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In the evolution of life on earth, complex biological molecules, viruses, and
microorganisms have first emerged. The fascinating complexity of these biological
structures at the nanoscale, with topologies varying from spheres to icosahedral
objects to rings and with different surface chemistries, have always been an inspiration
to scientists from a number of disciplines. Although the role of such topologies and
respective surface chemistries on modulating biological response is still an open
question, there have been numerous efforts in both synthesizing such nanoscale
structures and their applications in medicine, particularly cancer diagnostics and
therapeutics. In this dissertation, ultrasmall fluorescent silica nanoparticles with
diameters around 10 nm and spherical, dodecahedral, and torus-type topologies are
investigated. First, orthogonal pathways for surface functionalization of inside and
outside surfaces of torus-shaped ultrasmall silica nanoparticles are explored using
high-performance liquid chromatography (HPLC). Second, the formation mechanisms
of ultrasmall spherical silica nanoparticles are investigated in order to minimize
surface chemical heterogeneities as detected by HPLC that result from incomplete
covalent encapsulation of fluorescent dye molecules. Finally, in-vivo studies in mice
elucidate the effects of nanoparticle topology on pharmacokinetics and biodistribution.

Results suggest synthetic pathways to next generation nanomaterials for advanced
applications in bioimaging and nanomedicine.
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CHAPTER 1
INTRODUCTION

Cancer is an important health problem, and one of the leading causes of death
all around the world.1 There are many efforts to provide diagnosis and therapy
solutions for cancer treatment on all fronts. Following the clinical approval of
liposomes in 1995, nanomedicines have become an attractive field in cancer research.2
Molecular or near molecular probes in particular, with different chemistries and
functionalities are used in cancer diagnosis and therapy. Owing to their small size,
such probes clear out via urinary excretion, with minimum accumulation in healthy
tissues.3 While generally regarded as a benefit, rapid renal excretion leads to short
blood circulation half-life, limiting their ability to effectively target tumor tissues.4 To
overcome these shortcomings, inorganic nanoparticles like quantum dots, with
enhanced optical properties for imaging, are also explored as nanoprobes.5 However,
these inorganic nanoparticles may end up in organs of the reticuloendothelial system
(RES) like liver and spleen. Hence, surface modification with poly(ethylene glycol)
(PEG) chains, a process called PEGylation, is applied for nanoparticle surface coating
to reduce non-specific RES uptake by decreasing the adsorption of blood serum
proteins onto nanoparticle surfaces and increasing colloidal stability.6 Without the use
of specific targeting moieties, nanoparticles can target tumor sites by an effect referred
to as enhanced permeability and retention (EPR), which is the passive accumulation of
nanoparticles at tumor sites at high concentrations due to the leaky vasculature of the
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tumor environment.4

The pharmacokinetics (PK) performance of quantum dots

strongly depends on nanoparticle size. The cut-off for renal clearance was estimated to
be somewhere between 3 and 7 nm hydrodynamic diameter.7,8 This also introduces the
challenge to synthesize small enough nanoparticles, and such ultrasmall nanoparticles
may then clear out too fast via the renal clearance pathway, resulting in low tumor
targeting efficiency.
Although, quantum dots show a stronger EPR effect than molecular probes,4
depending on composition they are highly toxic, which limits their clinical use.9
Single wall carbon nanotubes (SWNT) with PEG surface coating are also used for in
vivo tumor targeting experiments and show relatively high targeting efficiency.
However, RES uptake of these nanomaterials are far from being clinically relevant.10
Therefore, there is a need for a nanoparticle platform combining the advantages of
molecular probes and quantum dots, while still avoiding their limitations and
disadvantages as much as possible to be relevant for clinical translation. These
nanoparticles should have narrow size distributions and high surface chemical
homogeneity, so that their PK performance and targeting efficiency would not change
from batch to batch. The nanoparticle platform should allow for multimodality,
combining e.g. fluorescence for imaging, radiolabeling for positron emission
tomography (PET), surface ligands for tumor targeting, and viable surface chemistry
for drug loading.4,11 Such nanoparticles should also have a strong EPR effect with long
blood-circulation half-life, high physiological stability, efficient renal clearance, and
minimum accumulation in healthy tissues, in particular low RES uptake, to limit offtarget toxicity, which would limit their use in clinic applications.

2

There could be many different approaches applied here, and one of them is to
look into nature for inspiration. Life on earth has emerged from complex biological
structures that have fascinating symmetries and specific surface chemistries.12 It is still
an ongoing question how such specific properties modulate biological response.
Learning from the evolution of life forms on earth for over four billion years, with
countless permutations and possibilities,13 we can try to mimic nature for the
discovery of new nanomedicines, especially for cancer diagnostics and therapeutics.14
Silica nanoparticles have been one of the main building blocks for some of the oldest
organisms on earth like diatoms and radiolaria, with fascinating morphologies.15 It has
further been shown that when using silica nanoparticles synthesized in water with ~10
nm hydrodynamic diameter, they do not induce toxicity and show low RES uptake,
which is favorable for applications in nanomedicine.16,17 Silica chemistry has also
been proven a good platform for synthesizing mesoporous nanomaterials with
different morphologies.18-21 Furthermore, using silica chemistry in water, it is possible
to synthesize ~10 nm fluorescent silica nanoparticles with different topologies.22-26 It
has been shown that final topology and surface chemistry of these nanoparticles are
controlled by subtle differences in the synthesis conditions, like concentration of
reactants, stirring rate, pH, or the net charge of molecules added to the synthesis.27-28
Therefore, fundamental understanding of the formation mechanisms and what governs
the surface chemical homogeneity of such silica nanoparticles is vital for generating
the next generation cancer nanomedicines.

3

In this dissertation, first it is investigated how ring-type nanoparticles with
torus shape can be orthogonally surface functionalized on their inside and outside
surfaces. Torus nanoparticles are formed through the self-assembly of negatively
charged primary silica clusters that are ~2 nm in size and that initially form through
hydrolysis and condensation of silica precursors. Through electrostatic attractive
interactions, these clusters arrange around positively charged surfactant micelles.26
Micelle templates that direct the synthesis of these nanoparticle topologies can
subsequently be removed, leaving only the silica skeleton behind that now can also be
surface functionalized in regions of the rings that were formerly protected by the
micelles. This opens up possibilities to orthogonally functionalize the inside and
outside of the silica ring surface, depending on whether the micelle template has been
removed or not. Employing polyethylene glycol (PEG) carrying silane moieties for the
outer surface, and hydrophobic moieties for the inside, provides access to model
systems for drug delivery. The first part of the dissertation demonstrates how highperformance liquid chromatography (HPLC) can be used to characterize such
nanomaterials by providing high enough resolution to distinguish between such
moieties on the ring inside or outside.28

In the absence of micelle templates, the sol-gel synthesis of silica in water as
solvent medium and added fluorescent dye-silane conjugates leads to the formation of
ultrasmall fluorescent core-shell silica nanoparticles with spherical shape, referred to
as Cornell dots or C dots.23 The net charge of the primary silica clusters first formed in
solution depends on solution pH, which governs their electrostatic stability. In the sol-
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gel synthesis, primary silica clusters aggregate and grow together until they reach a
size, where the resulting nanoparticle is electrostatically stable at that specific solution
pH.29-31 In this dissertation, key synthesis conditions are next elucidated that enable
full encapsulation of positively charged fluorescent dye molecules leading to spherical
nanoparticle topologies of C dots with minimal surface chemical heterogeneities.28 To
that end, it is demonstrated that HPLC can distinguish between particles that are fully
PEGylated, and particles that have hydrophobic “patches” on their surface that
originate from dye molecules sitting on the silica core surface and preventing
homogeneous surface coverage by the PEG layer.28 Finally, in this section of the
dissertation it is investigated, whether such surface patchiness modulates biological
response by using a particle induced cell death mechanism recently discovered for C
dots.32

In the final part of the dissertation, ultrasmall silica nanoparticles with ~10 nm
hydrodynamic diameter and spherical, dodecahedral, and torus shapes are synthesized
and their pharmacokinetics (PK) and biodistribution studied in vivo using mice models
in order to elucidate the effects of particle topology on biological response. Whereas
for the spherical and ring type structures protocols are used that are similar to what is
described in the first sections of this dissertation, the synthesis of dodecahedral silica
cages is based on a surfactant micelle directed mechanism recently discovered.25,26 To
the best of this authors knowledge, this is the first time that the effects of topology of
such ultrasmall inorganic nanoparticles on biological response are investigated.
Results are highlighting how structural characteristics of such ultrasmall vehicles can

5

alter properties like renal clearance and blood circulation half-times, parameters that
are key for the design of advanced nanomedicines for the next generation of diagnostic
and therapeutic applications.
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CHAPTER 2
INNER AND OUTER SURFACE FUNCTIONALIZATIONS OF ULTRASMALL
AND FLUORESCENT SILICA NANORINGS AS SHOWN BY HIGHPERFORMANCE LIQUID CHROMATOGRAPHY

Abstract1

In the past two decades, ultrasmall fluorescent nanomaterials have garnered
significant interest in the fields of bioimaging and nanomedicine. More recently,
attention has shifted from purely spherical nanoparticles to objects with a variety of
different shapes, such as high aspect ratio, hollow, and star shaped nanomaterials. We
have recently reported the synthesis and characterization of ultrasmall silica
nanoparticles with complex shapes, including silica nanocages, silica nanorings, and
single-pore silica nanoparticles. Here we focus on fluorescent silica nanorings that are
of particular interest for theranostic applications in nanomedicine. We present in-depth
studies of the synthesis and orthogonal surface functionalization successfully
distinguishing the inside and outside of the silica nanorings, utilizing a combination of
spectroscopic

1

and

analytical

techniques

including

fluorescence

correlation
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spectroscopy (FCS) and reversed phase high performance liquid chromatography
(HPLC). Results suggest that despite the small silica ring size around 10 nm and
below it is possible to effectively “hide” hydrophobic moieties on the inside of the
rings, but that their number must be carefully engineered. We expect the chemistry
and methods developed here to be of interest to a range of differently shaped porous
nanoparticles within the ultrasmall size regime.

Introduction

In the past two decades, the field of ultrasmall nanoparticles (NPs) with sizes
below 10 nm and potential applications ranging from catalysis to nanomedicine has
garnered significant interest.1-3 While early efforts focused on dense spherical NPs, the
field has since expanded to NPs with a variety of forms and shapes including high
aspect ratio materials (i.e., rods and worms), star shaped NPs, as well as nanocages.4-6
These classes of NPs are distinguished from their spherical counterparts by often
having multiple types of distinct surfaces, which can potentially be functionalized with
different chemistries.7-9 Mesoporous silica based NPs have played a crucial role in this
context as the typical surfactant based template synthesis approach enables straightforward functionalization of inside and outside surfaces with orthogonal chemistries.10,
11

The resulting silica nanomaterials have many advantages, including robust synthetic

protocols and high potential drug payloads.10,12 They do not, however, typically
activate the renal pathway for rapid whole particle excretion in mammalian organisms,
which requires particle diameters below the cut-off for renal clearance, i.e. below ~10

11

nm, thereby lowering the potential for adverse side effects.13,14 To overcome this
challenge, in addition to spherical silica NPs (SNPs) our group has recently reported
the synthesis and characterization of ultrasmall SNPs with a number of different
morphologies including single-pore mesoporous SNPs, silica nanorings, and silica
nanocages.3,9,15,16 These types of NPs are of particular interest as they provide a
pathway for clinical translation as a result of proven favorable biodistribution and
pharmacokinetics profiles of ultrasmall SNPs,3,17,18 while simultaneously offering
distinguishable “inside” and “outside” surfaces for orthogonal functionalization
critical

for

surface

directed

multi-functionalization

of

NPs.10,19

Spherical

multifunctional fluorescent oxide NPs have previously been reported with only one
(“outside”) surface type available for ligand conjugation,20,21 but having two distinct
surfaces in combination with ultrasmall particle sizes offers unique advantages, e.g. in
therapeutic applications in nanomedicine as well as other applications such as the selfassembly of NPs.9, 22, 23

In order to take advantage of distinct surfaces such as those present in
ultrasmall torus shaped mesoporous NPs or nanorings, the surface chemistry must be
carefully characterized. Surface chemistry assessments of NPs remain challenging,
however, as results of standard characterization techniques such as zeta potential
measurements or dynamic light scattering are often limited to ensemble
measurements, which do not offer a comprehensive description of the heterogeneity of
surface chemical NP properties within a single sample batch.24-26 In contrast to larger
sized mesoporous SNPs where inside and outside surfaces are well defined, these
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difficulties are exacerbated for ultrasmall NPs like silica nanorings as the distinction
between inside and outside may not be straight-forward as a result of the geometry of
the object (see Figure 2.1). We recently reported a method to analyze the surface
chemistry of spherical ultrasmall fluorescent SNPs using high performance liquid
chromatography (HPLC).27 HPLC is a ubiquitous and well established technique for
the characterization of small molecules, synthetic macromolecules, and proteins,28-30
but before our study had not been applied for the characterization of solid inorganic
core-organic ligand based core-shell NPs. Since ultrasmall NPs have sizes comparable
to medium sized macromolecules/proteins, we demonstrated that HPLC in
combination with gel permeation chromatography (GPC) is indeed a very powerful
tool to quantitatively assess heterogeneities in surface chemical properties of spherical
particles (via HPLC) and their correlations to size (via GPC).27 In the present study,
we apply a combination of GPC and HPLC to the characterization of fluorescent silica
nanorings, mesoporous torus shaped nanomaterials with a single pore, as a test bed for
attempting to differentiate between inside and outside surfaces of the rings. For
convenience we will refer to these nanomaterials as Cornell rings or simply C rings.
We successfully demonstrate that HPLC is a rapid and reliable screening tool capable
of differentiating the locations of ligands conjugated to either of the two surfaces of
these torus shaped objects. Furthermore, we observe a transition regime in which as a
function of synthesis conditions the ring’s inner pore becomes too crowded resulting
in the ligands being pushed more and more out of the inner pore of the rings. For a
given dye-ligand model, using HPLC in combination with other characterization
techniques including fluorescence correlation spectroscopy (FCS), we are able to
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define an upper limit of effective ligand loading to the inner surface of the nanorings.
We expect that our synthesis and characterization method development, enabling first
the orthogonal preparation of such ligand functionalized silica nanorings and
subsequently the quantitative characterization of the distribution of ligands between
inside and outside surfaces of such ultrasmall torus shaped SNPs, will be of interest to
other NP systems. Furthermore, the specific silica nanorings described herein
constitute interesting vehicles for theranostic, i.e. combined therapeutic and
diagnostic, applications in nanomedicine in general, and oncology in particular.

