles. First, the DNA-NP system does not have the capability 

to differentiate between malignant and non-malignant cells. Second, antisense 

oligonucleotides are covalently attached to the metallic nanoparticle through a thiol bond 

limiting the ability of the antisense oligonucleotide to hybridize to the mRNA. Third, the NP 

plasmon resonance wavelength is located in the visible range where the skin and tissue 

absorptivity is high restricting the usage of metallic nanoparticles as light-activated thermal 

release gene therapeutic carriers. 

A variety of gold nanoshells (NS) with NIR plasmon resonances have been shown to 

effectively deliver gene therapeutics with control of drug release upon laser irradiation and 

subsequent downregulation of proteins in vitro. [72][23] [73][74] The optical properties of 

these particles can be varied by changing the core size and the gold shell thickness. Gold NS 

have a significant advantage over colloidal gold nanoparticles as NS facilitate the usage of 

electromagnetic energy in the infrared spectrum region known as the “water window”; in this 

regime, light has the ability to penetrate tissue by several inches. Nanoshells have previously 

been used successfully in a multitude of biomedical 

applications.[11][75][1][10][76][77][78][79] By attaching DNA to NS, the nanoparticle 

becomes a delivery vector for intercalators (drugs or antisense oligonucleotide) which 

specifically bind to DNA. [72][74] Upon laser excitation at the plasmon resonance 

frequency, the adsorbed photon will dissipate via electron-vibration interactions generating 

local heating on the nanoshell surface. This thermal effect will be used to controllably release 

therapeutic molecules. Upon dehybridization (thermal and/or plasmon-induced and/or 
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chemical and/or enzymatic) or DNA digestion (breaking up a DNA strand into smaller 

fragments), the intercalators are released. However, before the DNA intercalator can reach 

the genomic DNA; it must overcome several hurdles, such as metabolic pathways and 

cytoplasmic and nuclear membranes. The proposed vector is an improvement upon other 

delivery vectors because the release can be controlled by external stimuli (for example light) 

and the quantities of molecules inside living cells are well controllable.  

Drawbacks to antisense oligonucleotide gene therapy include low stability of antisense 

oligonucleotide (due to the nucleases, an enzyme that degrades the antisense oligonucleotide) 

and low cellular uptake.[70] Those drawbacks can be preserved by hybridizing 

oligonucleotides to other nucleic acids or polypeptides by attachment to NS surfaces with a 

durable gold sulfur bond. The addition of a polypeptide will increase the half-life of the 

oligonucleotides and the stability by strengthening the coulombic repulsions. Furthermore, by 

attaching a chromophore to the system we can used the complex for imaging and both 

quantification and tracking for molecule release while still being equipped for therapy.  

3.1.2. Specific Aims 

In this study, light-triggered release and subsequent DNA/siRNA-polypeptide 

dehybridization will be used as a vector for DNA/siRNA delivery.  We will investigate the 

interaction of siRNA with the conjugated NS@PLL complex and examine the therapeutic 

effect on cell metastasis. We will improve the efficiency of this release by: 

1. Designing and improving the NS@PLL@siRNA complex 

Previous published experimentation from our group demonstrates a NS@PLL@DNA 

complex used for gene therapy utilizing light-triggered release.[74] Most influentially, recent 
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improvements for our study consider the use of small interfering RNA (siRNA) over DNA 

due to the inherent gene expression interference by halting mRNA translation. Also, as an 

improvement from published work, all antisense oligonucleotides used in this study are 

synthesized with a fluorophore on the 3’end. The continued peptide of choice is Poly-L-

lysine (PLL), a positively charged polypeptide, attached via SH bond to the Au surface of the 

NS and bonded electrostatically to the oligonucleotides for easy release upon light excitation; 

the 5’ end actively intercolates with PLL while the 3’ end bound to the fluorophore extends 

outwards from the Au surface. Continued use of polylysine is maintained however, 

improvements to the purity are necessary for optimization. 

2. Characterizing the complex 

Characterization of the conjugated vector includes size and zeta potential measurements 

using Dynamic Light Scattering (DLS) and corresponding extinction spectra for bare 

nanoshell, NS@PLL, and NS@PLL@siRNA. Quantification of siRNA on the plasmonic 

vector is calculated utilizing known loading capacity of 20,000 PLL molecules per nanoshell 

and number of siRNA strands that can bind to each strand of PLL.[74] With known initial 

concentrations, fluorescence intensity can be converted to strands released in a 1:1 ratio of 

siRNA to fluorophores as there is one fluorophore synthesized to each strand of siRNA.   

3. Performing light-triggered release of oligonucleotides 

Using a NIR laser illumination source with resonance NS wavelength, light-triggered 

release of oligonucleotides is first performed in solution before in vitro and in vivo 

experiments are commenced. After release, efficiency can be measured with initial and final 

fluorescence intensities. Verification that the thiol bond between Au and PLL is maintained 

will be recorded by repeating DLS size and charge measurements following release. System 
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and characteristic optimizations to achieve model parameters include identifying ideal laser 

power (.5, 1, 2, 3, 4, 5W), laser irradiation time (1, 2, 3, 4, 5 min), and fine tuning of 

experimental setup. 

 

4. Performing in vitro and in vivo experiments 

Achievement of optimizing the conjugated complex, proper characterization, and 

identifying ideal parameters in solution, provide a basis for in vitro and in vivo experiments. 

By first incubating the conjugated complex with cells, investigations regarding optimal NS 

incubation time (18, 24, 36, 48, 72 hr), ratio of NS which penetrate the cell membrane versus 

particles on cell surface and in media, and uptaken NS concentration can be observed. 

Particle distribution can be taken with dark field imaging while oligonucleotides can be 

identified with fluorescence imaging before and after light-triggered release in cells is 

achieved. Similar studies can also be performed in vivo yielding additional statistics given by 

viscus effects, system impact, and biodistribution.  

3.1.3. Research Accomplished 

Fluorescently tagged oligonucleotides have been hybridized to NS@PLL vectors. Size, zeta 

potential, spectral, and conformation changes with CD have been recorded. First trials of 

light-triggered release have been unsuccessful but are reported; these release results triggered 

the optimization of the PLL by purification and will be repeated as next steps.  Preliminary in 

vitro studies were also performed utilizing protocol in Appendix C. Results were 

inconclusive and are not shown. 
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3.1.4. Experimental 

Polylysine, a natural antimicrobial agent, is the most investigated carrier for 

oligonucleotide delivery.[80] The cationic polypeptide is nontoxic and has demonstrated 

sturdy adherence to cell membranes due to the interaction between the polyanionic cell surface 

and polycationic polypeptide offering the possibility of attaching target ligands to the polymer 

backbone.[81]  PLL is positively charged due to HS and NH3 groups illustrated in figure 1A. 

