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Kai Ma 

Cornell University 2016 

Nanomedicine is the medical application of nanomaterials. It is expected to have a 

revolutionary impact on health care. One of the most exciting concepts in nanomedicine is 

the development of multifunctional nanoparticles that enable the simultaneous detection 

and treatment of diseases with unprecedented precision (theranostics). This thesis focuses 

on the development of an ultrasmall silica-based nanomaterials platform for theranostics 

applications. The synthesis and detailed characterization of a variety of silica-based 

nanomaterials are discussed with novel structures and tunable dimensions in the sub-10nm 

regime. Fluorescence correlation spectroscopy is introduced as an appropriate tool for 

fluorescent nanoparticle characterization. Particular focus is on surface modifications of 

nanoparticles synthesized in water with biocompatible polyethylene glycol and cancer 

targeting ligands. Such clinically applicable silica-based nanomaterials (C’dots) have 

received FDA approval as an investigational new drug (IND). Multiple human clinical 

trials with C’ dots on cancer patients are currently ongoing at Memorial Sloan Kettering 

Cancer Center (MSKCC). The study of silica nanomaterials further provides insights to 

fundamental questions regarding the early formation mechanisms of self-assembled 

nanostructures. To that end investigations of the formation process of quasi-crystalline 

mesoporous silica nanoparticles is discussed that highlight structural details of building 

blocks and pathways responsible for the switch between crystalline (cubic symmetry) and 

quasicrystalline states.  
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Chapter 1 . Introduction 

Nanomedicine is the medical application of nanotechnologies and is expected to 

have a revolutionary impact on health care.1 One of the most exciting concepts in 

nanomedicine is multifunctional nanoparticles enabling simultaneous detection and 

treatment of diseases with high precision.2 The access to such nanomaterials would not 

only introduce unprecedented efficacy and accuracy to traditional theranostics, but also 

provide new investigational methodologies for biology studies, e.g. of brain functionality.2 

Since the 1980s, many organic-based nanomedicines have been successfully developed and 

translated into the clinic including polymer-drug conjugates,3 liposomes,4 polymeric 

nanoparticles,5 immunotoxins6 and so on. Compared to these organic nanomaterials, 

inorganic nanomaterials further provide advantages in nanoparticle structure control, 

intrinsic physical properties and in-vivo stability, and thus are also promising candidates 

for nanomedicine.7 However, since most inorganic materials are not biodegradable, the 

medical application of inorganic-based nanomaterials is highly challenging and many 

essential questions regarding their in-vivo functionality and safety are yet to be answered.8 

Therefore, although many inorganic nanomaterials have been proposed for theranostics 

applications, e.g. gold nanoshells,9 carbon nanotubes,10 graphene,11 quantum dots12,13 and 

magnetic metal nanoparticles,14 few of them have been successfully translated from the 

laboratory to the clinic. 

There are several challenges which need to be overcome for the safe clinical 

translation of inorganic-based nanomedicine. First, since the size threshold of nanoparticles 



2 
 

for efficient renal clearance is about 10nm, the inorganic particles should be smaller than 

10nm for their safe in-vivo usage.15 In addition, since most of the inorganic nanoparticles 

have highly charged surfaces usually resulting in protein adsorption in physiological 

environments,16 additional surface modification is required to endow the particles with 

improved biocompatibility and favorable biodistribution profiles.17 Last but not least, in 

order to further endow these nanoparticles with therapeutic functionality, it is highly 

desirable to further tune particle structure, e.g. by generating additional inner surfaces for 

drug delivery.18 Despite many years of studies, the development of an inorganic 

nanoparticle synthesis platform which simultaneously enables precise control of particle 

size, morphology and surface properties still remains a challenge. This lack of 

comprehensive control at the desired level of accuracy in turn hinders the development of 

clinically applicable inorganic-based nanomedicines. 

The goal of my PhD was to overcome this challenge and develop an inorganic-

based nanomaterial platform for cancer theranostics that is clinically applicable. 

I focused on silica as the inorganic material because silica is one of the most 

commonly found inorganic compositions in biology19 and has high bio-compatibility. 

Since the early 2000s, our group has been working on silica and has developed a series of 

silica nanomaterials which show potential in nanomedicine applications.20-23 For example, 

Cornell dots, or in short C dots, which are fluorescent core-shell silica nanoparticles, have 

already received FDA approval in 2010 as an investigational new drug (IND) for human 

clinical trials. The first trial results published in 2014 were encouraging as they 

demonstrated the safe in-vivo use of silica-based nanomaterials.24 
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The work of my PhD can be sectioned into three main parts. The first part includes 

Chapters 2 to 4. It describes the synthesis and detailed characterization of a variety of silica-

based nanomaterials with novel structures and tunable dimensions in the sub-10nm regime 

with precise size control close to the single atomic level. The second part described in 

Chapter 5 introduces fluorescence correlation spectroscopy as an appropriate tool for the 

investigation of the mechanism of nanoparticle surface modification with biocompatible 

polyethylene glycol (PEG) and cancer targeting ligands. Based on the success on both the 

nanoparticle synthesis and the control of particle surface properties, I have successfully 

developed a synthesis platform, which provides access to a series of silica-based 

nanomaterials that are clinically applicable. Especially Cornell prime dots (C’ dots), 

fluorescent silica nanoparticles synthesized in water, have already been successfully used 

in the clinic. Multiple human clinical trials with C’ dots on cancer patients are currently 

ongoing at Memorial Sloan Kettering Cancer Center (MSKCC) in New York City. 

Furthermore, the study of such ultrasmall silica nanomaterials provides insights into 

fundamental questions regarding early formation mechanisms of self-assembled 

nanostructures. To that end the third part of the thesis, Chapter 6, focuses on the 

investigation of the formation process of quasi-crystalline mesoporous silica nanoparticles 

that highlight the structural details of building blocks and pathways responsible for the 

switch between crystalline (cubic symmetry) and quasicrystalline states. 
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Chapter 2 . Control of Ultrasmall Sub-10 nm Ligand 
Functionalized Fluorescent Core-Shell Silica Nanoparticle 

Growth in Water 

Reprinted with permission from Ma, K.; Mendoza, C.; Hanson, M.; Werner-Zwanziger, 

U.; Zwanziger, J.; Wiesner, U. Control Of Ultrasmall Sub-10 Nm Ligand-Functionalized 

Fluorescent Core–Shell Silica Nanoparticle Growth in Water. Chem. Mater. 2015, 27, 

4119–4133. Copyright (2015) American Chemical Society. 

 

2.1 Abstract 

Ultrasmall fluorescent silica nanoparticles (SNPs) and core-shell SNPs surface 

functionalized with polyethylene glycol (PEG), specific surface ligands, and overall SNP 

size in the regime below 10 nm are of rapidly increasing interest for clinical applications 

due to their favorable bio-distribution and safety profiles. Here we present an aqueous 

synthesis methodology for the preparation of narrowly size-dispersed SNPs and core-shell 

SNPs with size control below 1 nm, i.e. at the level of a single atomic layer. Different types 

of fluorophores, including near infrared (NIR) emitters, can be covalently encapsulated. 

Brightness can be enhanced via addition of extra silica shells. This methodology further 

enables synthesis of <10 nm sized fluorescent core and core-shell SNPs with previously 

unknown compositions. In particular addition of an aluminum sol gel precursor leads to 

fluorescent aluminosilicate nanoparticles (ASNPs) and core-shell ASNPs. Encapsulation 

efficiency and brightness of highly negatively charged NIR fluorophores is enhanced 

relative to the corresponding SNPs without aluminum. Resulting particles show quantum 

yields of ~0.8, i.e. starting to approach the theoretical brightness limit. All particles can be 

PEGylated providing steric stability. Finally, heterobifunctional PEGs can be employed to 
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introduce ligands onto the PEGylated particle surface of fluorescent SNPs, core-shell 

SNPS, and their aluminum containing analogues, producing ligand functionalized <10 nm 

NIR fluorescent nanoprobes. In order to distinguish these water based synthesis derived 

materials from the earlier alcohol-based modified Stöber process derived fluorescent core-

shell SNPs referred to as Cornell dots or C dots, the SNPs and ASNPs described here and 

synthesized in water will be referred to as Cornell prime dots or C’ dots and AlC’ dots. 

These organic-inorganic hybrid nanomaterials may find applications in nanomedicine, 

including cancer diagnostics and therapy (theranostics). 
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2.2 Introduction 

Currently, ultrasmall inorganic nanoparticles are of rapidly increasing interest as 

nanomedicines for cancer theranostics.1,2 Some organic-based nanomedicines3,4 are already 

more competitive than conventional chemotherapy drugs due to multifunctionality and 

multivalency effects.5,6 Inorganic nanoparticles further diversify the building elements of 

nanomedicines and may provide advantages associated with their intrinsic physical 

properties and lower manufacturing costs, vide infra.7,8 Safe translation of nanoparticles 

from the laboratory to the clinic requires overcoming a number of substantial scientific and 

regulatory hurdles. The most important criteria are favorable bio-distribution and its time 

evolution (pharmacokinetics, PK) profiles.9 The size threshold for renal clearance is below 

10 nm.10 Until today only a small number of inorganic nanoparticle platforms have been 

synthesized with sizes below 10nm allowing for efficient renal clearance.10,11,12,13 Among 

those only <10nm sized polyethylene glycol coated (PEGylated) fluorescent core-shell 

silica nanoparticles (SNPs) referred to as Cornell dots or simply C dots have been approved 

by the U.S. Food and Drug Administration (FDA) as an investigational new drug (IND) for 

first in-human clinical trials.14 Although the first clinical trial results with melanoma 

patients are encouraging,15 several synthesis challenges remain for such sub 10 nm sized 

fluorescent organic-inorganic hybrid SNPs: 

First, all previous C dot-type SNP synthesis efforts followed a modified Stöber 

process11,16 in which alcohol was used as solvent.17 For materials for use in biological or 

clinical applications, however, water as a reaction medium would be preferred. It would 

greatly simplify synthesis and cleaning protocols leading to less volatile waste, thereby 

rendering particle production substantially faster and more cost effective. Furthermore, 
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although the Stöber process is widely used to produce SNPs with diameters from tens of 

nm to microns,18 particle sizes of 10 nm and below are at the limit of size control of this 

synthesis process due to reaction kinetics limitations in alcohol.19,20  

Second, covalently covering silica particle surfaces with PEG can be tricky as the 

loss of surface charge during PEGylation may result in particle aggregation or at least 

broadening of the particle size distribution. This effect is more pronounced for ultrasmall 

particles due to the increase of particle surface energy, and thus limits the particle 

monodispersity and size control ability. 

Third, as a result of the negative surface charge of silica above its isoelectric point at 

pH 2-3, covalent encapsulation efficiencies for silane-conjugated organic fluorescent dyes 

with negatively charged groups into SNPs are low as a result of electrostatic repulsion 

between silica and fluorophore.21 This is particularly true for near-infrared (NIR) emitting 

dyes most desirable for imaging applications in living tissue. NIR dyes have large 

delocalized -electron systems and to be soluble in water typically require multiple 

negatively charged functional groups (e.g. sulfates) on their periphery. Low incorporation 

efficiencies are a problem for these dyes as their typical costs are of order $200-$300 per 

mg and re-use of typically employed silane-dye conjugates after the initial synthesis is 

problematic. 

Finally, to the best of our knowledge, no inorganic elemental compositions other than 

silica have been reported for < 10 nm sized fluorescent SNPs and core-shell SNPs. In 

particular, compositions are of interest leading to higher rigidity of the organic dye 

environments as increases in rigidity have directly been correlated with increases in per 

dye fluorescence yield as a result of decreases in non-radiative rates.22,23 Here silica 
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compositions derived from aluminum alkoxides as additives are particularly interesting as 

they are known hardening components in alkoxysilane derived silica and alumina is an 

approved adjuvant added to high-volume vaccinations injected intramuscularly and 

subcutaneously.24,25 

All these challenges suggest revisiting the original fluorescent core-shell SNP (C dot) 

synthesis in order to systematically develop a water based approach to <10 nm organic-

inorganic hybrid dots with improved size control, previously unknown compositions, and 

enhanced performance characteristics. Here we present the results of synthesis studies of 

ultrasmall SNPs using water as the reaction medium. Combining fast hydrolysis, slow 

condensation and efficient PEG-silane induced termination of particle growth, we 

demonstrate precise size control of ultrasmall, <10nm diameter, SNPs in steps below 1 nm, 

with narrow particle size distributions. We show that by co-condensing different silane-

conjugated fluorophores into the silica matrix this synthesis process can be used to produce 

<10 nm diameter fluorescent SNPs with optical characteristics tuned from the visible into 

the NIR part of the optical spectrum. We further demonstrate that additional silica shells 

can be added to the synthesis protocol while keeping the overall particle diameter below 

10 nm. As in previous studies this core-shell architecture leads to improved fluorescence 

brightness as compared to the parent cores.16,23 In order to distinguish the materials 

synthesized in water from the past particles synthesized via a modified Stöber process in 

alcohol, we will refer to the different water based fluorescent SNPs described here as 

Cornell prime dots, or simply C’ dots. The water based synthesis approach is quite versatile. 

Here we show that it enables previously unknown inorganic compositions of the particles, 

without loss of particle size control. To that end as an example we move from silica to 
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mixed compositions derived from the addition of aluminum alkoxides as sol-gel 

precursors. The resulting growth conditions of these mixed inorganic NPs allow for more 

efficient incorporation of highly negatively charged NIR emitting fluorophores as 

compared to the plain silica based particles. At the same time the resulting NPs show 

enhanced quantum efficiency of encapsulated dye as compared to particles synthesized 

without the aluminum alkoxide addition. These aluminum containing fluorescent SNPs 

will be referred to as AlC’ dots. Fluorescent SNPs, core-shell SNPs, and their aluminum 

containing analogues are PEGylated to provide steric stability. Finally, heterobifunctional 

PEGs are employed to introduce ligands onto the PEGylated particle surface of fluorescent 

SNPs and core-shell SNPS, as well as their aluminum containing analogues, producing 

ligand functionalized <10 nm NIR fluorescent nanoprobes for preclinical and clinical use 

in diagnostic and therapeutic applications. This is demonstrated with v3 integrin-

targeting cyclo(arginine-glycine-aspartic acid-D-tyrosine-cysteine), c(RGDyC) peptides 

used in earlier studies to target melanoma tumor in animal models and a first human clinical 

trial.14,15 Besides the ability to synthesize size controlled and highly fluorescent silica-based 

nanoprobes for biotechnological and clinical applications, comparison of water-based 

particle growth pathways with those of the conventional Stöber process may contribute to 

a better fundamental understanding of the exact formation mechanisms of SNPs and other 

silica-based nanomaterials.26 
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2.3 Experimental section 

2.3.1 Materials. 

All chemicals are used as received. Dimethyl sulfoxide (DMSO), isopropanol, (3-

mercaptopropyl) trimethoxysilane (MPTMS), (3-Aminopropyl)triethoxysilane (APTES), 

tetramethyl orthosilicate (TMOS), tetraethyl orthosilicate (TEOS), polyethylene glycol 

chains (PEG, molar mass around 400), aluminum-tri-sec-butoxide, 2.0 M ammonia in 

ethanol and 27wt% ammonium hydroxide are purchased from Sigma Aldrich. Methoxy-

terminated poly(ethylene glycol) chains (PEG-silane, molar mass around 500 g/mole) are 

purchased from Gelest. Heterobifunctional PEGs with maleimide and NHS ester groups 

(mal-PEG-NHS, molar mass around 870g/mole) are purchased from Quanta BioDesign. 

Acetic acid is purchased from Mallinckrod.  Cy5 and Cy5.5 florescent dyes are purchased 

from GE. Rhodamine green (RhG) and tetramethylrhodamine (TMR) fluorescent dyes are 

purchased from Life Technologies. DY782 florescent dye is purchased from Dyomics and 

CW800 florescent dye is purchased from Li-cor. Absolute anhydrous 99.5% ethanol is 

purchased from Pharmco-Aaper. cyclo (Arg-Gly-Asp-D-Tyr-Cys) peptide, c(RGDyC), is 

purchased from Peptide International. De-ionized water (DI water) is generated using a 

Millipore Milli-Q system. 

2.3.2 Synthesis of sub-10nm PEGylated silica nanoparticles.  

For the synthesis of 4.2nm PEGylated silica nanoparticles (SNPs), 1ml of 0.02M 

ammonia aqueous solution, which is prepared by mixing 100 µl of 2.0M ammonia in 

ethanol and 10ml Di water, is added into 9ml of DI water. The solution is stirred at room 
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temperature for 10 mins. and 0.43mmol of TMOS is then added under vigorous stirring 

and the solution is stirred at room temperature overnight. Following that, 0.21mmol of 

PEG-silane is added and the solution is stirred at room temperature overnight. In the next 

step, the temperature is increased to 800C and stirring is stopped. The solution is then left 

static at 800C overnight. Afterwards, the solution is cooled to room temperature and then 

transferred into a dialysis membrane tube (Pierce, Molecular Weight Cut off 10.000). The 

solution in the dialysis tube is dialyzed in 2000ml DI-water and the water is changed once 

per day for six days to wash away any remaining reagents. The particles are then filtered 

through a 200nm syringe filter (fisher brand) to remove any aggregates or dust present in 

the particle solution. The resulting particle solution is then subjected to long term storage 

at room temperature and characterization including TEM, DLS, TGA and NMR (vide 

infra). The molar ratios of the reaction are 1 TMOS: 0.093 ammonia: 0.49 PEG-silane: 

1292 H2O. Particle size was varied by tuning synthesis conditions. Details are summarized 

in Table A1. 

It is necessary to note here that the same particles with the same size dispersity and 

structure control can also be synthesized using a 27wt% ammonium hydroxide solution 

instead of the 2.0M ammonia in ethanol as the ammonium hydroxide source as long as the 

solution pH is tuned to around 8. This indicates that the key to this C’ dot particle synthesis 

is the correct pH plus water environment for optimized silica reaction kinetics. Small 

contamination of ethanol (around 10 µl ethanol in a 10ml reaction) does not have any 

detectable effect on the particle synthesis as it does not greatly disturb the reaction kinetics. 
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2.3.3 Synthesis of sub-10nm PEGylated fluorescent silica nanoparticles. 

Cy5, Cy5.5, RhG, TMR, DY782 and CW800 dyes with maleimido functionality 

are first conjugated to MPTMS in DMSO with a molar ratio fluorophore: MPTMS = 1: 25. 

The silane-conjugated fluorophore is then added together with TMOS into the synthesis 

solution to co-condense into the particles. The molar ratio of silane-conjugated fluorophore 

to TMOS is around 1: 1000. The remainder of the synthesis protocol is the same as 

described for the synthesis of the 4.2nm particles under section 2.3.2. (vide supra).  

In order to obtain the most precise fluorescence characterization of the fluorescent 

particles, any fluorophore labeled particles prepared in this study are further purified by 

GPC after the filtration step to further remove any remaining free dye molecules, which 

could disturb FCS and emission spectra measurements, and to maximize the fluorescent 

particle product purity. In detail, the cleaned particle solution is concentrated by about 30 

times using spin-filters (GE healthcare Vivaspin with MWCO 30k) and then purified by 

GPC column (see section 2.3.8 for details). Since the solvent used in the GPC setup is a 

0.9wt% NaCl solution, the purified particles are finally transferred back to DI water using 

spin-filters for further characterizations and long-term storage. In order to transfer the 

particles back to DI water, the purified particles are first concentrated by 30 times using 

spin-filters (GE healthcare Vivaspin with MWCO 30k). DI water is then added into the 

concentrated particle solution to dilute it back to the normal volume. This process is 

repeated for at least 8 times to decrease the concentration of NaCl to close to zero. The 

purified particle sample is then subjected to long-term storage at 40C and for further 

characterizations. 
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2.3.4 Synthesis of sub-10nm PEGylated core-shell silica nanoparticles and sub-

10nm PEGylated fluorescent core-shell silica nanoparticles. 

The synthesis protocol for PEGylated core-shell SNPs is the same as that for the synthesis 

of the 4.2 nm particles except a shell addition step is added after the formation of the 

particles and before the addition of PEG-silane. One day after the addition of TMOS (and 

silane-conjugated fluorophore for the synthesis of PEGylated fluorescent core-shell SNPs) 

the reaction is cooled down to room temperature if a temperature above room temperature 

was applied for core particle formation (see Table A1). The solution is then diluted 5 times 

with DI water. After that, a mixture of TEOS and DMSO (volume ratio 1:4) is dosed into 

the solution under vigorous stirring at room temperature. The volume of each dose is 10 µl 

and the time gap between doses is 30 mins. 50 doses are added for the addition of one layer 

of silica shell resulting in a shell thickness close to 0.5nm (particle size increase by around 

1 nm). This process is repeated until the desired layers of shells (typically 1-4, see main 

text) are added. During the shell addition, the solution pH decreases as a result of the 

addition of extra TEOS and the formation of silicic acid. To keep the pH at neutral for 

optimized reaction kinetics, around 2ml of 0.02M ammonium hydroxide solution is further 

added into the reaction solution after the deposition of every two layers of silica shell. 

Afterwards, 1.05mmol of PEG-silane (same PEG-silane concentration as for the 

PEGylation of core particles) is added and 800C heat treatment is applied following the 

same procedure as described for the 4.2 nm particle synthesis. Purification steps are applied 

as described above in section 2.3.3. 
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2.3.5 Synthesis of sub-10nm PEGylated aluminosilicate nanoparticles and 

PEGylated aluminosilicate core-silica shell aluminosilicate nanoparticles. 

For the synthesis of sub-10 nm PEGylated aluminosilicate nanoparticles (ASNPs), 

1ml of 0.5N HCl solution is added into 9 ml of DI water and the solution is stirred for 10 

mins. Following that, 0.43 mmol of TMOS and 0.043 mmol of aluminum-tri-sec-butoxide 

(dissolved in isopropanol with volume ratio 1:9) are added under vigorous stirring at room 

temperature. 10-15 mins. later, 0.21 mmol PEG-silane is added followed by switching back 

of solution pH to neutral via adding about 140 µl of 27 wt% ammonium hydroxide. The 

final pH is double checked with pH paper. Afterward, the solution is kept at 800C overnight 

without stirring. The remainder of the synthesis protocol follows the same procedures as 

described for the synthesis of 4.2 nm particles in section 2.3.2 and 1.3.8. 

For the synthesis of core-shell ASNPs, 0.21 mmol PEG (molar mass around 

400g/mole) is added instead of PEG-silane before the reaction pH is switched back to 

neutral. After the reaction pH is switched back to neutral, a mixture of TEOS and DMSO 

(volume ratio 1:8) is dosed into the solution under vigorous stirring at room temperature. 

The volume of each dose is 10 µl and the time gap between doses is 30 mins. 50 doses are 

added for the addition of one layer of silica shell resulting in a shell thickness close to 

0.5nm (particle size increase by around 1nm). This process is repeated until the desired 

layers of shells (typically 2, see main text) are added. Afterwards, 0.21 mmol PEG-silane 

is added and the 800C heat treatment is applied without stirring. The remainder of the 

synthesis protocol follows the same procedures as described for the synthesis of 4.2 nm 

particles in section 2.3.2. The addition of PEG before switching solution pH back to neutral 

is not absolutely necessary, but we found that in our study this can improve the 
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monodispersity of synthesized ASNPs and prevent their aggregation during the process of 

changing pH. 

2.3.6 Synthesis of sub-10 nm PEGylated fluorescent aluminosilicate nanoparticles 

and sub-10 nm PEGylated fluorescent aluminosilicate core-silica shell 

aluminosilicate nanoparticles covalently encapsulating Cy5 or Cy5.5 

flourophores. 

In order to covalently encapsulate fluorophores into ASNPs, silane-conjugated Cy5 

or Cy5.5 fluorophore is added right after the addition of TMOS and aluminum-tri-sec-

butoxide using the same conjugation conditions and dye concentration as described in 

section 2.3.3. The remainder of the synthesis protocol is the same as described for the 

synthesis of blank ASNPs in section 2.3.5 and purification steps are applied as described 

above in section 2.3.3. 

