
UCLA
UCLA Electronic Theses and Dissertations

Title
Physical Properties of Mesoporous Silica Nanoparticles for Stimuli-Responsive Drug Delivery

Permalink
https://escholarship.org/uc/item/8qn138wn

Author
Dong, Juyao

Publication Date
2014
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8qn138wn
https://escholarship.org
http://www.cdlib.org/


University of California

Los Angeles

Physical Properties of Mesoporous Silica Nanoparticles

for Stimuli-Responsive Drug Delivery

A dissertation submitted in partial satisfaction

of the requirements for the degree

Doctor of Philosophy in Chemistry

by

Juyao Dong

2014



c© Copyright by

Juyao Dong

2014



Abstract of the Dissertation

Physical Properties of Mesoporous Silica Nanoparticles

for Stimuli-Responsive Drug Delivery

by

Juyao Dong

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2014

Professor Jeffrey I. Zink, Chair

The on-demand drug release of mesoporous silica nanoparticles is investigated by chemi-

cal modifications of nanomachines and by spectroscopic examination of their physical prop-

erties. To improve and diversify their biological performances, acid responsive nanovalve

release systems are integrated with gadolinium MRI contrast agents and polyethylene imine-

polyethylene glycol surface coatings. Nanoparticles, and bulk media for comparison, are

heated superparamagnetically and their temperatures are monitored using the luminescence

spectra of lanthanide upconversion nanocrystals. This thermometry technique is applied

again in azobenzene nanoimpeller particles to analyze the photothermal and photochem-

ical contributions of IR radiation in initiating cargo release. The emission spectra prove

capable of revealing the nanoscale temperature change and the macroscopic dye release si-

multaneously. Mesoporous silica nanoparticles demonstrate versatile nanomedical delivery

capabilities in vitro and in vivo.
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CHAPTER 1

Mesoporous Silica Nanoparticles for Controlled Drug

Delivery

1.1 Mesoporous Silica Nanoparticles

Mesoporous silica nanoparticles (MSNs) are a family of nanomateirals composed primar-

ily of silica containing nanoscale pores for applications such as drug delivery, imaging, cataly-

sis, absorption and optical devices. The original silica porous structure discovered in the 90s

[1, 2] has evolved into a group of materials that is tunable in almost every structural aspect.

The particle dimension ranges from nanometers to centimeters [3]. The porous structure can

be hexagonal (MCM-41), three-dimensional cubic (MCM-49), worm-like, radial, helical and

lamellar [3, 4, 5, 6, 7]. By changing the templating agents and the synthetic procedures, the

pore size can be adjusted from 2 to 27 nm [5]. The material morphology includes spheres,

rods, hollow spheres, sheets, core-shell spheres and more complicated hierarchical structures

[8]. Regarding to the composition, pure silica is the most popular form, with organic sili-

cate incorporated sometimes to enhance the catalytic properties [9]. Porous nanostructures

composed of other oxide compounds have also been synthesized such as porous Al2O3, TiO2

and ZrO2 [10], but these compositions are out of the scope of our discussion here. The great
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structural flexibility of MSN is beneficial for the various applications. For our controlled

drug delivery platform, this dissertation focuses on the hexagonal porous MCM-41 particles

with an average diameter ranging from 50 to 120 nm.

1.1.1 Synthesis Mechanism

We are using a modified Stöber’s method to synthesize the MSNs [11, 12], which involves

two simultaneous processes: the sol-gel chemical process to make the silica precursors and

the micelle self-assembly templating process. The former produces the silica composition,

and the later provides the porous organization. The two parts are strongly cooperative in

generating the designed nanostructure morphology.

The sol-gel chemistry used by Stöber in 1968 started with tetraalkyl silicates in a solu-

tion of alcohol and water with ammonia as the catalyst [11], where the tetraalkyl silicates

undergoes hydrolysis and condensation reactions:

Hydrolysis:

Condensation:

In the hydrolysis step, the alkoxy group reacts with water and is replaced by a hydroxyl

group. The silanol products generated in this process react with each other and undergo
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intermolecular condensation to produce the Si−O−Si bond. The reaction continues with the

unsubstituted alkoxy groups. Eventually, the silicates are transformed into the SiO2 scaffold,

where the silicon atoms are interconnected by Si-O-Si bonds. The formula above illustrates

this process with tetraethyl orthosilicate (TEOS), the most widely applied silica precursor

for MSNs.

The second component in the synthesis of MSNs is the micelle self-assembly silica tem-

plating process. A cationic surfactant is introduced based on the Stöber’s method, first by

Grun et al. in 1997 [12], to construct the mesoporous structure. In our procedure, this tem-

plating surfactant is cetyltrimethylammonium bromide (CTAB, molecule length ∼2.2 nm),

with a sixteen carbon chain on the hydrophobic side and a trimethyl ammonium on the hy-

drophilic side. When the surfactant concentration is above the critical micelle concentration

(CMC), the CTAB molecules pack into micelles, self-assemble and organize into hexagonal

arrays (Figure 1.1 on page 15). Whether the silica precursors contribute to the formation of

this hexagonal structure have been debated [5, 13, 14]. The liquid-crystal templating theory

states that the surfactant micelles arrange themselves into the hexagons in water and form

the liquid-crystal phase. The silica precursors deposit into the space between the micelles

and condense around them to generate the long-range ordered structures [14]. The coopera-

tive self-assembly hypothesis, on the other hand, argues that the inorganic silicates interact

with the isotropic organic micelles due to the opposite charge. The assembly process is thus

initiated and is driven by the charge density difference at the inorganic/organic interface to

reduce the energy [5, 13]. Hence the silica precursor is necessary for the hexagonal assembly

of templating agents. The contributions of the two pathways are considered to vary among
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different surfactant-silicate combinations as well as the different synthetic procedures. For

our system, tetraethyl orthosilicate is believed to contribute to the self-assembly process of

cetyltrimethylammonium bromide [1, 13].

As illustrated in Figure 1.1, the templating surfactant molecules are removed after syn-

thesis in order to expose the space within the pores. Either calcination or solvent extraction

are applied for this purpose. During the air calcination, the nanomaterial is heated to several

hundred degrees and the organic surfactants are burnt out [1, 2]. As for the solvent extrac-

tion procedure, the as-prepared nanoparticles are dispersed in an acidic alcohol solution and

refluxed. Because the negatively charged silanol surface are protonated and the surfactants

have high solubilities in hot alcohols, the electrostatic interaction between silica frames and

templating agents are reduced and the later are readily dissolved in the solution. Since

the calcination methods would result in particle aggregation, we use the solvent extraction

method to remove CTAB molecules for our biological applications.

As we have mentioned at the beginning of the chapter, mesoporous silica nanoparticles

compose of a variety of nanostructures, and MCM-41 particle synthesized by CTAB and

TEOS in an aqueous method is only a small part. For example, by changing the alkyl group

in the cationic surfactant, the mesopore size could be adjusted accordingly [1]. Different

silica precursors have different hydrolysis and condensation rates, and thus influence the

morphology of MSNs. For example, TEOS reacts faster than tetrabutoxysilane, but slower

than tetramethoxysilane [5]. In addition to the commonly used cationic surfactants, anionic

and nonionic surfactants such as the poly(ethylene oxide) contained block copolymer have

also been introduced to reduce the cost and to expand the material variation [15]. Moreover,

5



in order to generate uniformly sized particles or to modify the structural properties, a second

templating agent can be added. The nonionic surfactant Pluronic F127 has been widely

used to reduce the particle size by stopping the particle growth [16]. Both ethyl acetate

and perfluorooctanoic acid have been shown to yield helical MCM-41 in the presence of

CTAB [17, 18]. Additionally, both acidic and base catalysis has been employed, such as the

hydrochloride acid used for the synthesis of SBA-15 [15].

1.1.2 Synthesis Procedures and Characterization Methods

The synthesis of our 100 nm MCM-41 particles starts with suspending the templating

agent CTAB into a water solution. By adding sodium hydroxide solution into it, the reaction

medium is tuned to pH 11. The mixture is stablized at 80 ◦C before the silica precursor

TEOS is slowly added under vigorous stirring. The hydrolysis and condensation reaction of

TEOS are thus carried out at the same time as that of the surfactant self-assembly process.

After reacting and aging at 80 ◦C for two hours, the generated particles are collected via

centrifugation. They are washed with water and methanol several times to remove the

reactant residue. To extract the templating agents, the particles are suspended in methanol

with HCl and refluxed at 60 ◦C for overnight.

The typical characterization methods include: X-ray powder diffraction (XRD) - to ver-

ify the silica crystal structure and the ordered porous structure; transmission electron mi-

croscopy (TEM) and scanning transmission electron microscopy (STEM) - to characterize

the particle morphology and the porous structure; dynamic light scattering (DLS) - to char-

acterize the hydrodynamic radius of particles in different solvents; N2 absorption-desorption
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analysis - to evaluate the macro- and mesoporous structures together with the information

about particle surface areas and pore sizes; zeta-potential analysis - to determine the surface

charge of particles; Fourier transform infrared spectroscopy (FTIR) - to confirm the chem-

ical modification of silica particles, such as the removal of organic surfactants after solvent

extractions, by monitoring the C−H vibration bands.

1.1.3 MSNs for Biomedical Applications

Mesoporous silica materials serve as a versatile platform for biomedical applications,

especially for drug delivery.

(i) The porous materials have large surface areas and storing volumes. The average

surface area for MSNs is about several hundred to a thousand square meters per gram,

rendering them a great absorption medium. Thus, small drug molecules would have a high

absorption affinity towards the porous structures. Moreover, variable pore diameters can be

achieved by tuning the templating agents or the synthetic methods, providing the necessary

storage space for cargo molecules of different sizes. The pore volume has been reported to

be around 0.7 - 1.4 cm3/g for mesoporous silica materials [4, 15].

(ii) In the context of drug delivery, the capacity of storing cargoes inside the pores is

beneficial not only for controlling the release, but also for reducing the undesired interference

between cargo molecules and biological molecules. As we will explain more detail later, the

stored cargoes can be sterically separated from the external environment by a “gate” molecule

attached to the pore openings. The gate can open and close the pores on demand, and thus

prevent the premature leak of cargoes. The pores also protect the cargoes from degradation
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by enzymes in biological systems [19].

(iii) Mesoporous silica nanomaterials are subject to versatile surface modification and

functionalization by silane chemistry, which can be realized either during or after the par-

ticle synthesis. During the sol-gel reaction, the process is accomplished by introducing a

functional silane reactant, such as the 3-aminopropyltrimethoxysilane (APTES). The amino

silane molecule condenses into the silica scaffold, shifting the particle surface charge towards

more positive and leaving an amino group for further reactions. On the other hand, the

post-synthesis modification can be carried out with the unreacted silanol groups. An ortho

silane molecule that has three alkoxy substitutes (like methoxy and ethoxy), can condense

with the silanol groups and graft the particle surface with designed functional groups, such

as chlorides, iodides, amines, hydroxyls, isocyanates and phosphonates [4, 20, 21]. Lots of

organic synthetic methods can then be used to decorate the particles with active organic

groups, polymers, antibodies and proteins [22, 23].

(iv) Silica nanoparticles are biocompatible. The biocompatibility of silica nanoparticles

have been intensively studies at the in vitro and in vivo levels [20, 24, 25, 26, 27]. Studies

carried out by our group and others have observed that the silica nanoparticles did not intro-

duce toxicity within the concentration limit of 100 µg/mL,[20, 24, 25, 26, 28, 29]. This value

is much higher than the usual dosage of MSNs for cellular and animal model experiments,

which is about 1 to 30 µg/mL. More detailed research has revealed that the silica particles

injected intravenously in mice can be excreted within 4 days through the urine and feces

[29].
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1.1.4 Other Biomedical Nanocarriers

Mesoporous silica is merely one member among the various drug delivery platforms.

Nanostructures composed of polymers, dendrimers, liposomes, gold, iron oxide and semicon-

ductors such as quantum dots are all adaptable drug carriers with their own advantages and

disadvantages. Polymer nanoparticles have flexible backbone structures and high loading ca-

pacities, and usually accomplish controlled cargo release by their chemical property change,

such as solubility variation or structural deformation [30]. Dendrimers are highly branched

molecules and can incorporate cargoes via the guest-host interactions [31]. Liposomes have

similar chemical compositions as that of the cell membranes, and thus can be internalized

easily during the circulation [32]. In an effort to take advantage of the plasmonic effect, gold

nanoparticles have been introduced to carry out photothermal therapies [33], and also benefit

from their near-infrared emissions [34]. Iron oxides are paramagnetic or superparamagnetic

materials, which enhance the contrast in the T2-weighted magnetic resonance imaging (MRI)

and can be physically manipulated by magnets [25]. Quantum dots are benefited from their

intrinsic fluorescence and the broad absorption bands and can serve as a multifunctional

carrier performing the imaging and drug delivery simultaneously [35, 36].

1.2 Nanomachines for Controlled Drug Delivery by MSNs

1.2.1 Strategies for Controlled Drug Delivery by MSNs

The idea of controlled drug delivery benefits the medical field from different perspectives.

For diabetes treatment, the slow and regulated insulin release stabilizes the glucose concen-
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tration in circulation systems and reduces the risk of combinations [19]. For the delivery of

antibiotics, protecting the drugs from direct exposures will effectively decrease the consump-

tion of drugs before reaching the designated tissues, extend the circulation time and increase

the delivery rate [37]. For chemotherapy medicines, minimizing the premature release will

not only enhance delivery efficacies but also reduce damages to health tissues. A higher local

concentration of therapeutics could be achieved near the leisions, with less side effects. This

dissertation will primarily focus on the controlled drug delivery for cancer treatment.

The on-command drug delivery based on mesoporous silica nanoparticles have been

achieved by various methods. The initial research involved using nanocrystals to cap the

nanopore openings and release the payloads upon breaking the connection bond. The

nanocrystals, such as CdS and Fe3O4, were covalently attached to silica particles via a

disulfide bond, which could be reduced by cellular antioxidants or reducing agents like

dithiothreitol [38, 39], and thus open the pores and free the payloads. Another strategy

is macromolecule capping. Polymers, dendrimers and lipids have been coated on the surface

of silica particles, preventing the free diffusion of cargoes. The on-demand release usually

takes advantage of the macromolecule property change [40, 41, 42]. For example, the poly(N-

isopropylacrylamide) has higher hydrophobicity at the temperatures above its lower critical

solution temperature (LCST). By coating poly(N-isopropylacrylamide) on silica surfaces, the

cargo can be trapped inside the pores at temperatures below the LCST. Once the tempera-

ture raises above the LCST (about 32 ◦C), the polymer network collapses and the cargoes can

be released [41]. Similarly, poly(acrylic acid), poly(4-vinyl pyridine) and a few coordination

polymers are pH sensitive and have been applied on MSNs for nanocarriers that respond to
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acidic or basic environments [43, 44, 45]. Another method for on-command cargo release, as

we will discuss in more detail in the next part, involves the nanomachine constructions.

1.2.2 Nanomachines

This dissertation focuses on the controlled cargo release realized by nanomachines on

mesoporous silica particles. Similarly to the conventional concept of a machine, a nanoma-

chine composes of a moving part and a solid support to accomplish a particular objective,

with appropriate power supplies. More specifically, the solid support is the mesoporous silica

nanoparticles, either their exterior porous surfaces or their interior surfaces along the pores.

The moving part is a functional organic modification that is covalently bonded onto the silica

scaffold, and undergoes large amplitude motions upon stimulations. The stimulations refer

to the environmental condition variations, such as the pH change, the temperature fluctua-

tion, the light irradiation, the redox potential change and the enzyme introduction. These

variations trigger the chemical or physical property change of the organic modifications and

release the stored chemical energy to power the machine operation. The objective is to ma-

nipulate the movement of cargoes by the motions of organic functional part, achieving the

stimulus-responsive drug release to designated tumor tissues without premature release.

The concept of nanomachine was proposed by our group about ten years ago, and since

that time, we have designed and synthesized a family of nanomachines constructed of different

operative groups suitable for specific biological targets and achieving the controlled drug

delivery by various mechanisms [4, 20, 21, 28, 46, 47, 48, 49, 50, 51, 52, 53]. Several examples

are shown in Figure 1.2 on page 16. The snap-top has a “stalk” attached to the silica surface
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and a cyclic molecule threaded onto it to close the pore openings. A bulky group is modified

to the free end of stalks, serving as a “stopper” to prevent the dethreading of cyclic molecules.

The stopper is cleavable from the stalk upon light irradiation or redox reaction, thus releasing

the payloads [48, 51]. In nanopistons, the cyclic molecule is bonded onto the silica surface,

while the stopper is held close to pores via the guest-host interaction with the cyclic groups.

Upon decreasing the pH, the stopper leaves the cyclic molecule and frees the cargo molecules

inside the pores [53]. The operation of nanovalves and nanoimpellers are explained in detail

in the following paragraphs.

A nanovavle construction is similar to that of a snap-top, but different in the sense

that the machine operation does not involve chemical bond breaking. The cyclic molecule

threads onto the stalk via guest-host interactions or hydrophobic forces, functioning as a cap.

If the stalk has two binding sites for the cap, the shifting of the cap between the two sites

would “close” and “open” the nano pores, which leads to the reversible release of cargoes.

On the other hand, if the stalk only possesses one binding site, the dethreading of caps

would let out the trapped cargoes. The transition between the close and the open states,

could be introduced by pH change, redox reactions, light activation and temperature change

[4, 20, 26, 47, 52, 54].

In one example of the pH-sensitive nanovalves, a phenlyamine group that has an inclusion

interaction with α-cyclodextrin is attached to the particle surface. Thus, the cyclodextrin is

kept close to the pore openings to trap the cargo. Upon lowering the solution pH, the amine

group is protonated and the binding affinity between the phenyl group and the cyclodextrin

reduces. The cyclodextrin detaches from the stalk and drug molecules are free to diffuse out
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of the pores [4].

Besides cyclodextrins, cucurbituril is another type of cyclic molecule that has been used

for nanovalves. At neutral pH, cucurbit[6]uril forms inclusion complexes with diaminoalka-

nes. The complex is not stable in basic environment and is thus suitable for a nanovalve

that opens at higher pH [54]. The inclusion also weakens as the temperature rises. Because

magnetic nanocrystals generate heat when exposed to a high-frequency oscillating magnetic

field, iron oxide nanocrystals are embeded into the silica matrix with the particle surfaces

modified with the cucurbit[6]uril valve. Therefore, upon placing the system in an oscillat-

ing magnetic field, the silica particle interior is heated by the iron oxide, destabilizing the

cucurbit[6]uril-diaminoalkane interaction and releasing the loaded cargoes [26].

The nanoimpeller is a light-activated nanomachine. Azobenzene molecules are co-conden-

sed into the silica scaffold via a linker molecule and stretch out into the pore interiors, phys-

ically blocking the movement of cargoes. The azobenzene moiety has two conformational

isomers: the trans and the cis isomers. Under irradiation with a wavelength of 403 nm -

the isosbestic point in the absorption spectra - the azobenzene molecules undergo photoiso-

merization. The constant conformational change produces a wagging motion that effectively

forces the cargo molecules out of the pores, thus accomplishing light stimulated cargo release

[28].

1.2.3 Multifunctional Drug Delivery Platform

Mesoporous silica nanoparticles serve as a versatile and multifunctional platform for nano

biomedicines. Besides drug delivery, they also have the capacity to perform gene therapy,
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targeting, imaging and hyperthermia in biological systems. The gene therapy is realized

by coating the particle surface with positively charge polymers, such as polyethylene imine,

which incorporates negatively charged nucleic acids by electrostatic attraction. The siRNA

and DNA molecules are transported into cells by the MSNs. Because the polymers are pro-

tonated at lower pH, the nucleic acids are released under the acidic condition in lysosomes

[23, 55]. Targeting to cancer cells by MSNs has also been investigated by using folic acid,

transferrin and RGD proteins [22, 25]. These targeting agents are bonded to the particle

surface by various linker molecules and enhance the specific delivery rate of drugs to tu-

mor tissues. Moreover, different imaging methods based on MSNs can be achieved. Both

T1-weighted and T2-weighted MRI imaging is realized by introducing Gd or Fe compounds

or nanocrystals into the MSNs (Chapter 2 and 4). Similarly, heavy metal elements were

introduced for positron emission tomography (PET) and computed tomography (CT). Flu-

orescence imaging is commonly used in current research to locate the MSNs. They are

decorated with fluorescein isothiocyanate (FITC), rhodamine isothiocyanate (RITC) and

other fluorescent molecules. Upconversion imaging has also been studied by embedding the

lanthanide nanocrystals into the silica particles (Chapter 7). In addition, magnetic materials

embedded MSNs could function as heating centers for hyperthermia therapies.

1.3 Motivation

The research of this dissertation focuses on two aspects of mesoporous silica materials

for the purpose of improving their biological performances in drug delivery. One aspect

is the direct investigation of the nanomachine systems to advance their functionality, such
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as introducing the T1-weighted MRI imaging model (Chapter 2), simultaneously delivering

nucleic acids with therapeutics (Chapter 3), and examining their biological performances

(Chapter 7). Another aspect is the investigation of their physical properties in order to

deepen our understanding of the physical property dependent cargo release performance

and to facilitate nanomachine design. Chapter 4 is purely a thermal property study of the

material. Chapters 5 and 6 consider a combination of the two aspects, where the direct

influence of the physical property on machine performances is carefully examined, and a

novel detection method is used to monitor both the physical property change and the cargo

release simultaneously.

1.4 Figures

Figure 1.1 Illustration of the templated sol-gel process in the synthesis of MSNs using TEOS
as the silica precursor and CTAB as the templating agent.
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Figure 1.2 Types of Nanomachines
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CHAPTER 2

Mesoporous Silica Nanoparticles for Controlled

Release of MRI Contrast Agent

2.1 Introduction

The work of this chapter focuses on exploring the mesoporous silica nanoparticle as a

delivery vehicle for contrast agents for magnetic resonance imaging (MRI) in addition to its

on-demand cargo release property. The goal is to achieve a multifunctional platform based

on MSNs that serves as both a drug carrier and an imaging probe. The research conducted

here endeavors to incorporate gadolinium compounds into the nanovalve systems by several

approaches, for the purpose of enhancing the contrast in T1-weighted MRI. The structural

designs, synthetic methods and experimental results are analyzed and presented.

Magnetic resonance imaging is one of the major radiology diagnosis methods in modern

medicine. Employing the same mechanism as the nuclear magnetic resonance (NMR) spec-

troscopy, MR imaging relies on the changing of relaxation times (T1 and T2) to enhance the

signal from tissues and organs in living organisms. Yet, often times, the image contrast is

too poor to clearly show the anatomy. Hence, magnetic materials are introduced to enhance

the image contrast. Gadolinium(III) has seven unpaired electrons and is thus strong param-
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agnetic. By using the gadolinium compounds as the contrast agents, they can reduce the T1

relaxation time and brighten the T1-weighted images [1, 2]. Superparamagnetic iron oxide

could, on the other hand, darken the T2-weight images and enhance the contrast too [3].

A group of gadolinium compounds have been approved for clinical uses. All are based on

Gd chelating complexes with ligand DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-

acetic acid) or DTPA (diethylenetriaminepentacetate) [4, 5, 6]. DOTA and DTPA form

strong metal-ligand bonds with Gd via tertiary amine groups and unprotonated carboxyl

groups. The coordination number is usually eight for Gd, with another binding site left

available for interactions with water molecules in tissues to shorten the proton T1 relaxation

time [7, 8, 9]. The structure of one of the Gd contrast agents, gadolinium diethylenetri-

aminepentacetate (Gd-DTPA), is shown in the upper left corner in Figure 2.1 on page 32.

2.2 Design and Synthesis of Gd Incorporated Nanomachine Sys-

tem

The effort of incorporating the Gd complexes into the MSNs nanomachine systems has

been pursued by three approaches. The first involves loading the contrast agent as a cargo

into the porous structure; the second is to chemically modify nanomachines with Gd com-

pounds; in the later stage of our investigation, we have also tried to bond the contrast agent

onto the particle surfaces to fulfill the task.

The nanomachine we have employed here is the pH-responsive cyclodextrin nanovalve

[10]. As we have described in the last chapter, the nanovalves have two components: a

phenylamine stalk that bonds to the silica surface via silanol chemistry and a α-cyclodextrin
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molecule that threads onto the stalk as the cap. The two form guest-host inclusion complexes

at neutral pH and upon acidification, the binding affinity decreases and the cap leaves the

stalk molecule. The free movement of the cargo is thus limited by the bulky cyclodextrins,

and cargo can only leave the pore interiors when the caps are dethreaded (Figure 2.2 on

page 32).

Our first approach is designed to trap the Gd-DTPA complex inside the nanopores and

release them in acidic environment. The second approach tries to covalently bind Gd-DTPA

with α-cyclodextrins via a peptide bond with the amine modified cyclodextrins, so that the

contrast agent could be delivered similarly as a cargo (Figure 2.1). The last approach is to

coat the silica particle surface with polyethylene imine to integrate the Gd-DOTA molecule

into the particles.