The PLL@siRNA complex formation offers a controlled way to incorporate the delivery 

material by varying the ensemble parameters. The PLL design consists of CYSK30, illustrated 

in figure 1.  The individual amino acids of the sequence are responsible for the following 

duties: cysteine (C) has a disulfide bond used to covalently bind to the gold NS; tyrosine (Y) 

is a Raman marker which, in this case, confirms the PLL attachment to the nanoparticles 

surface, serine (S) is a spacer, and 30 lysine (K) are the active delivery material.  
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Figure 3-1: (A) The chemical structure of polylysine where the lysine is copied 29 additional 

times to the existing structure. (B) Absorption spectrum of PLL with resonance at 275nm. 

MALDI of PLL (C) before and (D) after dialysis purification. 

 

The PLL (MW 4216DA) was purchase from GenScript USA Inc. and cleaned with a 

Float-A-Lyzer G2 dialysis membrane from Spectrum Laboratories. The purity of the 

polypeptide was analyzed by matrix-assisted laser desorption/ionization (MALDI), a soft 

ionization mass spectroscopy system, before and after dialysis (figure 1C-D). Refinement of 
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PLL significantly increases the 4217.9 parent peak which is hardly identifiable before 

dialysis. Purification in this manner is a significant improvement to the previous release 

system.  

Additionally, the use of siRNA provides improvements. Both siRNA and DNA are 

negatively charged and will bind electrostatically to the peptide, but differ in that siRNA is a 

double strand nucleic acid containing a uracil (U) nitrogen-containing nucleobase. Uracil 

replaces the thymine (T) nucleotide in DNA and lacks the 5' methyl group which is the 

differentiation factor from thymine. While the additional hydroxyl group on the siRNA is 

more prone to degradation than DNA, siRNA can undergo chemical modifications to 

strengthen the nucleic acid backbone and to amplify gene silencing specificity. Conclusively, 

siRNA is a more promising nucleic acid for gene therapy considering the intrinsic gene 

expression interference control of mRNA.[82] 

  

Base 

Pairs Sequence 

Melting 

Temperature 

Short ssDNA 18 GAGCTGCACGCTGCCGTC/3AlexF660N 62.5 ºC 

Phosphorothioate 

modified short 

ssDNA 18 

G*A*G*C*T*G*C*A*C*G*C*T*G*C*C*

G*T*C/3AlexF660N/ 62.5 ºC 

Long ssDNA 50 

GCGGCAATCAGGTTGACCGTACATCA

TAGCAGGCTAGGTTGGTCGCAGTC/3

AlexF660N/ 71.0 ºC 



33 
 

 

 

Table 3-1: The antisense oligonucleotide sequences with corresponding melting temperatures. 

All sequences are functionalized with an Alex Fluor 660 dye on the 3’ terminus. 

Based on the length of both PLL and DNA/siRNA, the complex has a defined 

stoichiometry. The hybridized PLL and DNA can potentially target various cell lines but it 

has demonstrated poor circulatory half-lives, typically shorter than 3 minutes.[83] We have 

improved the complex stability and the half-life duration by covalently attaching the 

hybridized PLL@DNA to the NS surface.  
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Figure 3-2: Absorption spectrum of DNA with resonance at 262nm. 

 

     The aim of this study is to release siRNA from a NS@PLL complex, however the use of 

three DNA strands are used for cost-efficient debugging purposes throughout the experiment 

and are recorded in Table 1. Spectral data is shown for DNA in Figure 2. All three DNA 

strands were purchased as custom oligonucleotides from Integrated DNA Technologies. The 

Stealth siRNA Luciferase Reporter Control, purchased from Life Technologies, has a sense 

strand of 5’ GCACUCUGAUUGACAAAUACGAUUU 3’ and an antisense strand of 5’ 

AAAUCGUAUUUGUCAAUCAGAGUGC 3’.  
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Figure 3-3: Step-by-step synthesis schematic of the NS@PLL@DNA/siRNA complex 

 

     The nanoshell based targeted delivery system consists of a gold nanoshell (NS) 

functionalized with PLL hybridized to antisense oligonucleotide. In order to form a well-

organized self-assembled monolayer of PLL on nanoshells surface via gold-thiol bond, the 

particles were incubated overnight and gently shake. Prior to DNA hybridization, the NS-

PLL complex were cleaned from the nonspecific PLL binding and from the polypeptide 

excess by centrifugation, replace the solvent (TE buffer with 1mM NaCl) and sonication. 

Antisense oligonucleotides were incubation for 1hr, binding electrostatically to the PLL. 

Because the cationic peptide is positively charged due to the adequate positive charge on the 

lysine, it can be weakly and noncovalently bond electrostatically with the negatively charged 

phosphate backbone of the RNAi. The PLL also stabilizes the length of a given nucleic acid.  

The NS@PLL@siRNA/DNA complex, illustrated in Figure 3, is irradiated from above in 

a glass beaker with a 1.0-5.0 W/cm2 continuous diode laser tuned to 808nm under rapid 

stirring slowly raising the temperature. A thermocouple is placed in the vessel to record 

increase in temperature. As the sample heats, the amount of the DNA/siRNA in the 

supernatant increases.  At incremental temperature points, 1mL aliquots of irradiated solution 

is collected and quickly centrifuged at maximum rpm for 60 seconds to separate particles 
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from released oligonucleotides. The supernatant is collected, allowed to cool down at room 

temperature, and measured in a Fluorolog. Release curves are generated using the 

fluorescence intensity at each temperature point.  

3.1.5. Results and Discussion 

The conjugated vectors were investigated by zeta potential and size; results are 

presented in Table 2. The negatively charged NS with a -42.567mV zeta potential became 

positively charged after incubation with PLL 46.633mV and modified again with a negative 

charged after incubation with DNA (-1.2533mV) indicating the binding of peptide and DNA 

to NS; the peptide creates positive complex while DNA neutralizes. The complex formation 

can be verified by measuring the size of nanoparticles-complex. Increase in size occurs upon 

adding of peptide and ssDNA, in agreement with predictions. 

  Diameter Size (nm) ZP (mV) 
Bare NS 159.5 -42.567 
NS@PLL 193.0 42.633 
NS@PLL@siRNA 592.1 -1.2533 

 

Table 3-2: DLS data of size and zeta potential of bare and PLL@siRNA conjugated NS. 

To understand the interaction of PLL with short ss-DNA, circular dichroism (CD, Figure 4) 

were performed. The CD measurements used a JASCO J-810 spectropolarimeter equipped 

with a Peltier-type temperature control system for wavelengths ranging from 180 to 800 nm. 