2.3.7 PEGylated particle surface modification with easily accessible ligands.  

 In order to functionalize the surface of any of the PEGylated particles in this study 

with e.g. c(RGDyC) peptide ligands, the heterobifunctional NHS-PEG-mal is first 

conjugated with APTES in DMSO to produce mal-PEG-silane. The concentration of NHS-

PEG-mal in DMSO is around 0.22M. The reaction mixture is left at room temperature 

under nitrogen overnight. As the next step c(RGDyC) is then added into the DMSO solution 

and the solution is left at room temperature under nitrogen overnight. The molar ratio of 

c(RGDyC) : NHS-PEG-mal : APTES is 1.1: 1.0: 0.9 to ensure every heterobifunctional 

PEG condensed on the particle surface has c(RGDyC) attached. Afterwards, the produced 
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c(RGDyC)-PEG-silane is added followed by the addition of PEG-silane in the PEGylation 

step during nanoparticle synthesis. Different molar ratios of c(RGDyC)-PEG-silane to 

PEG-silane can be used to vary the amount of ligands on the particle surface. For example, 

a molar ratio of c(RGDyC)-PEG-silane : PEG-silane of about 1: 40 gives around 22 

c(RGDyC) ligands per 7nm diameter particle, while decreasing the ratio to 1: 400 will 

result in about 5 c(RGDyC) ligands per 7nm particle. The remainder of the synthesis is the 

same as that described for the conventional PEGylation in section 2.3.4. The same 

methodology can be applied to all particles described in this study for producing surface 

functionalized probes, including blank and fluorescent SNPs, core-shell SNPS, and their 

aluminum containing analogues, all with different types of covalently encapsulated 

fluorophores. Other ligands that can be used in this way include, but are not limited to, 

other linear and cyclic peptides, antibody fragments, various DNA and RNA segments (e.g. 

siRNA), therapeutic molecules including drugs and radioisotopes and their respective 

chelating moieties, as well as combinations thereof. 

2.3.8 Gel permeation chromatography characterization (GPC). 

GPC characterization is performed using a BioLogic LP system equipped with a 

275nm UV detector and with resin Superdex 200 from GE healthcare. While the blank 

SNPs can hardly be detected by the 275nm UV detector due to the low absorbance of silica, 

the fluorescent SNPs show strong signals in the GPC setup because the encapsulated 

fluorophores have absorbance overlapping with the 275nm detecting channel. As a result, 

GPC can be used to further increase the purity of cleaned C’ dot products for 

characterizations and further clinical applications. Before usage, the GPC system is 



20 
 

calibrated by protein standards from Bio-Rad, which are a mixture of thyroglobulin, bovine 

γ-globulin, chicken ovalbumin, equine myoglobin, and vitamin B12 with known molar 

masses. Afterwards, around 400 µl of particle solution is injected into the GPC setup and 

fractions are collected by a BioFrac fraction collector. A detailed analysis of different GPC 

factions is displayed in Figure A8. By collecting the particle factions, the particle product 

purity can be further maximized. 

2.3.9 Characterization of particle morphology. 

Transmission electron microscopy (TEM) images are taken using a FEI Tecnai T12 

Spirit microscope operated at an acceleration voltage of 120kV. Hydrodynamic particle 

sizes and size distributions are measured by dynamic light scattering (DLS) using a 

Malvern Zetasizer Nano-SZ operated at 200C. Each DLS sample is measured three times 

and results are superimposed in the respective figures in this paper. Number percentage 

curves are used to present the measurement results. The average diameter of each sample 

is calculated by averaging the mean diameters of number percentage curves from three 

measurements. 

2.3.10 Characterization of fluorophore encapsulating particles. 

Absorbance spectra of samples are measured by a Varian Cary 5000 

spectrophotometer. By varying sample concentration, the absorbance spectra of different 

samples are matched and thus the optical density of different samples are adjusted to be the 

same. Afterwards, the absorbance-matched samples are subjected to emission scans using 

a Photon Technologies International Quantamaster spectrofluorometer. The peak intensity 
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of emission spectra of particles is divided by the peak intensity of the absorption-matched 

solution of free dye for quantum efficiency enhancement calculations.23 

Fluorescence correlation spectroscopy (FCS) measurements are conducted using a 

home built FCS setup. A 488nm solid-state laser is used as the laser source for RhG 

fluorophore. A 543nm HeNe laser is used as the laser source for TMR fluorophore. A 

633nm solid-state laser is used as the laser source for Cy5 and Cy5.5 fluorophores. A 

785nm solid-state laser is used as the laser source for DY782 and CW800 fluorophores. 

The hydrodynamic size, brightness per particle and particle concentration are obtained 

from fits of the FCS auto-correlation curves.23 Dividing particle concentration obtained 

from FCS by fluorophore concentration obtained from absorbance measurements, the 

number of fluorophores per particle is calculated as described elsewhere. 23 

2.3.11 29Si and 27Al solid-state NMR characterization. 

The 29Si cross-polarization (CP)/ magic angle spinning (MAS) NMR experiments 

are carried out on a Bruker Advance NMR spectrometer with a 9.4T magnet using a probe 

head for rotors of 4 mm diameter. During the 29Si CP/MAS NMR experiments the samples 

are spun at 7.00 kHz rotation frequency at the magic angle. For the final spectra, up to 3200 

scans are accumulated using CP with ramped proton powers during the 5 ms CP contact 

times and detection with TPPM proton decoupling. The 29Si CP/MAS NMR scans are 

accumulated with repetition time of 3 s due to the probe duty cycle. 

The 27Al NMR experiments are performed on a Bruker Avance NMR spectrometer 

with a 16.45T magnet (182.47 MHz 27Al Larmor frequency) using a probe head for rotors 

of 2.5 mm diameter. Potassium alum  serves as external 27Al NMR chemical shift secondary 
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reference (at -0.033 ppm) and for calibration of the 90 degree pulse lengths and rf power. 

The final 27Al NMR MAS spectra are acquired with a nominally 10 degree direct excitation 

pulse at 95 kHz rf field strength, adding up to 6144 scans with 100 ms repetition times, 

while spinning the sample at 15.00 kHz at the magic angle. The 27Al background of the 

probe head and rotor are characterized by acquiring the spectrum of an empty rotor under 

identical conditions and subtracting it from the sample spectra.  

2.3.12 Thermogravimetric analysis (TGA). 

The particle solution is first frozen in liquid nitrogen and then left under vacuum at 

-200C over three nights to dry. The powder after freeze-drying is further left under vacuum 

at 600C overnight. The dried out particle sample is then subjected to TGA. The TGA is 

conducted using a TA Instruments Q500 thermogravimetric analyzer. During the 

measurement, the temperature is increased from room temperature to 1000C with a ramp 

of 100C/min and then remains at 1000C for 2h to fully exclude any residual water. 

Afterward, the temperature is further increased to 6000C with a ramp of 100C/min removing 

any organic moieties and leaving pure inorganic silica or aluminosilicate behind. The 

average amount of PEG chains on a particle is then estimated according to these TGA 

results. 

2.3.13 Molecular model of c(RGDyC) functionalized C’ dot. 

Based on the full analysis of the C’ dot structure, e.g. core size, shell thickness, PEG 

surface density, number of surface ligands, and number of fluorophores encapsulated, a 

schematic molecular model was generated displaying the architecture of a C’ dot at the 
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atomic level with realistic scale. In order to do this, we first constructed a 4nm SiO2 sphere 

which is a continuous random network of Si and O atoms. The coordinates of each Si and 

O atoms inside the network are generated by reverse Monte Carlo simulation of a silica 

glass.27,28 We used a total of about 800 SiO2 units present inside the silica particle which 

agrees well with a calculation using the density of amorphous silica. Following this, a 

volume inside this silica particle is manually created where one encapsulated Cy5 

fluorophore is drawn. Afterwards, around 100 PEG-silane chains and 16 c(RGDyC)-

functionalized PEG-silane chains covalently bonded to the silica particle surface are added 

manually. The final drawing represents one C’ dot particle with a ~3 nm core, ~0.5 nm 

shell, one encapsulated Cy5 fluorophore, around 100 PEG chains, and 16 c(RGDyC) 

ligands on the surface. It is important to note that the model is not the result of a true 

simulation, but is rather a scaled schematic drawing which provides a realistic visualization 

of the relative size scale of the different building blocks of one C’ dot particle. 
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2.4 Results and discussion 

2.4.1 Controlled blank silica nanoparticle growth.  

 

Figure 2.1. Illustration of synthesis system. Illustration of water based fluorescent SNP 
growth pathways together with the chemical structures of produced particles used in this 
study (see text for details). 

 
Figure 2.1 presents the aqueous particle synthesis pathways pursued in this study 

together with the chemical and physical structures of the products. As detailed in the 

experimental section, <10 nm diameter SNPs are synthesized in pure water, typically at 
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room temperature, with tetramethyl orthosilicate (TMOS) as silica source and ammonium 

hydroxide as base catalyst. Upon the formation of particles, PEG-silane with molar mass 

around 500 g/mole is added into the reaction vessel to terminate particle growth. A 

subsequent heat treatment at elevated temperature (80C) is then applied to enhance the 

condensation degree of PEG-silane on the particle surface.29 The synthesized particles are 

cleaned though dialysis to remove reaction reagents and then filtered by a 200 nm syringe 

filter to remove any aggregates or dust before further characterizations. The particle growth 

period is defined by the time window between the addition of TMOS and the addition of 

PEG-silane. As particle PEGylation is an integral part of the synthesis, the particles are 

already surface modified with PEG chains once synthesized and are stable, e.g. in high salt 

containing buffer solutions.14,15 Particle size is controlled by varying reaction parameters 

including concentration of TMOS, concentration of ammonium hydroxide, length of 

particle growth period, and reaction temperature.  

Figure 2.2a-i display transmission electron microscopy (TEM) images at two 

different magnifications of particles grown under different conditions, revealing the size 

and size distribution control. For example, Figure 2.2d shows 4.2nm diameter SNPs 

synthesized using the following parameters: room temperature, 0.043M TMOS, 0.002M 

ammonium hydroxide, and 24 hours growth period. The diameter of 4.2nm is determined 

by dynamic light scattering (DLS), while the particle diameter as obtained from TEM 

image analysis is only around 2-3nm. The particle size measured by DLS is slightly larger 

than that by TEM because DLS measures hydrodynamic size which includes PEG chains 

and hydration layers, while TEM only provides information about the diameter of the 

projected silica core. Shortening the particle growth period from 24 hours to 10 mins, the 
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synthesized particle diameter decreases from 4.2 nm to 3.7 nm (Fig. 2.2c). Further decrease 

of the growth period does not result in the decrease of particle size, but to a loss of control 

of overall size distribution (data not shown). This suggests that the particles go through a 

rapid growth period during the first 10 minutes due to high precursor concentration, 

followed by a slow growth mode due to controlled aggregation (see Figs. A1 and A2) of 

existing silica clusters. To further decrease particle size, the growth period of particles is 

left at 20 hours, but the concentration of silica source, TMOS, is decreased from 0.046M 

to 0.011M. As a result, the synthesized particle diameter decreases from 4.2 nm to 2.4 nm 

(Fig. 2.2a and b). This is because the decrease of TMOS concentration leads to a lower 

hydrolyzed silica precursor concentration, which in turn leads to slower particle growth. 

Applying the 4.2 nm particle synthesis parameters, except increasing the concentration of 

ammonium hydroxide from 0.002M to 0.06M (thereby changing pH from ~8 to about ~10), 

the average particle diameter increases from 4.2 nm to 5.2 nm (Fig. 2.2e and f). An increase 

in pH generally causes an increase of hydrolysis rate and decrease of condensation rate.  

Since the hydrolysis of TMOS in water is always fast,30 most likely the decrease of 

condensation rate is the dominant effect, leading to the lower particle concentration and 

bigger particle size. In order to further increase particle size, the reaction temperature of 

the particle growth period is varied. Applying the 4.2 nm particle synthesis parameters, but 

increasing reaction temperature from room temperature to 80C, the average particle 

diameter further increases from 4.2 nm to 7.3 nm (Fig. 2.2g to i). This could be the result 

of two effects (see also Fig. A1). First, due to a high surface energy of small particles, at 

higher temperature silicic acid rapidly condenses into bigger silica clusters with lower 

concentrations until the silicic acid as precursor is exhausted. Afterwards, since smaller 
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particles are less stable at higher temperature, particles further slowly aggregate into bigger 

ones and particle size further increases.  

A comparison of size and size distributions as measured by DLS of the nine particle 

batches with different average diameters is displayed in Fig. 2.2j. The data demonstrates 

precise particle size control with steps below 1 nm. Considering that a single SiO2 atomic 

layer is roughly around 0.4 nm thick, this is equivalent to controlling the particle growth at 

the level of the deposition of single atomic layers around the particles.31,32 Since this control 

is achieved by varying a combination of four reaction parameters, the synthesis system is 

endowed with a high degree of chemical versatility. This implies that narrowly size-

dispersed ultrasmall SNPs can be synthesized under very different conditions, which 

should be compatible with other particle modification chemistries (vide infra). 

Compared to the conventional Stöber method, the main difference of this process 

is that the reaction solvent is switched from alcohol to water, leading to the better-defined 

reaction kinetics for ultrasmall SNP growth. In water the hydrolysis rate of 

tetraalkoxysilanes, and particularly of TMOS, is greatly increased relative to alcohol, and 

thus even at close-to-neutral pH hydrolysis is still fast enough to generate a homogeneous 

silicic acid precursor solution.33 Following the fast hydrolysis, water and near neutral pH 

further lead to fast condensation generating homogeneously sized SNP seeds at high 

concentrations. Keeping everything else constant, increasing/decreasing the concentration 

of TMOS leads to bigger/smaller particles through more/less monomer addition to the 

seeds. Since after seed formation no further monomer is provided by hydrolysis, the 

concentration of remaining silicic acid in solution is low and no significant amounts of 

silicic acid monomers can condense onto the existing seed particles, resulting in the  
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Figure 2.2. Characterizations of blank and fluorescent SNPs. (a-j) Characterization of 
blank SNPs (i.e. without fluorophore encapsulation). (a-i) TEM images at two different 
magnifications (insets) of blank SNPs with the following average diameters as measured 
by DLS in aqueous solution: (a) 2.4 nm, (b) 3.1 nm, (c) 3.7 nm, (d) 4.2 nm, (e) 4.5 nm, (f) 
5.2 nm, (g) 5.9 nm, (h) 6.5 nm and (i) 7.3 nm. (j) Size distributions of blank SNPs with 
varying average diameters as measured by DLS in aqueous solution. (k-n) Characterization 
of Cy5-encapsulated fluorescent SNPs (C’ dots) with different average diameters: 4.3 nm, 
4.7 nm, 5.2 nm, 5.9 nm, 6.2 nm, 6.8 nm, 7.3 nm and 7.8 nm. The average diameters are 
measured by FCS. (k) FCS autocorrelation curves; (l) absorbance (matched) and emission 
spectra; (m) FCS derived number of fluorophores per particle; (n) FCS measured (columns) 
and calculated (dots) fluorescence brightness per particle of fluorescent SNPs with varying 
average diameters as compared to free dye in aqueous solution (see text). 
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production of small particles. As temperature increases, small particles can further 

aggregate into bigger ones due to decreased surface energy for bigger particles. Finally, 

terminating particle growth by PEG-silane addition adds another synthesis parameter by 

which particle size can be precisely controlled and final particle stability is greatly 

enhanced. 

 

2.4.2 Controlled fluorescent silica nanoparticle growth. 

In further experiments fluorescent dyes are covalently encapsulated for the 

production of fluorescent PEGylated SNPs. To this end, applying the 4.2 nm particle 

synthesis conditions, additional silane-conjugated Cy5 fluorophore is added into the 

reaction to co-condense with TMOS into the silica matrix.34 Considering that the Cy5 

fluorophore can be quenched by solutions at high base concentration, size control of the 

Cy5 doped particles is achieved by simply varying temperature, rather than ammonium 

hydroxide concentration. Synthesized particles are finally purified though gel permeation 

chromatography (GPC) after the regular cleaning steps to maximize particle purity and 

fully remove any residual free fluorophores which could otherwise falsify optical particle 

characterization results (see details in experimental section). The size of fluorescent 

particles from eight batches for which the reaction temperature was raised from room 

temperature to 90C (see experimental section) is characterized by fluorescence correlation 

spectroscopy (FCS) (Fig. 2.2k). Compared to DLS, FCS shares a similar measurement 

mechanism, which extracts particle diffusion information from the autocorrelation of signal 

intensity fluctuations.35 However, instead of scattered light FCS uses fluorescence and thus 
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is more sensitive to small particles or molecules whose scattering is weak. In Fig. 2.2k the 

shifts to the right of FCS autocorrelation curves, in particular moving from free dye to dye-

encapsulating SNPs, indicate the slower diffusion times of the bigger particles. The average 

particle diameters are obtained via curve fitting (see Fig. A3 for an example) and vary from 

4.3 nm to 7.8 nm in steps below 1 nm, covering a similar size range and exhibiting single 

atomic layer size control as compared to the blank SNPs measured by DLS in Fig. 2.2j. 

Images of the fluorescent particles as obtained by TEM are shown in Fig. A4. Absorbance 

and emission spectra in water of these differently sized dots as compared to the free dye 

are shown in Fig. 2.2l. Absorbance matching all solutions reveals that silica encapsulated 

Cy5 dye is brighter than free dye, and that encapsulated Cy5 dye brightness increases with 

particle size. In previous studies this brightness enhancement has been correlated to an 

increase in quantum yield due to a change in dielectric constant moving from water to 

silica, as well as the increased rigidity of the dye in the silica environment.23 As overall 

particle size increases, Cy5 fluorophores have a higher probability of being well 

encapsulated by the silica matrix leading to the observed higher quantum enhancement. 

The number of fluorophores per particle as well as the brightness per particle can be 

obtained from FCS derived solution concentration in conjunction with absorbance data.23 

The results are displayed in Fig. 2.2m and n, respectively. As suggested by Fig. 2.2n, each 

synthesized particle of the different synthesis batches contains around one to two 

fluorophores, and the number of fluorophores per particle slightly increases as particle size 

increases. Considering that one Cy5 fluorophore is around 1.2 nm in hydrodynamic 

diameter and has one negative charge (see molecular structure in Fig.1) repelling it from 

the negatively charged silica, an average of 1-2 fluorophores per particle is a reasonable 
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number. As shown in Fig. 2.2m, the brightness per particle as measured by FCS directly 

(from # of photons hitting the avalanche detector per dye/particle) is at least two times 

higher than the brightness per single Cy5 fluorophore in water, and increases as particle 

size increases. The brightness per particle can also be estimated from the product of the 

brightness per fluorophore and the number of fluorophores per particle (see black dots in 

Fig. 2.2m). While the overall trends in behavior are the same, it is interesting to note that 

the brightness per particle as measured directly by FCS consistently overestimates this 

calculated brightness value for all samples. This is in difference to previous studies of 

particles synthesized via the Stöber method, in which FCS results underestimated the 

brightness.23 At this point we can only speculate that this difference in behavior might be 

due to improved particle cleaning procedures from free dye via GPC columns used in this 

study or due to different types of encapsulated fluorophores. Overall the deviations in 

Fig.2n are small, however, and trends for brightness per particles from FCS and 

calculations are consistent. 

2.4.3 Controlled fluorescent core-shell silica nanoparticle growth.  

Additional silica shells are added to particles before PEGylation by further dosing 

extra silica source into the reaction (Fig. 2.1). Compared to the particle size control via 

varying temperature, in which particle growth follows the controlled aggregation pathway, 

particle growth by silica shell additions follows the monomer addition pathway. The key 

here is that the concentration of hydrolyzed precursor, silicic acid, always stays below the 

critical concentration for secondary particle nucleation. This can be achieved by optimizing 

the amount of silica source dosed at any given time and the time gap between doses. 
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However, simply dosing TMOS always results in even smaller average sizes of the final 

particles independent of dose and gap width employed (data not shown). This suggests that 

the additional silica source forms secondary particles rather than condensing onto the 

surface of existing ones. This is because both hydrolysis and condensation of TMOS in 

water are fast; upon the addition of a single dose, as mixing via simple stirring may not be 

fast enough, secondary particle formation is difficult to suppress. In order to circumvent 

secondary particle nucleation, the silica source used in the shell additions is switched from 

TMOS to TEOS, because of its slower hydrolysis rate. By optimizing pH and dilution, the 

hydrolysis of TEOS can be tuned to be just a little bit slower than the time needed for a 

single does to thoroughly mix with the entire solution. In this way, once TEOS of each dose 

spreads out, it hydrolyzes and condenses onto the existing particles fairly fast. As a result, 

additional silica shells can be efficiently added without secondary particle nucleation, 

resulting in an increase of average particle size. This is first successfully demonstrated 

using the pure SNPs (without dye addition), starting from a core size of around 4 nm, and 

adding three successive shells leading to particle sizes of 5.6 nm (one shell), 6.5 nm (two 

shells), and 7.8 nm (three shells), see Fig. A5 for TEM and DLS data. 

Subsequently, experiments are performed with Cy5 dye containing cores (Fig. 2.3). 

By adding 1 to 4 silica shells of about 1 nm thickness each to a 5 nm sized Cy5 doped 

particle core (seed), as revealed by FCS (Fig. 2.3g), Cy5 labeled fluorescent core-shell 

SNPs are synthesized. The TEM images of these particles, together with the parent core 

particle, are shown in Fig. 2.3a–e, revealing exquisite size control again at the single atomic 

layer level. A network pattern of particles can sometime be found in the TEM images, 

which is the result of capillary forces acting on the particles during water evaporation in 
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TEM sample preparation.16 Absorbance matched spectra as well as the corresponding 

emission spectra of these particles are compared to free dye in Fig. 2.3f. Results suggest a 

quantum enhancement over free Cy5 dye which increases from ~1.3 for the core particle 

to ~1.7 as the number of silica shells increases from 0 to 4. Similar to the case of increasing 

particle size without extra shells, this brightness increase most likely results from tighter 

silica encapsulation of Cy5 fluorophore with increasing shell number and a concomitant 

increase in rigidity through the local silica environment. As the number of shells increases, 

the FCS derived number of fluorophores per particle does not exhibit any obvious trend 

(Fig. 2.3h), which is very different compared to the behavior of particles grown to different 

sizes in Fig. 2.2m. This further corroborates that in the shell addition experiments particles 

grow through monomer addition rather than controlled aggregation. Although the number 

of fluorophores per particle remains the same, the enhancement of per dye brightness 

contributes to an increase of particle brightness as observed by FCS, see Fig. 2.3i. 
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Figure 2.3. Characterizations of core-shell fluorescent SNPs. (a-e) TEM images at two 
different magnifications (insets) of Cy5-encapsulated fluorescent core-shell SNPs (C’ dots) 
with 0 (core/seed) to 4 shells, and the following average diameters as measured by FCS: 
5.0 nm (core/seed), 6.1 nm, 6.8 nm 7.8 nm and 8.7 nm. (f) Absorbance (matched) and 
emission spectra; (g) FCS autocorrelation curves; (h) FCS derived number of fluorophores 
per particle; (i) FCS measured (columns) and calculated (black dots) fluorescence 
brightness per particle of C’ dots with 0 (core/seed) to 4 shells as compared to free dye in 
aqueous solution (see text). 
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With the water-based synthesis process described here, the size of SNP cores can 

be tuned via controlled aggregation while extra silica shells can be added via monomer 

addition (Figure 2.1). In order to show the principle that these two particle growth pathways 

can be switched in a single synthesis of fluorescent core-shell SNPs, a batch of particles is 

grown first through controlled aggregation by varying reaction temperature, then through 

monomer addition by further dosing extra silica source. Small amounts of particles are 

aliquoted for PEGylation at different synthesis moments and then characterized. Results 

show a consistent increase of particle size as well as of encapsulated dye quantum 

enhancement during the synthesis (for details see Supplementary information, Figure A6). 

Results demonstrate that the architecture of <10 nm fluorescent core-shell SNPs, via core 

diameter and shell thickness, can be tuned at the sub nanometer single atomic layer level 

by the particle growth conditions described here.  
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Figure 2.4. Optical characterizations of C' dots encapsulating different fluorophores. 
(a-f) Absorbance (matched) and emission spectra (left) as well as FCS characterization 
(right) of C’ dots derived from different types of fluorophores. (a) RhG, (b) TMR, (c) Cy5, 
(d) Cy5.5, (e) DY782 and (f) CW800. (g) Normalized absorbance and emission spectra of 
C’ dots with different dyes/colors. (h) A photo showing the solution appearance of C’ dots 
derived from different color dyes. From left to right: RhG, TMR, Cy5, Cy5.5, DY782 and 
CW800.  

In order to distinguish these new libraries of fluorescent SNPs synthesized in water 

with precise control over particle size and architecture from the original Cornell dots (C 

dots) synthesized via a modified Stöber process in alcohol, they will be referred to as 

Cornell prime dots or simply C’ dots. 

In addition to Cy5 dye other types of fluorophores, including rhodamine green 

(RhG), tetramethylrhodamine (TMR), Cy5.5, Dyomics 782 (DY782) and IRDye 800CW 

(CW800), are encapsulated to produce core-shell C’ dots of varying colors. Respective 
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steady-state spectra and FCS characterization results are displayed in Fig. 2.4a-f 

summarized in Table 2.1. These C’ dots are synthesized following the 4.2 nm sized core 

protocol plus the addition of a 1 nm thick silica shell.  As shown in Table 2.1, final particle 

sizes vary between 5.2 nm (DY782) and 6.7 nm (Cy5.5), each particle type containing 

around 1-2 fluorophores. Figure 2.4g and h compare the absorbance/emission spectra and 

the solution appearance of the different C’ dots, respectively. It is interesting to note that 

the particle synthesis is compatible with different types of fluorophores with fluorescence 

wavelength all the way from the blue part of the optical spectrum to the NIR. Especially in 

the 650-800 nm regime, different color NIR C’ dots can be synthesized enabling multi-

color NIR imaging and NIR multiplexing.  

