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1. Abstract
1.1.

Abstract

Gold nanoparticles show a great potential as transducer agents in photothermal
therapy thanks to their enhanced absorption due to a phenomenon known as surface plasmon
resonance. Gold nanorods with a strong absorption in the near-infrared region, with a
longitudinal resonance peak at 800nm and at 980nm, were synthesized by the seed-mediated
growth method. In-vitro photothermal ablation experiments were carried out with
bioconjugated 800nm gold nanorods, showing promising results. Upconverting phosphors
nanoparticles are luminescent nanocrystals that have great potentials as bioprobes as they are
able to absorb low energy photons in the near-infrared and emit high energy visible photons,
through a process known as upconversion. The luminesce efficiency of the upconverting
nanoparticles can be enhanced by its conjugation with gold nanorods, whose plasmon
resonance is tuned to match the excitation wavelength of the fluorophore nanoparticles.
Upconverting nanoparticles, consisting of a NaYF4 host matrix codoped with Yb and Er, were
synthesized and characterized. Their future conjugation with 980nm gold nanorods provides
the possibility of the simultaneous imaging and treatment of cancer.
KEYWORDS:

Surface

nanophosphoros, cancer therapy

plasmon

resonance,

gold

nanorod,

upconverting
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Resumen

Las nanopartículas de oro muestran un gran potencial como agentes transductores en
terapia fototérmica gracias a su alta absorción debido a un fenómeno conocido como
resonancia de plasmones superficiales (surface plasmon resonance). Nanobarras de oro (gold
nanorods), con una fuerte absorción en el infrarrojo cercano y un pico de resonancia
longitudinal localizado a 800nm y a 980nm, fueron sintetizadas por el método de crecimiento
mediante semilla. Se realizaron experimentos in-vitro de ablación fototérmica utilizando
nanobarras de oro bioconjugadas con una resonancia a 800nm, presentando resultados
prometedores. Los fósforos sobreconversores (upconverting phosphors) son nanocristales
luminiscentes que tienen un gran potencial como biosondas ya que son capaces de absorber
fotones de baja energía en el infrarrojo y emitir un fotón visible de mayor energía a través de
un proceso conocido como sobreconversión. La eficiencia lumínica de estas nanopartículas
puede ser aumentada a través de su conjugación con nanobarras de oro cuya resonancia de
plasmones está sintonizada con la longitud de onda de excitación de las nanopartículas
fluoróforas. Se sintetizaron y caracterizaron nanopartículas sobreconversoras compuestas por
una matriz anfitriona de NaYF4 dopada con Yb y Er. Su futura conjugación con nanobarras de
oro con una resonancia localizada a 980nm ofrece la posibilidad de la simultánea captura de
imágenes y tratamiento del cáncer.
Palabras Clave: Resonancia de plasmones superficiales, nanobarras de oro, fósforos
sobreconversores, tratamiento contra el cáncer
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Resum

Les nanopartícules d'or mostren un gran potencial com a agents transductors en
teràpia fototèrmica gràcies a la seva alta absorció a causa d'un fenomen conegut com a
ressonància de plasmons superficials (surface plasmon resonance). Nanobarres d'or (gold
nanorods), amb una gran absorció en l'infraroig proper i un pic de ressonància longitudinal
localitzat a 800nm i a 980nm, van ser sintetitzades pel mètode de creixement mitjançant
llavor. Es van realitzar experiments in-vitro d'ablació fototèrmica utilitzant nanobarres d'or
bioconjugades amb una ressonància a 800nm, presentant resultats prometedors. Els fòsfors
sobreconvertidors (upconverting phosphors) són nanocristalls luminescents que tenen un gran
potencial com a biosondes ja que són capaços d'absorbir fotons de baixa energia en l'infraroig i
emetre un fotó visible de major energia a través d'un procés conegut com sobreconversió.
L'eficiència lumínica d'aquestes nanopartícules pot ser augmentada a través de la seva
conjugació amb nanobarres d'or amb una ressonància de plasmons sintonitzada amb la
longitud d'ona d'excitació de les nanopartícules fluoròfores. Es van sintetitzar i caracteritzar
nanopartícules sobreconvertidores compostes per una matriu amfitriona de NaYF4 dopada
amb Yb i Er. La seva futura conjugació amb nanobarres d'or amb una ressonància localitzada a
980nm ofereix la possibilitat de la simultània captura d'imatges i tractament del càncer.
Paraules Clau: Ressonància de plasmons superficials, nanobarres d'or, fòsfors
sobreconvertidors, tractament contra el càncer
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2. Introduction
The purpose of this project is the development of plasmonic nanomaterials and their
bioconjugates for targeted detection and treatment of bladder cancer. This project consists on
the synthesis, bioconjugation and characterization of plasmonic gold nanorods (AuNR)
exhibiting strong plasmon resonance in the near infrared (NIR) spectrum as well as
upconverting phosphors nanoparticles (UCP) in order to use them for bioimaging and thermal
ablation of cancer cells. The final objective of the research, in which this project is done, is the
development of a new therapy for bladder cancer based on laser ablation, mediated by
plasmonic nanorods.
Gold nanoparticles show a great potential as transducer agents in photothermal
therapy thanks to their enhanced absorption due to a phenomenon known as surface plasmon
resonance (SPR). Tunable gold nanorods with a strong absorption in the near infrared region
can be used to generate heat through light absorption and induce thermal ablation of cancer
cells. By applying a NIR laser, whose frequency overlaps with the SPR of the particles, a local
increase of temperature around the nanorods is achieved, leading to the destruction of nearby
cells. Furthermore, this effect can be focalized by the bioconjugation of AuNR with specific
targeting molecules, so that they specifically bind to bladder cancer cells, allowing selective
and localized heating in target cancer cells.
Upconverting phosphors nanoparticles are luminescent nanocrystals that have great
potentials as bioprobes for imaging and detection in biomedical applications as they are able
to absorb low energy photons in the near-infrared and emit high energy visible photons,
through a process known as upconversion. The luminesce efficiency of the UCP nanoparticles
can be enhanced by its conjugating with AuNR, whose SPR is tuned to match the excitation
wavelength of the fluorophore nanoparticles. The combination of Au and UCP nanoparticles
provides the possibility of the simultaneous imaging and treatment of cancer cells.
The final goal of this work is the development of a more accurate therapy for diagnosis
and treatment of early-stage bladder cancer based on upconverting fluorophores and
nanomaterial-directed photothermal ablation. At the present time, patients are treated with
intravesical Bacillus Calmette-Guerin (BCG) administered directly into the bladder. However,
recurrence of bladder cancer is frequent and it may progress from superficial to an advanced,
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life-threatening stage [1]. The simultaneous treatment and imaging of bladder cancer, by
coupling photothermal response of gold nanorods with luminescence from upconverting
nanophosphoros, represents a novel and practical future approach that can potentially
decrease actual recurrence and increase survival rates of patients. Its application can be done
with minimal modifications of current clinical practices by administering the nanoparticles
intravesically via a urinary catheter and infrared light via a modified cystoscope. The possibility
of washing the bladder after treatment avoids the problem of systemic exposure and
clearance of nanoparticles from body [1].
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3. Project Background
This project was performed at the Park research group at University of Colorado
Boulder, which in recent years has being working on plasmonic nanorods for thermal ablation
of cancer cells and upconverting nanophosphoros for their imaging. The project was
codirected by Dr. Wounjhang Park, who provided the project initial ideas. The group consists
of the following members: S. K. Cho,1 K. Emoto,1 L.-J. Su,2,3 X. Yang,2,3 T. W. Flaig2,3 and W.
Park1,3
The research group has developed a protocol for synthesizing and conjugating gold
nanorods that specifically bind to bladder cancer cells; they have also demonstrated the effect
in vitro and are currently moving to animal studies. Upconverting nanoparticles were originally
obtained from Park research group collaborators at Georgia Tech. The protocol employed for
the later particle synthesis at Park research group was developed by them. This project is a
continuation of this previous work.
The project was performed according to the Time Plan presented on Annex 9.1. No
major changes or delays were present respect to the previous Time Plan included in the
project critical review. The final work packages, tasks and milestones can be found on Annex
9.2.