Varying pH induces a conformation change in the polylysine based peptide. Arrows indicate 

peaks associated with random coil and alpha-helix forms. A pH=7 environment was 

maintained consistently. The peptide signal is strongest in far-UV region (200-240nm) and 
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the DNA signal is strongest in near-UV (240nm-350nm). The CD spectra suggest both the 

peptide and DNA change conformation upon interaction. The dramatic conformation change 

with an electrostatic interaction affects both molecules.  

 

Figure 3-4: CD spectra of (A) PLL at different alkalinity: pH=10 (red) and pH=7 (green); 

and (B) CD spectra of PLL(green), DNA(blue), and PLL-DNA complex(red). 

     Preliminary release results, illustrated in Figure 5, were taken for the three antisense 

oligonucleotides prior to improving PLL with MALDI purification. The decreasing release 

trend is inversely proportional to the expected phenomenon. We anticipate increase in the 

fluorescence intensity with thermal increase as an indicator that the loaded DNA/RNA is 

released with growing temperatures. Contrarily, these results are inconclusive and as a result, 

future work includes repeating the light mediated release with purified PLL first in solution 

and secondly intracellularly.  

 

220 240 260 280 300
-15

0

15


 [

m
d

g
]

Wavelength (nm)

 Peptide in random coil form, pH= 7

 Peptide in -helix form, pH = 10

220 240 260 280 300 320 340
-40

-30

-20

-10

0

10

20

30

40


 [

m
d

e
g

]

Wavelength (nm)

 Peptide

 ss-DNA

 [Peptide+ ss DNA] 

Peptide

  signal

DNA 

signalA B

220 240 260 280 300
-15

0

15


 [

m
d

g
]

Wavelength (nm)

 Peptide in random coil form, pH= 7

 Peptide in -helix form, pH = 10

220 240 260 280 300 320 340
-40

-30

-20

-10

0

10

20

30

40


 [

m
d

e
g

]

Wavelength (nm)

 Peptide

 ss-DNA

 [Peptide+ ss DNA] 

Peptide

  signal

DNA 

signal

220 240 260 280 300
-15

0

15


 [

m
d

g
]

Wavelength (nm)

 Peptide in random coil form, pH= 7

 Peptide in -helix form, pH = 10

220 240 260 280 300 320 340
-40

-30

-20

-10

0

10

20

30

40


 [

m
d

e
g

]

Wavelength (nm)

 Peptide

 ss-DNA

 [Peptide+ ss DNA] 

Peptide

  signal

DNA 

signalA B



37 
 

 

 

  



38 
 

 

 

Figure 3-5: Light triggered release of the (A) short ssDNA, (B) phosphorothioate modified 

short ssDNA, and (C) long ssDNA from the NS@PLLcomplex. 

3.1.6. Future Work 

 Expectations comprise elimination of release anomalies by repeating the light-

triggered release in solution with purified PLL. Under circumstances where anomalies are 

not eradicated, further system debugging will need to be performed. Following debugging 

and successful release, completion of aim 3 and 4 constitute next steps. 

3.1.7. Conclusion 

 This study is based on the most promising approaches for gene therapy: NS-

Polypeptide system will be the host carrier with antisense DNA or siRNA as the attached 

delivery vector. Once NS conjugates are uptaken by malignant cells, the antisense strand can 

be dehybridized by heating the NS using a laser to excite the particles. This delivery 

precision confirms the antisense oligonucleotide is released only in the location of interest 

and any undesirable damage or side effects in healthy tissue are avoided. Additional 

functionalization of the gold surface with thiolated polylysine would also increase circulation 

time and add stability to the attached DNA or siRNA. The use of this complex in vitro will 

reveal a host of vital and characteristic information for implementation in vivo. 
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3.2. Project 2: Thioaptamer (ESTA1) Conjugated Fluorescent Gold 

Nanomatryoshkas for Pancreatic Cancer 

 

This work is in current progress in collaboration with Ciceron Ayala-Orozco, Oara 

Neumann, Sandra Bishnoi, and Naomi. J. Halas at Rice University. Heather Charron and 

Amit Joshi from Baylor College of Medicine assisted with the oversight of this project in 

addition to Milynh T. Bernardi, Laura A. M. Liles who all collectively aided with the 

quantitative real-time PCR. David Volk and David Gorenstein from the University of Texas 

Health Sciences Center provided the ESTA-1 and helped to direct the focus of the project. 

3.2.1. Introduction  

 E-selectin is a cell adhesion molecule rapidly induced by inflammation which targets 

the plasma membrane on endothelial cells. For chronic and acute inflammation response 

processes, metastatic tumor cells induce an over-expression of E-selectin as the expression of 

complementary carbohydrate ligands causes mobilized E-selectin to bind tightly to the 

endothelial surface. Additional E-selectin is expressed due to cytokines (small proteins) 

which manage growth and response functions of cell signaling. Characteristically, E-selectin 

is a valuable tumor indicator since it is not present on normal endothelium. [84][85][86] 

In order to combat metastatic tumor cells, researchers report the novel fabrication of 

ESTA-1, a thiophosphate-modified oligo-nucleotide aptamer (thioaptamer) ligand designed 
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to preferentially target E-selectin with minimal response to L-selectin and P-selectin.[87][88] 

E-selectin preferentially binds to ESTA-1 with a high binding affinity (47nM) since the 

natural selectin receptor, sialyl Lewis X (SLex), binds ineffectively with low affinity; 

micromolar range Kd is considered low affinity.[89] With selective targeting to only 

metastatic tissue, ESTA-1 improves the delivery efficacy both in vitro and in vivo and is the 

first of its kind to preferentially bind to E-selectin in this manner. [87][90] 

E-selectin can be synthetically targeted with two known groups of ligands: Anti-selectin 

antibodies and ESTA-1 aptamer.  While anti-selectin antibodies have proven to be successful 

in delivering imaging contrast agents selectively to target inflammation, aptamers prove to be 

more attractive. [91][92]Antibodies are much larger than aptamers, require and need special 

chemical conditions (including pH, salt) as they are very sensitive to surrounding 

environment. Contrarily, aptamers are chemically robust, stable, and are produced with a 

chemical synthesis utilizing a library of bases to form highly specific structures that can 

interact with a given ligand. ESTA-1 is an attractive alternative to anti-selectin antibodies 

since a significant binding efficiency is reported for over expressed E-selectin in the 

inflammatory process. 