Table 2.1. Optical characterization C' dots wish different fluorophores. Comparison 
of C’ dots from different types of fluorophores. Diameter and brightness are measured by 
FCS while the # of dye moelcules per particle is calculated from steady-state absorbance 
measurements on different C’ dots and particle concentrations as measured by FCS. 

 Diameter 

# of Dye 

Molecules per 

Particle 

Quantum 

Enhance

ment 

Brightness 

to Free 

Dye 

Abs./Emi. 

Wavelength 

RhG C’ dots 6.2nm 1.8 1.4 2.6 times 506/528nm 

TMR C’ dots 6.5nm 2.0 1.7 2.2 times 556/576nm 

Cy5 C’ dots 6.1nm 1.4 1.5 2.4 times 649/668nm 

Cy5.5 C’ dots 6.7nm 1.5 1.5 2.4 times 678/695nm 

DY782 C’ dots 5.2nm 1.3 5.6 6.2 times 780/799nm 

CW800 C’ dots 5.5nm 1.2 1.1 1.2 times 792/808nm 
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2.4.4 Controlled fluorescent silica nanoparticle growth with different inorganic 
compositions. 

Fluorophores with emission spectra moving further out into the NIR typically have 

larger molar mass and size, therefore requiring more negatively charged sulfate groups on 

the periphery of their delocalized –electron systems to generate the desired water 

solubility, e.g. compare molecular structures of Cy5 and Cy5.5 in Figure 2.1. Since silica 

above its isoelectric point at pH>2.7 is also negatively charged, it is increasingly 

challenging to covalently encapsulate such highly negatively charged NIR fluorophores 

into SNPs due to increasing electrostatic repulsive interactions.21 Here we present a solution 

to this problem by adjusting the aqueous SNP growth solution pH to values (pH ~ 1.5) 

slightly below the isoelectric point of silica (pH ~2.7). Since under these conditions SNPs 

would have a low (positive) charge density and therefore particle suspensions in aqueous 

solutions would be unstable, an aluminum alkoxide is added to the reaction mixture 

together with the silica source (TMOS). At the low pH, aluminum based reaction 

intermediates are positively charged (while in-framework aluminum replacing silicon in 

the network carries a negative charge).34 From our experimental results, this stabilizes the 

growing particles enough to prevent aggregation. As shown below, at the same time the 

weakly positively charged silica at pH~1.5 provides attractive interactions to negatively 

charged fluorophores, thereby facilitating their incorporation. Aluminum alkoxides are a 

good choice for this purpose, as alumina derived from its alkoxides has already been 

approved for injection as one of the most common immunization adjuvants.37 The resulting 

ultrasmall NIR fluorescent aluminum containing SNPs may therefore also have potential 

for clinical translation. 
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In order to incorporate aluminum into SNPs, the solution pH is adjusted to around 

1.5 using HCl. An aluminum-tri-sec-butoxide/isopropanol mixture and TMOS (molar ratio 

around 1:10) are then added simultaneously followed by addition of PEG-silane after 10 

mins. of reaction time to terminate particle growth (see experimental section for details). 

After adjusting the solution pH back to neutral using ammonium hydroxide, an 80C heat 

treatment is applied to enhance covalent particle PEGylation. As evidenced by a 

combination of TEM and DLS (Fig. A7), around 3 nm and narrowly size-dispersed NPs 

can be successfully synthesized in this way.  

  

Figure 2.5. Characterizations of aluminosilicate nanoparticles. (a) Solid-state 29Si 
CP/MAS (top) and 27Al MAS (bottom) NMR spectra of AlC’ dots with and without silica 
shells; the insert on the right shows a model of the molecular structure of the corresponding 
aluminosilicate network together with covalently encapsulated NIR Cy5.5 dye. (b) TEM 
image of core ASNPs. (c) TEM image of core-shell ASNPs. (d) FCS autocorrelation curves 
and (e) absorbance (matched) and emission spectra of Cy5.5 encapsulating core and core-
shell ASNPs (AlC’ dots) compared to free Cy5.5 dye in aqueous solution. (f, g) GPC 
elution curves obtained from Cy5 (f) and Cy5.5 (g) encapsulating particle batches 
synthesized under dramatically different pH conditions as compared to conventional C’ 
dots, see description in text. Vertical hatched lines indicate elution times of molar mass 
standards (in kilo dalton, kDa) as a guide. 

It should be noted that at the strongly acidic conditions used here pure SNPs can 

hardly be generated. As a result of the proximity of the solution pH to the isoelectric point 
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of silica at 2.7, the surface charge density of SNPs is not high enough to electrostatically 

stabilize particles and consequently particle aggregation occurs. In contrast, since the 

hydrolysis product of aluminum alkoxide at acidic conditions is strongly positively 

charged, [Al(OH2)6]3+, and in-framework aluminum is negatively charged, we hypothesize 

that as aluminum co-condenses with silica it may add enough charge to the growing 

particles so that electrostatic repulsive interactions prevent uncontrolled particle 

aggregation.36 The diminished negative charge density of growing particles in this 

synthesis protocol may also help to reduce the repulsion to negatively charged NIR 

fluorophores thereby facilitating their encapsulation into the NPs. In order to prove this 

principle, ultrasmall <10 nm Cy5.5 labeled NPs were synthesized by adding dye 

conjugated silane into the reaction mixture (see experimental section for details). The 

successful incorporation of aluminum into silica of these particles is checked first by solid-

state NMR. The 29Si NMR spectrum in Fig. 2.5a evidences T and Q groups in agreement 

with previous studies demonstrating a silica-based particle matrix (Q groups) and PEG-

silane condensation on the particle surface (T groups).38 The 27Al NMR spectrum only 

shows one sharp peak at around -56ppm indicating four-fold coordinated in-framework 

aluminum. An illustration of the molecular structure of the corresponding aluminosilicate 

network together with covalently encapsulated NIR dye is also shown in Fig. 2.5a.24,39 

Particle formation was further confirmed by a combination of TEM as well as FCS (Fig. 

2.5b and d) and particle size as determined by FCS is 4.2 nm. Unaltered shapes of 

absorbance and emission spectra suggest survival of the Cy5.5 fluorophore despite the 

strongly acidic synthesis conditions (Fig. 2.5e). 
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In order to prove more quantitatively that this synthesis protocol enhances the 

encapsulation of highly negatively charged fluorophores, the aluminum containing Cy5.5 

labeled SNPs, as well as the results of various control reactions, are subjected to GPC 

characterization immediately after synthesis and before any cleaning step. As shown in Fig. 

2.5f and g, the elugrams of conventional Cy5 and Cy5.5 labeled SNPs synthesized using 

weak base conditions have three main peaks. As indicated in Figure A8, the peak at around 

7 min. stems from larger aggregates, which usually will be filtered away via cleaning. The 

peak at around 18 min. is from unreacted dye molecules, which will be washed away 

through dialysis. The peak at around 12 min. is the main particle peak. By comparing the 

peak area of unreacted fluorophores and particles, the percentage of encapsulated 

fluorophore can be estimated. First of all, the data reveals that the degree of encapsulation 

greatly depends on fluorophore, and with it on the number of charges per dye. Around 60% 

silane-conjugated Cy5 dye, which contains one negative charge, is encapsulated into 

particles at weak base conditions, while this percentage decreases to only ~40% for Cy5.5, 

which contains three negative charges per molecule. As the reaction pH is decreased to 1.5, 

no free particle peak is observed for either Cy5 or Cy5.5, whereas the elugrams indicate 

strong particle aggregation most likely due to loss of particle surface charge. In contrast, 

as the aluminum alkoxide is submitted to the reaction mixture together with TMOS at low 

pH, for both dyes a clear particle peak reemerges in the elugrams, while the aggregation 

peak is strongly suppressed. Interestingly, under the strongly acidic synthesis conditions 

the encapsulation efficiency as revealed by the areas under the respective peaks for both 

dyes increases. The effect is stronger for Cy5.5 where the efficiency increases from ~40% 

to >70%.  
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Table 2.2. Optical characterization of aluminosilictae C' dots. Comparison of Cy5.5 
encapsulating aluminosilicate nanoparticles. Diameter and brightness are measured by FCS 
while the # of dye molecules per particle is calculated from steady-state absorbance 
measurements on different C’ dots and particle concentrations as measured by FCS. 

 Diameter 

# of Dye 

Molecules per 

Particle 

Quantum 

Enhancement 

Brightness to Free 

Dye 

Cy5.5 1.3nm 1.0 - - 

Cy5.5 core 4.2nm 1.4 1.7 2.1 times 

Cy5.5 core-shell 7.6nm 1.3 2.6 3.0 times 

 

Two additional silica shells are added to the Cy5.5 encapsulated aluminosilicate 

core before PEGylation to further enhance the fluorophore quantum efficiency (illustration 

shown in Fig. 2.1). 29Si and 27Al solid-state NMR spectra of the resulting aluminum 

containing core-shell nanoparticles (Fig.5a), show consistent characteristics as compared 

to the particles without shell, corroborating the presence of four-fold coordinated in-

framework aluminum. onsidering that the T groups in the 29Si spectrum originate from 

PEG-silane condensing onto the particle surface, the decrease of the T group intensity 

relative to Q groups in the 29Si spectrum after shell addition is consistent with a decreased 

surface/volume ratio, which suggests successful silica shell deposition. The average 

diameter of the core-shell Aluminum containing dots, obtained from TEM (Fig. 2.5c) is 

around 5 nm (hard particle diameter only), while FCS (Fig. 2.5d) measures 7.6 nm (hard 

particle plus soft PEG shell plus hydration layer) further suggesting the successful shell 

addition to the core particle of 4.2 nm (Table 2.2). Interestingly, as measured by steady-
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state absorption and FCS concentration analysis, these dots have a quantum enhancement 

over free dye of 2.6, which is much higher than the value of 1.7 obtained for the core only 

(Fig. 2.5e, Table 2.2). As shown in Table 2.2, this is confirmed by FCS suggesting that the 

core-shell particles are around 1.5 times brighter than the core particles. Furthermore, it is 

important to note that the highest quantum enhancements of plain Cy5.5 C’ dots (i.e. 

without addition of aluminum alkoxide) we have synthesized is around 1.7-2.2, even with 

several nm thick silica shells. We speculate that this very high quantum enhancement over 

free dye of 2.6 is the result of increased matrix rigidity surrounding the dye since 

incorporation of aluminum into the silica network is known to enhance its rigidity.24 

Considering the quantum yield of Cy5.5 free dye in water is about 0.3,40,41,42 the observed 

enhancement of 2.6 is equivalent to a quantum yield of encapsulated dye of around 0.8, 

which is quite high and starting to approach the theoretical brightness limit. 

In order to distinguish these aluminum containing fluorescent SNPs synthesized in 

water from C’ dots, they will be referred to as AlC’ dots. Finally, it is worth emphasizing 

that as a result of the fast reaction rate of the aluminum alkoxide the final core-shell AlC’ 

dot surface should be indistinguishable from that of conventional C’ dots as the aluminum 

is expected to reside only in the core while the shells are made of plain silica covalently 

decorated with PEG chains as in the case of the C’ dots. 

2.4.5 Ligand functionalized fluorescent silica nanoparticles. 

Heterobifunctional PEGs are employed to introduce easily accessible ligands onto 

the PEGylated particle surface of fluorescent SNPs and core-shell SNPS, as well as their 

aluminum containing analogues. This produces ligand functionalized <10 nm NIR 
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fluorescent nanoprobes e.g. for preclinical and clinical use in diagnostic and therapeutic 

applications. Ligands interesting for such applications include, but are not limited to, 

peptides, antibody fragments, various DNA and RNA segments (e.g. siRNA), therapeutic 

molecules including drugs as well as radioisotopes and their respective chelating moieties, 

and combinations thereof. Here, proof-of-principle is demonstrated using v3 integrin-

targeting cyclic(arginine-glycine-aspartic acid-D, tyrosine-cysteine) peptides, c(RGDyC), 

containing a tyrosin (Y) residue to bind a radioisotope, e.g. 124I, and a cysteine (C) residue 

to bind to the maleimido-functionalized heterobifunctional PEGs.14,15 As displayed in 

Figure 2.6a, to that end heterobifunctional PEGs with NHS ester and maleimide groups at 

their chain ends (NHS-PEG-mal with molar mass around 800 g/mole, see experimental 

section) are first conjugated with amino silane through reaction of the amine with the NHS 

ester group. In a second step the resulting silane-PEG-maleimide is further conjugated with 

c(RGDyC) through thiol-maleimide reaction to produce c(RGDyC) functionalized PEG-

silane (c(RGDyC)-PEG-silane). The heterobifunctional PEG is chosen to be a bit longer as 

compared to the PEG-silane (870 g/mole as compared to 500 g/mole, respectively). This 

ensures that the surface ligands are sticking out a bit beyond the surface of the PEG-silane 

coating and are therefore easily accessible (see also models in Figure 2.7). The final 

c(RGDyC)-PEG-silane is added into the nano-dot synthesis solution together with 

monofunctional PEG-silane in the PEGylation step. As a result, the surface of the 

synthesized nano-dots is covalently covered by both the common PEG chains and the 

longer c(RGDyC) functionalized PEG chains (Fig. 2.1). Figure 2.6b compares the 

absorbance spectra of free c(RGDyC) peptide, free Cy5 dye, and Cy5 encapsulated C’ dot 

cores (Cy5-C’ dots, no silica shell) with / without c(RGDyC) surface functionalization. The 
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c(RGDyC) peptide has an absorbance peak at 275 nm from the tyrosine residue, while 

neither the Cy5 free dye nor the Cy5-C’ dots show detectable signals in this wavelength 

range. This absorbance peak can thus be used to verify successful particle surface 

functionalization. Indeed, the c(RGDyC) functionalized Cy5-C’ dots (c(RGDyC)-Cy5-C’ 

dots) show an absorbance peak at around 275 nm in addition to the 650 nm Cy5 absorbance 

peak. Furthermore, as shown in Figure A9, the FCS measured autocorrelation curve of 

c(RGDyC)-Cy5-C’ dots slightly shifts to the right compared to the dots without c(RGDyC) 

surface modification, indicating a ~1 nm particle size increase after attaching c(RGDyC) 

ligands to the particle surface (Table A4). These data suggest the c(RGDyC) peptides have 

been successfully attached to the particle surface. Combining the absorbance and FCS 

characterizations, the number of c(RGDyC) ligands per C’ dot can be calculated 

(Supplementary information). As shown in Table A4, from this synthesis batch on average 

around 16 c(RGDyC) peptides are attached to a single Cy5-C’ dot (no silica shell). Further 

studies will have to elucidate, what average ligand number will provide the best results, 

e.g. wrt. biodistribution and pharmacokinetics. To that end ligand numbers can be varied 

via the synthesis conditions, e.g. by changing the ratio of ligand-bearing and plain PEG-

silane added in the particle synthesis step (data not shown).  

In order to prove that this surface modification methodology can be applied to other 

particle platforms in the C’ dot family, c(RGDyC) peptides are attached to different types 

of C’ dots under similar reaction conditions. In detail, these include C’ dots with additional 

silica shells, with different types of fluorophore (Cy5.5 vs. Cy5) and with different 

composition (AlC’ dots vs. C’ dots). As displayed in Figure 2.6c, all these synthesized 

particles show the absorbance peak at around 275 nm characteristic for c(RGDyC) 
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indicating successful c(RGDyC) surface modification in all cases. The number of 

c(RGDyC) peptides per particle as derived from these optical measurements combined 

with FCS results slightly varies from 12 to 22 (Table A4).  

 

Figure 2.6. SNP surface functionalization with c(RGDyC) peptides. (a) Conjugation 
chemistry of c(RGDyC) functionalized PEG-silane. (b) Absorbance spectra comparing free 
c(RGDyC) peptide, free Cy5 dye and Cy5-C’ dots (no silica shell) with/without c(RGDyC) 
surface functionalization suggesting successful c(RGDyC) surface modification. (c) 
Absorbance spectra comparing free c(RGDyC) peptide and different types of c(RGDyC) 
surface functionalized C’ dots suggesting success of nanoparticle-PEG-surface 
functionalization with ligands is independent of particle architecture (i.e. with or without 
extra silica shells), types of fluorophores encapsulated, or particle composition (i.e. C’ dots 
versus AlC’ dots). 

Considering that each 6 nm C’ dot has roughly around 100 PEG chains on the 

surface according to thermogravimetric analysis (TGA; see Supplementary information 

Fig. A10), a number that changes with particle size, it can be estimated that one out of 5-

10 PEG chains is functionalized with a c(RGDyC) ligand. Besides absolute ligand number, 

ligand density is another parameter that is expected to control biological response, and can 

be tuned via the synthesis parameters discussed in this study. The surface density of 

monofunctional PEG chains and c(RGDyC)-functionalized PEG chains of the synthesized 

~7 nm C’ dot are estimated to be roughly 1.7/nm2 and 0.2/nm2, respectively. For the plain 

PEG chains this is equivalent to an area per PEG-silane head group of around 0.6 nm2. For 

comparison it is interesting to note that the overall surface density of PEG chains on a high 
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curvature C’ dot surface is very close to the reported ligand densities of shorter functional 

alkyl-silane monolayers on planar silica43 which is between 1.2/nm2 and 2.2/nm2, or 

between 0.83 nm2 and 0.45 nm2 when expressed as area per head group. 

2.4.6 Molecular models of ligand functionalized PEGylated fluorescent core-shell 
silica nanoparticles. 

 

Figure 2.7. Molecular rendering of C' dot. Molecular-graphics rendering of Cy5 
fluorophore, PEG-silane, maleimide-functionalized PEG-silane, c(RGDyC) peptide, SiO2 
matrix (a) and a c(RGDyC)-Cy5-C’ dot (b and c). The C’ dot model consists of a ~3nm 
silica core which encapsulates one Cy5 fluorophore, a ~1 nm silica shell, a ~1.5 nm PEG 
layer and 16 easily accessible c(RGDyC) ligands. The molecular models are displayed in 
different modes for visualization including the molecular framework without hydrogen (b) 
and the sphere-based molecular model with realistic atomic dimensions (c). 

Based on the full analysis results, realistically scaled molecular models of a ligand 

functionalized Cy5 encapsulating PEGylated core-shell C’ dot with c(RGDyC) surface 

modification (i.e. of a c(RGDyC)-Cy5-C’ dot) are displayed in Figure 2.7. For size 

comparison, from top to bottom the left side (Figure 2.7a) shows models of individual 

components constituting this particle: Cy5 dye, PEG-silane (around 500 g/mole), 

maleimide-functionalized (i.e. heterobifunctional) PEG-silane (around 800 g/mole), 

c(RGDyC) peptide, as well as silica. The models in Figure 2.7b and 7c represent a cut 

through a C’ dot with a ~3 nm diameter silica core encapsulating one Cy5 fluorophore 
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(Figure 2.7b, top inset), a ~0.5 nm thick silica shell, a ~1.5 nm thick PEG layer, and 16 

c(RGDyC) ligands (Figure 2.7b, bottom inset) at the end of heterobifunctional PEGs that 

are a bit longer than the PEG-silanes. According to an amorphous silica density around 1.9-

2.2 g/cm3,44 this silica nanoparticle consists of about 800 SiO2 units and about 100 PEG 

chains on the particle surface. The overall particle size is around 7.5 nm and the overall 

particle molar mass is about 110 kDa. As shown in Figure 2.7a, the length of a Cy5 

fluorophore is between 2 and 3 nm although its hydrodynamic diameter as measured by 

FCS is only slightly larger than 1nm (Table A3). It is easy to imagine from Figure 2.7 that 

a location of the covalently bonded Cy5 fluorophore exactly inside the 3nm silica core is 

unlikely given the stochastic nature of the encapsulation process and the electrostatic 

repulsion between Cy5 and negatively charged deprotonated silica surface hydroxyl 

groups. In order to be fully covered/encapsulated by silica, rather an additional silica shell 

is necessary consistent with the fact that extra silica shells result in further quantum yield 

enhancements (Figure 2.3g and i). It is finally interesting to note that there are only about 

10 SiO2 structural units across the silica core-shell part of the C’ dot further emphasizing 

the near-molecular or macromolecular size of these nanoparticles. 
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2.5 Conclusions 

In this paper we have presented an aqueous synthesis methodology for the generation 

of narrowly size-dispersed PEGylated SNPs with size control below 1 nm, i.e. at the level 

of single atom layers. Different types of fluorophores including NIR emitting dyes can be 

encapsulated into the particles to produce fluorescent probes whose brightness can be 

further enhanced via addition of extra silica shells before PEGylation. This methodology 

further enables synthesis of <10 nm sized fluorescent SNPs with other compositions. In 

particular the addition of an aluminum sol gel precursor leads to aluminum containing 

fluorescent core and core-shell nanoparticles, for which not only the encapsulation 

efficiency of highly negatively charged NIR fluorophores is enhanced relative to the silica 

particles, but also the quantum enhancement of individual fluorophores is starting to 

approach the theoretical brightness limit. Finally, heterobifunctional PEGs can be 

employed to introduce easily accessible ligands onto the PEGylated particle surface of 

fluorescent SNPs and core-shell SNPS, as well as their aluminum containing analogues, 

producing <10 nm NIR fluorescent nanoprobes for preclinical and clinical use in diagnostic 

and therapeutic applications. In order to distinguish the water-based synthesis derived 

materials from the earlier alcohol-based modified Stöber process-derived fluorescent core-

shell silica nanoparticles referred to as Cornell dots or C dots, these fluorescent SNPs and 

Al containing SNPs will be referred to as Cornell prime dots or C’ dots and AlC’ dots. 

Elucidation of synthesis parameter - NP structure correlations as described here may also 

help improve fundamental understanding of the mechanisms of early growth states of 

SNPs. 
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Appendix A: Supplementary information for Chapter 2 

Table A1. Synthesis condition of particles with different size 

DLS 
Diameter 

Temperatur
e 

Concentration of 
TMOS 

Concentration of Ammonia 
hydroxide 

Particle Growth 
Period 

2.4nm RT 0.011M 0.002M 20hrs 
3.1nm RT 0. 022M 0.002M 20hrs 
3.7nm RT 0. 043M 0.002M 10mins 
4.2nm RT 0. 043M 0.002M 20hrs 
4.5nm RT 0.043M 0.02M 20hrs 
5.2nm RT 0. 043M 0.06M 20hrs 
5.9nm 50 0. 043M 0.002M 20hrs 
6.5nm 65 0. 043M 0.002M 20hrs 
7.3nm 80 0. 043M 0.002M 20hrs 

 

 

Figure A1. In-situ FCS measurement results. (a) Particle diameter and (b) particle 
concentration during the reaction and particle growth. 

To monitor particle formation during reaction, silane-conjugated Cy5 fluorophore 

is added together with TMOS to co-condense into silica particles. As a result, via tracing 

the fluorescence signal from Cy5 fluorophores using FCS, in-situ particle diameter and 

particle concentration could be monitored. As shown in Fig. A1a and b, upon the addition 

of silica source(s), TMOS and silane-conjugated Cy5 fluorophores hydrolyze and condense 

into particles resulting in particle size increases and fluorophore concentration decreases. 

For both room temperature and 800C syntheses, particles go through a rapid growth period 

within the first 10 mins. due to the high concentration of silicic acid present in the reaction 

mixture. Afterwards, as silicic acid concentration is now depleted due to the initial particle 
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nucleation and growth burst, particles grow slower through further controlled aggregation. 

Both the particle diameter and concentration results could be fitted by the following 

equation: 

 

The exponential part represents the rapid particle formation kinetics at the 

beginning of the reaction and the linear part represents the kinetics of the subsequent 

controlled aggregation step. In the particle diameter equation, y is the average particle 

diameter at time t, A is the relative amplitude of particle growth from the fast particle 

formation kinetics with characteristic time tR, B is the particle growth rate of the later 

controlled aggregation process and y0+A is the initial size of silica precursor. Since the 

FCS traces the Cy5-silane whose hydrodynamic size is about 1.2-1.5nm, the fitted values 

of y0+A are consistent with the expectation. (Table A2) In the particle concentration 

equation, y is the precursor concentration (Cy5-labed silica cluster) at time t, A is the 

relative amplitude of particle growth contribution from the fast particle formation kinetics 

with characteristic time tR, B is the decreasing rate of particle concentration in the later 

controlled aggregation process and y0+A is the initial concentration of Cy5-silane. The 

fitted parameters are shown in the following table. 