2.3 Delivery of the Contrast Agent as the Cargo Molecule

The MCM-41 particles were first synthesized by the sol-gel procedure that we have dis-

cussed in Chapter 1. The as-synthesized particle morphology and porous structure were

characterized by TEM images and XRD patterns. Shown in Figure 2.3a on page 33 is

the X-ray diffraction spectrum as a function of the reflection angle 2θ. By converting the

angle to distance d using the Bragg’s Law, the lattice distance is calculated as 4.1 nm (Fig-

ure 2.3b). TEM images show that the spherical particle size is about 95 - 125 nm (Figure 2.4

on page 33). The hexagonally organized pores in the particles are presented too.

Nanovalve stalk modification on the particle surfaces were carried out by the silanol

chemistry via a linker molecule, following a previous publication [10] (see Chapter 3). A flu-
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orescence dye molecule, propidium iodide, was first loaded into the functionalized nanopar-

ticles. Next α-cyclodextrin was added into the loading solution to cap the nanovalves. The

particles were then thoroughly washed by water to remove the surface absorbed dyes. A time

resolved fluorescence spectroscopic method was employed to examine the machine function.

Particles after drying were placed in the corner of a cuvette and water was slowly added

into the cuvette without disturbing the particles. A small stir bar was immersed in water.

A probe laser beam (448 nm) shone onto the supernatant solution, and the solution fluores-

cence intensity was monitored continuously by a CCD detector. The detection wavelength

range was set as the emission range of the cargo molecules, so that the cargo concentration

variation in the supernatant was represented by the emission intensity change. In Figure 2.5

on page 34, the left graph in the first row illustrates such a release profile. The fluores-

cence intensity was plotted as a function of time. Initially, the fluorescence signal was quite

weak and constant, but upon the acidification of the solution (indicated by the red arrow),

the intensity dramatically increased, suggesting that the nanovalves were opened by the pH

change and that the loaded dye molecules were released into the solution.

Similar experiments were performed using the Gd contrast agent as the cargo. Because

the Gd compound does not have a strong fluorescence emission in the visible range, a Eu

complex with the same ligand was used instead [11, 12, 13, 14]. The two complexes have

similar electronic configurations and atomic radii, thus the release behavior of Eu-DTPA is

representative of Gd-DTPA. The result is shown in Figure 2.5 on the right side of the first

row. After adding the acid solution, there was no obvious cargo concentration increase in the

supernatant. The slope of the curve gradually increased at a later stage of the experiment,
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yet it is not conclusive whether the nanomachines have successfully released the lanthanide

chelating compound.

We modified the acid responsive nanovalve systems to improve the performance. Con-

sidering that the Gd atoms are chelated by negatively charged carboxyl groups and the

molecule size is relatively small compared to organic dyes such as propidium iodide, two

parameters were fine tuned: the nanoparticle surfaces were decorated with more positively

charged amine groups or the stalk amount was doubled to provide a better trap. Controll

studies using propidium iodide as the cargo had validated the machine functioning. The re-

lease of Eu-DTPA was improved when the nanomachine amount was increased, because an

obvious slope change was presented, yet the release amount was still quite small (Figure 2.5).

Nevertheless, the result indicated that the size of lanthanide complexes might be the ob-

stacle in preventing the proper on-demand release, which motivated us to use a nanoparticle

with smaller pores to enhance the efficiency. Instead of the sixteen carbon chain surfac-

tant CTAB, we introduced the twelve carbon chain dodecyltrimethylammonium bromide

(DTAB) as the templating agent. The particle TEM images showed great homogenity and

dispersibility, and their sizes are about 220 nm (Figure 2.6 on page 34). Since the concern

is that the cargo molecule might be too small, we synthesized another pH nanovalve that

uses a similar functioning mechanism and has a shorter stalk, where the cap would be placed

closer to the pore openings to prevent the cargo escape. The machine structures and their

performances using fluorescent dyes are illustrated in Figure 2.7 on page 35. Even though

both of the nanovalves operated well with dye molecule payloads, we could still not detect a

substantial release when using Eu-DTPA as the cargo.
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Continuing the idea of chemical modifications on particles and nanovalves, we tested the

short stalk nanovalve with positive surface charges. Moreover, because the Eu-DTPA com-

plex has stronger ionic character than the organic dyes, a base activated nanovalve was used

to examine whether the acidic release environment was causing the problem. Functioning of

both systems were tested and confirmed with dye molecules (Figure 2.8a and b, on page 35).

However, upon replacing the dyes with Eu-DTPA, the on-command release behavior was not

detectable any more (Figure 2.8c).

2.4 Contrast Agent Covalently Bonded with α-cyclodextrins

Our first approach of loading the contrast agent into the nanopores for on-demand release

did not give promising results. All the nanomachines were operating with organic dyes, but

not the lanthanide complexes. We hypothesized that their strong ionic character prevents

them from being efficiently loaded into the nanopores and resulted in the faint release that

was observed for most of the experimental conditions. To address this issue, the contrast

agents were covalently bonded onto the cap molecule α-cyclodextrins to ensure sufficient

incorporating [15, 16]. The α-cyclodextrin modification scheme is shown in Figure 2.1 on

page 32. The product structure was analyzed by NMR and matrix-assisted laser desorp-

tion/ionization mass spectroscopy (MALDI). Both the α-cyclodextrin amine modification

and the corresponding DTPA attachment via the peptide bond were verified by the NMR

and mass spectra (Figure 2.9 on page 36 and Figure 2.10 on page 36) [15, 16].
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2.5 Attachment of Gd-DOTA on Particle Surfaces and New Char-

acterization Methods

Our third approach was to attach the contrast agent to particle surfaces via cova-

lent bonds. For the purpose of improving the biodistribution of nanoparticles, we used

a polyethylene imine-polyethylene glycol (PEI-PEG) co-polymer coated MCM-41 system

[17]. On the particle surface, the abundant amine groups from PEI were reacted with a

N-Hydroxysuccinimide (NHS) functionalized DOTA ligand (DOTA-NHS).The chelating lig-

and has been changed, part of an effort to examine whether the DTPA ligand was causing

the problem. Figure 2.11 on page 38 illustrated the synthesis scheme as well as the DLS

characterization result of the co-polymer coated nanoparticles. The particles presented a

narrow size distribution with an average diameter of 121.8 nm.

Besides the new approach of integrating the Gd component, we decided that the fluo-

rescence intensity spectra might not be an ideal detection method because the lanthanide

elements all have narrow absorption and emission peaks and we did not have an available

laser line that overlaps well with the Eu or Gd absorption peaks. Since the aim was to

detect a heavy metal element, we employed inductively coupled plasma atomic emission

spectroscopy (ICP-AES) to measure the amount of Gd3+ ions in nanoparticles. As shown in

Table 2.1 on page 41, the ratio between particles and DOTA-NHS linker molecules and the

ratio between linker molecule with Gd were carefully tuned. The results were characterized

by the weight of Gd3+ ions in the particles in comparison with the particle total weight. The

highest loading efficiency was generated by using more DOTA-NHS linkers to bind to the

surfaces and the 1:1 molar ratio between the Gd and the linker molecule. Similarly, we have
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examined how much Gd3+ ion could be absorbed into the particles due to the electrostatic

interaction by soaking polymer coated particles into Gd solutions without binding the lig-

and DOTA first. About 14 % of Gd loading was detected in compare to the ligand modified

particles (0.065 versus 0.47 wt.%), thus the chelating binding was the primary driving force

for Gd incorporation.

The chelating reaction between the free Gd3+ ions and the DOTA attached particles were

further analyzed by collecting the residue of loading solutions and comparing that with the

particle Gd content. More specifically, the Gd3+ ion solution used in loading was collected

after centrifugation, and during the particle washing process, all the supernatant solutions

were collected by the same method. For each sample, the supernatant Gd concentrations

were analyzed by ICP together with the Gd content in particles. The five samples that

have different Gd - linker molecule ratios were examined, and the results are in Figure 2.12a

on page 39. The total amount of Gd detected for each group were calculated by summing

up all the supernatant and the particles. The relative Gd amount in each supernatant was

compared to the total amount of the group. The results indicate that the amount of Gd

that could be integrated into the particles was limited by the amount of DOTA ligand, thus

proving that the Gd incorporation was due to the chelating bonds with DOTA ligands.

Moreover, the Gd contrast agent was introduced for the purpose of changing the magnetic

properties of particles, thus we studied their electron paramagnetic resonance (EPR) spectra

and their proton T1 relaxation times. Two polymer coated MSN particles were used as the

control group and were compared with their derivatives that have reacted with Gd. In the

first derivative of EPR spectrum, a broad band was observed in the Gd reacted derivatives,
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indicating the presence of unpaired electrons and thus confirming the incorporation of Gd3+

ions . In another experiment, a NMR spectrometer was used to measure the proton T1

relaxation times in the presence of particles. One sample is the PEI-PEG coated MSNs with

the DOTA-Gd modification, while the other one is the polymer MSNs with DOTA only. The

calculated T1 relaxation time for the former is 10.68 ms, much shorter than the relaxation

time of the latter, which is 381.10ms (Figure 2.13a on page 40).

2.6 Summary

In summary, we have investigated three approaches to incorporate gadolinium MRI con-

trast agent into the nanomachine functionalized MSNs to explore the imaging properties

of the drug delivery platform. Contrast agents were directly loaded into the particles, and

chemically bonded onto the nanovalve caps and the particle surface coatings. With little

success in using fluorescence emissions of the lanthanide complexes to detect their release,

the elemental analysis method of ICP-OES was more promising in quantifying the Gd inte-

gration. The highest Gd content was detected when a large amount of chelating ligands was

attached to particles and when the same molar amount of the ligand and the free ion were

used. The magnetic properties of Gd integrated nanoparticles were confirmed by the EPR

spectra and by the shortened proton T1 relaxation times in NMR detections.
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2.7 Figures and Tables

Figure 2.1 Gd-DTPA structure and the synthesis scheme to bind Gd-DTPA on to the cy-
clodextrins. One of the hydroxyl group of cyclodextrin is converted into an amine group and
further reacted with the carboxyl group on Gd-DTPA to form the peptide bond.

Figure 2.2 pH responsive nanovalve structure and release scheme. Blue circles represent the
cargo molecule, such as propidium iodide and Gd-DTPA.
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Figure 2.3 XRD patterns of MCM-41 particles. (a) XRD pattern plotted as a function of
the reflection angle 2θ. (b) XRD spectrum plotted as a function of lattice distance d.

Figure 2.4 TEM images of MCM-41 particles. Scale bar: 40 nm
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Figure 2.5 Release profiles of lanthanide complexes by nanovalves in comparison with those
of the propidium iodide. Both molecules serve as the cargo molecules. Besides the original
nanomachine construction, two variations were performed : nanoparticle surfaces were modified
by positively charged amine groups in the second row and the nanomachine amount was doubled
in the third row.

Figure 2.6 TEM images of different magnifications showing MSNs synthesized by using
DTAB as the templating agent. Scale bar: 5 µm, 100 nm, 50 nm
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Figure 2.7 Release profiles of DTAB particles using Hoechst dye as the cargo. Acid responsive
nanovalves of two different stalk lengths were examined. The release of DTAB particles was
compared with that of the CTAB templated particles.

Figure 2.8 More chemical modification of nanovalve systems and their release performances
using either dye molecules or lanthanide complexes. (a) Hoechst release of CTAB particles with
short stalk acid valves and positive surface charge modification. (b) Resorufin release using a
base stimulated nanovalve. The structures of nanovalves and the dye resorufin are shown inset.
(c) Typical release profile of Eu-DTPA using similar nanovalve systems.
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Figure 2.9 NMR analysis of the product of α-cyclodextrin modifications. Top: NMR spectra
of cyclodextrin amine modification. The peaks between 2.4 - 2.9 ppm confirms the ethylamine
modification. Bottom: the NMR spectra of cyclodextrin-DOTA derivative.
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Figure 2.10 MALDI analysis of the product of α-cyclodextrin modifications. MALDI analysis
of the product of α-cyclodextrin modifications. Top: MALDI spectra of cyclodextrin amine
modification, whose molecular ion peak is shown at m/z 1177. Bottom: the MALDI spectra
of cyclodextrin-DOTA derivative. Its molecular ion peak is at m/z 1563.
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Figure 2.11 Chemical modifications of PEI-PEG coated silica nanoparticles to integrate Gd
complex and the DLS analysis of the particles. The average particle size is shown as 121.8 nm

.

38



Figure 2.12 ICP analysis result and EPR first derivative spectra of Gd particles. (a) The
ICP analysis results of five samples and the Gd loss during the loading and washing process.
Five samples of different ligand to Gd molar ratios were examined. Their loading solution and
the washing supernatant were collected and analyzed. Relative amounts of each supernatant (1
- 6) in compare to the total Gd amount for this sample were plotted. (b) EPR first derivative
spectra of Gd reacted particles showed a broad band compared to the flat curves of controls.
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Figure 2.13 Proton T1 relaxation times in the presence of Gd incorporated particles (top)
in compare with control particles (bottom). Signal decay as a function of time was measured
by NMR spectrometer and fitted to generate the T1 relaxation time. This value is shortened
by the Gd modifications (10.68 ms) compared to the polymer coated particles without Gd
incorporation (381.10 ms).
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Table 2.1 ICP analysis in optimizing the Gd loading efficiency into the DOTA modified
copolymer coated MSNs.

Particle - DOTA relative amount optimization
Sample No. 1 2 3 4 5

m(particle):m(linker) 500 200 100 50 20
m(Gd):m(particle) (10−3) 0.263 0.535 1.06 1.87 3.36

DOTA - Gd relative amount optimization
Sample No. 6 7 8 9 10

m(linker):m(Gd-DOTA) 5:1 2:1 1:1 1:2 1:5
m(Gd):m(particle) (10−3) 1.35 4.76 7.33 6.37 4.01
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CHAPTER 3

Functioning of Nanovalves on Polymer Coated

Mesoporous Silica Nanoparticles

3.1 Abstract

Nanomachines activated by a pH change can be combined with polymer coatings on

mesoporous silica nanoparticles to produce a new generation of nanoparticles for drug de-

livery that exhibits properties of both components. The nanovalves can trap cargos inside

the mesoporous silica nanoparticles without premature release and only respond to specific

stimuli, resulting in a high local concentration of drugs at the site of release. The polymer

surface coatings can increase the cellular uptake, avoid the reticuloendothelial uptake, pro-

vide protected space for storing siRNA, and enhance the biodistribution of nanoparticles.

Two nanovalve-polymer systems are designed and their successful assembly is confirmed

by solid state NMR and thermogravimetric analysis. The fluorescence spectroscopy results

demonstrate that the controlled release functions of the nanomachines in both of the systems

are not hindered by the polymer surface coatings. These new multifunctional nanoparticles

combining stimulated molecule release together with the functionality provided by the poly-

mers produce enhanced biological properties and multi-task drug delivery applications.
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3.2 Introduction

Over the past decade, mesoporous silica nanoparticles (MSNs) have become a promising

platform for therapeutic applications [1, 2, 3, 4, 5, 6, 7]. Benefiting from the high surface

area, large pore volume, nontoxicity and well-developed silanol chemistry derivatization,

a variety of surface and interior modifications have been applied to MSN to perform on-

demand drug delivery, fluorescence imaging and active targeting [8, 9]. Among the various

functionalization of MSN [10, 11, 12, 13], multiple methods have been developed to fulfill the

on-demand release of payloads, including nanomachine constructions [12, 14, 15], nanocrystal

cappings [16, 17] and macromolecule cappings [18, 19, 20, 21, 22, 23]. For nanomachine

constructions, the pore openings of mesoporous structure are blocked by functional groups

that have variable binding under different conditions. Upon applying external or internal

biological stimuli such as light, magnetic field, pH change or redox change, the pore openings

can be readily closed or opened and therefore provide a smart drug delivery system that

operates in a controlled fashion [10, 11, 24, 25].

In addition to molecular capping agents, various surface coating agents such as polymers

and lipid bilayers [26, 27] have been applied to mesoporous silica nanoparticles to introduce

unique functions or to optimize their biological behavior. One example involves grafting

polyethylene glycol on MSN surface in order to avoid uptake by the reticuloendothelial

system, increase its blood circulation time and improve its biodistribution properties [27,

28, 29]. Moreover, the surface coating agents can provide useful storage space for carrying

large molecules such as small interfering RNA (siRNA) and DNA molecules to conduct gene

therapies [26, 30, 31]. It would be ideal if the surface coatings could be incorporated with
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the controlled-release capping systems to deliver both nucleic acids and small therapeutic

molecules simultaneously, presenting a multi-functional delivery platform with enhanced

biological properties.

In this study, we investigate for the first time whether the surface coating strategy is

compatible with the controlled-release systems. Two polymer coated MSN models were in-

corporated with pH responsive nanovalves to examine the functionality of the nanomachines

in the combined system. The first model is based on 120 nm MSNs with an acid-responsive

nanovalve and a small molecular weight polyethylene imine (PEI) coating (Figure 3.1a on

page 62). The nanovalves are bonded on the silica surface, and keep the nanopores closed

under neutral pH but open them when pH is decreased [24]. A 1.8 kDa PEI is utilized in

this model due to its efficiency in delivering siRNA with minimal cytotoxicity and enhanced

cellular uptake [26, 30, 31]. As for the second model, 50 nm MSNs with polyethylene imine-

polyethylene glycol (PEI-PEG) co-polymer coatings were combined with a nanovalve that

opens at pH 5 (Figure 3.1b). The 50 nm sized MSN with PEI-PEG co-polymer coating has

demonstrated excellent properties in delivering drugs at in vivo levels with a high passive

accumulation rate at the tumor site, thanks to the enhanced permeability and retention

effect (EPR effect) [27]. To optimize the delivery capacity of anticancer drugs, it would be

ideal to incorporate a controlled release nanomachine. Therefore, a nanovalve that opens at

pH 5 is employed, and together with the co-polymer coated MSN, is chosen as the second

model for examining the operations of nanomachines with the polymer coating. We demon-

strate for the first time that through proper design, the nanomachines can be integrated into

the polymer coated MSN system, and are capable of releasing the cargos in an on-demand
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fashion.

3.3 Design and Nanomachine Operation of LPEI group

3.3.1 System Construction

For the purpose of comparison, three samples were synthesized in the LPEI group. As

shown in Figure 3.2a on page 63, LPEI-1 has only the nanomachine construction on MSN,

LPEI-2 is PEI coated MSN without any nanomachine attachment, and LPEI-3 is the fully-

assembled system which has both the nanomachine modification and the PEI polymer coat-

ing. LPEI-1 is used in order to estimate the nanomachine performance, and LPEI-2 is used

as a control. The synthesis procedures for the derivatized nanoparticles are also illustrated

in Figure 3.2.

In the LPEI group, the nanomachines are composed of two parts: a bulky cyclodextrin

moiety and an aromatic amine stalk. The stalk is covalently bonded to the silica surface

via silanol reaction and the cyclodextrin cap is threaded onto the stalk. The host-guest

binding constant between the stalk and the cyclodextrin molecule varies under different pH

and renders a functional nanomachine next to the mesopore opening [32, 33]. At neutral

pH, the cyclodextrin encircles the stalk via a supramolecular interaction, blocks the pore

entrances and retains the cargo. When the environment is acidified, the binding constant

significantly decreases, resulting in the dissociation of cyclodextrin from the stalk and the

release of payloads from pore openings [24].

The PEI polymer coating is achieved by electrostatic interactions and hydrogen bond-
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ing between the polymer and the phosphonate-modified silica surface [34]. The negatively

charged phosphonate groups are attached to the MSN surface by the silanol condensation of

3-(trihydroxysilyl)propyl methylphosphonate. The PEI chosen for this study has a molecular

weight of about 1.8 kDa, because it maintains the effective nucleic acid delivery capacity and

no toxicity was observed due to the low molecular weight.16 The abundant amine groups

on PEI provide positive charges that are utilized to electrostatically attract and hold the

polymer on the negatively charged MSN surface.

3.3.2 Characterization

The successful attachment of nanovalve stalks in LPEI-1 and LPEI-3, and the polymer

coatings on silica particles in LPEI-2 and LPEI-3 are verified by 13C CPMAS NMR (Fig-

ure 3.5a on page 66). The characteristic peaks from the substituted alkane groups on the

PEI and the aromatic carbons on the nanovalve stalks are both observed in LPEI-3. More-

over, the thermogravimetric analysis was performed and the PEI polymer part is 16.4 wt.%

of the LPEI-3 sample (TGA, Table 3.1). We calculated that the total polymer surface area

is much larger than that of the silica nanoparticles, which suggests that the PEI polymers

have a full coverage on the MSN surface (see Methods on page 58).

Transmission electron microscopy (TEM) images of these MSNs were collected and no

major morphology difference was observed after surface modifications. Figure 3.3a on page 64

shows the TEM picture of typical 120 nm MSNs without any surface decoration. Figure 3.3b

is the TEM picture of LPEI-3 that has both the PEI coating and the nanomachine mod-

ifications. In LPEI-3, the particles have maintained the porous structure and the overall
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morphology is not changed. The particles exhibit slightly mottled surfaces compared to

those of the bare particles, which is attributed to the PEI polymer coating. The N2 adsorp-

tion desorption isotherms and X-ray powder diffraction spectra were collected to confirm the

porosity of the nanoparticles (Figure 3.6 on page 67 and Figure 4.2 on page 99).

3.3.3 Nanomachine Operation Test

A time-resolved fluorescence spectroscopy method was employed to test the operation of

nanovalves in the presence of the PEI coating [10, 11, 12, 24]. In brief, the particles were sus-

pended in 1mM Hoechst 33342 solution for two days to load the mesopores with fluorescent

dyes. The α-cyclodextrin cap was then added into the solution to cap the nanovalves, close

the pore openings and trap the loaded cargos. The particles were then thoroughly washed

to remove the dye molecules absorbed on the particle surfaces or in the polymer coatings.

Dried particles were then placed in a corner of a cuvette and phosphate-buffered saline

(PBS) was gently added. This solution was stirred slowly to avoid disturbing the MSNs.

The fluorescence intensity of the aqueous solution was recorded continuously to monitor the

amount of dye molecules diffused into the solution as the pH varies. Upon finishing the re-

lease experiment, the UV-Vis absorption spectrum of the supernatant solution was collected

(Figure 3.9 on page 70) and the absolute amount of released cargo was calculated by Beers

law. The recorded fluorescence intensity was converted to the corresponding concentration

of dye molecules in the solution, generating the release profile in Figure 3.3.

As shown in Figure 3.3c, the release profile of nanovalve-modified MSN with PEI coating

(red curve LPEI-3) is similar to that of the sample with the nanovalve alone (blue curve
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LPEI-1). Under neutral pH, the concentration of fluorescent dye molecules in the solution

was negligible because the nanomachine was closed. Upon tuning the pH to 3.5 by adding

dilute HCl, both samples showed an obvious increase of fluorescent dyes in the supernatant

solutions as a result of nanomachine opening. The increasing trend continued for several

hours until the diffusion out of the pores was complete. This pH-stimulated release character

of LPEI-3 shows that the existence of the PEI polymer does not hinder the nanomachines

from opening and releasing the cargo.

A control experiment was carried out in order to further prove that the cargo release in

LPEI-3 is induced by the nanomachine operation. A PEI polymer coated sample without

nanomachine modification was tested under the same conditions (Figure 3.3c, black curve

LPEI-2). In this release profile, only a very weak fluorescence intensity change was detected

upon acidifying the solution. It was caused by the small amount of dye that was not washed

out of the polymer coating. This implies that the large quantity of released cargo observed

in the combined system (LPEI-3 red curve) was a result of nanovalve operation and proves

that the nanomachine functioning was not interfered with the PEI surface coating.

3.4 Design and Nanomachine Operation of SPEIPEG group

3.4.1 System Construction

The SPEIPEG group employs the PEI-PEG co-polymer coated 50 nm MSN with a

nanovalve that opens at pH 5. The PEI-PEG coated small MSNs have demonstrated en-

hanced biodistribution and biodispersibility properties at an in vivo level [27]. The acid
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nanovalve with an operational pH close to the lysosomal pH is added in this system [24].

The nanovalve stalk has a methoxy group on the end and has a higher pKa value, that leads

to the higher operational pH.

Similarly to the LPEI group, three samples were synthesized in the SPEIPEG group.

SPEIPEG-1 has only the nanomachine modification, SPEIPEG-2 has only the PEI-PEG

coating, and SPEIPEG-3 has both the nanomachines and the co-polymer coating. For

the co-polymer decoration, the PEI component was absorbed onto the particles and the

PEG part was grafted onto PEI via an N-hydroxysulfosuccinimide (NHS) ester coupling

reaction (Figure 3.2b on page 63) [27]. The PEI part offers electrostatic repulsion between

nanoparticles, and the PEG part serves to sterically separate them. Both effects contribute to

the excellent dispersal in biological environments [29, 35]. As for the nanovalve attachment,

the stalk was synthesized separately before bonding to the silica surface via silanol chemistry

(Figure 3.2c).

3.4.2 Characterization

The successful modification of MSNs with the nanomachines and the co-polymer was

confirmed by 13C CPMAS NMR (Figure 3.5) and TGA (Table 3.1). Both the substituted

alkanes of the co-polymer and the aromatic carbons on the nanovalve stalks were presented

in the solid state NMR spectrum of SPEIPEG-3. The TGA results indicate that about

8.3 wt.% of the SPEIPEG-3 is composed of the co-polymers. With a similar method as that

of the LPEI-3, the surface area of the polymers in SPEIPEG-3 is calculated (see Methods

section on page 58). Since it is much larger than that of the silica nanoparticles, the PEI-PEG
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co-polymer has a good coverage on the nanoparticle surfaces.