To furthermore study the inflammatory targeting mechanism, we use plasmonic 

nanostructures as carriers for delivering image contrast agents and therapeutics to sites of 

malignancy. The two nanostructure geometry with different sizes was selected:  nanoshells 

(NS, D=180nm), which consist of a silica core and a gold shell, and nanomatryoshkas (NM, 

D=105nm), having a gold-silica-gold geometry, are carriers utilized for E-selectin targeting 

in this study. Synthesis details for NM are presented in Appendix B. The silica layer of the 

NM is doped with CY7 dye that allows us to perform fluorescence imaging of particles 
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inside the cell.[93] The nanoparticle surface was functionalized with a mixed coating of 

polyethylene glycol (PEG) and PEG@ESTA. The protecting layer of PEG establishes 

improved complex circulation and forms a monolayer on the nanoparticle surface.[94] The 

designed PEG@ESTA aptamer with a well-defined ss-DNA sequence has a –SH group 

attached to the 5’ terminus to facilitate a covalent binding to the gold surface.[95] The 

presence of a PEG spacer between the aptamer and thiol allows the ESTA to be more 

geometrically available. The plasmonic complexes were characterized by zeta potential, size 

distribution, and Fourier transform infrared spectroscopy (FTIR). 

3.2.2. Specific Aims 

1. To synthesize a NIR fluorescent nanostructure 

The addition of fluorescent molecules to the surface of a nanostructure alters surface 

chemistry and for this project, loading capabilities of the ESTA molecules. Therefore, 

synthesis of a NIR nanostructure with inherent fluorescence supplies a multimodal particle 

capable of targeting inflammation with a functionalized PEG-ESTA monolayer and tracking 

both ESTA distribution and delivery via fluorescence imaging. Using the NM protocol in 

Appendix B by Ciceron Ayala-Orozco, the inner silica layer of the NM can be doped 

fluorescently while maintaining the gold core and outer gold shell geometry. Preservation of 

an uncoupled outer shell makes available the nanostructure surface for ESTA conjugation or 

manipulation of surface chemistry to further tailor the modalities.  

 

2. To characterize the conjugated nanostructure complex 
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Understanding a system in totality is a fundamental requisite of experimentation. For 

PEG-ESTA conjugated nanostructures, characterization of surface chemistry including 

charge and quantification of coupled molecules is vital for later comprehension of cellular 

interaction and therapeutic efficiency with the complex.  

 

3. To perform in vitro and in vivo bioimaging 

After incubation of the conjugated nanostructure complex either in vitro or in vivo, the 

ability to pictorially track ESTA cellularly is crucial for therapeutic characterization.[96][97] 

Utilizing either an inverted microscope for live imaging or using the Cytoviva, dark field 

microscopy coupled with fluorescence imaging, for fixed cells will prove to be efficacious 

when experimentally answering the following questions in vitro: how is the complex uptaken 

in the cell, what is the time scale for uptake, what concentration of conjugated nanoparticles 

is uptaken, what is the necessary dosage, what part of the cell does the therapeutic interaction 

occur after uptake, what is the therapeutic effect time scale for which remission occurs, and 

are there any internal or external cellular effects. While studying the effects via cell culture 

provides a wealth of knowledge for a controlled isolated setting, observing the conjugated 

complex in living organisms has significance and clinical relevance. Specific and non-

specific targeting can be monitored following the intravenous injection of the complex in 

mice, obtaining live fluorescence imaging, and performing biodistribition studies via ICP of 

harvested organs. 
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3.2.3. Research Accomplished 

Fluorescently doped NM have been successfully synthesized with continuous 

contributions from Ciceron Ayala-Orozco. Nanoparticle conjugation with PEG-ESTA is 

successful and size, zeta potential, spectral, FTIR, and quantification using qPCR has been 

accomplished for this complex. All measurements were performed on a NM@PEG@ESTA 

complex with the exception of initial size, zeta, and spectral data.  

3.2.4. Experimental 

 The ss-DNA chain in the ESTA-1aptamer has a 73 base pair sequence of 5'- CGC 

TCG GAT CGA TAA GCT TCG ATC CCA CTC TCC CGT TCA CTT CTC CTC ACG 

TCA CGG ATC CTC TAG AGC ACT G -3' (calculated MW 22166.3 g/mole) and was 

provided by the Gorenstein Group without any additional modifications or purifications. The 

calculated melting temperature (Tm) is 42.8°C having a 50mM NaCl concentration and 

calculated extinction coefficient is 656700 L/(mole·cm). The aptamer has a stable three-

dimensional secondary structure as presented in Figure 6 due to intramolecular base pairing 

interaction. 
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Figure 3-6: The three-dimensional secondary structure of the ESTA-1 aptamer (from IDT 

DNA oligoanalyzer) 

ESTA-1 dilutions of 0.5 µM to 40 µM where made with phosphate buffer pH=7 prior to 

incubation with nanoparticles. Freshly prepared nanoparticles were incubated with diluted 

ESTA-1 mixtures for 2 hours under stirring. The NS/NM@PEG@ESTA complexes were 

washed via centrifugation twice to insure free aptamer is removed from solution. A high 

concentration of thiol-PEG is then incubated with the complex to protect the nanoparticle 

surface by filling in and completing the monolayer. The addition of neutral PEG moves the 

zeta potential closer to neutrality, which will improve the cellular nanocomplex uptake. 

Solutions are washed again via centrifugation four times to remove the nonspecific PEG 

molecules.   
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3.2.5. Results and Discussion 

Varying ratios of PEG and ESTA on the NS/NM@PEG@ESTA complex were tested 

to characterize size and zeta potential response for monolayer formation as represented in 

Table 3; corresponding spectral data is illustrated in Figure 7. In order to include error bars 

for the NS@PEG and NS@PEG@ESTA with PEG monolayer samples, we will repeatedly 

scans the sample to achieve a standard deviation (mV). Particle sized a solution average and 

may be inflated due to possible aggregation. NS@PEG@ESTA are NS coated with a 1:1 

ratio of PEG:Thiol-PEG-amine-carboxyl-ESTA and have only a slightly more negative 

surface charge than  NS with 100% Thiol-PEG-amine-carboxyl-ESTA. Hydrodynamic 

diameter of the vectors scales as expected since PEG has a larger molecular weight than 

ESTA. The extinction spectra show no significant shift due to the nanoparticles 

functionalization.  

Nanoparticles Diameter Size (nm) Zeta Potential (mV) 

NS 165.2 -32 ±10.4 

NS@PEG 222.2 -5.79 

NS@PEG@ESTA with PEG 

monolayer 198.9 -6.76 

NS@PEG@ESTA 184.1 -51 ±11.5 

 

Table 3-3: Diameter size and zeta potential for the NS@PEG@ESTA conjugation.  
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Figure 3-7: Extinction spectra of (red) bare nanoshells, (green) NS conjugated with PEG, 

(cyan) NS@ESTA, and (blue) NS@PEG@ESTA. 