1

Department of Electrical Computer and Energy Engineering, University of Colorado, Boulder,
Department of Medicine, Division of Medical Oncology, School of Medicine, University of
Colorado Denver, Aurora, CO 80045
3
University of Colorado Cancer Center, Aurora, CO 80045
2
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4. Project objectives, requirements and specifications
The project objectives are:
-

Optimize the synthesis and bioconjugation process of gold nanorods for a most
efficient targeting of cancer cells

-

Synthesize upconverting phosphoros nanoparticles

-

Optimize the conditions of bioimaging and laser treatment

Project requirements:
-

Synthesis of AuNR exhibiting strong plasmon resonance in the near infrared spectrum,
800nm and 980nm, for photothermal ablation of cells

-

Synthesis of upconverting nanoparticles, NaY0.8Yb0.18Er0.02F4, presenting absorbance at
980nm and emission in the visible spectrum for bioimaging purposes

-

Bioconjugation of the AuNR and the UCP nanoparticles

-

Biocompatibility of the developed nanomaterials

-

The application of infrared light, tuned to the plasmon resonance of the AuNR, should
cause photothermal ablation of cancer cells treated with these nanomaterials

Project specifications:
-

The process for synthesizing AuNR should be grounded on the already established
protocol based on the seed-mediated growth method

-

Synthesized gold nanoparticles will be characterized using spectroscopy and scanning
electron micrographs (SEM)

-

Synthesized UCP nanoparticles and the conjugation processes will be characterized
using SEM and measurements of their photoluminescence upon 980nm laser
irradiation
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5. Gold Nanorods (AuNR)
5.1.

Plasmonic Nanomaterials

Noble metal nanoparticles exhibit novel optical properties that have attracted interest
in prior years. These particles present an enhancement of their optical properties due to an
electrodynamic phenomenon known as surface plasmon resonance (SPR), a phenomenon in
which the conduction electrons in metal nanoparticles or metal surfaces collectively and
coherently oscillate in response to the excitation of an incident electric field. Surface plasmons
can be classified into surface plasmon polaritons, in which the plasmon wave propagates along
the metal surface, and localized surface plasmon resonances, in which oscillating electric
dipoles are confined in a metal nanoparticle; both type of plasmons are supported
simultaneously by metal nanostructures [2].
In a metal, a surface plasmon wave is induced at the metal–dielectric interface when
the free electrons are excited by incident electromagnetic radiation, creating a charge density
oscillation at the metal surface. The resonance condition is achieved when the frequency of
the incident field matches the resonance of the charge density wave, producing a coupling
between the incident energy and the surface plasmon wave, and with it an enhancement of
the electric field [3-5]. In metal nanoparticles, in which the particle size approaches the
electron mean free path length, the plasmon oscillation is confined within the particle, which
acts as a resonant cavity for the plasmon wave, forcing the electrons to oscillate as an induced
electric dipole. The dipole moment in the particle is induced due to the force produced by the
incident electric field on the electron charge density, which causes the displacement of the
electrons cloud relative to the nucleus. A restoring force arises from the Coulomb attraction
between electrons and the nucleus, leading to the oscillation of the electrons at a given
resonant frequency [3, 6]. In small metal nanospheres the SPR is due only to the dipolar
oscillation of the electrons, whereas for larger or anisotropic particles several and higher
modes of plasmon excitation arise [3]. Figure 5-1 presents a schematic of surface plasmon
wave propagating and localized surface plasmon resonance.
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Figure 5-1: a) Surface plasmon wave propagating (in the x direction) along a metal–dielectric interface. b)
Localized surface plasmon resonance (oscillating induced dipole) produced by Au nanospheres. Figure taken from
[3]

Localized SPR generates intense local electric fields near the nanoparticles surface,
resulting in the enhancement of linear and nonlinear optical effects. The excitation of plasmon
resonance modes results in high resonant light scattering and absorption. In scattering the
oscillation decays radiatively; the incident light excites the electrons on the particle surface,
causing their oscillation and subsequently the emission of photons. In absorption the plasmon
oscillations relax nonradiatively, due to electron-phonon and phonon-phonon collisions,
converting the incident energy into heat. The SPR occurs at certain frequencies that are
dependent on the size, shape, composition and surrounding environment of the nanoparticles.
The resonance can be tuned over the visible and near-infrared region of the spectrum by
changing their size or shape; the different shapes include nanospheres, nanorods, silica-metal
nanoshells, nanocages …
The strong localization of light into the nanoparticles volume and the large local
electric fields generated by the SPR close to the nanoparticle, can be used to enhance other
optical processes, such as surface enhanced Raman spectroscopic (SERS), surface enhanced
fluorescence… For example, as the local field extends several nanometers from the particle
surface, the near-field effects can be used to modify the optical properties of neighboring
fluorophores. The coupling effects between the metal nanoparticles are highly sensitive to
distance, decreasing rapidly when moving away from the particle surface [2]. Furthermore, the
SPR peak can be tuned to resonate at a desired frequency, favoring a specific optical process.

Document: 3.Final_report.doc
Date: 07/07/2013
Rev: 01
Page 13 of 52

Final Report
Upconverting and plasmonic nanomaterials for
detection and treatment of cancer

The dipole plasmon resonance of metallic nanostructures can be studied through the
quasistatic approximation, in which the particle size is assumed to be much smaller than the
incident wavelength; this approximation allows threating the electric field as constant and
consequently the use of electrostatic theory instead of electrodynamics [2, 3]. The strength
and frequency of the dipole plasmon resonance can be related to the complex and
wavelength-dependent dielectric function of the particle,
local medium,

; the dielectric constant of the

; and the total number of electrons in the oscillating dipole, which depends

on particle size. The polarizability often is used to define the dipolar plasmon response of the
nanoparticles; for a nanosphere of radius R its polarizability corresponds to:
Eq. (5-1)

The polarizability expression shows the dependence of the SPR on the particle’s size,
shape, composition and local environment. The resonance condition corresponds to the
maximum polarization and provides the strongest optical response; the resonance is achieved
at the wavelength at which the relative permittivity of the metal satisfies
–

and

, also known as the Fröhlich condition [2, 3, 6]. However, at optical

frequencies the imaginary component of the metal permittivity cannot be neglected and the
resonance condition is no longer strictly applicable [2].
The electrodynamic Mie solution to Maxwell's equations, Mie theory, provides an
exact solution for the optical properties (scattering, absorption and resonance wavelength) of
metal nanospheres, describing with this the electrodynamic nature of surface plasmons. The
Mie-Gans theory extends the solution for ellipsoidal particles, and allows the calculation of the
extinction efficiency spectrum in terms of a geometrical factor. The solution for the dipole
polarization and the local electric field for anisotropic nanoparticles, such as gold nanorods,
can be calculated employing the discrete dipole approximation (DDA). This method offers a
flexible technique for the computation of the optical excitation efficiency of arbitrary
geometries [7, 8].
The SPR of metal nanostructures offers an easy optical tunability by adjusting the
particle size, shape or surface dielectric; these factors determine the position of the plasmon
resonance and the range of wavelengths over which it can vary [3]. The tunable resonance
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wavelength of metal nanoparticles ranges from the ultraviolet, throughout the visible, to the
near-infrared of the electromagnetic spectrum. For gold nanospheres, in the size range of 5 to
40 nm, the resonance condition is achieved at visible wavelengths, around 520 nm in water. A
size dependence of the SPR spectral position arises for particles larger than 40nm, the
approximate mean free path of an electron in gold, due to electromagnetic retardation, since
the variation in the amplitude and phase of the electromagnetic field across the particle
become more significant [6]; however the tunability of the wave wavelength with size in
nanospheres is too limited. In general, retardation effects caused by the increasing particle size
lead to a red shift of the SPR to longer wavelengths, the possible appearance of secondary
peaks due to higher order plasmon modes, a change in the width of the SPR and an increase of
scattering respect to absorption as the dominant phenomenon [3, 6]. Anisotropic
nanoparticles can be tuned through a larger range of wavelengths, going from the visible to
the NIR. In nanoshells, the optical resonance can be tuned by changing the nanoshell size or
the ratio of the core/shell radius. In nanorods it can be done by changing the effective size or
the aspect ratio, the length to width ratio. The particle shape also plays an important role in
determining the extinction cross-section of the plasmon bands, and the corresponding
proportion of scattering and absorption. When compared to other nanoparticles, nanoshells
present higher scattering, making them an effective contrast agent for optical imaging, while
nanorods present strong absorption, being better candidates for photothermal therapy. Figure
5-2 shows the optical spectra (extinction, absorption and scattering) for Au nanorods
calculated using discrete dipole approximation (DDA).