Table A2. Synthesis condition of particles with different size 

     

Diameter 
RT 2.74 ± 0.07 nm −1.30 ± 0.11 nm 0.29 ± 0.05 hr 0.03 ± 0.01 nm/hr 

800C 3.56 ± 0.11 nm −2.39 ± 0.16 nm 0.17 ± 0.03 hr 0.06 ± 0.01 nm/hr 

Concentration 
RT 18.36 ± 1.17 µM 18.36 ± 1.70 µM 0.18 ± 0.04 hr −0.09 ± 0.06 µM/hr 

800C 15.97 ± 0.64 µM 23.76 ± 2.35 µM 0.06 ± 0.01 hr −0.30 ± 0.05 µM/hr 
 

Compared to the room temperature synthesis, particles forming at 80°C have bigger 

size and lower concentration at around 10 mins. right after the rapid growth period. This 

could be due to the fact that the particle surface energy is higher at higher temperature. 
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This is also consistent with the finding that the fitted values of tR in both diameter and 

concentration equations are smaller at higher temperature, which indicates the higher rate. 

After 10 mins., particle size continuously increases and particle concentration slightly 

decreases at 80°C while at room temperature both changes are smaller. This suggests that 

at higher temperature particles tend more to aggregate into bigger ones through controlled 

aggregation due to the increase of surface energy. From the fitted value B, one can estimate 

the aggregation rate at different temperatures; it is around 0.03 nm/hr at room temperature 

and 0.06 nm/hr at 800C.   

 

 

Figure A2. TEM images of SNPs synthesized with/without high temperature 
treatment. (a) particles synthesized at room temperature and (b) particles first synthesized 
at room temperature and then subjected to 80°C heat treatment for another three days before 
growth is terminated by PEG-silane addition. 

In order to further demonstrate that particles grow through controlled aggregation 

at high temperature, a room temperature synthesis reaction is split into two parts 16 hours 

after the addition of TMOS and dye-silane at which moment the core particles have formed. 

One of the two particle batches is terminated by PEG-silane addition following the 

common synthesis procedure and the TEM image of the final product is shown in Fig. A2a. 
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The other batch is subjected to 80°C heat treatment for another 3 days, followed by reaction 

termination via addition of PEG-silane. As shown in Fig. A2b, the particles after high 

temperature treatment have a bigger size than the particles without high temperature 

treatment (Fig. A2a). Considering that most of the silica source has already condensed onto 

particles during the first day of reaction, this further particle growth at higher temperature 

is most likely the result of further growth via aggregation of smaller silica particles. This 

controlled aggregation could be caused by the fact that at high temperature the surface 

energy of small particles is so high that they tend to aggregate into bigger ones thereby 

lowering the overall free energy. 

 

 

Figure A3. FCS characterization of Cy5 labeled C’ dots. 6.2 nm C’ dot (dye containing 
core plus PEG-silane coating) FCS characterization result as an example of a fit of a FCS 
autocorrelation curve. 

FCS autocorrelation curves are fitted by the following equation: 
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where S is the structure factor (ratio between the shorter axis and the longer axis of the 

elliptical focal spot of FCS setup), N is the average number of particles present in the focal 

spot, A is the amplitude of triplet state correction, τ  is the characteristic time of triplet 

state and τ  is the diffusion time. The structure factor, S, is obtained from the setup 

calibration and is fixed in the fit, while the values of N, A, τ  and τ  are obtained from the 

fit. Fig. A3 shows an example of this type of curve fitting. Based on the fitted parameters, 

average hydrodynamic diameter of particles, fluorescent brightness per particle and 

concentration of fluorescent particles could be obtained. 
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Figure A4. TEM images of of Cy5-encapsulated SNPs.  The SNPs are encapsulated with 
Cy5 and have varied average diameters as measured by FCS. (a) 4.3 nm, (b) 4.7 nm, (c) 
5.2 nm, (d) 5.9 nm, (e) 6.2 nm, (f) 6.8 nm, (g) 7.3 nm, (h) 7.8 nm.  
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Figure A5. Characterization of blank PEGylated core-shell SNPs. (a-d) TEM images 
of blank PEGylated core-shell SNPs (without fluorophores) with 0-3 layers of shells. (a) 
no shell (core/seed) 4.1 nm, (b) 1 shell, 5.6 nm, (c) two shells, 6.5 nm, and (d) three shells, 
7.8 nm. The average diameters are measured by DLS. (e) Diameter distribution of SNPs 
with 0-3 layers of shells as measured by DLS. 
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Figure A6. Switching the particle growth mechanism in a single synthesis. As 
highlighted by the red path in (a), the growth of the forming particles first goes through 
controlled aggregation followed by monomer addition. Three sets of particles are produced 
from this synthesis through quenching the particle growth at different reaction time points 
via addition of PEG-silane. The resulting particles are characterized by (b) FCS and (c) 
optical absorbance / emission measurements.  

In order to prove the principle that these two particle growth pathways, i.e. 

controlled aggregation and monomer addition, can be switched in a single synthesis, a 

batch of particles is processed first through controlled aggregation by varying reaction 

temperature, then through monomer addition by further dosing extra silica source. Small 

amounts of sample solution are aliquoted at different synthesis points in order to quench 

particle growth via PEGylation. Refer to the red path of Figure A6a as the synthesis 

pathway. By characterizing the growing particles quenched at different time points, details 

of the particle growth process could be revealed. Here, the synthesis conditions for ~5 nm 

particles is first applied (room temperature). 24 hours after the addition of TMOS, 1/3 of 
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the reaction solution is aliquoted and PEGylated to generate particle #1 (Figure A6a). The 

remaining 2/3 of the reaction solution is then heated to 80°C and maintained at this 

temperature for 48 hours followed by cooling down to room temperature. Afterwards, ½ of 

the remaining reaction solution is aliquoted and PEGylated to generate particle #2. The 

remaining ½ of the reaction solution is further subjected to deposition of two extra layers 

of silica shell. Particles are then PEGylated to generate particle #3. As shown in Table A3, 

while the diameter of particle #1 is 5.9 nm, the diameter of particle #2 increases to 9 nm 

after heat treatment. This increase of particle size is due to the controlled aggregation of 

small particles at high temperature. This aggregation also increases the number of dyes per 

particle from 1.4 to 2.6. After dosing extra silica source into the reaction solution, a thin 

silica shell is added onto the existing particle surface through monomer addition and the 

particle diameter further increases to 11.4 nm. As a result, particle #3 has an estimated core 

size slightly smaller than 9 nm and a silica shell with thickness around 1 nm. Since it has 

the same core size as particle #2, the number of dyes per particles remains about the same. 

However, the quantum enhancement of encapsulated dyes slightly increases from 1.7 to 

1.8 due to the fact that the extra silica source further densifies the core matrix and the silica 

shell further protects the dyes inside the core. As a result, the number of dyes per particle 

could be increased by expanding the core size while the quantum efficiency could be 

enhanced by adding a thin layer of blank silica shell. The brightness of a <10 nm particle 

could be optimized by precisely tuning both the core size and shell thickness through 

selecting the desired particle growth pathway. 

 
 
 



66 
 

Table A3. Characterizations of particles obtained at different reaction stages. 
Diameter and brightness are derived from FCS measurements while the # of dye molecules 
per particle is calculated from steady-state absorbance measurements and FCS 
concentration results.  

 FCS Diameter 
# of Dye 

Molecules per 
Particle 

Relative 
Quantum 

Enhancement 

Relative 
brightness 

compared to 
free dye 

Cy5 1.3nm 1.2 1 1 
Particle #1 5.9nm 1.4 1.3 2.2 times 
Particle #2 9.0nm 2.6 1.6 3.3 times 
Particle #3 11.4nm 2.6 1.7 3.5 times 

 
 

    

 

 

Figure A7. Characterization of aluminosilicate C’ dots. DLS size distribution and TEM 
of ASNPs with average diameter around 3.5 nm. 
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Figure A8. GPC characterization of C’ dots right after the synthesis. GPC elugram of 
as-synthesized Cy5 doped PEGylated SNPs (Cy5-C’ dot, no shell, bottom graph) and 
related FCS characterization results of different fractions (upper three graphs). 

In order to assign the peaks in the GPC elugram, a Cy5 doped PEGylated SNP 

synthesis batch is sorted into different factions by GPC and each faction is then subjected 

to FCS characterization. The average concentration of particles, particle brightness and 

particle diameter of each faction are shown in the upper three graphs in Fig. A8. The GPC 

peak at around 18 min. corresponds to objects in solution with a diameter around 1-2 nm, 

which in turn corresponds well to the size of free Cy5-silane conjugates or small self-

condensed Cy5-silane conjugate clusters. In addition, the brightness per object 

corresponding to the 18 min. peak is close to the brightness of a single Cy5 fluorophore. 

We thus conclude that this peak is from free Cy5-silane dye conjugate or Cy5 conjugate 

clusters which are not encapsulated into particles. The main GPC peak at around 12 min. 
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corresponds to objects in solution with a diameter of around 6 nm and brightness levels 

more than two times the brightness of free Cy5 fluorophore. Both parameters correspond 

well to what is expected for the targeted fluorescent Cy5 encapsulating SNPs. We therefore 

conclude that the main peak at around 12 min. is from the desired C’ dots.  The GPC peak 

at around 6-7 min. corresponds to objects in solution with a fairly big diameter of up to 20 

nm. Interestingly, the brightness per object corresponding to this peak is similar to that of 

a single fluorescent SNP. This peak should therefore not be assigned to objects coming 

purely from SNP aggregation. Furthermore, although a well-defined small peak can be 

observed in the GPC equipped with a 275nm detector, this peak corresponds to objects in 

solution with very low concentration as observed by FCS. This suggests that the larger 

objects (up to 20 nm) in solution giving rise to this peak with small absorbance at 275nm 

and low fluorescence may come from impurities of the chemicals used in the synthesis, 

e.g. PEG-silane, but may not have much to do with the particle synthesis reaction. 

 

 

Figure A9. FCS characterizations of c(RGDyC) labeled C’ dots. Comparison of FCS 
measured autocorrelation curves of free Cy5 dye, Cy5-C’dots (core only), and c(RGDyC) 
functionalized Cy5-C’ dots (c(RGDyC)-Cy5-C’ dots). 
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Table A4. Characterization of c(RGDyC) functionalized C’ dots. 

 FCS Diameter 
# of Dye Molecules 

per Particle 
# of c(RGDyC) per Particle 

Cy5 1.3nm - - 
Cy5-C’ dots 5.4nm 1.8 - 

c(RGDyC)-Cy5-C’ dots 6.5nm 1.8 16 
c(RGDyC)-core-shell-Cy5-C’ dots 7.4nm 1.8 22 

c(RGDyC)- Cy5.5-C’ dots 6.2nm 1.7 19 
c(RGDyC)- Cy5.5-AlC’ dots 6.1nm 1.4 12 

 

By combining FCS and optical absorbance measurements, the number of c(RGDyC) 

ligands per C’ dot can be estimated in a similar way as the calculation of the number of 

dyes per C’ dot. For example, the height of the 275nm c(RGDyC) peak in the c(RGDyC)-

C’ dot optical spectrum (Figure 2.6b in main paper) can be estimated through subtracting 

from it the absorbance spectrum background obtained from non-c(RGDyC) ligand 

containing C’ dots. Then, by dividing the resulting c(RGDyC) peak height by the extinction 

coefficient of tyrosine, e.g. around 1400 M-1cm-1, the concentration of total number of 

c(RGDyC) ligands present in the solution can be calculated. Meanwhile, the concentration 

of C’ dots in solution can be measured by FCS. Finally, by taking the ratio of c(RGDyC) 

concentration to C’ dot particle concentration the number of c(RGDyC) ligands per particle 

can be estimated. The results suggest that the number of c(RGDyC) ligands on the various 

C’ dots synthesized in this study is between 12 and 22 (see Table A4). 
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Figure A10. Thermogravimetric analysis of C’ dots. TGA curve for a 6 nm (measured 
by DLS) blank non-fluorescent PEGylated SNP (without fluorophore encapsulation). 

A TGA curve for a 6 nm blank non-fluorescent PEGylated SNP (without 

fluorophore encapsulation) is displayed in Figure A10. The 6 nm average size is the 

hydrodynamic diameter as measured by DLS. The weight loss up to temperatures of 600°C 

indicates the presence of organic content in the particle sample. Since this sample synthesis 

did not include encapsulation steps of a fluorescent dye, the only organic content of the 

particle stems from the PEG chains on the particle surface. The TGA curve becomes flat at 

around 600°C suggesting most of the organic content has been burned off leaving inorganic 

silica as the remaining constituent. From this data it can then be estimated that the weight 

ratio between silica and PEGs is around 52%:48%. Considering that the 6 nm 

hydrodynamic diameter PEGylated SNPs have a pure silica core of ~4 nm and a ~1-2 nm 

PEG layer, the number of PEG chains per particle can be estimated by assuming a silica 

density of about 1.9-2.2 g/cm3. Results suggest for this simple SNP there are around 80-

100 PEG chains on the particle surface. This translates to a PEG density on the particle 

surface of about 1.7 chains/nm2, which is equivalent to an area per PEG-silane head group 

of around 0.6 nm2. The number of PEGs per particle goes up as particle size increases. 
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Comparing this surface density of PEGs to the number of c(RGDyC) per particle, it can be 

estimated that on the surface of c(RGDyC)-PEG-C’ dots synthesized in this study, there is 

roughly one c(RGDyC)-labeled PEG chain among every 5-10 unfunctionalized PEG 

chains (see also main text). 
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Chapter 3 . Ultra-small Sub-10 nm Near Infrared Fluorescent 
Mesoporous Silica Nanoparticles 

Reprinted with permission from Ma, K.; Sai, H.; Wiesner, U. Ultrasmall Sub-10 Nm Near-

Infrared Fluorescent Mesoporous Silica Nanoparticles. J. Am. Chem. Soc. 2012, 134, 

13180–13183. Copyright (2012) American Chemical Society. 

3.1 Abstract 

Ultra-small sub-10 nm nanoprobes and carriers are of significant interest due to 

their favorable biodistribution characteristics in in-vivo experiments. Here we describe 

the one-pot synthesis of PEGylated mesoporous silica nanoparticles with a single pore, 

tunable sizes around 9 nm and narrow size distributions that can be labeled with near 

infrared dye Cy5.5. Particles are characterized by a combination of transmission electron 

microscopy, dynamic light scattering, fluorescence correlation spectroscopy, optical 

spectroscopy, nuclear magnetic resonance spectroscopy and nitrogen sorption/desorption 

measurements. The possibility to distinguish an “inside” and “outside” may render these 

particles an interesting subject for further studies in sensing, drug delivery and 

theranostics applications. 

  



73 
 

3.2 Introduction 

Cancer has become a leading cause of death worldwide, accounting for over 7.5 

million deaths in 2008.1 While one of the most important forms of cancer treatment, 

chemotherapeutic drugs often also kill healthy cells and cause toxicity to the patient. In the 

search for improved alternatives nanocarriers have become an emerging platform for 

cancer therapy enabling drug delivery specifically into tumors.2,3 Beginning in the mid-

1980s, several types of targeting nanocarriers, based on polymer-protein conjugates and 

lipids, have successfully reached clinical trials.4-10 However, there are still many challenges 

remaining, including rapid clearance, burst drug release and non-specific uptake.2 In order 

to overcome these challenges, nanocarriers with better properties need to be designed.3 A 

promising alternative material to polymers is mesoporous silica due to its high-surface area, 

stability and bio-compatibility. Surface-functionalized mesoporous silica nanoparticles 

(MSNs) can deliver multiple types of cargo, such as DNA, drug molecules or even quantum 

dots, into cells and tissues of plants or animals.11-22 However, in the current state of 

development such MSN-based nanocarriers have not yet reached clinical trials. One of the 

reasons is that silica typically needs a fairly long time to dissolve under physiological 

conditions, resulting in potential particle accumulation in the body, which may in turn cause 

long-term toxicity.2 Even in cases where MSNs dissolve quite rapidly,22 questions about 

the dissolution mechanism, bio-distribution and toxicity remain.  

One way to overcome these problems is to design nanocarriers with sizes smaller 

than 10 nm, i.e. below what is believed to be the threshold for renal clearance.23 To this end 

we recently developed fluorescent core-shell silica nanoparticles referred to as Cornell dots 

or simply C dots.24-26 Synthesized to sizes below 10 nm PEGylated C dots show efficient 



74 
 

renal clearance in animals.27 Carrying cyclic arginine-glycine-aspartic acid (cRGD) peptide 

ligands as well as radioiodine, an ultrasmall cancer-targeted dual-modality (optical and 

positron emission tomography, PET) C dot probe for melanoma was indeed recently 

approved for a first in-human clinical trial.28 

In order to endow such ultra-small silica nanoparticles with additional, e.g. 

therapeutic properties for clinical applications it is desirable to develop mesoporous 

particles with sizes smaller than 10nm. Although recently the size of MSNs has been 

pushed down to less than 20nm,29,30 the synthesis of fluorescent MSNs smaller than 10 nm 

and with narrow particle size distributions still remains a challenge.  

In this paper we present a one-pot synthesis of PEGylated MSNs with sizes precisely 

tunable around 9nm (Figure 3.1) that have narrow particle size distributions, a single pore 

and can be labeled with near infrared (NIR) dye Cy5.5. Keys for the successful synthesis 

of such ultra-small MSNs are (i) fast hydrolysis of the silica (silane) precursors, (ii) slow 

silica condensation/particle growth, and (iii) particle growth termination via the addition 

of PEG-silane quenching further silica condensation on the particle surface. 
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3.3 Experimental section 

3.3.1 Materials 

All chemicals were used as received. Hexadecyltrimethylammonium bromide 

(CTAB), dimethyl sulfoxide (DMSO), (3-mercaptopropyl) trimethoxysilane (MPTMS), 

tetramethyl orthosilicate (TMOS) and 2.0 M ammonium hydroxide in ethanol were 

purchased from Sigma Aldrich. Methoxy-terminated poly(ethylene glycol) chains (PEG-

silane, molecular weight around 500) was purchased from Gelest. Acetic acid was 

purchased from Mallinckrod.  Cy5.5 florescent dye was purchased from GE. Absolute 

anhydrous 99.5% ethanol was purchased from Pharmco-Aaper. De-ionized (D.I.) water 

was generated using a Millipore Milli-Q system. 

3.3.2 Synthesis of sub-10nm ultra-small mesoporous silica nanoparticles. 

For the synthesis of 9.3nm mesoporous silica nanoparticles, 0.23mmol of CTAB 

and 2ml of 0.02M ammonium hydroxide aqueous solution were added into 8ml of D.I. 

water. Then the solution was stirred at 30°C for 30mins until CTAB fully dissolved. After 

that, 0.43mmol of TMOS was added into the solution under vigorous stirring and the 

solution was further stirred at 30°C for 24hs. Following that, 0.21mmol of PEG-silane was 

added and the solution was stirred at 30°C for another 24hs. In the next step, the temperature 

was increased from 30°C to 80°C and then stirred at 80°C for another 24hs. Afterwards, the 

solution was cooled to room temperature and then transferred into a dialysis membrane 

tube (Pierce, Molecular Weight Cut off 10000). The solution in the dialysis tube was 

dialyzed in 100ml acid solution (which was a mixture of D.I. water, ethanol and acetic acid 
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with the volume ratio 1:1:0.007) for 24hs to extract CTAB out of the pores of the particles. 

This process was repeated three times. The solution was then dialyzed in 2000ml DI-water 

for another 24hs. This process was again repeated for three times. The particles were finally 

filtered through a 200nm syringe filter (fisher brand) and then stored. The molar ratio of 

the reaction was 1 TMOS: 0.53 CTAB : 0.093 ammonium hydroxide  : 0.49 PEG-silane : 

1292 H2O. Particles with smaller sizes were synthesized using the same protocol but with 

lower concentrations of CTAB and TMOS as shown in Table B1. As the concentration of 

TMOS decreases, the condensation rate of the hydrolyzed silanes decreases. Thus the 

growth of the particles is slower and the particles become smaller in case all other 

conditions stay fixed.  

3.3.3 Synthesis of Cy5.5 labeled single-pore silica nanoparticles. 

Cy5.5 dye with malemido functionality was conjugated to MPTMS in DMSO. The 

Cy5.5-silane conjugate was added together with TMOS into the synthesis solution to co-

condense into the particles. The molar ratio of Cy5.5-silane conjugate to TMOS is 1: 4855. 

The remainder of the synthesis protocol was kept the same as for the synthesis of the 9.3nm 

particles. 

3.3.4 Characterization of particle morphology and size. 

Transmission electron microscopy (TEM) images were taken using a FEI Tecnai 

T12 Spirit microscope operated at an acceleration voltage of 120kV. Hydrodynamic 

particle sizes and size distributions were measured by dynamic light scattering (DLS) using 
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a Malvern Zetasizer Nano-SZ at 20C. Each DLS sample was measured three times and 

results were overlaid, see Figure 3.2a and 4a. 

3.3.5 Particle size distribution from TEM image analysis. 

In order to obtain size distribution data from TEM images, we measured the 

diameters of over 100 particles in the same image using a ruler tool provided by the TEM 

facility software. (Figure B1a depicts this analysis for an image of the 8.2nm particles). 

The software automatically recorded the diameters of all of the measured particles. Sorting 

the recorded diameters into bins generated the distribution of the particle size. Considering 

that the systematic error of the ruler tool can be as high as over 1nm, due to the limited 

resolution of the TEM, the increment of the bins was set to 2nm in order to optimize the 

analysis. Furthermore, in order to lower the standard error of each data point, this process 

was repeated three times for each sample (Figure B1, Figure B2a). The distribution results 

were then averaged and the standard errors were calculated (Figure B2b). In order to 

compare the distributions of different samples in one diagram, lines with markers instead 

of columns were used to display the data (Figure B2b). The average diameters measured 

by DLS and TEM are compared in Table B2. 

3.3.6 TEM characterization of the distribution of the number of pores per particle. 

The distribution of the number of pores per particle of each sample was obtained 

through analyzing over 500 particles on a single TEM image with appropriate 

magnification. This process was repeated three times for each sample. The distribution 

results were then averaged and the standard errors were calculated. In order to compare the 
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distributions of different samples in one diagram, lines with markers instead of columns 

were used to display the data. 

3.3.7 Characterization of the fluorescent properties of Cy5.5 doped mC dots. 

Absorption-matched samples were prepared by appropriate dilution of Cy5.5 

particles or Cy5.5 free dye with water and measured in quartz cuvettes using a Varian Cary 

5000 spectrophotometer (Varian, Palo Alto, CA) (Figure B3a). The extinction coefficient 

of Cy5.5 (250,000 M-1cm-1) was used to calculate the concentration of the dyes in the 

samples.  

Fluorescence measurements of absorption-matched samples were performed on a 

Photon Technologies International Quantamaster spectrofluorometer (PTI, Birmingham, 

NJ) in order to estimate the quantum efficiency enhancement per dye of the Cy5.5 dyes in 

the particles (Figure B3b).  

 

The absorption-matched samples were further measured on a home-built FCS using 

HeNe 633 nm excitation to characterize florescent properties, such as brightness per 

particle, hydrodynamic diameter and concentration of particles as described in reference 

26. The FCS instrument was calibrated for size prior to all measurements. The number of 

dyes per particle was derived from the ratio between the concentration of dyes measured 

by absorption spectra and the concentration of particles measured by FCS of the same 

sample. Results are shown in Table B3.  

The slightly elevated number of dyes (#dyes) per diffusing species from FCS 

measurements of free Cy5.5 dye may be due to a small degree of aggregation of 
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hydrophobic dye Cy5.5 in water. It should be noted, however, that it is within the error bar 

of the measurement. 

3.3.8 Liquid 1H NMR analysis. 

All liquid 1H NMR spectra were measured on a Varian Mercury 300 spectrometer. 

Two samples of the 9.3nm particles were used in liquid 1H NMR analysis. The first sample 

was dialyzed into water immediately after synthesis without acid extraction. The second 

sample was washed following the regular washing steps described in the synthesis protocol 

(first washed in acid to extract CTAB and later in water). Afterwards, the samples were 

dried under vacuum and then added into dimethyl sulfoxide-d6 (DMSO-d6, 99.96 % d, 

Sigma-Aldrich) at an approximate concentration of 5 wt%. The fully-washed sample 

initially showed some degree of sedimentation; however the sediments slowly redispersed 

after several hours of storage. Spectra were taken immediately after addition and after 2 

days for comparison. Results showed no significant differences except for signal intensity 

(data not shown). Control samples, i.e. CTAB and free PEG-silane, were dissolved in 

DMSO-d6 and were measured immediately after dissolution. 