     Performing Surface-enhanced Raman Spectroscopy (SERS) will confirm the local 

structure and molecular presence of the NM@PEG@ESTA-1 complex on metal surface. 

Measuring SERS spectra of bare NM and functionalized NM@PEG@ESTA1 suggest that 

the ESTA1 aptamer is attached to the surface of the nanomatryoshka (NM). The SERS of 

bare NM is not expected show any significant peaks in the 300-1000cm-1 range. The 

presence of ring breathing modes of: guanine (667cm-1), adenine (733cm-1), and cytosine 

(794cm-1) on the conjugated complex will confirm the aptamer is bound to the surface of the 

NM. In the 900-1600cm-1 range, we will have the contribution from all four bases; 

vibrational modes we expect to observe in this region include ν(N-R, C=N Pyr), ν(C5-Me), 

ρ(NH2), ν(C-N), ν(C-N, C=N), and δ(NH3).  

     Similarly, Fourier Transformer Infrared (FTIR) spectroscopy confirms the aptamer 

presence on the NM, illustrated in figure 8. For FTIR measurements, functionalized NS are 

drop casted on a ZnSe substrate and allowed to dry overnight. ZnSe substrates were selected 
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over silicon since ZnSe is visible in the 1650 cm-1-1040 cm-1 range where the characteristic 

C=O stretch and the P=O bending targeted peaks of ESTA-1 reside, respectively.[90] The 

FTIR spectra were obtained from a Bruker Vertex 80v spectrometer under vacuum purging 

with a mercury cadmium telluride (MCT) detector and a spectral resolution of 4 cm^-1. A 

blank ZnSe window was used for the background measurement in each analysis. 

While Silicon substrates are significantly cheaper, FTIR of samples taken on silicon 

substrate exhibit a large feature at 1100 cm-1 in all spectra.  This feature corresponds to the 

phonon resonance of the silicon substrate and the silica cores in the particles which lies on 

top of the phosphate resonance. The vibrational resonance silica cores of the NS could also 

possibly interfere with the phosphate signal. While a background subtraction should 

theoretically eliminate all of the contribution from the substrate, different areas of the same 

sample (or different samples of the same material) in many FTIR measurements can give 

slightly different background spectra, especially when the substrate itself has a vibrational 

resonance.  The difficulty of discerning the peak in the spectrum, especially since the 

intensity of the silicon peak may change when we move to different parts of the sample, 

deterred us to use ZnSe optical windows. Phosphate peaks we confirmed.  
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Figure 3-8: FTIR transmission measurements of (A) bare NM, (B) NM conjugated with 

PEG@ESTA, and (C) unconjugated PEG@ESTA-1.  

3.2.5.1. Quantitative Thioaptamer Functionalization 

In order to understand the therapeutic efficiency and the vector targeting mechanism 

at the cellular level, quantification of conjugated ESTA-1 molecules on the nanoparticle is 

necessary. While calculations from concentration can yield number of molecules attached to 

the surface of the particle, experimental measurements provide more accuracy. We employ 

Real-time Quantitative Polymerase Chain Reaction (qPCR) to quantify the amount of ESTA-

1 conjugated to the particles for five concentrations in 1 µL of sample. The number of 

nanomatryoshkas in 1 µL of sample was quantified by UV-vis spectroscopy. 

PCR is a method used to amplify and sequence DNA. A desired section of DNA is 

amplified when the hydrogen bonds of ds-DNA are broken by heating forming two single 

strands. Primers hybridize to the individual strands during the cooling process. DNA 

polymerase then binds to the strands following the primer where free nucleotides will bind to 

complete the copied strand. This duplication process can be repeated numerous times to 

attain large amounts of a desired sequence. Rather than using gel electrophoresis as with 

standard PCR for detection, qPCR provides objective analysis by measuring the 

accumulation of fluorophore labeled oligonucleotides during thermal cycling. As a result, the 

amount conjugated ESTA-1 for a given concentration of NM can be precisely quantified. 

 As shown in table 3, a maximum coating of ESTA-1 causes a dramatic decrease in 

zeta potential to the NS/NM complex; furthermore, zeta potential is strongly negative for 

concentrations of ESTA-1 more than 40 µM. Maintaining a low surface charge close to 
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neutrality is important for bio distribution studies so that the complex can move freely 

through the blood stream and enter the negatively charged cell membrane. The addition of 

neutral PEG to the ESTA-1 conjugated nanostructure aids in maintaining ideal surface 

charge. The optimal zeta potential for circulation should be slightly under neutrality but 

above -7.6mV. [98][99] 

 

Concentration 

of ESTA1 (µM) 

Size (nm) Zeta 

Potential 

(mV) 

*Number of 

ESTA1 

molecules 

¶Number 

of NM 

Number 

of 

ESTA1/NM 

0.0 158.9±2.2 -6.88 377 9.8x106 0.00 

0.5 157.1±1.0 -4.16 1,274,941 1.6x107 0.08 

1.0 158.4±1.5 -4.03 1,666,049 1.2x107 0.14 

5.0 158.5±2.0 -6.60 1,605,954 1.4x107 0.11 

10.0 158.5±1.6 -3.86 3,174,284 1.6x107 0.19 

40.0 157.5±1.7 -5.21 144,751,193 1.5x107 9.65 

 

Table 3-4: Diameter size and ζ potential for the NS@PEG@ESTA conjugation with varying 

ESTA-1 concentrations. Number of ESTA molecules on the surface of the NM measured using 

qPCR. 
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A positive control test with unconjugated thioaptamer was run initially to test key parts of 

the system. The number of ESTA1 molecules was measured and reported in Table 4. Despite 

the greater loading capacity of the nanostructure, approximately 10 molecules of ESTA-1 are 

bound in each nanomatryoshka for a 40 micromolar concentration: the highest concentration 

of ESTA used to maintain a zeta potential above -7.6mV.  Surface charge scales linearly with 

ESTA-1 concentration. Size measurements were recorded as a control. 

3.2.6. Future Work 

 The results previously mentioned are more specifically defined as preliminary results. 

In the future, we will need to perform in vitro studies with pancreatic cancer cell lines to 

verify the ESTA@NM bind to inflamed endothelium, to test targeting capacity, and to 

determine effective number of ESTA molecules needed per cell. Using darkfield microscopy 

coupled with fluorescence imaging, we will be able to visualize and track the conjugated 

vector to understand therapeutic mechanisms and cell uptake. The authors have also 

discussed designing a simple experiment to determine how much E-selectin is available 

(possibly by exploring small vs large particles by trying different cell lines-NCF-7 and 231). 