Figure 4.9a on page 105 shows the TEM images of bare 50 nm silica particles, and

Figure 4.9b is the fully-assembled nanoparticles that have both the PEI-PEG co-polymer

coating and nanomachine construction. The TEM images show that the particle morphology

was not changed by surface modifications. Particle porosity was verified by N2 adsorption-

desorption and powder XRD (Figure 3.7 on page 68 and Figure 4.2).

3.4.3 Nanomachine Operation Test

The same method of time-resolved fluorescence spectroscopy described previously is ap-

plied to investigate the functionality of nanovalves in this integrated system. As illustrated

in Figure 4.9c, the fully-assembled system with both the PEI-PEG co-polymer and nanoma-

chine construction (red curve SPEIPEG-3) shows a release profile similar to that of the

sample that has only the nanovalve modification (blue curve SPEIPEG-1). The nanoma-

chines were able to keep the pore openings closed under neutral pH and open them under

acidic conditions, even in the presence of the polymer coating. The sample with only co-

polymer coating is used as a control (black curve SPEIPEG-2) and a much smaller dye

amount change was observed after solution acidification. These results are consistent with

those of the LPEI group. The pH-stimulated dissociation of cyclodextrin can occur even in

the presence of surface polymer coatings, and the nanovalves remain fully operative in the

combined system.

The investigation of two polymer-nanomachine systems shows that the bulky polymer

coating does not sterically hinder the operation of nanovalves, nor does it stop the release
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of payload molecules. The polymer moiety is loosely collapsed on the silica surface and does

not prevent the movement of cyclodextrins or small molecule dyes. Apart from the steric

effect, because the pKa of amine groups on PEI is higher than that of the aromatic amine

groups on nanovalve stalk [36, 37, 38], the protonated amine groups on PEI will not interact

with α-cyclodextrin (α-CD) during the capping process and thus render no direct influence

on the nanomachine operations.

The polymer coating does have an effect on the diffusion rate of the cargo, as well as on

the total amount of the cargo that is released from the particles. As shown in Figure 3.3c and

Figure 4.9c, the combined systems (the red curves) showed slightly reduced release capacities

and faster initial release rates when compared to the nanomachine samples without polymer

coatings (the blue curves). The reduced release capacity is due to the fact that both the

PEI polymer and the cargo molecule Hoechst 33342 carry positive charge [11, 39]. In the

loading process, the PEI polymer produces an electrostatic repulsion force to the positively-

charged Hoechst molecules. The dye molecules were able to diffuse into the pore structures

due to the concentration gradient, but the total amount of dyes stored in the particles was

reduced. We have observed similar effects on the loading capacity when the silica surface

was derivatized with functional groups [11, 39]. On the other hand, the faster initial release

rate in the combined system is surprising. We observed a similar increase in facilitated

payload release when ammonium modified MSNs were used to deliver positively-charged

doxorubicin. It was attributed to the electrostatic interaction between the charged cargos

and the silica surfaces [11]. Whether or not the same mechanism applies to the phenomena

in the polymer-nanomachine systems is still under investigation.
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3.5 Summary

In summary, we have combined two nanovalves with two types of coating polymers to

demonstrate that the polymer coated on the MSN surface will not interfere with the on-

demand release function of nanovalve-modified silica particles. The nanomachines are pH-

sensitive nanovalves that operate under acidic conditions, and the two polymer coatings

both have showed advanced biological applications either in siRNA delivery or in improving

biodistribution of silica particles. Even with the polymer absorbed on the silica surface,

the pore openings were kept closed by the nanomachines under neutral pH and opened upon

acidification, as in the case of nanomachine alone. This finding offers a new strategy in intro-

ducing featured polymers into functionalized-nanomachine systems for enhanced biological

properties and multi-task drug delivery applications.

3.6 Methods

3.6.1 Material

Cetyltrimethylammonium bromide (CTAB) (95%, Aldrich), Pluronic F127 (Aldrich),

tetraethyl orthosilicate (TEOS) (98%, Aldrich), polyethyleneimine (PEI) (1.8 kD, Aldrich),

4-(dimethylamino) pyridine (99% Aldrich), N,N-disuccinimidyl carbonate (95%, Aldrich),

poly(ethylene glycol) methyl ether(m-PEG) (MW 5kD, Aldrich), toluene (99.5%, Aldrich),

methanol (99.9%, Firsher), N,N-Dimethyl formamide (DMF) (anhydrous, 99.8%, Aldrich),

triethylamine (99.5%, EMD), ethanol (200 proof, Pharmaco-AAPER), N-phenylaminopropyl

trimethoxysilane (PhAPTMS) (95%, Gelest), 3-iodopropyltrimethoxysiliane (IPTMS) (95%,
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Gelest), p-anisidine (99%, Aldrich), bisBenzimide H 33342 trihydrochloride (Hoechst 33342)

(97%, Aldrich), α-cyclodextrin (α-CD) (98%, Aldrich), 3-(trihydroxysilyl)propyl methylphos-

phonate monosodium aqueous solution (42%, Aldrich), and phosphate-buffered saline (PBS)

(pH 7.4, Invitrogen) are used. All chemicals were reagent grade and used without further

purification or modification.

3.6.2 Characterization

Transmission electron microscopy (TEM) was carried out on a JEM1200-EX (JEOL)

instrument. UV-vis spectra were collected by a Cary 500 UV-vis-NIR spectrophotometer.

The release profiles were recorded by an Acton Spectra Pro 2300i CCD. 13C CPMAS NMR

spectra were obtained by a Bruker DSX-300 MHz Spectrometer with a 4 mm double reso-

nance Bruker probe head. Ziconium oxide 4 mm rotors were used with Kel-F caps. Ther-

mogravimetric analysis (TGA) was performed by a Pyris Diamond TG/DTA (Perkin-Elmer

Instruments). N2 adsorption-desorption isotherms were collected on a Quadrasorb SI surface

area analyser and the BET model was used to calculate the surface areas. The X-ray powder

diffraction (XRD) was performed on a Panalytical XPert Pro Powder X-ray Diffractometer

(Cu K-alpha radiation).

3.6.3 Synthesis of MSN

The first system based on the large 120 nm MSN with PEI coating is denoted as the LPEI

group. The second model using the smaller 50 nm MSN with the PEI-PEG co-polymer is

called the SPEIPEG group.
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The mesoporous silica nanoparticle for the LPEI group was synthesized according to a

well-established procedure [6, 7, 9]. CTAB (250 mg) was added into H2O (120 mL) with

NaOH solution (875 L 2M). The solution was then heated to 80 ◦C and maintained at the

temperature for half an hour before TEOS (1.2 mL) was added slowly into the solution with

vigorous stirring. After 20 min, 3-(trihydroxysilyl)propyl methylphosphonate (300 µL) was

added and the reaction was kept at 80 ◦C for another two hours. The synthesized particles

were collected and washed with water and methanol. To extract the templating agents, the

particles were suspended in methanol (60 mL) with concentrated HCl (2.3 mL) and refluxed

at 60 ◦C overnight. The as-synthesized particles have a lattice distance of about 4.1 nm and

the pore size of the mesoporous structure is ∼2.2 nm.

The synthesis of smaller-sized mesoporous silica nanoparticles was slightly different [27].

Pluronic F127 (200 mg) was dissolved in the H2O solution together with CTAB and NaOH.

It was then heated to 80 ◦C for 30 min before TEOS (1.2 mL) was added. After 20 min,

3-(trihydroxysilyl)propyl methylphosphonate (300 µL) was added and the reaction was kept

at 80 ◦C for two hours before centrifugation and washing.

3.6.4 LPEI Surface Modification

For the attachment of nanomachine stalks in LPEI-1 and LPEI-3, the thread molecule

PhAPTMS was directly bonded to the silica surface by reacting with the particles in toluene.

PhAPTMS (30 µL) was added into 100 mg particles in toluene (10 mL). It was then heated

to 75 ◦C and refluxed under nitrogen gas at for 24 h. The aniline-modified particles were

then washed and dried for later use. The polymer coating was applied for both LPEI-2 and
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LPEI-3. As-prepared particles (50 mg) with (LPEI-3) or without the nanomachine stalk

(LPEI-2) were dissolved in methanol (5 mL) and mixed with PEI ethanol solution (1.8 kD,

5 mL, 2.5 mg/mL) for half an hour. The coating procedure was repeated before washing

with ethanol and water.

3.6.5 SPEIPEG Surface Modification

The nanomachine stalk molecule for SPEIPEG-1 and SPEIPEG was synthesized by re-

acting p-anisidine (0.123g), IPTMS (40 µL) and triethylamine (420 µL) in toluene (15 mL)

at 75 ◦C under N2 gas for 24 h. As-synthesized small particles (100 mg) in toluene (15 mL)

were added into the stalk solution and reacted at 75 ◦C under N2 gas for 24 h. The thor-

oughly washed particles were then suspended in H2O (120 mL) and methanol (120 mL) with

NH4NO3 (0.8 g) to remove the surfactants Pluronic F127 and CTAB, prior to washing and

drying. Since SPEIPEG-2 is not decorated by nanomachines, only the surfactant extraction

part was performed.

The PEI-PEG co-polymer coating for SPEIPEG-2 and SPEIPEG-3 was performed by

electrostatically absorbing PEI onto the silica surface and reacting with the activated m-

PEG [9]. Particles (50 mg) after surfactant extraction were mixed with PEI ethanol solution

(1.8 kD, 5 mL, 2.5 mg/mL) for half an hour. This step was repeated again and the particles

were reacted with activated m-PEG (250 mg) in DMF (5 mL) for 24 h before centrifugation

(15000 rpm, 30 min) and washing.
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3.6.6 Cargo Loading and Capping

Cargo loading was carried out by suspending as-prepared particles (20 mg) in Hoechst

33342 solution (2 mL, 1mM buffered water solution) for 24 h. Nanomachine stalk-modified

samples were added with α-CD (40 mg) and stirred for another 24 h to cap the nanovalves.

All samples were washed repeatedly with PBS buffer to remove dye molecules on the silica

surface and polymers.

3.6.7 Time-resolved Fluorescence Spectroscopy Release Profile Measurements

Dye loaded sample (4 mg) was weighed and carefully placed in a corner of a cuvette

before PBS (6 mL) buffer was added. A 376 nm excitation laser beam was used to excite the

emission of Hoechst 33342, and the solution fluorescence spectra were recorded continuously

by a spectrophotometer. After collecting a baseline, the solution pH was tuned to 3.5 in

the case for LPEI and 5 in the SPEIPEG group to activate the acid nanovalves. Upon

the completion of cargo release, the UV-vis absorption spectrum of the supernatant was

measured and the dye concentration was calculated using Beers law. The mass of cargo

molecules being released was obtained and the corresponding weight percent of cargo to the

particle was calculated.

3.6.8 Estimation of the Polymer Coverage on the MSNs

In this part, we calculated the total surface area of silica nanoparticles and that of the

polymer molecules coated on the particles. In comparing the two areas, we try to estimate

the polymer coverage on the surface of MSNs.
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The surface areas of polymer molecules were calculated using software ChemBio3D. As-

suming all the molecules are flat, the surface area of an 1800 Da PEI molecule is about

9.97 nm2 and that of a 5000 Da PEG molecule is about 10.19 nm2.

3.6.8.1 LPEI-3

For LPEI-3, polymer weight percentage: 31.2 - 14.8 = 16.4

For 100 mg of MSN, there is about 16.4 mg of PEI polymer on the silica surface. The weight

for the silica nanoparticles is: 100 - 31.2 = 68.8 mg

Assume the silica density is 2.65 g/cm3, the particle radius is 60 nm. Number of silica

particles in 68.8 mg MSN:

NMSN =
68.8mg

2.65 g/cm3
× 1

(4/3π(60nm)3
= 2.87× 1013

Total surface area of 68.8 mg MSN:

SMSN−total = S0 ×NMSN = 4π × (60nm)2 × 2.87× 1013 = 1.30× 1018 nm2

For a PEI molecule of weight 1800 Da, if we assume it is a flat molecule, the length is

roughly 6.168 nm and the width is 1.617 nm. Then the area of every molecule would be

6.168× 1.617 ≈ 9.97nm2

Total area of 16.4 mg PEI polymer molecules:

Spolymer−total =
9.97nm2 × 16.4mg × 6.02× 1023

1800 g
= 5.47× 1019nm2

Since Spolymer−total � SMSN−total, this indicates that the PEI polymer has a full coverage

on the particle surface.
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3.6.8.2 The SPEIPEG-3

Due to the lack of information about the exact weights of PEI and PEG components, an

exact calculation similar to that of the LPEI group cannot be conducted. Nevertheless, we

can estimate the polymer coverage if it is all composed of PEI or if it is all made of PEG,

and the actual coverage should fall between the these two extremes.

In 100mg of SPEIPEG-3, the polymer part weight is: 31.3 - 23.1 = 8.2 mg

The silica nanoparticle weight is: 100 - 31.3 = 68.7 mg

Number of silica particles in 68.7 mg of small particle (30 nm radius):

NMSN =
68.7mg

2.65 g/cm3
× 1

4/3π(30nm)3
= 2.29× 1014

Total surface area of silica nanoparticles:

SMSN−total = S0 ×NMSN = 4π × (30nm)2 × 2.29× 1014 = 2.59× 1018 nm2

If the polymer is mainly composed of PEI, then the total area of 8.2 mg PEI polymer

molecules:

SPEI−total =
9.97nm2 × 8.2mg × 6.02× 1023

1800 g
= 2.73× 1019nm2

Since SPEI−total � SMSN−total, the MSNs are fully covered by the polymer, if it is mainly

PEI.

If the polymer is mainly composed of PEG, then the total area of 8.2 mg PEG polymer

molecules:

Assuming that PEG is a flat molecule, then the surface area of one molecule would be :

40.55nm× 0.2513nm ≈ 10.19nm2
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SPEG−total =
10.19nm2 × 8.2mg × 6.02× 1023

5000 g
= 1.01× 1019nm2

Since SPEG−total � SMSN−total, the small MSNs are fully covered by the polymer, if it is

mainly PEG.

The calculation results suggested that the PEI-PEG co-polymer has a good coverage on

the surface of SPEIPEG-3, regardless of the actually composition between the PEI part and

the PEG part.
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3.7 Figures and Tables

Figure 3.1 Depictions of the two fully-assembled polymer-nanomachine systems based on
mesoporous silica nanoparticles. In the LPEI group (a), the particles are about 120 nm in
diameter and the polymer coating is PEI. The nanomachine stalk structure is shown on the
right side of the particle. In the SPEIPEG group(b), the particle size is about 50 nm and a
PEI-PEG co-polymer is coated on the particle surface. For both of the groups, Hoechst 33342
is the cargo for the release study and the α-cyclodextrin is used as the cap on the two types of
stalks.

Table 3.1 TGA results of the LPEI group (top) and the SPEIPEG group (bottom) confirm
the nanomachine stalk modifications and the full coverage of polymer coatings.

LPEI-1 LPEI-2 LPEI-3
Organic Part (wt.%) 14.8 22.5 31.2

SPEIPEG-1 SPEIPEG-2 SPEIPEG-3
Organic Part (wt.%) 23.1 25.5 31.3
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Figure 3.2 Synthesis procedures and sample names for the LPEI group (a). LPEI-1 has only
the nanomachine modification, LPEI-2 has only the PEI surface coating, and LPEI-3 has both.
Similar naming is used for the SPEIPEG group: SPEIPEG-1 has only the acid nanovalve,
SPEIPEG-2 has only the PEI-PEG coating, and SPEIPEG-3 has both the nanovalves as well
as the PEI-PEG co-polymer coating. In the SPEIPEG group, the overall synthesis steps are
similar to that of the LPEI group, only that the polymer and nanovalves used are different.
The detailed synthesis steps for the PEI-PEG co-polymer and the nanovalve stalk are shown
in (b) and (c) respectively.
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Figure 3.3 TEM images of particles without surface modifications (a) and with both nanoma-
chine and polymer modifications (b). No major morphology or structural difference is observed
after the surface modifications were applied. (c) shows the release profiles of the LPEI samples.
Particles were kept in a neutral solution before acidification. No cargo leakage was observed
under neutral pH and a large amount of cargo was released upon pH change in LPEI-1 and
LPEI-3. The release amount is the weight percentage of the released cargos over the nanopar-
ticles.
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Figure 3.4 TEM images of particles without surface modifications (a) and with both nanoma-
chine and PEI-PEG co-polymer modifications (b). The scale bar is 50 nm for the inset TEM
images. The images show similar particle morphology and dispersibility. (c) shows the release
profiles of the SPEIPEG group. The nanomachines in SPEIPEG-1 and SPEIPEG-3 were main-
tained closed under neutral pH and were opened upon pH change, releasing the cargos. For
SPEIPEG-3, the release was complete at 6 hours. The release amount is the weight percentage
of the released cargos over the nanoparticles.
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Figure 3.5 13C CPMAS solid state NMR spectra for LPEI group (a) and SPEIPEG group (b).
Range A marks the characteristic peaks for substituted alkanes on the polymer coatings and
range B represents the major aromatic carbons on the nanovalve stalks. The spectra confirm
that both the nanovalve modifications and polymer coatings are successfully performed for
LPEI-3 and SPEIPEG-3.
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Figure 3.6 N2 adsorption-desorption isotherms of LPEI samples exhibiting the type IV
isotherms for ordered mesoporous structures. The surface areas calculated by BET model
are 418 m2/g for LPEI-1, 149 m2/g for LPEI-2 and 305 m2/g for LPEI-3.

67



Figure 3.7 N2 adsorption-desorption isotherms of SPEIPEG groups exhibiting the type IV
isotherms for ordered mesoporous structures. The surface areas based on BET model are:
492 m2/g for SPEIPEG-1, 397 m2/g for SPEIPEG-2 and 189 m2/g for SPEIPEG-3.
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Figure 3.8 The XRD spectra of LPEI (left) and SPEIPEG (right) particles. The interplanar
spacing d(100) is 4.0 nm for LPEI and 4.1 nm for SPEIPEG. The SPEIPEG particles have
used two templating agents that broaden the d-space distributions.
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Figure 3.9 Supernatant absorption spectra of LPEI group before (a) and after cargo re-
lease(b). (c,d) are the spectra for SPEIPEG group, where (c) is before the release and (d)
is after the release. The nanovalves on LPEI-1 and LPEI-3 were able to trap the cargo in
the mesopores under neutral pH and release them after acidification. Similar results were also
observed in SPEIPEG-1 and SPEIPEG-3.
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CHAPTER 4

Taking the Temperature of the Interiors of

Magnetically Heated Nanoparticles

4.1 Abstract

The temperature increase inside mesoporous silica nanoparticles induced by encapsulated

smaller superparamagnetic nanocrystals in an oscillating magnetic field is measured using a

crystalline optical nanothermometer. The detection mechanism is based on the temperature-

dependent intensity ratio of two luminescence bands in the upconversion emission spectrum

of NaYF4:Yb3+, Er3+. A facile stepwise phase transfer method is developed to construct a

dual-core mesoporous silica nanoparticle that contains both a nanoheater and a nanother-

mometer in its interior. The magnetically induced heating inside the nanoparticles varies

with different experimental conditions, including the magnetic field induction power, the

exposure time to the magnetic field, and the magnetic nanocrystal size. The temperature

increase of the immediate nanoenvironment around the magnetic nanocrystals is monitored

continuously during the magnetic oscillating field exposure. The interior of the nanoparticles

becomes much hotter than the macroscopic solution and cools to the temperature of the am-

bient fluid on a time scale of seconds after the magnetic field is turned off. This continuous
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absolute temperature detection method offers new insight into the nanoenvironment around

magnetic materials and opens a path for optimizing local temperature controls for physical

and biomedical applications.

4.2 Introduction

Ferromagnetic compositions generate heat under a high frequency oscillating magnetic

field (OMF) as a result of hysteresis energy loss and Neel or Brown relaxation[1, 2, 3]. Nu-

merous magnetic materials have been designed to conduct hyperthermia therapy for cancer

treatment, benefiting from the higher sensitivity of lesions to raised temperatures compared

to normal tissues [4, 5, 6, 7]. With the advance of nanomedicines, hypotheses have sug-

gested single cell heating, termed intracellular hyperthermia, based on the idea that mag-

netic nanoparticles are able to raise the temperature of their immediate surroundings more

efficiently than that of the overall volume [8]. It was proposed to provide a more selective

heating to targeted cells, which is thus superior to the intercellular hyperthermia method.

However, several theoretical thermal studies analyzed the heat generation and heat flow

by nanoparticles, and argued that the temperature rise localized in the magnetic particle

surroundings is negligible and that the entire occupied volume should have a homogeneous

temperature distribution [9, 10].

In an effort to solve the puzzle by experimental methods, researchers have examined

chemical and biological evidence of local heating in the vicinity of magnetic nanoparticles

[11, 12, 13]. Either thermal-sensitive chemical bond breaking or temperature-regulated pro-

tein activity has been monitored after applying the OMF, and the results indicated that
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higher local temperature was achieved compared to the macroscopic temperature. How-

ever, indirect temperature characterizations do not carry quantitative information with high

sensitivity and could not distinguish between events that happened during the exposure or

afterward. Given the fast heat processing on the nanoscale, a continuous direct measurement

method is required for accurate understanding. To date, the nanoenvironment temperature

change induced by magnetic materials during the oscillating magnetic field exposure has

not been quantified and remains crucial in the efficiency evaluation and development of

nano-hyperthermia therapy.

A facile, direct, and sensitive detection method is needed for the nanoscale experimental

measurement. Instead of the temperature-dependent properties that are used in bulk anal-

yses, such as density and resistance change, a temperature-sensitive optical signal is more

accessible and offers enhanced spatial and temporal resolution. Previously, Polo-Corrales et

al. observed a larger fluorescence intensity increase of a copolymer when placed in the os-

cillating magnetic field compared to that when the field was off, even though the monitored

solution temperature was the same, suggesting a different local temperature environment in

the vicinity of magnetic nanoparticles [14]. Later on, Freddi et al. used the excited-state life-

time of rhodamine B electrostatically absorbed in a polymer matrix to monitor the surface

temperature of gold nanoparticles with different shapes [15]. Compared to other spectral

changes such as fluorescence intensity quenching [16], a thermal responsive intensity ratio

variation in the spectra has the advantages of absolute measurement, high sensitivity, and

simpler equipment requirements and is less subject to environmental perturbations. The

ratiometric method of temperature detection has been achieved either by incorporating two
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fluorophores with one of them showing a strong thermal response, such as a semiconduct-

ing polymer particle with organic dye molecules [17]; or, for some fluorophores, by intrinsic

thermally coupled excited states, as demonstrated by Vetrone et al. in their work of cell

temperature mapping [18]. The upconversion fluorescence spectra of Yb3+- and Er3+- doped

NaYF4 nanocrystals have two green emission bands, from which the intensity ratio is a

function of temperature, independent of the total luminescence intensity changes caused by

experimental variations [18, 19, 20, 21, 22, 23].

To measure the local nanoenvironment temperature change around magnetic nanocrys-

tals, a hybrid dual-core mesoporous silica nanoparticle (MSN) is synthesized. MSNs were

chosen as the container because they are studied extensively as a biocompatible platform for

drug delivery [24, 25, 26], catalysis [27, 28] and hyperthermia [29, 30]. A detailed interior

temperature examination of MSNs would provide quantitative guidelines for optimizing de-

signs for magnetically induced on-demand drug delivery and hyperthermia. The controlled

synthesis of an organized mesoporous silica scaffold embedded with two types of nanocrystals

is much more difficult than that of a solid silica shell structure [31, 32], due to the sensitivity

of the self-assembling of the templating surfactants to perturbations. In this study, by using

a stepwise phase transfer method, the NaYF4:Yb3+, Er3+ optical thermometer nanocrystal

(UCNC) and the superparamagnetic Fe3O4 nanocrystal (MNC) are encapsulated in the same

mesoporous silica nanoparticle that provides the rigid structure support. The construction

is designed to immobilize the thermometer next to the nanoheater in a nanoenvironment

that is distinct from the bulk surroundings. Upon the exposure to a high-frequency oscillat-

ing magnetic field, the superparamagnetic iron oxide nanocrystals generate heat inside the
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MSNs. The upconversion nanocrystal encapsulated in the same MSN senses the temperature

change and gives a direct luminescence read-out of this nanoenvironment temperature.

In this project, we describe the synthesis of the dual-core mesoporous silica nanoparticles,

quantify the nanoparticle interior temperature changes initiated by nanoheaters during an

oscillating magnetic field exposure, and measure the temperature gradient between the nano-

and macroenvironment as it evolves.

4.3 Synthesis of the Nanocrystals and the Dual-core Mesoporous

Silica Nanoparticles

The UCNCs were synthesized by a modified thermolysis approach using lanthanide chlo-

rides as the precursors and oleic acid as the stabilizing surfactant [33, 34]. These single

crystalline nanorods have a narrow size distribution (49 ± 2 nm long and 23 ± 1 nm wide,

Figure 4.1a on page 98). The hexagonal lattice structure of -NaYF4 is confirmed by high-

resolution transmission electron microscopy images (HRTEM, Figure 4.1b) and X-ray power

diffraction (XRD, Figure 4.2 on page 99 ). The MNCs of two different sizes were obtained

from a commercial source, and the average size is 6.4 ± 1.0 nm for MNC5 and 17 ± 2 nm

for MNC20 (Figure 4.3 on page 99).