The 1H NMR spectra of the non-acid-extracted sample showed distinct peaks at 

chemical shifts corresponding to CTAB (0.8 ppm, 1.3 ppm and 3.0 ppm, compare spectra 

of CTAB and particles in Figures B5a and b), as well as peaks corresponding to PEG chains 

(3.5 ppm, compare spectra of particles and parent PEG-silane in Figures B5b and d). In 

comparison, there was no detectable signal from CTAB in the spectra of the fully-washed, 

CTAB extracted sample (Figure B5c). This demonstrates the successful removal of CTAB 

via acid extraction. 
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Successful PEGylation can be inferred from broad signals of protons of PEG chains 

in the fully-washed sample (Figure B5c), especially the peaks at 0.5 ppm and 1.5 ppm, 

which correspond to the α- and β-protons next to the silicon center of the PEG-chain. The 

line width broadening relative to the spectrum of the parent PEG-silane (Figure B5d) 

indicates limited mobility of these protons, which is attributed to the formation of covalent 

bonds between PEG chains and the silica particle surface. 

3.3.9 Nitrogen sorption/desorption analysis 

Nitrogen sorption/desorption measurements were performed on a Micromeritics 

ASAP 2020 instrument at 77K. Before the measurements, 9.3nm fully-washed particles 

were first dried under vacuum and then subjected to a plasma etch treatment for different 

durations of time. Multiple cycles of plasma treatments were performed on a Harrick 

Plasma Cleaner with 1 min (or in one case 3 mins, see Figure B7) cycle duration, to prevent 

sample heating. 

As demonstrated in Figure B6, without plasma treatment the sample did not show 

any accessible surface area. This most likely is due to the PEG chains on the particle surface 

making accurate isotherm measurements difficult, consistent with earlier reports.1-2 As the 

duration of plasma treatment increased, more surface area became accessible. 

In order to corroborate the TEM images on pore structure and determine pore size 

distribution, the duration of plasma treatment was varied from 0 to 60 mins and the 

adsorption isotherms were used to calculate BJH pore size and pore size distribution, 

surface area and pore volume (Figure B7). With increasing plasma treatment duration (15, 

30, and 60 mins) surface area as well as pore volume increased. At the same time the 
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average pore diameter increased from 2.8nm (15 mins) to 2.9 nm (30 mins) to 3.0nm (60 

min). All of the plasma treated samples gave well defined pore sizes and pore size 

distributions, consistent with TEM analysis (Figure B7b). 

3.4 Results and discussion 

 

Figure 3.1. TEM images of silica particles with different diameters. (a) 6.6nm, (b) 
8.2nm and (c) 9.3nm. Inserts display images of the same samples but at higher 
magnification. (d) Schematic of a single-pore MSN coated with PEG chains. 

As detailed in the Supplementary information section particle synthesis was 

performed near room temperature (30°C) in aqueous solution in the presences of 

hexadecyltrimethyl ammonium bromide (CTAB) as structure directing agent, with 

tetramethyl orthosilicate (TMOS) as silica source and ammonium hydroxide as base 
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catalyst. PEG-silane was added directly into the synthesis batch to quench particle 

formation. A post-synthesis heating step and subsequent solution work-up, including acid 

extraction of CTAB via dialysis, provided the final particles.  

While tetraethyl orthosilicate (TEOS) is commonly used in the synthesis of MSNs, 

here TMOS was chosen as the silica source.30 The hydrolysis rate of TMOS is much faster 

than that of TEOS and its solubility in water is higher. As a result, instead of forming a 

second oil-phase and gradually hydrolyzing at the oil droplet-water interface like in the 

case of TEOS,29,31 TMOS directly dissolves in water and hydrolyzes once added into the 

reaction. An accelerated completion of the hydrolysis process helps initiating/nucleating 

more MSN growth in the presence of CTAB micelles over a smaller period of time thus 

leading to smaller particles and better control over particle size distribution. Lowering the 

condensation rate by moving to near room temperature conditions or lowering the 

concentration of TMOS and CTAB results in slower particle growth and smaller particles. 

By carefully optimizing the system, we found conditions where the particles grow from 

around 2nm to sizes larger than 10nm within a convenient time window. Particle growth is 

terminated by quenching further condensation on the particle surface through addition of 

PEG-silane. A final heat-treatment at 80°C at the end of the synthesis improves particle 

stability. Through the PEGylation step as part of the one-pot synthesis the resulting sub-

10nm MSNs are already sterically stabilized, a prerequisite for working in many biological 

environments.32,33 

In order to demonstrate the kind of particle size and size distribution control 

achievable by this approach Figure 3.1a-c shows transmission electron microscopy (TEM) 

results on particles from three synthesis batches obtained from varying synthesis conditions 
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(see Table B1 in Supplementary information) leading to increasing particle size in the 

direction from a-c. The smaller magnification images illustrate the high degree of 

homogeneity in particle size while the higher resolution images in the insets reveal details 

of particle structure. In all cases TEM results suggest that silica has grown around an 

individual pore formed by CTAB template. An illustration of this type of structure, 

including the PEG chains on the outside of the particles, is depicted in Figure 3.1d. While 

in Figure 3.1a single pore particle formation is largely incomplete, Figure 3.1b already 

displays side-on as well as head-on particles. Particles in Figure 3.1c exhibit the most well-

defined structure (for additional particle images see Supplementary information). Figure 

3.2a shows results of three independent size measurements for each of the three particle 

batches by dynamic light scattering (DLS). The data sets are very consistent and provide 

average hydrodynamic diameters of 6.6nm, 8.2nm and 9.3nm for particles in Figure 3.1a-

c, respectively. Alternatively, we determined particle size and size distribution by 

quantitative TEM image analysis (for details see Supplementary information). TEM 

average diameters from data in Figure 3.2b are 5.7nm, 7.3nm, and 8.9 nm, i.e. slightly 

smaller than from DLS. Both DLS and TEM results reveal fairly narrow size distributions 

and absence of any significant aggregation behavior. Smaller average diameters from TEM 

are expected, as this technique, in contrast to DLS, is insensitive to the PEG layer and water 

molecules dragged with it. As a result in the following we will use DLS diameters as 

descriptors of the different particles.  
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Figure 3.2. Size distribution of mesoporous particles. Size distribution of particles was 
determined by (a) DLS and (b) TEM image analysis. In DLS each data set was measured 
three times per batch. 

TEM images also allowed analyzing the distribution of the number of pores per 

particle. As shown in Figure 3.3, for around 90% of the 6.6nm particles single-pore particle 

formation is incomplete (referred to as “no or half” pore particles in Figure 3.3). As the 

diameter increases to 8.2nm, the percentage of incomplete single-pore particles 

significantly drops from around 90% to below 30%. Increasing the diameter to 9.3nm 

finally results in a fairly narrow distribution of the number of pores per particle in which 

more than 70% are single-pore particles. This distribution already is quite symmetric. 

Further increasing particle size most likely would bias the distribution towards an increase 

in the number of particles with more than one pore.  We therefore speculate that the 
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optimized hydrodynamic particle diameter for achieving single-pore particles in our 

synthesis should be close to the 9.3nm value of the third synthesis batch.  

 

Figure 3.3. Distribution of number of pores per particle. Distribution of number of 
pores per particle was determined from TEM image analysis; each data point is obtained 
by averaging three independent analyses. 

Particles were further characterized by liquid 1H-NMR to demonstrate successful 

CTAB removal by acetic acid extraction and the presence of PEG chains on the particle 

surface (for details see Supplementary information). In order to independently confirm 

TEM results on the pore structure we performed nitrogen sorption/desorption 

measurements on the 9.3 nm particles (see Supplementary information). While such 

measurements are challenging because of the presence of the PEG chains, working with 

plasma treated sample batches clearly confirmed the existence of well-defined pores with 

sizes between 2.8 and 3 nm, depending on the plasma treatment duration.    
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Figure 3.4. Characterization of Cy5.5 labeled mC dots. (a) DLS size measurements. (b) 
Normalized FCS curves for Cy5.5 free dye (black and blue lines) and Cy5.5 containing mC 
dots (red and green lines). (c) TEM image of the Cy5.5 mC dots. 

In order to visualize such <10 nm sized single-pore silica nanoparticles, in 

particular in biological environments, labeling with near infrared (NIR) dyes is highly 

desirable.28,34 To this end we slightly modified the synthesis protocol for the 9.3nm particles 

by simultaneously adding silane conjugated Cy5.5 and TMOS into the reaction mixture 

(for details see Supplementary information). We will refer to these dye-labeled mesoporous 

silica nanoparticles as mC dots. Cy5.5 has absorption and emission maxima around 675nm 

and 700nm, respectively, thus limiting interference from background fluorescence in 

biological tissue.34 Adding Cy5.5-silane conjugate to the reaction left the particle 

architecture largely unchanged. The DLS derived average hydrodynamic diameter of this 
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sample increased to 9.6nm as compared to 9.3 nm for the unlabeled particle (Figure 3.4a). 

Furthermore, most of the particles still showed single-pore architecture (Figure 3.4c). In 

order to verify that these particles carry a fluorescent label we used fluorescent correlation 

spectroscopy (FCS) for further particle characterization (Figure 3.4b). This technique is 

similar to DLS but uses the fluorescence of the diffusing moiety rather than the scattered 

light to generate auto-correlation data. Figure 3.4b compares FCS results from free Cy5.5 

dye and Cy5.5 labeled single-pore silica nanoparticles. As expected for the slower diffusing 

particle its curve is shifted to longer times. From the correlation time hydrodynamic 

diffusion coefficients can be derived.26 They are 1.5 nm and 10.2 nm for free dye and 

particle, respectively. FCS may thus slightly bias the true particle distribution to larger sizes 

as not every particle may carry a dye. It should be noted, however, that the differences are 

rather small (10.2nm from FCS vs. 9.6nm from DLS). As explained in detail in a previous 

publication,26 from the amplitude G(0) of the FCS autocorrelation one can derive the 

dye/particle concentration in solution while the optical detector count rate per diffusing 

species provides a direct measure of its brightness. Furthermore, in combination with static 

optical and fluorescence spectroscopy, FCS helps to provide information about number of 

dyes per particle, per dye enhancement over free dye in aqueous solution, as well as particle 

brightness (for details see Supplementary information). From analysis of 

spectrophotometer and spectrofluorometer data in combination with FCS concentration 

information on the free dye and particles, there are around 2.6 Cy5.5 dyes in one particle 

and the quantum enhancement of the Cy5.5 dye in the particles versus in aqueous solution 

is around 1.3 (Figure B3). Thus a Cy5.5 doped mC dot is around 3.4 times brighter than a 

free Cy5.5 dye. This is consistent with direct brightness comparisons from FCS optical 
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detector count rates (Table B3). It is further consistent with results of equivalent 

measurements on Cy5 containing ~7 nm C dots.28 Considering that just conjugation to a 

silane alone can already have a positive effect on the brightness of Cy dyes,34 this analysis 

remains inconclusive on whether in the present case the Cy5.5 dyes are fully incorporated 

inside the silica walls or whether they sit at or on the silica surface of the mC dots. Since 

the final PEG-silane treatment is expected to cover the particle surface with an additional 

silica surface layer, the latter is unlikely. 

It is interesting to note that the single-pore silica nanoparticles described here have 

an “inside” and an “outside”. As has been shown by others, inside and outside surfaces of 

such materials can be distinguished when additional conjugation chemistry is desired, e.g. 

to bind targeting or pharmaceutical moieties.35 For example during the PEGylation process 

the particle pores are occupied by structure directing CTAB molecules. Therefore, in 

contrast to the outer silica surface, it is expected that the PEG-silane coating has a 

significantly diminished probability of attaching to the (inside) surface of the pores. After 

CTAB extraction the unoccupied inside of the pore walls thus can be used for additional 

silane chemistry to conjugate specific moieties, which could be complementary to what is 

used on the outside of the PEGchains. Being in a similar size regime it is this ability to 

distinguish between the inside and the outside, and the larger overall surface area available 

for conjugation chemistry, which distinguishes these single-pore silica nanoparticles (or 

mC dots) from conventional C dots. Future work may demonstrate how this feature can be 

used as an advantage in areas like sensing, drug delivery and theranostics. 
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Appendix B: Supplementary information for Chapter 3 

Table B1. Synthesis condition of particles with different size 

 Concentration of CTAB concentration of TMOS 

6.6nm 0.006M 0.011M 

8.2nm 0.012M 0. 022M 

9.3nm 0.023M 0. 043M 

   

Table B2. Comparison of the diameters measured by DLS and TEM 

Sample DLS diameters TEM diameters 

6.6nm 6.6nm 5.7nm 

8.2nm 8.2nm 7.3nm 

9.3nm 9.3nm 8.9nm 

 

Table B3. FCS characterizations of mC dots. Both, average value and standard deviation, 
are displayed. 

 Hydrodynamic diameter #dyes/particle Brightness/particle 

Cy5.5 free dyes 1.5nm ± 0.2 1.07 ± 0.11 1452 kHz ± 21kHz 

Cy5.5 mC dots 10.2nm ± 0.4 2.60 ± 0.02 5322 kHz ± 29kHz 
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Figure B1. Size analysis of particles using TEM images. TEM images of 8.2nm sample 
used to analyze the size distribution of particles. (a), (b), (c) depict three separate size 
determinations using the same TEM image. Inserts display images of the same images but 
at higher magnification. 
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Figure B2. Diameter distribution of 8.2nm sample measured by TEM. (a) Results of 
three individual measurements using the same TEM image. (b) Final averaged distribution 
with standard errors displayed for comparison by both columns and lines with markers. 
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Figure B3. Optical characterization of mC dots. Absorption (a) and emission (b) spectra 
of Cy5.5 free dye (black line) and Cy5.5 labeled mC dots (red line). 

 

 

Figure B4. TEM images of 9.3nm particles at different magnification. 
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Figure B5. Liquid 1H NMR spectra. Liquid 1H NMR spectra of (a) CTAB, (b) 9.3nm 
particles washed with water without acid extraction, (c) 9.3nm particles first washed with 
acid to extract CTAB and then washed with water, (d) free parent PEG-silane. 
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Figure B6. N2 sorption isotherms of 9.3nm single-pore particles. N2 sorption isotherms 
of 9.3nm particles with different durations of plasma treatment. 
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Figure B7. Comparison of pore size distribution, surface area and pore volume of 
9.3nm single-pore particles. The results were obtained from nitrogen adsorption data after 
different durations of plasma treatment (0, 15, 30, and 60 mins). (a) N2 adsorption 
isotherms. (b) Pore size distributions obtained from N2 adsorption isotherms employing the 
BJH method. Dependence of surface area (c) and pore volume (d) on duration of plasma 
treatment. 
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Chapter 4 . Controlling Growth of Ultra-Small Sub-10nm 
Fluorescent Mesoporous Silica Nanoparticles 

Reprinted with permission from Ma, K.; Werner-Zwanziger, U.; Zwanziger, J.; Wiesner, 

U. Controlling Growth Of Ultrasmall Sub-10 Nm Fluorescent Mesoporous Silica 

Nanoparticles. Chem. Mater. 2013, 25, 677–691. Copyright (2013) American Chemical 

Society. 

4.1 Abstract 

Mesoporous silica nanoparticles (MSNs) have recently attracted a lot of interest for 

future nanotheranostic applications due to their large surface-area and high bio-

compatibility. However, studies to date of MSNs are confined to >10nm particle sizes 

which may result in unfavorable biodistribution characteristics in in-vivo experiments and 

hence limit their clinical applications. Here we provide a full account of a synthesis 

approach to ultra-small sub-10nm mesoporous silica nanoparticles with narrow size 

distributions and homogeneous porous particle morphology. Key features enabling this 

structure control are (i) fast hydrolysis, (ii) slow condensation, and (iii) capping of particle 

growth by addition of a PEG-silane at different time-points of the synthesis. Variation of 

synthesis conditions including monomer/catalyst concentrations, temperature, and time-

point of PEG-silane addition leads to synthesis condition – particle structure correlations 

as mapped out by a combination of results from data analysis of dynamic light scattering 

(DLS) and transmission electron microscopy (TEM) measurements. Results establish 

precise control over average particle diameter from 6 to 15nm with increments below 1nm. 

Solid state nuclear magnetic resonance (NMR) measurements, zeta-potential 

measurements and thermogravimetric analysis (TGA) were conducted to reveal details of 



103 
 

the particle surface structure. Long-term particle stability tests in deionized (DI) water and 

PBS 1X buffer solution were performed using DLS demonstrating that the PEGylated 

particles are stable in physiological environments for months. Fluorescent single pore silica 

nanoparticles (mC dots) encapsulating blue (DEAC) and green (TMR) dyes were 

synthesized and characterized by a combination of DLS, TEM, static optical spectroscopy 

and fluorescence correlation spectroscopy (FCS) establishing probes for multi-color 

fluorescence imaging applications. The ultra-precise particle size control demonstrated 

here in particular for sizes around and below 10 nm may render these particles an 

interesting subject for further fundamental studies of porous silica particle formation 

mechanisms as well as for sensing, drug delivery and theranostic applications. 
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4.2 Introduction 

Many years of intensive research efforts into the cause and biology of cancer have 

revealed a high level of complexity.1 As a result cancer remains one of the most devastating 

diseases, with the risk of getting cancer before the age of 75 being larger than 18 present.2 

Providing efficient diagnostic tools and effective therapy of cancer have thus become a 

major goal of biomedical research worldwide. Until today, one of the paradigms of cancer 

treatment is chemotherapy. Compared to the complexity of the biology and evolution of 

the disease, even in a single patient, therapeutic drugs are often rather crude. New treatment 

paradigms are clearly desirable. In recent years targeted therapies have celebrated 

astonishing successes and have opened new directions.1 Furthermore, thanks to advances 

in protein engineering and nanotechnology, novel traceable and targeted nanocarriers may 

have the potential to serve as future drug delivery systems and advance cancer 

theranostics.3, 4  

Although several types of polymer based therapeutic nanocarriers have been 

approved for clinical use,5 -11 the search for improved systems and alternative materials is 

ongoing. Silica nanoparticles, and in particular mesoporous silica nanoparticles (MSNs), 

are considered such an alternative materials platform and have attracted considerable 

interest in biomedical research in recent years.12-26 Encouraged by initial efforts in 

preparing bright and stable fluorescent core-shell silica nanoparticles referred to as Cornell 

dots or simply C dots,27-29 we began to explore the silica nanoparticle size regime below 

10 nm.30,31 In this sub-10nm regime nanocarriers are below what is believed to be the 

threshold for renal clearance, i.e. rapid passage through the kidneys into the bladder of an 
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organism, thus providing an efficient path for achieving favorable biodistributions.32 

Furthermore, carrying melanoma cancer targeting ligands (cyclic arginine-glycine-aspartic 

acid, cRGD) and radioisotopes like 124I enabling positron emission tomography (PET), the 

ultra-small (<10 nm) dual-modal (optical and PET) C dot probes were approved for a first 

in-human clinical trial (“target or get out” strategy).31 

 

Figure 4.1. Schematics for the synthesis system. Illustration of the synthesis procedure 
of ultra-small mesoporous silica nanoparticles with different particle size and morphology. 
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Continuing the search for improved materials for biomedical research, we recently 

explored pathways to endow ultra-small (<10 nm) fluorescent silica nanoparticles with 

mesoporosity33 thus pushing the previous size limit of MSNs from ~20nm34,35 down to a 

size regime where favorable biodistributions are expected.30 The resulting mesoporous C 

dots (mC dots) provide increased surface area over conventional C dots and may therefore 

enable, e.g. higher therapeutic payloads for clinical applications. In the present paper, we 

will provide a full account of these results. By studying a broad range of synthesis 

parameters we will elucidate the conditions leading to controlled particle size and size-

distribution. This control will be documented through the synthesis of a series of MSNs 

with sizes ranging from 6 to 15 nm with increments below 1nm. Characterization results 

including TGA, 13C and 29Si solid state NMR as well as zeta-potential measurements will 

be reported to reveal details of particle surface structure. Long-term particle stability test 

in both DI water and PBS 1X buffer solution will be described to document particle stability 

via successful PEGylation. We will finally generalize the original approach to near-infrared 

(NIR) mC dots33 to other colors, i.e. to blue and green dots.  

The preparation of colloidal particles with narrow size distributions has been 

quantitatively analyzed since the 1940’s and 1950’s. According to LaMer’s model,36 in a 

first stage of colloidal synthesis the solute (monomer) concentration is brought up above 

its solubility limit into the supersaturation regime. In a second stage particle nucleation 

occurs which in turn diminishes the solute concentration below the threshold concentration 

for nucleation. In a third stage particle growth continues until the solute concentration drops 

to its solubility limit. In phase II the most ideal situation for uniform particle size formation 

is the combination of a strong dependence of the nucleation rate on supersaturation (rapid 
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nucleation and depletion of solute concentration) and a low growth rate.37 If in stage III the 

particle growth is diffusion controlled (as opposed to surface reaction controlled), then as 

first shown by Reiss,38 the initial size distribution as obtained in phase II will further 

narrow, an effect that is referred to as focusing of the size distribution.39 In the 1980’s and 

1990’s these considerations enabled understanding of growth of sub-10 nm sized 

semiconductor quantum dots (Q dots) with narrow size distributions leading to, e.g. size 

dependent optical properties.39,40 Originally, supersaturation and subsequent nucleation 

were triggered by rapid injection of metal-organic precursors into vigorously stirred 

solutions of coordinating solvents.41 Mechanistic aspects of the formation of uniform 

nanocrystals via various approaches have recently been reviewed e.g. by Hyeon et al.42 

It is conceptually interesting to compare narrowly size distributed colloidal particle 

synthesis with the living polymerization of narrowly molar mass distributed 

macromolecules. Despite differences in the details, many of the general features of these 

two processes are quite similar. Let’s take a look, e.g. at living anionic polymerization, a 

technique which grew enormously in importance through the work of Szwarc in the mid 

1950’s.43,44 In common with other types of chain growth polymerizations there are three 

steps in living anionic polymerization: initiation, propagation and termination.45-47 

Initiation is the start of polymerization during which each initiator species, e.g. an 

organometallic compound or an electron transfer complex, generates carbanion active 

centre(s). It is commonly assumed that the initiator reacts completely before any of the 

active centres begin to propagate/grow by adding on further monomer, i.e. that the rate 

constant, ki, for initiation is much greater than the rate constant, kp, for propagation. This 

scenario resembles closely the rapid nucleation and depletion of solute concentration and 
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the low growth rate that leads to the most ideal situation for uniform colloidal particle size 

control. Indeed, anionic polymerization in the absence of termination and with ki >> kp 

always leads to polymers with narrow molar mass distributions, which is why it is widely 

used to generate polymer standards. Furthermore, under ideal conditions of anionic 

polymerization, after complete consumption of monomer the propagating polymer chains 

retain their active carbanionic centres, which repel each other as a result of the negative 

charge on each chain end. Thus more (of the same or different) monomer can be added to 

continue polymerization. This can be repeated several times and polymers grow as long as 

monomer is available, hence the term living polymerization. Finally, the living chain ends 

can be desactivated/”killed”43 and the polymerization/growth terminated by addition of e.g. 

proton donors (usually alcohols). This adds another layer of control to the chain growth as 

functional end groups can be introduced by using specific termination agents. 

In both cases, colloidal particle formation and living anionic polymerization, 

narrow size distributions can be achieved through a combination of fast 

nucleation/initiation and slow growth/propagation conditions. Additionally, in both cases 

capping agents can be used to terminate growth and functionalize surfaces/chain ends. In 

the following we will discuss how these concepts can be used to generate ultrasmall <10 

nm sized MSNs. 

As shown in Figure 4.1, there are three key steps which may help the synthesis of 

ultra-small mesoporous silica nanoparticles with narrow particle size distributions. The 

first one is fast hydrolysis. To that end tetramethyl orthosilicate (TMOS) was selected as 

silica source in our experiments since TMOS has the fastest hydrolysis rate among 

tetraalkoxysilanes and is highly soluble in water.48,49 The second one is a relatively slow 
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condensation rate. Different types of base catalysts, L-lysine and ammonium hydroxide 

were tested as catalyst in the synthesis. Furthermore, pH, concentration of TMOS and 

reaction temperature were varied to further control the condensation rate. The third one is 

the use of an efficient capping agent to terminate particle growth. Here a PEG-silane was 

used as the termination agent. As the results demonstrate, by employing these key elements, 

ultra-small sub-10nm single-pore silica nanoparticles with narrow size distributions and 

high stability became accessible. Using TMOS as silica source, carefully tailoring the 

condensation rate and quenching particles’ growth at appropriate times via addition of 

PEG-silane allowed precise control of the average diameter of mesoporous silica 

nanoparticles from around 6nm to larger than 15nm with increments less than 1nm. It is 

observed that the porous morphology of MSNs evolves as the average particle diameter 

increases. This structural evolution ultimately may help to better understand the interaction 

between hexadecyltrimethylammonium bromide (CTAB) micelles and silica precursors, 

particularly at the very early stages of particle formation. 
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4.3 Experimental section 

4.3.1 Materials.  

All chemicals were used as received. Hexadecyltrimethylammonium bromide 

(CTAB), dimethyl sulfoxide (DMSO), (3-aminopropyl) triethoxysilane (APTES), (3-

mercaptopropyl) trimethoxysilane (MPTMS), tetramethyl orthosilicate (TMOS), L-lysine 

and 2.0 M ammonium hydroxide in ethanol were purchased from Sigma Aldrich. 2-

[methoxy(polyethyleneoxy)propyl] trimethoxysilane (PEG-silane, molar mass around 

500g/mole) were purchased from Gelest. Acetic acid was purchased from Mallinckrod.  