Figure 5-2: Optical spectra (extinction, absorption and scattering) calculated using discrete dipole
approximation (DDA) for Au nanorods. Figure taken from [3]

Nanorods support two well defined plasmon modes, a transverse and a longitudinal
mode associated with the plasmon oscillation along the nanorod short and long axes
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respectively. The longitudinal mode corresponds to a stronger band and offers versatile
tunability; with an increase in the nanorod aspect ratio the spectral position of the longitudinal
mode can be strongly red-shifted into the NIR, from 700 to 1,100 nm for AuNR [9]. On the
contrary, the transverse mode possesses a weaker resonance, located around 520nm for
AuNR, which slowly shifts towards shorter wavelengths with an increase in the aspect ratio,
until it reaches an asymptotic value near 500 nm [10].
The effect of nanorod width and aspect ratio on its extinction spectrum has been
studied through simulations using the DDA method [7, 8]; the results show that the aspect
ratio alone does not determine the position of resonance peak, as it happens with an ellipsoid,
but instead its value also depends on the nanorod width. For nanorods, the peak position
presents a linear dependence on the aspect ratio at a fixed effective radius; also, the
magnitude of the extinction increases linearly with volume. Figure 5-3 shows the shift of the
plasmon resonance location of gold nanorods when varying the aspect ratio.

Figure 5-3: Effect on the plasmon resonance location of gold nanorods when varying the aspect ratio.
Figure taken from [11]

For biomedical applications, it is desirable to work in the near-infrared region, since
tissue offers a “biological window” for wavelengths between 750 nm and 1.3 microns, Figure
5-4. In this optical window the absorption of hemoglobin and water molecules in tissues is
minimal, which allows deeper penetration of light and lower damage of off-target tissue. As it
was previously stated, noble metal nanoparticles exhibit a strong optical extinction owing to
SPR, which for nanorods and nanoshells can be easily shifted to the NIR, making them useful
agents for in vivo imaging and therapy. The light radiation of metal nanoparticles, due to
scattering, make them suitable for biomedical diagnostic as contrast agents in biological and
cell imaging using dark field light microscopy, as they allow specifically labeling of tissues and
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cells [7]. Also, plasmonic nanoparticles can be used as biosensors for detecting the presence of
a molecule by monitoring the shift of the plasmon resonance wavelength. The location of the
resonance peak shifts when analyte molecules bind to the nanoparticle surface, since this
causes a change of the dielectric properties of the nanoparticles environment [9].

Figure 5-4: “Biological window” in tissues at NIR wavelengths: Attenuation is minimized between 750nm
and 1.3µm. Figure taken from [10]

Metal nanoparticles are useful photothermal agents in therapeutic applications, as
they present efficient conversion of absorbed NIR light into localized heat due to their
enhanced absorption cross sections, four to five orders of magnitude larger than the ones of
photoabsorbing dyes [10]. In photothermal therapy, plasmonic nanostructures are used as
photothermal transducers to obtain selective and localized heating of the local environment.
Upon laser irradiation, nanoparticles absorb incident photons and optically excite conduction
electrons. The electrons relax nonradiatively by exchanging energy with the nanoparticle
lattice through electron-phonon coupling; subsequently, the energy is dissipated as heat into
the surrounding medium by means of phonon-phonon interactions [3]. This energy dissipation
causes a localized heating around the particle that leads to cell death of nearby cells due to
protein denaturation and cell membrane destruction [10]. Nanoparticles are selectively
delivered to diseased tissue and targeted to tumor cells; their small size allows them to
permeate tissue and the enhanced permeability and retention effect, due to the leaky nature
of tumor vessels, causes their preferential accumulation in tumor tissue [10, 14]. To enhance
delivery and specificity of the therapy, nanoparticles can be conjugated with specific targeting
molecules, such as antibodies, that bind to biomarkers expressed on target cells [11, 14],
allowing a selective heating of these cells. The use of a light emission with frequency
overlapping the nanoparticle SPR band, the strong absorption of the particles at this
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wavelength and the use of bioconjugated particles ensures a selective and efficient cancer
therapy, with minimal ablating power, that destroys target cells and minimizes nonspecific
damage.
In biomedical applications, plasmonic nanoparticles made from gold are a commonly
employed as they present, in addition to their strong and easy tunable surface plasmon
resonance, a multifunctional nature, biocompatibility, easy synthesis and bioconjugation, due
to their facile surface chemistry [10, 21]. All of these characteristics make conjugated gold
nanoparticles attractive agents that can be employed in simultaneous therapy and diagnosis,
achieved by coupling particles with a strong photothermal response with other imaging agents
[9, 12, 13].
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AuNR Synthesis and Characterization

Gold nanorods were prepared by the seed-mediated growth method, a wellestablished methodology that allows an easy, reproducible and scalable way for synthesizing
AuNR with tunable aspect ratios, going as high as 20:1 [10]. The synthesis process consists of a
reduction of metal salt by a weak reducing agent in aqueous solution and the deposition of
reduced ions on the surface of preformed metal seed particles [22]. The seeds used are 4nm
gold nanospheres synthesized from gold salt, hydrogen tetrachloroaurate( III) hydrate
(HAuCl4·3H2O), and an excess of a strong reducing agent, sodium borohydrate (NaBH4), which
promotes isotropic growth. The seeds are then added to a growth solution, formed by gold
salt;

a

weak

reducing

agent,

ascorbic

acid

(AA);

a

directing

surfactant,

cetyltrimethylammonium bromide (CTAB); and silver nitrate. With the described growth
solution it is possible to obtain AuNR with aspect ratios varying from 1.5 to 4.5 [9]. For
synthesizing

nanorods

with

a

higher

aspect

ratio

a

co-surfactant,

benzyldimethylhexadecylammonium chloride (BDAC), has to be employed in the growth
solution in addition to CTAB. The increase in the aspect ratio produces AuNR with a SPR
located more in the NIR region. This method is less efficient than the one employing only
CTAB, as more nanoparticles with spherical shape are generated.
The concentration of the different reagents employed determines the final shape of
the synthesized particles, several works studying their effect and ways for fine tuning AuNR
aspect ratio have been done [23-30]. However, the exact role of impurity ions and their
influence on the final shape are still under discussion. In the aqueous growth solution ascorbic
acid reduces gold ions from Au3+ to Au0, allowing their deposition on the surface of gold seeds.
The reduction is slow and occurs over a long period of time, several hours, which aids
anisotropic growth; an excess of AA causes a fast reduction of all the metal salt, inducing
isotropic growth [22]. The surfactant, CTAB or CTAB/BDAC, coats the gold seeds with a bilayer
that preferentially binds along certain facets of the crystal, favoring the sides over the ends.
This promotes anisotropic nanorod growth at the ends, since the surfactant blocks crystal
growth and reduced gold ions deposit more quickly along the directions coated with less CTAB
[25]. Silver nitrate helps in the synthesis as it improves the yield and provides a way to easily
tune the SPR; an increase in the silver concentration produces higher aspect ratio nanorods,
red-shifting and increasing the intensity of the longitudinal plasmon band [28].

Document: 3.Final_report.doc
Date: 07/07/2013
Rev: 01
Page 19 of 52

Final Report
Upconverting and plasmonic nanomaterials for
detection and treatment of cancer