We hope to be able to identify a rate for inflammation upregulating E-selectin for our cell 

lines. 

Post in vitro characterization and exploration, in vivo studies are also desired. We 

expect to obtain biodistribution for all organs using ICP to identify the gold ions in mice 

models. Success of the mediated therapy will be observed with lifetime time measurements 

and imaging following systemic delivery of NM@PEG@ESTA-1.  
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3.2.7. Conclusion 

 Targeting E-selectin expression on the surface of endothelial vessels with 40nM 

ESTA concentrations is expected to treat early and late stages of metastasis. Having a high 

binding affinity to sites of inflammation, ESTA-1 proves to be an efficacious targeting and 

therapeutic aptamer. Functionalization on a fluorescent NM provides the availability to 

perform cellular imaging for in vitro studies. ESTA conjugated nanostructures doped with 

various contrast agents are an ideal vector for a library imaging techniques.  
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Chapter 4: Conclusions 

Development of nanotechnology based drug delivery and imaging would greatly 

benefit from small, controlled, and selective therapeutic vectors. Significant work has been 

done on three separate projects to achieve these benefits. Here we demonstrate the fabrication 

of ~ 50 nm diameter cobalt hollow gold nanoshells (HGNS) with tunable optical properties 

from the visible to the near infrared (NIR). The composition and characteristics of the HGNS 

were also studied to recognize the function of cobalt (Co) impurities. We revealed a noticeable 

amount of Co trapped in the structure, which opposes previous rationalizations of a purely 

hollow gold shell geometry. Spectral broadening is discovered for single structures with 

increasing Co concentrations. Without altering size or geometry, the presence of Co allows for 

a larger generation of hot electrons that could interact with the system. While the residual Co 

seems beneficial for many physical applications, high concentrations of Co prove to be toxic 

and inadvertently debilitate functionalization to the Au surface. Optimization of surface 

decontamination techniques is necessary for further therapeutic studies. 

Secondly, siRNA/DNA dehybridization and release of the oligonucleotide by exposing the 

NS to a 1 W/cm2 continuous diode laser tuned to 808nm is nearly demonstrated. In these 

experiments, a thiol-modified polylysine peptide is hybridized to an oligonucleotide. The 

results suggested that the local heating on the nanoshell will dehybridize the 

PLL@DNA/siRNA without significantly raising the solution temperature. RNA molecules 

which inhibit gene expression, typically by causing the destruction of specific mRNA 

molecules, are controllably released after induced laser irradiation resulting in gene silencing 

eliminating the defective gene causing metastasis.  Furthermore, Ryan Huschka, et al. 
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demonstrates in vitro release from NS@PLL@DNA complex. The cell uptake was verified by 

fluorescence imaging and ICP. Similar experiments for the NS@PLL@siRNA complex are 

being drafted. 

Lastly, ESTA-1 initiates the targeting of the biological process in which an 

overexpression of E-Selectin binds to the exterior of the cell membrane due to vessel 

inflammation. ESTA-1 preferentially binds to the E-Selectin tumor marker by way of a 

pegylated fluorescently doped NM. With the ability to track and image the functional aptamer 

intercellularly, discoveries regarding biological progression and the therapeutic processes after 

targeting may reveal natural or synthetic knowledge to be potentially replicated as promising 

anticancer strategies. Optical extinction properties at the ensemble and the single nanoparticle 

level, surface functionalization to achieve therapeutic gene silencing therapy at controlled 

instances with light-triggered release, and subsequent fluorescence doping and surface 

functionalization for high affinity inflammatory targeting and bioimaging are novel projects in 

the growth of cancer theranostics. 
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Appendix A: Protocol for Hollow Gold 

Nanoshell Synthesis 

 

Here we demonstrate the fabrication of ~ 50 nm diameter gold nanoshells. The 

nanoshells were synthesized by coating cobalt (Co) nanoparticles with gold (Au) in an O2 free 

environment. By exposing the Co core/Au shell nanoshells to ambient air, the core is oxidized, 

resulting in hollow gold shell nanostructures. The plasmon resonance of the nanoparticles in 

the following figures was tuned to 840 nm by controlling the thickness of the Au shell 

following the protocal: Adam M. Schwartzberg, Tammy Y. Olson, Chad E. Talley and Jin Z. 

Zhang. Synthesis, Characterization, and Tunable Optical Properties of Hollow Gold 

Nanospheres. J. Phys. Chem. B. 2006, 110 (40), 19935-19944.  

We found the slow addition method to be optimal. The fast addition procedure differed 

from the slow addition method in that the 0.4M Cobalt Chloride (CoCl2) was not diluted with 

water and was added all at once to the Na3C3H5O(CO2)3/ NaBH4 solution. In doing this, the 

resulting particles were of poor quality, aggregated, and inhomogeneous. The wavelength of 

the fast method is significantly less than that achieved with the slow addition method. The 

particles formed with the fast method in relation to the particles formed using the slow addition 

method was smaller in size.  

Also, a low concentration addition method was used for the gold shell addition. With 

this method, we observed that the quicker the cobalt particles were added to the diluted gold 

solution the greater the homogeneity of the particles. Characterization of these structures can 

be found in Chapter 2. The protocol for HGNS tuned to 800 nm is as follows: 
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Chemicals needed include Cobalt (II) Chloride anhydrous (Fluka, 60818), HAuCl4. 

3H2O (Sigma 99%), Sodium citrate tribasic dihydrate (Sigma C3434), Polyvinyl pyrrolidone 

(MW 55K, Sigma 856568), and NaBH4 (Sigma 452882). It is my recommendation to store the 

CoCl2 and NaBH4 in dessicator or dry box.  HAuCl4 will adsorb water over time; as soon as 

HAuCl4 arrives from Sigma immediately form a stock solution. 

1) Prepare a CoCl2 stock solution – 0.4 M = 1.04 g in 20 mL H2O. 

2) Prepare a Au salt solution – 0.1 M = 5 gms in 126.95 mL of H2O (Or make a 1 M stock 

and dilute from that). 

3) Prepare NaCitrate solution - 0.01M = 0.059 gms in 20 mL H2O. 

4)  Prepare 1 % PVP by weight = 0.2 gms in 20 mL H2O. 