Materials

All materials were used as received. 7-diethylaminocoumarin-3-carboxylic
acid, succinimidyl ester (DEAC), and tetramethylrhodamine-6 C2 maleimide (TMR)
were purchased from Anaspec. Cyanine5 maleimide (Cy5) with net positive charge
was purchased from Lumiprobe. Sulfo-Cyanine5 maleimide (sulfo-Cy5) with net
negative charge was purchased from Click Chemistry Tools. Hexadecyltrimethyl
ammonium bromide (CTAB, ≥99%), tetramethyl orthosilicate (TMOS, ≥99%), 2.0 M
ammonium hydroxide in ethanol, and anhydrous dimethyl sulfoxide (DMSO, ≥99%)
were purchased from Sigma Aldrich. (3-aminopropyl) trimethoxysilane (APTES), 2[methoxy (polyethyleneoxy) 6-9propyl] trimethoxysilane (PEG-Silane, 6-9 ethylene
glycol units), (3-mercaptopropyl) trimethoxysilane (MPTMS, 95%), and methoxy
triethyleneoxy propyl trimethoxysilane (PEG-silane, 3 ethylene glycol units) were
obtained from Gelest. Mesitylene (TMB, 99% extra pure) was purchased from Acros
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Organics. Absolute anhydrous ethanol (200 proof) was purchased from Koptec.
Glacial acetic acid was purchased from Macron Fine Chemicals. 5.0 M sodium
chloride irrigation USP solution was purchased from Santa Cruz Biotechnology.
Syringe filters (0.2 µm, PTFE membrane) were purchased from VWR International.
Vivaspin sample concentrators (MWCO 30K) and Superdex 200 prep grade were
obtained from GE Health Care. Snakeskin dialysis membrane (MWCO 10K) was
purchased from Life Technologies. Deionized (DI) water was generated using
Millipore Milli-Q system (18.2 MΩ.cm). Glass bottom microwell dishes for FCS were
obtained from MatTek Corporation. Carbon film coated copper grids for TEM was
purchased from Electron Microscopy Sciences. UHPLC grade acetonitrile was
purchased from BDH. Xbridge Protein BEH C4 Column (300 Å, 3.5 µm, 4.6 mm X
150 mm, 10K-500K) and BioSuite. High Resolution SEC Column (250 Å, 5 µm, 7.8
mm X 300 mm, 10K – 500K) were purchased from Waters Technologies Corporation.
Trifluoroacetic acid was purchased from Neta Scientific.

Conjugation of Fluorescent Dyes DEAC, TMR, and Cy5

For a 10 mL batch reaction, 0.2 µmol succinimidyl ester derivative of DEAC
dye was conjugated with 5 µmol APTES (1:25 ratio) in 100 µL DMSO for the
synthesis of C rings that have DEAC dye covalently encapsulated in the silica matrix.
For inner or outer surface dye functionalization of a 10 mL reaction batch, 0.4 µmol of
maleimido derivative of TMR dye was conjugated with 10 µmol of MPTMS (1:25
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ratio), and 0.18 µmol of Cy5 was conjugated with 4.2 µmol MPTMS (1:23 ratio) in
100 µL DMSO. All of the dye conjugations were made one-day prior to their use in
the synthesis by mixing the components by pipette and leaving the solution overnight
in the glovebox.

Synthesis of PEGylated Fluorescent C Rings

Fluorescent C rings were synthesized in aqueous solution using surfactantmicelles templating the silica condensation. For a 10 mL batch reaction, 83 mg of
CTAB was dissolved in 9 mL deionized water, and 1 mL of ammonium hydroxide
solution (0.02 M) was added to the reaction in a 25 mL round-bottom flask. The
solution was stirred at 600 r.p.m. at 30°C for 30 minutes before the addition of 100 µL
TMB to expand the micelles, which was followed by stirring for 1 hour. Afterwards,
68 µL TMOS and 100 µL DEAC dye-conjugate was added into the solution in
subsequent steps, and the reaction was left stirring overnight at 30°C. The following
day, 100 µL PEG-silane (6-9 ethylene glycol units) was added into the 10 mL reaction
under stirring at 600 r.p.m., and the solution was left stirring overnight at 30°C. The
concentrations of TMOS, CTAB, TMB, and PEG-silane were approximately 45.6
mM, 22.7 mM, 71.9 mM, and 21.5 mM, respectively. The next day after PEG-silane
addition, the sample solution was heated at 80°C overnight without stirring in order to
enhance covalent PEG-silane condensation.31
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Purification of C Rings

The day after 80°C heating, the solution was cooled down to room
temperature, syringe-filtered (MWCO 0.2 µm, PTFE), and transferred into a dialysis
membrane (MWCO 10K). Then the sample was dialyzed in 200 mL of
ethanol/deionized water/glacial acetic acid solution (500:500:7 volume ratio), and the
acid solution was changed once a day for three days to remove/etch CTAB from the
pores of the C rings (micelle removal), and to remove unreacted reagents from the
sample. Following the acid dialysis, the sample was transferred into 5 L deionized
water, and the water was refreshed once a day for three days to remove ethanol and
acetic acid solvents.

Synthesis of Inner Surface-Pegylated Fluorescent C Rings

Following all of the purification and CTAB micelle removal steps to have the
C ring pores accessible for inner surface functionalization, 400 µL of PEG-silane (3ethylene glycol units) was added into 10 mL of the C ring native synthesis solution
(estimated concentration 6 µM) in a 25 mL round-bottom flask under stirring at 600
r.p.m. at room temperature. The solution was left stirring overnight. The concentration
of PEG-silane (3-ethylene glycol units) was roughly 142 mM.

Synthesis of Inner Surface-Dye-Functionalized Fluorescent C Rings
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Following all of the purification steps and CTAB micelle removal steps to
have the C ring pores accessible for inner surface functionalization, 100 µL of TMRsilane conjugate in DMSO was added into 10 mL of native C ring synthesis solution in
a 25 mL round-bottom flask under stirring at 600 r.p.m., and room temperature
overnight. The concentration of TMR dye was roughly 40 µM. For the dye-loading
series experiments, TMR concentrations were varied between 10 µM to 120 µM (see
main text).

Synthesis of Outer Surface-Dye-Functionalized Fluorescent C Rings

Following the same procedure for the first day of the fluorescent C ring
synthesis described above, 100 µL of the TMR-silane conjugate DMSO solution
described in the previous section was added into 10 mL of native C ring synthesis
solution (with C rings still containing the CTAB micelles), just before the addition of
PEG-silane (6-9 ethylene glycol units) to the outer surface of the rings in a 25 mL
round-bottom flask under stirring at 600 r.p.m. at room temperature.

Synthesis of Inner/Outer Surface-Dye-Functionalized Blank C Rings

For the synthesis of inner/outer surface-dye-functionalized blank C rings, the
addition of conjugated DEAC dye was skipped after the addition of TMOS on the first
day of synthesis, so that the blank nanorings were formed without the encapsulation of
fluorescent DEAC dyes in the silica matrix. Replacing the TMR dye-conjugate with
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Cy5 dye-conjugate for functionalization, inner/outer surface-dye-functionalization
procedures described above were followed. The concentration of Cy5 dye for both
inner and outer-surface-functionalization was 18 µM.

Gel Permeation Chromatography (GPC)

Following the dialysis step, the solutions were concentrated using spin filters
(Vivaspin 20 MWCO 30K) in centrifugation (Eppendorf 5810R) at 4300 r.p.m. for 45
min. 400 µL of the up-concentrated sample were injected into GPC column packed
with Superdex 200 prep grade resin using 0.9 wt. % sodium chloride saline as buffer
solution. Bio-Rad BioLogic LP system was used to operate the GPC column at 2
mL/min flow rate, and Bio-Rad BioFrac was used to collect the GPC fractions of the
samples at 14 sec/fraction times absorbing at 275 nm. C rings were separated from the
aggregation products and un-reacted reagents via GPC fractionation, and collected
samples were run in GPC again to check sample purity via the single-peak particle
distribution. These are the GPC control runs reported in the main text to demonstrate
sample purity.

High Performance Liquid Chromatography (HPLC)

All HPLC runs were carried out on a Waters Alliance 2965 separations module
equipped with a column heater, and a Waters 2996 photodiode array detector. The
hardware was controlled by a computer running Empower 3 Feature Release 3.
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Deionized water was generated from a Millipore IQ7000 water system (18.2 MΩ
resistivity) and acetonitrile was obtained from BDH (UHPLC grade). The columns
used were 150 mm Waters Xbridge BEH C4 Protein separation columns with 300 Å
pore size and 3.5 µm particle size and 50 mm Waters Xbridge BEH C18 Protein
separation columns with a 300 Å pore size and 3.5 µm particle size. All injections
were 10 µL of 15 µM nanorings. Concentrations for injected samples were determined
by FCS. For additional information please see Supporting Information.

Transmission Electron Microscopy (TEM)

TEM samples were prepared by dropping ~8 µL of the sample solution diluted
in ethanol onto a carbon film coated copper TEM grid, and letting the sample air-dry
on the grid on a filter paper. Dry-state TEM images were taken using FEI Tecnai T12
Spirit microscope operated at 120 kV. Cryogenic electron microscopy (cryo-EM) was
performed on a ring sample as described in the literature.9

Fluorescence Correlation Spectroscopy (FCS) Of Fluorescent C Rings

Fluorescence correlation spectroscopy (FCS) measurements were performed
on C rings encapsulating DEAC dye, using a home-built FCS setup with HeNe 445
nm excitation source. FCS samples were prepared by diluting samples in water on a
glass-bottom microwell dish. Photons were collected by an avalanche photodiode
detector (SPCM 14, Perkin-Elmer. The photocurrent from the detector was digitally
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auto-correlated with a correlator card (Correlator.com). Before each set of
measurements, the focal/observation volume was calibrated with 6CR110 as standard
dye such that the ratio of the radial to the axial radii of the focal volume is between 0.1
and 0.2. FCS auto-correlation curves were analyzed to obtain the hydrodynamic size,
brightness per particle, and the concentration of the samples as described in previous
publications.32, 33 For additional information please see Supporting Information.

Steady State Absorption Spectroscopy

Varian Cary 5000 spectrophotometer was used to measure the absorption
spectra of the samples in parallel to FCS measurements to calculate the number of
dyes per particle as described in equation 3 below. To acquire the absorption spectra,
first a baseline subtraction against 3 mL of fresh deionized water in a quartz cuvette
was performed. After the blank was measured the sample was added directly to the
cuvette and an absorption spectrum was acquired. The absorbance maxima of each
sample were kept within the linear region of the Beer-Lambert Law for concentration
determinations and further calculations as detailed in the Supporting Information.

Results and Discussion

Orthogonal Pathways to Inner and Outer C Ring Surface Functionalization

In recent reports we have provided the full description of the synthesis
approach to, and possible formation mechanism supported by in-depth structural
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characterization of, surfactant micelle mediated formation of ultrasmall fluorescent
silica nanorings (C rings).9,34 Figure 2.1 shows representative cryo- and transmission
electron microscopy (cryo-EM/TEM) images of planar and edge-on views of a silica
nanoring formed around a TMB swollen CTAB micelle, originally used to
unambiguously establish the ring geometry.9 Since the inner surface of C rings in the
surfactant mediated synthesis is originally shielded/covered by the surfactant micelle
as illustrated in Figure 2.1, this micelle-directed formation mechanism should enable
orthogonal functionalization of inner and outer C ring surfaces. As discussed in great
detail in our original paper first disclosing this ultrasmall ring structure,9 this effect is
enhanced by partial wrapping of the TMB swollen micelle around the ring, driven by
electrostatic attraction between the positively charged micelle surface (from
quaternary ammonia surfactant head groups) and the negatively charged silica surface
(from deprotonated Si-OH groups). After C ring synthesis as described in the Methods
section, the inner surface is still covered by the micelle, while the outer bare silica
surface is available for coating with a poly(ethylene glycol) layer (PEGylation step)
and/or functionalization with other moieties as described in detail in earlier studies on
conventional spherically shaped fluorescent core-shell SNPs with sizes below 10 nm
referred to as Cornell dots or simply C dots.31,35 Once the outer silica surface is
covered with these moieties, removal/etching of the surfactant micelles via e.g.
dialysis in acidic solutions (see Methods section) exposes bare inner silica surface,
which can subsequently be functionalized in an orthogonal fashion with other moieties
of interest. Possible steps of such orthogonal functionalization schemes are
schematically depicted in Figure 2.1, while the molecular structures of all chemical
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compounds used in the reactions described in this study are shown in Figure 2.2. In
order to render the original C rings fluorescent for simple optical detection we chose
to work with the succinimidyl ester of 7-diethlamino-coumarin-3-carboxylic acid
(DEAC-dye), which has an absorption maximum around 440 nm, i.e. in the blue. This
dye molecule can conveniently be reacted with APTES to provide a dye-silane
conjugate (Figure 2.2d), which as a result of its neutral charge state and small size
(MW ~350 g/mole) in turn should get covalently encapsulated reasonably well into the
matrix of the silica rings.27 DEAC-dye containing rings are therefore rendered in blue
in all figure schematics of this study.

