SEES AY BTN L
MLm=
Department of Chemistry
College of Science

National Taiwan University

Master Thesis

SRS R TR T RS £ RN L
Modification of Mesoporous Silica Nanoparticles for

Biomedical Applications

Bk
Yi-Fan Su

R AT R BL
Advisor: Chung-Yuan Mou, Ph.D.

P23 K 100 £ 6 °
June, 2011



BT %0 E D R ERAEN R T RBEGE F B EAKETRE
ﬁ%i?%#”#%ﬁ’ﬂﬁﬁﬁ%¢ﬁi%%*@ﬁﬁ’ﬁéﬁﬁiiﬁ°

W R 2 R L - ROOEESIopl > 2 XA R ERRE g
EARF R A W hen> F L EFHE A o BITRSB 4 B EEE L - 3k
FFEACH S o fr R X e AP T Bl p 3 kB EFakE 2 - o F]

ETS

’ﬁ 7 1P g *l"*'fm\jm,\:}é? P AN R E A EF] ks R XRFHF

WA BIRE IR ERE 2P R LR AEEL BE
T ELIR MRSl S ESE LI R FhER AL R
S REHY APTRIFFEPEFT T ARE LR R MO 2 2 G
REEA el N

HHTHRZF L L P OECERfePEFLI AR BRRTAL I T
BB o x FlAREPE PG A Eodpioipty c AP FE R
Bt A P R A AP REEs R A2 2 Y e A

\\\?{r

£ T Gt o BB EARNL ABI - ESRE L B A 2 AP

NP TL LR RR LR - BB o

=

SOPHA BT P b b R S R R KRR e
fre 70 B XX BFE > BPARIETR OFFREA LG LF 0T F oo
g@j—;&j—iﬁi TFE , ‘}\\‘ e’f’lgﬂ"{ N '56; %;l] "f"?i& ]FH ) ﬁ”}; 5 - /ittsfg’“ ﬁ;é'.—'— ij:@i"}\\

AT Rrdpes A Ao F A R AR o



¥ 2
PIVEF PR AN ML B A ATV TS 4G F
BAFIIE A AR EF R F A ALY > AP IR Vo
Thiph BRSO IFRY PAFA A B
FomAaA PRSI RGBS E S FENEG F R L L BRRET
G5 § A KA LS MR (GAOH)-FITC@MSN) ; #+ % # 5 ® 3L ik 5 5 4
HMEF B @ EF (relaxivity) 2 fET ¥ L FRF > &7 ;g:sm’?é Zrg (T S i x o
N T e B G RN ad 4 o { £ & enE Gd(OH)s-FITC@MSN +#L 4a
TR ﬁ?f’?@##ﬁ%ﬁ%%ﬂ*p A g riscsk > B4 FRELER VIR
ML EFE s PR A A KRB G R B RY PG S
Z 3R kAL dEd R e = fR 4 F  (polyethylene glycol, PEG) =4 3
B2 A0 BATRFYIVFE P2 A RO APH IR &R -
BARIEE > R IUFF PF R ABRREEFEE DR RRY R ESR TR
LD T A S ) REiim (RAW264.7) chztd — (500> © i q @R &
B oengek o £k 5o (reticuloendothelial system, RES) » #4303 2 4 f= 48 & — |4+

2 Ff s s § ox Dffes o

MeEd (P FF LR AR MR SR AT R R EHE  PRE SRR
BEA - Ro - B34 oo B



Abstract

Mesoporous silica nanoparticles (MSNs) are emerging as promising
candidates in using these materials for biomedical applications because of the unique
characteristics, including high surface area, uniform pore size, easy modification and
great biocompatibility. In first part, we have successfully developed two kinds of
materials base on mesoporous silica nanoparticles (MSN) for biomedical applications.
The first part shows the synthesis and characterization of a multifunctional nanomaterial,
Gd(OH)s-FITC@MSN, possessing magnetic, fluorescent and porous properties. Its
utility for both magnetic resonance and optical imaging was clearly demonstrated in
vitro. The result shows Gd(OH);-FITC@MSN performed well for cellular magnetic
resonance imaging (MRI) even at high magnetic field (7T), indicating it could be a
promising Ty or T, contrast agent.

The second part presents a systematic study of 50 nm MSN modified with
PEG of different molecular weights and surface chain density. The results show that, as
the surface of MSN mostly covered by PEG with molecular weight of 30 kDa, the
PEGylated MSN could stably suspend in cell-culture medium and physiology
environments without agglomeration and obvious size changes even incubated for two
weeks. Besides, MSNs conjugated with PEG chains effectively reduce non-specific
uptake of RAW 264.7 macrophage cells indicating these particles could escape from the

innate immune system which is critical for efficient target-specific delivery.

Keywords: Mesoporous silica nanoparticles, multifunctional nanoaprobes, MR,

contrast agents, PEGylation, phagocytosis
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Chapter One  General Introduction

1.1 Emerging Nanomaterials

In the past decades, nanomaterials have emerged as the most promising
candidates for biomedical applications because of its unique characteristics. When the
sizes of materials have been reduced from bulk to nano, they would possess unique
chemical and physical properties, including small size, high surface area, quantum
confinement and novel optical and magnetic effects. Table 1.1 lists several frequently
reported nanomaterials in biomedical field! When diverse nanomaterials are
appropriately integrated into a single nanostructured particle system with combined
properties, the resulting nanoplatform could be effectively applied to diagnostic and
therapeutic techniques, such as controlled release of drugs, multifunctional imaging and
specific targeting.? Herein, we’d like to introduce some nanomaterials and their
corresponding nanoparticle systems, which have attracted significant attention for
biomedical applications recently.
Tablel.1 Characteristics and representative bio-applications of several commonly used

nanomaterials.’

Core material Characteristics Applications

Sio, Biocompatibility Biocompatible by surface coating

CdSe Luminescence, photo-stability Imaging, Sensing

Fe,03/Fe;04 Magnetic property MR imaging and biomolecule purification
Au Optical absorption, fluorescence and ~ Bimolecular recognition, delivery, sensing

fluorescence quenching, stability




Silica-Based Nanoparticles

Nanostructured silica materials have received enormous attention in scientific
research due to the uniform size, excellent chemical stability, ease of formation,
versatile functionalization chemistry, relatively low cytotoxicity, and potential
applications.

Silica has also shown itself being capable of enhancing the functionality for
further biomedical applications via chemical incorporation and doping of numerous
molecular species. Figure 1.1 shows various types of silica-based architectures being
designed, including silica as the core with molecular species modified on the surface,
silica shell as where particles encapsulated in a layer of silica by Stéber process® or
reverse microemulsion syntheses®, and hybrid architectures assembling nanoparticles

into the silica conjugated with molecular species.’

Plain Silica Doped Silica

Nanoparticles
assembled on
Silica

Nanoparticles

encapsulated in .
Silica

Hybrid
Architectures

Figure 1.1 Schematic illustration of multifunctional silica-based architectures.?



For example, in 2006, Hyeon et al.” reported the synthesis of the magnetic gold
nanoshells through assembling 7 nm magnetite nanoparticles on 100 nm silica
nanoparticles as the core and depositing a subsequent gold nanoshell of 15 nm thickness.
The main concept is illustrated in Figure 1.2. The resulting magnetic gold nanoshells
could be used both as a near-infrared (NIR) photothermal therapeutic agent due to the
absorbance of gold in NIR range and a MIR contrast agents by the characteristics of
magnetite nanoparticles. Also, by conjugating HER2 specific antibody, the magnetic
gold nanoshells could target SKBR-3 breast cancer cells and ablate the cancer cells by

NIR radiation.

gold shell

| e—
*  BMPA-stabilized gold seed 5

magnetite & nanoparticles

sllica sphere magnetic gold nanoshell

Figurel.2 Synthetic diagram of magnetic gold nanoshells(Mag-GNS).?

Quantum Dots

Quantum dots are single crystals whose size and shape could be precisely
tuned by the temperature, duration and ligand molecules applied in the synthetic process,
which also yields the size- and composition-dependent absorption and emission. Figure
1.3 indicates that quantum dots can be synthesized from a wide variety of

semiconductor materials (I11-VI: CdS, CdSe, CdTe, etc; IlI-V: InP, InAs, etc; IV-VI:



PbSe, etc) characterized by different bulk band gap energies. And the emission

wavelengths vary from 400 to 1350 nm, with sizes of quantum dots ranging from 2 to

10
94 08
06
8 04
2. 02

800 1000 12001400

Fas!

9.5 nm.

Qdot diameter (nm)

34 w— CdS w— CdTe/CdSe
— CdSe — |1

2+ 1L — INAS

; —_— CngTe/ZnS — PhSe

400 ' 6(l)0 ' 8(l)O ' 10lOO ' 12IOO ' 1400
Emission wavelength (nm)
Figure 1.3 Sizes and emission maxima of quantum dots with different compositions.®
For biomedical applications, quantum dots possess advantages as following
(1) quantum yield enhancement and longer life times which proved more photo-stable
than current organic fluorophores; (ii) smaller sizes and emission extending to the
near-infrared (NIR) region avoiding the cell auto-fluorescence in the visible spectrum;

(iii) possibility of surface functionalizations; and (iv) sensitivity to electric or magnetic

fields which could be used as contrast reagents depicted in Figure 1.4.°
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Figure 1.4 Quantum dots served as contrast agents for bioimaging applications.®

Iron Oxide Nanoparticles

Superparamagnetic iron oxide nanoparticles (SPINO) possess uniform
chemical and physical properties, including single domains of about 5-20 nm in
diameter and high magnetization values. Combining the intrinsic characteristics with

proper surface coatings of the iron oxide nanoparticles would enable them potential for
extensive biomedical applications, such as (i) cellular therapy, for example used for cell
targeting, cell labeling, and to separate and purify cell populations; (ii) magnetic
resonance imaging (MRI) contrast agent for its superparamagnetic behavior; (iii)
hyperthermia by magnetic induction, capable for cancer treatment which could be

applied to deep region of the body since magnetic field is not absorbed by tissues and

used for tissue repair which joins two tissue surfaces by heating them sufficiently; and



(iv) drug delivery where magnetic iron oxides serve as carriers of drugs for site-specific
delivery.’

Labhasetwar and his coworkers have developed water-dispersible iron oxide
magnetic nanoparticles coated with oleic acid and pluronic F-127 and the nanoparticles
could be loaded with high doses of water-insoluble anti-cancer drugs.? Figure 1.5 shows
that drugs are trapped into oleic acid shell, and the aqueous dispersity is resulted from
pluronic anchoring at the interface of oleic acid with water. This system is demonstrated
to have slow drug release over 2 weeks under in vitro conditions, and possess
dose-dependent anti-proliferative effects on breast and prostate cancer cells. Also, the

magnetic characteristic of iron oxide nanoparticles is not affected by the surface

modification.
= =
= 4 > il
il ! Magnets
7 Iron oxide
Oleic Acid Nanoparticles
Anticancer

Drug

- 4

Aqueous dispersion of Localization of MNPs

drug loaded MNPs near magnets Pluronic F-127

Figure 1.5 Schematic representation of oleic acid and pluronic coated iron oxide

nanoparticles as drug carriers.?



Gold Nanoaprticles

Gold nanoparticles, also called gold colloids, have attracted lots of attention
for its uniform particle size and size-related electronic, magnetic and optical properties
due to the so-called “quantum size effect”.’ Gold nanoparticles applied in the
biomedical field so far could be classified into four concepts, including labeling,
delivering, heating and sensing.™

For labeling, gold nanoparticles could be directed to the region of interest and
provide visualization and observation of the region since they are promising contrast
agents as they could be visualized with a wide variety of techniques. Due to the
well-known phenomenon “surface plasma resonance”, they strongly absorb visible light
and could be detected by UV-Vis spectrometer. The absorbance of visible light also
enables the gold particles to be detected through either photothermal imaging or
photoacoustic imaging. Besides, the gold nanoaprticles could be visualized by
transmission electron microscopy (TEM) as its interaction with both electron waves and
X-rays.

Gold nanoparticles have been used as a delivery vehicle into cells for many
years. The most common delivery methods are through gene gun which introduce
plasmid DNA into plant cells for specific protein expression to achieve gene therapy, or

simply deliver targeting anti-cancer drugs to cancer tissues via cell internalization. For



the above delivery purposes, no special characteristics of gold nanoparticles are applied

except they are small, stable, easy to be modified through thiol-gold bond, and

relatively biocompatible.

Gold nanoparticles also can act as a heat source when absorbs light irradiating.

The free electrons inside the gold nanoparticles could be excited by the excitation at the

plasmon resonance frequency and then relaxed to crystal lattice following the thermal

energy transfer, so that the heat could be generated and released into the surrounding

environment. Figure 1.6 shows three possible applications of gold nanoparticles as a

heating source: (a) hyperthermia, where cells are killed when the temperature is raised

as gold nanoparticles absorb light; (b) receptor-ligand bindings by heat generated; and

(c) through local heating to open the polymer coating and release the cargo.

2 ~10 nm
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Figure 1.6 Gold nanoparticles served as heat source.™



Gold nanoparticles could also work as sensors for detection of specific analytes

when conjugate with analyte-specific ligands. Usually, the changes in optical properties

could indicate the presence of analytes. For instance, surface plasmon frequency in gold

nanoparticles would change when the analytes bind to gold nanoparticles, fluorescence

quenching results when fluorophores of analytes are in close proximity to gold

nanoparticles, and surface-enhanced Raman scattering (SERS) occurs when molecules

are close to gold surfaces. All could provide optical read-outs for sensing applications.



1.2 Mesoporous Silica Materials

In 1992, researchers at the Mobil Research and Development Corporation
reported the exciting discovery of M41S materials which possess regular arrays of
uniform channels and controllable pore sizes through the surfactant templates. As the
first synthesized mesoporous solid, MCM-41 shows narrow pore-size distribution and
regular pore arrangement and is also the most investigated member of M41S family.
There are two special aspects for MCM-41: (1) structural properties and (2) surface
chemistry. Transmission electron microscopy (TEM), X-ray diffraction (XRD) and
nitrogen adsorption analysis are the three independent techniques required to obtain
reliable characteristics of the porous hexagonal structures. TEM image from Figure
1.7(A) clearly shows the honeycomb structure of MCM-41 resulted from the hexagonal
packing of unidimensional cylindrical pores.? Also, the ordered hexagonal array of
parallel silica tubes could result in typical XRD patterns from 20 =2° to 5° The
reflections can be indexed assuming a hexagonal unit cell as (100), (110), (200), (210)
and (300) as shown in Fig 1.7(B); and it is known that mesoporous MCM-41 is
amorphous from the XRD patterns at high angles. In addition, adsorption isotherms
could be used to determine the surface area and to characterize the pore-size distribution
in cylindrical pores. The most common method for analyzing pore-size distribution in

mesoporous range (2-50 nm)*? is described as Barrett-Joyner-Halenda (BJH) method.
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The difference between the lattice parameter (a=2d(00/V3) attained from X-ray
diffraction and pore size determined by nitrogen adsorption analysis, the wall thickness
of MCM-41 could be obtained. The surface properties of the walls normally could be
examined by solid-state NMR spectroscopy and Fourier transform infrared (FTIR)
spectroscopy. Solid state °Si-NMR spectroscopy is a very powerful tool to characterize
the local chemical environment of silicon and the degree of condensation of Si-OH
groups in mesoporous organosilica materials. Besides, FTIR is applied to measure the
hydrophobic or hydrophilic properties of surfaces after modified with polar or unpolar

molecules on surface.