5)  Now take 100 mL of H2O in a 3 neck flask, NO STIR BAR, and attach to the schlenk 

line and have N2 flowing through. Now heat it to 100 °C to a boil. Boiling de-aerates 

the H2O 

6) While the water is heating, take 3 beakers with 100 mL capacity and add 10 μL of 0.1 

M HAuCl4 solution into each and add 10 mL H2O. (If you add ~ 30 μL of Au+ instead 

the plasmon is at ~ 700 nm and if you add 60 μL of Au+ the plasmon is at 600 nm). 

7) After the water comes to a boil, immediately cool on an ice bath and wait till the 

temperature goes down to ~ 6 - 10 °C. When the temperature is that low, the reduction 

of CoCl2 after NaBH4 addition is slowed down and better particles are made. The flask 

should still be under N2 flow. 

8) Add 100 μL of CoCl2 and 20 μL NaCitrate. Just keep a slightly high flow of N2, and 

just pipette the solutions into the flask and seal immediately. 
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9) Shake the flask manually to ensure the solutions mix well. Keep it under N2 the entire 

time.  

10) Wait 2- 5 mins for the reaction to complete. While waiting prepare 1 M NaBH4 = 38 

mg in 1 mL H2O. 

11)  This step is critical and has to be done quickly. Keep the NaBH4 and PVP solutions 

vials open and ready to go. Add 100 μL of NaBH4 and keep shaking manually under 

N2 flow.  

12) As soon as the CoCl2 solution has changed color to brown (2 – 3 mins) add 1 mL of 1 

% PVP. It is important to let the CoCl2 change color (complete reduction) and also 

important to add PVP quickly too. 

13)  Manually shake flask while under N2 flow. 

14)  At this point, take the flask from the stir/hot plate completely and just let it sit for 10 

mins under N2 flow. (Most hot plates are combined stir plates and the magnet in that 

can often aggregate the particles).  

15)  This step is optional: After 10 mins, you can do a quick test: Take 10 μL of the Au 

solution prepared earlier in step 6 (10 μL of 0.1 M HAuCl4 solution + 10 mL H2O) and 

add 1 mL H2O and 1 mL of the brown Co solution. The Co addition has to be done 

very quickly. If you do it slowly, you will get thicker shells and blue shifted spectrum. 

After Co addition, color changes rapidly and if it is a green color, the nanoparticles at 

800 nm have been successfully sythesized. If the solution is a different color (blue, 

purple, pink), wait another 5 – 7 mins before adding the Co to the Au solution. 

16)  This step is very critical and has to be done very quickly. While the Co solution is 

under low N2 flow (if the N2 flow rate is too high the Co will spurt out), open one side 
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and pour 33 mL into a graduated cylinder and very quickly dump into the beaker 

containing the Au solution (10 μL of 0.1 M HAuCl4 solution + 10 mL H2O) prepared 

in step 6. Manually shake the beaker with one hand while adding the Co solution 

rapidly, then keep shaking for an additional 1 min to mix the solution and let it sit for 

~ 5-7 mins. Do the same for the other 2 beakers. 

17)  The solution should turn greenish, and the plasmon should be ~ 800 nm or a bit higher. 

18)  Before centrifuging, it helps to add 1 mL 1% PVP to each centrifuge tube and 

centrifuge at 5000 rpm for 30 mins once and then redisperse in 1 mL H2O. The PVP 

prevents the particles from sticking to the walls of the centrifuge tube, which is not 

always easy to get off. If you need to store the particles for long term, add 1 mL 1 % 

PVP and then store.  
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Appendix B: Protocol for Nanomaytroshka 

Synthesis 

Ciceron Ayala-Orozco, Cordula Urban, Mark W. Knight, Alexander S. Urban, Oara 

Neumann, Sandra Bishnoi, Shaunak Mukherjee, Amanda M. Goodman, Heather Charron, 

Tamika Mitchell, Martin Shea, Ronita Roy, Sarmistha Nanda, Rachel Schiff, Naomi Halas 

and Amit Joshi. Gold Nanomatryoshkas as an Efficient NIR Photothermal Transducer for 

Cancer Treatment: Benchmarking against Nanoshells [to be publish].  This process was 

developed by Ciceron Ayala-Orozco. This protocol is a copy of the method described in the 

following articles under preparation: 

1. Ayala-Orozco, C; Liu, J; Knight, M. W; Wang, Y; Nordlander, P; and Halas, N. J. 

Plasmonic Fluorescence Enhancement of Molecules Confined Inside a Gold 

Nanomatryoshka. In Preparation. 

2. Ayala-Orozco, C; Urban, C; Knight, M. W; Mukherjee, S; Urban, A; Neumann, O. et 

al. Gold Nanomatryoshka Improves Photothermal Therapy Efficacy in Triple 

Negative Breast Tumors. In Preparation.    

 

4.1.1. STAGE I 

Au colloid (40 nm citrate NanoXact Gold, nanoComposix) was coated with silica 

doped with 3-aminopropyl triethoxysilane (APTES) by a modified Stöber process.  
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1. For this reaction, 21 mL of Au colloid (7.0 x 1010 particles/mL, citrate-capped 40 

nm Au sphere, NanoComposix) were added under stirring to an Erlenmeyer flask 

with ground glass joint.  

2. Next, 180 mL of 200 proof ethanol (Decon Labs), 1.8 mL of ammonium 

hydroxide (28-30%, EMD Chemicals) were added. 

3.  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.  

4. The solution was sealed and stirred 50 min at room temperature followed by 

stirring 24 h at 4 °C. 

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

10000, Spectrum Labs) previously soaked 20 min in MilliQ grade water to 

remove residual chemicals and 20 min in ethanol to remove excess water.  

6. Dialyze solution 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.  

7. The nanoparticle solution is transferred to a container and cooled to 4 °C and 

centrifuged 45 min at 2000 rcf (~17 mL in each tube). (If 50 nm Au core is used, 

then centrifuge at 1500 rcf).   

8. The supernatant was removed and the pellet was redispersed by sonication in 5 

mL of ethanol. If the color of the supernatant is still red, repeat centrifugation to 

recover more particles. 
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4.1.2. STAGE II 

Next, we synthesize what we called seeded precursor which is the synthetic precursor 

of the nanomatryoshka. 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.  

A. Duff colloid (THPC solution).  

1. In a beaker with 180 mL H2O under rapid stirring add 1.2 mL of 1 M NaOH. 

2. Add 4 mL of a 1.2 mM aqueous tetrakis(hydroxymethyl) phosphonium chloride 

(THPC, 80% solution in H2O, Sigma).  

3. 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.  

4. The final solution was refrigerated for at least 2 weeks before use.  

B. Seed preparation.  

1. 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. 