Further overgrowth of AuNR can be achieved by employing unreduced gold ions that
still exist in the unpurified gold nanorod solution. Adding extra ascorbic acid reduces the
remaining gold ions and the previously synthesized AuNR serve as seeds in the reduction. A
fast addition of ascorbic acid leads to dogbone-like particles, as the metal deposits
preferentially at the ends of the nanorods. However, a fine control of the nanorod dimensions
can be obtained by the progressive addition of ascorbic acid over several days and the slow
increase of the amount of gold ions completely reduced [25]. This overgrowth leads to an
increase in the particles average lengths and diameters, conserving the rod shape, but
decreasing the average aspect ratio, providing with this a way to control the final aspect ratio
through the slow supply of the ascorbic acid.
After the synthesis, further purification of the colloidal solution is needed for removing
undesired nanoparticles, this can be done by optimizing the centrifugation time and speed
during the washing of the particles. The difference on solubility of nanostructures, determined
by their overall size and surface-to-volume ratio, can be employed to separate different
particles through centrifugation. After centrifugation, while AuNR precipitate, nanospheres
can be removed along with the supernatant as they do not precipitate due to their higher
solution stability [14].
Gold nanoparticles can be conjugated with antibodies that selectively bind to cancer
cells, allowing specificity in photothermal treatment. Epidermal growth factor receptor (EGFR)
is a protein found on cells that promote cell growth and it is commonly over-expressed on
certain type of cancers, including bladder cancer. [1]. The synthesized nanorods were
conjugated with C-225, a chimeric human-mouse monoclonal antibody that targets
overexpressed EGFR on cancer cell surface with high affinity [14].
For antibody conjugation of gold nanorods, it is necessary a functionalization of the
particle surface. This is normally done via addition of thiolated species, as gold has high affinity
and strong interaction with thiols. A bifunctional compound having thiol on one end is
commonly employed; the thiol end immobilized onto the particle surface, leaving a reactive
group exposed for further conjugation [29]. Thiol-functionalized poly(ethylene glycol) (PEG) is
a common compound employed in the surface modification of Au nanomaterials. The PEG
removes and replaces the stabilizing but cytotoxic surfactant bilayer of CTAB surrounding the
nanorod. PEG coating stabilizes AuNR in aqueous solution free of surfactant, ensuring a good
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dispersion and preventing its aggregation. It also increases the biocompatibility by passivating
the nanoparticle and reducing immunogenic reaction, allowing larger circulation time inside
the body and increasing blood retention time [10, 13. 21]. At this point the AuNR can be
delivered to tumors without further modification or can be conjugated with antibodies
through a possible free reactive group on PEG.
AuNR having a strong resonance peak at 800nm and higher aspect ratio AuNR with a
peak at 980nm were synthesized accordingly with the protocols developed by Park research
group based on the seed-mediated growth method, Annex 9.3 and 9.4 respectively.
Centrifugation time and speed were optimized for 800nm AuNR; 980nm AuNR purification
process still needs further optimization. All of the materials used in the AuNR synthesis were
obtained from Sigma (St. Louis, MO). The bioconjugation of AuNR with C225 was performed by
another member of the research group. For this, mPEG-SH is added for initial stabilization. A
new technique developed by Park research group, which employs bi-functional nitrophenyl
carbonate PEG (bi-NPC-PEG), is used to attach the antibody onto the free end of PEG. The
functionalized nanorods, AuNR+PEG+α-EGFR (C-225), disperse well in water and exhibit high
binding with EGFR-expressing bladder cancer cells. The coating causes a small red shift of the
peak frequency but does not change the optical properties of the nanorods, indicating that
agglomeration does not occur.
The conjugation of 980nm AuNR with PEG presented difficulties when compared to the
conjugation of 800nm rods. As 980nm AuNR possess a higher aspect ratio, it was believed that
this problem was due to a lower surface area of the nanorods, leaving fewer sites for PEG to
bind. To resolve this, it was proposed the controlled increase of the nanorod width without
modifying the resonance peak location. As it was mentioned before, an increase in the silver
concentration produces higher aspect ratio nanorods, shifting the peak towards the IR. Also, a
further overgrowth of AuNR can be obtained by the slow addition of ascorbic acid, which leads
to an increase of width and length but a final reduction of the aspect ratio, causing a blue shift
of the resonance peak. It was thought that a combination of these two ways for tuning the
nanorods size could be used to increase their width without affecting the position of the SPR.
By increasing the silver concentration the nanorod length would increase and the resonance
frequency would shift towards the red. The posterior overgrowth using ascorbic acid would
increase the nanorod width and shift the peak to its original position. Measurements of the
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absorbance spectrum of the synthesized nanorods show this behavior. After obtaining
scanning electron micrographs (SEM) of 980nm AuNR, it was determined that the addition of
silver nitrate not only increases the particle length but also reduces the particle width, the
variable that was expected to increase. The images also exposed that the synthesized 800nm
and 980nm AuNR had similar widths, discarding the possibility that lower surface area of the
nanorods was the cause of the problem in the conjugation process. After these results were
obtained, the experiments modifying the dimensions of the rods were abandoned. 980nm
AuNR still need an improvement in their conjugation process.
Characterization of the synthesized nanorods was done through SEM and spectroscopy
measurements of the visible and NIR optical extinction spectrum using a luminescence
spectrometer. Figure 5-5 shows the SEM of 800nm (a) and 980nm AuNR (c), as well as the
extinction spectra of 800nm (b) and 980nm AuNR (d) dispersed in water. The extinction
spectra show the two different resonances, transverse and longitudinal resonances, located at
the visible close to 520nm and at the near-infrared region, respectively. The nanorods exhibit
strong surface plasmon resonance dominated by the longitudinal plasmon; the two different
locations of the longitudinal resonance peak between samples demonstrates the possibility of
the tunability of the SPR. 800nm AuNR show a bigger difference between the plasmon peaks
than 980nm AuNR, suggesting the higher purity of the 800nm sample and the presence of
more spherical nanoparticles in the 980nm sample. SEM confirms this and shows a high yield
with uniform size distribution for 800nm AuNR and a lower yield and the presence of more
non-rod particles for 980nm AuNR. The dimensions of the AuNR were measured from the
obtained SEM and are presented in Table 1. The measurements show different aspect ratios
between samples, having a higher one 980nm AuNR, but similar width for both 800nm and
980nm AuNR. Also, dimensions of 980nm nanorods present a higher standard deviation, which
is reflected on the wider peak on their spectrum. Numerical simulations using finite element
method were also used for calculating the total optical extinction of 800nm AuNR, showing
72% absorption and 28% scattering.
800nm AuNR:
Length (nm)
Mean
Std

Width (nm)

Ratio

38.89

12.41

3.18

4.95

1.59

0.54

Document: 3.Final_report.doc

Final Report
Upconverting and plasmonic nanomaterials for
detection and treatment of cancer

Date: 07/07/2013
Rev: 01
Page 22 of 52

980nm AuNR:
Length (nm)

Width (nm)

Ratio

Mean

51.33

13.61

3.88

Std

8.33

2.30

0.88

Table 1: Dimensions of synthesized 800nm and 980nm AuNR obtained from SEM.
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Figure 5-6: (a) (c) Scanning electron micrograph of synthesized 800nm and 980nm AuNR, respectively. (b)
(d) Optical extinction spectra of 800nm and 980nm AuNR.
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In-vitro photothermal ablation experiments

In photothermal ablation experiments two set of samples were employed, a control
sample with cancer cells and C-225 and a sample containing cancer cells and conjugated gold
nanorods with C-225. Cells were irradiated with a Ti:Sapphire laser emitting at 808 nm. AuNR
tuned to exhibit strong plasmon resonance at around 800 nm were employed, so that their
resonance wavelength matched the employed laser. This wavelength is located in the
biological window and its power should have little effect on tissue. Two sets of experiments
were carried out for quantifying power and time dependence. In the first experiment, laser
power was varied from 1 W to 4.5 W with an exposure time constant at 1 minute. In the
second one, laser exposure duration was varied from 30 seconds to 3 minutes with power
constant at 1 W. The laser spot size was approximately 5 mm2. Trypan blue assay was used to
test for cell viability after treatment, in this assay the cell death area is visible as a blue stain. A
MatLab script based on hue separation, image segmentation and morphological operators was
used to quantify this area [47-51].
The results show an extensive cell death area for samples treated with gold nanorods,
the most likely reason of this is the localized cell heating caused by the conjugated nanorods
upon absorption of the NIR irradiation. A selective damage of the treated cancer cells when
compared to the control sample can be appreciated, clearly attributed to the binding of AuNR
to cancer cells over-expressing EGFR. In the control samples no cell death was observed,
except for high power irradiations, 4.5 W. On the other hand, samples treated with AuNR
started presenting cell death at a laser power of 1 W, which increased with the increase of
laser power. Figure 6-3 shows images of irradiated samples after trypan blue assay. The
samples correspond to the control and treated cells for two different laser powers, 2.5 and 4.5
W. For a power of 2.5 W, it can be observed a blue stain in the sample containing AuNR but no
signs of cell death in the control, indicating the selectivity of the treatment. For 4.5W, the
control sample presents a blue stain, suggesting nonspecific death for high powers; however
the death region is bigger for cells treated with AuNR.
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Figure 5-7: Images of irradiated samples after trypan blue assay. The samples correspond to the control
and αEGFR-AuNR treated cells for two different laser powers, 2.5 and 4.5 W, and constant exposure time, 1 minute.