(A) (B)
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Figure 1.7 (A) Transmission electron micrograph of MCM-41 with 4 nm size pores. (B)

X-ray diffraction pattern of calcined MCM-41.%?
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Formation Mechanism

Generally, M41S family is synthesized by the combination of appropriate
amounts of inorganic silica source (e.g. tetraethylorthosilicate, TEOS) and organic
alkyltrimethylammonium halide surfactant (e.g. cetyltrimethylammonium bromide,
CTAB) under base water solution. The formation of the organic-inorganic composite is
based on electrostatic interactions between the positively charged head groups of the
surfactants and negatively charged silicate species which condense into a solid,
continuous network.

The basic concept of MCM-41 formation is based on the self-assembled
surfactant template route as described in Figure 1.8 **. Surfactants form micelles in the
solution. At high concentration of surfactant micelles, hexagonal array of cylindrical
micelles is piled up with the polar groups of the surfactants to the outside as light grey
color shown in Figure 1.8, and then the silicate species occupy the spaces between the
cylinders depicted as dark grey color. Finally, removal of surfactant through calcinations
produced hollow and porous silica network. The whole formation process is called the
“liquid crystal templating” (LCT) mechanism suggested by the Mobil researchers,
which proposes two main pathways for the formation of MCM-41 as described in
Figure 1.8. Two mechanistic pathways in which either the liquid —crystal phase is intact

before adding the silicate species (pathwayl), or the inorganic silicates mediate the

12



ordering of silicate-enclosed surfactant micelles into hexagonal arrangement (pathway?2).

The different reaction pathways are the results from surfactant properties, surfactant

concentration in water and the presence of other ions.

hexagonal
array
surfactant micelle micellar rod e #
oM. : ) calcination Q/ L‘,
) :—> —— 3 3w —> d
o. .‘ ® "‘;‘
s T O - ~ U f
MCM-41
silicate

Figure 1.8 Two pathways for the LCT mechanism.*®
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1.3 Mesoporous Silica Nanoparticles (MSN) in Biomedical Applications
Mesoporous silica nanoparticles have drawn great attention in the past decade
in the biomedical field for its highly unusual properties, including extremely high
surface area in excess of 1000 m°g™, tunable and uniform pore size of 1.5 - 10 nm, large
pore volume, high biocompatibility and ease of surface functionalization. Through
appropriate surface modification and nanoparticle design, these mesoporous silica
materials could be applied for bio-imaging, controlled drug delivery, bio-sensing, and

cell tracing.™

Bio-imaging

MSN could be used as a platform for optical imaging and magnetic resonance
imaging (MRI) since it has high surface area and large pore volume which could
provide the base for multiple imaging molecules.

Our group reported a magnetic-optical bi-functional MSN (Mag-Dye@ MSN)
which simultaneously possess both fluorescence probe (FITC) and MRI probe (Fe3O,)
and could be internalized by rat bone marrow stromal cells (rMSCs) as depicted in
Figure 1.9.™ This report was the first to directly inject MSN into mice and to visualize
the localization by MRI. From the T,-weighted MR images, Mag-Dye@MSN tended to

accumulate in the mouse liver, kidneys, and spleen, especially in the liver and spleen

14



indicated by a longer recover time of signal-to-noise ratio (SNR). And the results also
revealed that SNR in liver recovered after 90 days, thus Mag-Dye@MSN was
demonstrated to be a potential candidate for long term liver and spleen MRI tracking.
The studies of multi-functional Mag-Dye@MSN with fluorescent, magnetic and porous

properties provided basic information for applying the MSN as diagnostic reagents.

Cell No. : 1x105 rMSC
B) Q

L)
Mag-Dye  Control

@MSN

50 um exted

Figure 1.9 (A) Merged confocal image of rMSCs incubated with Mag-Dye@MSN for 1
hour. The cytoskeleton was stained with rhodamine phalloidin (red) and the cell nucleus
with DAPI (blue). The T2-weighted MR images of: (B) labeled rMSCs after treatment

with Mag-Dye@MSN for 1 h, and (C) unlabeled rMSCs.*

Bio-sensing and Cell Tracing

Because of the versatile surface chemistry and small particle size, MSN are
believed to have great potential for biosensing applications. MSN with high porosity
allows for the encapsulation or immobilization of large quantity of sensing molecules

per particle to increase detection efficiency. Besides, MSN could be used as a
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fluorescence cell tag since the mesopores offer great protection for embedded
fluorophores from enzyme digestion and fluorescent cell-quenching and thus are good
for long term cell tracking. Also, MSN functionalized with cell-recognition compounds
could result in efficient specific targeting.

Professor Martinez and co-workers reported an anion sensor based on MSN
grafted with aminomethylanthracene groups since amino groups are the well-known
anion coordination sites, and the anthracene moiety could be served as the signaling
subunit.'® The interaction between targeted adenosine 5’-triphosphate (ATP) anions and
amino receptors would result in quenching of the anthracene emission intensity denoted
as the decrease in relative emission intensity (lreceptor + ATP/ Ireceptor at Aem = 420 nm). The
bulkiness of grafted amines plus the restricted ATP anion binding cavities resulted from
the mesopore structures led to the stronger ATP-binding ability of MSN, compared to
analogous molecular (aminoanthracene)-based receptor and silica fume matrix-based
materials instead of MSN as shown in Figure 1.10. Furthermore, the material responded
in different degrees to ATP, ADP (adenosine 5’-dimonophosphate) and AMP (adenosine
5’-monophosphate) due to the steric restrictions provided by the pore sizes of MSN.
ATP was able to quench the fluorescence of the grafted material to the larger degree
compared to the other two species; and small anions such chloride, bromide and

phosphate didn’t respond to the receptor significantly.
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Figure 1.10 Fluorometric titration curves: relative fluorescence emission (Aex = 370 nm,
hem = 420 nm) for analogous molecular (aminoanthracene)-based receptor (A ),
MSN-based sensor (4) and fumed silica-based sensor (A) in the presence of increasing
amounts of ATP anion.*®

Our group demonstrated the green light emitting fluorescein dye
functionalized mesoporous silica nanoparticles (FITC-MSN) with great cell labeling
efficiency.’” FITC-MSN with sizes around 110 nm could be internalized into 3T3-L1
fibroblast cells and to accumulate in cytoplasm as shown in Figure 1.11. Besides, the
FITC-MSN exhibited no apparent cytotoxicity on the fibroblast cells. And the cellular
internalization mechanism appears to be generic for other cell types. Thus, mesoporous

silica nanoparticles are promising for further studies in biomedical applications.
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Figure 1.11 Confocal images of FITC-MSN (green) internalized by 3T3-L1 cells; cell

skeleton was stained with rhodamine phalloidin dye (red).*’

Controlled Drug Delivery

MSNs are assumed as convenient reservoirs for drugs and biomolecules since
it possess porous property. And by using different kinds of pore-blocking caps and
various stimuli-responsive strategies, several MSN-based controlled-release systems
have been developed.

Professor C.-S. Yang and his team demonstrated a pH-responsive controllable
oral drug delivery system by incorporating positive charges (trimethyl- ammonium, TA)
into the framework of MSN (MSN-TA), and negative-charge carrying drugs,
sulfasalazine, could be efficiently adsorbed inside the nanochannels by electrostatic
attraction under acidic environments as depicted in Figure 1.12.*® At neutral pH value,

the sustained drug release happened due to the deprotonation of surface silanol groups
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which resulted in strong repulsion between negatively-charged drugs and deprotonated

silanol groups. MSN-TA is believed as an efficient nanovehicle for pH-dependent

loading and controlled release of anionic drugs for oral drug delivery system especially

at intestine since the pH value of intestinal fluid is about 7.4.; and MSN-TA system

further possess the advantage of trapping loaded drugs when passing through stomach’s

acid environment and starting to release drugs only in neutral intestine.

(a) Before drug adsorbed (b) After drug adsorbed

Drug”
H,0
pH=4~6
Drug release Drug r'eleaseJ Clr+H" = HCI
(¢) Mechanism 1 (d) Mechanism 11
Electrostatic repulsion lon-exchange

Repulsion

Figure 1.12 Schematic model of the sustained-release mechanism of MSN-TA loaded
with anionic drugs. (a) Before drug adsorbed, (b) after drug adsorbed, (c) drugs released
by electrostatic repulsion under neutral environment, and (d) drugs released by

increasing ionic strength.*®
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Professor Victor S.-Y. Lin and his group used a gold nanoparticle-capped
mesoporous silica nanosphere (AuNPs-MSN) for photoinduced intracellular controlled
release of an anticancer drug, paclitaxel, in human cells as shown in Figure 1.13.* The
capping mechanism is based on the electrostatic interaction between positively charged
AuNPs and negatively charged MSN materials. Upon UV irradiation, the photolabile
linker covalently bonded on the AuNPs would be cleaved, altering the surface charge of
AuNPs from positive to negative as the thioundecyltetraethyleneglycolcarboxylate
(TUEC)-functionalized AuNPs forms. The charge repulsion between negatively charged
MSN and AuNPs would uncap the mesopores and release anticancer drugs. The system
was treated with paclitaxel which could be loaded inside the mesopores without
undesired leaching out with AuNPs capping. Furthermore, the controlled release

property of AUNPs-MSN was simply achieved by low-power photoirradiation.

Figure 1.13 Schematic representation of the photoinduced intracellular controlled

release of AUNPs-MSN carrying anticancer drug.™®
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Chapter Two  Gadolinium-functionalized Mesoporous Silica

Nanoparticles as Magnetic Resonance Imaging Contrast Agents
2.1 Introduction
2.1.1 Biomedical Imaging Modalities

Multiple imaging modalities are available for biomedical and small-animal

molecular imaging which are vital for disease diagnosis, such as cancer and
neurodegenerative diseases, and could provide biological information and functions at
preclinical stages.””*" Representative imaging platforms includes magnetic resonance

imaging (MRI), positron emission tomography (PET), computed X-ray tomography

(CT), and optical imaging as listed in Table 2.1.

Table 2.1 Comparison of several imaging modalities.*?

tissue

imaging source of spatial penetrating types of probe
technique imaging resolution depth sensitivity?®
MRI radiowave 25— 100 um no limit mM to uM Gd*, Fe;0,
PET y-ray 1-2mm no limit pM B 1c, BN,

150’ 124|] s4cy
CT X-ray 50 — 200 um no limit not well iodine, barium

characterized  sulfate

Optical imaging visible light  invivo: 2-3mm; <1cm nM to pM organic dye,

or in vitro: sub-pm
near-infrared
(NIR) light

quantum dots

& Sensitivity of detecting probe is relative to background
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Magnetic Resonance Imaging (MRI)

Based on the interaction of protons with the surrounding molecules of tissues,
MRI is now one of the most powerful and non-invasive diagnosis tools in medical field.
Since MRI offers higher spatial resolution and is capable to obtain physiological and
anatomical information simultaneously, it could be used for cell trafficking and living

organisms imaging.

Positron Emission Tomography (PET)

PET is a commonly used tomographic nuclear imaging tool due to its
relatively high sensitivity. Biologically active molecules labeled with positron- emitting
radionuclides, such as *°0, *N, *C, and '®F, can be introduced into the subject of
interest, and the high-energy y-rays emitted from the subject are recorded by PET. The
distribution and concentration of the injected molecules could be used to obtain PET
images by analyzing the decay of emitted y-rays. The widespread use of PET is limited
by the high costs of cyclotrons needed for producing short-lived radionuclides for
scanning, safety considerations generated by the radiation exposure and relatively low

spatial resolution.
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Computed X-ray Tomography (CT)

Computed tomography (CT) images are obtained when tissues differentially
absorb X-ray as they pass through the body. CT is a noninvasive technique for in vivo
imaging and is a three-dimensional tomography as MRI, but its use is limited by

relatively low target sensitivity and poor soft tissue contrast.

Optical Imaging

Among all of the modalities in biomedical imaging, optical imaging has been
a versatile and ease of use approach due to the availability of numerous imaging probes,
such as fluorescence dye and quantum dots, avoidance of radiation exposure, and
relatively low cost of instrumentation. However, its image information is
surface-weighted which implies targets closer to the surface appear brighter compared
to those in the deeper structure, and it usually suffers from poor signal-to-noise ratio
because of the tissue autofluorescence. Recently, near-infrared contrast agents are used

for in vivo optical imaging to minimize intrinsic background interference.?
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2.1.2 Introduction of Magnetic Resonance Imaging (MRI)
Brief Introduction of Theory

MRI is a commonly used diagnostic tool in modern clinical medicine for its
high spatial resolution, non-invasiveness, avoidance of radiation and superb soft tissue
contrast. The basic principle of MRI is based on nuclear magnetic resonance (NMR),
mainly on the relaxation of hydrogen proton spins under magnetic field. When a strong
magnetic force acts on the nucleus of protons and tries to alter the orientation of their
rotational axes, the proton spins begins to wobble, a process called precession, and align
either parallel or anti-parallel.?* *® During their alignment, the spins precess under a
specific frequency wo which is called Larmour frequency as depicted in Figure 2.1
(A).? While the spin system relaxes and settles into a stable state, longitudinal
magnetization (M) is building up in the z direction. When a resonance frequency in the
radio-frequency (RF) range is introduced to the stable nuclei system which is known as
excitation of the spin system, the magnetization rotates into the xy- plane called
transverse magnetization (M,y) as shown in Figure 2.1 (B). After the removal of the RF
pulse, the excited nucleus return to the stable, lower-energy state by reducing transverse
magnetization due to two independent processes, named as T; relaxation and T,

relaxation, respectively.
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wg:Larmor frequency
v: gyromagnetic ratio
Bg:Magnetic field

Figure 2.1 (A) Spins align to magnetic field Bo and precess under Larmor frequency wy.
(B) Magnetization of spins change after introducing RF pulse.?

T, relaxation (Longitudinal or spin-lattice relaxation): As transverse
magnetization decays, the magnetic moments gradually realign with the z-axis of the
main magnetic field Bo. The process of M, regrowth is known as T; relaxation or
longitudinal relaxation as shown in Figure 2.2 (A).?> During the relaxation process, M,
exponentially rises to the net magnetization (Mg) and the value of M, at time t is
expressed as M, (t) = Mo (1-e*’ ™). T, represents the time needed for the intensity
recovery of M, to 67% of Moas denoted in Figure 2.2 (B).** Nuclei dissipate the excess
energy to the surrounding lattice for returning to the ground state, so the T, relaxation is
also called spin-lattice relaxation.

M
A (B) Mf, ________

A \
, 4
B % B [

Figure 2.2 (A) Schematic representation of T; relaxation.?> (B) Plot of M, versus time

after RF pulse.?
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T, relaxation (Transverse or spin-spin relaxation): T, relaxation known as
transverse relaxation is due to the decay of transverse magnetization resulted from
dephasing, the process spin loses phase coherence as depicted in Figure 2.3 (A).* The
signal of M,y exponentially decreases to zero due to the lost of coherence in the
transverse plane. The value of My, at time t is expressed as Myy (t) = Mg ') and T,
is the time where M,y decays to 37% of its initial value as shown in Figure 2.3 (B).*!
Spins in the transverse relaxation process exchange energy with each other instead of
dissipating the energy to surroundings, thus T, relaxation is also known as spin-spin

relaxation.