In a first set of experiments to examine orthogonal functionalization pathways,
the inner surface of silica nanorings, outer-surface functionalized with a PEG-silane
with 6-9 EO units, was either left naked or PEGylated using a 3 EO-chain length PEGsilane (Figure 2.2b). The same ring synthesis batch was used for the preparation of
these two samples in order to minimize the effects of batch to batch synthesis
variations. To that end, a mother batch was synthesized by taking the as-prepared C
rings and PEGylating their outer silica surface. An aliquot of this batch was simply
submitted to surfactant micelle removal/etching providing C rings with a bare inner
surface, while a second aliquot underwent inner surface PEGylation after micelle
etching. After final purification steps (see Methods section), in order to establish a
baseline study, these two C ring samples underwent in-depth characterization via a
combination of techniques (Figure 2.3) including FCS, GPC, absorption spectroscopy,
HPLC, and TEM. FCS results (Figure 2.3a) suggested identical hydrodynamic sizes of
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9.1 nm for both samples, corroborated by single-peak distributions and equal elution
times in GPC (Figure 2.3b). A slightly higher absorption in the UV region of
absorption spectra normalized to the 440 nm DEAC dye absorption maximum (Figure
2.3c) and characteristic for the presence of PEG,21 was consistent with successful
inner surface PEGylation of the C rings (but may also indicate insertion of additional
smaller PEG moieties between existing PEG chains on the outer surface). Results of
HPLC runs showed that both C rings elute at the same time and with similar peak
shapes (Figure 2.3d), suggesting that in this particular case of simple PEG coating of
the inner surface versus bare silica, HPLC is not very sensitive to the details of the
inner surface chemical properties. The shape and fine structure of the HPLC
chromatograms with multiple peaks on a curve that first rises sharply and then tapers
off at longer times are very similar to those observed for conventional PEGylated
fluorescent C dots suggesting incomplete encapsulation of one or more DEAC dyes
leading to hydrophobic patches that prolong the corresponding elution times relative to
a fully PEGylated surface.27 Since the focus of the present study was a comparison of
C rings with different inner and outer surface functionalities, we did not try to resolve
these dye encapsulation details any further but rather used HPLC as a qualitative tool
to compare different functionalized C rings. Finally, as expected TEM images of the
two C ring batches showed no discernible differences in particle morphology
(compare Figure 2.3e and 2.3f).
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Inner and Outer C Ring Surface Functionalization with TMR Dye as Revealed by
HPLC

Next, we functionalized either the inner or the outer surface of aliquots of the
mother batch with zwitter-ionic (i.e. zero net charge) tetramethyl-rhodamine (TMR)
dye, which has an absorption maximum around 550 nm, well separated from that of
the DEAC dye around 440 nm encapsulated into the silica ring matrix (vide supra). To
that end, TMR-silane was first generated from reaction of the maleimido derivative of
TMR with mercaptopropyl-trimethoxysilane (MPTMS, Figure 2.2e). This dye
derivative was then added to an aliquot of the mother batch either shortly before
addition of the PEG layer on the outer surface in the presence of the CTAB micelles
covering the inner surface or after this PEGylation step and micelle removal thereby
functionalizing the inner ring surface with TMR dye (see Method section). In both
cases, TMR-silane was added at the same concentration (40 µM). Comparison of
characterization results of these two C ring batches is shown in Figure 2.4. Figure 2.4a
and c shows FCS correlation curves of inner (red) and outer (blue) surface
functionalized batches, respectively (i.e. carrying TMR dye either on the inner or outer
surface while both encapsulating DEAC dye in the silica ring matrix), plotted against
those of unfunctionalized C rings (DEAC dye carrying rings only, see Figure 2.3a).
FCS data analysis suggested that the hydrodynamic particle size for the inner surface
functionalized C rings increased from 9.1 nm to 10 nm, while that for the outer surface
functionalized rings increased from 9.1 nm to 11.1 nm when compared to the
reference nanoring without TMR. Both functionalized samples showed a single-peak
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distribution in GPC (Figure 2.4b). The outside functionalized C rings (blue) were
slightly more size dispersed, which correlates with the slightly larger size increase
observed in FCS. When comparing absorption spectra of the two TMR functionalized
ring batches normalized to the 440 nm absorption of the DEAC dye (Figure 2.4d),
even though TMR-silane was added at the same concentration for both samples it is
apparent from the higher TMR absorption observed around 550 nm that there are
substantially more TMR dyes on the outer (blue) than on the inner (red) surface.
Combining information from FCS on particle concentration with these absorption
results (see Methods), the number of TMR dyes per C ring was determined to be 4.5
and 1.8 for outer and inner surface functionalization, respectively, correlating well
with the larger size for the former as detected by FCS. This higher dye number could
be explained by the larger surface area available on the outside of the C rings, which
translates into the availability of more surface silanol groups for TMR dye-silane
attachment, as well as the higher accessibility of the outer versus the inner ring surface
which suggests steric hindrance of TMR functionalization of the inner surface once
the first TMR dye is in place.

In addition to larger hydrodynamic C ring size from higher TMR dye numbers
on the outer ring surface relative to the inner surface, HPLC chromatograms collected
with read out at 550 nm, the TMR dye absorption maximum, also showed substantial
differences between these two batches (Figure 2.4e). Compared to the inner surface
functionalized C rings (red), the outer surface-functionalized rings (blue) had a wider
distribution and tailing that indicates substantially increased nanoring hydrophobicity.
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Furthermore, using the 440 nm read out channel matching the DEAC dye absorption,
HPLC results (Figure 2.4f) highlight that the inner surface-functionalized nanorings
(red curve) eluted at more similar times and exhibited a more similar elution profile to
C rings with no inside or outside surface functionality (black curve) as compared to
the outside functionalized rings (blue). These results establish that in contrast to outer
surface conjugations, functionalizing the inner ring surface with hydrophobic moieties,
here TMR dyes, effectively “hides” these molecules in the pore of these ultrasmall
nanorings, thereby shielding them from interactions with their environment. Taken
together, the preceding results unambiguously demonstrate that we are able to
selectively functionalize the inner versus the outer surface of ultrasmall silica
nanorings, and that HPLC is a powerful experimental tool to differentiate between
these two functionalization sites. In addition to the relatively rapid (short elution
times) screening HPLC method (referred to as Method 2) employed here, we also
applied our previously developed more quantitative HPLC method (referred to as
Method 1 with longer elution times)27 to both ring samples described in Figures 2.3
and 2.4. These studies summarized in Supplemental Figure 6.1 in Appendix 1
demonstrate that for DEAC and TMR functionalized rings HPLC results were robust
against changes in both the HPLC parameters and columns. This is encouraging as it
suggests that a variety of HPLC separation methods may be successful in
differentiating between these types of chemical differences and that it may be possible
to extend these chromatographic methods to other ultrasmall nanomaterial
compositions and morphologies.
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Assessing “Effective” Inner Ring Surface Loading Capacity by HPLC

The ability to distinguish between inner and outer surface functionalization via
HPLC allowed us to determine an “effective” cargo loading capacity of the inner
surface of C rings, i.e. the loading capacity for which a particular hydrophobic cargo
can effectively be “hidden” in the pore. The loading capacity is a crucial parameter,
e.g. in the context of the delivery of drugs and other pharmaceutically relevant
molecules to sites of disease. Once the effective loading capacity of the inside surface
of the nanorings is reached, further functionalization may still occur, but only on the
outer surface of the nanorings exposing the cargo to interactions with the environment.
In order to assess this quantity, the inner surface of C rings encapsulating DEAC dye
in their silica matrix were functionalized employing increasing concentrations of
TMR-silane (10 µM, 30 µM, 80 µM, and 120 µM) using the same approaches as
described before (see Methods). With a silica wall thickness of only around 2 nm,
nanoring pore size of around 6 nm, and TMR-silane conjugate size of somewhere
between 2-3 nm (Supplemental Figure 6.2 in Appendix 1), i.e. roughly equal to pore
radius, as illustrated in Figure 2.5a we expected to see TMR dye being pushed towards
the outside of the nanorings as the number of TMR dyes per nanoring increases
beyond two (Figure 2.5a). This is consistent with what was experimentally observed
via HPLC. Analysis of FCS measurements (Figure 2.5b) combined with that of
absorption spectra (Figure 2.5c) normalized to the 440 nm DEAC dye peak of the four
C ring samples obtained from increasing TMR-silane precursor in the synthesis
suggested increasing hydrodynamic sizes of 9.6 nm, 10.4 nm, 10.7 nm and 11.0 nm as
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well as 1.0, 2.2, 3.5 and 6.5 TMR dyes per nanoring, respectively. The associated GPC
distributions got progressively more disperse as the number of TMR-silane per
nanoring increased (Figure 2.5d). In the corresponding HPLC chromatograms taken at
440 nm (DEAC dye) and 550 nm (TMR dye) read out, see Figure 2.5e-f, respectively,
relative to the unfunctionalized rings (black curve in Figure 2.5e) we saw increasing
shifts and tailing towards longer elution times/more hydrophobic behavior, in
particular for C rings with more than 2 dyes per particle. As schematically illustrated
in Figure 2.5a, this suggests a shift from well-hidden TMR dyes in the pore to more
and more TMR dyes exposed to the outside leading to increasingly hydrophobic
nanoring behavior. Once the ring pore is significantly overloaded, the cargo is exposed
to the outside so much that these inner-functionalized rings become more hydrophobic
than outside functionalized rings. This is demonstrated in Figure 2.6a where HPLC
traces from a ring with 6-7 TMR molecules on the inside begin eluting at later
retention times as compared to a ring with 4-5 TMR molecules on the outside (see
schematic) suggesting more hydrophobic character for the inner functionalized ring.
This result demonstrates the critical importance of elucidating the “effective” loading
capacity of the ring pore, as overloading the ring pore renders the vehicle more
hydrophobic than functionalization of the outside surface. It is important to note, that
the rings overloaded on the inside are likely more hydrophobic than the outside
functionalized rings because hydrophobic ligands on the outside may benefit from
partial shielding by the hydrophilic PEG layer. The inside surface was left
unPEGylated so that hydrophilic versus hydrophobic behavior depended primarily on
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localization and “hiding” of the hydrophobic cargo within the pore, which we wanted
to elucidate.

HPLC Derived Effective Inner Ring Loading Capacity as a Function of Cargo Size
and Charge

One would expect that the effective inner ring loading capacity is sensitive to
the size of the hydrophobic cargo relative to the pore size. In other words, the larger
the hydrophobic cargo the more difficult it is to hide it on the inside of the single pore
of the ring. In order to test this hypothesis, we functionalized inner and outer surfaces
of C rings with a Cy5 derivative of net positive charge (see Methods and Figure 2.2f),
a fluorescent dye belonging to the cyanine dye family that is larger than TMR (see
Supplemental Figure 6.2 in Appendix 1). Both inner and outer surface functionalized
samples carried the same number of Cy5 dyes (n=3.2 from FCS/UV-vis, see
Supplemental Figure 6.3 in Appendix 1) thus removing the need for DEAC as a
reference dye (i.e. no DEAC dye was used in the silica ring matrix, see synthesis of
blank C rings in Experimental Section). As a first indication, fully characterized rings
with an equal number of Cy5 dyes either on the ring inside or outside showed an
increase in the left absorption shoulder of Cy5 around 600 nm for the inner surface
functionalized material (red data set). Since this shoulder is sensitive to dye
aggregation,36 this result is consistent with dye crowding on the inside (Supplemental
Figure 6.3c in Appendix 1). When applying our qualitative HPLC screening method
(Method 2 in Figure 6.1 in Appendix 1) to these inside and outside surface
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functionalized rings, chromatograms for rings with 3 Cy5 dyes on the inside started to
elute at later times than those with Cy5 on the outside, suggesting more hydrophobic
behavior (Figure 2.6b), consistent with dye overloading effects of the inner ring
surface already becoming predominant for dye numbers as low as 3. Moreover,
comparing this effect for Cy5 with the results for TMR (Figure 2.6a) reveals larger
onset shifts between the two chromatograms for Cy5 consistent with the expected size
effect. It is interesting to note that overall the position of both Cy5 chromatograms is
shifted to smaller retention times relative to the two TMR traces. We believe this
overall shift is due to the absence of DEAC in the Cy5 modified rings, supported by
the fact that the HPLC peak structure and tailing to larger retention times observed in
Figure 2.3d is all due to DEAC only partially incorporated into the silica matrix of the
C rings thereby rendering these rings more hydrophobic than their undyed
counterparts (vide supra).

We finally tried to functionalize the blank C rings using a Cy5 dye derivative
with net negative charge. While this worked for the outer surface, it did not for the
inner surface of the nanorings (data not shown). This is most likely due to repulsive
electrostatic interactions between the negatively charged Cy5 dye and the negatively
charged naked inner surface of C rings (from deprotonated silanol surface groups), an
affect that is screened by the PEG chains on the outer surface. As shown above,
neither zwitterionic TMR dye that is charge neutral nor positively charged Cy5
(Supplementary Figure 6.2 in Appendix 1) suffered from this problem further
supporting this interpretation.
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Conclusion

In this study we synthesized a class of non-spherical ultrasmall fluorescent
silica nanoparticles in the form of rings (C rings) that were surface functionalized on
chemically and spatially distinct inner and outer surfaces, respectively. We
demonstrated that reversed phase HPLC is a sensitive tool able to distinguish between
samples orthogonally functionalized on these surfaces with model dye-silane
conjugates of different hydrophobicity, size, and charge. Results suggest that despite
the small silica hydrodynamic ring size of 10 nm and below it is possible to “hide”
hydrophobic moieties on the inside of the rings, but that to accomplish this effectively
their number must be carefully engineered. We expect the class of ultrasmall
nanorings described here to be of relevance for both diagnostic and drug delivery
applications in nanomedicine. Furthermore, we anticipate that the chromatographic
methods developed to characterize multiple spatially and chemically distinct surface
chemistries on these nanoparticles will be applicable to a range of differently shaped
porous nanoparticles within the ultrasmall size regime.
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Figures

Figure 2.1: Steps (bottom left, not in representative sequence) to orthogonally
PEGylate and functionalize inside and outside surfaces of ultrasmall silica nanorings.
Surfactant micelles represented in red (top left) act as templates for silica nanoring
growth (blue arrow), simultaneously encapsulating DEAC dye in the silica matrix.
After dyed silica nanoring formation, individual steps along two different pathways
are taken in order to be able to specifically PEGylate and/or functionalize the outside
(bottom sequence) and inside (top sequence) surfaces of the rings. Individual steps
include PEGylation (purple arrows), micelle removal (orange arrows), and TMRsilane additions (green arrows). Representative cryo-EM/TEM images show two
orthogonal projections of a silica nanoring (edge on, left; planar, right) formed around
a TMB swollen CTAB micelle (top right).
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Figure 2.2: Molecular structure of compounds and silica networks as well as dyesilane conjugation chemistry. (a) Chemical structures of surfactant (CTAB) and oilpore expander (trimethyl benzene, TMB). (b) Hydrolysis and condensation steps of
silica precursor (TMOS), and chemical structure of PEG-silane molecule. (c)
Molecular rendering of DEAC dye encapsulating silica matrix. (d,e,f) Conjugation of
succinimidyl ester derivative of DEAC dye with aminopropyl-silane (d), as well as
maleimido derivatives of TMR (e) and Cy5 dye (f) with mercaptopropyl-silane.
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Figure 2.3: Comparison between fluorescent silica nanorings (DEAC-rings) with
(green) and without (black) inner surface PEGylation (with 3 EO containing PEGs).
(a) FCS auto-correlation curves suggesting 9.1 nm hydrodynamic sizes for both
samples. (b) Analytical scale GPC chromatograms of both samples. (c) Absorption
spectra for the naked and inner surface PEGylated DEAC-rings, suggesting (together
with FCS results) 3.2 and 3.1 DEAC dyes per silica nanoring, respectively. (d) HPLC
chromatograms at 440 nm read out channel (DEAC dye absorption). (e,f) TEM images
of DEAC-rings with naked (e), and PEGylated (f) inner surfaces.
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Figure 2.4: Comparison between DEAC-rings with TMR functionalization inside
(red) and outside (blue). (a,c) FCS auto-correlation curves suggesting hydrodynamic
sizes of inside (a) and outside (c) TMR functionalized DEAC-rings of 10.0 nm and
11.1 nm, respectively, both larger than the reference DEAC-rings with no extra
functionality (9.1 nm, black). (b) GPC chromatograms of these two TMR
functionalized ring samples. (d) Absorption spectra of inside and outside TMR
functionalized DEAC-rings compared to reference DEAC-rings and normalized to
DEAC absorption maximum at ~440 nm. Combination of absorption and FCS results
confirm the same DEAC dye numbers for these two ring samples (3.8 and 3.7 dyes for
inner and outer functionalized rings, respectively), but suggest different degrees of
TMR functionalization with 1.8 and 4.5 TMR dyes for the inner and outer surface
functionalized rings, respectively. (e,f) HPLC chromatograms of inside and outside
TMR functionalized DEAC-rings at 550 nm read out channel (e, TMR dye
absorption), and at 440 nm read out channel (f, DEAC dye absorption). In (f) results
are plotted against the reference DEAC-rings with no TMR functionality (black
curve).