DEAC florescent dye with NHS ester functionality, as well as TMR florescent dye with 

maleimido functionality, was purchased from AnaSpec. Absolute anhydrous 99.5% ethanol 

was purchased from Pharmco-Aaper. DI water was generated using a Millipore Milli-Q 

system. 

4.3.2 Synthesis of ultrasmall mesoporous silica nanoparticles using L-lysine as 
catalyst.  

For the synthesis of 6.6nm mesoporous silica nanoparticles, 0.23mmol of CTAB 

and 0.62mmol of L-lysine were added into 10ml of DI water. Then the solution was stirred 

at 30°C for 30mins until CTAB fully dissolved. After that, 0.43mmol of TMOS was added 

into the solution under vigorous stirring and the solution was further stirred at 30°C for one 

hour. Following that, 0.21mmol of PEG-silane was added and the solution was stirred at 

30°C for another 24 hrs. In the next step, the temperature was increased from 30°C to 80°C 

and stirring continued at 80°C for another 24hs. Afterwards, the solution was cooled to 

room temperature and then transferred into a dialysis membrane tube (Pierce, molecular 
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weight cut off 10000). The solution in the dialysis tube was dialyzed in 100ml acid solution 

(a mixture of DI water, ethanol and acetic acid with the volume ratio 1:1:0.007) for 24hs 

to extract CTAB out of the pores of the particles. This process was repeated three times. 

The solution was then dialyzed in 2000ml DI-water for another 24hs. This process was 

again repeated for three times. The particles were finally filtered through a 200nm syringe 

filter (fisher brand) and then stored at room temperature for further investigations. The 

molar ratio of the reactants was 1 TMOS: 0.53 CTAB: 2.7 L-lysine: 0.49 PEG-silane: 1292 

H2O. For the synthesis of particles with different average diameters, the initial synthesis 

temperature was varied from 30°C to 80°C and the time gap of the addition of PEG-silane 

after the addition of TMOS was varied from less than 1minute to 1 hour, while other 

synthesis condition remained the same. Details of synthesis conditions are shown in Figure 

4.4. 

4.3.3 Synthesis of ultrasmall mesoporous silica nanoparticles using ammonium 
hydroxide as catalyst.  

The synthesis procedure using ammonium hydroxide as catalyst was almost the 

same as the procedure using L-lysine as catalyst. The only difference was that instead of 

L-lysine a specific amount of ammonium hydroxide was added into the precursor solution 

as base catalyst. In order to control average particle diameters, initial synthesis temperature, 

concentration of TMOS and CTAB, concentration of ammonium hydroxide and time point 

of the addition of PEG-silane were varied independently. In more detail, the initial 

synthesis temperature was varied from 30°C to 80°C. The concentration of ammonium 

hydroxide was varied from 0.001M to 0.008M. The concentration of TMOS was varied 

from 0.011M to 0.046M, while the molar ratio of TMOS to CTAB was fixed at 1:0.49. The 
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time point of the addition of PEG-silane after the addition of TMOS was varied from less 

than 1 minute to 24 hours. Details of synthesis conditions are shown in Figure 4.6. 

4.3.4 Synthesis of ultra-small single-pore florescent silica nanoparticles (mC dots) 
with different colors.  

TMR and DEAC were used as the florescent dyes to synthesize ultra-small single-

pore florescent silica nanoparticles. TMR dye with maleimido functionality was conjugated 

to MPTMS in DMSO while DEAC dye with NHS ester functionality was conjugated to 

APTES in DMSO. The synthesis procedure of 9.3nm sized particles using ammonium 

hydroxide as catalyst was used to prepare fluorescent mC dots. The respective silane-

conjugated florescent dye with specific absorption and emission spectrum was added 

together with TMOS into the synthesis solution to co-condense into the final particle. The 

molar ratio of dye-silane conjugate to TMOS was 1: 4855.  

4.3.5 Characterization of particle morphology. 

TEM images were taken using a FEI Tecnai T12 Spirit microscope operated at an 

acceleration voltage of 120kV. Hydrodynamic particle sizes and size distributions were 

measured by DLS using a Malvern Zetasizer Nano-SZ operated at 20°C. Each DLS sample 

was measured three times in DI water and results superimposed in the respective figures in 

this paper. Number percentage curves are used to present the measurement results. The 

average diameter of each sample was calculated by averaging the mean diameters of 

number percentage curves from three measurements. 
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4.3.6 Analysis of particle size distribution. 

In order to obtain size distribution data from TEM images, we measured the 

diameters of over 100 particles in the same image using a ruler tool provided by the TEM 

facility software. The software automatically recorded the diameters of all of the measured 

particles. Sorting the recorded diameters into bins generated the distribution of the particle 

size. Considering that the systematic error of the ruler tool can be as high as over 1nm, the 

increment of the bins was set to 2nm in order to optimize the analysis. Furthermore, in 

order to lower the standard error of each data point, this process was repeated three times 

for each sample. The distribution results were then averaged and the standard errors were 

calculated. In order to compare the distributions of different samples in one diagram, lines 

with markers instead of columns were used to display the data. 

4.3.7 Analysis of number of pores per particle distribution. 

The distribution of the number of pores per particle of each sample was obtained 

through analyzing over 500 particles on a single TEM image with appropriate 

magnification. This process was repeated three times for each sample. The distribution 

results were then averaged and the standard errors were calculated. In order to compare the 

distributions of different samples in one diagram, lines with markers instead of columns 

were used to display the data. 

4.3.8 13C and 29Si solid state NMR characterization. 

Samples were first dried in a rotary evaporator before subjected to solid state NMR 

characterization. All NMR experiments were carried out on a Bruker Avance NMR 
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spectrometer with a 9.4T magnet (100.65MHz 13C Larmor frequency, 79.51MHz 29Si 

Larmor frequency) using a probe head for rotors of 4mm diameter. 

For the 13C cross-polarization (CP)/ magic angle spinning (MAS) NMR 

experiments the samples were spun at the magic angle at 8.00 kHz rotation frequency. The 

13C CP/MAS NMR spectra were accumulated with 3.0 s repetition times due to the probe 

duty cycle. The other parameters for the 13C CP/MAS experiments with TPPM proton 

decoupling were optimized on glycine, whose carbonyl resonance also served as external, 

secondary chemical shift standard at 176.06ppm. For the final 13C CP/MAS NMR spectrum 

1120 scans were accumulated using 200 s CP contact times. 

For the 29Si CP/MAS NMR experiment the samples were spun at 7.00kHz rotation 

frequency at the magic angle. The CP parameters were optimized on Kaolin, which also 

served as secondary chemical shift standard to peaks at -91.5 and -90.0 ppm against TMS. 

For the final spectra, up to 3200 scans were accumulated using CP with ramped proton 

powers during the 5 ms CP contact times and detection with TPPM proton decoupling. The 

29Si CP/MAS NMR scans were accumulated with repetition time of 3 s due to the probe 

duty cycle. 

4.3.9 Characterization of fluorescent properties of dye encapsulating mC dots.  

Absorption-matched samples were prepared by appropriate dilution of dye doped 

particles and free dye with water and measured in quartz cuvettes using a Varian Cary 5000 

spectrophotometer (Varian, Palo Alto, CA). The extinction coefficients of DEAC (42000 

M-1cm-1), and TMR (98000 M-1cm-1) were used to calculate the concentration of the 

dyes in the samples.  
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Fluorescence measurements of absorption-matched samples were performed on a Photon 

Technologies International Quantamaster spectrofluorometer (PTI, Birmingham, NJ) to 

estimate the quantum efficiency enhancement per dye of the dyes encapsulated in the 

particles versus the free dye in aqueous solution.  

The absorption-matched samples were further measured on a home-built FCS using 

solid state 445 nm (for DEAC particles) and HeNe 535 nm (for TMR particles) excitation 

to characterize sample properties, such as brightness per particle, hydrodynamic diameter 

and concentration of particles as described in reference.29 The FCS instrument was 

calibrated prior to all measurements. The number of dyes per particle was derived from the 

ratio between the concentration of dyes measured by absorption spectra and the 

concentration of particles measured by FCS of the same sample. 

4.3.10 Characterization of PEG contamination, zeta-potential and long-term stability.  

 Samples were first dried in a rotary evaporator before subjected to 

thermogravimetric analysis.  Thermogravimetric analysis was conducted using a TA 

instruments Q500 thermogravimetric analyzer. During the measurement, temperature was 

increased from room temperature 100°C with ramp 10.00°C/min and then remained at 

100°C for two hours to fully evaporate water. Afterwards, temperature was further 

increased to 600°C with ramp 10.00°C/min. PEG contamination was then calculated 

according to the thermogravimetric analysis results. Zeta-potential of particles was 

measured in phosphate buffered saline (PBS) 1X solution (pH 7.5) with estimated 

concentration 3mg/ml using a Malvern Zetasizer Nano-SZ operated at 20°C. Each 

measurement was repeated for five times and the results were averaged. In order to study 
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the long-term stability of particles, samples were stored in both DI water and PBS 1X buffer 

solution at room temperature for months; during which the hydrodynamic size of particles 

were monitored using a Malvern Zetasizer Nano-SZ operated at 20°C. Each data point was 

measured five times and the results were averaged. 
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4.4 Results and discussion 

4.4.1 Controlling particle growth through optimizing hydrolysis and condensation.  

As discussed in the introduction, it is desirable to have fast hydrolysis in order to 

synthesize ultra-small silica nanoparticles with narrow size distributions. Fast hydrolysis 

here means that the time period needed for silane hydrolysis should be much shorter than 

the time period needed for silica condensation. In the best of all cases, the hydrolysis 

process can be completed before the majority of hydrolyzed silicic acid derivatives 

condense. This can be facilitated through using a rapidly hydrolyzing silica source and 

slowing down the silica condensation rate appropriately, and thereby adjusting particle 

growth to a convenient time window. This enabled the observation of growth process of 

MSNs from sub-nanometers to tens of nanometers. 

 

Figure 4.2. Relationship between particle size and stability. A map showing the average 
diameters of as-made particles synthesized under different reaction conditions as measured 
by DLS. Each sample was measured three times and the results were then averaged. The 
graded background color depicts the relationship between the size of as-made particles and 
their dispersity after being washed. 
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Here, TMOS was used as silica source since it has the fastest hydrolysis rate among 

tetraalkoxysilanes.48,49 Both hydrolysis rate and condensation rate of silica greatly depend 

on pH. However, the hydrolysis product of silica, silicic aid, also lowers solution pH, and 

thus further slows down hydrolysis but accelerates condensation. In order to study the 

effects of hydrolysis rate and condensation rate on particle size, instead it would be 

desirable to fix pH during the synthesis. For this reason L-lysine was initially selected as 

buffer catalyst, which can maintain the pH slightly above 9 when at appropriate 

concentrations. Since the pKa’s of α-(CH2)4NH3
+, α-NH3

+ and α-COOH in L-lysine are 

estimated to be 10.28, 8.90 and 2.18, respectively,50 about 92% of α -(CH2)4NH2 and 33% 

of α -NH2 are protonated under the synthesis condition (pH  around 9.2). Through the 

electrostatic interactions between these positively charged protonated amine groups on L-

lysine and negatively charged deprotonated hydroxyl groups on the silica surface, L-lysine 

molecules tend to attach on the surface of silica particles and deactivate the hydroxyl 

groups. Consequently, this attachment hinders condensation occurring on silica surfaces 

and thus further slows the growth of silica nanoparticles.51 

Based on these considerations, we synthesized MSNs using TMOS as silica source 

and L-lysine as catalyst. The initial pH of the reaction was 9.2 and was maintained around 

9 through the whole reaction. The synthesis temperature was varied from 30°C to 80°C and 

the reaction time was varied from 1hour to 24 hours to control the growth of the particles. 

The average diameters of the as-made particles under different synthesis conditions were 

measured by DLS. Results are shown in Figure 4.2. Each data point in Figure 4.2 came 

from a different synthesis batch. We repeated each synthesis batch one or two times during 

this study and the results were very close with deviations in size of less than 1nm. Shown 
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by Figure 4.2, for a particular temperature particles grew bigger as reaction time increased. 

For example, at 80°C particles grew from around 12nm (after 1 hour) to 16nm in 24 hours. 

The same trend was observed for all temperatures between 30°C and 80°C. In addition, 

overall the particle size decreased as synthesis temperature decreased. Please note that by 

shortening reaction time and lowering synthesis temperature, the average diameter of as-

made particles can be pushed down to less than 6nm. These results suggest that by using 

TMOS as silica source and L-lysine as buffer catalyst, which can further lower the 

condensation rate through surface association, particle growth can be slowed down to a 

convenient time window allowing size control in a range from about 5 to 15nm. 

However, we found that the stability against aggregation of the synthesized 

particles greatly depended on size. In order to systematically compare the stability of 

synthesized particles, we used polydispersity index (PDI) which was measured by DLS as 

the reference. PDI here is a dimensionless parameter to describe the width of particle size 

distribution and it is defined as the following, 

PDI  

where σ is the standard deviation of particle size distribution and ZD is the intensity 

weighted mean hydrodynamic size of particles. The higher PDI indicates the presence of 

more aggregates in addition to oligomers. According to the PDIs of the same samples but 

after being washed, different colors were assigned to the data in Figure 4.2. White numbers 

indicate that the PDIs of the washed samples were lower than 0.25, which is an acceptable 

value. Red numbers indicate that the final PDIs were higher than 0.7, which suggests 

particles greatly aggregate after being washed. Blue numbers signify PDIs between 0.7 and 
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0.25. Based on these data Figure 4.2 shows a graded background color depicting the 

relationship between the average diameter of as-made particles and their size dispersity 

after the washing steps. According to Figure 4.2, particles with smaller average diameters 

always showed higher PDIs once washed. Particularly for the <10nm particles, the PDIs 

were higher than 0.7 in most cases and no distinct size distribution could be read out in 

DLS. This suggests that these particles greatly aggregated during the washing steps. Only 

the particles with average diameters larger than 12nm maintained narrow size distributions 

in the washing steps. The lower stability and higher size dispersity of the smaller particles 

could be due to their higher surface energy. Another reason may be the presence of residual 

free silicic acid in solution when the reaction was stopped, which may lead to uncontrolled 

condensation during the washing steps and thus cause aggregation. In summary, although 

the average diameters of as-made particles can be varied from about 5nm to 16nm in this 

system, additional steps have to be taken to improve particle stability. 

4.4.2 Quenching particle growth through addition of PEG-silane.  

A PEGylation step is typically conducted before in-vivo experiments not only for 

stabilizing particles, but also for lowering particle surface charge and obtaining better 

biodistribution characteristics.30,31,51-55 Inspired by the comparison of colloidal particle 

growth with living (anionic) polymerization for the generation of narrowly distributed 

objects and the use of termination/capping agents in living polymerizations, we 

contemplated that a PEGylation step could actually be used during the one-pot synthesis to 

terminate particle growth thereby providing an additional control parameter for particle 

size. Integrating the PEGylation step into the one-pot synthesis would simultaneously 
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prevent particle aggregation by sterical stabilization and enable particles to work in high 

salt containing physiological environments without additional surface modification steps. 

 

Figure 4.3. Particle growth terminated by PEG addition. Particle diameters as 
measured by DLS during particle growth in the absence (squares) and presence (circles) of 
PEG-silane. Each data point was obtained by averaging three independent measurements. 

In order to prove the principle of using PEG-silane as a particle capping agent which 

to terminate particle growth, we compared the growth process of two syntheses, one with 

PEG-silane and one without PEG-silane. We measured the average particle diameter with 

DLS, sacrificing a very small amount of the reaction solution at different reaction times (1, 

6, 12 18 and 24 hours). For the synthesis with PEG-silane we first measured the average 

particle diameter after 1hour reaction to make sure the particle size is comparable with that 

of the synthesis without PEG-silane (Figure 4.3). At the same time of the measurement, 

PEG-silane was added into the synthesis mixture. From Figure 4.3, without PEG-silane the 

MSNs grew from around 12nm (at 1 hour) to around 15nm after one day. In contrast, if 

PEG-silane was added one hour after the addition of TMOS, the average diameter of the 

resulting particles grew a bit further to around 13.5nm and then stayed roughly constant 
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throughout the remainder of the synthesis process. This result suggests that addition of 

PEG-silane during the reaction indeed can efficiently quench particle growth. Actually, in 

more detailed studies (data not shown), we observed that the average diameter of particles 

always increased by several angstroms to several nanometers once PEG-silane was added, 

depending on the amount of added PEG-silane. This increment occurred within seconds. 

Data further suggest that PEG-silane molecules first only physically attach to the particles 

through, e.g. Van der Waals interactions or electrostatic interactions, instead of covalently 

bonding to the particle surface. It is this relatively fast attachment that enables PEG-silane 

to efficiently quench particle growth. More experiments are clearly needed, however, to 

further elucidate the exact mechanism of the interaction between PEG-silane and the silica 

nanoparticles. In order to fully condense the PEG-silane to the silica nanoparticles, a 

subsequent heat treatment for 24 hrs at 80°C was applied as the final step of the synthesis. 

No significant size change was observed as a result of this heat treatment, which further 

indicates the growth of the particles is effectively quenched by PEG-silane.  

Quenching particle growth via PEGylation adds a powerful tool to control particle 

size. Based on results reported in Figure 4.2, in subsequent experiments PEG-silane was 

added as a capping agent into batches under different synthesis conditions. In more detail, 

the particle synthesis temperature was varied from 30°C to 80°C to control the growth rate. 

The time gap between the additions of TMOS and PEG-silane was varied from less than 1 

minute to 50 minutes to quench particle growth at different time points. Figure 4.4a maps 

out the relationship between final average particle diameter as measured by DLS and 

synthesis conditions. While the x-axis of Figure 4.2 is overall reaction time, the x-axis of 

Figure 4.4a is a relative time axis between the addition of TMOS and PEG-silane. In all 



 123

cases reported in this Figure 4.4a, 24 hours after addition of PEG-silane a 80°C heat 

treatment for another 24 hours was applied to covalently fix the PEG-silane onto the 

particle surface. All of the batches showed distinct DLS size curves (Figure 4.4b) with 

average diameters from 5.6-13.6 nm separated by 1-1.5 nm, as well as relatively low PDIs, 

indicating no noticeable aggregation after washing. These results further demonstrate the 

high efficiency of termination via PEG-silane. 

 

Figure 4.4. Control of particle size of mesoporous silica nanoparticles. (a) A map 
showing the average diameters of washed particles synthesized under different reaction 
conditions as measured by DLS. Each sample was measured three times and the results 
were averaged. (b) DLS measurement results on selected samples as indicated by blue 
numbers in (a). 
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Figure 4.5. TEM images of mesoporous silica particles with different average 
diameters. (a) 5.6nm, (b) 7.6nm, (c) 10.6nm and (d) 13.6nm. Inserts display images of the 
same samples but at higher magnification.  

From Figure 4.4a, at 80°C, if PEG-silane was added right on top of the addition of 

TMOS (x axis equals to 0), the final average particle diameter was below 5nm. When PEG-

silane was added 50 minutes after the addition of TMOS, the final average particle diameter 

increased to above 13nm. The same trend was observed as the synthesis temperature 

decreased. This finding is consistent with that a longer growth period, as PEG-silane is 

added at later time points, leads to larger particles. Interestingly, from Figure 4.4a by fixing 

the PEG-silane addition right on top of the TMOS addition, the final average particle 

diameter first increased but then decreased as temperature increased from 30°C to 80°C. 

This is very different to the behavior displayed in Figure 4.2 where the as-made particle 

size continued to increase with temperature, most likely due to an increase of the 

condensation rate. The difference may be ascribed to the largely different mobility of PEG-
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silane at different temperatures. As PEG-silane is a relatively big molecule compared to 

free silicic acid, its mobility is expected to be more temperature dependent and might 

greatly increase at the higher synthesis temperatures. Consequently, while at lower 

temperatures the increasing condensation rate of the silicic acid first leads to larger particles 

with increasing temperature, at even higher temperatures the PEG-silane mobility increases 

to a point where the capping reaction becomes the dominant step thus reducing particle 

size. This effect may also be exacerbated by the tendency of PEG chains to dehydrate at 

higher temperature thus leading to a tighter coverage of the silica surface and as a result 

more effectively slowing further particle growth.56 From Figure 4.4a, when TMOS and 

PEG-silane are added on top of each other, the temperature threshold where the reactivity 

of PEG-silane and silicic acid reverses is between 50°C and 60°C. 

Figure 4.5a-d shows TEM images of selected particles with increasing 

hydrodynamic diameters, of 5.6nm, 7.6nm, 10.6nm and 13.6nm, respectively (as measured 

by DLS, see Figure 4.4b). The smaller magnification images illustrate the degree of particle 

size uniformity while the higher resolution images (Figure 4.5, insets) reveal details of 

particle structure. In Figure 4.5a some of the particles show single-pore structure with 

diameters close to 10nm while other silica structures do not contain pores and are only 2-3 

nm in size. As the average diameter increases to 13.6nm (Figure 4.5b to 4d), larger particles 

with more pores begin to show up while the percentage of smaller particles decreases. As 

a result, the average particle diameter increases consistent with the DLS measurements 

(Figure 4.4b). Both DLS measurements and TEM images indicate reasonably high particle 

uniformity without any detectable aggregation. However, a finite size distribution within 

the different particle batches is clearly visible in TEM. This finite particle size distribution 
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might be due to the use of L-lysine as catalyst.  As L-lysine molecules can attach to the 

surface of the growing silica particles, both the isotropic silica growth and the structure 

directing effect of CTAB might be disturbed resulting in particle structure inhomogeneities. 

Another disadvantage of using L-lysine as catalyst is that this attachment effect may also 

prevent particles from being effectively PEGylated as the particle surface may already be 

occupied by the catalyst. This in turn could be a problem in e.g. in-vivo experiments if not 

enough PEG chains are attached to stabilize the particles. For these reasons, we turned from 

L-lysine to other catalysts in our quest to generate ultra-small (<10 nm) MSNs with precise 

control over size distribution and morphology.  

4.4.3 Synthesis using ammonium hydroxide as catalyst.  

Several types of base catalysts have been successfully used in the synthesis of 

MSNs, such as triethanolamine (TEA),35,57 tetramethylammonium hydroxide58 and 

ammonium hydroxide59. In our study, we selected ammonium hydroxide as catalyst 

replacing L-lysine for multiple reasons. First, ammonium hydroxide is a common chemical 

and one of the most used base catalysts in silica synthesis. Second, ammonium hydroxide 

is a relatively small molecule, which does not tend to attach to the silica surface thereby 

affecting particle morphology. Finally, in our previous work we did not see any negative 

effects of ammonium hydroxide e.g. on efficient PEGylation.30,31 

Results on average particle diameters, as measured by DLS, from synthesis batches 

obtained under different experimental conditions are mapped out in Figure 4.6. The map is 

constructed as a set of sub-maps each having the same style as the one displayed in Figure 

4.4a. The x axis of each sub-map indicates the time gap between the additions of TMOS 
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and PEG-silane, while the y axis of each sub-map indicates the initial synthesis 

temperature. Different sub-maps along the overall x and y directions were obtained for 

different concentrations of ammonium hydroxide and TMOS, respectively. In this way 

Figure 4.6 displays what is actually a four dimensional map, as there are a total of four 

synthesis parameters that were varied: (1) concentration of ammonium hydroxide, (2) 

concentration of TMOS, (3) addition of PEG-silane relative to TMOS, and (4) initial 

temperature. Parameters (1), (2) and (4) were used for controlling particle growth rate while 

parameter (3) was used for controlling the growth period.  