Figure 6-3 shows two plots with the quantification of the cell death area for power
variation (a) and time variation (b) experiments. The first plot presents the laser power
dependence of cell death, showing an increase of cell death area starting at 2 W and saturating
at 4 W for treated cells. For the control sample, no cell death is present for low powers, but
non-specific death appears at 4.5 W. These results suggest that an appropriate power for
treatment corresponds to 4 W, as no saturation and no off-targeted cell death has occurred.
The second plot presents the time dependence of cell death, in treated samples the cell death
area increases rapidly after an exposure time of 1 minute and saturates at longer times. No cell
death is present for the control sample, not even at long exposure times. These results
indicate an effective and selective photothermal therapy mediated by gold nanorods, and
suggest that for obtaining the best results laser power and exposure time should be optimized.

Figure 5-8: (a) Cell death area quantification plot with varying power (exposure time constant at 1 minute)
(b) Cell death area quantification plot with varying exposure time (power constant at 1W)
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6. Upconverting Phosphors (UCP)
6.1.

Upconverting NaYF4:Yb,Er nanoparticles

Upconverting phosphors (UCP) nanoparticles are lanthanide doped nanocrystals that,
through an upconversion process, are able to absorb low energy photons in the near-infrared
and emit high energy visible photons.
These luminescent nanocrystals present a great potential as bioprobes for imaging and
detection in biological and biomedical applications. Among their features they have low
photobleaching and long luminescence life time, are biocompatible and non-toxic, require low
excitation energy, have a narrow emission bandwidth, and their use offers low background
light as it avoids the autofluorescence of biological samples, so common in other fluorescent
labels excited with ultraviolet light, enhancing with this the image contrast [31-34]. Also, the
NIR excitation allows a deep penetration of radiation in tissues and causes low photo-damage
to living organisms, since the excitation wavelength is located in a biologically transparent
window.
The underneath mechanism of the upconversion process is the energy transfer
between two optical centers, a non-radiative process that occurs when an excited atom or
molecule relaxes while simultaneously exciting a nearby atom or molecule [35]. The energy
transfer influences the luminescent properties of a material, when the energy is transferred to
defects the luminescence efficiency decreases. However, when the energy transfer occurs
between a sensitizer, a particle that absorbs incident excitation, and an activator, a particle
that is excited by the energy transfer from the sensitizer and then emits a photon, sensitized
luminescence takes place [35]. Energy transfer can cause the down- or up-conversion of light.
This first process occurs in quantum cutters, where one high energy photon is absorbed and
then lower energy photons are emitted. The second one occurs in upconverting phosphors,
where two or more low energy photons are absorbed and then a higher energy photon is
emitted. Upconversion is a stepwise process in which activators are sequentially excited into
metastable states due to the energy transfer by the sensitizers, activators then emit lower
energy photons due to radiative decay; the number of steps in the process corresponds to the
number of absorbed photons.
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Upconverting nanocrystals can be obtained by the combination of rare earth fluoridebased phosphors, using lanthanide crystal materials doped with various lanthanide ions as
sensitizers and activators. The optimization of the upconversion process has been done by
exploring the optimum combinations of different host crystals and dopants, as the crystal field
and the phonon structure from the host matrix influence the luminescence of the particles and
the dopants determine the absorption, transition and emission energies. Up to date, the most
efficient upconverting materials correspond to NaYF4 nanocrystals co-doped with Yb/Er or
Yb/Tm, which emit green or blue fluorescence, respectively. The high efficiency in the
upconversion process is due to the effective energy transfer between the sensitizer, Yb3+, with
a larger absorption cross-section at 980nm, and the activator, Er3+ or Tm3+; as no virtual states
are present, this process is more efficient than other upconverting mechanisms such as sum
frequency generation, two-photon absorption and cooperative processes [36]. In addition,
NaYF4 is a desirable host since its low maximal optical phonon energy suppresses non-radiative
multiphonon relaxation processes [36].
In this work, hexagonal-phase sodium yttrium fluoride co-doped with 2% of trivalent
erbium and 18% of ytterbium (β NaYF4:18%Yb, 2%Er) is employed, as it is one of the most
efficient NIR to visible upconverting materials [32, 34, 36-38]. Recently, its use has been
explored for bioimaging and detection of cancer cells [37]. In the upconversion process, the
Yb3+ ions first absorb an infrared photon at a wavelength of 980nm; this is followed by the
energy transfer to the Er3+ ions, which finally emit in the visible range. These nanocrystals
present different emission peaks located at 407, 521, 539 and 651 nm, corresponding to the
different transitions between the energy levels of Er3+[32]; been the strongest the green
emission, 539nm. For the green emission, when the Yb3+ ion absorbs a photon it is excited to
the 2F5/2 state, where it can decay radiatively back to the ground state or transfer energy to a
nearby Er3+ ion. If energy transfer occurs, the Er3+ ion can be exited from the 4I15/2 to 4I11/2 or, if
it is already excited, from the 4I11/2 to 4F7/2 state. When Er3+ is at 4F7/2 state, it decays through
multiphonon relaxation to 4S3/2 state and then to the ground state by radiative decay, emitting
with this a green photon [35]. Figure 6-1 presents a schematic diagram of the energy levels
with the relevant processes of energy transfer.
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Figure 6-1: Energy scheme with the relevant processes of energy transfer upconversion in Yb3+/Er3+ codoped materials: energy transfers, radiative, multiphonon processes, and cross-relaxation are depicted in dashed,
full, dotted, and curly lines, respectively. Figure taken from [36]

In these nanoparticles the major quenching mechanism of the luminescence is not due
to the energy transfer to defects, but to the crossrelaxation between Er3+ ions. This limits the
upconversion efficiency by limiting the activators concentration and is the reason why a higher
concentration of Yb3+ is used compared with the concentration of Er3+ [35].
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UCP Synthesis and Characterization

Hexagonal-phase NaYF4:Yb,Er upconverting nanocrystals were synthesized using a
colloid method, based on the thermal decomposition of rare-earth/sodium precursors in oleic
acid (OA) and octadecene (ODE). The nanocrystals are created by first forming small solid-state
NaYF4 crystal nuclei at room temperature and then increasing the temperature to continue the
growth and improve its quality and uniformity [32]. The shape and size of the nanoparticles
can be modified by changing the concentration of the surfactant, OA, added to the solution.
Different shapes as nanoplates, nanospheres and nanoellipses can be obtained; being the
nanoplates the ones having the higher luminescence [32, 38].
The employed protocol for the synthesis of the nanoparticles was developed by Park
research group collaborators at Georgia Tech based on Li [32].The detailed protocol can be
found in Annex 9.5, a brief description is now presented:
The precursors YCl3 YbCl3 and ErCl3 were weighted according to the molecular
formula NaY0.8Yb0.18Er0.02F4 and added into a mixed solution of OA and ODE. The
mixture was stirred and heated to 160°C for 10 min and then cooled to room
temperature. A methanol solution of NaOH and NH4F, both in excess, was prepared
and then slowly added to the solution, which was stirred for 30 min. Subsequently, the
solution was slowly heated to remove methanol and then degassed at 100°C for 10
min. Then it was heated to 325°C and maintained at this temperature for 60 min under
argon protection. Finally a washing was done to obtain the desired nanocrystals.
The mechanism of reaction is the following:

Eq. (6-1)
with OA and ODE as reaction media.
In order to make the UCP nanoparticles water soluble for their future conjugation, a
surface treatment was applied consisting in the coating of UCP with poly(maleic ahydride-altoctadecene) (PMAO).
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As the synthesize process for UCP nanoparticles is very similar to the one for quantum
cutters (QC), after being able to obtain UCP particles a new protocol for the synthesis of QC
was tried. Quantum cutters were needed for a different project involving solar cells; for more
information, see Annex 9.6.
The shape and size of the synthesized samples were characterized by using a scanning
electron microscope (SEM), Figure 6-2. The average sizes of the samples vary between
different batches, but the mean diameters ranged from 20 to 31 nm. For the samples
presented in Figure 6-2 the mean diameter of the particles is 34.72nm with a standard
deviation of 6.20nm. The measurements are consistent with samples previously sent by our
collaborators.

Figure 6-2.SEM image of the synthesized UCP nanoparticles, with a mean diameter of 34.72nm and a
standard deviation of 6.20nm

The photoluminescence (PL) spectrum of the synthesized nanoparticles was recorded
and is presented in Figure 6-3. The sample shows high emission peaks located at 539 and
651nm, corresponding to the green and red emissions, and a lower peak at 521nm, upon an
illumination with a 980nm laser. The results are in agreement with the expected behavior of
the

synthesized

NaYF4:Yb,Er

upconverting

nanoparticles.