37

Figure 2.5: Comparison of DEAC rings with increasing inner surface
functionalization with TMR dye. (a) Illustration of TMR loading to the inside surfaces
of DEAC-rings, where as a function of TMR concentration in the synthesis, TMR
dyes (shown in green) progressively get exposed to the ring outside as the number of
TMR dyes per DEAC-ring increases. (b) FCS auto-correlation curves of ring samples
obtained from TMR-dye concentrations in the synthesis of 10 µM, 30 µM, 80 µM, and
120 µM resulting in hydrodynamic sizes of 9.6 nm, 10.4 nm, 10.7 nm, and 11.0 nm,
respectively. (c) Absorption spectra of the same four samples as in (b) normalized to
the 440 nm DEAC dye absorption. Together with FCS results from (b) these data
suggest 3.7, 4.2, 3.8, and 4.4 DEAC dyes encapsulated in the silica ring matrix, and
1.0, 2.2, 3.5, and 6.5 TMR dyes on the (inner) silica ring surface for each of the four
batches, respectively. (d) GPC chromatograms of these four TMR functionalized ring
samples. (e,f) HPLC chromatograms of the same four TMR functionalized DEAC-ring
batches as in (b,c,d) measured at the 440 nm read out channel (e, DEAC dye
absorption) and the 550 nm read out channel (f, TMR dye absorption). In (e) HPLC
data of the four ring batches are compared to results of the parent (non-TMR
functionalized, naked) rings (black curve).
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Figure 2.6: HPLC chromatograms at (a) 550 nm (TMR dye absorption), and (b) 647
nm (Cy5 dye absorption) read out channels for inside/outside TMR dye loaded DEAC
rings, and inside/outside Cy5 dye loaded blank silica rings, respectively.
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CHAPTER 3
CONTROLLING SURFACE CHEMICAL HETEROGENEITIES OF
ULTRASMALL FLUORESCENT CORE-SHELL SILICA NANOPARTICLES AS
REVEALED BY HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

Abstract

Ultrasmall (diameter below 10 nm) fluorescent core-shell silica nanoparticles
have garnered increasing attention in recent years as a result of their high brightness
and favorable biodistribution properties important for applications including
bioimaging and nanomedicine. Here we present an in-depth study that provides new
insights into the physical parameters that govern full covalent fluorescent dye
encapsulation within the silica core of poly(ethylene glycol) coated core-shell silica
nanoparticles referred to as Cornell Prime Dots (C’ dots). We use a combination of
high-performance liquid chromatography (HPLC), gel permeation chromatography
(GPC), and fluorescence correlation spectroscopy (FCS) to monitor the result of
ammonia concentration in the synthesis of C’ dots from negatively and positively
charged versions of near infrared dyes Cy5 and Cy5.5. HPLC in particular allows the
distinction between cases of full versus partial dye encapsulation in the silica particle
core leading to surface chemical heterogeneities in the form of hydrophobic surface
patches, which in turn modulate biological response in ferroptotic cell death
experiments. Our results demonstrate that there is a complex interplay between dyedye and dye-silica cluster interactions originally formed in the sol-gel synthesis

44

governing optimal dye encapsulation. We expect that the reduced surface chemical
heterogeneities will make the resulting nanoparticles attractive for a number of
applications in biology and medicine.

Introduction

Nanoparticle synthesis is ubiquitous in a host of research fields from energy to
healthcare and provides access to a diverse array of materials such as quantum dots or
polymer, metal, and oxide nanoparticles.1-4 Key characteristics of successful
nanoparticle preparation methods are the batch-to-batch reproducibility and control
over properties such as size, brightness, and surface chemistry.5-8 In the last five to ten
years, increasing interest has focused on the synthesis of ultrasmall (diameter <10 nm)
nanoparticles. In addition to unique properties emerging at this scale, their small size
enables use of high performance liquid chromatography (HPLC) to quantitatively
analyze particle surface chemical properties.9,10 While HPLC is ubiquitous in fields
with precisely defined molecular materials such as small molecules, macromolecular
structures like dendrimers, and proteins,11-15 the successful application of HPLC to
inorganic core - organic shell (core-shell) nanoparticles is a recent development.9,10,16
As a result of the well-established versatility of HPLC for synthesis product quality
control, this adds a novel and intriguing dimension to the analysis of nanoparticles,
e.g. in order to further tune their surface chemical properties for biological
applications.9 Within a single synthesis batch, HPLC allows mapping of variations in
the surface chemistry of nanoparticles onto different peaks in the chromatograms.
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Such quantitative assessments of the degree of heterogeneity in particle surface
chemical properties are in stark contrast to the averaged particle surface properties as
typically revealed, e.g. via zeta potential or spectroscopic measurements. Furthermore,
in

combination

with

other

analytical

techniques

such

as

gel-permeation

chromatography (GPC), HPLC enables multidimensional correlation analyses. In the
case of coupled GPC-HPLC runs, e.g. this allows to map surface chemical
heterogeneities onto particle size dispersity.9 This in turn opens the door to answering
questions of how particle batch heterogeneities modulate biological response, hitherto
a largely unexplored area because of the lack of appropriate quantitative
characterization techniques.

A system of particular interest for in-depth study with this type of analytical
technique are Cornell prime dots (C’ dots), a class of ultrasmall (diameter <10 nm)
fluorescent core-shell silica nanoparticles currently in multiple clinical trials to test for
both diagnostic and therapeutic clinical potential [for targeted PET and/or optical
detection of metastatic melanoma (NCT01266096, NCT03465618) and malignant
brain tumors (NCT02106598)].17,18 C’ dots are composed of a fluorescent dye
covalently encapsulated within a silica core grown via sol-gel chemistry and
covalently coated with a brush like poly(ethylene glycol)-(PEG-)silane shell.19,20 The
encapsulated fluorescent dye can be varied based on application, but typically dyes
such as Cy5 and Cy5.5 are used for their near infrared (NIR) absorption and emission
profiles advantageous for biological applications.17,18,21 The underlying chemical
structure of these dyes is extremely hydrophobic. Therefore, often sulfonate groups are
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introduced in the dye periphery in order to increase their hydrophilicity and facilitate
their use in aqueous media.19,22,23

In early iterations of the water-based C’ dot synthesis, typically sulfonated
analogues of Cy5 and Cy5.5 dyes were conjugated to a silane moiety via a maleimidethiol coupling reaction.19 The resulting dye-silane conjugates were then covalently
encapsulated into the silica matrix via the sol-gel process and subsequently
PEGylated, providing enhanced photophysical properties along with significantly
increased hydrophilicity of the resulting core-shell dots relative to the free dye in
water.19,23 Recent work employing HPLC to elucidate the surface chemistry of such C’
dots revealed, however, that use of negatively charged sulfonated Cy5 was the cause
of significant surface chemical heterogeneity.9 HPLC chromatograms of such particles
exhibited multiple peaks (see Figure 3.2a below). The first peak at the shortest elution
time corresponded to C’ dots with the desired purely PEGylated nanoparticle surface
with Cy5 dye either fully encapsulated or completely absent. Subsequent peaks could
be assigned to one, two, or three Cy5 dyes on the silica nanoparticle surface,
respectively, leading to hydrophobic patches between the PEG chains, which in turn
were responsible for the observed shifts to longer elution times in the HPLC
chromatograms. These results were corroborated using additional techniques such as
after-pulse corrected fluorescence correlation spectroscopy (FCS), single particle
photo-bleaching, and molecular dynamics simulations.9 Dye charge was found to play
a key role in the successful encapsulation of a specific dye into the silica matrix, rather
than its covalent attachment onto the silica nanoparticle core surface.9
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Dyes exposed on the particle surface have a greater propensity for chemical
degradation or potential hydrolysis and may therefore have significant effects on the
behavior of these types of nanoparticles in complex biological environments such as
the human body. Having identified a method to quantitatively assess these surface
chemical heterogeneities as well as their main driver, i.e. dye charge, now allows us to
perform systematic studies in order to provide insights into the factors in the
interactions between ~2 nm sized silica clusters originally formed in the sol-gel silica
synthesis and the fluorescent dyes that govern optimal dye encapsulation. To that end
here we work with negatively and positively charged variants of the NIR dyes Cy5
and Cy5.5 relevant for applications in nanomedicine. Combining HPLC with gel
permeation chromatography (GPC) and FCS, we elucidate synthesis conditions under
which full dye encapsulation into the silica core is achieved for both dyes, leading to
minimal heterogeneity in particle surface chemical properties obtained from individual
synthesis batches. In particular, we show that for different dyes successful
encapsulation requires careful tuning of the starting concentration of ammonium
hydroxide in aqueous solution. This directly effects the rate of hydrolysis and
condensation of the silica precursors, and the surface charge of the resulting silica
clusters formed initially in the sol-gel process, which in turn governs the electrostatics
of both cluster-dye and cluster-cluster interactions critical for successful particle
formation. Finally, we demonstrate how particle heterogeneities based on different
degrees of dye encapsulation modulate biological response, using recently discovered
C dot induced ferroptosis, an iron dependent cell death program, as a test bed.24
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Methods

Chemicals and Reagents

UHPLC grade acetonitrile was purchased from BDH. Superdex 200 resin was
purchased from GE Healthcare Life Sciences. Vivaspin 30k MWCO spin filters were
purchased from GE Healthcare Life Sciences. 5 M NaCl in water solution was
purchased from Santa Cruz Biotechnology. Dimethyl sulfoxide (DMSO), tetramethyl
orthosilicate (TMOS), (3-mercaptopropyl)trimethoxysilane (MPTMS), Iron(III)
nitrate, and 2.0 M ammonia in ethanol were all purchased from Sigma-Aldrich.
Methoxy-PEG(6-9)-silane (~500 g/mol) was purchased from Gelest. Sulfo-Cy5maleimide and sulfo-Cy5.5-maleimide were purchased from GE. Cy5-maleimide and
Cy5.5-maleimide were purchased from Lumiprobe.DI water was generated using a
Millipore IQ7000 system (18.2 MΩ·cm). Xbridge Protein BEH C4 Column (300 Å,
3.5 µm, 4.6 mm X 150 mm, 10K-500K) was purchased from Waters Technologies
Corporation. MDA-MB-468 cells were obtained from the ATCC, and were used
within 3 months of thawing. RPMI-1640, fetal bovine serum (FBS), and dialyzed FBC
were from Gibco. Amino-acid-free RPMI-1640 was from United States Biological.
GlutaMax, Pen/Strep, and PrestoBlue reagent were from Invitrogen. All chemicals
were used as received without further purification.
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Particle Synthesis and Purification

C’ dots were synthesized as previously described19. Briefly, for a 10 mL batch,
0.367 µmol mono functional maleimido derivatized dye was dissolved in DMSO
overnight in a glovebox. A 23-fold excess of mercaptopropyl-trimethoxysilane
(MPTMS) was added to the dissolved dye and allowed to react overnight in the glove
box. The next day a flask containing deionized water pH adjusted using between 0.5
mL and 2.5 mL of 0.02M ammonium hydroxide (ammonium hydroxide was prepared
by mixing 100 µL of 2.0 M ammonia in ethanol solution into 10 mL of deionized
water) was prepared and stirred vigorously. For sulfonated dyed C’ dot syntheses, 1
mL of 0.02 M ammonium hydroxide was added into 9 mL deionized water. 68 µL
tetramethylorthosilicate (TMOS) and the prepared dye-silane conjugate were added to
the flask drop-wise and allowed to react overnight. The following day, 100 µL of
mPEG(6-9)-silane was added to the flask drop-wise and allowed to react overnight.
The following day stirring of the solution was stopped and the flask heated to 80°C for
24 hours. Following this heating step, the particles were extensively dialyzed using
10K MWCO cellulose dialysis tubing, followed by syringe filtration with a 200 nm
membrane, spin filtering with a 30K MWCO PES membrane spin filter, and finally
GPC purification through Superdex 200 resin on a Bio-Rad FPLC. The particles were
then characterized using fluorescence correlation spectroscopy (FCS) on a home-built
setup and UV/Vis spectroscopy on a Cary 5000 spectrometer.
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High Performance Liquid Chromatography (HPLC)

All injections were performed at a standardized injection volume of 8 µL and
concentration of 30 µM. Concentrations for injected samples were determined prior to
analysis by FCS. The columns used were 150 mm Waters Xbridge BEH C4 Protein
separation columns with 300 Å pore size and 3.5 µm particle size. The separation
method used was as follows: The sample was first injected onto the column in a flow
of 90:10 water:acetonitrile at a flow rate of 0.75 mL/min, and this isocratic segment of
the method was maintained for 20 minutes. The mobile phase composition was then
changed to 45:55 water:acetonitrile in a step-like fashion and the baseline was allowed
to equilibrate for 5 minutes. Finally, a composition gradient of 45:55 to 5:95
water:acetonitrile was run over the course of 20 minutes. During this time the analyte
eluted from the column.