We developed a synthetic method to assemble a mesoporous silica nanoparticle sys-

tem that encapsulates simultaneously both the superparamagnetic nanocrystals and the

temperature-sensitive upconversion nanocrystals. This approach starts with the stepwise

phase transfers of the hydrophobic nanocrystals into the aqueous solutions, featuring a thor-

ough mix of two types of nanocrystals and a facile preparation for the construction of MSNs
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later on. The as-synthesized UCNCs were first transferred from chloroform to water by

coating them with the surfactant hexadecyltrimethylammonium bromide (CTAB) and then

evaporating the organic solvent. The aqueous solution dispersed with UCNCs was then mixed

with the MNCs in chloroform. The CTAB-stabilized UCNCs help the MNCs to transfer from

the hydrophobic phase to the hydrophilic phase and promote the mixing of the MNCs into

their coating matrix. Compared to the direct blending of two types of nanocrystals in the

same phase, this stepwise phase transfer method uses the surface-coated surfactants on one

nanocrystal to extract a different nanocrystal over the phase boundary, reduces the surface

tension, offers more control of a homogeneous distribution, and prevents the aggregation of

nanocrystals. The aqueous solution containing both nanocrystals was introduced into the

sol-gel reaction solution, followed by adding the silica precursor to construct the dual-core

mesoporous silica nanoparticles. The nanocrystal ratio and the surfactant amount were

carefully tuned to facilitate the formation of a one-to-one composition in MSNs. To further

enhance the homogeneity, a magnet was used to separate particles that contain the MNCs,

so that the temperature of only the silica nanoparticles that encapsulate both the MNCs and

the UCNCs is studied. The measurement is the sum of all mesoporous silica nanoparticles

under detection. A control sample of MSNs with only the UCNCs (UCNC@MS) was also

synthesized (Figure 4.1c,d). Both 5 and 20 nm spherical Fe3O4 MNCs are used in this study

for size comparison (Figure 4.3 on page 99). UCNC:MNC5@MS contains both the UCNCs

and the 5nm MNCs (Figure 4.1e), and UCNC:MNC20@MS has both the UCNCs and the

20 nm MNCs (Figure 4.1f, Figure 4.4a on page 100).

The energy-dispersive X-ray (EDX) spectra and element mappings confirm that both
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MNC and UCNC are embedded in the same UCNC:MNC20@MS nanoparticles (Figure 4.4a

on page 100). The average distance between the UCNC and the MNC is about 8 and 9 nm

(Table 4.1). After the magnet separation, the population of nanoparticles with a 1:1 ratio

between UCNC and MNC is about 70 percent by statistical analyses (Table 4.1). Another

10 percent of nanoparticles contain two heating nanocrystals. A portion of particles have

only MNCs embedded, but they do not give an optical signal. The mesoporosity of the

two samples was analyzed by N2 adsorption-desorption, and the calculated pore volume is

0.792 cm3/g for UCNC:MNC5@MS and 0.631 cm3/g for UCNC:MNC20@MS (Figure 4.5 on

page 101).

4.4 Temperature Detection Mechanism

The upconversion luminescence spectra of UCNCs were collected at different bulk tem-

peratures and the emission peak intensity ratios were plotted as a function of the temperature

to generate a working curve (Figure 4.6 on page 102 and Figure 4.7 on page 103). After

two sequential energy transfers from Yb3+ ions to Er3+ ions, the excited Er3+ ions undergo

nonradiative relaxations to the thermally coupled 2H11/2 and 4S3/2 states and radiatively

transfer back to the ground state, giving rise to two green emission bands (Figure 4.6a) [23].

The fine peak structures in the bands are due to the energy level splittings in the crystal field

[35]. The relative populations respond to the temperature: as the temperature increases,

the higher level gains more population, while that of the lower level decreases. The natural

log of this intensity ratio is linearly related to the inverse of the temperature according to

the Boltzmann distribution (Equation 4.1), where I520 and I540 are the peak intensities, ∆E
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is the energy gap between the two excited states, k is the Boltzmann constant, and T is the

absolute temperature. The thermal sensitivity of intensity ratio is about 28.8 ×10 -4 /K for

the nanocrystals (see Methods section on page 93). After collecting the emission spectra,

they were fitted by a multipeak fitting program with fixed peak positions (Figure 4.6b). The

reason for the peak fitting calculation instead of direct integration of peak areas is that the

520 nm and the 540 nm peak overlap around 535 nm. To distinguish the contribution from

the two peaks in this area, the peak fitting procedure is necessary. The spectra collected at

different temperatures and the corresponding working curve are shown in Figure 4.6c and d.

Ln
I520
I540

=
A−∆E

kT
(4.1)

4.5 Measurement of Nanoparticle Interior Temperature Change

Induced by Magnetic Nanocrystals

The magnetically induced heating is examined by comparing the spectra of UCNCs be-

fore and after the OMF exposure (Figure 4.8 on page 104). The oscillating magnetic field

was generated using a five-turn induction coil and an oscillation frequency of 375 kHz (See

Methods section). The following paragraphs discuss the impact of the magnetic nanoparticle

size, the magnetic field induction power, and the OMF exposure length.

The heating rate is faster for the 20 nm MNCs than for the 5 nm MNCs at a constant

magnetic field induction power. The temperature increase in the UCNC:MNC20@MS is

almost double that of the UCNC:MNC5@MS (Figure 4.9a on page 105) and the same trend

is observed for different exposure times. UCNC:MNC20@MS (Figure 4.6a inset black square)
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shows a higher rate increase in the exposure time dependency plot as a result of higher specific

loss power expected for larger single domain superparamagnetic particles [2]. Similar trends

are observed when the magnetic field induction power is reduced by half (Figure 4.6b).

The possible heating from the Yb3+ and the Er3+ ions in an OMF, both of which are

paramagnetic in their ground and excited states, was also examined. UCNC@MS were

studied as the control group. As shown in Figure 4.6a (left columns), with a 30, 60, and

90 s OMF exposure, their temperature increases are much smaller than those of the MNC-

embedded samples.

The heating is directly proportional to the induction power of the oscillating magnetic

field. For UCNC:MNC20@MS, a linear dependency of temperature increase on the magnetic

field induction power is observed for various exposure times (Figure 4.6c). The linear rela-

tion can be explained by the correlation between the induction power and the MNC heat

dissipation power. The magnetic field induction power (Pi) is proportional to the square

of electrical current, and thus proportional to the square of the magnetic amplitude (H),

Pi ∝ H2. The dissipation power (Pd) from a MNC under an OMF is also proportional to the

square of the magnetic amplitude, Pd = µ0πχfH
2 [1]. Thus the MNC dissipation power is

linearly related to the field induction power, (Pi ∝ Pd). Assuming that the thermal conduc-

tivity and heat capacity of the nanoenvironment are not strongly temperature dependent,

the temperature increase inside the nanoparticle depends only on the dissipation power of

the MNCs and thus the induction power of the magnetic field. A similar linear dependency

of the temperature increase on the input energy has been observed previously in polymer

capsules with gold nanoparticles in optical heating systems [36].
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The temperature increase is proportional to the OMF exposure time. Proportional cor-

relations are preserved for both the UCNC:MNC20@MS and UCNC:MNC5@MS under full

magnetic field induction power (Figure 4.9a inset) and reduced power (Figure 4.9b inset).

However, we observed an eventual saturation as the exposure time approaches 5 min (Fig-

ure 4.9d and Figure 4.10 on page 106). The UCNC:MNC20@MS temperature increase grows

with the longer exposure time, but the rate decreases at times longer than 90 s. The longer

exposure time leads to a higher temperature gradient and thus more efficient heat dissipa-

tion. The balance between the heating and the dissipation results in the leveling off of the

temperature change rate as the exposure time increases.

4.6 Comparison of Nanoparticle Interior Temperature with that

of the Bulk Media during the Exposure to the Oscillating

Magnetic Field

The magnitude of the temperature difference (if any) between the interiors of the silica

particles and the surrounding liquid is monitored using a field on experiment where the

temperatures were recorded during the OMF exposure. (A control study was carried out

to confirm that the OMF did not affect the intensity ratio in the emission spectrum of the

UCNCs, Figure 4.11 on page 107.) The in situ nanoparticle interior temperature change was

recorded at different time intervals during the exposure period. In a parallel experiment,

the UCNCs were suspended directly in the solution but the MNCs were embedded in the

MSNs, forming the single-core nanoparticles (MNC20@MS, Figure 4.12 on page 108), such

that the nanoheaters are separated from the nanothermometers and the nanothermometers
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measure the bulk solution temperature. The mesoporous nanoparticles in the two cases

have similar particle sizes and the same silica surfaces are exposed to the solution. Thus,

they do not have any differences between the heating center distances [37]. Figure 4.13a

shows the field on temperature evolution for both the nanoparticles and the bulk solution

for a 90 s exposure (on page 108), and Figure 4.13b is that for a 5 min exposure. In both

cases, the nanoparticle interior temperature (red dots) rises much faster than that of the

bulk solution (black squares). For a 5 min exposure, the temperature change inside the

nanoparticles is 42 ◦C compared to 19 ◦C for that of the bulk solution. Immediately after

the exposure, the heating stops and the nanoparticle interior temperature quickly decreases.

The solution continues to absorb heat from nanoparticles until its temperature equilibrates

with the nanoparticles. The system gradually dissipates heat to the ambient environment

and recovers to room temperature in 15 to 20 min after the exposure. In order to reduce

the heat dissipated from the nanoparticles and examine the temperature change, we lowered

the magnetic field induction power to the point that the solution temperature was almost

constant over the exposure time. In this case, we still observed the temperature increase

inside the dual-core nanoparticles, confirming that the temperature gradient exists between

the nano and bulk environment (Figure 4.14 on page 109). A similar comparison experiment

was also carried out in an ice water bath (Figure 4.15 on page 110).

The specific absorption rate (SAR) of the iron oxide nanoparticles, calculated from the

measured nanoparticle and solution temperature changes, is about 500 W/g under our ex-

perimental conditions (see Methods section on page 93). This value is in close agreement

with experimental results and theoretical calculations previously reported for iron oxide
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nanocrystals under similar magnetic field conditions [2, 3].

4.7 Summary

We have developed a method of measuring the interior temperature of dual-core silica

nanoparticles based on the luminescence intensity ratios in the spectra of NaYF4:Yb3+, Er3+

nanocrystals and have quantified the nanoenvironment temperature change induced by the

superparamagnetic nanocrystals. A novel synthetic approach was developed to incorporate

two types of nanocrystals with a one-to-one ratio in the same mesoporous silica nanopar-

ticle. The UCNC nanothermometer detected the MSN temperature changes initiated by

the superparamagnetic nanocrystals. The nanoparticle interior temperatures were studied

under variable OMF exposure times and induction powers and also with different magnetic

nanocrystal sizes. The temperature increase is proportional to the magnetic field induction

power and initially increases linearly with the exposure time. During the OMF exposure, a

temperature gradient between the nanoparticles and the bulk solution was observed, and it

increased over the exposure period. To our knowledge, this is the first study of ratiometric

optical measurement of the nanoenvironment temperature with temporal resolution. This

unique nanothermometer technique opens a path for experimental quantification of both

the temperature in nanoenvironments and heat transfer on the nanoscale, and it provides

a novel method for small-scale temperature characterization in biomedical hyperthermia

applications.
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4.8 Methods

4.8.1 Material

Cetyltrimethylammonium bromide (CTAB) (95%, Aldrich), tetraethyl orthosilicate

(TEOS) (98%, Aldrich), hexane (98.5%, Fisher), 1-octadecene (95.0% Aldrich), toluene

(99.5%, Aldrich), methanol (99.9%, Firsher), oleic acid (90%, Aldrich), yttrium(III) chlo-

ride (99.99%, Aldrich), ytterbium(III) chloride hexahydrate (99.9%, Aldrich), erbium(III)

chloride hexahydrate (99.9%, Aldrich), chloroform (99.8%, Fisher), ethanol (99.5%, Fisher),

ammonium fluoride (98.0%, Aldrich), and iron oxide(II, III) magnetic nanoparticles (Aldrich)

were used. All chemicals were reagent grade and used without further purification or modi-

fication.

4.8.2 Characterization

Transmission electron microscopy (TEM) was carried out on a JEM1200-EX (JEOL) in-

strument. High-resolution transmission electron microscopy (HRTEM), scanning transmis-

sion electron microscopy (STEM), and energy disperse X-ray (EDX) analysis were performed

using a Titan S/TEM (FEI, 300 kV). Powder X-ray diffraction (XRD) spectra were collected

using a Philips XPert Pro diffractometer equipped with Cu K-α radiation. A TechnicaLaser

MLL-III-980-2w laser emitting 2 W at 980 nm was utilized as the exciting source. An Instru-

ment SA HR 320 spectrograph/monochromator together with a PI-MAX intensified CCD

camera from Princeton Instruments was used to record the luminescence spectra. The os-

cillation magnetic field was provided by a Magnetic Hyperthermia System manufactured by

MSI Automation, Inc. The five-turn coil diameter was 50 mm, and the depth was about
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50 mm. The oscillating frequency was 375 kHz and the full induction power was 5 kW. A

700 nm cut-on filter from Newport (10SWF-700-B) was employed to filter out the exciting

light at the detector window.

4.8.3 Synthesis of UCNC

The upconversion nanocrystals were synthesized by a modified thermolysis method using

lanthanide chlorides as the precursors [33, 34]. A 156 mg amount of YCl3, 70 mg of YbCl3,

and 8 mg of ErCl3 were mixed with 15 mL of 1-octadecene and 12 mL of oleic acid and heated

to 120 ◦C for half an hour. In a separate container, 100 mg of NaOH and 119 mg of NH4F

were dissolved in 10 mL of methanol. After the lanthanide solution was cooled to 50 ◦C , the

NH4F methanol solution was added into the lanthanide solution and slowly heated to 80 ◦C

to remove the methanol. The mixed solution was then purged with argon gas and reacted at

300 ◦C for an hour. After the solution was cooled to room temperature, an excess amount of

ethanol was added to precipitate the UCNCs. The nanocrystals were washed several times

with hexane and ethanol and then suspended in chloroform at a concentration of 20 mg/mL.

4.8.4 Synthesis of UCNC@MS

The synthesis of upconversion nanocrystal embedded core-shell mesoporous silica nanopar-

ticles (UCNC@MS) started with changing the hydrophobicity of the nanocrystals with the

help of CTAB [24, 29]. A 2 mL amount of UCNC chloroform solution was added into 20 mL of

H2O containing 400 mg of CTAB. The solution was sonicated thoroughly and slowly heated

to 65 ◦C to evaporate the chloroform. A 1.5 mL portion of this UCNC aqueous solution
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was added into 13.5 mL of H2O and heated to 80 ◦C . After the temperature was stabilized,

110 µL of 2 M NaOH and 150 µL of TEOS were added. The reaction was maintained at

80 ◦C for 2 h before further centrifugation and washing with H2O and methanol.

4.8.5 Synthesis of UCNC:MNC5@MS

The incorporation of two types of nanocrystals into the MSNPs was based on stepwise

phase transfers of the nanocrystals. UCNCs and the 5 nm MNCs were both suspended in

chloroform at a concentration of 20 mg/mL prior to this experiment. A 2 mL sample of

UCNC chloroform solution was added into 20 mL of H2O containing 400 mg of CTAB. The

mixture was sonicated thoroughly and slowly heated to 65 ◦C to evaporate the chloroform.

A 1.5 mL amount of this solution was mixed with 18.8 µL of MNC chloroform solution.

Again, it was sonicated thoroughly and slowly heated to 65 ◦C to evaporate the chloroform.

This aqueous solution was stirred overnight and added into 13.5 mL of H2O. From there,

the reaction followed the same procedure as that for the UCNC@MS. A magnet was used to

make sure all collected particles contain Fe3O4 nanocrystals.

4.8.6 Synthesis of UCNC:MNC20@MS

A similar experiment was carried out to that for UCNC:MNC5@MS to make the 20 nm

MNC embedded MSNPs. Instead of adding the 5 nm MNC chloroform solutions, 37.5 µL of

a 20 nm MNC chloroform solution was used. All other procedures were the same.
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4.8.7 Synthesis of MNC20@MS

Similar to the synthesis of UCNC@MS, 37.5 µL of a 20 nm MNC solution was added

into 15 mL of H2O with 30 mg of CTAB and sonicated thoroughly. The chloroform was

evaporated. The solution was heated to 80 ◦C and 110 µL of 2 M NaOH was added followed

by 150 µL of TEOS. The reaction was continued for 2 h before further washing.

4.8.8 Working Curve

Upconversion luminescence spectra were collected to generate the working curve between

temperature and peak intensity ratios. All samples were dispersed in toluene at a concen-

tration of about 10 mg/mL and placed on a stir heater plate. The hot plate was turned

on to heat the solution slowly while stirring, and the temperature was monitored by a K-

Type thermocouple immersed in the solution. The whole setup was placed in front of the

monochromator and the CCD camera. A 980 nm infrared laser was used as the exciting

source. After the temperature reached a recording point, the laser was turned on briefly

and a spectrum of the sample was collected. A luminescence background baseline was also

collected under the same conditions when the excitation laser was off.

The luminescence spectra were analyzed to calculate the intensity ratios between the

520 and 540 nm emission peaks. After subtracting the baseline, the spectra were fitted by

a multipeak fitting program with the peak positions fixed. An example of a peak fitting

result is shown in Figure 4.6b. The reason for the peak fitting calculation instead of direct

integration of peak areas is that the 520 and the 540 nm peak overlap around 535 nm. To

distinguish the contribution from the two peaks in this area, the peak fitting procedure is
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necessary. The fitted peak areas were then summed up, and the area ratios between the

two peaks were calculated. For each sample, the ratios were plotted against the inverse of

absolute temperature and then fitted with a linear function. The working curve graphs and

luminescence spectra for UCNC, UCNC@MS, UCNC:MNC5@MS, and UCNC:MNC20@MS

are illustrated in Figure 4.7.

4.8.9 In Situ Luminescence Detection Setup

The exciting beam (cross section is about 8 mm × 4 mm) was focused with an 80 cm

focal length plano-convex lens. The coil of the magnetic hyperthermia system was placed

horizontally in front of the CCD detector. A polystyrene foam frame was placed inside the

coil to secure the sample and to prevent direct heat conduction. The nanoparticle sample

was contained in a 2 mL glass vial placed in the polystyrene foam in the center of the coil.

The emitted light was collected with a 10 cm focal length convex lens placed between the

CCD detector and the coil. A 6 cm plano-convex lens was in front of the monochromator slit

to focus the light. The coil was tilted about 30 ◦C from the axis that connected the CCD

detector and the collecting lens, due to the position limitations. A 700 nm cut-on filter was

placed in front of the CCD detector window to filter out the excitation light (Figure 4.16

on page 110). For the pure UCNC luminescence detection, the detector slit size was 0.5 µm

and spectrum integration time is 0.5 s. For all other nanoparticles, a slit size of 1 µm and an

integration time of 1 s were used. The CCD camera gain was set as zero for all experiments.

The sample was placed inside the current coil of a magnetic hyperthermia system to

characterize the induced heating effect. A background spectrum without the excitation laser
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was used for data processing. The IR laser was on for 1 s to record the luminescence spectra

of the nanoparticles at the initial state. The OMF was turned on for a defined exposure

time, and the luminescence spectra of the sample under the OMF influence were collected at

regular intervals, depending on the experiment. The same multipeak fitting program used

in generating the working curves was then applied to calculate the peak area ratios for the

spectra, and the ratios were then converted to temperatures according to the working curve.

The experiment was repeated three to five times to generate the experimental deviations.

The induction power of the magnetic field was tunable on the magnetic hyperthermia system

for the induction power dependent study.

4.8.10 Systematic Error Propagation

For UCNC, the linear equation correlating the temperature and the luminescence inten-

sity ratio is: Ln
I520
I540

=
A−∆E

kT
, where A = 2.00061± 0.02834, B = 1009.02004± 9.72607.

For the intensity ratio part, the peak area calculations have a coefficient of determination

(R2) that is at least 0.99. Thus, the systematic error of the intensity ratio calculation is:
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At 25 ◦C ,
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= 0.013, the systematic error is about 1.3 %.
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4.8.11 Detection sensitivity calculation

For UCNC:

Ln
I520
I540

= 1.87− 948

T

S =
d(
I520
I540

)

dT
=
I520
I540
× 948

T 2

∵ T = 298.15K,
I520
I540

= 0.270

∴S = 28.8× 10−4/K

Similarly, the detection sensitivity for UCNC@MS under room temperature is 43.2 ×

10−4/K; UCNC:MNC5@MS: 28.7× 10−4/K; UCNC:MNC20@MS: 32.1× 10−4/K.

4.8.12 Specific absorption rate (SAR) calculation

In Figure 4.13 on page 108, during a 5 min OMF exposure, the bulk solution was heated

by about 20 K and the nanoparticles were heated by 42 K. The particle concentration was

10 mg/ml. The field oscillating frequency was 375 kHz and the magnetic field strength was

about 20 - 24 kA/m.

Heat absorbed by 1 ml toluene solution:

155.96 J/(mol ·K)× 1ml × 0.87 g/ml × 20K/92.14 g ·mol−1 = 29.45 J

Hear absorbed by the silica nanoparticles (Ignore the heat capacity differences between

silica and the nanocrystals, given their small volume fractions.):

0.703 J/(g ·K)× 10mg × 42K = 0.2953 J
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Total heat absorbed:

29.452 J + 0.2953 J = 29.747 J

Assuming the MNC radius is 10 nm, UCNC radius is 15 nm and the silica particle radius

is 50 nm, and their densities are 5.17 g/cm3, 4.21 g/cm3 [38] and 2.05 g/cm3, respectively.

Iron oxide weight percentage of the 10 mg assembled nanoparticles is: 5.17 × 4π/3 ×

103/(5.17× 4π/3× 103 + 4.21× 4π/3× 153 +2.05× 4π/3× (503− 103− 153)) = 1.94%

The specific absorption rate regarding to the iron oxide nanocrystal weight is:

29.747 J/300 s/(10mg × 1.94%) = 511W/g ≈ 500W/g

4.8.13 Heating Center Distance Estimation

The heating center MNCs are encapsulated in MSNs. Assuming that the MNCs are

located in the center of the silica nanoparticles and that all the silica nanoparticles are

perfectly separated without any interconnection, the average distance between the MNCs

would depend on the concentration of nanoparticles in the solution (10 mg/ml in this study).

Average nanoparticle weight for UCNC:MNC20@MS:

5.17 g/cm3×4π/3×103nm3 +4.21 g/cm3×4π/3×153nm3+ 2.05 g/cm3×4π/3× (503−

103− 153)nm3) = 1.117× 10−15 g

In 1 ml of particle solution, the number of dual-core nanoparticles is:

10mg/(1.117× 10−15 g) = 8.953× 1012

Average volume occupied by a single nanoparticle is:

1ml/(8.953× 1012) = 0.1172µm3
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Assuming the nanoparticles are in cubic structures next to another cubic with a nanopar-

ticle inside it, then the average distance between particle centers is the length of these cubic

edge:

(0.1172µm3)1/3 = 0.489µm

Thus, the estimated average distance between heating centers are about 489 nm. How-

ever, there is a small portion of particles that have two MNCs embedded. The average

distance between these heating centers would be about 10-20 nm. On the other hand, some

nanoparticles may be interconnected with other nanoparticles, in which case, the heating

MNCs would be separated by the two silica shells and the gap between silica surfaces, prob-

ably around 100 nm.
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4.9 Figures and Tables

Figure 4.1 TEM, HRTEM, and STEM images of nanoparticles. (a) TEM image of UCNCs.
The inset shows the hexagonal side of the nanocrystals. (b) HRTEM of UCNCs, confirming
the hexagonal lattice structure. (c, d) TEM and STEM image of control group UCNC@MS.
(e) TEM images of dual-core nanoparticles UCNC:MNC5@MS (arrows point to the MNCs).
(f) TEM images of dual-core silica nanoparticles UCNC:MNC20@MS, with both the UCNCs
and the 20 nm MNCs. Scale bars, 100 nm (a, c, d), 50 nm (e, f), 20 nm (a inset), 5 nm (b).
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Figure 4.2 XRD pattern of the synthesized up-conversion nanocrystals (black curve) matches
with that of the standard hexagonal NaYF4 crystals (the red lines, JCPDs: 28-1192), confirming
the lattice structure of the nanocrystals. The extra peaks belong to a small amount of YF3

mixed in the matrix.

Figure 4.3 TEM images and size distribution analysis of MNCs. (a) Small MNCs denoted
as MNC5 . (b) Large MNCs denoted as MNC20.
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Figure 4.4 STEM image and elemental analysis of UCNC:MNC20@MS. (a) STEM image,
scale bar: 50 nm. The spots A and B have different EDX spectra as shown in (c). (b) EDX
element mappings of Y, Fe, and Si in the same nanoparticle and their merged picture. The
first STEM image circles the detected particle (scale bar: 20 nm), and the second STEM image
was obtained with an element mapping process (scale bar: 50 nm). (c) EDX spectra of spots
A and B in (a), verifying that the two different types of nanocrystals are both embedded in
the same MSNs.
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Table 4.1 Statistical analysis result of the nanocrystal ratios between UCNCs and MNCs
in the two samples and the average distance between the two types of nanocrystals. Anal-
yses are based on about 150 UCNC:MNC5@MS nanoparticles and 230 UCNC:MNC20@MS
nanoparticles.