For

measuring

the

photoluminescence a 3 layer UCP sample was prepared and illuminated with a 980 nm diode
laser from OEM laser systems Company, for 2 seconds and with a power of 454mw. The
emission was collected by a pair of lenses and focused onto a spectrometer (Acton SpectraPro
300i). A long pass filter was used in front of the spectrometer to absorb the 980 nm excitation
laser light. A liquid nitrogen cooled silicon detector was mounted on the spectrometer to
record the visible light.
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Figure 6-3: a) Photoluminescence spectra of the synthesized NaYF4:18%Yb,2%Er nanoparticles, with peaks
at 521, 539 and 651 nm upon a 980nm laser irradiation. b) Visible emission of UCP sample excited with a 980nm
laser.
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Conjugation of UCP and AuNR

The combination of Au and UCP nanoparticles provides the possibility of the
simultaneous imaging and treatment of cancer cells. Additionally, the luminesce efficiency of
the UCP nanoparticles can be enhanced thanks to the surface plasmon resonance of the metal
nanoparticles, whose resonance peak is tuned to match the excitation or emission wavelength
of UCP. By conjugating the AuNR, tuned to present a SPR at 980nm, with the UCP
nanoparticles a plasmon enhanced upconversion can be obtained.
The modifications of the electric field distribution in the vicinity of metal nanoparticles
produced by the SPR alter the properties of the nearby fluorescent emitters, since it changes
the crystal field around the sensitizer and activator ions [31]. This change in the
electromagnetic field modifies all stimulated processes of UCP nanoparticles, including ground
state absorption, excited state absorption and stimulated emission; in particular, the SPR
increases the transition probabilities of the transitions resonant with it [39]. The interactions
between metal and UCP nanoparticles may lead to an enhancement of the upconversion
luminescence, this due to two different effects. The first one is the increase of the effective
excitation flux due to coupling of the strong local field created by the SPR with the transition
dipole in UCP, causing an increase of the excitation rate of the Yb 3+ ions. When the plasmon
oscillation matches the energy needed for the excitation of the fluorophore particles, the
energy is transferred from the surface plasmons to the electrons in the UCP, leading to an
increase in the apparent absorption cross-section of the particles. If the SPR peak is tuned to
the NIR region, making it resonate with the absorption of UCP at 980nm, a simultaneous
enhancement of all upconversion emission peaks can be achieved due to the increasing
excitation flux. Different enhancement factors for the green and red emissions are obtained,
since an increase in the excitation power makes more probable the excitation of Er+3 to higher
levels, favoring green emission, before nonradiative decay can take place, an intermediate
step for the red emission. The second effect is the increase of the emission rate, since the
radiative and nonradiative decay rates are increased by the SPR coupling with the
upconversion emission. A selective enhancement is achieved at a specific emission peak of
Er3+, as the larger enhancement factor is located only near to the plasmon resonance
frequency [33, 36, 37, 40, 41]. Both of the mentioned effects can be quantified through the
measurement of the rise and decay time of upconverted green luminescence, which depend
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on the rate of excitation and emission processes of the energy transfer, respectively, and are
reduced when an enhancement is achieved.
On the other hand, it is also possible that the gold nanoparticles absorb the
upconverted light, causing the decrease of the emission, as the enhancement is highly
sensitive to the distance between the nanoparticles. If the distance is too small, quenching of
the luminescence occurs due to the energy transfer and nonradiative relaxation in the metal
[37, 41]. The distance that separates the particles should be optimized in order to maximize
the enhancement, obtaining stronger luminescence with a few nanometers separation gap
[33]. In practice, the particle separation can be controlled using molecular spacers; a proposed
method is through the length variation of the polymer linkers, PEG, used in the conjugation
process.
Recently, several works have reported the use of metals near UCP particles to enhance
the upconversion luminescence; nonetheless none of them employs AuNR. Among the works,
metal-coated UCP nanoparticles with gold and silver nanoshells, to selectively enhance the upconverted green, violet and blue emissions, have been synthesized. These particles present a
localized enhancement up to a factor of 20 [33]. UCP coated with a gold nanoshell with the
SPR tuned to the absorption of the UCP has been reported, obtaining a simultaneously
enhancement by a factor of 2-3 for all the emission peaks [42]. The effect of single gold
nanospheres (30nm and 60nm), with SPR around 540 nm, to the upconversion efficiency has
been studied, obtaining an overall enhancement factor of 3.8 [36]. Also, the effective use of a
core-shell structure of UCP, silica and Au nanoparticles (6nm) for imaging and photothermal
destruction of cancer cells has been demonstrated. Excited with a NIR laser, the green
emission from UCP coupled with the SPR of Au nanoparticles was employed to generate heat;
unfortunately the upconversion emission decreased after the Au coating [37].Additionally,
analysis and simulations of the optical field enhancement and the modification of the
transition probabilities of the UCP nanoparticles in the proximity of gold nanospheres have
been performed using Mie theory and exact electrodynamic theory respectively [39]. All of
these works, and others [44], present the positive enhancement of UCP’s emission due to SPR
from metal nanostructures, supporting the validity of this project future work.
At the present time, the conjugation of UCP nanoparticles with AuNR is been studied
by another member of the research group. The idea is to use PEG for polymerizing and
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attaching UCP to AuNR tuned to exhibit strong surface plasmon resonance at 980nm. Initial
results have been achieved, but the process still needs further optimization.
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7. Conclusions
Plasmonic nanostructures engineered to present a strong surface plasmon resonance
at the NIR region are adequate transducer agents in photothermal therapy. To types of AuNR
with a strong absorption band, which can be easily tuned in the synthesis process, were
synthesized through the seed-mediated growth method, presenting longitudinal resonance
peaks at 800nm and at 980nm respectively. The conjugation of the nanorods with antibodies
using PEG allows a localized heating that produces a selective cell death. Their use in therapy
has been demonstrated through in-vivo experiments using bioconjugated AuNR specifically
tuned at 800nm so their surface plasmon resonance matches the wavelength of the applied
infrared light. The results demostrate the possibility of using conjugated AuNR to obtain a
highly efficient and specific cell killing. The experiments also explore the dependence of the
laser power and exposure time in cell ablation, showing that these parameters can be adjusted
in order to obtain a selective death of cancer cells but avoiding damaging untargeted cells,
providing with this a highly selective treatment.
Furthermore, UCP nanoparticles offer the possibility of probe agents for the detection
and diagnosis of cancer. UCP nanoparticles, consisting of a NaYF4 host matrix codoped with Yb
and Er, were synthesized. Their characterization shows the occurrence of downconversion in
which these particles absorb NIR light at 980nm and emit photons in the visible spectrum.
Their photoluminescence can be enhanced by their conjugation of AuNR, tuned to have a
strong SPR at the absorption wavelength of UCP. The combination of UCP and AuNR presents a
novel and possible future approach for the simultaneous imaging and treatment of cancer in
clinical applications.
Future directions of this work include the optimization of AuNR and UCP conjugation,
in-vitro experiments testing simultaneous imaging and treatment of cancer cells, and in-vivo
studies of photothermal therapy and imaging in mice.
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9. Annexes
9.1.

Time Plan (Gantt diagram)
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Work Packages, Tasks and Milestones

Updates:
The characterization of UCP nanoparticles with TEM images was not performed due to lack of time.
Work Packages:
Project: Bioimaging and laser treatment of cancer cells

WP ref: WP#01

Major constituent: Experimental work
Short description:

Planned start date: ---

Bioimaging and laser treatment of cancer cells treated with plasmonic

Planned end date: ---

nanomaterials

Start event: 11/02/2013
End event: 15/03/2013

Internal task T1: Laser treatment of cancer cells

Deliverables:

Dates:

Presentation in 07/03/2013
Internal task T2: Imaging of the treated cells using optical microscopy

one

of

the

meetings of the
Internal task T3: Literature search on image processing using

obtained

morphological operators

results

Internal task T4: Development a MatLab code capable of
estimating the killing area produced by the laser

Internal task T5: Image processing and data analysis of the acquired
pictures using the developed code

Project: Synthesis and Characterization of AuNR for the first time

WP ref: WP#02

Major constituent: Experimental work
Short description:

Planned start date: ---

Synthesis, characterization and bioconjugation of AuNR exhibiting Planned end date: ---
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strong plasmon resonance in the near infrared spectrum following the

Start event: 11/03/2013

established protocols. This corresponds to an introductory work to the

End event: 19/04/2013

laboratory. Several tries were needed before obtaining the desired
particles.
Internal task T1: Literature search regarding surface plasmon Deliverables:
resonance and gold nanorods properties and synthesis

There

was

Dates:
no

deliverable
Internal task T2: First synthesis of 800nm AuNR

Internal task T3: First synthesis of 980nm AuNR

Internal task T4: Characterization of plasmonic
nanomaterials using surface electron microscope (SEM)

Internal task T5: Conjugation of AuNR

Project: Regular synthesis of AuNR and UCP

WP ref: WP#03

Major constituent: Experimental work
Short description:

Planned start date: ---

Synthesis of AuNR and UCP whenever new nanomaterials were needed Planned end date: --for experiments regarding their conjugation. This synthesis is done Start event: 18/03/2013
after mastering the protocols. Try to increasethe yield of the AuNR End event: End of the semester
synthesis.
Internal task T1: Synthesis of 800nm or 980nm AuNR

Deliverables:
There

Internal task T2: Synthesis of UCP

was

deliverable

Internal task T3: Improvement of AuNR‘s protocols in order to increase
their yield.