A) ) )

e

Figure2.3 (A) Schematic representation of T, relaxation.” (B) Plot of Myy versus time

after RF pulse.?

Classification of MRI contrast agents
The development of a new class of pharmacological products, called contrast
agents, has been prompted for enhancing the contrast with background tissues in MRI

imaging.?® All contrast agents shorten the relaxation time of nearby water molecules,
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which means they shorten both T; and T,. Contrast agents increase both 1/T; and 1/T; to
varying degrees by their nature and applied pulse sequences; pulse sequence aiming at
changing 1/T; is referred as Ti-weighted and the opposite is T,-weighted scans. MRI
agents have been classified into two groups as T; and T, contrast agents.

T, contrast agents: The first category is referred as T, agents, which alter
1/T, of tissue more than 1/T, using T;- weighted sequences and results in the increase in
signal intensity; these are positive contrast agents.?’?® Most common T contrast agents
are paramagnetic ions, transition and lanthanide metal ions with a large number of
unpaired electrons, such as Gd**, Mn** and Fe** as shown in Figure 2.4.* Most T,
contrast agents are gadolinium-based agents since Gd** possesses seven unpaired
electrons with a large magnetic moment.”* T, contrast agents are usually evaluated
based on the longitudinal relaxivity value, r;, which refers to the slope plotting
concentration of contrast agent (mM) versus the relaxation rate (1/T1).?" ?° And the

contrast is enhanced more as the relaxivity is higher.

i = Configuration r hrﬂnag:gg:
Transition metalion ~ 2Cr* 44 3.88
M +-4-4-+4 5.92
wFer 4444 592
sour RN R+ 1.73
lanthanide metalion ~ $3Eu3* H4+-4+4+4+44 34
o $+44+4444 794
i FR+-+++1+ 1065

Figure 2.4 Electron configuration and magnetic moment of metal ions.?*
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T, contrast agents: T, agents increase 1/T, of tissues to a much greater
extent and cause a reduction in signal intensity; hence, these are negative contrast
agents.?”?® Commercially, T, contrast agents based on iron oxide nanoparticles are the
most representative ones. However, their extensive applications are limited by its
signal-decreasing effect. The dark signals enhanced by T, contrast agents could be
confused with other pathogenic conditions such as bleeding and is subject to artifacts on
MR imaging; thus, T, contrast agent is less reliable than Ty contrast agent.”* The
transverse relaxivity value, ry, refers to the amount of increase in 1/T, per millimolar
(mM) of T, contrast agent, which is the slope of plotting realaxation rate (1/T,) versus

the concentration of contrast agent. */

Gadolinium-based T, contrast agents

More than 10 million of MRI studies are performed with gadolinium
complexes since it has great image-enhancing capability. Although some manganese-
and iron-based contrast agents are approved for clinical use, commercial contrast agents
have been adopted by gadolinium-based complexes owing to its long electronic
relaxation time and highly paramagnetic property.?® ?® There are several parameters that
influence the relaxivity of gadolinium-based contrast agents as depicted in Figure 2.5.%°

Strategies for enhancing the relaxivity of a Gd contrast agent include increasing the
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number of inner-sphere water molecule (q), optimally shortening water residence time
(tm), and slow tumbling rate (1/t,) or increase rotational correlation time (tr).?%?° And

rotation is perhaps the most critical variable among all the parameters. *’
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Figure 2.5 Parameters influencing relaxivity.?

Recently, macromolecules and nanoparticles have been developed as
platforms for the presentation of Gd** complexes with several potential advantages: 1.
Relaxivity per gadolinium is enhanced by reducing the tumbling rate because of the
overall molecular weight increase; 2. Macromolecules or nanoparticles could provide
space for large number of Gd complexes in a confined volume, enhancing total molar
relaxivity; 3. Macromolecules or nanoparticles have the potential for simultanouly
incorporating targeting probes or other molecular imaging agents which are vital for

further biomedical applications.*
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2.2 Experiments

2.2.1 Materials

All chemicals were used without further purification. Hexadecyltrimethyl-

ammonium bromide (CTAB, 99+%), fluorescein isothiocyanate isomer | (FITC, 90%

pure), tetraethyl orthosilicate (TEOS, 98%), 3-aminopropyl-trimethoxysilane (APTMS,

95%), citric acid, trisodium salt dihydrate (99%), ammonium hydroxide (NH4OH,

28-30% as NHjs), hydrofluoric acid (HF, 48-51%), and ammonium nitrate were obtained

from Acros Organics. Gadolinium (111) chloride hexahydrate (99.9%) was obtained from

Alfa Aesar. Nitric acid (HNO3, 65%) and dimethyl sulphoxide (99.5%) were purchased

from Panreac. Trypan blue solution (0.4%) was purchased from Sigma.

2.2.2  Synthesis of Gd(OH);@MSN

The gadolinium citrate stock solution was first prepared by mixing 0.1mL of

1M aqueous GdCl;-6H,0O and 0.2mL of 1M aqueous sodium citrate, and precipitate

formed immediately which redissolved when 0.3mL of 15.52M NH;OH was added

forming a clear stock solution. In a typical synthetic procedure for gadolinium

(lIM-incorporated mesoporous silica nanoparticles, 1.6 mmol of

hexadecyltrimethylammonium bromide, CTAB, was dissolved in 300g of 0.17M

NH4OH and 5mL of 0.226M TEQOS ethanolic solution was added with stirring. The
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resulting solution was vigorously stirred at 40°C for 5 hours. Then, 5mL of 1.13M

TEOS ethanolic solution was added. After 1 minute, 600uL gadolinium stock solution

was added sequentially to the reaction solution under continuously stirring and the

solution was allowed to stir for another 1 hour. The solution was then aged at 40°C for

24 hours. Adding the 1.13M TEQOS ehanolic solution and gadolinium stock solution in

opposite order, one could obtain Gd(OH);@MSN materials of different morphology.

Besides, by adding 300uL, 600uL, 1200uL, and 2400uL of Gd stock solution in the

synthesis procedure could result in various Gd loaded mesoporous silica nanoparticles.

The as-synthesized Gd(OH);s@MSN product was collected by centrifugation at

15000rpm for 20 minutes and washed and redispersed in 50mL of ethanol 2 times. To

avoid Gd(OH)s dissolution which might occur under strongly acidic condition, the

surfactants were extracted by a fast and effective ion exchange method, where

as-synthesized Gd(OH);@MSN was transferred to 50mL of ethanol solution containing

1g of NH4;NO; and kept under 60°C for 1 hour. In order to completely remove the

surfactants, the extraction step was repeated three times with fresh 1g of NH,OH each

time. After the extraction, the Gd(OH);@MSN were washed with ethanol and nanopure

water 5 and 2 times, respectively, and then redispersed and stored in 99.5% ethanol.
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2.2.3 Synthesis of GA(OH)s-FITC@MSN

The preconjugated N-1-(3-trimethoxy-silylpropyl)-N-fluoresceyl thiourea

(APTMS-FITC) was prepared by stirring 5uL of APTMS and 5mL of 0.51mM FITC

ethanolic solution in the dark at room temperature for 24 hours. The citrate protected

Gd(OH)3 stock solution was prepared by mixing 0.1mL of 1M aqueous GdCl3-6H,0

and 0.2mL of 1M aqueous sodium citrate, and precipitate formed immediately which

redissolved when 0.3mL of 15.52M NH4OH was added forming a clear stock solution.

In a synthetic procedure for Gd(OH);-FITC@MSN, 1.6 mmol of CTAB, was dissolved

in 300g of 0.17M NH;OH and 5mL of 0.226M TEOS ethanolic solution was added with

stirring. The resulting solution was vigorously stirred at 40°C for 5 hours. Then, 5mL of

1.13M TEOS ethanolic solution was added. After 1 minute, 600uL gadolinium stock

solution and 5mL APTMS-FITC were added sequentially to the reaction solution under

continuously stirring and the solution was allowed to stir for another 1 hour. The

solution was then aged at 40°C for 24 hours. The as-synthesized Gd(OH)s-FITC@MSN

product was collected by centrifugation at 15000rpm for 20 minutes and washed and

redispersed in 50mL of ethanol 2 times. The surfactants were extracted by a fast and

effective ion exchange method, where as-synthesized Gd(OH)3;-FITC@ MSN was

transferred to 50mL of ethanol solution containing 1g of NH;NO3 and kept under 60°C

for 1 hour. In order to completely remove the surfactants, the extraction step was
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repeated three times with fresh 1g of NH,OH each time. After the extraction, the
Gd(OH)s-FITC@MSN were washed with ethanol and nanopure water 5 and 2 times,
respectively, and then redispersed and stored in 99.5% ethanol. The solid samples for
X-ray diffraction (XRD) and N, adsorption-desorption isotherms were obtained by

centrifugation followed by drying at 60 °C for 24 hours.
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2.2.4 Cell culture and Assays
Cell Uptake (NIH3T3 Mouse Fibroblast Cell & Mouse Embryonic Stem Cell)

NIH3T3 Mouse Fibroblast Cell: 2.5x10° NIH-3T3 mouse fibroblast cells were
seeded in high glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 10% penicillin, and 10% streptomycin per well in a
6 well plate. The culture was kept at 37°C in an atmosphere of 5% CO; and 95% air.
After 24 hours of cell attachment, the cells were incubated with Oug, 50ug, 100 png,
200ug and 400ug of GA(OH)3-FITC@MSN particles in 2mL serum-free medium for 4
hours, and then washed with serum-free medium twice. And the cell uptake was
observed by fluorescence microscopy or analyzed by other methods.

Mouse Embryonic Stem Cell: Mouse embryonic stem cells were seeded at 10°
cells per well in a 6 well plate. Then the cells were incubated with Oug, 50ug, 100ug,
200ug, 400ug and 800ug of Gd(OH)3-FITC@MSN particles in 2mL per cell in culture
medium at 37°C in an atmosphere of 5% CO, and 95% air for 24 hours. It was then
collected in the falcon tube and washed with phosphate-buffered saline (PBS solution:
137 mM NaCl, 2.68 mM KCI, 10 mM NayHPO,4, 1.76mM KH,PO,4, pH 7.4). Cell
counting for further MRI experiment was done by well suspending the cells to separate
the pellets to single cell and the mixture was filtered through a 40um filter. For DAPI

staining, 10° cells were fixed with 4% parafomaldehyde and rinsed twice with PBS.
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Then, the nucleus was stained with DAPI for 15 minutes and mounted by prolong gold.

MTT Assay

5x10* cells of NIH-3T3 mouse fibroblast cells were seeded in high glucose
DMEM supplemented with 10% FBS in a 24 well plate. The culture was kept at 37°C in
an atmosphere of 5% CO, and 95% air. After 24 hours of cell attachment, the cells were
incubated with Oug, 20ug, 50ug, 100ug, 150ug and 200ug of Gd(OH)s-FITC@MSN
particles in 0.5 mL serum-free medium for 4 hours. 50uL of serum-free medium and
450uL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl- tetrazolium bromide (MTT) PBS
solution (5mg/mL) were added followed by further incubation for 12 hours. Then,
400uL of dimethyl sulphoxide (DMSO) was added to dissolve purple formazan crystals
which formed from the reduction of MTT in the mitochondria of living cells. After that,
100uL of the above solution was placed in a 96-well plate, and the absorbance at 570nm

was measured by ELISA reader from Bio-Rad.

Flow Cytometry for Cell Labeling & Effect of Dosage
2.5x10° cells of NIH3T3 mouse fibroblast cells per well were seeded in a
6-well plate and were allowed to attach for 24 hours. In order to determine the extent of

Gd(OH)s-FITC@MSN uptake, the cells were incubated with Gd(OH);3;-FITC@MSN of
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various concentration from Oug to 200ug in 2mL per cell in serum-free medium for 4
hours. Treated cells were then washed with PBS twice and then harvested by
trypsinization. About 7.5x10° cells were collected and centrifuged at 3000 rpm for 5
minutes, and the cell pellets were well dispersed in 400uL of phosphate-buffered saline
(PBS) solution. The green emitting fluorescein (FITC) dye, which was excited at 488
nm with an Argon Laser and detected at wavelength in the 510 to 540 nm range,
incorporated in the Gd(OH)s-FITC@MSN could serve as a cellular uptake indicator.
Hence, fluorescence was quantitatively measured by FACSCalibur flow cytometry and
CellQuest Pro software, was used to analyze the data, and the percentage of

Gd(OH)s-FITC@MSN labeled cells versus treated concentration was plotted.

Cell Preparation for MRI

After treatment with Gd(OH)s-FITC@MSN particles, 6x10° viable cells were
collected in a cell centrifuge tube and centrifuged at 1000-1500 rpm for 5 minutes. The
supernatant was then removed and the cell pellet was resuspended in 200uL of PBS
solution. Then 200uL of 1% melted agarose were added and the mixture was well
resuspended with the PBS solution, followed by transferring to a home-made syringe
tube without generating any bubbles. Finally seal the syringe with parafilm, stored at

4°C, and analyzed by 4.7 T Biospec spectrometer from Bruker.
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2.2.5 Physical and Chemical Characterization
Transmission Electron Microscopy (TEM)

JOEL JEM-1230 electron microscope instrument was used to take TEM images
under the voltage of 100 kV. Samples were first well dispersed in ethanol at a very low
concentration (0.2 mg / mL) and 10 uL of the suspension was dropped onto a microgrid

and dried at room temperature.

Powder X-ray diffraction (XRD)
XRD patterns were collected by using a PANanalytical X’Pert PRO
instrument with Cu Ko (A = 1.5406A ) radiation in the 260 range from 0.5° to 8°. The

operating voltage and current were 45kV and 40mA, respectively.

Nitrogen adsorption-desorption isotherms

N, adsorption-desorption isotherms were obtained from a Micrometerics
ASAP 2010 apparatus. The sample was first degassed at 100°C under 107 torr for 8
hours. Data was collected at liquid N2 temperature, -77K. Then, the surface area was
calculated by Brunauer-Emmett-Teller (BET) method and the pore size distribution was

analyzed by Barrett-Joyner-Halenda (BJH) method.
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Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

Gadolinium amount was quantitatively measured by ICP-MS with a
Perkin-Elmer Alan-6000 instrument. The calibration curve was obtained by measuring
the standard metal ion solution with concentration between 10 ppb to 100 ppb. 5 mg of
Gd(OH)s-FITC@MSN samples were first dried at 60°C for 24 hours and then dissolved
sequentially in 0.5 mL of HF and 1.5 mL of HNOg solution. The solution was finally

diluted to 1/2500 for the measurement.

Dynamic Light Scattering (DLS)

Size distribution and zeta potential were determined by MALVEN Nano-ZS at
room temperature. One milligram of Gd(OH);-FITC@MSN was dispersed in 2.5mL of
nanopure water in advance. Zeta potentials measured under different pH values ranging
from 3 to 9 were obtained by titrating the sample dispersion with commercial 0.1N HCI

(ag) and 0.1N NaOH (aq) solution.
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2.2.6 Magnetic Resonance Characterization
Relaxivities of the Nanoparticles at 0.47 T and 1.41T

0.47 T (20MHz) and 1.41 T (60MHz) Minispec spectrometer made from
Bruker were used to measure longitudical (T1) proton relaxation by inversion recovery
sequence and to obtain transverse (T,) proton relaxation with spin-echo sequence.
Gd(OH)s-FITC@MSN samples were dissolved in nanopure water and prepared in four
concentrations by serial dilution. Slopes of plots of [Gd] (mM) versus 1/T; (s™*) and 1/T,

(s™") are relaxivities, rl and r2, respectively.