Sample Average distance between Nanocrystal ratio (UCNC:MNC)
UCNC and MNC 1:1 1:2 1:3 or more MNC only

UCNC:MNC5@MS 8.0 ± 1.5 nm 67.77 % 10.74 % 9.09 % 12.40 %
UCNC:MNC20@MS 9 ± 2 nm 65.03 % 12.57 % 1.09 % 21.31 %

Figure 4.5 N2 adsorption-desorption isotherms of the dual-core nanoparticles.
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Figure 4.6 Upconversion luminescence mechanism and the temperature conversion working
curve. (a) Illustration of the upconversion mechanism. The Yb3+ ions absorb the 980 nm
photons and transfer the energy to the Er3+ ions. After two sequential energy transfers, the
excited Er3+ ions relax to the thermally coupled states 2H11/2 and 4S3/2 (via nonradiative

decays) and transit back to the ground state, corresponding to the green emissions centered
at 520 and 540 nm.(b) Illustration of peak fitting process in calculating the emission band
intensities. The black curve is the collected spectrum, the green curves are the fitting peaks,
and the red curve is the sum of all fitting peaks. The coefficient of determination for this
fitting is 99.55 %. (c) Emission spectra of UCNCs collected at different temperatures. (d)
Linear working curve correlating the emission intensity ratios and the inverse temperatures for
UCNC. As the temperature increases, the 2H11/2 level gains more population, while the 4S3/2

level loses population, resulting in the increase in emission intensity ratio.
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Figure 4.7 Intensity ratios between peak 520 and 540 nm are plotted versus the inverse of
the temperature to generate linear working curves for sample UCNC (top left), UCNC@MS
(top right), UCNC:MNC5@MS (bottom left) and UCNC:MNC20@MS (bottom right). Inset
shows the luminescence spectra at different temperatures.
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Figure 4.8 Luminescence spectra of samples before and after the OMF exposures. The three
samples are UCNC@MS, UCNC:MNC5@MS, and UCNC:MNC20@MS. The exposure time is
30 s for the first column, 60 s for the second column and 90 s for the last column.
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Figure 4.9 Nanoparticle temperature change under various experimental conditions. (a)
Nanothermometer-detected temperature changes of UCNC@MS, UCNC:MNC5@MS and
UCNC:MNC20@MS with a 30, 60, and 90 s OMF exposure. The UCNC:MNC20@MS ex-
periences more heating than the UCNC:MNC5@MS. The control sample UCNC@MS shows
neither a significant temperature increase nor an exposure time dependency. The inset shows
the temperature change in response to the exposure time for UCNC:MNC5@MS (red triangles)
and UCNC:MNC20@MS (black squares) and their linear fittings. A proportional increase is
observed as the exposure time increases. (b) Parallel study to (a), when the magnetic field
induction power is reduced to half. (c) UCNC:MNC20@MS temperature change under variable
OMF induction power. The 30 s (light blue triangles), 60 s (blue dots), and 90 s (dark blue
squares) indicate the exposure time. A linear dependency is present because the magnetic
field induction power is proportional to the heat dissipation power of the nanocrystals. (d)
UCNC:MNC20@MS heating effect as a function of OMF exposure time. The temperature in-
crease is linearly related to the exposure time initially (gray dash line) and eventually saturates
as the length approaches 5 min, as a result of the greater temperature gradient with the envi-
ronment and the faster heat dissipation rate. Error bars are experimental standard deviations.
See Methods section on page 93 for error propagation analysis.
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Figure 4.10 Nanoparticle heating effect as a function of oscillating magnetic field exposure
time. The temperature increase is linearly related to the exposure time initially (grey dash
line) and eventually saturates as the length approaches 5 min. The nanoparticle temperatures
collected immediately after the field is off (black squares) are smaller than those of the points
that are collected while the field is on (red dots), and the distinct difference grows as the
exposure time lengthens, as a result of the faster heat dissipation rate.
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Figure 4.11 Experiment results confirm that the UCNC emission intensity ratios are not influ-
enced by the OMF when no heating effect is placed, since the oscillating frequency (∼375 kHz)
is several orders slower than the electron transitions. UCNC are nanocrystals without any
silica coating. UCNC/ MNC20@MS have 20 nm magnetic nanocrystals embedded in MSNs
and the MSNs are mixed with UCNC in the solution. UCNC:MNC20@MS are the dual-core
MSNs that have both the UCNC and MNC embedded for nano temperature detection. OMF
off: 10 spectra were collected every two minute for every sample. The laser was turned on
for 1 s every time. The averages of emission intensity ratios were calculated together with the
errors. OMF on: similar to the field off group, and the OMF was turned on briefly during the
spectrum collection.
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Figure 4.12 TEM images of MNC20@MS at different magnifications.

Figure 4.13 In situ nanoparticle temperature detection during and after exposure to the
oscillating magnetic field. (a) Nanoparticle (red dots) and bulk solution (black squares) tem-
perature changes during and after a 90 s OMF exposure. (b) Nanoparticle and bulk solution
temperature changes during and after a 5 min OMF exposure. During the OMF exposure
(gray area), the nanoparticle inside has a much higher heating rate than the bulk solution
and the temperature gradient grows with time. At the end of the exposure, the nanoparticle
temperature is about twice that of the solution. After the exposure, the nanoparticle tem-
perature quickly decreases while the bulk solution slightly increased to equilibrate with the
nanoparticles. Then the system gradually dissipates heat and recovers its initial state.
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Figure 4.14 UCNC:MNC20@MS nanoparticle interior temperature compared with that of
the solution during the exposure to the oscillating magnetic field. The solution temperature
increases by about one degree over time while the nanoparticle interior was nine times larger,
confirming the temperature gradient exists. The induction power of the field in this experiment
was reduced to 25% of the maximum.
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Figure 4.15 Temperatures of the nanoparticles and the bulk solution when placed in an
ice bath. (a) Five minute OMF exposure. We observed much smaller temperature increases
for both the nano and bulk environment, compared to when the system was in ambient air.
The nanoparticles temperature still grew more than the bulk solutions, confirming the local
heating effect. (b) Control group with no OMF applied. For both the nanoparticles and the
solution, the temperature remained stable initially and slowly warmed up in the later stage.
Thus, the heating effect in a origins from the nanoheaters in the MSNs. Due to the limitation
of the experimental setup, the ice bath is rather small to sustain under the heating from the
nanoheaters, that the solution temperature was raised too.

Figure 4.16 Illustration of the experimental setup for luminescence detection.
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CHAPTER 5

Light or Heat?

- The Inefficiency of Photon Upconversion for

Stimulating Drug Release by Functionalized

Mesoporous Silica Nanoparticles

5.1 Abstract

To avoid the direct use of high-energy-photons, lanthanide doped nanocrystals have been

studied to upconvert near infrared light into the visible or UV range for biomedical applica-

tions such as imaging, sensing and therapeutics. Despite the intensive effort, little attention

has been paid to measuring and analyzing the substantial IR heating accompanying the lim-

ited photon generation. It is crucial to understand how much heat and light are produced in

the upconversion process, and how each component contributes to the reaction mechanism.

In this study, we quantify the nanoparticle interior temperature change induced by the IR

irradiation, and focus on the photoisomerization reaction of azobenzenes in nanoimpellers

as an example. The nanoimpeller function is evaluated under light and heat separately, and

is compared with that of the upconversion nanocrystal embedded nanoimpellers. The re-

115



sults of an ice water bath experiment verify that the IR light optical heating is the primary

element in triggering the cargo release. Our investigation prompts that the photothermal

effect should be carefully evaluated in upconversion nanocrystal promoted photochemical

reactions.

5.2 Introduction

Near-Infrared photon upconversion accomplished by lanthanide doped nanocrystals

(NaYF4: Yb3+, Ln3+) have been extensively studied for biological applications, including

imaging, optical sensing, photodynamic therapy and drug delivery [1, 2, 3, 4, 5, 6]. The

usage of the generated photons is fundamentally different in imaging as compared to the

other applications. For imaging purposes, the high-energy-photons are directly collected by

detectors and the technique benefits from the high photostability, low auto fluorescence,

sharp contrast and deep tissue penetration for in vivo applications [1, 7, 8]. In contrast, in

a different category of applications, the photons are re-absorbed by a photosensitive moiety

to promote a photochemical reaction. In photodynamic therapies, this reaction involves

the excitation of photosensitizers (such as zinc phthalocyanine, hypericin and Chlorin e6)

to triplet excited states and subsequent energy transfer to generate singlet oxygen [9, 10,

11, 12, 13]. Other photoreactions include the photocleavage of o-nitrobenzyl ester or ether,

(where the breaking of C-O bonds results in the release of molecules such as fluorescein,

siRNA, D-luciferin and folic acid, [14, 15, 16, 17]) and in the collapse of polymer backbones

[18]. Ring-open and ring-closing reactions of dithienylethene isomers can be triggered by

the upconverted light too [19, 20]. In a more complicated system, the photoisomerization
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of azobenzene was claimed to be stimulated by the upconversion process and released the

contained cargo molecules from mesoporous silica nanoparticles (MSNs) [3]. Despite the

variations between specific aims, all the photochemical reactions require sufficient photon

generation by upconversion nanocrystals as well as efficient photon absorption by the reactive

molecules.

A standard consideration in photochemistry is to determine whether a reaction is initi-

ated via a photothermal or a photochemical pathway. This differentiation also applies to

the photochemical process promoted by upconversion emission. However, most of the recent

researches in the field did not evaluate the optical heating effect. Part of the reason is, al-

though the heating effect could be studied relatively easily on the macroscopic scale, it is not

so on a nano scale. The readily measured macro-environment temperature may not repre-

sent that of the nano-environment, as the internal generated heating could introduce thermal

gradient between nanoparticles and bulk surroundings [5, 21]. In an effort to quantify the

optical heating effect, we carry out both theoretical calculations and optical measurement.

We employ two lanthanide upconversion nanocrystals that have different doping elements:

one studies the nanocrystal temperatures as a luminescence nanothermometer (Er3+ doping)

and the other generates blue and UV emissions to promote the photochemistry (Tm3+ dop-

ing). Thus the thermal and optical contribution of IR irradiations are distinguished. The

reaction that we are focusing on in this chapter is the azobenzene conformational change

for controlled drug delivery, because of our long-standing interest [22, 23, 24, 25, 26]. In

this material, the azobenzenes are condensed in mesoporous silica nanoparticles, stretching

out in the confined pores and blocking the cargo movement. Upon UV illumination, they
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undergo reversible trans-cis photoisomerizations, which act as a large amplitude wagging

motion forcing the cargo out of pores and achieving stimulus-controlled release [23, 25, 26].

Similar idea has been extended to upconversion nanocrystal stimulated drug delivery sys-

tems [3]. The fundamental question that needs to be answered when upconversion generates

the higher energy photons that could stimulate the motion is: does the upconvert light or

the heat that activates the nanoimpellers?

5.3 Theoretical Analysis

For lanthanide nanocrystal (NaYF4:Yb3+, Er3+ or Tm3+) based photochemistry, the

reaction involves the upconversion emission process and the re-absorption of high-energy

photons by photolabile moieties, thus the efficiency is decided by both components.

5.3.1 Upconversion Photon Generation Efficiency

In regarding to the upconversion emission stage, lanthanide nanocrystals have intrinsic

small extinction coefficients and low quantum yields. At 973 nm, the Yb molar extinction

coefficient is 2.1 cm–1M–1 [27]. Assuming an irradiation power density of 4 W/cm2 and the

common doping composition (Yb = 18 mol.%, Ln = 2 mol.%), the number of IR pho-

tons being absorbed by a 25 nm upconversion nanocrystal is about 4400 /s, on the order

of 1 hundred-thousandths (10−5) of the total photons irradiated on the volume (see Meth-

ods section). Moreover, the absolute quantum yield of two-photon upconversion process

was reported as 0.10 ± 0.05 % for a 30 nm NaYF4:Yb3+, Er3+ nanocrystal under 980 nm

irradiation with a power density of 150 W/cm2 [28]. For a UV or blue light activated photo-
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chemical reaction, a three-photon upconversion process is required. We assume that under

the 150 W/cm2 illumination, the three-photon process has the same quantum yield as that

of the two-photon process, which is unlikely but provides a conservative estimation for an up-

per limit. Under the commonly used power density for biological applications (1-10 W/cm2)

[3, 6, 9, 16, 20], the quantum yield upper limit is on the order of 10−8, due to its nonlinear

dependency on irradiation power densities. Even with a three- fold enhancement by an un-

doped NaYF4 coating [28], the number of high-energy-photon generated by one nanocrystal

is on the order 10−3 photons/s (see Methods section). In imaging applications, this low

efficiency of photo generation is compensated by the use of a large number of nanocrystals

(which is on the order of 1010/µg, see Methods section), such that a visible signal can be

detected. In triggering the photochemical reactions, however, the small number of photons

generated is outnumbered by large amount of photosensitive molecules and thus might not

be able to induce the wagging motion of azobenzenes.

5.3.2 Photon Re-absorption Efficiency

Because the emitted photon wavelength is larger than the nanoparticle dimensions, the

probability of an emitted photon being re-absorbed in the assemble is decided by the assemble

dimension (d) in comparison with the mean free path of photons in the absorbing media (l).

For the nanoimpeller particle system, the azobenzene co-condensed silica scaffold is the

absorbing material. Using a simple model for calculation, l is related to the inverse of the

product of the volume density of azobenzene molecules (n) and its absorption cross section

(σ) following the equation l = (σn)−1. The former can be derived from the azobenzene
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weight percentage measured by thermogravimetric analysis (TGA), and is usually on the

order of 10 wt.%. The later can be calculated from the extinction coefficient, which is

reported as 88 - 536 cm–1 M–1 in the range of 385 - 450 nm [30]. The calculated value of

l is 66 µm (see Methods section), which is much smaller than the macroscopic dimension

d (0.2 - 0.5 cm), and thus the transmission (T = e−d/l) is almost 0. Hence, almost all of

the emitted photons could be re-absorbed by azobenzenes, which would result in decreased

emission of upconversion signals when the nanocrystals are embedded in the azobenzene

matrix, as observed in previous studies [3]. However, the analysis also showed that in every

silica nanoparticle, there are about 104 azobenzene molecules, and the blue photon emission

rate from a single upconversion crystal is about 1 × 10−3/s. It is debatable whether the

limited upconversion photons could effectively stimulate the photoisomerization reaction of

multiple azobenzenes in the pores.

On the other hand, the small quantum yield in the upconversion process, is accompanied

with substantial optical heating generation inside the particles as the majority of the photons

absorbed by Yb3+ ions are converted into non-radiative decays. Depending on the irradiation

power density, for every emitted blue photon, there are at least another 106 IR photons

being absorbed (see Methods section). Moreover, in the context of biological applications,

the water media surrounding the upconversion nanocrystals will also be heated by the IR

irradiation. The absorption coefficient of water at 980 nm is 0.482 cm–1, almost 4 orders of

magnitude greater than at 403 nm (5.59 × 10−4cm–1)[31, 32]. For an 1 cm long pathway,

35 % of the 980 nm photons will be absorbed by water, while only 0.056 % of the 403 nm

photons will be absorbed. Therefore, the heat generation and its contribution to the reaction
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mechanism needs to be carefully quantified and evaluated, as we carry out the experimental

examination.

5.4 Nanoparticle Optical Heating Measurement

The collective heating effect of upconversion nanocrystals in the nanoenvironment is mea-

sured based on the temperature dependent emission spectra of NaYF4: Yb3+, Er3+ (ErNCs)

[5, 33, 34]. The nanocrystal has great similarity to most of the upconversion nanocrys-

tals used for photochemical reactions and provides the convenience of absolute temperature

sensing. The hexagonal phase nanocrystals were synthesized by a modified thermolysis pro-

cedure (doping ratio: Y : Yb : Er = 0.08 :0.18 :0.02) and transferred into water solutions

with the help of surfactants (Figure 5.1a) [5, 35]. Following a templated sol-gel reaction,

the homogeneous nanocrystals were embedded into the mesoporous silica framework form-

ing the core-shell structures (ErNC@MSNs, Figure 5.1b, c) [5, 24]. Under the 980 nm

excitation, the Yb3+ ions absorb the photons and sequentially transfer the energy to Er3+,

which subsequently emit from two thermally coupled excited states:2H11/2 and 4S3/2. The

relative populations of these two excited states follow the Boltzmann distribution [5, 33, 34].

Thus, the corresponding emission intensity ratios are correlated to the absolute temperature,

following the equation:

Ln
I520
I540

=
A−∆E

kT

I520 and I540 stand for the luminescence peak intensity at 520 nm and 540 nm respectively;

A is a constant; ∆E is the energy gap between the two excited states; k is the Boltzmann

constant and T is the absolute temperature. To generate the linear working curve, the lumi-
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nescence spectra of the ErNC@MSNs under various temperatures were collected (Figure 5.1d,

the inset), and the intensity ratios between peak 520 and 540 nm were plotted versus the

inverse of temperature (Figure 5.1d). To measure the nanoparticle interior temperature, the

particles were submerged in ∼ 3 - 4 mL of water in the cuvette with a weight ratio of 1 mg/g

between the particles and the water. The emission spectra of ErNC@MSNs were collected

continuously during the IR irradiation. As shown in Figure 5.1e inset, the visible emission in-

tensity ratio between the 520 nm and 540 nm peak decreases. The nanoparticle temperature

initially increases dramatically and gradually equilibrates with the bulk water temperature

around 45 ◦C (Figure 5.1e). An overall of 25 ◦C temperature rise inside the nanoparticles is

achieved within 15 min of 980 nm irradiation with a power density of 4 W/cm2. The abso-

lute value of temperature increase could be variable in different experimental setups, but the

substantial optical heating by IR illumination is inevitable as shown by experimental results

as well as the theoretically calculations.

5.5 Contribution of Optical Heating for Nanoimpeller Functioning

Because the IR heating is significant, experiments were conducted to distinguish the

light and the heat contributions of IR irradiations, by examining the cargo release perfor-

mance of azobenzene co-condensed MSNs with and without NaYF4:Yb3+, Tm3+ (TmNC)

encapsulated. The former particles are denoted as TmNC@IP-MSNs (Figure 5.2c) and are

susceptible to both the optical and thermal influence of IR irradiations. The latter are

nanoimpellers which do not absorb the 980 nm photons (Figure 5.2b). In comparison with

the ErNCs used in the temperature detection, the TmNCs have similar morphology and
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crystal structures (Figure 5.2a), and Yb3+ serve as the 980 nm photon absorbing element in

both cases. Thus, the optical heating measured by ErNCs is applicable to TmNCs.

The TmNCs were synthesized by a similar thermolysis procedure and the Tm doping

was chosen to accommodate the azobenzene absorption band. To form nanoimpellers, 4-

hydroxyazobenzene was co-condensed with silica precursors through an isocyanate linker

molecule [23, 25]. TmNCs were introduced in the co-condensation reaction to synthesis the

core-shell TmNC@IP-MSNs. TGA and Fourier transform infrared spectroscopy (FTIR) were

performed to confirm the azobenzene modifications (Figure 5.6 on page 144 and Figure 5.7

on page 145).

5.5.1 Upconversion Nanocrystal Embedded Nanoimpellers

The functioning of upconversion nanocrystal-embedded nanoimpellers is verified under

UV and IR irradiation. The particles were loaded with a cargo of fluorescent propidium

iodide, washed thoroughly, placed in the corner of a cuvette and immersed in water, with

a weight ratio of 1 mg/g between particles and water. The supernatant fluorescence in-

tensity was recorded continuously to monitor the concentration of propidium iodide that

is impelled from the MSNs. Before applying the stimulating light, the different intensity is

negligible and stable, indicating that propidium iodide is trapped in the azobenzene-modified

pores. Upon laser irradiation of the particles at 403 nm, the fluorescence intensity increases

gradually, showing that the light triggers the azobenzene photoisomerization, forcing the

propidium iodide molecules out of the nanopores and increasing its concentration in solution

(Figure 5.3a). To calibrate the absolute release amount, a UV-vis absorption spectrum of the
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supernatant solution was collected at the end and the release amount was calculated using

Beer’s law. In the second experiment, the 980 nm laser was turned on and off alternatively

as the stimulating source, and was able to manipulate the cargo release correspondingly

(Figure 5.3b). The TmNC@IP-MSNs particles seemed to respond similarly to the 980 nm

and to the 403 nm irradiation. Release amounts are normalized to the 403 nm activated

system.

5.5.2 Nanoimpeller Functioning Under Different Stimulations

For the nanoimpeller particles without the upconversion nanocrystals, three activation

methods - the 403 nm irradiation, the direct solution heating and the 980 nm irradiation

- were applied to examine their release functioning. The UV light initiates the cargo re-

lease due to the direct activation of azobenzene photoisomerizations (Figure 5.4a). Since

the continuous IR irradiation raises the particle internal temperature to about 45 ◦C, bulk

heating was performed to examine its influence on nanoimpellers. Surprisingly, similar cargo

release feature is observed after the solution temperature reaches 45 ◦C (Figure 5.4b). The

underlying mechanism, however, does not involve the isomerization reaction since the heat-

ing energy is much lower than the activation barrier for double bond rotations. The elevated

temperature raises both the vibrational energy of azobenzenes and the kinetic energy of

cargos, and reduces the nanoparticles viscosity. The azobenzenes render as a less rigid steric

barrier to the propidium iodides. Driven by the concentration gradient, cargoes diffuse out

of the particles, presenting a “release” profile.

We further verify our hypothesis by an IR activation experiment with nanoimpellers.
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Since heating was able to trigger the cargo “release” and the IR irradiation increased the

particle temperature substantially, whether the IR light optical heating could disturb the

nanoimpeller function would distinguish the contribution from heat to light. The IR laser

on-and-off experiment was repeated with the pure nanoimpellers. Interestingly, similar re-

sults were obtained as that of the TmNC embedded particles (Figure 5.4c). Because the

upconversion nanocrystals were not introduced and the incident laser power density was too

small to promote the two-photon cross-section of azobenzene moieties, the observed release

is not driven by the 980 nm photons, but by the optical heating.

5.5.3 Ice Water Bath Cargo Release

In order to eliminate the substantial direct IR optical heating and to focus on its photon

contribution, an ice water bath experiment was performed where the release was carried out

by placing the cuvette in a 2 L ice water bath, keeping the other parameters the same. Unlike

the results in the ambient air environment, both the pure nanoimpellers (Figure 5.5a) and

the nanocrystal encapsulated nanoimpellers (Figure 5.5b) only response to the 403 nm laser

activation, not to the 980 nm light. In the cold environment, the optical heating effect of

980 nm laser was effectively suppressed. The upconversion nanocrystals in the TmNC@IP-

MSNs were not able to generated sufficient high-energy-photons to initiate the photoisomer-

ization of azobenzenes, showing a unchanged release profile as that of the particles without

upconversion nanocrystals.

The experimental results agree with the numerical calculations. Even if all the upcon-

verted photons were be absorbed by the azobenzene molecules, the photon number is too
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small to excite enough azobenzene molecules to function as impellers. If we take the isomer-

ization reaction quantum yield into account, which is ranging from 0.1 to 0.5 at different

wavelength, an even less efficient process results. At the same time, substantial heat is

generated due to the large radiationless deactivation of Y and high water absorption. The

IR irradiation triggers cargo release from the azobenzene modified silica particles via the

photothermal pathway, not the photochemistry. Thus, the photochemistry application of

upconversion process requires detailed evaluation of the accompanied thermal effect to fully

understand the reaction mechanisms.

We, however, do not intend to withhold the idea of using upconversion nanocrystals

for photochemical applications in biomedicine. We investigated one example among the

numerous reactions, and given the results, we want to raise the attention in the field. Besides

the system we have employed here, recent works on enhancing the upconversion quantum

yield with structural and morphology optimizations has lightened the path [36, 37]. The

sublattice crystal structure change effectively minimized the energy transfer from the excited

states to defects and enabled a much higher Yb3+ doping amount. Also, efforts on using

Förster resonance energy transfer (FRET) could also improve the energy transfer efficiency

by eliminating restrictions of Er3+ ion emission efficiency [13, 38, 39, 40]. Different from the

emission and re-absorption process, in FRET, the energy is transferred between two dipoles

though the space without any photons involved. With all the extensive efforts in the field,

the method will have a broader and stronger impact in the future.
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5.6 Summary

In summary, an optical nanothermometer (NaYF4:Yb3+, Er3+) embedded MSN system is

designed to investigate the optical heating contribution in a light-activated nano delivery sys-

tem. The nanoparticle internal temperature shows a 25 ◦C increase within 15 min of 980 nm

laser irradiation. The pure nanoimpeller particles response to both the direct heating and the

IR irradiation, exhibiting a similar “cargo release” feature in fluorescence intensity spectra

as when they are under the UV illumination. Although the IR light is able to trigger the re-

lease from the upconversion nanocrystal embedded nanoimpellers, the effect is not repeated

in an ice water bath environment. Both numerical calculations and experimental results

indicate that the upconversion nanocrystals could not generate sufficient photons to initiate

the azobenzene photoisomerization. The results suggest that the IR optical heating, rather

than the upconversion, is responsible for the cargo release in nanoimpellers. Future work in

using lanthanide upconversion for photochemical applications should carefully evaluate the

photothermal effect and its contribution to the nanostructure performances.