Project: Increase of the surface area of 980nm AuNR
Major constituent: Experimental work

WP ref: WP#04

Dates:
no
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Short description:

Planned start date: ---

Experimental work to determine a way to increase the surface area of

Planned end date: ---

980nm AuNR.

Start event: 08/04/2013
End event: 10/05/2013

Internal task T1: Literature search regarding fine tuning of AuNR’s Deliverables:
shape.

There

Dates:

was

no

deliverable
Internal task T2: Planning of the experiment

Internal task T3: Synthesis of different batches of 980nm AuNR
following the planned experiment

Internal task T4: Characterization of the obtained nanorods using SEM
and spectroscopy

Project: UCP Synthesis for the first time

WP ref: WP#05

Major constituent: Experimental work
Short description:

Planned start date: ---

Synthesis of the upconverting phosphors nanoparticles. Several tries Planned end date: --were needed before obtaining the desired particles.

Start event: 15/04/2013
End event: 31/05/2013

Internal task T1: Literature search on UCP properties and synthesis

Deliverables:

Dates:

Presentation

in 30/05/2013

Internal task T2: Equip the laboratory with the necessary equipment one
and materials for the UCP synthesis

of

the

meetings of the
obtained results

Internal task T3: UCP synthesis

Internal task T4: Characterization of the obtained samples using SEM

Project: Help in additional tasks and projects
Major constituent: Experimental work

WP ref: WP#06
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Short description:

Planned start and end dates:

Help in miscellaneous tasks and projects requested by the advisor or

Throughout the semester

other group member. It is possible that some of these tasks transform
into work packages.

Start and end dates:
Throughout the semester

Internal task T1: Image processing and analysis of SEM and TEM Deliverables:

Dates:

images of different samples, including conjugated UCP, gold Individual

Throughout the

nanocages, etc, using the developed MatLab code.

semester

deliverables
throughout the

Internal task T2: Conjugation of UCP nanoparticles

semester

Internal task T3: Literature search on ways to deliver Curcumin using
nanoparticles

Internal task T4: Literature search on the synthesizes on quantum
cutters

Internal task T5: Synthesis and characterization of quantum cutters

Milestones:
WP#

Task#

Short title

Milestone / deliverable

Date (week)

01

5

Results from the laser treatment

Deliverable

15/03/2013
Week 5

02

3

First

synthesis

and

Milestone

characterization of 800nm AuNR
02

4

First

synthesis

and

Week 6
Milestone

characterization of 980nm AuNR
04

4

Results from the increase of size

3

First

synthesis

Deliverable

---

Presentation of the TFG

16/05/2013
Week 14

and

Milestone

characterization of UCP
---

12/04/2013
Week 9

experiments
05

18/03/2013

31/05/2013
Week 16

Milestone

20/06/2013
Week 19
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Gold nanorod with 800nm absorption peak synthesis protocol

Measurements:
1. CTAB: 1.75g in a weighing paper
2. NaBH4: 0.023g in a glass vial
3. AgNO3: 0.017g in a glass vial
4. Ascorbic Acid (AA): 0.0352g in a glass vial
Solutions:
1. CTAB solution:
a. Put CTAB in a 100mL beaker
b. Add 48mL of water
c. Heat solution. Set hot plate setting to “3”
and stir at “7”
d. Once the solution turns clear, turn off heat
and stir
e. Remove the beaker off the hot plate
2. Au solution:
a. To a 15mL tube add 1.92mL water and 0.8mL
Au solution (measure Au volume, Water
is[Au vol] x 1.92/0.8)
3. Frozen water (See 2 in Preparation prior to
synthesis):
a. Take out iced water in a centrifuge tube
from the freezer
Seed solution:
1. In a 15mL centrifuge tube, add 7.5mL CTAB
solution (Solution-1)
2. To the above, add 250μL of Au solution (Solution-2)
3. Gently shake the tube to mix the solution.
4. NaBH4
a. To a glass vial containing 0.023g of NaBH4,
add 600μL of ice cold water (Solution-3)
b. By using pipet, dissolve NaBH4 quickly.
c. To a 2mL centrifuge tube, add 594microL ice
cold water
d. Add 6μL of NaBH4 solution in the glass vial
(b) to water in a 2mL centrifuge tube
e. Take 600 μL of NaBH4 in the centrifuge tube
(d) to CTAB/Au solution in 15 mL centrifuge
tube
5. Gently shake the tube to mix the solution for about
2 min. Solution should turn brown
6. Leave it at 25°C. This seed solution should be used
in the next 2 hours
Growth Solution:
1. Prepare a 50mL centrifuge tube

2. Add 40mL of CTAB solution (Solution-1)
3. To the above add 1.7mL of Au solution (Solution-3)
4. Gently shake the tube to mix the solution
5. AgNO3:
a. Add 1mL of DI water to 0.017g of AgNO3 in a
vial
b. Shake well to completely dissolve the reagent
c. To a 2mL centrifuge tube, add 225μL of DI
water
d. Add 25μL of AgNO3 solution above to the 2mL
centrifuge tube
e. Mix well
f. Take 250μL of diluted AgNO3 to the mixture of
CTAB/Au
g. Mix well
6. Ascorbic Acid:
a. To a vial containing 0.0352g of AA, add 2mL of
DI water
b. Shake well to dissolve AA completely
c. Take 270μL of AA solution to 50mL tube
containing CTAB/Au/AgNO3
d. Shake the tube gently to mix the solutions
e. Solution should turn clear
7. To the above, add 80μL of seed solution
8. Shake gently to mix the solutions
9. Set the tube still overnight at 25°C (RT)
Centrifuge:
1. If the CTAB is re-crystalized, heat the solution at
about 35°C
2. Make sure the solution is CTAB crystal free
3. Measure weight
4. Prepare a tube filled with water with the same
weight, use it as a balance
5. Set the balance on the other side of the centrifuge
6. Set spin rate at 8500rpm and time at 10min
7. Once the centrifuge is done, remove as much
supernatant as possible. Do not disturb the nanorod
8. You will get about 1mL (or less) of nanorod
9. Add about 10mL of water
10. Move the dispersion to 15mL centrifuge tube.
11. Prepare a balance
12. Centrifuge at 8500rpm for 10min
13. Once done, remove as much supernatant as possible
14. You will get about 0.25mL of nanorod
15. Disperse with 3mL of water
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High Aspect Ratio Gold Nanorod with 980nm absorption peak synthesis protocol