First, let’s take a look at the sub-map with the concentration of ammonium 

hydroxide of 0.002M and the concentration of TMOS of 0.0457M (2nd sub-map from top 

left in Figure 4.6), where the PEG-silane is added on top of TMOS (i.e. x axis value = 0): 

Here the average diameter of the final washed particles increases with increasing synthesis 

temperature from room temperature to 80°C. It is interesting to note that this monotonic 

trend is similar to the L-lysine system in absence of PEG-silane capping (Figure 4.2), but 

very different compared to behavior of the L-lysine system with PEG-silane capping, 

where the average diameter of washed particles first increased and then decreased with 

increased temperatures. This difference may be due to a difference of condensation rates in 

the L-lysine catalyzed system versus the ammonium hydroxide system. For ammonium 

hydroxide we always observed an immediate drop of solution pH from near 10 to close to 

neutral upon the injection of TMOS into the reaction, probably due to the instantaneous 

hydrolysis of TMOS producing silicic acid. This observation is consistent with the expected 

behavior from calculation results. Since the pKb of ammonium hydroxide is estimated to 

be 4.75,50 the pH of 0.002M ammonium hydroxide aqueous solution is 10.26. Since the 
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pKa1 and pKa2 of orthosilicic acid are estimated to be 9.84 and 13.2, respectively, the pH 

of the solution drops from 10.26 to 8.42 after all of the 0.0457M TMOS hydrolyzes. For 

one thing, this almost immediate drop of pH further indicates the ultra-fast hydrolysis of 

TMOS, which is a prerequisite in the proposed mechanism (Figure 4.1) to obtain narrow 

particle size distributions. Furthermore, since the silica condensation rate is maximized at 

the pH around 8.4,34 this reaction condition may actually result in the maximum 

condensation rate. As the results, a relative high pH triggers the fast hydrolysis of TMOS 

upon which silicic acid is produced by hydrolysis of TMOS. In turn the produced silicic 

acid further lowers the pH thus optimizing the particle growth rate. In comparison, the 

synthesis pH of the L-lysine system always stays around 9 throughout the reaction which 

reduces both, the initial hydrolysis and the condensation rates of TMOS relative to the 

ammonium hydroxide catalyzed system. Furthermore, as already discussed the attachment 

of L-lysine molecules on the silica particle surface can further slowdown the growth of 

particles. For these reasons, the growth rate of particles is much faster in the ammonium 

hydroxide catalyzed system than in the L-lysine system. While the non-monotonic 

dependence of final particle size on synthesis temperature in the L-lysine system (Figure 

4.4a, x axis equals to 0) indicated a competition between silicic acid condensation and 

PEG-silane quenching, in the ammonium hydroxide system this competition does not 

manifest itself in the particle size since the condensation rate of silicic acid is always fast 

enough to outcompete PEGylation leading to monotonically increasing particle size with 

temperature. This trend is observed in almost all of the sub-maps in Figure 4.6. The same 

sub-map ([ammonium hydroxide] = 0.002M, [TMOS] = 0.0457M) also shows that the 

average diameter of washed particles always increases when PGE-silane addition is 
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delayed, irrespective of temperature. In analogy to the L-lysine system, this is simply 

because a longer growth period results in bigger particles. This trend is also observed in all 

of the sub-maps in Figure 4.6. 

 
Figure 4.6. Map of synthesis parameters. A map showing the average diameters, as 
measured by DLS, of washed particles synthesized under different reaction conditions with 
ammonium hydroxide as catalyst. Each sample was measured three times and results were 
then averaged. 

When we used concentrations of ammonium hydroxide higher than 0.008M, or 

lower than 0.001M, particle size control was lost. As indicated by the red crosses in Figure 
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4.6, when the concentration of ammonium hydroxide was 0.008M or higher, silica always 

formed aggregates and precipitated either during the reaction or during the washing steps. 

Similarly, when the concentration of ammonium hydroxide was 0.001M or lower, silica 

formed aggregates at room temperature and no distinct particle diameter could be read out 

in DLS measurements.  As the initial synthesis temperature increased from room 

temperature to 80°C, average particle diameter gradually decreased from unreadable 

(aggregation) to around 26nm. It is interesting to note that this monotonic decrease of 

particle size at higher temperatures is totally opposite to what is observed in other sub-

maps with ammonium hydroxide concentrations equal to or higher than 0.002M. This is 

because the hydrolysis rate of TMOS decreases at lower ammonium hydroxide 

concentration. When the concentration of ammonium hydroxide decreases below a 

threshold, the hydrolysis process is not fast enough to complete before particle formation. 

Consequently, instead of condensation, hydrolysis dominates the growth kinetics of 

particles by continuously providing silicic acid, which further condenses onto the particles. 

As a result, higher temperature predominantly increases the hydrolysis rate and results in 

higher particle concentration but smaller particle size. Actually, this is very similar to the 

synthesis of silica particles using TEOS as silica source where smaller particles are 

obtained at higher temperature.60 In both, the TEOS system and the near-neutral-pH TMOS 

system, hydrolysis has a lower kinetic rate than condensation and thus dominates the 

growth of the particles. This is very different compared to our proposed mechanism for 

optimal control of particle growth (Figure 4.1) where condensation rather than hydrolysis 

is the dominating process. Only when hydrolysis is fast enough and condensation becomes 

the dominant growth process, is it possible to focus on the very early stages of particle 
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formation and the synthesis of ultra-small mesoporous silica nanoparticles with narrow size 

distribution becomes possible. According to Figure 4.6, the threshold of ammonium 

hydroxide concentration to trigger this mechanism in our system is between 0.001M and 

0.002M. By comparing the sub-maps in Figure 4.6 for different ammonium hydroxide 

concentrations from 0.002M to 0.006M, but with the same TMOS concentration of 

0.0456M, we can see that particle size decreases as the concentration of ammonium 

hydroxide increases. Considering that the calculated condensation pH of the synthesis with 

an ammonium hydroxide concentration of 0.002M is around 8.42, which is slightly higher 

than 8.4, the pH of maximum condensation rate, higher ammonium hydroxide 

concentrations will result in higher pH and slower condensation rates, and consequently 

result in smaller particle sizes.  

Within the appropriate region of ammonium hydroxide concentration (0.002M to 

0.006M), we further varied the TMOS concentration to control particle growth. 

TMOS/CTAB ratio was always fixed when the concentration of TMOS was varied. As 

shown in the sub-maps with the same ammonium hydroxide concentration of 0.002M, but 

different TMOS concentration, at room temperature the average diameter of washed 

particles decreased from 12.0nm to 7.3nm when the TMOS concentration decreased from 

0.0457M to 0.0114M. The same decreasing trend was observed in batches with ammonium 

hydroxide concentration of 0.004M. This suggests that as the concentration of TMOS 

decreases, the condensation rate of TMOS decreases resulting in slower particle growth. 

In order to demonstrate the exquisite size control possible with our approach, we enlarged 

the area in the green circle in Figure 4.6. As shown by the inserted sub-map in Figure 4.6, 

by fixing the ammonium hydroxide concentration at 0.004M and the TMOS concentration 
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at 0.0228M, the average particle diameter can be precisely tuned from less than 8nm to 

larger than 12 nm with increments of about 0.5nm through simply varying synthesis 

temperature and when PEG-silane is added relative to TMOS in order to quench particle 

growth. 

Figure 4.7. TEM images of silica particles with different average diameters. (a) 6.6nm, 
(b) 7.3nm, (c) 8.2nm, (d) 9.3nm, (e) 10.2nm, (f) 11.3nm, (g) 12.1nm, (h) 13.5nm, and (i) 
15.9nm.  Inserts display images of the same samples but at higher magnification. 

It is important to point out that the exact particle size obtained is sensitive to 

environmental conditions since precise size control requires very fine control over 

hydrolysis, condensation and also reaction of PEG-silane. Considering we did not precisely 

control the environmental conditions, for example by working in humidity-controlled 

chambers, we found that details of the map shown in Figure 4.6 depended on weather 



 133

conditions. For example, we saw that the average particle diameter synthesized under the 

same reaction conditions became slightly smaller when the season in Ithaca, NY, moved 

from spring to summer. More generally, considering the particular weather environment of 

Ithaca, e.g. temperature, humidity and pressure, we obtained slightly different average 

particle diameters when the same experiment was conducted in different locations and 

during different seasons. However, since there are four synthesis parameters in total, which 

can be used to control particle size (temperature, concentration of ammonium hydroxide, 

concentration of TMOS and when PEG-silane is added), under different environmental 

conditions we were always able to archive the targeted particle diameter by slightly re-

optimizing these parameters . 

4.4.4 Morphology characterization of ultra-small mesoporous silica nanoparticles. 

Nine samples with increasing average diameters out of the map shown in Figure 

4.6 were selected for morphology characterization. Figure 4.7 shows the TEM images of 

the selected samples with diameters ranging from 6.6nm to 15.9nm. The smaller 

magnification images illustrate the high degree of homogeneity in particle size while the 

higher resolution images in the insets reveal details of particle structure. Compared to the 

mesoporous silica nanoparticles synthesized with L-lysine as catalyst (Figure 4.5), the 

particles synthesized with ammonium hydroxide have a more homogeneous morphology 

and narrower size distribution. Figure 4.8a summarizes DLS measurement results for these 

selected samples. Data for the 11.3nm sample is not included in Figure 4.8a because the x 

axis (particle diameter) is on a log-scale. The DLS curve of the 11.3nm sample thus almost 

completely overlaps with the curve of the 10.2nm sample. Both, the TEM images as well 
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as the DLS measurement results suggest that particles of different batches are highly 

uniform in size without detectable aggregation. 

 

Figure 4.8. Analysis of particle size and morphology distributions. (a) DLS 
measurement results of selected particles with different average diameters synthesized with 
ammonium hydroxide as catalyst. (b) Distributions of number of pores per particle 
determined from TEM image analysis. 

The narrow size distribution of particles from different batches enables taking a 

look at the morphological evolution as a function of particle size. In order to quantitatively 

assess this evolution, the TEM images of samples in Figure 4.7 were used to analyze the 

distribution of the number of pores per particle for each of the batches (see experimental 

section for details). Results of this analysis are shown in Figure 4.8b. As the average 
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diameter of the particles increases, the distribution of the number of pores per particle shifts 

to larger numbers and, more interestingly, becomes wider. Among the batches studied, the 

9.3nm sample has the most homogeneous pore morphology; more than 70 percent of the 

particles are single-pore particles. Non-pore or half-pore particles, i.e. pieces that stem from 

unfinished micelle encapsulation by the growing silica (see Figure 4.1) can hardly be found. 

In order to relate particle morphology to particle size, we further quantitatively 

analyzed the distribution of particle diameter on the basis of the TEM data (see 

experimental section for details). As demonstrated by the data in Figure 4.9, all samples 

showed relatively narrow size distributions. However, as the average diameter increases, 

in analogy to the analysis in Figure 4.8b of the number of pore distributions, the 

distributions of particle diameter shift to the right side and become wider. Obviously, these 

two distributions are related. In order to further elucidate this relation we inserted a series 

of TEM images of individual particles into the top of Figure 4.9. This series nicely details 

the morphological evolution of individual particles with increasing diameter as depicted by 

the x-axis. As particles grow from around 3nm to close to 20nm, the number of pores per 

particle gradually increases from none to more than four. Through snapshots of particles 

from various batches this series of images graphically illustrates the growth process of an 

individual mesoporous silica nanoparticle with time, compare also with Figure 4.1. It is 

interesting to note that the TEM image of the silica particle with diameter around 10-11nm 

actually exhibits a single-pore star-shaped morphology (Figure 4.9). Actually, we could 

find lots of particles with this star-shape morphology in the related low magnification TEM 

images (Figure 4.7 e and f), suggesting that there are always several CTAB micelles 

surrounding one particle during its formation. Another interesting point is that almost all 
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of the single-pore particles have accessible pores, instead of the formation of hollow shells 

(Figure 4.7 d to f). This might suggest that the association of CTAB micelles in the silica 

particle formation process is more dynamic rather than static. More experimental work is 

clearly needed, however, to draw further conclusions on the exact role of CTAB micelles 

and free CTAB molecules, in particular in the very early stages of the formation of the 

porous silica nanoparticles studied here. 

 

Figure 4.9. Morphology evolution dependent on particle size. Particle size distributions 
as determined by TEM image analysis. Inserted TEM images (top) correlate particle 
morphology with size. Colors identify size ranges leading to the same particle morphology. 

In order to further facilitate the direct comparison between the distributions of 

particle diameter with the distributions of the number of pores per particle, in Figure 4.9 

we assigned different colors to particle diameter ranges leading to the same number of 

pores per particle. For example, the pink area represents non-pore or half-pore particles 

while the yellow area represents single-pore particles. Colors change gradually as there is 

no distinct cut-off size between different morphologies. In Figure 4.9, the yellow area is 
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the biggest area beginning from around 6nm and ending at around 11nm. All particles with 

diameters within this area are single-pore particles. In comparison, the areas of two-pore 

to four-pore particles are smaller. This is reasonable in light of geometrical considerations. 

In order to maintain a relatively low overall surface energy, MSNs always tend to have 

sphere-like shape. For this reason, growing a new pore on a bigger particle with more pores 

will cause less increment of particle size.  

From the color code in Figure 4.9, it is straightforward to tell the morphology 

distribution of samples with different average diameters, consistent with the independent 

measurements shown in Figure 4.8b. For example, the diameter distribution of the 6.6nm 

sample occupies both the pink and yellow areas, which suggests there are non-pore 

particles, half-pore particles and also single-pore particles present in this sample. 

According to Figure 4.9, the percentage of the non-pore and half-pore particles in this 

sample is roughly around 80%, which is close to the independent measurement result 

around 90% shown in Figure 4.8b. The slight discrepancy is due to the fact that there is no 

distinct cut-off diameter between particles with different pore morphologies. Since Figure 

4.9 provides a semi-quantitative idea about the morphological homogeneity of a given size 

distribution, it is a very helpful diagram in guiding the synthesis of ultra-small mesoporous 

silica nanoparticles, e.g. for nanotheranostic applications. According to Figure 4.9, among 

the particles with well-developed pores, the single-pore particles cover the widest diameter 

range from around 6nm to around 11nm (yellow area in Figure 4.9). First, this size range 

matches well with the targeted size window for rapid renal excretion and favorable 

biodistribution characteristics of nanoparticles.30-32,61 Second, considering the fact that the 

diameter distribution of synthesized samples is always several nanometers wide, this 6-
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11nm size range is able to include almost the entire size distribution of an individual 

particle synthesis batch. It thus allows achieving an optimum in homogeneity in pore 

morphology within a single synthesis. For these reasons, the size region from 6nm to 11nm, 

as indicated as the yellow area in Figure 4.9, is typical the golden region for synthesis of 

single-pore silica nanoparticles to serve as the desirable nanocarriers with fast renal 

clearance.  

One of the presented samples whose diameter distribution fits into this range is the 

9.3nm sample (Figure 4.9). As shown in the corresponding TEM images (Figure 4.7d), the 

synthesized particles are uniformly sized and homogeneous in morphology, i.e. almost all 

of the particles have a single well-defined pore. This is further elucidated for this batch by 

the number of pores per particle distribution analysis shown in Figure 4.8b. 

4.4.5 Local structure and long-term stability of ultra-small single pore silica 
nanoparticles.  

 In our previous study we already characterized mC dots via liquid 1H NMR to 

demonstrate successful CTAB removal as well as the presence of PEG chains on the 

particle surface.33 CTAB removal was further corroborated in our first study by nitrogen 

sorption/desorption measurements.33 In order to reveal local structure, here the 9.3nm 

single pore particles were subjected to 13C and 29Si solid state NMR characterizations. As 

shown in Figure 4.10a, the 13C solid state NMR spectrum shows peaks at around 9 ppm, 

23 ppm, 59 ppm, 71 ppm and 73 ppm which correspond to signals from the PEG-silane 

(see inserted figure). The absence of a peak from the methoxy groups (Figure 4.10a, labeled 

5), expected at around 50ppm, indicates complete hydrolysis and suggests condensation of 

PEG-silane onto the particle surface. Furthermore, the absence of signals in the 13C solid 
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state NMR spectrum of peaks from CTAB expected at 34, 32 and 29ppm, respectively, is 

consistent with our earlier liquid NMR results (vide supra) confirming its complete 

removal. The 29Si solid state NMR spectrum in Figure 4.10b shows five peaks. The peaks 

at around 111 ppm, 102 ppm and 92 ppm correspond to Q4 (Si(OSi)4), Q3 

(Si(OSi)3(OH)),  and Q2 (Si(OSi)2(OH)2) groups. The peaks at around 67 ppm and 58 

ppm correspond to T3 (R-Si(OSi)3) and T2 (R-Si(OSi)2(OH)) groups. The presence of T 

groups in addition to Q groups further indicates the condensation of PEG-silane on the 

particle surface. Considering the particles were dialyzed using a dialysis membrane with 

10k molecular weight cut off before NMR characterization, self-condensed PEG-silane 

should have been washed away from this sample. For this reason, the T groups actually 

represent the PEG-silane which condenses onto the particles and confirm the formation of 

a PEG layer on the silica nanoparticles. 
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Figure 4.10. Solid state NMR spectra of 9.3nm mesoporous silica particles. (a) 13C 
solid state NMR spectrum. (b) ) 29Si solid state NMR spectrum. 

In order to quantitatively characterize the density of PEG chains on the particle 

surface, 9.3nm single pore particles were subjected to TGA. From Figure 4.11a, around 

58wt% of inorganic material (silica) remained as temperatures increased from room 

temperature to 600°C, while around 40wt% of organic components (mostly PEG) were 

burned away. The number of chains per particle and the surface density of PEG chains can 

then be estimated by simplifying the morphology of the 9.3nm (hydrodynamic diameter) 

single pore particles as tubes with 8nm outer diameter, 3nm inner diameter and 8nm length. 

The density of dense silica nanoparticle is between 1.4 to 2.1 g/cm3.49 Using the lowest 
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density of silica 1.4 g/cm3 in calculation, there are at least 400 PEG chains per particle and 

the PEG chains surface density is about 1.6 PEGs/nm2. Considering the surface density of 

native silanol groups on bare silica is 4.9/nm2, this number suggests that the surface of the 

single pore particles is almost fully covered by PEG chains. This is consistent with the zeta-

potential of these particles measured in PBS 1X (pH 7.5) as 3.4mV i.e. very close to zero, 

despite a very short PEG chain length. For a 10ml reaction, around 15-18mg powder of the 

9.3nm dialyzed particles were collected after drying using a rotary evaporator, of which 

58wt% or 10mg was silica. Considering 0.22mmol of TMOS were added into the 10ml 

reaction in theory generating about 14mg of silica at 100% yield, the estimated yield of the 

reaction is about 71%. Losses in yield could e.g. be the result of premature termination of 

the reaction by addition of PEG-silane.  
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Figure 4.11. Thermogravimetric analysis and long-term stability of PEGylated single-
pore silica nanoparticles.  (a) Thermogravimetric analysis of dried 9.3nm single pore 
silica nanoparticles. (b) Long-term stability test of 9.3nm single pore silica nanoparticles 
in both PBS 1X and DI water measured by DLS. 

Via PEGylation the particles are sterically stabilized after synthesis for in-vivo 

applications. In order to test the long-term stability of these ultra-small mesoporous 

particles in physiologically relevant media, the 9.3nm single pore particles were transferred 

into PBS 1X (pH 7.5) and the hydrodynamic particle size was monitored over several 

months via DLS. From Figure 4.11b, in PBS 1X the average hydrodynamic particle 

diameter increased to 9.7nm and remained close to this value for more than two months (at 
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which point we stopped measurements as bacteria had grown in the vial). Furthermore, in 

DI water the particles retained their initial size for almost half a year, see Figure 4.11b. 

These data demonstrate that particles neither degrade nor aggregate on these time scales 

corroborating the stable PEGylation protocol developed here.  

4.4.6 Ultra-small florescent single-pore silica nanoparticles with multiple colors. 

Figure 4.12. Characterization of mC dots with different colors. Graphs (a), (c), (e) and 
(g) display characterization results for DEAC labeled mC dots. Graphs (b), (d), (f) and (h) 
show characterization results for TMR labeled mC dots. Graphs (a) and (b) show DLS 
measurement results of dye labeled mC dots. Graphs (c) and (d) show the comparison of 
FCS correlation curves between free dye molecules and dye-labeled mC dots. Graphs (e) 
and (f) display spectrophotometer and spectrofluorometer measurement results of free dye 



 144

molecules and dye-labeled mC dots. Displays (g) and (h) show TEM images of dye labeled 
mC dots. 

As discussed above, the particles synthesized in this system with average diameter 

around 9.3nm have the most homogeneous single-pore morphology and also potentially 

the most favorite biodistribution characteristics. In order to further visualize such sub-10nm 

single-pore silica nanoparticles in in-vitro and in-vivo experiments, labeling with florescent 

dyes is highly desirable. To this end we slightly modified the synthesis protocol for the 

9.3nm particles by simultaneously adding silane conjugated dyes and TMOS into the 

reaction mixture. In our previous report, we have showed that in this way near infrared 

(NIR) fluorescent dye Cy5.5 could be successfully encapsulated into the single pore silica 

nanoparticles leading to ultra-small (<10nm) NIR fluorescent mesoporous silica 

nanoparticles or, in short, mC dots.33 Here, we generalized this approach to other colors for 

multi-color imaging applications. In addition to Cy5.5, two types of dyes with different 

absorption and emission characteristics, DEAC (blue) and TMR (green), were used for the 

synthesis of mC dots. Shown by Figure 4.12a and b, the average hydrodynamic diameters 

of the DEAC and TMR dye-labeled mC dots were 9.5nm and 10.6nm respectively. Figure 

4.11g and h show TEM images of the respective mC dots. From these images most of the 

particles maintained the single-pore morphology. Both, DLS measurements and TEM 

images, suggest that adding silane-conjugated dyes does not significantly change 

morphological characteristics of the single-pore silica nanoparticles as compared to the 

non-fluorescent species. From photospectrometer and fluorometer measurements, Figure 

4.12e and f, the absorption/emission maxima of DEAC and TMR free dye are around 

440/495nm and 554/579nm, respectively, while those of the encapsulated dyes are at 

431/475nm and 556/576nm, respectively. From previous studies it is known that 
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encapsulation into silica can enhance the fluorescence intensity due to an increase in 

quantum efficiency of the dyes.27,29 Through absorption matching of free dye and particle 

solutions and comparing the emission maxima (Figure 4.12e and f), we determined the 

relative quantum enhancements of DEAC and TMR in our silica particles versus free dye 

in aqueous solution as 12.3 and 3.5, respectively. In other words, encapsulated in the mC 

dots a DEAC/TMR dye is 12.3/3.5 times brighter than as a free dye in aqueous solution. In 

order to further quantify size and brightness characteristics of the mC dots we used 

fluorescent correlation spectroscopy (FCS) for particle characterization. Figure 4.11c and 

d show comparisons of FCS correlation curves between free dyes and dye-labeled mC dots 

for DEAC and TMR, respectively. In both cases the FCS correlation curves of the particles 

are shifted to longer time due to that the larger particles need the longer time to diffuse 

through the same focal observation volume. FCS derived particle diameters for DEAC free 

dye/DEAC based mC dot and TMR free dye/TMR based mC dot are 1.4/9.7nm and 

1.6/13.2nm, respectively. This is in reasonable agreement with the DLS results, vide-supra, 

verifying that the silica particles detected in DLS are successfully labeled with dye. 

Furthermore, FCS measurements also provide the concentration of the diffusing species. 

By combining this information with results of static optical measurements shown in Figure 

4.11e and f, one can derive the average number of dyes per particle,29 which was 1.2 and 

2.1 for DEAC and TMR labeled mC dots, respectively. According to previous studies on 

structure-photophysical property correlations of C dots,29,62-64 the high quantum 

enhancements observed here for TMR, and in particular DEAC labeled mC dots, suggest 

that the dyes are incorporated inside the silica walls of the mC dots. 
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4.5 Conclusions 

In this paper we have shown that proper choice of silica precursors (TMOS, dye-

conjugated silanes), solvent (water) catalyst (L-lysine, ammonium hydroxide) and reaction 

conditions (monomer and catalyst concentrations, temperature, time-point of addition of 

PEG-silane capping agent) leads to exquisite control over size and size distribution of ultra-

small (<10 nm) CTAB directed MSNs. Key elements of achieving this control are (i) fast 

hydrolysis (by means of TMOS as monomer), (ii) slow condensation (by means of 

moderate temperatures and low monomer/catalyst concentrations) and (iii) quenching of 

particle growth by addition of PEG-silane as a capping agent. The latter simultaneously 

achieves steric stabilization of particles for work in high-salt containing physiological 

environments. Results establish access to uniform, sub-10 nm, single pore fluorescent silica 

nanoparticles (mC dots) of various colors including NIR probes, with potential application 

as a theranostic nanomaterials platform with rapid renal excretion.  

By controlling the particle growth rate and quenching the growth at appropriate time-

points, average particle diameters can be precisely tailored from around 6nm to larger than 

15nm with increments below 1nm. Furthermore, through analyzing particle diameter 

distributions and number of pores per particle distributions, we found that the synthesis 

batch with average particle diameter around 9.3nm had the most homogeneous single-pore 

morphology. This is fortunate as the associated size distribution matches the established 

size window for favorable renal excretion and biodistribution characteristics of PEG-ylated 

nanoparticles.30-32,61 Our approach enables the isolation and characterization of species at 

the very early stages of mesoporous silica nanoparticle formation. In future studies it may 
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thus provide a model system to investigate the mechanism of, e.g. the interaction between 

CTAB micelles and growing silica species at these early stages.  