Gel Permeation Chromatography (GPC)

Preparative scale gel permeation chromatography was carried out on a Bio-Rad
FPLC equipped with a UV detector set to 275 nm. Particles were purified under
isocratic conditions using 0.9 wt.% NaCl in deionized water. The eluent was prepared
directly before nanoparticle purification by diluting 0.2 µm membrane filtered 5 M
NaCl in water (Santa Cruz Biotechnology) with deionized water (18.2 MΩ acquired
from Millipore IQ7000). The column used was a standard glass Bio-Rad column with
dimensions of 20 mm x 300 mm and was hand-packed with Superdex 200. The

51

column was operated at 2.0 mL/min and was allowed to equilibrate with the mobile
phase for at least 30 minutes before sample purification. All samples were
concentrated in GE Life Sciences 30 kDa MWCO VivaSpin filters prior to injection.
The total injection volume was less than 1 mL per run. Particles eluted around the 15minute mark and the total run lasted 30 minutes.

Fluorescence Correlation Spectroscopy (FCS)

FCS measurements were carried out on a home built set up using a 635 nm
solid-state laser and a continuous wave laser. This is the standard laser setup for
fluorescent dyes with absorbance maxima around 650 nm. The continuous wave laser
was focused onto the image plane of a water immersion microscope objective (Zeiss
Plan-Neofluar 63x NA 1.2). The emitted fluorescence was Stokes-shifted and
therefore after it passed back through the same objective it could successfully pass
through a dichroic mirror, after which it was spatially filtered by a 50 µm pinhole and
then finally through a spectrally filtered long pass filter (ET665lp, Chroma) before
being detected by an avalanche photodiode detector (SPCM-AQR-14, PerkinElmer).
The signal was autocorrelated by a digital correlator (Flex03LQ, Correlator.com) with
a lag time resolution of 15 ns. Autocorrelation curves were fitted with equation (3.1)
that accounts for fast photophysical processes and translational diffusion.

(3.1)

52

Where Nm is the number of fluorescent particles diffusing through the focal volume at
any given time,

is the average translational diffusion time of the fluorescent

material diffusing through the focal volume,
fast photophysical processes,
radial and axial radii (

is the characteristic relaxation time for

is the focal volume structure factor calculated from the
, and P is the fraction of fluorescent particles

undergoing a fast photophysical process during the experiment.. All autocorrelation
curves were normalized according to equation (3.2):

𝐺 𝜏 = (𝐺 𝜏 − 1) 𝑁!

(3.2)

UV/Vis Spectroscopy

Absorbance spectra of C’ dot samples were measured in DI water on a Varian
Cary 5000 spectrophotometer in a 3 mL quartz cuvette with a 10 mm light path
(HellmaAnalytics) from 200 nm to 800 nm in 1 nm increments. All spectra were
baseline corrected using a cuvette with DI water as reference cell. Maximum
absorption at the dye absorption wavelength was kept between 0.01 and 0.06.
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Cell Work

MDA-MB-468 cells were maintained at 37 degrees Celcius, 5% CO2, in
complete medium (RPMI-1640 supplemented with 10% FBS). Cells were plated in
96 well plates at a concentration of 2X104 cells per well and allowed to settle
overnight. The medium was then removed, and replaced with amino-acid-free RPMI1640 supplemented with 10% dialyzed FBS, 1X GlutaMax, and 1X Pen/Strep, along
with the indicated amount of iron(III) nitrate or C' dots. In experiments with C' dots,
all conditions also included 1 µM iron(III) nitrate. The cells were incubated for 6
days. The medium was then replaced with complete medium, and cell viability was
assessed with PrestoBlue reagent per the manufacturer's instructions. Data was read
out in absorbance mode on a Tecan Safire instrument.

Results and Discussion

Positively Charged Dye Chemistry Greatly Improves Particle Surface Chemical
Homogeneity

Figure 3.1 shows sulfonated Cy5 that has a net charge of -1 (top row, left). As
discussed in the introduction and shown in Figure 3.2a, because of repulsive Coulomb
interactions with negatively charged silica at slightly basic synthesis conditions, this
net negative charge causes a significant amount of nanoparticles surface chemical
heterogeneity as manifested in the occurrence of three prominent and one weak peak
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in HPLC chromatograms.9 As indicated in the insets of Figure 3.2a, these peaks
correspond to particles with 0, 1, 2, or 3 dyes covalently attached to the silica surface
(purple curve in Figure 3.2a).9 By switching to the unsulfonated derivative of Cy5
(Figure 3.1, top row, right), dye charge in solution changes from -1 to +1, which as
shown in Figure 3.2a (green curve) promoted full encapsulation as the result of what
are now attractive dye-silica interactions. As the HPLC chromatogram shows, the
positively dye encapsulating particles all eluted at the same time giving rise to a single
peak reflecting high particle surface homogeneity.9

While the surface chemical heterogeneity of C’ dots caused by encapsulation
of a dye with net -1 charge has been investigated via HPLC and is now understood,9
the effects on particle surface heterogeneity of dyes with even higher net negative
charge is still an outstanding question. This is particularly relevant for near infrared
(NIR) dyes such as Cy5.5 (abs./em.: 675/695 nm), which are larger than Cy5
(abs./em.: 650/670 nm) in order to emit further out in the NIR and therefore are
significantly more hydrophobic. The commercially available sulfonated analogue of
Cy5.5 carries four sulfonate groups and has a net charge of -3 (Figure 3.1, bottom row,
left) in order to provide good solubility in aqueous solutions despite the large
hydrophobic molecular framework. This poses a significant challenge to the
encapsulation into ultrasmall fluorescent core-shell silica nanoparticles due to strong
repulsive interactions between the highly negatively charged primary silica clusters
initially formed in the sol-gel synthesis of C’ dots and the negatively charged dyes.25,
26

The negative charge of the primary clusters in the pH range where the C’ dot
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synthesis is typically performed is attenuated as they aggregate and as more silicic
acid is produced via hydrolysis of TMOS.27 According to previous molecular
dynamics simulations, it is this decrease in cluster surface charge as the synthesis
proceeds which eventually allows the negatively charged dyes to condense onto the
surface of the forming C’ dots.9 The HPLC chromatogram of C’ dots synthesized with
sulfo-Cy5.5 is shown in Figure 3.2b (blue curve). Compared to that of the sulfo-Cy5
derived particles (Figure 3.2c), it displays dramatically increased heterogeneity, as
manifested in at least five peaks that extend to much longer elution times indicating a
significantly more hydrophobic particle. It is clear from this data, that the majority of
the dyes in the Cy5.5 based C’ dot synthesis ended up on the particle surface.

Primary Cluster Charge is a Critical Parameter to Control

While switching from a negative dye to a positive dye analogue generally
affords significant enhancement in nanoparticle homogeneity, synthesis parameters
must be tuned as a function of individual dye chemistries to ensure optimal
nanoparticle surface chemical properties. Switching to the positively charged,
unsulfonated analogues of dyes like Cy5 and Cy5.5 allows for the dyes to act as
nucleation sites for the nanoparticles formed from negatively charged primary silica
clusters, which is responsible for the full encapsulation into silica as the C’ dots grow.
In turn, for fully optimized synthesis conditions (vide infra) this leads to a high degree
of surface chemical homogeneity as evidenced by single peaks in HPLC
chromatograms as shown in Figure 3.2a-b (green curves) for Cy5 and Cy5.5,
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respectively. However, this switch of dye chemistry is not without challenges, as the
positively charged NIR dyes do not have the benefit of increased water solubility of
the sulfonated dye analogues, and as a result are prone to aggregation in water. In
order to optimize NIR C’ dot synthesis conditions we turned to a combination of gel
permeation chromatography (GPC), high performance liquid chromatography
(HPLC), and fluorescence correlation spectroscopy (FCS). The optimization of
ultrasmall fluorescent core-shell silica nanoparticles with covalently encapsulated
positive NIR dyes is more nuanced than the straightforward transfer from negatively
charged dyes to positively charged dyes, but equally important in order to ensure a
homogeneous PEGylated nanoparticle surface. Three main interactions must be taken
into account for this process: dye-dye interactions, dye-primary cluster interactions,
and cluster-cluster interactions.25 Dye-dye interactions are more important with
unsulfonated, positively charged dyes because the dyes are more hydrophobic and
prone to aggregation.22,23 The concentration of dye must be carefully controlled to not
cause too much dye aggregation and precipitation, which will prevent efficient dye
encapsulation, while maintaining a high enough free dye concentration to provide a
sufficiently high synthesis yield.

The positively charged Cy5 and Cy5.5 dyes likely act as nucleation sites for
the negatively charged ~2 nm primary silica clusters that form when the silica
precursor, TMOS, is added into the aqueous reaction solution.28 This promotes the
growth of nanoparticles and the subsequent dye encapsulation, vide supra. As primary
clusters aggregate around a positively charged dye, the positive charge becomes
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electrostatically shielded and the growing nanoparticle becomes more repulsive
towards additional cluster association as the particles reach electrostatic stabilization
via growth. If the ammonia concentration in the synthesis solution is sufficiently high,
these repulsive cluster-cluster interactions between highly negatively charged clusters
may stop further cluster addition before the dye is fully encapsulated within silica
primary clusters.29 This would lead to overall smaller nanoparticles and larger
numbers of hydrophobic dye patches on the surface.

Surface Chemistry Optimization for covalent encapsulation of NIR Dye Cy5(+)

This is exactly what is observed in C’ dot synthesis experiments with
positively charged Cy5 [Cy5(+)]: For increasing ammonia concentration the main
nanoparticle peak in GPC moves to the right (Figure 3.3a,d,g,j) indicating smaller
particles as corroborated by FCS (Figure 3.3c,f,i,l; Table 3.1); the corresponding
HPLC traces (Figure 3.3b,e,h,k) show enhanced heterogeneity via additional peaks at
higher elution times. To prevent the formation of nanoparticles with only partially
encapsulated dyes, the surface charge of the primary silica clusters that form the core
of the C’ dots must be carefully controlled by modulating the concentration of
ammonium hydroxide in solution. Ammonium hydroxide is a catalyst for the basic
hydrolysis and condensation of silica in the C’ dot synthesis.30 It not only controls the
rate of hydrolysis and condensation, but also the surface charge of the primary silica
clusters formed at the beginning of the sol-gel synthesis.29 Meanwhile, if the
ammonium hydroxide concentration is too low, the primary silica clusters will be
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significantly more prone to aggregation. While these nanoparticles will totally
encapsulate the dye, the size increases significantly due to uncontrolled aggregation of
primary silica clusters. This leads to the primary nanoparticle peak and the
nanoparticle aggregate peak in GPC becoming inseparable as shown in Figure 3.3j. As
previously demonstrated, even with extremely careful purification via GPC
fractionation, the nanoparticle peak will always contain some aggregates that cannot
be separated out.31, 32 As demonstrated in Figure 3.3g-i, when working with positive
Cy5-silane, the optimal starting primary cluster surface charge was reached for 10 mL
batches (see Methods section) at a concentration of 1.0 mL (of 0.02 ammonia
solution). Higher starting ammonia concentrations caused the dye to not be fully
encapsulated, while lower ammonia concentration caused the clusters to aggregate too
much due to very low surface charge. Figure 3.4 illustrates this principle of balancing
primary silica cluster charge and dye charge and resulting encapsulation effects.

Surface Chemistry Optimization for covalent encapsulation of NIR Dye Cy5.5(+)

Next, this principle was applied to optimize the synthesis of NIR C’ dots from
positively charged Cy5.5 [Cy5.5(+)], a second clinically relevant variant of the C’
dots. Evaluation of Cy5.5 C’ dot syntheses along the lines of what was discussed for
Cy5(+) based C’ dots revealed that as a result of the different dye chemistry, the
optimal synthesis conditions for Cy5.5(+) are different. Positively charged Cy5.5 is
significantly larger and more hydrophobic than Cy5(+), and as a result, adjustments
had to be made to the synthetic protocol. Comparing GPC, HPLC, and FCS results for
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different ammonia concentrations in the synthesis (Figure 3.5), for a 10 mL batch the
optimal ammonia concentration for Cy5.5 C’ dots now was around 0.75 mL (of 0.02
M ammonia solution) rather than around 1 mL for Cy5(+), see Figure 3.5g-i.

The optimization of Cy5.5 C’ dots highlights that for a given dye in order to
obtain full dye encapsulation there is an optimal surface charge for the primary silica
clusters. Simply decreasing the ammonia concentration at the beginning of the
reaction is not a straightforward solution. As the pH at the beginning of the synthesis
decreases as a result of TMOS hydrolysis and silicic acid formation (vide supra), the
solubility of positively charged dyes increases, which leads to a higher propensity for
dyes to condense onto the surface of the growing nanoparticles. As demonstrated with
the help of GPC, HPLC, and FCS results in Figure 3.5j-l, when using 0.5 mL of
ammonia solution in the reaction, the particle size further increases relative to the
results for 1 mL. But this time the surface heterogeneity of the particles increases too
(see Figure 3.5k). In contrast, Cy5(+)-C’ dots had homogeneous surface chemistry
even below the optimal ammonium hydroxide concentration (compare Figure 3.3k
with 3.5k).