Measurements:
1. CTAB: 1.641g in a 50mL centrifuge tube
2.
BDAC
(benzyldimethylhexadodecylammonium
chloride, FW 396.09): 1.782g in a 50mL centrifuge
tube.
3. NaBH4: 0.023g in a glass vial
4. AgNO3: 0.017g in a glass vial
5. Ascorbic Acid (AA): 0.0352g in a glass vial
Solutions:
1. CTAB solution:
a. Heat water in a 500mL beaker. Set hot plate
setting to “3”
b. To a CTAB containing tube, add 15mL DI water
c. Immerse the tube in the heated water
d. Occasionally apply sonication and gentle
shake to dissolve CTAB completely
2. BDAC Solution:
a. To a tube containing BDAC, add 15mL water
b. Do the same as CTAB
c. Dissolve BDAC completely
3. Au solution:
a. To a 50mL centrifuge tube add 27mL of DI
water and 1.125mL of Au stock solution
4. Take out iced water in a centrifuge tube from the
freezer
Seed solution:
1. In a 15mL centrifuge tube, add 1.5mL DI water and
3mL CTAB solution (Solution-1)
2. To the above, add 1.5mL of Au solution (Solution-3)
3. Gently shake the tube to mix the solution
4. NaBH4
a. To a glass vial containing 0.023g of NaBH4,
add 600μL of ice cold water (Solution-4)
b. By using pipet, dissolve NaBH4 quickly
c. To a 2mL centrifuge tube, add 594μL ice cold
water
d. Add 6μL of NaBH4 solution in the glass vial (b)
to water in a 2mL centrifuge tube
e. Take 360 μL of NaBH4 in the centrifuge tube
(d) to CTAB/Au solution in 15 mL centrifuge
tube. (200+160μL)
5. Gently shake the tube to mix the solution for about 2
min
6. Leave it. This seed solution should be used in the
next 2 hours
Growth Solution:
1. Prepare one 50mL centrifuge tubes

2. Add 15mL of BDAC solution to each tube
3. To BDAC solution in 15mL centrifuge (Solution-2),
add 10mL of CTAB solution (Solution-1)
4. Gently shake to mix the surfactant
5. To the above add 25mL of Au solution (Solution-3)
6. Gently shake the tube to mix the solution
7. AgNO3:
a. Add 1mL of DI water to 0.017g of AgNO3 in a
vial
b. Shake well to completely dissolve the reagent
c. To a 2mL centrifuge tube, add 960μL of DI
water
d. Add 40μL of AgNO3 solution above to the 2mL
centrifuge tube
e. Mix well
f. Take 900μL of diluted AgNO3 to each
centrifuge tube of growth solution
8. Mix well by shaking the 50mL tube
9. Ascorbic Acid:
a. To a vial containing 0.0352g of AA, add 2mL of
DI water
b. Shake well to dissolve AA completely
c. Take 300μL of AA solution to 50mL tube
containing CTAB/BDAC/Au
10. Shake the tube gently to mix the solutions
11. To the above, add 50μL of seed solution
12. Shake gently to mix the solutions
13. Set the tube still overnight at 35°C
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Upconverting phosphors (UCP) nanoparticles synthesis protocol

Reagents:
-

YCl3: 0.3 g

-

YbCl3: 0.1g

-

ErCl3: 0.01g

-

Oleic Acid (OA): 6ml

-

Octadecene (ODE): 36 ml

-

NaOH: 0.2 g

-

NH4F: 0.296 g

-

Methanol: 20ml

UCP synthesis:
1) According to the molecular formula NaY0.8Yb0.18Er0.02F4 the precursor’s weights are
determined. Excess NaOH and NH4F are used.
2) Inside a globe box with nitrogen, YCl3 (0.3 g), YbCl3 (0.1g) and ErCl3 (0.01g) are
weighted and added into a mixed solution (6 ml OA and 36 ml ODE) in a 100 ml flask.
Outside the globe box, the mixture is stirred and heated to 160°C and kept for 10min
to form a homogeneous solution, and then cooled down to ~60ºC.
3) NaOH (0.2 g) and NH4F (0.296 g) are added to 20 ml of methanol and the solution is
stirred until a transparent solution is obtained.
4) The methanol solution of NaOH and NH4F is slowly added into the flask (produces a
yellow turbid solution) and stirred for 30 min at 50oC.
5) Subsequently, the solution is slowly heated to remove methanol (10min ~70 oC +
10min ~80 oC), degassed at 100°C for 10 min until no obvious bubbles can be seen.
6) The atmosphere is purged 3 times; each time the flask is subjected to vacuum for 1
min to remove the air, and then refilled with Argon gas for 1min.
7) The solution is then heated to 320°C and maintained at this temperature for 60 min
under argon protection.
8) When the solution is cold enough (~60ºC), the sample is washed 3 times. ~15ml of
ethanol and ~10ml of water are added to the sample and placed into an ultrasonic
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bath until it is well dissolved. The sample is then centrifuged at 7000rpm for 10min.
9) After washing, a creamy white paste, corresponding to the nanocrystals, is obtained. A
small portion of it is left in an oven at 80°C overnight. In the morning, 1ml of toluene is
added for every gram of the paste. The solution is mixed in an ultrasonic bath.
Comments on the synthesis protocol:
2) The solution turns transparent yellow when heating at 160ºC
4) Adding the methanol solution produces a yellow turbid solution
5) It is better if the solution is kept at 70 oC until most of methanol evaporates, or the
electromantle will keep heating and the surface temperature of flask is very high
6) Set up scheme:

7) The solution is left under constant Argon flow
8) Approximately 37ml of solution are obtained. Use sonication before transferring to
the centrifuge tubes.
8) Each time = adding ethanol and water + centrifugation
8) The temperature from the samples before the centrifugation was 40ºC.

For the glass cleaning, Cyclohexane is used. The flask with cyclohexane is left in an
ultrasonic bath for 10min, then for 10 more minutes with a solution of water and soup.
Pictures of the synthesis process:
2) After heating the solution at 160ºC for 10min, it turns transparent yellow
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4) After adding the methanol solution, it turns into a yellow turbid solution

5) After degassing, the color changes, it comes darker

7) Set up:
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8) - Solution after cooling
- Solution mixed with ethanol and water

In the synthesis of Quantum Cutters and other samples, the solution may present
different hues due to the different precursors used.
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9.6.

Quantum Cutters

As the synthesize process for UCP nanoparticles is very similar to the one for quantum
cutters, after being able to obtain UCP particles, a new protocol for the synthesis of quantum
cutters was tried. Near-infrared quantum cutters can be used in silicon solar cells in order to
enhance their efficiency by reducing thermalization loss, as they transform a higher energy
photon into lower energy photons, allowing higher quantum efficiencies. The synthesized
quantum cutters consist of Pr3+ and Yb3+ codoped NaYF4 nanocrystals, which via a
cooperative downconversion process emit two near-infrared photons after absorbing a blue
photon [45, 46].
For the characterization of the synthesized samples the photoluminescence (PL) of the
sample was measured. For this, the quantum cutter sample was illuminated with 442 nm
Helium-Cadmium laser from KIMMON Company. The emission was collected by a pair of lenses
and focused onto a spectrometer (Acton SpectraPro 300i). A long pass filter was used in front
of the spectrometer to absorb the 442 nm excitation laser light. A liquid nitrogen cooled silicon
detector and thermoelectric cooled InGaAs detector were mounted on the spectrometer to
record the visible and near-infrared light respectively. Visible and NIR photoluminescence of
the synthesized quantum cutters, NaYF4:2%Yb,1%Pr, and a reference sample without Pr,
NaYF4:20%Yb, are presented in Figure 6-1.
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Figure 9-1: Photoluminescence (a) visible and (b) NIR spectra upon a 442nm laser irradiation of the
synthesized quantum cutters (purple), NaYF4:2%Yb,1%Pr, and reference sample (green) NaYF4:20%Yb.
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In the visible emission QC sample shows typical emission peaks at around 606, 640,
688 and 721nm, due to transitions in Pr from 3P0 level to lower levels [46]. In the NIR emission
there is a peak at 977 nm, corresponding to the emission of Yb due to downconversion.
However, the peaks are not sharp and a large broadband background noise exists; the noise is
also present in the reference sample and may be caused by sample impurity, like ODE or OA
particles. To resolve this, further study is needed.
Different samples of UCP, QC’s and reference samples were prepared for their
characterization. All of the samples were synthesized with the same protocol as UCP; the only
change was in the different precursors employed. At the present time, the samples are under
characterization at Park research group and include:
UCP sample: NaYF4:Yb,Er
NaY0.8Yb0.18Er0.02F4
Precursors: YCl3 (0.3g), YbCl3 (0.1g), ErCl3 (0.01g)

Reference Sample: NaYF4:Yb
NaY0.8Yb0.2F4
Precursors: YCl3 (0.3g), YbCl3 (0.11g)

Quantum Cutters: NaYF4:Yb,Pr
NaY0.97Yb0.02Pr0.01F4
Precursors: YCl3 (0.3g), YbCl3 (0.009g), PrCl3 (0.004g)

Reference Sample: NaYF4:Yb
NaYF4
Precursors: YCl3 (0.375g)

Reference Sample: NaYF4:Pr
NaY0.99Pr0.01F4
Precursors: YCl3 (0.306g), PrCl3 (0.004g)