5.7 Methods

5.7.1 Material

Yttrium(III) chloride (99.99 %, Aldrich), ytterbium(III) chloride hexahydrate (99.9 %,

Aldrich), erbium(III) chloride hexahydrate (99.9 %, Aldrich), thulium chloride hexahydrate

(99.99 %, Aldrich), oleic acid (90%, Sigma-Aldrich), 1-octadecene (95.0 % Aldrich), ammo-

nium fluoride (98.0 %, Sigma-Aldrich), sodium hydroxide (97.0 %, Fisher), 4-phenylazophenol

127



(98 %, Sigma-Aldrich), 3-(triethoxysilyl)propyl isocyanate (95 % Aldrich), cetyltrimethylam-

monium bromide (CTAB) (95 %, Sigma-Aldrich), tetraethyl orthosilicate (TEOS) (98 %,

Aldrich), hexane (98.5 %, Fisher), toluene (99.5 %, Sigma-Aldrich), methanol (99.9 %, Fir-

sher), chloroform (99.8 %, Fisher) and ethanol (99.5 %, Fisher) were used. All chemicals are

reagent grade and used without further purification or modification.

5.7.2 Characterization

Transmission electron microscopy (TEM) was carried out on a JEM1200-EX (JEOL)

and a T12 Quick CryoEM and CryoET (FEI) instrument. Scanning transmission electron

microscopy (STEM) and high resolution transmission electron microscopy (HRTEM), were

performed using a Titan S/TEM (FEI, 300kV) instrument. An Instrument SA HR 320 spec-

trograph/monochromator together with a PI-MAX intensified CCD camera from Princeton

Instruments was used to record the luminescence spectra. A TechnicaLaser MLL-III-980-2w

laser emitting 2 W at 980 nm was utilized as the exciting source. A 700 nm cut-on filter from

Newport (10SWF-700-B) was employed to filter out the exciting light at the detector window.

UV-vis absorption spectra were collected by a Cary 5000 UV-vis-NIR spectrophotometer.

5.7.3 Synthesis of ErNC and TmNC

The upconversion nanocrystals were synthesized by a thermolysis method using lan-

thanide chlorides as the precursors [5, 35]. YCl3 (156 mg), YbCl3·6H2O (70 mg) and

ErCl3·6H2O (8 mg) were mixed with 15 mL 1-octadecene and 12 mL oleic acid for the

synthesis of ErNCs. The mixture was heated to 120 ◦C for half an hour to evaporate the
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water. In a separate container, 100 mg NaOH and 149 mg NH4F were dissolved in 10 mL

of methanol. After the lanthanide solution was cooled down to 50 ◦C, the NH4F methanol

solution was added into the lanthanide solution and slowly heated to 80 ◦C to remove the

methanol. The mixed solution was purged with argon gas and reacted at 300 ◦C for an hour.

After the solution was cooled to room temperature, an excess amount of ethanol was added

to precipitate the nanocrystals. They were washed several times with hexane and ethanol

and suspended in chloroform at a concentration of 20 mg/mL. In the synthesis of TmNCs,

8 mg of thulium chloride was used instead of the erbium chloride.

5.7.4 Synthesis of ErNC@MSN

The synthesis of ErNC@MSN follows a two-step reaction, starting with coating the hy-

drophobic nanocrystals with surfactant CTAB. 2 mL of ErNCs or TmNCs chloroform solu-

tion was added into 20 mL of H2O containing 400 mg of CTAB. The solution was sonicated

thoroughly and slowly heated to 65 ◦C to evaporate the chloroform. In a separate reaction

flask, 13.5 mL of H2O was heated to 80 ◦C. After the temperature stabilized, 1.5 mL of ErNC

aqueous solution, 110 µL of 2 M NaOH and 150 µL of TEOS were added. The reaction was

continued at 80 ◦C for 2 h before centrifuge and washing with H2O and methanol. Surfactant

extraction was carried out by suspending the as prepared particles into 20 mL of methanol,

adding 0.767 mL of concentrate hydrochloride acid. The reaction was maintained at 60 ◦C

overnight to remove the CTAB molecules.
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5.7.5 Synthesis of Nanoimpeller Particles and TmNC@IP-MSN

Nanoimpeller particles were synthesized following our previous published co-condensation

procedure [23, 25]. To synthesize the azobenzene linker, 0.565 mmol of 4-hydroxyazobenzene

was reacted with 141 µL 3-(triethoxysilyl)propyl isocyanate in 5 mL of anhydrous acetone

under nitrogen gas for 4 h at room temperature. In a different container, 0.5 g CTAB was

dissolved in 240 mL of water with 1.75 mL NaOH solution (2 mol/L), followed by heating to

80 ◦C. The azobenzene linker solution was added into this water solution dropwise, together

with 2.4 mL of TEOS. The solution was maintained at 80 ◦C for 2 h before washing. Sim-

ilar surfactant extraction procedure as that of the ErNC@MSN was carried out. Core-shell

nanoimpeller particles (TmNC@IP-MSNs) were synthesized by the co-condensation process

with nanocrystals. The azobenzene linker solution was prepared by the same procedure as

that of the nanoimpellers. 13.5 mL of H2O with 1.5 mL of TmNC aqueous solution and

110 µL of 2 M NaOH was heated to 80 ◦C. To this solution, 320 µL of the as-prepared

azobenzene linker solution was added, followed by 150 µL of TEOS. The reaction was con-

ducted at 80 ◦C for 2 h, before washing and surfactant extraction.

5.7.6 Working Curve Generation and Nanoparticle Internal Temperature Mea-

surement

The ErNC@MSN particles were submersed in water in a cuvette at a concentration of

1 mg/mL. As the solution was heated slowly by a hot stir plate, the 980 nm laser was tuned

on for 10 s to collect the emission spectra of ErNC@MSN at various temperatures. After

subtracting the background from the emission spectra, the 520 nm and 540 nm emission
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peak intensities were calculated. The natural log of the intensity ratios was plotted against

the inverse of temperatures to generate the working curve.

To monitor the nanoparticle interior temperature change induced by the continuous IR

light irradiation, the same particle concentration and cuvette setup were used. The 980 nm

laser was irradiated on particles serving also as the excitation light for nanothermometers.

The luminescence spectra of nanocrystal embedded silica nanoparticles were collected con-

tinuously and the peak intensity ratios between 520 and 540 nm were calculated. The corre-

sponding nanoparticle interior temperatures were derived according to the correlation work-

ing curve. The spectral frame time was 10 s and the CCD detector gain was set at zero.

5.7.7 Nanoparticle Cargo Loading and Release

The fluorescence dye propidium iodide was dissolved in water at a concentration of 1 mM.

The particles were suspended in the dye solution at a concentration of 10 mg/mL, stirred

for 24 h and washed with pure water to remove surface absorbed dyes. For the release

study, 2 - 4 mg of the dried particles were weighted and carefully placed at the corner of the

cuvette. Pure water was then added slowly to submerge the particles. A small stir bar was

placed in the cuvette corner opposite to the particles, and was stirring the solution during

the experiment without perturbing the particles. A 448 nm probe beam was shone on the

water supernatant and the fluorescence intensity of this solution was monitored by the CCD

detector continuously as an indication of the cargo amount. The excitation beam (either

403 nm or 980 nm) was turn on after collecting a baseline and irradiated the particle pile

in the corner. At the end of the experiment, the supernatant solution absorption spectrum
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was scanned, and the absolute cargo amount in the solution was calculated according to

the Beers law. The fluorescence intensity of the supernatant solution was converted to the

relative release amount. In the direct-heating-induced release study, instead of using an

excitation beam, a hot stir plate was used to heat the solution and kept its temperature at

45 ◦C.

5.7.8 Release Study in an Ice Water Bath

In order to eliminate the optical heating and to examine the influence of different exci-

tation sources in triggering azobenzene photoisomerizations, the release studies were carried

out by placing the cuvette in a 2 L ice water bath. The other experimental parameters were

the same as that of the ambient environment release experiment. The cuvette was positioned

at the edge of the water bath glass container, so that the distance of the optical path between

the glass container and the cuvette exterior was minimum.

5.8 Theoretical Calculation

5.8.1 Photon Count in Direct 403 nm Excitation

Assumption: laser power: 20 mW; beam size: 2 mm in diameter; single silica particle

size: 50 nm in diameter; all samples are tightly packed with particles.

Laser power density: 20/(π × 12) = 0.64 W/cm2

Single photon energy: E403 = hc/λ = 1.98645× 10−25/(403× 10−9) = 4.93× 10−19 J

Photon flux: F403 = 0.64/(4.93× 10−19) = 1.3× 1018 s–1·cm–2
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Single particle irradiated area: Ssilica = πr2 = π(25× 10−7)2 = 2.0× 10−11 cm2

Number of 403 nm photons irradiated on a single silica particle per second:

F403Ssilica = 1.3× 1018 × 2× 10−11 = 2.6× 107/s

5.8.2 Photon Count in 980 nm Upconversion Process

Assumption: laser power: 2 W; beam size: 0.5 cm2; single upconversion nanocrystal size:

25 nm in diameter

Laser power density: 2/0.5 = 4 W/cm2

Single photon energy: E980 = hc/λ = 1.98645× 10−25/(980× 10−9) = 2.03× 10−19 J

Photon flux: F980 = 4/(2.03× 10−19) = 2.0× 1019 s–1·cm–2

Single nanocrystal irradiated area:

Snanocrystal = πr2 = π(12.5× 10−7)2 = 4.9× 10−12 cm2

Number of 980 nm photons irradiated on a single upconversion nanocrystal per second:

F980Snanocrystal = 2.0× 1019 × 4.9× 10−12 = 9.8× 107/s

In order to calculate how many photons are absorbed by the nanocrystals, it is necessary

to estimate the molarity of the absorbing element. The molar concentration of absorbing

element Yb is calculated according to the doping composition: Y: Yb: Tm= 0.8 : 0.18: 0.02.

The apparent molar weight of NaYF4:Yb3+, Tm3+ is :

m = 22.990 + 18.998× 4 + 88.906× 0.8 + 173.04× 0.18 + 168.94× 0.02 = 204.63 g/mol

The bulk NaYF4 density was reported as 4.21 g/cm3 [41]. We assume the density holds

133



constant for the doped nanocrystals, given the small amount of doping elements in the matrix.

We discuss the absorption efficiency of two scenarios: either the upconversion nanocrystals,

or the nanocrystals encapsulated mesoporous silica particles.

5.8.2.1 Pure Upconversion Nanocrystals

The molar amount of Yb in one 25 nm nanocrystal is:

nY b =
Vnanocrystal · ρ · Y b · wt.%

MY b

= (4π/3× 12.53 × 4.21× 173.04× 0.18

204.63
)/173.04

Thus, the molarity of Yb is:

cY b−nanocrystal =
nY b

Vnanocrystal

=
4π/3× 12.53 × 4.21× 173.04× 0.18

204.63
173.04

/(4π/3× 12.53)

=
4.21× 0.18

204.63
= 3.7mol/L

Single nanocrystal absorption length: 25 nm = 2.5 ×10−6 cm

At 973 nm, the molar extinction coefficient of Yb is reported as 2.10 cm–1·M–1 [27]. The

transmittance is : Tnanocrystal = 10−εcl = 10−2.10×3.7×2.5×10
−6

= 10−1.94×10
−5

The percentage of absorbed IR photons is: 1− I

I0
= 1− T = 4.5× 10−5

The number of absorbed photon is:

Nnanocrystal = 9.8× 107 × 4.5× 10−5 = 4.4× 103 /s

5.8.2.2 Upconversion Nanocrystal Embedded Mesoporous Silica Particles

The above calculation has been based on pure upconversion nanocrystals. When they

are embedded in the mesoporous silica matrix, the Yb3+ concentration will be diluted by
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the silica media. The silica naonparticle radius is 25 nm.

Thus, the Yb molarity in this condition will be:

cY b−silica =
nY b

Vsilicaparticle

=
4π/3× 12.53 × 4.21× 173.04× 0.18

204.63
173.04

/(4π/3× 253)

=
4.21× 0.18

204.63× 8
= 0.46mol/L

The absorption efficiency in this case would be:

1− I

I0
= 1− 10−2.10×0.46×2.5×10

−6
= 5.6× 10−6

The number of absorbed photon is:

Nsilica = 9.7× 107 × 5.6× 10−6 = 5.4× 102 /s

5.8.2.3 Upconversion Quantum Yield

The absolute quantum yield for a 30 nm NaYF4:Yb3+, Er3+ system under the 980 nm

irradiation with a laser power density of 150 W/cm2 for a two-photon upconversion process

was reported as 0.10 ± 0.05 % [28]. To calculate the upper limite, we assume the three-

photon upconversion of NaYF4:Yb3+, Tm3+ has the same quantum yield as that of the

two-photon process under the 150 W/cm2 980 nm irradiation. Three-photon upconversions

should be less efficient, thus the value we are calculating is the upper limit for Tm3+ doped

systems. Given that the reported system used similar doping ratios as our nanocrystals

and that the quantum yield of the non-linear upconversion process highly depends on the

irradiation power density, it is reasonable to estimate that for a three-photon process under

a lower irradiation power, the quantum yield of NaYF4:Yb3+, Tm3+ is:
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0.10 %× (
4

150
)3 = 2× 10−8

The same research pointed out that by coating the nanocrystal surface with an undoped

NaYF4 shell, the quantum yield was enhanced by 3 fold [28]. Other researches have also

reported similar improvement, but did not specify quantitatively. As we are trying to cal-

culate the upper limit, assuming the coated nanocrystals NaYF4:Yb3+,Tm3+@NaYF4 have

a 100 fold increase compared to NaYF4:Yb3+,Tm3+, the quantum yield would be:

QY = 0.10 %× (
4

150
)3 × 100 = 2× 10−6

Thus, for every emitted photon, there are at least another 5 × 105 IR photons being

absorbed.

5.8.2.4 Number of Generated High-Energy-Photons

In the upconversion nanocrystal sample, number of blue photons emitted by a single

nanocrystal per second is:

Ne−nanocrystal = Nnanocrystal ·QY = 4.4× 103 × 2× 10−6 = 8.8× 10−3 /s

In the nanocrystal embedded particles, number of blue photons emitted per second by a

single silica particle with one upconversion nanocrystal embedded is:

Ne−silica = Nsilica ·QY = 5.4× 102 × 2× 10−6 = 1.1× 10−3 /s

5.8.3 Emitted Photon Re-absorption Efficiency

All the emitted blue photons have the chance to be absorbed by azobenzene molecules

either in the same silica particle or in a different particle in the sample pile. Since photon

wavelength is larger than the nanoparticle dimensions, the probability of an emitted photon
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being re-absorbed in the assemble is decided by the assemble dimension (d) in compare with

the mean free path of photons in the absorbing media (l).

The mean free path of the photons equals to:

l = (σn)−1

where σ is the cross section of azobenzene and n is the molecule volume density.

The extinction coefficient of azobenzene is reported as 88 - 536 cm–1 M–1 in the range of

385 - 450 nm [30], corresponding to the cross section of 1.5× 10−5 - 8.9× 10−5 nm2.

The TGA result showed that the azobenzene weight percentage is about 9 % in the em-

bedded system. The mesoporous silica density was reported as 0.835 g/cm3 [42]. Assuming

the particle density is not influenced by the azobenzene part, thus in a 50 nm silica particle,

the total weight of azobenzene molecules is:

mazo = 4π/3× 253 × 0.835× 9% = 4.9× 10−18 g

Divided by the azobenzene molecular weight (283.33 g/mol), the molecule amount in a

single silica particles is:

nazo = 4.9× 10−18/(283.33/(6.02× 1023)) = 1.0× 104

Divided by the single silica matrix volume (the azobenzene occupied volume), the molecule

density in the particle is:

n = 1.0× 104/(4π/3× 253 − 4π/3× 12.53) = 0.17 /nm3

Use the upper limit of cross section for maximum re-absorption:

l = (σn)−1 = 1/(8.9× 10−5 × 0.17) = 66 µm

Since l is much smaller than the particle assemble macroscopic dimension d (0.2 - 0.5 cm),
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the transmission is: T = e−d/l ≈ 0. Almost all of the emitted photons could be re-absorbed

by azobenzenes.

5.8.4 Photon Count for Imaging Applications

Assuming the upconversion nanocrystal embedded particles are applied for biological

imaging, the total number of silica particles in a 1 µg of sample is :

N = 1/(4π/3× 12.53 × 4.21 + 4π/3× (253 − 12.53)× 0.835) = 1.2× 1010

Total converted photons from the 1 µg sample is :

Ne−silica ·N = 1.1× 10−3 × 1.2× 1010 = 1.3× 107/s

Thus, the number of emitted photons is much higher than the detection threshold for

imaging.

138



5.9 Figures

Figure 5.1 NaYF4:Yb3+, Er3+ nanocrystal transmission electron microscopy (TEM) images
and IR irradiation heating measurement of nanoparticle interiors. (a), High resolution TEM
image of the ErNCs, with a size distribution of 23.1± 0.1 nm. (b-c) STEM and TEM images
of ErNC@MSNs. The average particle size is 109 nm. (d) Luminescence intensity ratio and
temperature correlation working function of ErNC@MSNs. Inset is the emission spectra under
different temperatures. (e) ErNC@MSNs interior temperature under the 980 nm irradiation.
Inset is the luminescence spectra collected at the beginning of irradiation. Scale bar: 15 nm
(a), 50 nm (b), 100 nm (c).
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Figure 5.2 TEM images of nanocrystals and azobenzene particles. (a), Tm3+ doped upcon-
version nanocrystals with an average size of 23.4 nm(hexagonal side) × 35.8 nm (rod side).
(b), nanoimpeller particles. (c), upconversion nanocrystal embedded nanoimpeller particles
TmNC@IP-MSNs. Scale bar: 50 nm (a, b), 100 nm(c).
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Figure 5.3 Controlled release profiles of TmNC@IP-MSNs, under (a) 403 nm light irradiation,
(b) 980 nm laser periodic irradiation. The gray areas indicate the time when the IR laser was
on. A light dependent cargo release pattern was observed for both irradiation sources.
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Figure 5.4 Release profiles of nanoimpeller particles under different stimulations: (a) 403 nm
activation, (b) 980 nm laser activation, (c) solution heating to 45 ◦C. In (b), the 980 nm laser
was turned on (gray background) and off alternatively. All release amounts are normalized
with the 403 nm activated system.
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Figure 5.5 Release profiles of (a) nanoimpellers and (b) NaYF4:Yb3+, Tm3+ encapsulated
nanoimpellers in an ice water bath experiment. Grey dot curves: 403 nm laser illumination.
Red curves: 980 nm irradiation. Arrows point at the time when either the 403 nm laser or the
980 nm laser was switched on.
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Figure 5.6 Thermogravimetric analysis (TGA) results for pure nanoimpeller particles (red
curve) and upconversion nanocrystal embedded impeller particles (black curve). The weight
loss from 120 ◦C to 520 ◦C corresponds to the weight of azobenzene molecules. The azobenzene
weight percentages of the two samples are 7.62 % and 9.05 % respectively, confirming that a
substantial amount of azobenzene is condensed in the silica matrix.
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Figure 5.7 FTIR absorption spectra. Top: pure 4-hydroxyazobenzene compound used for
synthesis; middle: mesoporous silica particles; bottom: azobenzene co-condensed nanoimpeller
particles. The vibration at around 1540 cm–1 is related to the amine N-H bend of azobenzene
linker part and the 690 cm–1 band corresponds to the aromatic C-H bend of azobenzenes. Both
vibration modes confirm the attachment of azobenzene molecules.
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CHAPTER 6

Simultaneous Spectral Detection of Nanoparticle

Interior Temperature and the Corresponding Cargo

Release of Functional Mesoporous Silica Nanoparticles

6.1 Abstract

The evaluation of the on-command release of nanocarriers has been limited to measur-

ing the cargo amount in the surrounding medium, despite of their various compositions

and properties. This indirect examination merely monitors the overall macroscopic re-

sult of a series of nanoscale chemical and physical reactions, providing little information

of the nature and mechanism of the process. In an effort to address this issue, we synthe-

sized a nanothermometer-embedded thermally responsive release system, and recorded the

temperature-dependent luminescence emission of nanothermometers together with the cargo

molecule fluorescence intensity change. Our spectral method simultaneously detects the

nanoparticle interior temperatures and the resulting macroscopic cargo release, and opens a

path to examine the nanoscale events to study the nature of these reactions.
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6.2 Introduction

The field of controlled therapeutic delivery performed by nano vehicles has been inten-

sively pursued over the past few decades [1, 2, 3, 4, 5, 6] . In the early investigations, drug

molecules were sustainedly released into the circulation system from the storing matrix,

which undergoes slow degradations or allows diffusion of small molecules [7, 8, 9, 10]. To

advance the control of the delivery, nanocarriers that experience structural transformations

upon condition change have been applied to manipulate the cargo loading and releasing

behavior. Various compositions and chemical features have been employed, including soft

materials such as liposomes, dendrimers and polymers, as well as the hard materials like

silica, iron oxide and gold nanoparticles [1, 2, 4, 11]. The stimulations for conformational

change can be internal or external, including pH variations, light irradiations, temperature

change, redox reactions and biomolecule recognitions [12, 13, 14, 15, 16, 17, 18]. Despite the

numerous functional mechanisms for different vehicles, the general strategy to introduce the

on-demand release has been to induce the material morphology change for soft carriers and

the surface chemical structure change for hard carriers [5, 19, 20, 21, 22].

Many efforts have focused on creating new release systems based on different nanostruc-

tures, yet the evaluation methods of their performances are still quite limited. Often times,

the cargo concentration increase in the release media is used as the sole characterization

approach, which merely monitors the overall result of a series of physical and chemical reac-

tions on the nanoscale, and does not provide details of the events themselves. In addition,

more and more nanocarriers are employing several structural components to fulfill the task,

but a simple release amount characterization is far from enough to prove the point. Our
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discussion in the last chapter presents a good example: the infrared laser irradiation trig-

gered cargo release from azobenzene modified MSNs was caused by photon induced heating,

not by the direct photochemical isomerization. Similar cargo concentration increases in the

media were observed, but different reaction mechanisms were involved. Therefore, the direct

monitoring of events on the small scale is in need to obtain information for precisely control-

ling and optimizing release, especially for the therapeutic delivery in complicated biological

environments.

In an effort to simultaneously detect the physical property change and its stimulated on-

command release from nano vehicles, we synthesized a temperature-responsive nanocarrier

incorporating a temperature detection probe in the particle. Mesoporous silica nanoparticles,

one of the most widely applied delivery platform for nanomedicines, are condensed with

azobenzene moieties as the functional component to trap cargo molecules and to release them

upon heating. The particles also contain a lanthanide doped fluoride nanocrystal (NaYF4:

Yb3+, Er3+) that gives out temperature dependent luminescence emissions. A small organic

dye molecule - cascade blue - was loaded into the mesoporous structure, and its release

was monitored by the fluorescence intensity change of water media. Both of these emission

signals were collected in the same spectrum and were mathematically resolved to extract

the information of nanoparticle temperatures and release performances. Upon the optical

heating, we have successfully observed the particle interior temperature change together with

its triggered cargo release. Our analysis presents a novel strategy for simultaneous detection

of nanoscale events and their corresponding macroscopic result.
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6.3 Results and discussion

The idea of monitoring both the physical condition change and the consequent cargo

release of functionalized MSNs is pursued by embedding a temperature probing nanocrystal

into the azobenzene condensed silica matrix. The bulky azobenzene molecules stretch out

of the pores and block the free movement of cargoes inside the pores. As we have shown in

the last chapter, both heat and UV light could initiate the controlled cargo release, although

via different routes: the UV light excites the photoisomerization reaction of both isomers

and prompts the large amplitude wagging motion of azobenzenes forcing the cargoes out of

pores. The heat increases the kinetic energy of cargo and the fluidity of particles. Thus,

the azobenzene molecules do not present a sufficient physical barrier to stop the cargo from

diffusing out, resulting in a temperature-sensitive controlled release platform.

The temperature detection method used in this system is based on the same principle

as we have discussed in the last two chapters. The upconversion emission spectra of lan-

thanide fluoride (NaYF4:Yb3+, Er3+) nanocrystals are temperature dependent: the natural

log of intensity ratios between the luminescence peak 520 nm and 540 nm is linearly related

to the inverse of temperatures, following the Boltzmann distribution. The working curve

was plotted by placing the particles in solutions of different temperatures, collecting the

emission spectra, calculating the peak intensity ratios and linearly fitting to the inverse of

temperatures. The resulted correlation between the intensity ratio and the absolute temper-

ature serves as the probe for unknown temperature measurement (Figure 6.1 on page 165).

Continuous IR irradiation is used to excite the lanthanide nanocrystals and monitor the tem-

perature change. Besides, the IR illumination also generate optical heatings that promote
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the cargo release in nanoimpeller systems as we have shown in the last chapter.