GPC-HPLC Elucidates Additional Heterogeneity for Low Deprotonation Conditions

The case of Cy5.5(+) highlighted the importance of correctly optimizing the
ammonium hydroxide concentration of the synthesis solution for each individual dye.
In order to further understand the origin of the heterogeneity that occurred in the
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regime of low primary silica cluster surface charge, we GPC-fractionated the sample
of PEG-Cy5.5(+)-C’ dots that showed reoccurring surface heterogeneity at 0.5 mL of
0.02 M ammonium hydroxide in the synthesis (Figure 3.6a-b), which is below the
optimal ammonia concentration for Cy5.5(+) dye (0.75 mL). Three GPC fractions
were then analyzed with HPLC (Figure 3.6c-e) showing surface heterogeneity is
increased for earlier time fractions that reflect larger particle size, suggesting extra
Cy5.5 dye condensing on the nanoparticle surface, and creating extra hydrophobic
patches before the nanoparticle PEGylation step. Interestingly, the GPC trace
reflecting the particle size distribution could still be well fitted with a single Gaussian
function (Figure 3.6b), whereas this was not the case for Cy5(+) synthesis where the
GPC peak was skewed below 1 mL ammonium hydroxide condition (compare quality
of fits in Figure 3.3j and 3.5j). This suggests that at 0.5 mL ammonia synthesis
conditions, after dye-mediated initial dye-cluster conjugate formation the particle
growth mechanism of Cy5(+)-C’ dots is primarily based on the continued addition of
primary silica clusters to the growing nanoparticles, whereas in the Cy5.5(+)-dot
synthesis continued addition of primary silica clusters is accompanied by extra dye
condensation onto the nanoparticle surface. These results together demonstrate that
simultaneous control of dye-dye and dye-silica interactions during C’ dot synthesis is
highly non-trivial, and synthesis conditions must be carefully tuned for any new dye
candidate to achieve optimal fluorescent core-shell silica nanoparticle formation with
minimal surface chemical heterogeneity.
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Different Degrees of Surface Chemical Heterogeneity Modulate Biological
Response

We finally were interested in determining whether nanoparticle heterogeneity
in the form of hydrophobic surface patches from non-encapsulated NIR dyes had any
effect on biological response. To that end we chose as a test bed the recently
discovered C’ dot induced iron-mediated cell death program ferroptosis observed
under nutrient deprivation conditions of cancer cell populations, in which the coreshell silica nanoparticles, as a result of micropores of the silica core, chelate iron from
solution and carry it into the cancer cells.24 We began by assessing the sensitivity of
MDA-MB-468 triple-negative breast cancer cells to treatment with iron(III) nitrate
under amino-acid (AA) starved conditions. As shown in Figure 3.7a, the cells were
insensitive to 1 µM iron, but in contrast to full medium controls near-total cell death
was elicited by 6 µM iron. To determine the degree to which C' dots could modulate
this biological response, we treated the cells with assorted concentrations of C' dots,
while in the presence of a non-toxic amount of iron (1 µM). As demonstrated in Figure
3.7b, the particles prepared with positively charged Cy5 dye were able to elicit a cell
death response much greater than 1 µM iron alone, in particular around and above 10
µM particle concentrations, while particles prepared with negatively charged sulfoCy5 dye were able to elicit only a relatively small cell death response. Thus, the
positively charged Cy5 dye encapsulating particles seem to be superior at introducing
iron into the cancer cells and inducing ferroptotic cell death likely due to the decreased

62

hydrophobic surface patchiness of these particles and associated facilitated access to
the micropores of the silica core.

Conclusion

In this study we have elucidated critical control parameters in the synthesis of
fluorescent dye-encapsulating core-shell silica nanoparticles that determine surface
chemical particle heterogeneities. The work highlights that depending on the dye used,
small variations in synthetic conditions, here the concentration of ammonia as a
catalyst in the sol-gel reaction, can lead to significant changes in surface chemical
properties in the form of hydrophobic surface patches resulting from dyes conjugated
to the silica core surface rather than being fully encapsulated. The complex interplay
of dye-dye and dye-silica cluster interactions is critical to understand in order to
effectively control the surface chemistry of the final nanoparticles. Variations in
particle surface chemical properties/heterogeneities in turn modulate biological
response to the nanoparticles, as demonstrated by ferroptotic cell death experiments
with C’ dots derived from either negatively and positively charged Cy5 dye. We
therefore expect that these synthetic insights into the nucleation and growth of
fluorescent core-shell silica nanoparticles prepared in aqueous solutions will have
implications for application of such nanoparticles in bioimaging and nanomedicine.
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Figures

Figure 3.1: Structures of sulfonated and unsulfonate Cy5 and Cy5.5 maleimide
derivatives. The sulfonated Cy5 has a net charge of -1 in aqueous solution, while the
unsulfonated derivatives of both Cy5-maleimide and Cy5.5-maleimide have a net
charge of +1 in aqueous solution. The sulfonated form of Cy5.5-maleimide has a net
charge of -3 to counteract the significant hydrophobicity of this dye structure.
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Figure 3.2: (a) HPLC chromatograms of PEG-sulfo-Cy5-C’ dots (purple) and PEGCy5(+)-C’ dots (dark green) with schematic representation of the type of nanoparticles
that elute in each peak, and highlighting that the PEG-Cy5(+)-C’ dot peak overlaps
completely with the peak corresponding to purely PEGylated particles in the PEGsulfo-Cy5-C’ dot sample. (b) HPLC chromatograms of PEG-sulfo-Cy5.5-C’ dots
(blue) and PEG-Cy5.5(+)-C’ dots (light green), again highlighting the complete
overlap of the PEG-Cy5.5-C’ dots with the purely PEGylated particles in the PEGsulfo-Cy5.5-C’ dot sample. (c) HPLC chromatograms of PEG-sulfo-Cy5-C’ dots
(purple) and PEG-sulfo-Cy5.5-C’ dots (blue) highlighting the substantially more
hydrophobic behavior of the latter. (d) HPLC chromatograms of PEG-Cy5(+)-C’ dots
(dark green) and PEG-Cy5.5(+)-C’ dots (light green).
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Figure 3.3: (a-c) GPC (left row), HPLC (middle row), and FCS (right row) of PEGCy5(+)-C’ dots made with a starting ammonia concentration of 6 mM. (d-f) GPC,
HPLC, and FCS of PEG-Cy5(+)-C’ dots made with a starting ammonia concentration
of 5 mM. (g-i) GPC, HPLC, and FCS of PEG-Cy5(+)-C’ dots made with a starting
ammonia concentration of 2 mM. (j-l) GPC, HPLC, and FCS of PEG-Cy5(+)-C’ dots
made with a starting ammonia concentration of 1 mM.

Figure 3.4: Schematic of silica nanoparticle growth via the aggregation of primary
silica clusters (red) around positively charged dyes (blue). The red halo around the
silica clusters symbolizes the net negative cluster charge increasing with higher pH
conditions.
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Figure 3.5: (a-c) GPC (left row), HPLC (middle row), and FCS (right row) of PEGCy5.5(+)-C’ dots made with a starting ammonia concentration of 5 mM. (d-f) GPC,
HPLC, and FCS of PEG-Cy5.5(+)-C’ dots made with a starting ammonia
concentration of 2 mM. (g-i) GPC, HPLC, and FCS of PEG-Cy5.5(+)-C’ dots made
with a starting ammonia concentration of 1.5 mM. (j-l) GPC, HPLC, and FCS of PEGCy5.5(+)-C’ dots made with a starting ammonia concentration of 1 mM.
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Dye

Cy5(+)Maleimide

Cy5.5(+)Maleimide

Volume of
Ammonia
[mL]

Size
[nm]

Brightness
Per Particle
[kHz]

Dyes Per
Particle
[#]

0.50

8.6 ± 0.3

2.42 x 104

2.0

1.00

6.3 ± 0.2

2.27 x 104

1.9

2.50

5.5 ± 0.1

2.22 x 104

1.6

3.00

5.3 ± 0.0

2.14 x 104

1.9

0.50

6.1 ± 0.1

4.02 x 103

2.4

0.75

5.5 ± 0.1

4.16 x 103

2.5

1.00

5.5 ± 0.1

4.16 x 103

2.5

2.50

5.0 ± 0.1

3.91 x 103

1.8

Table 3.1: Tabulated results of the FCS analysis of the samples shown in Figures 3.3
and 3.4.
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Figure 3.6: (a) HPLC chromatogram of PEG-Cy5.5-C’ dots synthesized at a starting
ammonia concentration of 1 mM. (b) GPC of PEG-Cy5.5-C’ dots synthesized at a
starting ammonia concentration of 1 mM, the shaded regions highlight the area under
the curve that was fractionated and combined for GPC-HPLC of the sample in c-e. (ce) HPLC chromatograms of GPC fractionated PEG-Cy5.5-C’ dots (c) are the largest
nanoparticles, (d) are average sized nanoparticles, and (e) are the smallest
nanoparticles from the GPC fractionation.
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Figure 3.7: (a) Cell death experiments on MDA-MB-468 cells using iron(III) nitrate
in both complete media (triangle) and in amino acid (AA) deprived media (square). (b)
Cell death experiments on MDA-MB-468 cells in AA deprived media comparing the
efficacy of PEG-Cy5(+)-C’ dots and PEG-sulfoCy5-C’ dots in the presence of a nontoxic amount of iron (1 µM).
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CHAPTER 4
ULTRASMALL SILICA NANOPARTICLE TOPOLOGY MODULATES
BIODISTRIBUTION AND RENAL CLEARANCE

Abstract

Nanoscale topologies and their functions in biology have always been an
inspiration to, and driven the curiosity of, scientists across different disciplines.1-4
Recently, there has been growing interest in the topological engineering of synthetic
ultrasmall nanoparticles (UNPs) with dimensions around 10 nm.5-11 In part, this is
motivated by the physical cut-off for renal clearance in this regime,6,7 e.g. in the
human body. However, the precise role of UNP topology in modulating biological
response largely remains unknown due to the lack of appropriate model systems.8,9
Here we study the biodistribution and pharmacokinetics in mice of ultrasmall
fluorescent silica NPs with three topologies: spheres, dodecahedral cages, and
rings.5,11,12 In contrast to spherical particles, whose uptake in organs (liver, spleen) of
the reticuloendothelial system (RES) increases with increasing diameter, for this
sequence of topologies we observe a decrease in RES uptake despite increasing size.
Furthermore, rings still get cleared via the urine even for diameters as large as 13-14
nm, i.e. well above the renal cut-off.6 We explain these findings via particle
deformability increasing in the direction from spheres, cages, to rings. Results reveal a
hitherto neglected parameter in UNP design, which may open up fascinating new
research directions in bioimaging and nanomedicine.
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Introduction

To precisely engineer the topology of UNPs made from silica, recently
developed aqueous synthesis approaches were applied, in which tetramethyl
orthosilicate (TMOS) with fast hydrolysis rate was used as silica precursor, while
cetyl-trimethylammonium bromide (CTAB) and 1,3,5-trimethylbenzene (mesitylene,
TMB) were used as structure directing and swelling agents, respectively.5,12,13 The
different UNP topologies were controlled, in part, by adjusting the concentration of
CTAB and TMB, which directed the self-assembly of primary silica clusters formed
upon the addition of TMOS into water at pH around 8.5.13 When CTAB and TMB
were absent, spherically shaped silica cores with diameters around 4 nm were formed
via the aggregation and condensation of primary silica clusters in solution.13,14 When
TMB swollen CTAB micelles were introduced before the addition of TMOS, they
directed the assembly of negatively charged primary silica clusters on their positively
charged surfaces, leading to the formation of silica rings or dodecahedral silica cages
depending on cluster concentration (Methods).5,12 For all particle topologies,
fluorescent dyes were covalently encapsulated in the silica matrix, endowing the
particles with fluorescence,13 and silica surfaces were coated with poly(ethylene
glycol) (PEG) for steric stability and improved biocompatibility.13-17 All particles were
functionalized with deferoxamine (DFO),18 a chelator e.g. for zirconium-89 (89Zr,
t1/2=78.4 h) enabling positron emission tomography (PET) based quantitative
biodistribution analysis (see Methods). Particles where finally purified via gel
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permeation chromatography (GPC) as described elsewhere,13 providing single-GPCpeak high-purity products for further use (Figure 4.4c,f,i).

Results and Discussion

Hydrodynamic particle diameters were determined using fluorescence
correlation spectroscopy (FCS),13 while details of the particle topology and silica core
diameters were characterized by transmission electron microscopy (TEM).5,12,13 From
TEM the larger size of cages and rings relative to spheres was easily discerned (Figure
4.1), while detailed inspection of individual images (see insets in Figure 4.1b,c)
revealed characteristic features of silica cage and ring topologies, respectively, as
established in earlier studies.5,12 Silica core diameters measured by TEM for spheres,
cages, and rings shown in Figure 4.1 were 7.3 nm, 11.8 nm and 12.1 nm, while their
hydrodynamic sizes measured by FCS were 7.8 nm, 10.5 nm, and 8.2 nm, respectively
(Figures 4.4 and 4.5). While for spherical particles FCS provides a larger diameter
than TEM owing to PEG and dragged water shells, it underestimates the diameters of
cages and rings due to the assumption of a spherical shape in the model-based
analysis.16 From the combination of FCS and UV/VIS spectroscopy analyses, the
numbers of dyes/DFO per particle were 1.6/3.3, 2.9/4, and 1.5/1.7 for spheres, cages,
and rings shown in Figure 4.1, respectively (Figure 4.4).

The fully characterized UNPs with different topologies were radiolabeled with
89

Zr, and intravenously (i.v.) injected into non-tumor-bearing nude mice, using

78

protocols described previously.18 PET scans were then performed at different time
points up to 1 week (see Methods) to study time-dependent particle biodistribution and
clearance profiles. From results shown in Figure 4.2, as expected at the early time
point of 1 hour after i.v. post-injection, for all topologies strong signals were observed
in heart and liver, consistent with circulation of the particles in the blood stream. At
one and two-day time points, signal is already strongly diminished, with signal in the
bladder in particular for rings at 1 and 48 hour time points suggesting renal clearance.
Most surprisingly, substantial liver uptake at the final time point was not observed for
any of the three different particle topologies. Furthermore, for that time point liver
uptake decreased from 6.5, to 4.1, and to 2.1 percent injected dose per gram tissue
(%ID/g) in the sequence spheres, cages, and rings, with the value of 2.1 percent for
rings being the lowest reported to date for such ultrasmall silica nanoparticles over that
time frame. The concomitant decrease in spleen uptake suggests reduced uptake by the
reticuloendothelial system (RES) and increased renal clearance efficiency (Figure 4.6)
in the same sequence.