2.  The solution was quickly vortexed and sonicated for 30 min. 

3.  The resulting mixture was incubated 4 days at room temperature and solution 

was gently shaken and sonicated 20 min once at day. During this time two 

processes took place: 1) the silica was etched and 2) small gold colloid was 

attached to the surface of the silica-coated gold colloid.  
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4. After the incubation, the solutions were sonicated for 20 min, then centrifuged 

60 min at 700 rcf (If 50 nm Au core is used, then centrifuge at 450 rcf). The 

pellet was redispersed in 1 mL of water and transferred into a 2 mL centrifuge 

tube. 

5.  Centrifugation and redispersion steps were repeated twice and in the final step 

particles were redispersed in 250 uL of water. This particle is called seeded 

precursor since it is used as template to fabricate the outer Au shell.   

Optional Steps 4 and 5 to recover more particles and reduce aggregates:  

Optional Step 4. After the incubation, the solutions were sonicated for 20 min, then 

centrifuged 30 min at 700 rcf (if 50 nm Au core is used, then centrifuge at 450 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. Repeat 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 (450 rcf for 50 nm Au core) and redispersed in water by sonication 5 

min. 

Optional Step 5. Centrifugation was repeated but particles in the pellet 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. 
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4.1.3. STAGE III 

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

plating solution as a source of Au3+.  

 

A. Plating solution. In an ambar glass bottle mix 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. 

B. Au shell synthesis 

1. The reduction of Au3+ 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. 

2.  Add 20-60 µL of seeded precursor.  

3. Next, 14 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.  

4. 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. 

 

Optional Au shell synthesis: Reduce all volumes that are used from step 2 

to 3 by half to reduce the waste of seeded precursor while tuning the resonance to 
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the desired wavelength. But add 1 mL of water after the Au shell is formed to 

have enough volume to measure in the spectrophotometer.   

 

Figure 1. Optical and structural properties of nanomatryoshkas (NM) and nanoshells (NS). 

A) Experimental ensemble extinction spectrum of NM (inset: SEM image of NMs with 

dimensions [r1, r2, r3] = [21, 31, 44] nm). B) Experimental ensemble extinction spectrum of 

NS (inset: SEM image of NSs with dimensions [r1, r2] = [62, 76] nm). C) Mie theory 



64 
 

 

 

calculated extinction, scattering and absorption cross-sections spectra of NM. D) Mie theory 

calculated extinction, scattering and absorption cross-sections spectra of NS.  

Please you can use this reference for both figures: 

 

Figure 2: TEM image of nanomatryoshkas. 
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Figure 3: Stability of free Cy7 and Cy7 fluorescently doped nanomatryoshkas. 
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Appendix C: Protocol for in vitro Light 

Triggered Release 

4.1.4. Controls 

- NS@PLL with Laser 

- NS@PLL without Laser 

- NS@PLL@siRNA with Laser 

- NS@PLL@siRNA without Laser 

- Cells only with laser 

- siRNA and Lipofectamine without laser 

- Liposome@siRNA without laser 

- Liposome@siRNA with laser (to disrupt the membranes) 

 

 

4.1.5. Protocol for NS incubation time 

- Synthesize NS  

- Using 96 well plates, grow 6000 MDA-MB-231-LM2 cells per well  

- Be sure the media is serum and antibiotic free when transfecting.  

- Aspirate off medium and replace 100uL of medium to each well. We will aim a 1 x 

109 final NS concentration including medium 

- Incubate for (18, 24, 36, 48, 72 hr) 

- After incubation and before imaging, using a syringe, remove medium and excess 

liquid (as opposed to aspirating) 

- Change the cell media back to serum-containing media after 24 hours. We can use 

these cells for lasing if we time the day right.  

- For the excess medium removed by syringe, Use DLS and Cary to analyze NS 

concentration in excess liquid. (We can try the Lyse process if we do not yield 

promising results). 

- It is strongly believed that the Cytovia is the best tool for counting NS that have 

penetrated the cell line. Assuming it is, place a glass coverslip on the cells and image 

to visualize cellular uptake of NS at specific time points. We have a cell counter in 

our GRB lab. 
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4.1.6. Lipofectamine RNAi-Max protocol (all amounts are for one well) 

- Seed cells (in 100µl medium) in 96-well plate, incubate for 24hrs 

- Dilute 1.2pmol siRNA in 10µl Opti-MEM I reduced Serum Medium, without Serum. 

Mix gently. 

- Before use, mix Lipofectamine gently. Dilute 0.2µl Lipofectamine RNAiMAX in 

10µl Opti-MEM I reduced Serum Medium, without Serum. Mix gently. 

- Combine diluted siRNA and Lipofectamine mix, mix gently and incubate for 10-

20min. 

- Add the siRNA-Lipofectamine to the cells (20µl total, this is easy to pipette)  

- Incubate for a given time (in the Lipofectamine-protocol they recoomend an incubation 

time of 24-48hrs). Several wells are needed to prepare a mastermix for siRNA and 

Lipofectamine so it will be easy to pipette even the small amounts 

 

4.1.7. Protocol for laser power and laser time variables 

- Synthesize NS controls 

- Using 96 well plates, grow 6000 MDA-MB-231-LM2 cells per well  

- Be sure the media is serum and antibiotic free when transfecting.  

- Aspirate off medium and replace 100uL of medium to each well. We will aim a 1 x 

109 final NS concentration including medium 

- Prepare complex for Lipofectamine RNAi Max Reagent  

(20uM siRNA)(V1)=(10uM desired con’c)(50uL) 

V1= 25uL siRNA and therefore 25uL Annealing Buffer (with a 

1:1 ratio) 

Tube 1: 125uL Opti-Mem and 7.5uL Lipofectamine 

Tube 2: 125uL Opti-Mem and 7.5uL siRNA  

 Mix (very gently, siRNA is very delicate) the contents of tube 1 and 

tube 2 and incubate for 5 minutes  

- Add this siRNA reagent complex to cells very slowly and evenly across well 

- Add 10uL NS controls to the wells so that the final concentration is 

 (1 x 1010 part/mL)(10uL NS)=(C2)(110uL total volume) 

C2= 9.091 x 108 part/mL 

- Incubate NS and cells for 24 hours (or whatever time we deem ideal from the first 

protocol) 

- Rinse cells in PBS buffer solution very gently as the cells may be stressed and detach 

easily, replace medium, and add 80-100uL 30mg/mL Luciferin (dissolved in water). 

- Be sure to collect solutions aspirated from cells so we can maintain an accurate NS 

concentration 

- Wait 5 minutes after each injection of Luciferin before imaging  

- Image 

- Perform laser treatment. Dishes that are not getting treatment are stored in the 

incubator. 
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- Repeat the last 4 steps for each time point decided. 
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