Phantom Images of the Nanoparticles at 4.7 T

4.7 T Biospec spectrometer from Bruker was used to take T1-map and T,-map.
T1-map was determined by inversion recovery sequence with FOV = 8x8 cm, ST = 1.5
mm, NEX = 2, Matrix = 256x256, Tg = 7.8 ms, and Tr = 50 ms to 6000 ms, while FOV
= field of view, ST = slice thickness, NEX = number of excitation, Tg = echo time, and
Tgr = repetition time. Spin-echo sequence was used to obtain T,-map by FOV = 8x8 cm,

ST =1.5mm, NEX =2, Matrix = 256x256, Tr= 5000 ms, and Tg = 10 ms to 200 ms.

Phantom Images of Cells at 4.7T

Cells were labeled with Gd(OH)3-FITC@MSN for 4 hours, centrifuged and
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resuspended with 200 pL of PBS solution plus 200 puL of 1% melted agarose in

home-made syringe tube. The tubes were analyzed by 4.7 T Biospec spectrometer from

Bruker for taking cell MR images. RARE (rapid acquisition with relaxation

enhancement) with variable Tg was used for T, mapping while MSME (multi echos

multi slices) was used for T, mapping. And the parameters of T; mapping were FOV =

5x5 cm, ST = 1.5 mm, NEX = 2, Matrix = 256x256, Te= 8.3 ms, and Tr = 70 ms to

6000 ms. On the other hand, the parameters for T, mapping were FOV = 5x5 cm, ST =

1.5 mm, NEX = 8, Matrix = 256x256, Tgr= 8000 ms, and Tg = 10 ms to 200 ms.
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2.3 Results and Discussion

High surface area, large pore volume, uniform particle size and high
biocompatibility make MSN a very powerful tool platform for biomedical applications.
Besides, owing to size and porous nature, MSN could serve as a great platform for
enhancing the MR contrast ability of Gd-complex by slowing down the tumbling rate of
gadolinium metals and by increasing the total molar relaxivity with the excess space for
gadolinium metals. Hence in this work, we report a multifunctional mesoporous silica
nanoparticle with gadolinium hydroxide, Gd(OH)3, as active MRI contrast agent, a
fluorescence dye, FITC, for optical imaging and porous property from MSN support.
The synthesis of the uniform multifunctional mesoporous silica nanoparticle,

Gd(OH)s-FITC@MSN, is illustrated in Scheme 2.1.

B B NH,0H NH,NO,
——

\) Gd(OH);  Silica Source extraction

@ FIIc (TEOS)

Scheme 2.1 Synthetic procedure of Gd(OH)3;-FITC@MSN.

Mesoporous silica nanoparticles are synthesized by using dilute tetraethyl
orthosilicate (TEOS) precursor and low surfactant concentration condition with
ammonia solution as catalyst.""™® However, attempts to synthesize lanthanide doped
silica under basic condition such as adding lanthanide salts to the ammonia solution

during MSN synthesis, lanthanide hydroxide formed instantly and precipitated out from
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the solution; consequently uniform lanthanide doped silica materials could not be
obtained through simple base synthesis.** Hence, it is critical to protect metal ion from
forming insoluble precipitates of hydroxide before the formation of MSN. It is well
known that citric acid could act as a great protecting agent for nanoparticles since it is a
multidentate ligand with three of its carboxylate groups having strong affinity to metal

ions; >3

therefore, citrate is chosen to protect gadolinium (Gd) ion for synthesizing
Gd-incorporated mesoporous silica nanoparticles.

Hence, FITC was attached to APTMS through a nucleophilic reaction to form
FITC-APTMS. The formation of Gd(OH);z is depicted in the following proposed
equations shown in scheme 223° In the typical synthesis process of
Gd(OH)s-FITC@MSN, surfactants formed micelles in the basic solution, dilute TEOS

hydrolyzed to attach to the micelles forming seeds, then preformed Gd(OH)s,

FITC-APTMS and more TEOS were added to complete the condensation.

Gd%* (4 * Citrate® ) Gd(Citrate)y(OH)y (ag)

NH,OH

Gd(Citrate)m(OH)y (ag) Gd(OH); - Citrate®

4

Scheme 2.2 Proposed equantions of the formation of Gd(OH)3.*°
Precipitate formed immediately as GdCl;-6H,0 and sodium citrate dihydrate
were mixed together, and the precipitate redissolved when concentrated ammonia was

added to obtain a transparent solution containing the gadolinium citrate hydroxide
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complex, Gd(Citrate)n(OH), (aq). With the presence of large excess of hydroxide

provided by the ammonia solution, citrate was replaced from the coordination sites and

gadolinium hydroxide, Gd(OH)s, formed in the stock solution. Later, the hydroxyl

groups of Gd(OH)s; served as the condensation bridges with TEOS. Finally, the

template-serving surfactant was acid extracted by ammonium nitrate.

We have employed two different methods via the adding order of concentrated

TEOS and Gd(OH); stock solution as illustrated in Scheme 2.3. In process A,

concentrated TEOS was added first, then one minute later, Gd(OH)3 stock solution was

added; while in process B, concentrated TEOS was added immediately after Gd(OH);

stock solution.

CTAB . -
A+ Dilmed TEOS s COCentmted —y  CGHOID: | s Asing
in NHJOH(Z‘I(]) e B - solution
CTAB _
. . Gd(OH), Concentrated .
. S5 e— = .—Xglng
B Diluted TEOS Stock solution TEOS Solution®

in NH,OH(aq)

“Diluted TEOS is 0.2 M TEQOS / ethanol precursor
bConcentrated TEOS solution is 0.875M TEOS / ethanol solution.

Scheme 2.3 Two different synthetic procedures for Gd(OH);@MSN.
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2.3.1 Properties of Two Different Synthetic Procedures
Transmission electron microscopy (TEM) characterization: TEM images
(Figure 2.6) show that the two Gd(OH);:@MSN products with different synthesizing

methods have diverse morphologies.

()]

Figure 2.6 TEM images of (A) Gd(OH)3@MSN-A and (B) Gd(OH);:@MSN-B.

Figure 2.6 (A) in the TEM for the nanoparticles synthesized through process
A, Gd(OH);@MSN-A, showing well-defined hexagonal edges and uniform porous
structure with particle size around 50 nm. During the synthetic process, when low
surfactant (CTAB) concentration aqueous ammonia solution and ethanol diluted TEOS
precursor were mixed, the silicate / surfactant rod-like silicate micelles (SSMs) were
formed. Later the concentrated TEOS was added to lead the self-assembling and
deposition of SSMs which resulted in the hexagonal crystal-like mesoporous

nanoparticles.*® Finally, Gd(OH)s stock solution was introduced to the system and Gd
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was incorporated into the framework of mesoporous silica nanoparticles by
condensation without affecting the hexagonal and well-ordered pore structures.

Figure 2.6 (B) is the silica nanoparticles via synthetic process B,
Gd(OH);@MSN-B, which displayed approximately two different structures including
large aggregation complexes and hollow sphere cores with porous surroundings. The
large aggregation complexes were believed to be an assembly of Gd(OH)3 evidenced by
the results of transmission electron microscopy - energy dispersive spectrometer
(TEM-EDS) mapping from Figure 2.7. We propose a plausible explanation for the
formation of these two structures as the following: as the same as in process A, low
surfactant (CTAB) concentration aqueous ammonia solution and ethanol diluted TEOS
precursor were mixed and the SSMs were formed. Then, the addition of Gd(OH); stock
solution resulted in two different morphologies. Some Gd(OH)3; aggregated immediately
to form the aggregation complexes while the others served as seeding cores as they
conjugated directly with the SSMs. Since it is well-known that OH could dissolve silica
by weakening Si-O bonds, we believe the hollow silica cores were formed because of
the basic synthesis condition offered by ammonium hydroxide which acted as the
etchant for silica particles.***® Because silica condensation rate was fast in basic
solution, it was not possible to remove all of the core silica materials by dissolving all

the silanol. After adding concentrated TEOS solution, the Gd-containing SSMs cores
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would self-aggregate and deposited to form the mesoporous nanoparticles with both

hollow sphere cores and mesoporous structure.
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Figure 2.7 (A) TEM image of Gd(OH);@MSN-B, where a) is referred to the large

aggregation complex and b) represents hollow sphere cores with porous surrounding.

EDS results of a) and b) are shown in (B) and (C), respectively. The scale bar is 0.2 um.

Powder X-ray diffraction (XRD) analysis: Low angle XRD patterns of

extracted Gd(OH);@MSN synthesized through process A and B are shown in Figure 2.8

(A) and (B), respectively. The diffraction peaks at 20 = 2.2°, 3.8° and 4.4° could be

indexed to typical well-ordered 2D hexagonal mesoporous characteristic reflection

peaks as (100), (110) and (200). Whether Gd(OH);@MSN was synthesized through

process A or B, both of the synthetic procedures could result in the well-ordered

hexagonal mesopores.
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Figure 2.8 Low angle XRD patterns of surfactant-free (A) Gd(OH);@MSN-A and (B)
Gd(OH);@MSN-B.

Other chemical and physical characterizations: Amount of gadolinium was
incorporated amount analyzed by inductively coupled plasma-mass spectrometry
(ICP-MS) and hydrodynamic sizes were obtained from dynamic light scattering (DLS).
Results of Gd(OH);@MSN-A, B were shown in Table 2.2. Gd(OH)s@MSNs with
different synthetic processes possess similar Gd-incorporated amounts, near 3 % to 4 %
and hydrophilic sizes about 250 nm to 350 nm.

Table 2.2 Gd-incorporated amount analyzed by ICP-MS and hydrodynamic sizes

obtained from DLS of Gd(OH);@MSN-A and -B.

Gd(OH);@MSN Samples Gd%(w.t) Particle Size (nm)
Gd(OH);@MSN-A 3.5% 282.1
Gd(OH);@MSN-B 4.2% 256.1
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Relaixivity measurements (0.54T), T;- and T,- Maps (4.7T): In this section,
APTMS-FITC was added immediately after adding concentrated TEOS solution and
Gd(OH)3 stock solution in process A. However, since the addition of organic dyes
doesn’t affect the morphologies and relaxivities and for easier comparison, we still
differentiate process A and B merely by the orders of adding concentrated TEOS and
Gd(OH); stock solution without noticing the adding of fluorescence dyes.
Gd(OH);@MSN nanoaprticles could be dispersed well in water and the relaxivities
could be directly measured. By plotting concentration of Gd versus 1/T;, the relaxivities
r, of Gd(OH);@MSN synthesized through process A and B were found to be 12.6
mM™?st and 13.4 mM™s™, respectively at 0.54T as shown in Figure 2.9 (A). Figure 2.9
(B) shows the relaxivities r, of Gd(OH);@MSN with synthetic processes A and B under
0.54T, which were 13.9 mM™s™ and 14.8 mM™s™, respectively. As shown in the figure,
Gd(OH);s@MSN synthesized through both procedures show greater T; enhancing
capabilities than commercial T; contrast agent, MultiHance® , whose relaxivity r; is
only 4.7 mM™s™; besides, both Gd(OH);@MSN-A and —B possessed significantly low
r, / ry ratio compared to other nanoparticle contrast agent which indicated strong

positive-contrast effects.”*
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Figure 2.9 Relaxivities measurements of Gd(OH);@MSN synthesized via process A
(designated as A) and B (designated as B) and MultiHance® at 0.54 T. Relaxivity is the
slope of the plot of concentration versus 1/T,, n=1 or 2.

T, maps of Gd(OH);@MSN-FITC synthesized by process A and
MultiHance® were carried out with a 4.7T MRI system for comparison as shown in

Figure 2.10 (A) and (B), where Figure 2.10 (B) is a color display of the same data as in
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Figure 2.10 (A) and the difference is better distinguished . Compare Figure 2.10 (C) and

(D), T1 maps of Gd(OH);@MSN synthesized by process B and MultiHance® again (D)

having the same T; values as in (C). From the figures, we could easily see that all T,

relaxation time, Gd(OH);@MSN synthesized by process A or B and MultiHance®

decreased as Gd concentration increased, which indicate more Gd contents would result

in better relaxivities, r;. Besides, from the T;-maps, we notice that Gd(OH);@MSN

synthesized by either process A or B are better T; contrast agents than commercial

MultiHance® .

Both Gd(OH);@MSN synthesized by process A or B possess similar Gd

amounts incorporated, and excellent relaxivities, ri, a potential great T, contrast agent.

However, Gd(OH);s@MSN with synthetic procedure A showed more uniform and

controllable hexagonal ~mesoporous structures. Hence, we concentrate on

Gd(OH);@MSN-A for further modifications and applications.
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Figure 2.10 (A) T1- maps of Gd(OH);s@MSN-FITC synthesized by process A (upper
two panels) and MultiHance® (3™ and 4™ panels). For both sets, the spots were H,0,
[Gd] = 0.1M (1% row), 0.2M, 0.4M and 0.8M (2™ row) sequentially from left to right.
(B) The same T, data as (A) but with colors to better differentiate T, variations. (C)
Ti-maps of Gd(OH);@MSN synthesized by process B (upper two panels) and
MultiHance® (3™ and 4™ panels). For both sets, the spots were H,0, [Gd] = 0.1M (1
row), 0.2M, 0.4M and 0.8M (2" row) sequentially from left to right. (D) The same
T1-map data as (A) but with colors to better differentiate the T, variations. For (A) to

(D), scale bars represent the T, values, larger numbers are longer Tj.
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2.3.2 Characterization of Various Gadolinium-Loaded MSNs
Varying the amount of Gd stock solution from 300 pL to 2400 pL, we can
obtain Gd(OH);@MSN with various Gd(OH)3 from 1.9 w.t.% to 7.2 w.t.% incorporated
into silica frame work while maintain the hexagonal crystal-like mesoporous strctures.
Physical and chemical characterizations: TEM images of different amount of
Gd-incorporated mesoporous silica nanoparticles are shown in Figure 2.11. As the

amount of Gd incorporation increased, the particles became largely aggregated and

tended to show the worm-like structures.

Figure 2.11 TEM images of Gd(OH):@MSN with different Gd loading (A) 0 %, (B)

1.9%, (C) 3.5%, (D) 7.2% and (E) 13.2% obtained from ICP-MS.
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Besides, the XRD patterns of different amount of Gd-doped MSNs shown in
Figure 2.12 revealed the fact that the structure ordering decreased as the loading of Gd
increased indicated by the gradual broadening of peaks. Results from both TEM images
and XRD patterns pointed out that pore structures would change from 2D hexagonal

well-ordered pores to worm-like pores as Gd loadings get higher.
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Figure 2.12 XRD patterns of Gd(OH);@MSN with different Gd loading (A) 0 %, (B)
1.9%, (C) 3.5%, (D) 7.2% and (E) 13.2%.