The other part of the simultaneous monitoring - the cargo release - is carried out by the

continuous recording of supernatant solution fluorescence intensities. Fluorescent molecules

- cascade blue in this case - are loaded into the azobenzene modified core-shell nanoparticles,

thoroughly washed to remove surface absorbed dyes and dried before use. In the detection

experiment, the particles were placed in a corner of a cuvette. Water was carefully added into

the cuvette without disturbing the particles and stirred to prompt the homogeneity, with a

particle/water weight ratio of 1:1000 (1 mg/ml). A 403 nm probe laser beam irradiated the

supernatant solution. Since all the fluorescent dye molecules come from the loaded particles,

the fluorescent intensity in supernatant represents its cascade blue concentration and thus,

the cargo release amount.

We want to monitor both of these spectral signals simultaneously to derive the correla-

tion between the nanoscale physical property change and the macroscopic release behavior.

However, the lanthanide emissions often overlap with that of the dye molecules. In order

to obtain the accurate peak intensity ratios of lanthanides to calculate the temperature,

the collected luminescence spectra need to be analyzed. The bright side of this challenge

is that the lanthanide emissions are characterized by sharp and narrow peaks, in contrast

with the broad bands of fluorescent organic dyes. Taking advantage of their distinguishable

peak shapes, we designed a simple algorithm to resolve the two components in the collected

emission spectra (Equation 6.1). The contribution of cascade blue in the overlapped range

is calculated by normalizing a standard cascade blue solution emission to the same inten-

sity as that of the collected spectrum in the non-overlapped part. Thus, by subtracting the
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dye molecule emission, the lanthanide emission is retrieved and could be further analyzed

to extract the temperature information. The fluorescence intensity of cascade blues in the

non-overlapped range represents the cargo release amount in the supernatant solution. The

standard cascade blue emission in water solution was collected under the same irradiation

condition as that of the sample group. The following equation expresses this mathematical

process to obtain the lanthanide luminescence spectra.

I ′(j) = I(j)− k · C(j), where k =

∫ 487

464
I(j)dj∫ 487

464
C(j)dj

(6.1)

I(j) stands for the raw intensity value of the collected spectrum at a certain wavelength

j; C(j) is the intensity value of the standard cascade blue solution at the wavelength j;

I ′(j) is the lanthanide nanocrystal emission at the wavelength j, and k is the scale factor to

normalize the cascade blue standard emissions. For both of the raw spectra and the standard

cascade blue spectra, the intensity was integrated from 464 nm to 487 nm to calculate their

relative ratio k. In this range, cascade blue emission is the only component in the spectrum.

k represents the scale factor of cascade blue emission in the collected spectrum compared

to that of the standard solution. In the overlapped part, the contribution of cascade blue

emission is derived by normalizing the standard solution emission intensity (C(j)) with the

factor k. After subtracting the cascade blue band in the overlapped range, we could resolve

the lanthanide emission intensity (I ′(j)) at a certain wavelength j in the collected spectrum.

Figure 6.2 on page 166 illustrates this processing method. Part a shows the original raw

spectrum; part b is the calculated cascade blue contribution in the raw spectrum (The inset

is the cascade blue standard solution emission); part c is the resolved upconversion emission;
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part d is the overlay of the three spectra. The same baseline was subtracted from all of the

spectra before this processing.

Both of the simultaneously recorded signals are plotted as a function of time in Figure 6.3

on page 167. The black squares are the cargo release amount indicated by the cascade blue

emissions in the supernatant. The blue empty circles are the temperatures of nanoparticle

interiors, extracted from the resolved lanthanide upconversion emissions. The release amount

was recorded continuously over the whole experiment and the temperature was only tracked

after turning on the 980 nm laser, which also initiated the cargo release from nanoimpeller

particles. At the beginning of IR irradiation, there is a small dent in the black trace show-

ing the cascade blue fluorescence intensity “drop” in the supernatant, which is due to the

quenched fluorescence of organic dyes at higher temperature. Gradually, this effect is over-

come by the increase of cargo molecules in the solution as the IR illumination generates heat

and stimulates the cargo diffusion out of the pores. In contrast, the particle temperature

rises immediately upon the start of 980 nm irradiation. The initial fast increase has slowly

leveled off after 25 min. The cargo amount trace indicates that the release happened about

5 min after the IR irradiation started and was at approximately 33 - 34 ◦C. The delayed

response could be contributed to three elements. One is that the fluorescence of cascade blue

is quenched at high temperature, thus the observed concentration is lower than the actual

value. On the other hand, the diffusion of cascade blue out of the nanopores needs sufficient

energy to overcome the physical barrier of azobenzenes. Until the kinetic energy of dyes rises

and the rigidity of particles reduces to allow the dyes to pass through, a significant cargo

concentration increase in the solution would not occur. Moreover, the diffusion of dyes from
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the particle pile into the solution might also contribute to the delay, although the solution

was gently stirred to facilitate the diffusion in the liquid phase.

In an effort to evaluate the accuracy of temperature measurement in this dual-model

detection system, a control experiment was carried out where the core-shell particles were

not loaded. In this case, the lanthanide emission signal is the only component in the spectra,

so that we could compare their temperature changes upon IR irradiation with those that

we calculated from the overlapped spectra by mathematical methods. The same particles

without dye molecules were placed in the corner of the cuvette, and the nanoparticle tem-

peratures were recorded under the same irradiation conditions. As illustrated in the inset

of Figure 6.3, the temperatures collected in the cargo loaded particles (blue empty squares)

match that of the unloaded bare particles (red empty circles), which validates the accuracy

of this dual-model detection strategy and its mathematical processing.

As an extension of the temperature detection study, we want to experimentally examine

the heating mechanism of IR irradiation in order to deepen the understanding. We have

mentioned and briefly analyzed in last chapter that the thermal contribution of IR illu-

minations could result both the high absorption coefficients of water in the range and the

low quantum yields of lanthanide upconversion nanocrystals. For water, about 35 % of the

980 nm photons are absorbed in a 1 cm long optical pathway, while only 0.056 % of the

403 nm photons is absorbed. For the nanocrystals, we calculated that for a two-photon up-

conversion process, the quantum yield upper limit is on the order of 10−8 when the excitation

source power density is between 1-10 W/cm2. Thus, both factors could contribute to the IR

irradiation induced heating effect.
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To examine how much each component contributes and more specifically, to investi-

gate whether the lanthanide heating is the primary factor, we synthesized particles without

azobenzene modifications, because the component does not generate heat but only absorb

heat and is not relevant in studying the heating mechanism. Thus, the NaYF4 :Yb3+, Er3+

nanocrystal embedded core-shell mesoporous silica nanoparticles (UCNC@MSN) are em-

ployed. Two temperature curves were recorded in parallel experiments either with nanopar-

ticles in solution or without. The water solution temperature rise without nanoparticles

immersed were recorded by a K-Type thermocouple. Shown in Figure 6.4a on page 168 are

the nanoparticle interior temperatures as a function of IR irradiation time (red circles) and

the water temperatures under the same irradiation condition (black squares). The former

detects the particle temperature change as a result of non-radiative decay of IR photon ab-

sorptions by lanthanide elements as well as the heat conduction with the water media. The

later only senses the optical heating of water due to its high absorption cross section in the

spectral range. Initially, the particle interiors feel more heat compared to the water envi-

ronment, which is magnified in the inset graph. Interestingly, the effect was only observed

for the first five minutes after turning on the 980 nm laser beam. The two curves gradu-

ally converge with each other afterwards. Thus, in the absence of lanthanide nanocrystals,

the water solution was susceptible to IR illuminations and experienced a substantial optical

heating that is comparable to the case when lanthanide nanocrystals were present. Although

the nanoparticles sensed a few degrees of higher temperatures initially, the primary contri-

bution of the heating effect in this condition is the water absorption of IR photons and the

consequent energy conversion from photons to heat.
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Another interesting observation in the graph is that the NaYF4 :Yb3+, Er3+ nanocrystal

temperature sensing suffers more uncertainty at higher temperature compared to that at

lower temperature. Our hypothesis is that the fluorescence emission fluctuates more at an

elevated temperature, as the thermal-quenching effect takes a more active role. Also, as

our error propagation has shown in Chapter 4, the systematic error is proportional to the

absolute temperature value. Thus, the increase of both T and
I520
I540

would result in bigger

temperature fluctuations.

In an effort to reduce the IR optical heating effect and to analyze the temperature dif-

ferences between the nanoparticles and the bulk solutions detailedly, we performed a tem-

perature comparison experiment in an ice water bath. A 2 cm × 1 cm cuvette with the

UCNC@MSN particles in water was placed in a glass container with about 2 L of ice wa-

ter. The temperature information was extracted from both the luminescence emissions of

lanthanide nanocrystals and a thermocouple immersed in water. The cuvette was next to

the edge of the glass water container to minimize the laser power reduction by the ice water

absorption. The results are shown in Figure 6.4b on page 168, where the red circles are the

particle temperatures and the black squares are the bulk solution temperatures. The gray

dashed line shows the exponential fitting of nanoparticle temperatures. Interestingly, after

the bulk water temperature came to an equilibrium as the heat absorption from the IR laser

and the heat dissipation to the ice water bath balanced, approximately 3 min after the irra-

diation was on, the nanoparticle interior temperatures kept on increasing for another 7 min.

The nanoparticles were able to maintain a temperature difference of about 2 ◦C higher than

that of the solution environment.
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The uncertainty of nanothermometers is greater in the ice water bath condition due to

the weaker emission signals collected by the spectrometer. In a control to quantify the

experimental errors in these experiments, we turned on the laser beam briefly to repeatedly

record the nanoparticle temperature deviations. As shown in the inset graph of Figure 6.4b,

about 10 data points were gathered over a 15 min time window. Because that the laser

beam was not able to raise the bulk solution temperature significantly, the nanoparticle

temperature should not experience major changes between different points. Yet, the interior

temperatures fluctuated between ± 2 ◦C, which represents the experimental error in this ice

water bath condition.

6.4 Summary

In summary, we have incorporated the nanothermometer into the temperature respon-

sive release system based on mesoporous silica nanoparticles with azobenzene modifications.

The embedded lanthanide nanocrystal NaYF4 :Yb3+, Er3+ generates temperature sensitive

luminescence emissions and the particles are loaded with fluorescent cargoes as an indica-

tion of the release behavior. Upon the 980 nm irradiation, the photons are absorbed by

both the water environment and the lanthanide elements, which raise the particle interior

temperatures significantly and initiate the dye molecule release. Emissions of both of the

lanthanide nanocrystals and the cargo molecules were continuously recorded in the same lu-

minescence spectrum. By using a simple algorithm to resolve the two signals, we monitored

the nanoscale temperature increase with the macroscopic cargo release performance simul-

taneously. We believe the new detection strategy will benefit the evaluation of nanocarriers
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for controlled release, as well as the correlation of reaction natures on the micro scale with

their macroscopic results.

6.5 Methods

6.5.1 Material

Yttrium(III) chloride (99.99 %, Aldrich), ytterbium(III) chloride hexahydrate (99.9 %,

Aldrich), erbium(III) chloride hexahydrate (99.9 %, Aldrich), oleic acid (90 %, Sigma-Aldrich),

1-octadecene (95.0 % Aldrich), ammonium fluoride (98.0 %, Sigma-Aldrich), sodium hydrox-

ide (97.0 %, Fisher), 4-phenylazophenol (98 %, Sigma-Aldrich), 3-(triethoxysilyl)propyl iso-

cyanate (95 % Aldrich), cetyltrimethylammonium bromide (CTAB) (95 %, Sigma-Aldrich),

tetraethyl orthosilicate (TEOS) (98 %, Aldrich), hexane (98.5 %, Fisher), toluene (99.5 %,

Sigma-Aldrich), methanol (99.9 %, Firsher), chloroform (99.8 %, Fisher) and ethanol (99.5 %,

Fisher) were used. All chemicals are reagent grade and used without further purification or

modification.

6.5.2 Characterization

A TechnicaLaser MLL-III-980-2w laser emitting 2 W at 980 nm was utilized as the ex-

citing source. An Instrument SA HR 320 spectrograph/monochromator together with a

PI-MAX intensified CCD camera from Princeton Instruments was used to record the lumi-

nescence spectra. A 700 nm cut-on filter from Newport (10SWF-700-B) was employed to

filter out the exciting light at the detector window. A Coherent CUBE 403-100C emitting

at 403 nm (20 mW) was used as the irradiation source for the supernatant solution lumines-
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cence detection. The laser beam was reflected from optical glass twice, losing about 90 % of

intensity each time, thus the estimated effective irradiation power was 0.20 mW. A 435 nm

cut-off filter was placed after the sample to filter out the 403 nm light.

6.5.3 Synthesis

Lanthanide nanocrystals (NaYF4 :Yb3+, Er3+, molar ratio: Y: Yb: Er = 0.8:0.18:0.02),

nanocrystal embedded mesoporous silica nanoparticles (UCNC@MS), and nanocrystal em-

bedded nanoimpeller particles were synthesized with similar experimental methods as dis-

cussed in Chapter 4 and Chapter 5.

6.5.4 Spectroscopic Experiments

6.5.4.1 Working Curve Collection

The upconversion nanocrystal (NaYF4 :Yb3+, Er3+) embedded nanoimpeller particles

were immersed in water with a weight ratio of 1:1000 (5 mg of particle in 5 ml of water)

in a 2 cm × 1 cm rectangle cuvette. The cuvette was heated slowly and the water solution

temperature was measured by a K-Type thermocouple. The sample was placed on the

same horizontal level as the CCD detector in front of it. The nanoparticle luminescence

spectra were collected at different temperatures using a 980 nm infrared laser as the exciting

source. For each spectrum, the peak intensities were integrated to calculate the intensity

ratios between the peaks at 520 nm and 540 nm. The natural log of these intensity ratios

were plotted against the inverse of absolute temperatures and linearly fitted to generate the

working curve. The CCD detector had a gain of zero and the slit opening was set at 1 µm.
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The exposure time was 10 s. The same baseline was subtracted from all collected spectra to

remove the background.

6.5.4.2 Simultaneous Recording and Spectra Processing

In order to study both the nanoparticle temperature and the cargo release performances,

two excitation sources were applied for these two signals. The NaYF4 :Yb3+, Er3+ nanocrys-

tal embedded particles were placed in the corner of the cuvette and immersed in water using

the same method as we have discussed before. About 3 - 4 mg of particles were used and

its weight ratio with water was 1:1000. The 980 nm laser (beam size about 0.5 cm2) was

shone on the particles to excite the nanothermometer. The beam orientation was along to

the long axis of the cuvette. On the other hand, the 435 nm laser beam was directs onto

the supernatant part of the cuvette to monitor the solution cargo fluorescence. Thus, in the

collected spectra, both signals were present.

A background baseline was collected when all the excitation sources were turned off. All

collected spectra had the baseline curve subtracted before processing. In order to normalize

the cascade blue emission and distinguish its contribution in the overlap range in the spec-

tra, a standard cascade blue emission spectrum was collected under the same experimental

conditions. In the non-overlapped range, from 464 nm to 487 nm, the collected spectrum

intensity was integrated and compared to that of the standard cascade blue spectrum. The

ratio between them was termed k in Equation 6.1. The standard emission spectrum was

then normalized by this factor k and subtracted from the collected spectrum to generate the

resolved lanthanide emission spectrum.
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6.5.4.3 Heating Mechanism

The room temperature optical heating mechanism was investigated by two parallel stud-

ies. In one experiment, the lanthanide core-shell mesoporous silica nanoparticles were placed

in the cuvette as in the previous experiments, and their emission spectra were collected con-

tinuously after turning on the 980 nm laser beam. In another experiment, same amount of

water was added into the cuvette without any nanoparticles. The solution was also irradi-

ated under the IR beam and the water temperature was recorded by a K-Type thermocouple

throughout the process.

The ice water bath examination was carried out similarly, only that the nanoparticle

temperature and the bulk solution temperature were studied in the same experiment. The

cuvette was placed close to the edge in a round glass bath container with a diameter of about

25 cm and a volume of about 2 L. The container was full of ice water. The nanoparticle

temperature was monitored by the emission of lanthanide nanocrystals and the bulk solution

temperature was characterized by a K-Type thermocouple.
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6.6 Figures

Figure 6.1 Working curve for NaYF4 :Yb3+, Er3+ nanocrystal embedded nanoimpeller par-
ticles. The inset shows the representative emission spectra collected at various temperatures.
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Figure 6.2 Dual-model detection spectral processing. (a) The original emission spectrum.
(b) Calculated cascade blue contribution in the original spectrum. The inset is the cascade
blue standard solution emission spectrum. (c) Resolved upconversion emission in the collected
spectrum. (d) Overlay of all three spectra. The same baseline was subtracted from all emission
spectra before this processing.

166



Figure 6.3 Simultaneous detection of nanoparticle temperature change and the corresponding
cargo release. The amount of cargo release as a function of time are shown as the black squares
and the nanoparticle temperatures detected by the lanthanide nanocrystals are the blue empty
circles. The inset is the temperature measured in this dual-model detection method (blue
empty squares) in comparison with that of it in the single detection model (red empty circles).
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Figure 6.4 IR irradiation optical heating mechanism analysis. (a) UCNC@MSN particle
interior temperature increases (red dots) in comparison with the water (black squares) optical
heating behavior. The detected temperatures were plotted as a function of 980 nm illumination
time. The inset is the magnification of first five minutes. (b) Nanoparticle (UCNC@MSN)
interior temperature compared to that of the bulk solution under the IR illumination in the ice
water bath. The grey dashed line shows the exponential fitting of nanoparticle temperatures.
The inset is the experimental error analysis. The 980 nm laser was on briefly 10 times to
quantify the experimental errors of the fluorescence temperature detection in this condition.
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CHAPTER 7

Biomedical Studies Involving Mesoporous Silica

Nanoparticles and other Nanomaterials

The performances of mesoporous silica nanoparticles for biomedical applications are eval-

uated with our collaborators: Dr. Ruibin Li, Dr. Zhaoxia Ji, Dr. Bingbing Sun, Dr. Yang

Zhao and Dr. Huan Meng from the Center for Environmental Implications of Nanotech-

nology (CEIN) at UCLA; Dr. James B. Finlay and Dr. Carlotta A. Galckin from City of

Hope; and several ongoing projects with a few other groups. With each project focusing

on different aspects, we were able to collect a rather comprehensive understanding of the

material functioning in different biomedical contexts. Three projects are explained in detail

in this chapter.
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7.1 Mesoporous Silica Nanoparticles for TGF-β Inhibitor Delivery

to Target the Stroma in a Human Pancreatic Cancer Model

in Mice

7.1.1 Introduction

The success of chemotherapy in curing pancreatic ductal adenocarcinoma is greatly sab-

otaged by the dense stroma that surround the vessels and prevent the transportation of

therapeutics from vasculature to cancer cells[1, 2]. Although the cancer cells are relatively

sensitive to drugs such as gemcitabine (GEM), paclitaxel, and 5-FU, the chemotherapy

treatment usually has poor efficacy and serious side effects as a result of the blocked drug

delivery. In an effort to overcome the drug resistance caused by the stromal barrier, methods

have been proposed to alternate or eliminate the stromal compartment[3]. The transforming

growth factor beta (TGF-β) plays an essential role in the pericyte coverage of endothelial

cells by initiating the signaling pathway[3], which could be intervened by a receptor kinase

inhibitor[4]. Successful delivering of the TGF-β signaling pathway inhibitor would enhance

the therapeutic delivery efficacy to tumor sites and improve the clinical treatment of pan-

creatic cancers.

7.1.2 TGF-β Inhibitor Delivery by MSNs

A co-polymer coated mesoporous silica nanoparticle platform is designed to carry the

molecular inhibitor for TGF-β signaling pathway, LY364947. The inhibitor molecule (struc-

ture showing in Figure 7.1a on page 178) is trapped inside the polymer-MSN matrix by
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hydrogen bonding and hydrophobic force. The co-polymer is composed of polyethylene

imine-polyethylene glycol (PEI-PEG), where the abundant amine groups form hydrogen

bondings with the TGF-β inhibitors. Moreover, it provides the necessary surface modifica-

tion to stablize the 50 nm MSNs and to prolong the particle circulation time as well as to

improve their biodistribution[5]. The PEI component is electrostatically absorbed onto the

negatively modified silica surface, with a molecular weight of 1.8 kDa, to take the advantage

of its minimal cytotoxicity [6]. The PEG component is covalently bonded to the PEI part

via a N-hydroxysulfosuccinimide ester bond. Similar experimental procedures were carried

out to synthesize the particles and to perform the co-polymer coatings as that in Chapter 3.

To determine the MSNs incorporation capacity of LY364947, 500 µg of co-polymer coated

particles was incubated with different amount of inhibitors (50 to 400 µg) at 25 ◦C for 24 h.

The particles were washed after loading, and the UV-vis absorption peak of LY364947 at

269 nm was used to characterize the loading amount. Maximized at about 74 wt.%, the

high loading capacity is resulted from the abundant hydrogen bondings between LY364947

and the amine groups on particle surfaces. The loading of TGF-β inhibitors increases the

hydrodynamic size of PEI-PEG MSNs by 13 nm (from 120 to 143 nm), and decreases their

surface ζ-potential from +45 mV to +30 mV in water (Figure 7.1b). Figure 7.1c demon-

strates that the inhibitor loaded particles could suspend stably in water, saline (plus 2%

serum) and cell culture medium for 72 h. LY364947 could be released from the MSNs in a

time-dependent manner upon lowering the solution pH to 5.5 (Figure 7.1d). Approximately,

40 wt.% of the inhibitor was released within the first 24 h. This release property is beneficial

since the stroma is slightly more acidic due to the increased lactic acid production as a result
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of glycolysis (Warburg effect) [7].

7.1.3 In vitro and in vivo Performances of Inhibitor Incorporated MSNs

The biological activity of TGF-β inhibitor delivered by MSNs was first examined in cul-

tured human vascular smooth muscle cells (phenotypically similar to pericyte [8, 9]) and hu-

man microvascular endothelial cells. We used a Matrigel assay to compare the performances

of nanocarriers to free inhibitor delivery [8]. Figure 7.2 on page 179, in which endothelial cells

and pericytes are stained with CellTracker Green and CellTracker Red, respectively, demon-

strate that the percent of pericyte/endothelial cell colocalization was significantly decreased

by TGF-β inhibitor delivery through the nanocarrier in comparison to the free inhibitors

(at 1 µM). Representative fluorescent images of the cellular co-migration are shown on the

right of the figure. Moreover, the signaling pathway of TGF-β is indicated by the level

of Smad2 phosphorylation [10], which is illustrated by a green color in fluorescence images

due to the FITC conjugation (Figure 7.2b). TGF-β inhibitor loaded MSNs demonstrated

efficient and sustained inhibition of Smad2 phosphorylation for up to 24 h in pericytes, in

contrast with the free inhibitor (suppressing pSmad2 for 6 h). Quantitative assessment of

the green fluorescence intensity by ImageJ software confirmed a statistically significant and

sustained inhibition of Smad2 phosphorylation by inhibitor loaded MSNs (Figure 7.2c).

In order to evaluate TGF-β delivery efficiency to tumor sites in animals, we established

BxPC3 xenografts in nude mice. These xenografts are known to produce a dense infiltrating

stroma, which surrounds nests of cancer cells and also covers tumor blood vessel fenestra-

tions [11]. The presence of a dense stroma in our animal model after 25 days was verified

175



by Massons trichrome staining, which showed heavy collagen deposition in the BxPC3 tu-

mor site (Figure 7.3a on page 180). The MSN nanocarriers were freshly prepared at 50%

inhibitor/particle ratio before the animal experiment. The particles were injected intra-

venously at an inhibitor dose of 1 mg/kg (delivered by 2 mg/kg MSN) in nude mice express-

ing tumors ranging from 0.8 to 1.0 cm in diameter. Tail vein injections of saline or the free

inhibitor (at the same dose) were used as controls. To investigate the impact of the inhibitor

on the colocalization of pericyte and endothelial cells, dual-color immunohistochemistry was

used to detect endothelial cell (FITC-conjugated antibody, recognizing CD31) and pericyte

(Alexa Fluor 594-conjugated antibody, recognizing NG2) fluorescence (Figure 7.3) [12]. The

results demonstrated that the IV-injected TGF-β inhibitor loaded MSNs could disrupt the

composite (yellow) fluorescence staining that are the merge of endothelial cell (green) and

pericyte (red) fluorescence. No separation of the green and red fluorescence distribution was

observed in saline-treated animals, and the free inhibitor injection resulted in a slight but

nonsignificant reduction of the composite fluorescence staining pattern (Figure 7.3b). We

could observe the presence of the MSN nanocarrier in the tumor vasculature by electron

microscopy, which presented as monodispersed, porous nanoparticles in small tumor blood

vessels (Figure 7.4). Drug release at this site was likely promoted by the anoxic conditions

and drop in the pH at the tumor site and in the stroma [7].

7.1.4 Summary

The in vitro and in vivo experimental results provide proof-of-concept evidences that the

incorporation of LY364947 into MSNs could be used to target the PDAC stromal barrier and

176



potentially useful for promoting vascular access to the tumor. The delivery of chemother-

apeutics - such as the gemcitabine - could be carried out by MSNs or other nanocarriers.