The biodistribution of conventional spherical UNPs is highly dependent on
particle diameter in this size regime; e.g. liver uptake substantially increases with
increasing particle size while the ability to clear via the kidneys usually diminishes. To
illustrate this behavior, in addition to the 7.8 nm dots we synthesized two more
spherical nanoparticles with 5.1 nm and 6.9 nm hydrodynamic diameter, respectively,
as determined by FCS (data not shown). As expected for this series of spherical silica
nanoparticles with increasing size, but otherwise identical structure, liver uptake
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increased from 1.4 to 4.4 to 6.5 %ID/g (Figure 4.7 and 4.8). Even though identical
spherical particles with even larger sizes could not be synthesized as a result of
limitations of the synthetic approach in water,13 following this trend and supported by
previous studies on similar particles,19 even higher liver uptake is expected for the
larger cage and ring shaped nanoparticles with diameters above 8 nm. Clearly,
however, the opposite trend is observed with the largest diameter objects, i.e. the
rings, showing the smallest liver uptake. To verify that cages and rings with silica core
diameters slightly below and above 12 nm, respectively, as determined by TEM could
get renally cleared without degradation, for both topologies we collected urine from
mice at 2-hour time points post i.v. injection and performed TEM on these samples
(Methods). Experiments confirmed the structural integrity of both particles after renal
excretion (Figure 4.3).

Result suggest that biodistribution of UNPs is not only governed by particle
size, but also depends on particle topology. We suspect that the silica cages and rings
can easily deform as a result of the very thin structural elements from which they are
built, i.e. ~2 nm diameter primary silica clusters that are condensed into the struts and
vertices of the cages and the backbone of the rings.5,12 At this length scale, almost
every material is flexible.20 Therefore, although their overall size is larger than the cutoff for renal clearance,6 they can still undergo glomerular filtration7 in the kidneys by
being “squeezed” as illustrated for rings in Figure 4.3g. It is interesting to note that if
e.g. rings are fully squeezed together to their backbone, the combined diameter of the
two silica struts next to each other is about 4 nm, close to the silica core size of the
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smallest spherical nanoparticle tested in this study, and consistent with its low liver
uptake (1.8 vs. 2.1 %ID/g). The concept of nanoparticle deformation is supported by
the blood circulation half-life of the rings that is substantially longer than that of the
smaller spherical dots with similarly low liver uptake,18 (see Figure 4.9), as the rings
can only pass glomerular filtration when they get squeezed, which takes time.

Metabolic cage studies were performed (see Methods) on ring particles to
elucidate the exact clearance pathways for this topology. About 30 and 40 %ID/g were
cleared out by hepatic and renal pathways, respectively, as shown in Figure 4.10.
Compared to ~5-6 nm spheres the hepatic clearance of this topology is higher (30 vs.
~5 %ID/g).18 As hepatic clearance takes longer than renal clearance,21 this is
consistent with the increased blood circulation half-life of rings, where we measured
blood-activity of 12 %ID/g at the 24-hour post i.v. injection point.

The largest silica ring structure we could synthesize and test in mice had a
silica ring diameter as detected by TEM of 13.5 nm. Its biodistribution (Figure 4.11)
was very similar to that of the 12.1 nm diameter rings shown in Figure 4.2, with liver
uptake at the 1-week post i.v. injection time-point of only 2.6 % ID/g. Compared to the
~4 nm silica core sized spherical particles that showed similarly low liver uptake in
mice (compare to Figure 4.7), this large ring with ~2 nm thick silica core has a much
larger theoretical silica surface area, ~227 nm2 as compared to ~50 nm2 for the sphere.
This suggests a substantially improved loading capacity for molecules like targeting
moieties, chelators for radiolabels, or pharmaceutical drugs, via silica surface
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functionalization. Relative to spherical UNPs, the combination of higher loading
capacity, lower liver uptake, higher blood circulation times, and the ability to
effectively “hide”, e.g. hydrophobic molecules on their inside,16 makes these more
complex topologies of cages and rings promising subjects for advanced nanomaterials
applications in biology in general, and nanomedicine in particular.

Methods

Chemicals and Materials

All materials were used as received. 7-diethylaminocoumarin-3-carboxylic
acid, succinimidyl ester (DEAC) was purchased from Anaspec. Cyanine5.0 maleimide
(Cy5) was purchased from GE Healthcare. Hexadecyltrimethyl ammonium bromide
(CTAB, ≥99%), tetramethyl orthosilicate (TMOS, ≥99%), 2.0 M ammonium
hydroxide in ethanol, (3-aminopropyl)trimethoxysilane (APTMS, 97%), and
anhydrous dimethyl sulfoxide (DMSO, ≥99%) were purchased from Sigma Aldrich.
(3-Aminopropyl) trimethoxysilane (APTES), 2-[methoxy (polyethylene oxy) 69propyl] trimethoxysilane (PEG-Silane, 6-9 ethylene glycol units, PEG-silane (6EO)),
(3-mercaptopropyl) trimethoxysilane (MPTMS, 95%), and methoxy triethyleneoxy
propyl trimethoxysilane (PEG-silane, 3 ethylene glycol units, PEG-silane (3EO)) were
obtained from Gelest. 1,3,5-Trimethylbenzene (Mesitylene/TMB, 99% extra pure) was
purchased from Acros Organics. Deferoxamine-Bn-NCS-p (DFO-NCS, 94%) was
purchased from Macrocyclics. Absolute anhydrous ethanol (200 proof) was purchased
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from Koptec. Glacial acetic acid was purchased from Macron Fine Chemicals. 5.0 M
sodium chloride irrigation USP solution was purchased from Santa Cruz
Biotechnology. Syringe filters (0.2 µm, PTFE membrane) were purchased from VWR
International. Vivaspin sample concentrators (MWCO 30K) and Superdex 200 prep
grade were obtained from GE Health Care. Snakeskin dialysis membranes (MWCO
10K) were purchased from Life Technologies. Deionized (DI) water was generated
using Millipore Milli-Q system (18.2 MΩ.cm). Glass bottom microwell dishes for
FCS were obtained from MatTek Corporation. Carbon film coated copper grids for
TEM was purchased from Electron Microscopy Sciences. BioSuite High Resolution
SEC Column (250 Å, 5 µm, 7.8 mm X 300 mm, 10K – 500K) was purchased from
Waters Technologies Corporation.

Synthesis of Ultrasmall Nanoparticles with Spherical Shape

Ultrasmall fluorescent core-shell silica nanoparticles with spherical shape were
synthesized in aqueous solution as described previously.13 Briefly, Cy5 maleimide was
conjugated to MPTMS via thiol-maleimide click-chemistry (1:23 ratio) a day prior to
synthesis. In the first day of synthesis for a 10 mL reaction batch, 68 µL TMOS and
0.367 µmol Cy5 dye-conjugate were added drop-wise into 0.002 M ammonium
hydroxide solution under stirring at 600 r.p.m. at room temperature resulting in the
smallest (~5 nm diameter) nanoparticles. For larger particle sizes, synthesis
temperature was increased up to 80°C as described previously.13 The following day,
100 µL PEG-silane (6EO) was added into the reaction solution, which was left stirring
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overnight at room temperature. The next day, in order to achieve full covalent
attachment of PEG-silane molecules onto the silica core surface, the reaction was left
heated at 80°C overnight without stirring. The reaction solution was then cooled down
to room temperature, and 2 µL APTMS was added into the reaction at 600 r.p.m.
stirring at room temperature for post-pegylation surface modification by insertion
(PPSMI).15 The following day, 0.42 mmol of DFO-NCS chelator was added to the
solution to react with the primary amines on the silica surface via amine-NCS
conjugation.

Synthesis of Ultrasmall Nanoparticles with Dodecahedral Cage and Ring
Topologies

Ultrasmall fluorescent dodecahedral silica cages and rings were synthesized in
aqueous solution via micelle templating as described previously.5,12 Briefly,
succinimidyl ester derivative of DEAC dye was conjugated with APTES via amineester conjugation-chemistry (1:25 ratio) a day prior to synthesis. On the first day of
synthesis for a 10 mL reaction batch, CTAB (125 mg for dodecahedral cages, and 83
mg for rings) was dissolved into 10 mL of 0.002 M ammonium hydroxide solution
under stirring at 600 r.p.m. at 30°C for 1 hour before the addition of 100 µL TMB to
swell the micelles, which was followed by stirring for another hour. TMOS (100 µL
for dodecahedral cages, and 68 µL for rings) and 0.2 µmol DEAC-dye conjugate were
then added drop-wise to the reaction. The following day, 6EO PEG-silane (150 µL for
dodecahedral cages, and 100 µL for rings) was added into the reaction solution, which
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was left stirring overnight at 30°C. The next day, in order to achieve full covalent
attachment of PEG-silane molecules onto the silica surface, the reaction was left
heated at 80°C overnight without stirring. The reaction solution was then cooled down
to room temperature, syringe-filtered (MWCO 0.2 µm, PTFE), and transferred into a
dialysis membrane (MWCO 10K). The sample was dialyzed in 200 mL of
ethanol/deionized water/glacial acetic acid solution (500:500:7 volume ratio), and the
acid solution was changed once a day for three days to remove CTAB micelles from
the pores of dodecahedral rages and rings, as well as to remove unreacted reagents.
Following acid dialysis, the sample was transferred into 5 L deionized water, and the
deionized water was refreshed once a day for three days to remove ethanol and acetic
acid solvents. Following these dialysis treatments, the reaction batch was transferred
back into a round-bottom flask, and 2 µL APTMS was added into the reaction at 600
r.p.m. at room temperature for PPSMI. The following day, 0.42 mmol of DFO-NCS
chelators was added to the solution to react with primary amines on the nanoparticle
surface via amine-NCS conjugation. After the functionalization with DFO, 100 µL of
PEG-silane (3EO) was added into the reaction under stirring overnight in order to
further PEGylate the inside surfaces, which had been covered by micelles during the
first PEGylation step.16

Sample Purification

After the syntheses of all UNPs, reaction batches were transferred into dialysis
membranes (MWCO 10K) for dialysis in deionized water overnight prior to syringe-
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filtration (MWCO 0.2 µm, PTFE), after which they were concentrated using spin
filters (Vivaspin 20 MWCO 30K) via centrifugation (Eppendorf 5810R) at 4300 r.p.m.
for 45 min. Gel permeation chromatography (GPC) was performed on the
concentrated samples on a GPC column packed with Superdex 200 prep grade resin
using 0.9 wt.% sodium chloride saline as buffer solution, as described
previously.13,15,16 UNPs were separated from the aggregation products and un-reacted
reagents via GPC fractionation, and collected samples were run in analytical scale
GPC, using a 300 mm x 7.8 mm Waters BioSuite high resolution size exclusion
chromatography column at 1 mL/min flow rate to check for sample purity via the
occurance of a single-peak chromatogram. These are the GPC control runs reported in
the main text (Figure 4.4c,f,i).

Characterization of Ultrasmall Nanoparticles

Fluorescence correlation spectroscopy (FCS) measurements were performed
on different UNPs using a home built setup as described previously.13,15,16. A Varian
Cary 5000 spectrophotometer was used to measure UV-vis absorption spectra of the
samples in order to calculate, together with concentration information from FCS data
analysis, the number of dyes and DFO chelators per particle by deconvolution as
described previously.15 Transmission electron microscopy (TEM) was performed on
particle samples using a FEI Tecnai T12 Spirit microscope operated at 120 kV as
described previously.5,12
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To study the integrity of dodecahedral cages and rings after circulation and
excretion from mice injected with 250 µL of 15 µM UNPs, at the 2- hour time-point
post i.v. injection urine was collected from the mouse bladder while the animal was
under anesthesia. After extraction, the urine sample was immediately diluted with
denionized water for TEM sample preparation. For samples collected from urine, more
than 15 TEM images were taken per nanoparticle. These images were then averaged to
increase the signal-to-noise ratio as described elsewhere.5
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Zr Radiolabeling of DFO-functionalized Ultrasmall Nanoparticles

For chelator-based
were mixed with 1 mCi of
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Zr labeling, 1.5 nmol of DFO-functionalized samples
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Zr-oxalate in HEPES buffer (pH 8) at 37ºC for 60 min;

final labeling pH was kept around 7-7.5. The labeling yield was monitored by radio
ITLC. An EDTA challenge process was then introduced to remove any nonspecifically bound
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Zr to the silica UNP surface. As synthesized

89

Zr-DFO-UNP

samples were then purified by using a PD-10 column with the final radiochemical
purity quantified using ITLC.

Quantitative Renal and Hepatic Clearance Study on Silica Rings

To study the renal and hepatic clearance of

89

Zr-DFO-functionalized silica

rings, each healthy mouse (6-8 week-old female nude mouse) was injected with about
50 µCi (1.85 MBq) of 89Zr-DFO-UNP. Individual mice were kept in a metabolic cage.
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At varied post i.v. injection time points (i.e., at 4, 24, 48, 72, 120 and 168 h), both the
radioactivity in mouse urine and feces were measured using a CRC® -55tR Dose
Calibrator and presented as %ID (mean ± SD).

In-Vivo PET Imaging, and Ex-Vivo Biodistribution Studies for Ultasmall
Nanoparticles with Different Topologies

For PET imaging, mice were i.v. injected with ~300 µCi (11.1 MBq)
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Zr-

DFO-UNP. PET imaging was performed in a small-animal PET scanner (Focus 120
microPET; Concorde Microsystems) at 1, 24, 48, 72 h and 168 h (one week) post i.v.
injection. Image reconstruction and region-of-interest (ROI) analysis of the PET data
were performed using IRW software, with results presented as percentage injected
dose per gram tissue (%ID/g). On day 7, post i.v. injection, accumulated activity in
major organs was assayed by an Automatic Wizard2 γ-Counter (PerkinElmer), and
presented as %ID/g (mean ± SD).
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Figures

Figure 4.1: The three silica nanoparticle topologies studied. Illustration of silica
sphere (a), dodecahedronal cage (b), and ring (c) topologies, respectively, together
with their representative TEM images (d), (e), and (f), respectively. Insets in (b) and
(c) show individual particles (scale bar 10 nm).