Typical N, adsorption-desorption isotherms of Gd(OH);@MSNs with
different Gd amount are shown in Figure 2.13, they exhibited characteristic type IV
isotherms and no hysteresis loop was observed. All of the samples possessed a sharp
capillary condensation at P/P, of 0.2 to 0.4. Also, the sharp climb near P/Pyof 0.8 to 1.0
was due to the textual porosity resulted from the inter-particle nanospace which was

attributed to the assembling of nanoparticles. The surface area and BJH pore size of



different Gd-loaded MSN are listed in Table 2.3. All of the Gd(OH);@MSNs possessed
high surface area near 1000 m?g™ except the one with 13.2 % Gd loadings, where some
of the pores were collapsed due to the disruption by Gd(OH)s and forming worm-like
structures. The pore sizes obtained by BJH calculation also revealed that pore sizes

decreased as Gd amounts of MSNs increased which indicate the incorporation of Gd

into silica framework.
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Figure 2.13 N, adsorption-desorption isotherms of Gd(OH);@MSN with different Gd
loading (A) 0 %, (B) 1.9%, (C) 3.5%, (D) 7.2% and (E) 13.2%.

Table 2.3 Structural and textural data of Gd(OH);@MSN with different Gd loading.

Sample with Different Gd Loading (% =w.t.) Sger(M?g)?  Wayn(nm)®

0% Gd(OH);@MSN 1081 2.53
1.9% Gd(OH);@MSN 1062 2.47
3.5% Gd(OH);@MSN 1022 2.42
7.2% Gd(OH);@MSN 1022 2.37
13.2% Gd(OH);@MSN 782 2.32

2 BET specific surface area. ° Pore sizes calculated with BJH method.
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Relaixivity measurements, T;- and T,- Maps: The relaxivities, r; and r, of
Gd(OH);@MSN were determined under 1.41T. Inversion-recovery method was used for
T1 measurements while the spin-echo sequence was used for T, measurements.
Relaxivity data of various Gd-loaded Gd(OH);@MSN under 1.41T and 4.7T were listed
in Table 2.4 and Table 2.5, respectively. The r; values of different Gd-loaded
Gd(OH);@MSN gradually decreased as the Gd loading increased at both 1.41T and
4.7T. This change of relaxivity to the Gd loading was related to the dipole-dipole
interactions among the Gd metals. Higher Gd loading could shorten the electronic
relaxation by the significant interactions between neighboring Gd metals within the
same particle.**3" Relaxivity r, also showed the similar trend as ri; however, r,
appeared to be less sensitive to the Gd-loading amount, it did not decrease much as the
Gd-loading increased.

Besides, both r; and r, were highly sensitive to the magnetic field; ry at 4.7T
was lower than r; at 1.41 T almost half the value while the r, was higher at 4.7T than
that at 1.41T. The obvious change in field dependence of r; and r, matched the previous

38-39

reports,” " which may be attributed to the magnetic susceptibility, especially the Curie

spin relaxation mechanism. 3 404

From Table 2.5, we could also find out that Gd(OH);@MSN exhibit higher

relaxivity, r, than the commercial contrast agent Magnevist® . There were two plausible
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explanations for these phenomena. First, Magnevist®, so-called Gd-DTPA, is

dimeglumine salt of a gadolinium complex of diethylenetriamine pentaacetic acid and is

classified as ionic gadolinium contrast agent. Compared with Magnevist®,

Gd(OH);@MSN with MSN serving as a nanoparticle platform could slow down the

tumbling rate of the whole particle and hence enhance the relaxivity, r;. And the second

reason was related with the more coordination to H,O provided by Gd(OH);@MSN

compared to commercial contrast agents.

Table 2.4 Relaxivity of Gd(OH);@MSN with different Gd loading at 1.41T.

Sample with Different Gd Loading (% =w.t)  ri(mM™s™) ro(mM?s?

1.9% Gd(OH);:@MSN 18.8 27
3.5% Gd(OH);@MSN 15 21.7
7.2% Gd(OH); @MSN 11.3 17.8
13.2% Gd(OH);@MSN 8.6 14.8

Table 2.5 Relaxivity of Gd(OH);@MSN with different Gd loading and commercial

contrast agent Magnevist® at 4.7T.

Samples rimMs?) ro(mM?s?)
3.5% Gd(OH);@MSN?** 8.8 38.1
7.2% Gd(OH);@MSN? 5.8 38.7
13.2% Gd(OH); @MSN? 4.4 36.8
Magnevist® 3.8 54

? Gd(OH);@MSN with different Gd Loading (% =w.t.)  Both Gd and organic dye,

FITC, incorporated MSN.
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The Ti-weighted and T,-weighted phantom images of various Gd-loaded
MSN were obtained with a 4.7T Biospec spectrometer as shown in Figure 2.14 and
Figure 2.15. From Figure 2.14, we could easily find out that 1) as the concentration of
the nanoparticles and Gd increased, the T1 images lightened up gradually, 2) among
different Gd-loaded Gd(OH);@MSN, the one with 3.5w.t.% Gd loadings showed the
fastest lightening up images as the Gd amount increased, 3) comparing 3.5 w.t.%
Gd-loaded MSN with commercial contrast agent Magnevist® , the former showed much
brighter image with the same Gd concentration which indicated 3.5 w.t.%-
Gd(OH);@MSN s a better T, shortening enhancer and also a greater T, contrast agent.
On the other hand, the T,-weighted images of Figure 2.15 presented the opposite results,
where the images darkened as the Gd concentration increased. Besides,
Gd(OH);@MSN with all Gd amounts showed more significant darkening effect than
that of Magnevist® . This also revealed that Gd(OH);@MSN could serve as
T2-enhancing MRI contrast agents under high magnetic field.

To sum up, we’ve seen that Gd(OH);s@MSN with higher Gd-loading
possessing poor pore structures and less T;-enhancing ability. However, the Gd-loading
amount is still a very important factor when designing contrast agent. Because contrast
agent with less Gd amount means less sensitivity** and also higher dose must be

injected to provide sufficient contrast, which may be a burden to human bodies. For
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further applications, we decided to use Gd(OH);@MSN with 3.5 w.t. Gd loading

amounts which possessed the most moderate properties among all the aspects.

Gd conc. (imM) 0.1 0.2 0.3 0.4 0.6 0.8

3.5% Gd(OH)z(@MSN=
7.2% Gd(OH)3;(@MSN
13.2% Gd(OH);@MSN

Magnevist®

Figure 2.14 T;-weighted phantom MR images of Gd(OH);@MSN with different Gd
loading (3.5%, 7.2%, and 13.2%) and Magnevist® with a 4.7T Biospec spectrometer
using inversion recovery sequence; images were taken at Tg = 400 ms.

*Both Gd and organic dye incorporated MSN, Gd(OH)s-FITC@MSN.

Gd conc. (mM) 0.1 0.2 0.3 0.4 0.6 0.8

3.5% Gd(OH)3;(@MSN=

7.2% Gd(OH);@MsN [ SRS
13.2% Gd(OH),@MSN £

Magnevist®

Figure 2.15 T,-weighted phantom MR images of Gd(OH);@MSN with different Gd
loading (3.5%, 7.2%, and 13.2%) and Magnevist® with a 4.7T Biospec spectrometer

using spin-echo sequence; images were taken at Tg = 80 ms.

®Both Gd and organic dye incorporated MSN, Gd(OH);-FITC@MSN.
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2.3.3 Characterization of Gd(OH)s;-FITC@MSN

We used the co-condensation method to covalently incorporate dye molecules

(FITC) into the silica framework of 3.5 w.t.% Gd-loaded mesoporous silica

nanoparticles (as section 2.3.2 reported) to form Gd(OH)s;-FITC@MSN.

Physical, Chemical and Biological Properties

Transmission electron microscopy (TEM): TEM images of Figure 2.16

showed that both Gd and organic dye functionalized mesoporous silica nanoparticles

also displayed the hexagonal crystal-like morphology as the typical as-synthesized

mesoporous silica nanoparticles.

(A)

Figure 2.16 TEM images of as-synthesized Gd(OH)s-FITC@MSN, (A) and (B) were

taken under different magnifications.

Powder X-ray diffraction (XRD): The mesostructure of Gd(OH)3-FITC@MSN

60



after template removal by extraction was examined by XRD as shown in Figure 2.17.

XRD pattern exhibited three hexagonal characteristic reflection peaks (100), (210) and

(200) which indicated the well-ordered 2-D hexagonal mesoporous characteristic.
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Figure 2.17 XRD patterns of extracted Gd(OH);-FITC@MSN.

Dynamic light scattering (DLS): Dynamic light scattering (DLS)
measurements from Figure 2.18 gave an average size of 247 nm confirming that

Gd(OH)s-FITC@MSN \zlgas well-dispersed in water.
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Figure 2.18 Dynamic light scattering (DLS) measurements of Gd(OH)3-FITC@MSN.

Inductively coupled plasma-mass spectrometry (ICP-MS): Gd-loading amount

of Gd(OH)3-FITC@MSN was about 3.5 w.t.% analyzed by ICP-MS.
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Magnetic Resonance Properties

Relaxivities measurements (1.41T and 4.7T): Since Gd(OH)s-FITC@MSN
nanoparticles were well-dispersed in water, the T, and T, enhancing capabilities, r; and
r, could be measured directly. The relaxivities, r; or ry is the slope obtained by plotting
1/Tq or 1/T, versus [Gd] content, respectively. The relaxivity r; was found out to be 15.4
mMs™ from Figure 2.19, and r, was 22.7 mM™s™ from Figure 2.20. Both figures were
with R? = 0.999 which indicated the high quality of the data. We also listed the
relaxivities, rl and r2 of Gd(OH)s;-FITC@MSN and commercial contrast agent,
Magnevist® under two different magnetic field in Table 2.6 for comparison. We
observed that 1) under higher magnetic field, relaxivity, r; of Gd(OH)s;-FITC@MSN
increased as r, increased because of the magnetic susceptibility, and 2)
Gd(OH)s-FITC@MSN possessed both better T; and T, enhancing abilities compared to
Magnevist® which indicated that Gd(OH);-FITC@MSN could serve as not only a

powerful T contrast agent but also a T, contrast agent.
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Figure 2.19 T, relaxivity plot of Gd(OH)s-FITC@MSN taken under 1.41T.
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Figure 2.20 T relaxivity plot of Gd(OH)s-FITC@MSN taken under 1.41T.

Table 2.6 Relaxivities, r; and r, of GA(OH)3-FITC@MSN and commercial contrast

agent, Magnevist® under 1.41T and 4.7T

samples 1.41T 47T
r & r, (mM2s™) r ra r r
Gd(OH);-FITC@MSN 15.4 22.7 8.8 38.1
Magnevist® -- -- 3.8 5.4
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T;- and T,- weighted MR phantom images under 4.7T: T;- and T,-weighted
MR phantom images of Gd(OH)s-FITC@MSNwere carried out at 4.7T MR system as
shown in Figure 2.14 and Figure 2.15, respectively. We could tell that the image lighten
up faster than lose of the corresponding Magnevist® , indicating Gd(OH);-FITC@MSN
is a good T; contrast agent. On the other hand, T,-weighted image also darken faster
than Magnevist® . To sum up, Gd(OH)s-FITC@MSN could be used as good dual

contrast agent for both T1- and T,-weighted MR imaging.
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2.3.4 Biological Applications of Gd(OH);-FITC@MSN

Cell-based therapy combined with molecular imaging has emerged as a
powerful therapeutic tool for tracking the in vivo bio-distributions of the transplanted
cells and the effects of the cell-based therapy.**** Besides, transporting contrast agents
into the body through transplanted cells would be more biocompatible and cause less
harm than directly injection. Hence, in vitro cell MR imaging with
Gd(OH)3-FITC@MSN nanoparticles was examined. We first did some cell uptake
examinations, including uptake efficiency, cytotoxicity and biocompatibility. After that,
two cell types including NIH3T3 cells which are embryo-derived fibroblasts
maintaining a stem cell-like differentiation flexibility,"> and mouse embryonic stem
cells which could differentiate into most cell types and offer unprecedented therapeutic
potential*® were labeled with multifunctional contrast agent, Gd(OH)s-FITC@MSN for

in vitro MR studies.

Gd(OH)s-FITC@MSN for NIH3T3 Cell Labeling

Cell-uptake analysis of Gd(OH)3;-FITC@MSN: In the cell-uptake experiments,
NIH 3T3 cells were incubated with different concentration of Gd(OH)3;-FITC@MSN
suspension in a serum-free low-glucose Dulbecco’s modified Eagle’s medium (DMEM)

to avoid the non-specifically binding of serum in a regular medium. The incubation time
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lasted for 4 hours because the previous report*® showed that 3T3 cell-labeling efficiency
reached 99% for an incubation time of 2 hours with mesoporous silica nanoparticles, a
longer incubation time won’t affect the labeling efficiency either. The flow cytometry
data was collected in the Figure 2.21. The vertical coordinate represents the percentage
of particle-labeled cells versus total counting cells. It was found that an increase in the
concentration of Gd(OH);-FITC@MSN resulted in a higher amount of particle engulfed.
Results from flow cytometry analysis showed that Gd(OH)s-FITC@MSN had actually
been taken into cells.

Fluorescence images from Figure 2.22 (the white circle indicates individual
cell) also provided another evidence to prove that Gd(OH)s;-FITC@MSN was
internalized into cells by the green fluorescent spots in cytoplasm. Since no
nanoparticles were observed in the nuclei, we could eliminate the possibility that
Gd(OH)s-FITC@MSN were only attached on the cell surface instead of being taken
into the cells. Besides, in the previous work from our group, it had been demonstrated
that the non-phagocytic cell internalization of fluorescent mesoporous silica
nanoparticles (FITC-MSN)*’ and multifunctional nanorods (GD-Dye@MSN-R)*® were
involved in a clathrin-dependent endocytosis.

The effect of Gd(OH)3-FITC@MSN on NIH 3T3 viability was also examined.

MTT assay from Figure 2.23 showed that there was no strong effect on cell viability
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even at very high concentration such as 200pg/mL, indicating Gd(OH);-FITC@MSN is

not toxic to fibroblast cells and could be bio-safe for further biomedical applications.

14 4

12 4
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Cells with Fluorescence (%)

CRT 20 40 60 80 100 120 140 160 200
Concentration of Gd(OH)_-FITC@MSN (ug/mL)

Figure 2.21 Flow cytometry study on NIH3T3 cell-uptake of Gd(OH)3;-FITC@MSN

with different concentration.

Fluorescence Bright Field

Figure 2.22 (A) and (D) Fluorescence, (B) and (E) optical and (C) and (F) fluorescence-

and optical-merged images of NIH3T3 cells after incubated with 200 ug / mL

Gd(OH)s-FITC@MSN for 4 hours.
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Figure 2.23 MTT assay of NIH3T3 cells incubated with different amount of
Gd(OH)s-FITC@MSN for 4 hours.

MR phantom images of NIH3T3 cells treated with Gd(OH)s-FITC@MSN: We
used two MR system with different magnetic field (4.7 T & 7T) to obtain T;- and
T,-weighted images of NIH3T3 cells. The cells for MR images were prepared by
incubating 2.5x10° cells with different concentrations from 0, 50, 100, 200, to 400 pg /
mL of Gd(OH)3-FITC@MSN for 4 hours followed by trypsinization and centrifugation
to form cell pellets. Cell pellets composed of 6x10° viable cells were then resuspended
in 1% melted agarose for obtaining MR images with a 4.7 T MR system as shown in
Figure 2.24. Tj;-weighted image of the cells treated with Gd(OH);-FITC@MSN
exhibited brighter MR image compared to the untreated cells denoted as control, and the
images were significantly brighter when the treated concentration was 100 pug / mL or

higher (Figure 2.24 (A)). On the other hand, in T,-weighted MR images, the cells
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treated with Gd(OH)3-FITC@MSN exhibited significantly darker images compared to

the untreated one (Figure 2.24 (B)).