Experiments following the interruption of stroma formation by the TGF-β inhibitor loaded

MSNs have been performed, and the success delivery of gemcitabine by another carrier have

been demonstrated [13].

For experimental procedure details regarding the biological studies, please refer to Ref-

erence 13.
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7.1.5 Figures

Figure 7.1 Characterization of TGF-β inhibitor -LY364947- loaded PEI-PEG-coated MSNs.
(a) Scheme showing the co-polymer coated MSNs and the incorporation of TGF-β inhibitor
(TGFβi) via the hydrogen bond, and the TEM image of the MSN particle. (b) Evaluation
of the loading capacity for LY364947 by the particles. 500 µg of co-polymer coated particles
was incubated with different amount of inhibitors (50 to 400 µg). UV-vis absorption peak of
LY364947 at 269 nm was used to characterize the loading amount. Particle size and ζ-potential
in solution were measured by a ZetaSizer Nano and are indicated in brackets. The size and
ζ-potential prior to dug attachment were 118 ± 3 nm and + 45 mV. (c) Stability of LY364947
attachment in different solutions. The LY364947 release was studied in deionized water, saline
with 2 % serum, and DMEM supplemented with 10 % FCS at different time points at 37 ◦C.
(d) LY364947 release was studied in pH 5.5 aqueous solution for 24 h and compared with the
release profile in PBS (pH 7.4).
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Figure 7.2 In vitro dissociation of pericyte (PC) binding to endothelial cell (EC) by TGF-β
inhibitor loaded MSNs. (a) HDME (104 cells/mL) and HSM cells (5 × 103 cells/mL) were
stained with green and red fluorescent markers, respectively. ECs were treated with 2 ng/mL
of TGF-β for 3 h, and PCs were treated with free inhibitor or inhibitor loaded-MSNs (TGFβi-
MSN) at inhibitor dose of 1 µM for 3 h. Subsequently, both cell types were cocultured in
Matrigel-coated plates for 16 h at 37 ◦C. PC/EC adhesions were quantitatively determined in
five fields using fluorescence microscopy (Zeiss, Germany); ∗p < 0.05. (b) Use of fluorescence
microscopy to determine the level of Smad2 phosphorylation. PCs were treated with 2 ng/mL
TGFβ for 3 h. Subsequently, the cells were treated with TGF-βi-MSN at an inhibitor dose of
1 µM for 124 h. For comparison, free LY364947 was used to treat cells at the same dose. These
cells were stained with primary anti-pSmad2 antibody that was detected by a FITC-conjugated
secondary antibody. The nucleus was stained by Hoechst 33342. (c) Signal intensity of the
green channel, reflecting activated Smad2 (pSmad2), was calculated, using Image J software
(version 1.37c, NIH); ∗p < 0.05.
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Figure 7.3 In vivo TGF-β inhibitor delivery by MSNs to BxPC3 xenograft sections showing
the disrupted PC interactions with EC. (a) Staining with Massons trichrome to show prominent
interstitial collagen deposition (in blue). “T” indicates tumor cells. Arrows point to the stroma.
(b) Two groups of tumor-bearing animals received IV-injected TGFβi-MSN at an inhibitor dose
of 1 mg/kg (MSN dose of 2 mg/kg). Saline and IV injection of the same dose of free inhibitor
were controls. Tumor tissues (0.81 cm diameter) were collected 12 h post-injection and OCT
embedded for frozen section and dual-color immunohistochemistry staining. The EC marker
(CD31) was green (FITC), and the PC marker (NG2) was red (Alexa Fluor 594). Magnification
shows the extent of PC/EC colocalization in each group. PC coverage of EC was quantified in
three random fields in each group; ∗p < 0.05.
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Figure 7.4 TEM ultrastructural analysis to elucidate the presence of TGF-β inhibitor loaded
MSNs in BxPC3 xenografts. Electron microscopy to determine the ultrastructure of the tumor
2 h after administration of TGFi-MSN. RBC denotes red blood cell. The porous structure of
the nanocarrier can be seen inside the tumor blood vasculature.
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7.2 Biosafety of Upconversion Nanocrystals for Biological Imag-

ing

7.2.1 Introduction

Lanthanide-doped fluoride nanocrystals (NaYF4:Yb3+, Ln3+) have gained lots of atten-

tions as novel fluorescence probes for biological imaging [14, 15, 16, 17, 18]. Different from the

widely applied organic molecular biomarkers, these nanocrystals emit at a lower wavelength

than the excitation light source. The long wavelength incident photons are converted to the

high energy emitted photons by an excited state energy transfer mechanism. Compared to

the downshifting of energy, the upconversion emission in imaging applications benefits from

the high photostability, low auto fluorescence, sharp contrast and deep tissue penetration

for in vitro and in vivo studies [14, 16, 17].

The use of lanthanides nanoparticles in biological environments, however, is limited by

their toxicities to various types of tissues [19]. The mechanism of pathological changes caused

by lanthanide nanoparticles is not fully understood, yet necessary in order to reduce these

effect with an appropriate method. The whole project involves three parts of work: the

mechanism of lanthanide toxicity is thoroughly examined; in light of that, a treatment strat-

egy has been proposed and evaluated; the strategy is applied to upconversion nanocrystals

for in vitro and in vivo imaging. We will briefly explain the first two parts and discuss

primarily the third component in this section.
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7.2.2 Upconversion Nanocrystal Structural Transformation in Biological Envi-

ronment

Both lanthanide oxide nanoparticles and lanthanide fluoride upconversion nanocrystals

(NaYF4:Yb3+, Er3+, doping molar ratio: Y : Yb : Er = 0.8 : 0.18 : 0.02) have been

examined for their structural transformation in biological systems. The former work has

been published recently [19], and the later is still under investigation, which will be our

focus in this section. The lanthanide compounds have higher solubilities in acidic solutions

and the dissolved lanthanide ions tend to have high binding affinity with phosphate groups

[20, 21]. Considering the low pH in lysosomes and the high concentration of phosphates in

cell membranes, we hypothesize that the lanthanide particles undergo structural changes in

this environment.

By using phagolysosomal simulated fluid (PSF) to mimic the lysosome fluid, the influ-

ence of the lysosome environment on lanthanide nanoparticles was examined. As shown

in the TEM images in Figure 7.5 on page 186 (lower left image), the NaYF4:Yb3+, Er3+

nanocrystals lost their original particle morphology and became amorphous after suspend-

ing in PSF solution for 24 h, at a concentration of 100 µg/mL. Whereas in the aqueous

solution, NaYF4:Yb3+, Er3+ nanocrystal structure was maintained after the treatment (up-

per left image). Thus, the lanthanide nanoparticle does undergo conformational change

from homogeneous particles to amorphous structures in the phosphate abundant solution,

probably due to the dissolving of the ions and the re-binding with the phosphate groups.

The structural transformation has also resulted in a luminescence property change. As illus-

trated on the right side of Figure 7.5, the nanoparticle upconversion emission (black curve)
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was quenched dramatically after the treatment with PSF (red curve), indicating the lattice

structure disorganization in the transformation process and hence the low efficiency of energy

transfers between Yb3+ ions and Er3+ ions.

This luminescence quenching effect as a result of the morphology change is also observed

in cellular experiments. THP-1 cells (a human monocytic cell line), in which the nuclei

were stained by Hoechst 33342 and the lysosomes were stained by Alexa Fluor 594, were

incubated with the upconversion nanocrystals and imaged by confocal spectroscopy to illus-

trate the particle uptake and their emissions (Figure 7.6 on page 187). Immediately after

the incubation, the nanoparticles were internalized by cells and localized in the lysosomes.

The upconversion emissions and the lysosome stains luminescence overlapped. 20 h post the

incubation, the red emission from lanthanides were quenched significantly with barely any

signals observed in the cells, let alone the colocalization with either lysosomes or nuclei.

Based on the analysis that the high binding affinity of phosphate group with the lan-

thanide is the major factor in inducing the morphology change, we propose to cover the

nanoparticle surfaces with coating agents that have higher binding affinities to prevent

the competitive binding from molecules in biological environment. A few candidates were

chosen including polyvinylpyrrolidinone (PVP), a common polymer coating for nanopar-

ticles, and molecules containing phosphate groups like N-(phosphonomethyl)iminodiacetic

acid (PMIDA) and ethylenediamine tetra(methylene phosphonic acid) (EDTMP). Whether

these molecules are capable of protecting the lanthanide nanostructures from being trans-

formed by the cellular environment was examined by suspending the coated particles in PSF

solution. TEM images and luminescence spectra were collected afterwards and compared
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to those of it before the treatment. As shown in Figure 7.7 on page 188, only the particles

coated with the EDTMP that contains four phosphate groups were able to preserve them

particle morphology and their luminescence property. The other two coating agents were

not effective enough to insulate the nanocrystals.

In vitro and in vivo examinations were performed to evaluate the protection of nanocrys-

tal by the EDTMP coating. Confocal images with THP-1 cells and primary alvedar macro-

phages proved that the EDTMP coating could preserve the nanoparticle luminescence prop-

erty in cellular environment (Figure 7.8 on page 189). The nanoparticle emission quenching

by biomolecules was confirmed in animal studies, as the PSF treated NaYF4 :Yb3+, Er3+

nanoparticle gave out quite weak emission signals from mice, in contrast with the untreated

particles (Figure 7.9 on page 190). Upon the EDTMP coating, this effect was no longer

observable. The nanocrystals from the subcutaneous injection presented a bright green

emission and served as an ideal imaging probes even after the PSF treatment.

7.2.3 Summary

The structural transformation of lanthanide upconversion nanoparticles in biological en-

vironment has been thoroughly examined by the morphology analysis and their lumines-

cence spectra. The mechanism involves the competitive binding of phosphate groups in

biomolecules with the original surfaces. A coating agent containing abundant amount of

phosphate groups is thus introduced to protect the nanocrystal from degradation. The coat-

ing has effectively protected the particles from conformational change in in vitro and in vivo

studies.
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7.2.4 Figures

Figure 7.5 Transformation and fluorescence quenching of NaYF4:Yb3+, Er3+ in PSF.

NaYF4:Yb3+, Er3+ nanoparticles were dispersed in PSF at 100 g/mL for 24 h. Then, the
particle suspensions were centrifuged at 100, 000 rpm/min for 1 h to collect transformed par-
ticles. After washing with DI H2O for three times, the pellets were resuspended in DI H2O.

PSF-treated and untreated NaYF4:Yb3+, Er3+ suspensions at 50 µg/mL and 2 mg/mL were
used to determine the morphology change by TEM and emission spectrum at 980 nm excitation
wavelength, respectively.
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Figure 7.6 Imaging of upconversion nanocrystals in THP-1 cells by confocal microscope.
After treated with 25 µg/mL nanocrystals for 4 h, THP-1 cells were cultured in nanocrystal-
free media for additional 0 or 20 h. The cell samples were collected, fixed and stained with
with Hoechst 33342 or Alexa Fluor 594 labeled anti-LAMP 1 to visualize nuclei or lysosomes.
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Figure 7.7 Comparison of morphology change and fluorescence emission of uncoated
and coated upconversion nanocrystals after PSF treatment. Upconversion nanocrystals
(200 µg/mL) were reacted with 400 µg/mL PVP, PMIDA, or EDTMP in DI H2O for 48 h.
Then the coated particles were collected by centrifugation and washed for three times. Up-
conversion nanocrystals in water solution at 50 µg/mL and 2 mg/mL were used for TEM
observation and emission spectra detection, respectively.
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Figure 7.8 Imaging uncoated and EDTMP coated NaYF4:Yb3+, Er3+ nanoparticles in THP-
1 cells and primay alveolar macrophages. THP-1 cells were treated with 25 µg/mL nanocrystals
for 4 h, followed by 20 h incubation in nanocrystal-free media before confocal imaging. Primary
alveolar macrophages were extracted from the BALF of mice exposed to 2 mg/kg for 40 h.
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Figure 7.9 Balb/c mice were subcutaneously injected with 0.1 mg (50 µL of 2 mg/mL)
untreated or PSF treated NaYF4:Yb3+, Er3+ and EDTMP-NaYF4:Yb3+, Er3+ particles. Then
the animals were anesthetized and positioned under a 980 nm laser beam to excite the crystals
for imaging.
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7.3 Aluminum Oxyhydroxide Nanoparticles Surface Hydroxyl

Group Characterization and Its Impact on the Cellular Up-

take Performances

7.3.1 Background

The research in this section the chemical component for a multidisciplinary project,

involving engineering an effective immune adjuvant by designed control of shape and crys-

tallinity of aluminum oxyhydroxide (AlOOH) nanoparticles [22]. The project utilizes a group

of AlOOH nanoparticles with different shapes, crystallinities and hydroxyl content, to inves-

tigate the influence of particle structures on their adjuvant activities at an in vivo level. The

adjuvant activities are characterized by the NLRP3 inflammasome and the IL-1β production,

which is putatively one of the major mechanisms. The particles are thoroughly examined

in regarding to their physical and chemical properties. TEM images revealed their variable

shapes, including plates, polyhedra and rods of variable aspect ratios. γ - AlOOH nanocrys-

tals evolve into nanorods under acidic conditions, and into nanoplates and nanohedra under

basic conditions (Figure 7.10 on page 196). XRD analysis showed that the crystallinity of

rod particles could be finely tuned from ∼ 6% to 100 % by extending the hydrothermal

reaction time from 2 h to 16 h at 200 ◦C (Figure 7.11a on page 196). Sample Rod 1, 2, 3,

4, and 5 were prepared by reacting for 2 h, 3 h, 4 h, 6 h and 24 h, respectively.
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7.3.2 Surface Hydroxyl Group Characterization by Thermogravimetric Analy-

sis

To characterize the content of hydroxyl groups on the particle surface, thermogravimetric

analysis (TGA) was performed by heating the samples from 20 to 1000 ◦C. The results

demonstrated significant weight loss over the temperature range (Figure 7.11b). For Rod 1,

2, 3, 4, and 5, this value is 30.4, 23.2, 19.0, 17.7, and 16.5 wt. %, respectively. All samples

showed higher weight loss than the theoretical estimation (∼ 15 wt.%) that was expected for

the transformation of AlOOH to Al2O3. This suggests that these particles, from inception,

carry a relatively high water content and hydroxyl display on their surfaces. The derivative

thermogravimetric curve (DTG in Figure 7.11b) illustrates the emergence of two weight loss

stages over the heating range. The first stage, leading to a weight loss of 0.5 - 2.9 wt.%

at around 100 ◦C, is assigned as the desorption of water from the particle surface. The

second stage, showing a weight loss of 13.6 - 24.8 wt.% at 395 - 485 ◦C, resulted from the

removal of interstitial water and hydroxyl groups on the AlOOH nanorods [23]. Generally

speaking, particles of lower crystallinity tend to have higher weight loss in the second stage,

and the dehydroxylation occurs at a relatively lower temperature. Since the dehydroxylation

process starts with the protons reacting with hydroxyl ions to form water, followed by their

desorption from the internal surface, it is possible that the diffusion occurs much easier in

the lower-crystallinity particles (therefore requiring a lower dehydroxylation temperature).

Above 500 ◦C, there is a weight loss of ∼ 2 wt.% for all particles, which is from the hydroxyl

content of the converted product (Al2O3). Consistent with the XRD results, all nanoplates

and nanopolyhedra showed relatively low weight loss by TGA analysis (16.0 - 19.0 wt.% for
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the plates and 16.1 wt.% for the polyhedra), because of the high crystallinity. In contrast,

aluminum salts displayed a multistage TGA profile with the total weight loss up to 37 wt.%,

which could be contributed to the dehydroxylation and/or decomposition of various active

components in the product (Figure 7.12b on page 197), suggesting that aluminum salts is

composed of different materials.

7.3.3 Quantification of Particle Intracellular Uptake by Flow Cytometry

We assessed the cellular uptake of the AlOOH nanorods by transmission electron mi-

croscopy (TEM) and flow cytometry. The TEM images showed that all AlOOH nanorods

were taken up into membrane-lined vesicles in THP-1 cells (Figure 7.13a on page 198). Be-

cause the TEM analysis is not quantitative, we performed a flow cytometry study using

FITC-labeled rod particles. The reaction of attaching the fluorescent probes was carried

out by first reacting the surface hydroxyl groups on AlOOH particles with the aminopropy-

ltriethoxysilane (APTES) to decorate them with functional amine groups, followed by the

amine - isothiocyanate reaction with the FITC molecules. As we have mentioned in the

last part, the hydroxyl group density on the different rod particles are different, minimum

amount of functional amine groups was applied to all samples, so that samples with same

concentrations would have similar fluorescence intensities regardless of their hydroxyl group

variations. Thus, the quantification of cellular uptakes by flow cytometry is reliable.

We found that Rod 1 and 2 were taken up in significantly higher quantities than Rod 3 - 5

(Figure 7.13b). This could be explained by the larger agglomeration of Rod 1 and 2 as shown

by the TEM images. To confirm that the cellular uptake is important for inflammasome
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activation, the actin polymerization inhibitor, cytochalasin D (Cyto D) (Sigma, St. Louis,

MO), was used to show that the interference in rod uptake is accompanied by reduced IL-1β

production (Figure 7.13c).

7.3.4 Method

TGA analysis was performed by heating the samples from 20 to 1000 ◦C at a rate of

10 ◦C/min under air with a Perkin-Elmer Diamond Thermogravimmetric/Differential Ther-

mal Analyzer.

AlOOH nanorods were labeled with the fluorescein isothiocyanate (FITC) by resuspend-

ing 7 mg of nanoparticles in 1.5 mL of dimethylformamide (DMF). To this we added 2.5 µL

of 4% aminopropyltriethoxysilane. The nanoparticle-APTES mixed solution was allowed to

react under nitrogen gas at room temperature for 24 h. The particles were washed with

DMF and resuspended in 0.5 mL of DMF. The FITC-DMF solution was prepared by dis-

solving 2 mg of FITC in 1 mL of DMF. 88 µL of FITC-DMF solution was added into the

nanoparticle-DMF mixture and reacted overnight. The FITC-labeled nanoparticles were

washed with purified water several times and suspended in water at 20 mg/mL for future

use. THP-1 cells in 2 mL of tissue culture medium were plated at the density of 4 × 105

per well in a 12-well plate in the presence of 1 µg/mL of phorbol, 12-myristate, 13-acetate

(PMA) for 16 h. The medium was replenished, and the differentiated THP-1 cells were

treated with AlOOH nanoparticles (500 µg/mL) in the presence of LPS (10 ng/mL) for 6 h.

Cells were washed and resuspended in PBS for flow cytometry analysis. The cells were ana-

lyzed using FACScan flow cytometer (Becton Dickinson), and the data were analyzed using
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FlowJo (Ashland, OR).

7.3.5 Summary

A group of aluminum oxyhydroxide nanomaterials with different shapes, crystallinities

and hydroxyl content have been thoroughly characterized by chemical methods in order to

investigate their adjuvant immune effects. Thermogravimetric analysis has been used to

evaluate the particle surface hydroxyl group amounts. Fluorescent modifications based on

the hydroxyl groups are carefully carried out to provide the particle quantification basis in

flow cytometry. The result deepens the understanding of AlOOH physicochemical properties,

which play a key role in the ability of AlOOH nanorods to activate the NLRP3 inflammasome,

leading to IL-1β production in dendritic cells and boosting OVA-specific immune responses

in mice [22]. Overall, not only are these adjuvants superior to aluminum salts in terms of

relative strength, but we also demonstrate that it is possible to boost the in vivo immune

responses by coinjection with antigen or dendritic cell adoptive transfer. The engineered

design of aluminum-based adjuvants in combination with structure-activity analysis of the

events around NLRP3 inflammasome activation could be used as a platform to enhance

aluminum-based vaccines.
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7.3.6 Figures

Figure 7.10 Schematic representation of the synthetic chemistry and TEM analyses of
AlOOH nanoparticles. (a) Schematic representation of the synthetic chemistry and mecha-
nisms of AlOOH nanoparticle formation under acidic and basic conditions. (b) Representative
TEM images of AlOOH nanorods obtained after a synthesis period of 2 h (Rod 1), 3 h (Rod
2), and 24 h (Rod 5). AlOOH nanoplates were synthesized using a reaction time of 24 h, while
nanopolyhedra were generated after a reaction time of 72 h. All synthesis was conducted at
200 ◦C. The TEM image of commercial Alum, used as control material, is also shown. The
images were taken with a JEOL 1200 EX TEM with an accelerating voltage of 80 kV.

Figure 7.11 XRD and TGA analysis of AlOOH nanorods. (a) XRD patterns of the nanorods.
(b) TGA and DTG analyses of the nanorods.

196



Figure 7.12 XRD and TGA analysis of AlOOH nanorods. (a) XRD patterns, (b) TGA
analysis, and (c) FTIR spectra of AlOOH nanoplates, AlOOH nanopolyhedra and aluminum
salts (labeled as Alum).
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Figure 7.13 (a) Cellular uptake of nanorods was determined by TEM analysis of THP-1 cells
exposed to AlOOH nanorods for 24 h. The images were taken with a JEOL 1200EX electron
microscope at 80 kV. (b) Flow cytometry analysis of AlOOH nanorod associated with THP-1
cells. FITClabeled AlOOH nanorods were exposed to THP-1 cells for 6 h, then the cells were
collected for flow cytometry analysis. ∗p < 0.05 compared to control. (c) THP-1 cells were
pre-treated with 5 µM of cytochalasin D (Cyto D) for 30 min and then the cells were exposed
to AlOOH nanorods for an additional 6 h. IL-1β content in the supernatant was quantified by
ELISA. ∗p < 0.05 compared to THP-1 cells without CytoD treatment; #p < 0.05 compared to
control.
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CHAPTER 8

Conclusion and Future Directions

8.1 Conclusion

The research described in this dissertation focuses on the physical properties and the

chemical functionalizations of mesoporous silica nanoparticles for their biomedical applica-

tions in drug delivery and imaging. More specifically, the three components: the particle

functionalizations involved with nanomachines, the thermal properties of silica nanoparticles

and their biomedical applications have been thoroughly studied and investigated.

Several chemical approaches have been employed to study and optimize the on-demand

drug deliver performance of mesoporous silica nanoparticles. A series of acid-responsive

nanovalves based on the variable binding affinity between phenylamine groups and α -

cyclodextrin has been employed to trap and release the cargoes. In an effort to explore

the imaging capacity of MSNs, these nanovalve modified particles were loaded with gadolin-

ium complexes to enhance the MR imaging contrast. Although the initial investigation

did not observe an on-command release event of Gd-DTPA in the time resolved fluores-

cence spectroscopy, a different strategy has succeeded in bonding the complex onto the

α-cyclodextrin caps. Another gadolinium complex, Gd-DOTA, has been attached onto the
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PEI-PEG copolymer coated particles, which was verified by the EPR absorption spectrum

and the shortened proton T1 relaxation time in NMR measurement. Moreover, two polymer-

nanomachine combined systems have been developed for the purpose of integrating siRNA

delivery capacity and enhancing their biodistribution. The acid nanovalves in the presence

of polymer surface coatings were still able to trap and release the cargo molecules accord-

ingly with the environmental pH change, presenting a multifunctional platform that exhibits

properties of all components.

The thermal property of mesoporous silica nanoparticles was examined using the temper-

ature dependent luminescence spectra of NaYF4 :Yb3+, Er3+ nanocrystals. The lanthanide-

doped fluoride nanocrystal has two emission bands that originate from two thermally coupled

excited states and thus their intensity ratios serve as a nano probe for temperature detec-

tion. The idea has been applied to study the magnetic heating efficiency of superparamag-

netic nanocrystals in a high frequency oscillating magnetic field, by embedding both types of

nanocrystals into the same mesoporous silica particle. The heating depended on the exposure

time to the oscillating magnetic field and the field induction power. We were able to measure

the nanoparticle interior temperature and quantify the temperature gradient between this

nano-environment and the bulk surroundings. Moreover, the temperature detection strategy

has been employed to solve a mystery about whether the IR irradiation triggered cargo re-

lease of nanoimpellers was a photochemical or a photothermal reaction. Azobenzene modified

silica particles were embedded with the upconversion lanthanide nanocrystals.The temper-

ature measurement showed substantial optical heating, and the release performance under

either light or heat stimulation revealed that the upconversion process could not generate
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sufficient high energy photons to initiate the photoisomerization of azobenzenes. Thus, in a

photon responsive release system, the irradiation thermal contribution should be precisely

evaluated. In a step forward, we used these lanthanide nanocrystal embedded particles to

simultaneously monitor the interior temperature change and the corresponding dye molecule

release. By recording the two signals in one emission spectrum, we have opened a new path

to examine the nanoscale event together with its macroscopic result.

For biological applications, the silica particles have delivered inhibitors to pancreatic

tissues and interrupted the stroma formation to reduce their drug resistance. In another

project, the lanthanide nanocrystals have successfully served as a bright luminescence probe

in in vitro and in vivo imaging.

8.2 Future Directions

The future direction of this work should focus on deepening the physical property inves-

tigation in order to facilitate the design and construction of the on-demand cargo delivery

systems. The thermal study of nanoparticles could certainly benefit the manipulation of

temperature-responsive release carriers. Other physical properties, such as the rigidity of

the silica matrix and the cargo packing patterns inside the pores would all be crucial com-

ponents in guiding the development of silica based drug delivery vehicles.
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