Figure 4.2: In-vivo PET imaging studies of UNPs with three different topologies in
mice (n=1). (a) PET images of UNPs with silica core diameters as determined by
TEM of (a) 7.3 nm (spheres), (b) 11.8 nm (cages), and (c) 12.1 nm (rings) at 1, ~24,
48 hours, and 1 week time points after i.v. injection showing liver uptake of 6.5, 4.1,
and 2.1 %ID/g, respectively, at the final 1 week time point.
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Figure 4.3: TEM images of intact UNPs in animal urine, i.e., after getting renally
cleared out from the body. Averaged TEM images (see Methods) of two different
nanoparticles of each cages (c, e) and rings (d, f), collected from mice urine at the 2hour time point after i.v. injection together with their illustrations (a, b). (g) Illustration
of ring deformation enabling renal clearance.
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Figure 4.4: Comprehensive characterization of particles with different topologies.
Characterization of ultrasmall spherical (a-c), dodecahedral cage (d-f), and ring (g-i)
particles. (a, d, g) FCS correlation curves with their fits for hydrodynamic sizes. (b, e,
h) Deconvolution of the UV-vis spectra for the calculation of numbers of dyes and
radiolabel chelators per particle. (c, f, i) Analytical scale GPC chromatograms for
purified nanoparticles.
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Figure 4.5: TEM images for particles with three different topologies for size analysis.
Original TEM images with size analysis for spherical (a), dodecahedral cage (b), and
ring (c) particles, respectively.
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Figure 4.6: Biodistribution studies for three UNPs with three different topologies.
Biodistribution for ulstrasmall spherical (green), dodecahedral cage (purple), and ring
(orange) particles at 1 week after i.v. injection (n=1).
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Figure 4.7: In vivo PET imaging studies of three differently sizes ultrasmall spherical
nanoparticles in mice (n=1). (a) PET images of (a) 5.1 nm, (b) 6.9 nm, and (c) 7.8 nm
(all by FCS) sized spherical nanoparticles at 1, ~24, ~48, and ~96 hour time points
after i.v. injection showing 1.8, 4.4, 6.5 %ID/g liver uptake, respectively, in the liver at
the final 1 week time point.
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Figure 4.8: Biodistribution studies for three differently sized ultrasmall spherical
nanoparticles in mice (n=1). Biodistribution results for 5.1 nm (green), 6.9 nm
(yellow), and 7.8 nm (red) sized ultrasmall silica nanoparticles (by FCS) at 1 week
after i.v. injection (n=1).
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Figure 4.9: Biodistribution and clearance profile for ultrasmall nanorings in mice. (a)
Biodistribution studies (n=4) on ultrasmall silica rings 1 week after i.v. injection
showing average of 2.5 %ID/g liver uptake. (b) The activity retention (red), and
clearance (blue) profiles for the same rings showing 70.1% total activity clearance
(n=4) 1 week after i.v. injection.
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Figure 4.10: Metabolic cage study with ultrasmall silica nanorings for the quantitative
renal and hepatic clearance analyses (n=2). (a) Total activity change in urine (blue),
and feces (red) at different time points after i.v. injection. (b) Biodistribution profile
from metabolic cage studies 1 week after i.v. injection.
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Figure 4.11: Studies with 13.5 nm diameter ultrasmall silica nanorings. (a) Illustration
(left) and TEM image (right) of silica nanorings thwith 13.5±1.5 nm average TEM
diameter (from 150 particles) (b) PET images of the same rings as in (a) at 0.5, 24, 48,
72 hours, and 1 week time points after i.v. injection showing of 2.6 %ID/g liver uptake
at the final time point of 1 week. (c) Biodistribution studies (n=1) on for the same
rings at 1 week after i.v. injection.
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CHAPTER 5
CONCLUSIONS
In this dissertation, the surface chemistry and topology of ultrasmall
(hydrodynamic diameter below 10 nm) fluorescent silica nanoparticles was explored
in order to generate design criteria for next generation cancer nanomedicines. Three
topologies were investigated: spherical, dodecahedral, and ring-type torus-shaped
nanoparticles. In the first part, orthogonal surface functionalization pathways were
elucidated in order to distinguish the inside and outside surface of silica rings. When
engineered appropriately, as evidenced by high performance liquid chromatography
(HPLC), hydrophobic cargo could be successfully loaded inside the rings and be
“hidden” from interaction with the environment. Careful investigations with HPLC
demonstrated, that beyond a specific loading capacity, which depends on the details of
the molecular structure, the benefits of the inside of the rings disappear. This is an
important insight, which helps define design parameters, e.g. when working with
hydrophobic and toxic moieties for biomedical applications. The work further
demonstrated that HPLC is a powerful und largely unexplored tool to characterize
such nano-vehicles for applications in bioimaging and nanomedicine.

The next study explored details of the formation mechanisms of spherical
fluorescent silica nanoparticles. Studies revealed that optimized synthesis conditions
for full encapsulation of organic chromophores sensitively depend on pH as well as
the details of the dyes employed, and can therefore not be easily generalized from one
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system to another. In these investigations, HPLC was employed to characterize the
surface “patchiness” of ultrasmall fluorescent core-shell silica nanoparticles, which are
the result of organic dyes sitting on the surface of the silica core and therefore
preventing formation of a homogeneous poly(ethylene glycol) (PEG) shell around the
silica core. In turn, employing a silica nanoparticle induced cell death program
referred to as ferroptosis as a test bed, it was demonstrated that this patchiness resulted
in modulations of the biological response. The work illustrated how important it
therefore is, to quantitatively assess surface chemical heterogeneities of such
nanomaterials in order to optimize a particular system for a given application in
bioimaging or nanomedicine.

Finally, using three distinct topologies of ultrasmall silica nanoparticles, i.e.
spherical, dodecahedral, and torus-shaped ring structures, and studying their
pharmacokinetics (PK) and biodistribution in mice, it was shown that topology has
marked effects on biological response including uptake by the reticuloendothelial
system (RES), blood circulation time, and renal clearance. In particular, the
observation of renal clearance for rings with diameters well beyond the associated cutoff suggested that elastic deformability of such nanoparticle is a parameter that has
been largely undervalued. In turn, this suggested that larger rings, which relative to
renally clearable spheres provide substantially elevated surface areas for further
functionalization with drugs and/or targeting moieties, might provide a viable
alternative to more conventional spherical nanoparticles for advanced designs of
nanomedicine.
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One important outcome of these investigations is the appreciation, that despite
many years of research into both synthesis and application of ultrasmall silica
nanoparticles, there still remain numerous unexplored fundamental questions. For
example, it is still not well established in the field of silica sol-gel chemistry what
exactly the surface charge of these clusters is and how it evolves, e.g. as a function of
pH. This lack of knowledge is partly due to the lack of appropriate measurement
techniques of surface charge for such small and reactive entities. As the synthesis of
non-spherical silica nanoparticles around 10 nm in size are becoming more and more
common, there is also a growing need for structural characterization tools, as
conventional e.g. electron microscopy techniques are reaching their limits in terms of
material stability under the beam and resulting resolution constraints. Through work in
this dissertation, the community becomes more aware of the importance of primary
silica clusters in nanoparticle formation, with or without the use of e.g. micellar
templates. Interaction of these clusters is a really important parameter that governs the
final nanoparticle topology, and the surface chemical homogeneity of silica
nanoparticles. Having an improved fundamental understanding of the behavior of
primary silica clusters would also make it possible to create bio-inspired materials
with more sophisticated architectures using different templates under different
conditions.

The other important outcome of this dissertation is the effects of topology of
clinically relevant inorganic nanoparticles on modulating biological response. Since
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the dodecahedron and torus silica nanoparticle topologies investigated here were only
discovered relatively recently, and no other similar ultrasmall inorganic materials
platform has provided such flexibility in choice of topology, the studies undertaken in
this dissertation open a relatively unexplored area of research, which from first results
reported here are very promising. Most importantly, based on studies with spherical
nanoparticles the renal clearance cut off was thought to be around 3-7 nm. This
ignored the fact, however, that nanoparticles with larger dimensions but different
topologies like e.g. a ring, can deform and thereby successfully pass through
glomerular filtration process in the kidney, resulting in renal clearance. This new
information opens up many possibilities. Based on these results, silica torus
nanoparticles will likely be explored more for tumor targeting, e.g. via the enhanced
permeation and retention (EPR) effect. They could also be loaded with drug molecules
for therapeutic applications. At the same time, micelle templating could be used for
other sorts of inorganic compositions, including metals like gold and silver, or
transition metal oxides, to produce alternative deformable particle structures.
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APPENDIX 1
SUPPLEMENTARY METHODS
Gel permeation chromatography (GPC)

For the precise elution time comparison of reference samples in Figure 3b and
samples in Figure 6.3, an automated GPC setup was also used to avoid the operator
variations in the sample-loading step. Analytical scale gel permeation chromatography
was performed on as made solutions prior to preparative scale GPC purification.
Injection volumes were 30 µL 15 µM C rings diluted with 70 µL deionized water. The
mobile phase used was the same as for the preparative scale GPC, prepared the same
way directly prior to use. The column used was a 300 mm x 7.8 mm Waters BioSuite
High Resolution Size Exclusion Chromatography column. The separations were
performed under isocratic conditions with a flow rate of 1mL/min. Ring samples
eluted within 30 minutes of injection.

High Performance Liquid Chromatography (HPLC)

Two separation methods were used for analysis of inside and outside surfaces
of C rings; they were as follows:
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For analysis using the 150 mm column
The sample was first injected onto the column in a flow of 90:10
water:acetonitrile at a flow rate of 0.75 mL/min. These conditions were maintained for
20 minutes to allow equilibration of the analyte with the stationary phase. After 20
minutes the mobile phase composition was changed to 45:55 water:acetonitrile in a
step-like fashion and the baseline was allowed to equilibrate. Finally, a composition
gradient of 45:55 to 5:95 water:acetonitrile was carried out for 20 minutes, during
which the analyte elutes from the column. The analytical run above was followed by a
short washing step and column equilibration period to ensure that all material from the
previous run had eluted from the column and that the column conditions for the next
sample analysis were identical to those for the previous sample analysis. The data was
collected and analyzed in Empower 3. The ApexTrack integration algorithm native to
the Empower 3 software was used to identify peaks and determine the area percentage
associated with each eluting peak. For plotting purposes, data was exported after
analysis and baseline subtracted with a blank taken before the chromatographic run
using OriginLab.

For analysis using the 50 mm column

The sample was first injected onto the column in a flow of 70:30 water (with
0.1 vol% trifluoroacetic acid): acetonitrile at a flow rate of 1.2 mL/min. A linear 30minute gradient to a final composition of 30 water (0.1 vol% TFA):70 acetonitrile was
started immediately following injection of a C ring sample. The column was washed
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with a composition of 5 water (0.1 vol% TFA): 95 acetonitrile to ensure that all
materials eluted. After the washing step the column was equilibrated to the initial run
conditions for 5 minutes before the next injection. The data was collected and
analyzed in Empower 3. The ApexTrack integration algorithm native to the Empower
3 software was used to identify peaks and determine the area percentage associated
with each eluting peak. For plotting purposes, data were exported after analysis and
baseline subtracted with a blank taken before the chromatographic run using
OriginLab.

Supplemental Figure 1 shows the comparison of the methods on the analysis of
the C ring samples from Figure 3 and 4, using 150 mm, and 50 mm columns, named
Method 1, and Method 2, respectively. Unless otherwise stated, Method 2 is used as
the primary HPLC protocol.

Fluorescence Correlation Spectroscopy (FCS)

FCS experiments were performed on a home-built instrument inspired by a
confocal microscope setup as described previously.34,

35

A 635 nm solid state diode

laser was used as excitation source (excitation intensity 5 kW/cm2) for the Cyanine5
dye and Alexa Fluor 647 was used to align and measure the size of the confocal
volume due to its known diffusion coefficient.
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Data was collected in sets of five consisting of five 30 s runs each then fit to a
correlation function,

, accounting for translational diffusion, as well as for fast

photophysical processes, as shown in equation (6.1):

(6.1)

Here,

is the mean number of particles within the detection volume, and

is

the structure factor calculated from a known diffusion coefficient and given by
, where
observation volume.
observation volume.
diffusion coefficient.

and

are the radial and axial radii, respectively, of the

is the characteristic diffusion time of a particle through the
is defined as

, where

is the respective particle

is the time- and space-averaged fraction of fluorophores

undergoing fast photophysical processes such as photoisomerization that must be
accounted for to achieve a good fit and

is the characteristic relaxation time that is

related to the fast photophysical process. The Stokes-Einstein relation was applied to
determine particle diameters, equation (6.2):

(6.2)
with kB being the Boltzmann’s constant, T being the absolute temperature, and

being

the dynamic viscosity. The average number of dyes per particle, n, was calculated
according to equation (6.3):
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(6.3)
Here

is the measured dye concentration derived from the dye extinction

coefficient using the relative absorbance, and
determined by FCS.
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is the particle concentration

Supplementary Figures

Figure 6.1: Comparison of results from HPLC Method 1 (left) and Method 2 (right)
applied to different ring batches. (a,b) Comparison of DEAC-rings with and without
inner surface PEGylation, and (c,d) DEAC-rings with inside and outside TMRfunctionalization, respectively. (e,f) Same data as in (c,d) but normalized to same
maximum absorbance. (g) Comparison of parameter sets used for the two HPLC
methods.
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Figure 6.2: Molecular structures and dimensions of “stretched” TMR-silane (left) and
Cy5-silane (right) dye conjugates.
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Figure 6.3: Characterization of plain rings (i.e. no DEAC in the silica ring matrix)
with inner and outer surfaces functionalized with Cy5 dye. (a) FCS auto-correlation
curves of inside (red) and outside (black) Cy5 functionalized silica nanorings
suggesting 10.4 nm and 11.7 nm hydrodynamic sizes, and brightness as photon counts
of 24501 kHz and 30770 kHz, respectively. (b) GPC chromatograms at 647 nm read
out channel (Cy5 dye absorption) of batches in (a). (c) Absorption spectra of the same
batches as in (a) normalized to the maximum Cy5 absorption. Combined with FCS
results these features translate to the same Cy5 dye number per ring of 3.2 for both
samples. The increase in absorption of the shoulder on the left of the main Cy5
absorption peak observed for the inside functionalized rings (red) suggests increased
non-radiative energy transfer between dyes in close proximity, consistent with
decreased brightness as measured by photon counts in FCS shown in (a). (d, e) TEM
images of inside (d) and outside (e) Cy5 functionalized silica nanorings. Insets show
illustrations of the Cy5 dye (red) functionalized and PEGylated silica nanorings (grey
color indicates that there is no DEAC dye covalently incorporated into the silica
matrix of the rings).
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