(A) Control 5S0ug/mL 100ug/mL 200ug/mL 400ug/mL

(B) Control SOug/mL 100ug/mL 200ug/mL 400ug/mL

Figure 2.24 (A) Ti-weighted and (B) To-weighted MR images of NIH3T3 cells treated
with Gd(OH);-FITC@MSN for 4 hours using 4.7 T MR instrument.

T, relaxation time of NIH3T3 cells treated with various amount of
Gd(OH)s-FITC@MSN obtained at 4.7 T were listed in Table 2.7. As the amount of
Gd(OH)s-FITC@MSN increased, cell T; relaxation time decreased and the bright
contrast of T;-weighted image enhanced as depicted in Figure 2.24. Since T; values of
human brain at 4.7 T which is 1630 ms for grey matters,” one may be able to
differentiate the transplanted cells and surrounding normal tissues using cells treated
with 200 pg / mL or higher dosage of Gd(OH)s;-FITC@MSN. From this and the
previous MTT assay results which show the biocompatibility of Gd(OH)s-FITC@MSN
at the concentration of 200 pug / mL, we believe Gd(OH)s-FITC@MSN as a contrast

agent could be effectively combined with cell-based therapy for future applications.
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Table 2.7 T, relaxation time of NIH3T3 cells treated with Gd(OH)3-FITC@MSN

Gd(OH)s-FITC@MSN 0 (Control) 50 100 200 400
concentration (ug / mL)
T, relaxation time (ms) at 4.7T 2630 2470 2057 1160 947

Pellets formed with 1.2 x 10° viable cells were also scanned under a 7T MRI
system. From Figure 2.25, we observed strong MR image enhancement of the labeled
cells when compared with unlabeled NIH3T3 cells as a control. Significant positive
signal enhancement of T;-weighted image and negative signal enhancement of
T,-weighted image were detected for the Gd(OH)3-FITC@MSN treated cells. And the
great T1 enhancement could be observed even at 7T indicating the great potential of

Gd(OH)3-FITC@MSN to be a T, contrast agent.

(A) (B)

Control SOug/mL 100ug/mL Control S0ug/mL 100ug/mL

Figure 2.25 (A) T;-weighted and (B) T,-weighted MR images of cells treated with

Gd(OH)3-FITC@MSN for 4 hours using 7 T MR instrument.
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Gd(OH)3-FITC@MSN for Embryonic Stem Cell Labeling

We also labeled the mouse embryonic stem cells with Gd(OH);-FITC@MSN
for MR imaging study. To prepare the cells for MR imaging, we incubated 10° cells in
media containing Gd(OH)s-FITC@MSN with different concentration for 24 hours. The
cells were isolated, washed with PBS solution and 6x10° viable cells were redispersed
in 1% melted agarose. As shown in Figure 2.26 (A) and (B), T;- and T,- weighted
enhancement are clearly visible for the labeled cells. And the enhanced contrast became
significantly obvious when nanoparticle treated concentration was 200 pg / mL or
higher. However, the DAPI staining of Figure 2.27 pointed out the fact that when
Gd(OH)s-FITC@MSN was 200 ug / mL as in Figure 2.27 (D), the cell morphology lost
the spherical shape and tended to aggregate indicating the cells lost viability. It is not
too surprising because embryonic stem cells are more fragile and difficult to culture in
the laboratory,*® not to mention its endurance to uptake foreign nanoparticles. We also
believe NIH3T3 fibroblast cells incubated with Gd(OH)3;-FITC@MSN contrast agents
seem to be more promising for future cell-based therapy by comparing the MR study

results and cell viability tests of NIH3T3 fibroblast cells and embryonic stem cells.
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(A) Control S0ug/mL 200ug/mL 400ug/mL 800ug/mL

(B) Control 50ug/mL 200ug/mL 400ug/mL 800ug/mL

Figure 2.26 (A) Ti-weighted and (B) T,-weighted MR images of embryonic stem cells

treated with Gd(OH)3-FITC@MSN for 4 hours using 4.7 T MR instrument.

(A) (B)

©)_

Figure 2.27 Fluorescence images of embryonic cells labeled with (A) 25 pug / mL (B) 50

ug / mL (C) 100 pg / mL and (D) 200 ug / mL of Gd(OH)s-FITC@MSN. The nuclei

were stained by DAPI.
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2.4 Conclusion

In summary, a facile and one pot synthesis of multimodal mesoporous silica

nanoparticle, Gd(OH)s-FITC@MSN, with extraordinary capability to enhance MR

contrast images has been developed for the first time. Its utility as contrast agents for

optical and MR images has been clearly shown in vitro. Gd(OH)3;-FITC@MSN exhibit

much higher relaxivities than those of commercial contrast agents, MultiHance® and

Magnevist® ; this is probably because of the much decrease of the Gd metal rotational

motion imposed by the porous framework and more than one water could be

coordinated to metal other than only one water molecule coordination in MultiHance®

and Magnevist® . Besides, NIH3T3 cells treated with Gd(OH)3-FITC@MSN show the

high sensitivity even at high magnetic fields (4.7 T and 7 T) indicating it could serve as

a highly efficient T, or T, contrast agent for efficient cell-based therapy in future

applications. Together with the retained uniform porosity, well-ordered hexagonal array,

powerful dual contrast capabilities and further surface functionalization,

Gd(OH)s-FITC@MSN can serve as a platform in targeted drug delivery with

multimodal imaging.
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Chapter Three  Controlled PEGylation of Mesoporous Silca
Nanoparticles for Reducing Non-specific Uptake by Macrophage Cells
3.1 Introduction
3.1.1 Brief Introduction of Reticuloendothelial system (RES)

The reticuloendothelial system (RES)-mediated clearance is a critical issue for
in vivo active targeting and systemic delivery. RES, alternatively known as the
mononuclear phagocyte system (MPS), is defined as the cells comprising blood
monocytes, bone marrow progenitors, and macrophage cells (such as Kupffer cells from
the liver).”® These specialized cells are widely distributed and placed in the connective
tissue framework of the liver, spleen and lymph nodes to recognize and clear invading
particles.®®>" The first step of the clearance process is called opsonization which is
functioning the nanoparticles with the circulating plasma proteins, opsonins, thereby
making it more visible for phagocytic cells.®> Opsonins could actively be adsorbed on
the surface of any invading nanoparticles, and be recognized by blood monocytes and
macrophage cells due to their plasma membrane receptor.®’And it would lead to
complex aggregation and rapid clearance from the blood stream.>® The next step
involves either endocytosis or phagocytosis route to remove the nanoparticles from the

50, 54

blood circulation and its fate following the intravenous injection is depicted in

Figure 3.1.>*
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Figure 3.1 The fate of nanoparticles after the intravenous injection.>

As a result, in order to help the nanoparticles escaping from RES for further in
vivo and ex vivo applications, numerous approaches including appropriate surface
modification and particle size reduction to improving nanoaprticle blood residence and
accumulation in specific tissues have been widely studied over the past twenty
years.”>>" **Besides, the surface modification through polymers and macromolecules

becomes the most common method for its ease of further functionalization and

bio-compatibility.”®
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3.1.2 Commonly Used Polymers for Escaping from RES

Recently, to inhibit the plasma proteins coating and evading from the RES for
longer circulation times, nanoparticles are usually coated with a layer of hydrophilic and
biocompatible polymer chains.>** It has been demonstrated the more hydrophilic the
nanoparticle surface, the longer blood circulation times because of less interaction with
opsonins.”® The most common coatings are derivatives of dextran, poloxamer,
poloxamine, and polyethylene glycol (PEG) as shown in Figure 3.2.>° The role of these

polymers is to inhibit opsonization, hence allowing longer circulation times.>*

H 0 o O—H
a) dextran OH
HO ho n
PEO block ~ FPObIOck  pEg piock
— CH, —

HA((}CHZ CHZ)—(O—CHZ CHHCHZ CHy- 0)7H

b) poloxamer-338: n = 54 ; m = 128 ; poloxamer-407: n = 67 ; m = 98

CHy CHy
H{O—CHZ—CHH&CHZ—CH CH—CHz—O)n—(CHz—CHz—C));.H

Hy'N-CH,-CH,-N/ CH3
H~€0 CH, CH7>—(0—CH2-CH \(CH—CHZ—OHCHZ—CHZ—O)EH

¢) poloxamine-908: n = 17 ; m = 119 ; poloxamine-1508: n = 31 ; m = 129

HO—(CHZ-CHZ-O)TnH HacO—(CHz-CHz-O)I—nH

d) poly(ethylene glycol) and monomethoxypoly(ethylene oxide)

Figure 3.2 Typical polymers used as hydrophilic coating for RES-evading

nanoparticles.*
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It has been demonstrated that particles coated with dextran could remain in
the bloodstream for longer periods of time. And as the average molecular weight and
surface coating density of dextran molecules are higher, the clearance rate is slower.™

Poloxamer and poloxamine are the amphililic block-copolymers consisting of
blocks of ethylene oxide (EO) and proprylene oxide (PO) monomer units.>">2
Poloxamers are composed of a central hydrophobic poly (proprylene oxide) (PPO)
block and two hydrophilic chains of poly(ethylene oxide) (PEO) are on the both sides.
On the other hand, poloxamines are tetrafunctional with four PPO/PEO blocks
connected together via the central ethylenediamine bridge.>® Such copolymers which
contain the hydrophobic PPO blocks could be used for adsorbing organic molecules,
such as surfactants to the surface of the nanoparticle. And the hydrophilic PEO blocks
can extend into aqueous solution and shield the surface to avoid RES.*

The inert and biocompatible polymer PEG is actually the a,w-dihydroxyl
derivative of PEO and has become the most popular materials to modify the
nanoparticle surface in order to evade from the RES.*® PEG could help nanoparticles
reducing the interactions with opsonin proteins by its hydrophilicity and steric repulsion
effect.>® Besides, PEG-end groups could also be functionalized with other ligands for

specific targeting and delivery.®” All these advantages have made PEG the most

commonly used material for nanoparticles surface modification.
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3.1.3 Polyethylene Glycol (PEG) for Surface Modification - PEGylation
Polyethylene glycol (PEG) is commonly used to modify the nanoparticle
surfaces for reducing systemic clearance rates, prolonging circulation half-life in vivo,
and enhancing permeability and retention (EPR) effect.>® It is believed that the chain
length, shape, and density of PEG are the critical factors influencing the hydrophilicity
of nanoparticle surfaces and phagocytosis.>® Hence, there have been a few reports
providing design parameters for engineering nanoparticles for optimized conditions to
avoid RES or target the tumors.
In 2009, C. W. Chan et al. examined the effect of gold nanoparticle size
(10-100 nm) and surface modification of poly(ethylene glycol) on efficient tumor
targeting as indicated in Table3.1.> Particle set A is an array of 5 particle size and 3
different thiol-terminated mPEG molecular weight layers used for mapping blood
compartment pharmacokinetics (PK). Particles with smaller particle diameters and
coated with larger mPEG possessed longer blood half-life in circulation. Besides, blood
half-life also increased for each particle size as the molecular weights of mPEG
increased. The results from particle set A were then used to design particle set B of
sub-100 nm for determining how size affected tumor accumulation and permeation. The
accumulation in the tumor of particles having hydrodynamic diameters of

approximately 20, 40, 60, 80 and 100 nm were calculated as the area-under-the curve

78



(AUC), both by particle mass/g over time and % ID/g over time. As the tumor

accumulation was examined by particle mass, accumulation enhanced as the size of

particles increased. Since this was a measure of how potential payload can be delivered,

particles with larger sizes would no doubt deliver most total mass to the tumor owing to

its larger volumes. However, it was discovered that total tumor accumulation (% ID -h/g)

of the five mPEG-GNP designs is a function of blood half-time and of size. The

accumulation of particles having size of 20-60 nm is only dependent on the blood-half

time, whereas the accumulation of particles with diameter over 60 nm range depends on

both half-time and size. These results provided a basis for gold nanoparticle design

parameters, such as the size and surface chemistry, for longer blood circulation time and

optimized tumor targeting.

Table 3.1 Methoxy-poly(ethylene glycol) coated gold nanoparticles (MPEG-GNP)

characteristic and in vivo behavior®®

core diameter mPEG weight hydrodynamic blood half-Life tumor AUC tumor AUC
(nm) (+£SD) (Da) diameter (nm) (h) (particle mass (ug)h/g) (% IDW/g)
particle set A 17.72 (1.47) 2000 25.2 4.0
5000 34.8 29.7
10000 63.5 51.1
31.28 (4.83) 2000 42.8 2.4
5000 62.6 19.3
10000 77.5 22.7
45.03 (4.83) 2000 53.8 0.4
5000 60.4 14.1
10000 83.9 16.1
66.54 (5.69) 2000 75.7 1.0
5000 85.6 9.2
10000 105.8 11.3
86.73 (7.74) 5000 105.4 3.3
10000 118.9 6.6
particle set B 16.6 (1.80) 2000 22.4 2.5 0.45 0.3
22.6 (2.68) 2000 39.6 4.0 18.89 15.8
32.5 (5.16) 5000 61.3 16.5 39.05 26.5
43.3 (5.08) 10000 82.6 11.6 39.33 20.4
83.5(8.29) 10000 99.4 7.2 170.42 17.9
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A systematic study of controlled PEGylation of Fe3O,4 nanoaprticles was also
reported by S. Sun et. al in 2007 as shown in Scheme 3.1.>> The 9 nm of Fe;04
nanoparticles coated with PEG of different molecular weights resulted in various
hydrodynamic sizes of the particles, the size increased as the molecular weight was
higher. However, nanoparticles coated with any length of PEG polymers were stable in
both water and physiological environment without detectable agglomeration even after
incubated for 24 hours. Furthermore, these PEG coated Fe3O4 nanoaprticles showed
much less uptake by macrophage cells compared with the uncoated ones, indicating the
higher possibility to escape from the RES. This also provided the basis for the choice of

PEGylated Fe;O4 nanoaprticles in further biomedical applications.
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Scheme 3.1 PEG modification of Fe3O4 nanoaprticles through DPA-PEG-COOH.
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The particle size stability and the potential to avoid the RES appear to be very
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important for target-specific cell recognition, cell entry and other biomedical
applications of mesoporous silica nanoparticles (MSN) with size less than 100 nm,
which is small enough to pass through the body and also is possible to enter cells
efficiently.*® However, up to now, a systematic study of the PEGylated 50 nm MSN to
show stability of the particles in physiology environment in terms of evading from
aggregation and the phagocytosis of RAW 264.7 macrophage cells have not been
addressed as far as we know. In this work, red light emitting dye modified MSNs were
PEGylated though covalently conjugating PEG-maleimide of different molecular
weights and different concentration on the outer surfaces of 50 nm MSNs. We then
investigated the influences of molecular weights and chain densities of PEG on the
hydrodynamic size stability of PEGylated MSN in cell culture or physiology
environment, and the optimized values of the two factors were achieved. Also, MSNs
modified with the optimal molecular weights and chain densities of PEG showed
significant reduction of non-specific uptake by RAW 264.7 macrophage cells compared
to the ones without PEG coating or PEGylated with lighter molecular weight and
thinner densities. And we believed the results of this MCM-41 type MSN system,
possessing fluorescence imaging probe and potential for further coupling with other
desired biomolecules, could provide optimized particle design parameters for future

biomedical applications.
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3.2 Experiments

3.2.1 Materials

Hexadecyltrimethyl- ammonium bromide (CTAB, 99+%), tetraethyl

orthosilicate (TEOS, 98%), 3-aminopropyl-trimethoxysilane (APTMS, 95%),

ammonium hydroxide (NH;OH, 28-30% as NHz3), tris(2-carboxyethyl)phosphine

hydrochloride (TCEP, 98%), sodium chloride (NaCl, 99.5%), sodium phosphate dibasic

(NaP0O3-2H,0) and sodium hydroxide standard solution (1N) were obtained from Acros

Organics. Rhodamine B isothiocyanate (RITC, mixed isomers) were purchased from

Sigma. Hydrochloric acid (HCI, 36%) was obtained from Fisher Scientific.

(3-Mercaptopropyl)-trimethoxysilane (MPTMS, 95%) was purchased from Aldrich.

PEG maleimide (mPEG-Mal, MW10000, 20000 and 30000) were obtained from

Nanocs. All chemicals were used without further purification.
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3.2.2  Synthesis of Thiol Group Modified Mesoporous Silica Nanoparticles

SH@MSN with Different Amounts of Thiol Groups

1.6 mmol of hexadecyltrimethylammonium bromide, C16TAB, was dissolved

in 300g of 0.17M NH4OH and 5mL of 0.226M TEOS ethanolic solution was added

under stirring. The resulting solution was vigorously stirred at 40°C for 5 hours. Then,

5mL of 1.13M TEOS ethanolic solution was added and the solution was allowed to stir

for another 1 hour. The solution was then aged at 40°C for 24 hours. The as-synthesized

MSN solution was centrifuged at 15000rpm for 20 minutes and washed and redispersed

in 50mL of ethanol. AndimL of MSN / ethanol solution was transferred into a cell

centrifuge tube, the supernatant was removed and the precipitates were dried at 60 °C

for 24 hours to obtain the MSN (mg) amount per mL. 100mg of MSN was dispersed in

20mL of ethanol solution and various amount of (3-Mercaptopropyl)-trimethoxysilane

(MPTMS) (100uL, 200uL, and 250uL) were added with stirring. The mixture was kept

at 85 °C for 24 hours and then centrifuged, washed and redispersed in ethanol solution,

obtaining thiol group conjugated MSN (SH@MSN). In order to extract the surfactants

via a fast and effective ion exchange method, as-synthesized SH@MSN was transferred

to 25mL of ethanol solution containing 0.5g of HCI and heated under 60°C with stirring

for 24 hours. After the extraction, the SH@MSN were washed with ethanol and then

redispersed and stored in 99.5% ethanol. Solid samples for Elemental Analyzer (EA)
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characterizations were obtained by centrifugation followed by drying at 60 °C for 24

hours.

Synthesis of SH-RITC@MSN for further PEG Modification

The preconjugated APTMS-RITC was prepared by combing 200uL of

APTMS and 5mL of 0.42 mM RITC ethanolic solution under continuous stirring and

dark conditions at room temperature for 24 hours. In a typical synthetic procedure for

both thiol group and RITC dye modified mesoporous silica nanoparticles (MSN), 1.6

mmol of hexadecyltrimethylammonium bromide, C1sTAB, was dissolved in 300g of

0.17M NH4OH and 5mL of 0.226M TEOS ethanolic solution was added under stirring.

The resulting solution was vigorously stirred at 40°C for 5 hours. Then, 5mL of

APTMS-RITC and 5mL of 1.13M TEOS ethanolic solution was added sequentially, and

the solution was allowed to stir for another 1 hour. The solution was then aged at 40°C

for 24 hours. The as-synthesized RITC@MSN solution was centrifuged at 15000rpm

for 20 minutes and washed and redispersed in 50mL of ethanol. AndlmL of

RITC@MSN / ethanol solution was transferred into a cell centrifuge tube, the

supernatant was removed and the precipitate was dried at 60 °C for 24 hours to obtain

the RITC@MSN (mg) amount per mL. 100mg RITC@MSN was dispersed in 20mL of

ethanol solution and 250uL of (3-Mercaptopropyl)-trimethoxysilane (MPTMS) was
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added with stirring. The solution was kept at 85 °C for 24 hours and then centrifuged,

washed and redispersed in ethanol solution obtaining both thiol group and RITC

conjugated MSN (SH-RITC@MSN). In order to extract the surfactants, as-synthesized

SH-RITC@MSN was transferred to 25mL of ethanol solution containing 0.5g of HCI

and heated under 60°C for 24 hours. After extraction, SH-RITC@MSN was washed

with ethanol and then redispersed and stored in 99.5% ethanol.
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3.2.3 Procedure of Polyethylene Glycol Modification (SH-RITC@MSN-PEG)

Preparation of PEG solution

The sodium chloride-phosphate buffer solution constituted of 150 mM

aqueous sodium chloride solution and 50 mM aqueous sodium phosphate aqueous

solution was prepared by adding 0.8766g NaCl and 0.69g NaPO3-2H,0 in 100ml H,0.

And then 1N sodium hydroxide solution was added to tune the pH value to 7.2. A series

of PEG solutions with different mole ratio of thiol groups to PEG (including 1:1, 2:1

and 4:1) and PEG molecular weights (M.W. = 10, 20 and 30 kDa) was prepared by

dissolving X mg of PEG as illustrated in Table 3.2 in 6mL previous described sodium

chloride-phosphate buffer solution containing 5mM tris(2-carboxyethyl)phosphine

hydrochloride (TCEP) solution.

Table 3.2 Nine conditions for coating SH-RITC@MSN with PEG

MW, ——— Ratio® 1:1 2:1 4:1

PEG M.W. = 10 kDa 112.5mg 56.4mg 28.2mg
PEG M.W. = 20 kDa 225mg 112.5mg 56.4mg
PEG M.W. = 30 kDa 337.5mg 169.2mg 84.6mg

®Ratio represents the mole ratio of “thiol groups modified on the surface of

RITC@MSN” to “PEG” ; thiol group of MPTMS was quantified by elementary analysis

Different PEG Molecular Weights and Molar Ratios to Thiol Group

To modify SH-RITC@MSN with PEG, 6mg of SH-RITC@MSN was first
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dispersed in 3mL of 5mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP)

aqueous solution. The solution was sonicated for 10 minutes and centrifuged at 16000

rpm for 10 minutes. The supernatant was then removed and the precipitates resuspended

by in a series of PEG solutions follow by stirring at room temperature for 24 hours. The

as-synthesized SH-RITC@MSN-PEG solution was centrifuged, washed with ethanol

and then redispersed and stored in 6mL 99.5% ethanol.
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3.2.4 Cell Culture and Assays
Cell Uptake (RAW264.7 macrophage)

2.5 x 10° RAW264.7 (monocyte / macrophage) cells were cultured in regular
growth medium, high glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100
mg/mL streptomycin per well in a 6 well plate. The culture was kept at 37°C in an
atmosphere of 5% CO, and 95% air. After 24 hours of cell attachment, the cells were
incubated with 40 pg of SH-RITC@MSN-PEG particles in 2mL serum-free medium for

4 hours.

Flow Cytometry for Cell Uptake Quantification

Treated cells were washed twice with serum-free medium, and then harvested by
trypsinization. About 7.5x10° cells were collected and centrifuged at 3000 rpm for 5
minutes. And the cell pellets were well dispersed in 400 uL phosphate-buffered saline
(PBS) solution. The red emitting rhodamine B (RITC) dye, which was excited at 488
nm with an Argon Laser and detected at wavelength in the 560 to 590 nm range,
incorporated in mesoporous silica nanoparticles could serve as a marker to
quantitatively determine their cell uptake results by FACSCalibur flow cytometry and

programmed by CellQuest Pro software.
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3.2.5 Characterization

Elemental Analysis (EA)

To determine the amounts of thiol groups on SH@MSN, we used elemental

analyzer to analyze the sulfur element. SH@MSN containing different amount of thiol

groups by adding various MPTMS in the synthetic process was first dried at 60°C for 24

hours and well grounded. And about 4 mg of SH@MSN powder samples were prepared

for EA analysis with no MPTMS modified MSN as the reference. The experiment was

performed by Instrumentation Center National Taiwan University with Heraeus

varioEL-I1I (for NCSH).

Transmission Electron Microscopy (TEM)

JOEL JEM-1230 electron microscope instrument was used to take TEM images

under the voltage of 100 kV. Samples were first well dispersed in ethanol at a very low

concentration (0.2 mg / mL) and 10 uL of the suspension was dropped onto a microgrid

and dried at room temperature.

Dynamic Light Scattering (DLS)

ImL of the SH-RITC@MSN-PEG ethanol solution (1mg/mL) was

centrifuged at 16000 for 30 minutes and resuspended in 3mL of PBS, regular growth
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medium (high glucose DMEM supplemented with 10% FBS, 100 U/mL penicillin, and

100 mg/mL streptomycin), or serum free medium. The hydrodynamic sizes of

SH-RITC@MSN-PEG dispersed in various solutions were obtained after incubated for

30 minutes, 6 hours, 12 hours or 2 weeks with MALVEN Nano-ZS. For incubation time

longer than 30 minutes, all the samples were kept under 4°C to avoid the propagation of

bacterium and recover to room temperature before the measurement.

Zeta Potential

Zeta potential measurements were achieved by dispersing 1mg

SH-RITC@MSN or SH-RITC@MSN-PEG in 3mL of nanopure water followed by

detecting with MALVEN Nano-ZS at room temperature.
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3.3 Results and Discussion

Mesoporous silica nanoparticles (MSN) are emerging as promising candidates
for target-specific delivery and biomedical imaging due to its large pore volume, high
surface area, uniform particle size, high biocompatibility and ease of surface
functionalization. However, the destabilization due to the adsorption of plasma proteins
in cell-culture medium™® and tendency to aggregate upon exposure to physiological
conditions®, and non-specific uptake by macrophage cells from reticular-endothelial
system (RES) are the most encountered problems when applying MSN for in vivo
applications. In either case mentioned above, MSN materials would be rapidly removed
from the blood circulation system and lose the chance to enter targeting places. Hence
in the present work, we successfully demonstrated a systematic study of PEG
functionalized 50 nm red-emitting dye conjugated MSN (SH-RITC@MSN-PEG) on the
stability of the nanoparticles in the physiological conditions. The resulted nanoparticles
possess high stability in physiological environment and under cell culture conditions,
and significantly reduced non-specific uptake by RAW 264.7 macrophage cells as

depicted in Scheme 3.2.

9o (;%&%3 Reduced & ;
w T MPTMS q:;? Sﬁg Cell Uptake
PEG (with ‘{Qg P
M Maleimide Group) (‘?{:’» o 3 -
Aot DA

Scheme 3.2 The formation and application of SH-RITC@MSN-PEG.
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3.3.1 Quantification of Thiol Group

In our work, mesoporous silica nanoparticles (MSNs) modified with thiol
groups (SH@MSN) offered by (3-Mercaptopropyl)-trimethoxysilane (MPTMS) were
covalently conjugated with the PEG-maleimide through maleimide / thiol chemistry. In
order to quantify the amounts of PEG on the surface of MSN, we first had to determine
the amounts of thiol groups from SH@MSN with elemental analyzer by analyzing the
sulfur element from the thiol group.

We reasoned that the PEGylation of MSN should be only on the surfaces of
MSN instead of inside the pores since this could most possibly make PEG chains extend
far away from the surfaces of MSN enhancing their repulsion against opsonin
proteins.”®*® Besides, the loading efficiency of the mesopores won’t be affected if the
pores were not occupied by PEG chains. Hence, MSNs were conjugated with MPTMS
before surfactant extraction. MSNs without extracting surfactants were then modified
with various amounts of thiol group (-SH) containing silane, MPTMS, by heating
different volumes of MPTMS and MSN in ethanol for 6 hours to obtain SH@MSN with
various sulfur elements as shown in Table 3.3. It was found that an increase in the
MPTMS added during the synthetic process resulted in a higher weight percentage of
sulfur element, indicating more thiol groups had been conjugated to MSN. The amount

of sulfur was increased from 2.95 % to 5.9 % with the amount of MPTMS from 100 pL
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to 250 pL.

Though the saturated sulfur amount was not achieved by our MPTMS adding
conditions, it pointed out the potential for further chemical functionalization with excess
amounts of silane retained on the surface of MSN. These remained free silanol groups
are able to do other functionalization increasing its capability for further applications.
Besides, surface covered with too many PEG chains would limit their mobility resulting
in the decrease of steric hindrance property®”. Therefore, we decided to add 250 pL of
MPTMS in latter synthetic process since it possessed the large but not too much amount

of MPTMS and still provided the free silanol groups.

Table 3.3 Quantification of sulfur elements (w.t.%) from thiol groups on SH@MSN by

adding different amounts of MPTMS

Sample with different MPTMS(nL) N% C% S% H%
0 0.133 3.860 0.000 2.859

100 0.175 8.983 2.952 2.810

200 0.193 10.145 4.100 2.755

250 0.180 11.772 5.909 3.032
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3.3.2 Systematic Study of PEGylation of Rhodamine B Dye Conjugated MSN

(SH-RITC@MSN-PEG)

Mesoporous silica nanoparticle (MSN) was first conjugated with rhodamine B

dye (RITC) via one-pot co-condensation method by adding organic dyes to an ammonia

solution containing dilute tetraethyl orthosilicate (TEOS) and low surfactant

concentration. The resulting product, RITC@MSN, possessed the red-light emitting

property which could be served for later flow cytometry analysis to investigate the

RAW 264.7 macrophage cells uptake. Then as-synthesized RITC@MSN was modified

with (3-Mercaptopropyl)-trimethoxysilane (MPTMS) to generate nanoparticles with

both organic dye and thiol functional group (SH-RITC@MSN) on its surface since the

surfactants remained unextracted. The attached amounts of MPTMS were shown in

Table 3.3. The structure directing surfactant was acid extracted to form the surfactant

free SH-RITC@MSN before conjugated with PEG-maleimide. The PEG was covalently

anchored on the surface of SH-RITC@MSN by maleimide thiol reaction to yield a

thioether.%!

O Q S-MSN-RITC
RITC-MSN-SH *+ PEG-N —>» PEG-N
o o)

Scheme 3.3 Mechanism of thiol PEGylation.
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Conjugation with PEG

The surface chain density (or the thickness of PEG layer) and molecular
weights of PEG chains would directly influence the flexibility and hydrophilicity of
nanoparticles®®, and consequently their stability in cell culture and physiology
environment. Moreover, their steric repulsion against serum proteins and macrophage
cells would also be affected by PEG molecular weight and surface chain thickness.
Hence, we carried a systematic study to find out the optimal PEG molecular weight and
surface chain density of SH-RITC@MSN-PEG for both stability in cell culture and
minimum non-specific uptake by macrophage cells. Series of PEG solutions with
different molar ratio of thiol groups to PEG (including 1:1, 2:1 and 4:1), which would
result in various surface chain density, and PEG molecular weights (M.W. = 10, 20 and
30 kDa) were prepared the study as depicted in Table 3.4 where A to I are the codes
representing for the specific condition.
Table 3.4 SH-RITC@MSN-PEGA.; with nine combinations of mole ratio of thiol groups

to PEG and PEG molecular weights.

MW, ——— Ratio® 1:1 2:1 4:1

PEG M.W. = 10 kDa A D G
PEG M.W. = 20 kDa B E H
PEG M.W. = 30 kDa C F I

®Ratio represents the molar ratio of “thiol groups modified on the surface of

SH-RITC@MSN” to “PEG”
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The Morphology and Mesostructure of MSNs (SH-RITC@MSN) and PEGylated

MSNs (SH-RITC@MSN-PEG)

Transmission electron microscopy (TEM) measurements from Figure 3.3

showed that both MSN without PEG (SH-RITC@MSN) and PEGylated MSN

(SH-RITC@MSN-PEGA.1) had uniform size about 50 nm and all showed highly ordered

mesoporous channels in [001] and [110] directions. Besides, well-defined hexagonal

edges and single crystal morphology indicated that PEGylated MSNs from Figure 3.3

(A) to (1) maintained the completeness of hexagonal pore structures and retained the

similar sizes around 50 nm compared to MSN without PEG from Figure 3.3 (O).
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Figure 3.3 TEM images of (A) to (I) SH-RITC@MSN-PEGA, and (O)

SH-RITC@MSN.
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Stability of the SH-RITC@MSN-PEG measured by Dynamic Light Scattering

The size stability of the particles in physiology environment is very important
for in vivo application since particles with larger hydrodynamic sizes typically exhibit
more rapid clearance rate and short blood circulation time.>® However it is a significant
challenge to retain the stability of nanoparticles in application-associated environments.
%2 Aiming at efficient biomedical applications, such as target-specific delivery, we
demonstrated the stability of SH-RITC@MSN-PEG by suspending the nanoparticles in
three commonly used biological media: phosphate-buffered solution (PBS), Dulbecco’s
modified Eagle’s medium (DMEM), and Dulbecco’s modified Eagle’s medium with
10% of fetal bovine serum (DMEM-FBS). And dynamic light scattering (DLS) was
used to track the size change of the nanoparticles during the incubation.

Figures 3.4 and 3.5 show the hydrodynamic diameters of the nanoparticles
coated with various PEGs (SH-RITC@MSN-PEGa,.) in PBS and DMEM, respectively,
with nanoparticles without PEG coating (SH-RITC@MSN) as the control. With the
increase of PEG molecular weights and surface chain densities, the size stability became
more and more remarkable. And SH-RITC@MSN-PEGc, the one conjugated with
highest molecular weight of PEG 30k and molar ratio of thiol groups to PEG (1:1)
appeared to be the optimal one for nanoparticle hydrodynamic stability. It showed

negligible aggregation even during an inbubation period of 2 weeks. Apparently, the
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extended nanoparticle stability in biological media may be attributed to the highly stable
and dense PEG coatings.? The steric hindrance of hydrophilic PEG chains made the
significant contribution to preventing the nanoparticle agglomeration. Higher molecular
weight and higher surface density would result in stronger hydrophilicity and repulsion
toward aggregation.

Besides, the electrostatic interaction of the surface charges also played an
important role in affecting the size changes of nanoparticles. Nanoparticles are typically
electrically charged to achieve the stability in various solutions by electrostatic
repulsion. However, those electrostatically stabilized nanoparticles are easy to aggregate
in biological environments due to the neutralization of the surface charges resulted from
salts, electrolytes and other ionic species in the media.®?®® From Table 3.5, the
SH-RITC@MSN samples possessed highly negative zeta potential of about -27mV in
pure water whereas PEGylated MSNs had much lower absolute value in zeta potentials
around -5mV to -17mV. Besides, absolute values of PEGylated MSNs decreased as the
molecular weight of PEG chains increased possibly due to the shielding effect resulted
from the PEG layers surrounding nanoparticle cores.**Hence, the decrease of absolute
zeta potential values resulted in the charge shielding effect to help PEGylated particles
evading from ionic species and stabilized in biological media.

Furthermore, we also discovered another phenomenon which hasn’t been
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reported before: PEGylatied MSN (SH-RITC@MSN) without the optimized PEG
molecular weight and surface chain density would perform worse stability compared to
normal MSNs (SH-RITC@MSN-PEG) by exhibiting apparent size increase and particle
precipitation as shown in Figures 3.4 and 3.5. A plausible explanation is proposed as the
following. The steric hindrance effect and surface negative charge shielding could make
only few contributions to the stabilization of nanoparticle sizes when the coated
molecular weights and surface density of PEG chains are not optimal. Besides, the
molecular weight of PEG chain would bring the nanoparticles to higher mass which
may facilitate its precipitation rate and result in undispersible agglomeration and large

hydrodynamic sizes.
2000 —a— Control
~— 18004{—e—A
16004 4 B
—v—C
@ 14004 <« D

—>—E
1200 4 F

10004 G
-—o—H
8004 , |
600 -
400 -
200 1

0 L] L] L] L]
30 minutes 6 hours 12 hours 2 weeks
Incubation Time
Figure 3.4 Hydrodynamic size changes in PBS for various incubation periods. Control
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Figure 3.5 Hydrodynamic size changes in DMEM for various incubation periods.

Control is SH-RITC@MSN whereas A to | corresponds to PEGylated MSNs in Table

3.4.

Table 3.5 The comparison of zeta potentials of MSNs (SH-RITC@MSN) and

PEGylated MSNs (SH-RITC@MSN-PEG) with PEG=xk;1:1 chains of different

molecular weights (x=10, 20 and 30) at the mole ratio of thiol groups to PEG (1:1) in

water
Sample Zeta Potential (mV)
Control (SH-RITC@MSN) -27.4
SH-RITC@MSN-PEGa=10k:1:1 -17.5
SH-RITC@MSN-PEGg=20k:1:1 -13.4
SH-RITC@MSN-PEGc=30k-1:1 -5.08

101



Figure 3.6 demonstrates the hydrodynamic size change of the nanoparticles
coated with PEG chains (SH-RITC@MSN-PEGa.) in DMEM plus 10% FBS
(DMEM-FBS) with MSN materials without PEG coating (SH-RITC@MSN) as the
control. Insignificant size change was observed after incubation of nanoparticles in the
DMEM-FBS medium even after 2 weeks, demonstrating excellent stability of both
PEGylated MSN and MSN without PEG coating in protein containing medium.

For PEGylated MSNs, the steric repulsion and hydrophilicity of PEG chains
against FBS could prevent the FBS adsorption and hence cause no obvious
agglomeration. Besides the hydrophilicity and steric hindrance of PEG chains, it is
believed that ionic interaction might be another factor for serum adhesion. It has been
found that strong negative charge would attract more proteins compared to those neutral
and positively charged ones.®? Thus, MSN coated with PEG chains possessed decreased
absolute value of zeta potential as shown in Table 3.5 would help the naoparticles
evading from serum absorption and size increase. Also, the proteins dispersed in the
culture media would also provide the steric hindrance for nanoparticle aggregation.

On the other hand, SH-RITC@MSN without repulsive hindrance from PEG
and bearing the highly negative zeta potential are believed contributing to the increased
protein adhesion. However, the protein adhesion here might help stabilize the

nanoparticles due to the protein block effect which avoided the interferences from the
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ionic species in the media and offered steric hindrance against agglomeration.
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Figure 3.6 Hydrodynamic size changes in DMEM plus 10% FBS for various incubation

periods. Control is SH-RITC@MSN whereas A to | corresponds to PEGylated MSNs in

Table 3.4.
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Macrophage Uptake Assay of SH-RITC@MSN-PEG

In order to study the uptake of the PEGylated MSN materials by the innate

immune system, we incubated SH-RITC@MSN and SH-RITC@MSN-PEGg c gy With

RAW 264.7 which is one kind of macrophage cell lines. The PEGylated MSNs used

here are B, C, E, and H (responding to Table 3.5) since the PEGylation conditions of C

contributed to the most stable and prolonged particle stability; besides, B could also

sustained the particle stability from the culture media for 12 hours, and E and H were

prepared for the systematic comparison with B. We planned to find out the optimized

condition which could both significantly reduce the uptake by macrophage cells and

evade from the particle aggregation.

Cell Uptake Assay under DMEM: RAW 264.7 cells were isolated, expanded

and then incubated with 40 pg / mL of MSN without PEG coating (SH-RITC@MSN)

and nanoparticles coated with PEG chains (SH-RITC@MSN-PEGg c g ) in serum-free

low glucose Dulbeco’s modified Eagle’s medium (DMEM) for 4 hours. In the flow

cytometry data (Figure 3.7), typical histograms of fluorescence intensity of RAW 264.7

that were incubated with different MSN nanoparticles were displayed. And the data

showed 1) MSN without PEG conjugation (Figure 3.7 (B)) gave the highest uptake,

followed by PEGg g y=20k-cOated nanoparticles (Figure 3.7 (D)-(F)), of which the uptake

is about 60% -70% of that from the non-PEGylated MSN; 2) the uptake of PEGc=30«
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coated MSNs (Figure 3.7 (C)) is negligible compared with the background (Figure 3.7
(A)); 3) interestingly, the uptake efficiency of three PEGg g n=20k-COated nanoparticles
didn’t show much difference and apparent trend among each other. The analyses on the
percentage of nanoparticles-labeled cells as illustrated in Figure 3.8 also supported the
previous observation.

It was reported the cell adhesion and phagocytosis are dependent on the
surface free energy which is positively related to the surface, indicating the
phagocytosis increases as the negative zeta potential increases.”® Hence the high
phagocytosis percentage of non-PEGylated MSN could mainly due to its high negative
value of zeta potential as depicted in Table 3.6. And the phagocytosis of PEGylated
MSNs was hindered because of the shielding of negative charges by PEG chains. Their
phagocytosis percentage decreased greatly as the molecular weight of PEG chain
increased from 20k Dalton to 30k Dalton. Besides, the similar uptake results of three
PEGg g H=20k-coated MSN nanoparticles could also probably be resulted from their
similar negative value of zeta potential as shown in Table 3.6.

The enhanced hydrophilicity of PEG chains would be another important
factor contributed to the reduction of macrophage cell uptake. Since PEG chains of
larger molecular weights are more hydrophilic, PEG¢=3-coated MSN showed about

only 2% - 3% of uptake of that from PEGg g 4=20k-COated nanoparticles.
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Figure 3.7 Cellular uptake of SH-RITC@MSN and SH-RITC@MSN-PEGgcen Iin

RAW 264.7 in DMEM using flow cytometry. (A) RAW 264.7 without treatment.
RAW264.7 treated with (B) SH-RITC@MSN, (C) SH-RITC@MSN-PEGc, (D)

SH-RITC@MSN-PEGg, (E) SH-RITC@MSN-PEGE and (H) SH-RITC@MSN-PEG,
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Figure 3.8 Flow cytometry determination of SH-RITC@MSN and SH-RITC@
MSN-PEGg cen uptake RAW 264.7 under DMEM, analyzed by the percentage of
nanoparticle labeled cells. Cell only is RAW 264.7 without treatment. Cells treated with

SH-RITC@MSN are control. C to H is treated with SH-RITC@MSN-PEGc g g 1.
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Table 3.6 The zeta potentials of MSNs (SH-RITC@MSN) and PEGylated MSNs

(SH-RITC@MSN-PEG) by PEG=xk;y:z chains of different molecular weights (x=20

and 30) with various mole ratios of thiol groups to PEG (y:z) in water.

Sample Zeta Potential (mV)
Control (SH-RITC@MSN) -27.4
SH-RITC@MSN-PEGc=30k:1:1 -5.08
SH-RITC@MSN-PEGg=20k:1:1 -13.4
SH-RITC@MSN-PEGg=70k:2:1 -18.1
SH-RITC@MSN-PEGH=20k-4:1 -16

Cell Uptake Assay under DMEM-FBS: We also incubated RAW 264.7 cells

with 40 pg / mL of MSN without PEG coating (SH-RITC@MSN) and nanoparticles

coated with PEG chains (SH-RITC@MSN-PEGgcen) in low glucose Dulbeco’s

modified Eagle’s medium supplemented with 10% FBS (DMEM-FBS) for 4 hours.

Typical histograms of fluorescence intensity of RAW 264.7 that were incubated with

different MSN nanoparticles analyzed by flow cytometry (Figure 3.9) were displayed.

Also, the quantitative analyses of cells expressing red fluorescence by converting the

cell populations in flow cytometry data to percentage were shown in Figure 3.10. RAW

264.7 cells incubated with nanoparticle in DMEM-FBS showed significantly reduced

cellular uptake no matter MSNs were PEGlyated or not as compared to the uptake

behaviors with nanoparticles treatment in serum free DMEM as presented in Figures 3.7

and 3.8. This was because proteins of FBS in the media blocked the nanoparticles from
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contacting with the macrophage cells and thus reduced the uptake possibilities.
However, MSN without PEG coating (SH-RITC@MSN) still possessed much
higher uptake efficiency compared to the PEGylated MSNs as presented in Figure 3.9
and 3.10. It may be resulted from the nonspecific adsorption of serum proteins onto the
MSN surface; these adhered proteins induced the MSN to enter into cells via the
receptor-mediated endocytosis ® resulting in the higher cellular uptake. The relatively
higher uptake efficiency of SH-RITC@MSN-PEGy=p0k.4:1 Was also likely caused by
their less covered particle surfaces and resulted in higher protein adsorption. The overall
results indicated that PEG modified MSN, SH-RITC@MSN-PEG, showed much less
uptake by macrophage cells, meaning that these nanoparticles can escape from the

reticular-endothelial system (RES) and have longer blood circulation time.
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Figure 3.9 Cellular uptake of SH-RITC@MSN and SH-RITC@MSN-PEGgcgn In
RAW 264.7 in DMEM-FBS using flow cytometry. (A) RAW 264.7 without treatment.
RAW?264.7 treated with (B) SH-RITC@MSN, (C) SH-RITC@MSN-PEG;, (D)

SH-RITC@MSN-PEGg, (E) SH-RITC@MSN-PEGE and (H) SH-RITC@MSN-PEG,.
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Figure 3.10 Flow cytometry determination uptake of SH-RITC@MSN and SH-RITC@

MSN-PEGgcen by RAW 264.7 in DMEM-FBS, analyzed by the percentage of

nanoparticle labeled cells. Cell only is RAW 264.7 without treatment. Cells treated with

SH-RITC@ MSN is denoted as control. And C to H is SH-RITC@MSN-PEGc g g H

treated.
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3.4 Conclusion

To sum up, MSNs with particle size of 50 nm were PEGylated by covalently
conjugating mMPEGy.y..-maleimide with differently molecular weights (x = 10, 20, 30)
and mole ratio of thiol groups to PEG (1:1, 2:1, 4:1) on the outer surfaces of MSNSs.
Both molecular weight and conjugation ratio significantly affected the hydrodynamic
size stability in culture media and the phagocytosis of RAW 264.7 macrophage cells.
The most optimal molecular weight was PEG=3«-MSN and the highest surface chain
density achieved was 1:1 by mole ratio of thiol groups to PEG, with that configuration,
particles showed excellent stability without obvious size increase during an incubation
period of 2 weeks. Besides, it also showed much reduced non-specific uptake by RAW
264.7 macrophage cells, far lower than that of MSNs without PEGylation. More
importantly, the size stability under physiology environments which helped PEGylated
MSNs avoiding agglomeration and much less macrophage uptake suggest their high
chance to escape from reticular-endothelial system (RES). Besides, the free silanol
groups on the particle surface allow other chemical functionalization and unoccupied
pores remained for further cargo loadings make these PEGylated MSNs ideal candidates
for the enhancement of target-specific efficiency in drug delivery and other biomedical

applications.
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