Finally, these results point towards exciting opportunities for further tailoring the 

ultra-small mesoporous particle materials platform. For example, in this paper we only 

reported results on C16 CTAB surfactant as structure directing agent. Varying the alkyl 

chain length of the surfactant, e.g. between C12 and C20, might further enable tailoring of 

pore size as well as overall particle size. Another dimension for tailoring the materials 

platform is a variation in composition. Rather than working with pure silica as reported 

here, other oxides, mixtures of oxides, or calcium phosphate based materials can be 

envisioned. This includes, e.g. aluminosilicates, as shown in related previous work of one 

of the co-authors,65 or calcium phosphate silica composites.66 
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Chapter 5 . Elucidating the Mechanism of Silica Nanoparticle 
PEGylation Processes using Fluorescence Correlation 

Spectroscopies 

5.1 Abstract 

Surface modification with polyethylene glycol (PEG; PEGylation) is a widely used 

technique to improve nanoparticle (NP) stability, biocompatibility and biodistribution 

profiles. In particular, PEGylation of silica surfaces and coatings plays a pivotal role across 

various classes of NPs. Despite the use of numerous protocols there is limited fundamental 

understanding of the mechanisms of these processes for NPs. Here, after reaction 

optimization for particle stability, we employ fluorescence correlation and cross-

correlation spectroscopy (FCS, FCCS) on ultrasmall (< 10 nm) fluorescent silica 

nanoparticles (SNPs) as a test bed. We show unexpected fast reaction kinetics in successful 

PEGylation observed even at nano molar concentrations and attributed to instant non-

covalent adsorption of PEG molecules to the SNP surface preceding covalent attachment. 

Further studies of various reaction conditions enable the elucidation of process design 

criteria for NP PEGylation and surface modification with functional ligands, which may 

be applicable to a broad range of NPs thereby accelerating progress in fields ranging from 

bio-sensing to nanomedicine.  
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5.2 Introduction

The global market for nanomedicine is expected to grow with an annual rate of 12.3% 

and reach a value of >170 billion in 2019.1 As one of the most promising nanomedicine 

candidates, multifunctional organic-inorganic hybrid NPs have attracted significant 

research attention world-wide for both imaging/diagnostics and therapeutics.2-5 However, 

in order to successfully translate hybrid NPs from the laboratory to the clinic, PEGylation 

is an essential step to endow NPs with long-term stability as well as favorable 

biodistribution and pharmacokinetics (PK) profiles.6-8 In the last decade, silica coating 

techniques have been established to stabilize inorganic NPs in aqueous media without 

disturbing their physical properties.9 Therefore the PEGylation of silica surfaces and 

coatings plays a pivotal role for nanomedicine applications across various classes of 

nanomaterials, including dense10 and mesoporous silica nanoparticles (SNPs),11,12 quantum 

dots,13 gold NPs,14,15 magnetic NPs,16 graphene,17 and carbon nanotubes.18   

Compared to the well-studied PEGylation of pharmaceuticals,19 e.g. proteins and 

peptides, the PEGylation of NPs enabling desirable biodistribution and PK often remains 

challenging due to the complexity of the interfacial reactions between NP surfaces and 

ligand molecules.20,21 Despite the use of numerous protocols to PEGylate specific NPs,22 

little is known mechanistically about how this process proceeds, which in turn hampers the 

production of clinically translatable nanomaterials. To that end, here we take advantage of 

highly-tunable silica sol-gel chemistry and use ultrasmall (<10 nm diameter) fluorescent 

SNPs, referred to as Cornell prime dots (C’ dots), as a test bed to study the PEGylation 

mechanism of silica surfaces.10,23,24 Compared to larger NPs, ultrasmall SNPs are more 

sensitive to surface reactions due to the enhanced particle surface to volume ratio.25 
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Furthermore, using ultrasmall SNPs it is possible to work with relatively short PEG ligands 

(molar mass <1000 g/mole) for which the effects of different polymer conformations on 

the particle surface are less significant thereby reducing the complexity of the kinetics of 

attachment.26 Finally, work on ultrasmall SNPs is particularly relevant as such <10 nm 

diameter particles have recently been successfully translated into the clinic27 and multiple 

human clinical trials are currently ongoing. 

Conventional techniques to characterize the result of NP PEGylation reactions 

include dynamic light scattering (DLS),28 thermogravimetric analysis (TGA),29 nuclear 

magnetic resonance (NMR) spectroscopy30 and Raman analysis.31 These techniques 

provide detailed information on PEG loading and conformation on particle surfaces, 

however, little mechanistic insight is gained about how a successful PEGylation process 

proceeds. Fluorescence correlation spectroscopy, FCS, exploits fluorescence fluctuations 

induced by diffusing spices in a confocal setup to analyze their mobility and 

concentrations.32,33 Its dual-color variant, fluorescence cross correlation spectroscopy, 

FCCS, simultaneously monitors the diffusion of two species with distinct fluorescence, and 

thus further provides information on their binding and co-localization (Fig. 5.1).34 FCS and 

FCCS have been widely applied in the field of biology to study e.g. enzymatic reactions 

and protein interactions.35,36 Their application in material science remains limited,37,38 

however, and is often confined to polymers.39,40 Especially, the use of FCCS to analyze the 

processes of nanomaterial fabrication has rarely been reported. Here, after varying 

PEGylation reaction conditions to optimize for particle stability, we labeled SNPs and 

PEGs with Cy5 and ATTO488 fluorophores, respectively, and introduced FCS and FCCS 

to interrogate details of the PEGylation pathway (Fig. 5.1). We found fast reaction kinetics 
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during successful PEGylation unexpected for conventional silanol hydrolysis and 

condensation and preventing NP aggregation in the transition from electrostatic to steric 

stabilization. Effects were attributed to an instant non-covalent association of PEGs and 

SNP surfaces, observed even at nano molar concentrations and accelerating covalent 

attachment (Fig. 5.1). Further studies on various reaction conditions enabled the 

elucidation of reaction design criteria for successful PEGylation, as well as NP surface 

modification with functional ligands. Results highlighted that NP surface modification 

reactions may involve multiple processes driven by different interactions, whose 

understanding is critical for optimal outcomes.  
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5.3 Experimental Section 

5.3.1 Materials. 

All chemicals were used as received without further purification. Dimethyl 

sulfoxide (DMSO), ethanol, (3-aminopropyl)triethoxysilane (amine-silane), (3-

mercaptopropyl) trimethoxysilane (thiol-silane), tetramethyl orthosilicate (TMOS), 

ammonium hydroxide and polyethylene glycol (PEG 400, molecular weight 400 g/mole) 

were purchased from Sigma Aldrich. 2-[Methoxy(polyethyleneoxy)propyl] 

trimethoxysilane (PEG-silane, molar mass around 500 g/mole) was purchased from Gelest. 

Maleimido functionalized Cy5 fluorophore was purchased from GE healthcare. Amine 

functionalized ATTO488 fluorophore was purchased from ATTO-Tech. NHS ester 

functionalized PEGs, as well as heterobifunctional PEGs functionalized with both NHS 

ester and maleimido, were purchased from Quanta BioDesign. c(RGDyC) peptide was 

purchased from Peptide International. DI water was generated using a Millipore Milli-Q 

system. 

5.3.2 Conjugation of Cy5-silane. 

Maleimido functionalized Cy5 was mixed with thiol-silane in DMSO at molar ratio 

1:  25 and concentrations of about 1mM. The mixtures were left under nitrogen overnight 

to label Cy5 fluorophore with silane through thiol-ene reaction. 
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5.3.3 Conjugation of ATTO488-PEG. 

NHS ester functionalized PEGs were mixed with amine functionalized ATTO488 

fluorophore in DMSO at molar ratio 1:  1.1 and concentrations of about 10mM. The 

mixtures were left under nitrogen overnight to label PEGs with ATTO488 fluorophores 

through amide bond formation. 

5.3.4 Conjugation of c(RGDyC)-PEG-silane.  

Heterobifunctional PEGs functionalized with NHS ester and maleimido groups 

(NHS-PEG-mal) were first mixed with amino-silane in DMSO at molar ratio 1:  1.1 and 

concentrations of about 10mM. The mixtures were left under nitrogen for two days to label 

NHS-PEG-mal with silane through amide bond formation. Afterwards, c(RGDyC) peptide 

was added into the mixture at c(RGDyC): PEG molar ratio 0.9: 1. The mixtures were left 

under nitrogen for another day to further label mal-PEG-silane with c(RGDyC) through 

thiol-ene reaction. 

5.3.5 Synthesis of ultrasmall silica nanoparticles. 

For the synthesis of 4-5 nm silica nanoparticles, 0.02 mmol ammonium hydroxide 

was added into 10 mL DI water as base catalyst. 0.43 mmol of TMOS was added into the 

solution under vigorous stirring. The stirring continued for 24 hours at room temperature. 

If applicable, silane conjugated Cy5 fluorophore, which was obtained through mixing 

maleimido functionalized Cy5 and MTPMS in DMSO at molar ratio 1:25, was added 

together with TMOS for fluorescent SNP synthesis. Afterwards, specific amounts (see main 

text) of PEG-silane were added and the solution was kept stirring for another 24 hours. If 
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applicable, c(RGDyC) functionalized PEG-silane was added right before the addition of 

PEG-silane for the synthesis of cancer-targeting PEGylated SNPs. Following that, the 

temperature was increased to 80°C and the stirring was stopped. The reaction was left at 

800C for 24 hours. The solution was finally cooled to room temperature and transferred 

into a dialysis membrane tube (Pierce, molecular weight cutoff, MWCO 10,000) for 

dialysis. The dialysis tube was then immersed into 2000 ml DI water and the water was 

changed twice per day for three days to clean the PEGylated SNPs. The particles were 

finally filtered through a 200 nm syringe filter (Fisher) and stored at room temperature for 

further characterization. The molar ratio of the reactants was 1 TOMS: 0.5 PEG-silane: 

1292 H2O. For the synthesis of particles with varying PEG surface density, the PEG-silane 

concentration used in the reaction was varied from 0 to 23.0mM. 

5.3.6 Zeta potential measurements. 

Zeta potential of the synthesized PEGylated SNPs was measured with a Malvern 

Zetasizer Nano-SZ operated at 20 °C. Samples were first concentrated using spinfilters (GE 

Healthcare, 30k MWCO) by up to 10 times for the desired signal to noise ratio. Details of 

the zeta potential measurement optimization can be found in Appendix C. Each sample was 

measured five times and the results were averaged.  

5.3.7 DLS size measurements.  

Hydrodynamic particle sizes and size distributions were measured by DLS using a 

Malvern Zetasizer Nano-SZ system operated at 20 °C. Each DLS sample was measured 

five times and the results were averaged. 
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5.3.8 TEM measurements. 

TEM images were taken on a FEI Tecnai T12 Spirit microscope operated at an 

acceleration voltage of 120 kV. The TEM samples were prepared by dropping one droplet 

of the PEGylated SNP solution onto a TEM grid (EMS, carbon film on copper grids) and 

evaporation of solvent 

5.3.9 TGA measurements.  

TGA was conducted using a TA Instruments Q500 thermogravimetric analyzer. 

Before subjected to TGA, the synthesized PEGylated SNPs were first dried out from the 

aqueous solution using a FreeZone freeze dryer. During TGA measurements, the 

temperature was first increased to 100 °C with a ramp rate of 10 °C /min, and kept 

isothermal at 100 °C for 20 minutes to remove remaining water. The temperature was then 

increased up to 600 °C with a ramp rate of 10 °C /min and kept isothermal at 600 °C for 

60 mins before the sample was cooled down to room temperature.  

5.3.10 FCS and FCCS measurements. 

FCS and FCCS measurements on the various Cy5-C’ dot and ATTO488-PEG 

samples were conducted using a home-built FCS/FCCS set-up. A 635nm solid-state laser 

was used as the excitation source for the red channel and a 488nm solid-state laser was 

used as the excitation source for the blue channel. Small amounts of the reaction solution 

were aliquoted about every 1-2 mins during the synthesis for FCS measurements to monitor 

changes of SNP size. See Appendix C for detailed data analysis procedures. 
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5.3.11 Conductivity measurements.  

Conductivity measurements were carried out using an Orion Star A215 

pH/conductivity Benchtop multiparameter meter. About 24 hours after TMOS addition, the 

conductivity probe was inserted into the reaction solution for recording the solution 

conductivity. After that, 1.5ml PEG-silane or PEG 400 was added. To monitor the 

PEGylation reaction, the solution conductivity was recorded up until the high temperature 

treatment step. 

5.3.12 Estimation of PEG-silane and c(RGDyC)-PEG-silane reaction conversion 
percentage.  

The conversion percentage of PEG-silane with or without c(RGDyC) 

functionalization was estimated by taking the ratio of PEG-silane present in the final 

purified SNPs to the amount of PEG-silane added into the synthesis. The amount of PEG-

silane (without cancer-targeting peptide functionalization) present in the final purified 

SNPs was estimated from TGA (provides mass) and FCS measurements (provides particle 

concentration).  The amount of c(RGDyC)-PEG-silane present in the final purified SNPs 

was estimated by absorbance measurements as described elsewhere.10 
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5.4 Results and discussion 

 

Figure 5.1. Illustration of SNP PEGylation mechanism as characterized by FCS and 
FCCS. The SNP PEGylation process (bottom) was monitored by FCS and FCCS (top right). 
In order to endow SNPs and PEGs with distinct fluorescence, they were labeled with Cy5 
and ATTO488 fluorophores, respectively. Upon the addition of PEG-silane into SNP 
solution, a fast non-covalent association of PEGs and silica preceded the condensation of 
PEG-silane on SNP surface. The specific affinity between PEGs and silica accelerated the 
reaction kinetics thereby playing a key role in successful PEGylation. In the molecular 
renderings silicon, oxygen, carbon, hydrogen (only shown in inset on upper left, together 
with hydrogen bonds in light blue), nitrogen and sulfur atoms are color coded by purple, 
red, gray, white, blue and yellow, repetitively. 

A series of SNPs with varying surface PEG density were first synthesized according 

to a previously reported method in which PEGylation is an integral part of the synthesis 

strategy to obtain narrowly size distributed particles.10 When the concentration of PEG-

silane was increased from zero to 23mM, the number of PEG chains per particle and surface 
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PEG density gradually increased to about 70 PEGs/particle and 1.7 PEGs/nm2, respectively 

(Table C1). The Flory radius of PEGs used in this study was about 1.7nm, which was larger 

than the 0.8nm PEG to PEG distance obtained from this surface PEG density (Appendix 

C). This is consistent with full PEG coverage on the SNP surface with brush-like PEG 

structure (Fig. 5.1).41 Dynamic light scattering (DLS) and transmission electron 

microscopy (TEM) studies suggested that both the bare SNPs as well as the PEGylated 

SNPs with 1.7 PEGs/nm2 exhibited narrow particle size distributions and homogeneous 

particle morphology (Fig. C1). In contrast, SNPs with intermediate surface PEG densities 

showed reduced monodispersity due to insufficient surface PEG coverage (Appendix C 

and Fig. C1 and C2). 

The SNPs were further transferred into PBS buffer solution for long-term stability 

tests. During the test period, small amounts of sample solution were aliquoted for 

hydrodynamic size measurements. The bare SNPs gradually aggregated in buffer solution 

over a period of 20-30 days (Fig. 5.2a) due to the screening effect of surface charge by 

buffer salts.42 Interestingly, at the surface PEG density of 0.2 PEGs/nm2, the SNPs 

aggregated immediately after being transferred into buffer solution. As surface PEG density 

further increased to 1.0 PEGs/nm2, aggregation was greatly suppressed, but a gradual 

increase of particle size was still observed suggesting a slow aggregation process (Fig. C3). 

In contrast, SNPs with higher surface PEG density remained stable throughout the test 

period (Fig. 5.2a and Fig. C3). From the results a surface PEG density threshold for 

preventing SNP aggregation was estimated to be about 1.2 PEGs/nm2. From the 

combination of DLS, TEM and zeta potential measurements, however, 1.7 PEGs/nm2 was 
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identified as the ideal value to assure well PEGylated SNPs with uniform morphology, as 

well as narrowly-distributed size distribution and zeta-potential (Figs. C1 and C2).10 

 

Figure 5.2. Long-term stability test and SNP stability transition. (a) Stability test of 
SNPs with varying surface PEG density in PBS buffer solution (see similar plot with linear 
scale in Supplementary Figure C3). (b) Comparison of average zeta-potential and surface 
PEG density of SNPs in water (no buffer) synthesized at varying PEG-silane concentration. 
A gradual background color change indicates SNP stability. While the bare SNPs are 
electrostatically stabilized via negative surface charges (red regime), the fully PEGylated 
SNPs are sterically stabilized (blue regime). SNPs with surface PEG density in-between 
are unstable because electrostatic stabilization is greatly diminished while steric 
stabilization is not yet sufficient (yellow regime in b).  

These results indicated a SNP stability transition depending on surface PEG density 

(Fig. 5.2b). At neutral pH in water (no buffer) the surface of bare SNPs is covered by 

deprotonated silanol groups and the resulting negative surface charge prevents particle 

aggregation through electrostatic repulsion (red regime in Fig. 5.2b). On the other end of 

the scale the SNP surface is covalently modified with a dense layer of PEGs. Although the 

native surface charge is quenched, SNPs are now sterically stabilized by a neutral PEG 

corona (blue regime in Fig. 5.2b). In-between these two cases, when the surface PEG 

density gradually increases from zero to 1.2 PEGs/nm2, the SNPs go through a transition 

from electrostatic to steric stabilization, as indicated e.g. by a decrease in negative zeta-

potential (yellow regime in Fig. 5.2b). In this transition regime, SNPs lose long-range 
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electrostatic stabilization due to a decrease in deprotonated and charged surface silanol 

groups, while the surface PEG density is not yet high enough to provide short-range steric 

stabilization. The result is particle aggregation, leading to particle precipitation or at least 

a broadening of the particle size distribution. It is interesting to note that the SNPs most 

heavily aggregated for the very low surface PEG density of ~0.2 PEGs/nm2 (Fig. 5.2a and 

Fig. C1). This suggests electrostatic repulsion between SNPs also plays a key role in 

determining particle size during SNP formation, in addition to the effects of the kinetics of 

silane hydrolysis and condensation. Even a small decrease in SNP surface charge density 

may disturb the system’s charge balance and lead to particle aggregation. 

Because of this stability transition, a fast PEGylation kinetics is highly desirable for 

the preparation of narrowly size dispersed PEGylated SNPs. Otherwise, SNPs may 

aggregate before enough PEGs condense onto the surface. In order to understand the 

PEGylation kinetics in more detail, we synthesized SNPs in water with Cy5 fluorophores 

covalently encapsulated into the core, referred to as Cy5-C’ dots, and used FCS to monitor 

the growth-terminating PEGylation reaction (Fig. 5.3a and Fig. C4).10 In comparison to 

DLS, FCS uses fluorescence for signal processing thereby excluding any scattering noise 

from unreacted reagents, e.g. self-condensed PEG-silane. It is therefore highly sensitive to 

size changes of fluorescent SNPs during reactions. Additionally, it provides multiple 

parameters from a single measurement, including hydrodynamic size, concentration and 

single-particle brightness,37,43 and thus is ideally suited to reveal details of the association 

between particles and PEG ligands. 
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Figure 5.3. PEGylation process as monitored by FCS and conductivity measurements. 
(a) Illustration of the focal volume of  FCS/FCCS setup. As fluorescence-labeled species 
diffuse through the focal volume, signal fluctuations are detected and information on 
sample mobility and co-localization is extracted from the correlations of these signal 
fluctuations.  (b) Change of SNP size during formation (black curve) and PEGylation (red 
curve) steps. (c and d) Evolution of particle size (c) and solution conductivity (d) as PEG-
silane is added. (e and f) Evolution of particle size (e) and solution conductivity (f) as non-
functionalized PEG is added. 

Figure 5.3b shows the change of particle size throughout the synthesis reaction over 

a period of about two days, including initial growth (black) and termination via PEGylation 

(red) steps. Bare Cy5-C’ dots with diameter around 4nm formed during a period of about a 

day after injection of silica source, TMOS, and dye-silane conjugate, consistent with DLS 

and TEM characterization results (Fig. C1). When PEG-silane was added to reach a 

concentration of 23mM resulting in a final surface PEG density of 1.7 PEGs/nm2, the 

average hydrodynamic size quickly jumped from 4 nm to 5.5 nm (Fig. 5.3b and Fig. C5), 
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and then stayed fairly constant at around 5.5-6nm for the remainder of the reaction time. 

The quick size increase was within the time resolution of the experiments (~1-2 minutes, 

Fig. 5.3c). During the same time fluorescence brightness per particle as well as particle 

concentration from FCS remained constant (Figs. C6a and b), indicating that this 

immediate size increase following PEG-silane addition was not caused by particle 

aggregation, which in turn would lead to an increase in single particle brightness and a 

decrease in particle concentration. Comparing the size evolution of the SNP growth process 

via silane hydrolysis and condensation (black part) with that of the PEG-silane addition 

(red part) in Figure 5.3b, it is save to conclude that the fast size increase is not the result of 

the condensation reaction between PEG-silane molecules and SNP surface silanol groups 

(Fig. C7).42 Instead, results point to an instant non-covalent association between PEG-

silane molecules and SNPs. This interpretation is corroborated by in-situ solution 

conductivity measurements showing a drop right after PEG-silane addition on a similar 

time scale suggesting the screening of SNP surface charges via PEG-silane association 

(Fig. 5.3d).44 

In order to further investigate the origin of this fast association, the same 

experiments were performed using PEGs without silane functionalization. Right after PEG 

addition, a similar particle size increase of around 1 nm and drop in conductivity were 

observed (Figs. 5.3e, f and Fig. C5), while particle brightness and concentration stayed 

unchanged (Figs. C6c and d). Additional experiments further suggested that the FCS 

derived size increase was not the result of a viscosity increase caused by PEG addition (Fig. 

C5c).45 
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We subsequently labeled PEGs with fluorophore ATTO488, referred to as 

ATTO488-PEG (Fig. C8), and used FCCS to further analyze the non-covalent interaction 

between PEGs and silica. The red channel of the FCCS setup monitored the diffusion of 

Cy5-C’ dots, while the blue channel monitored the diffusion of ATTO488-PEGs (Fig. 5.1). 

When PEGs are associated with SNPs, their diffusion through the focal volume is 

synchronized, introducing correlated signal fluctuations in both channels and thus a 

positive cross-correlation readout (Fig. 5.3a), providing further co-localization information 

on PEGs and SNPs.34 

The FCCS measurements require sample concentrations in the nano molar range,35 

which is much lower than the concentrations of SNPs (around 20uM) and PEG-silanes 

(around 23mM) in the PEGylation protocol.10 Such low reaction concentrations may 

change the association behavior between PEGs and SNPs. In order to circumvent this 

problem, we first diluted the original Cy5-C’ dot solution to about 30 nM concentration, to 

which a small amount of ATTO488-PEGs was added to reach about 150nM concentration. 

Afterwards, extra non-functionalized PEGs were added to raise the overall PEG 

concentration to 23mM (Fig. 5.4a top panel). The final solution was immediately subjected 

to FCCS measurements. The results showed a clear cross-correlation readout (Fig. 5.4b, 

light green line). The hydrodynamic size obtained from the cross-correlation was larger 

than 5nm, indicating a highly specific detection of ATTO488-PEGs adsorbed onto Cy5-C’ 

dots (Table C2). Detailed analysis further suggested that under these conditions about one 

out of fifty ATTO488-PEG molecules was adsorbed to the SNPs. This indicated the 

existence of a large amount of extra unattached PEGs during PEGylation, consistent with 

DLS results (Appendix C and Fig. C9). 
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Figure 5.4. Association of PEGs and SNPs as characterized by FCS and FCCS. (a) 
Experimental designs. ATTO488-PEG/PEG (top), ATTO488 free dye/PEG (middle) and 
ATTO488-PEG only (bottom) were added to diluted Cy5-C’ dot solutions, respectively, 
and the resulting mixtures were subjected to FCS and FCCS measurements immediately 
after PEG addition. (b) Comparison of FCCS cross-correlation curves from all three 
experiments in a. (c) Comparison of FCS red and blue channel auto-correlation curves of 
Cy5-C’ dot solutions to which ATTO488-PEG/PEG (top panel in a) and ATTO488 free 
dye/PEG (middle panel in a) were added, respectively. (d) Comparison of FCS red and blue 
channel auto-correlation curves of ATTO488-PEG added to Cy5-C’ dot solutions with (top 
panel in a) and without (bottom panel in a) extra non-functionalized PEGs. 

To further ensure the observed association of ATTO488-PEGs and SNPs was not 

due to PEG functionalization with dye, the same experiments were performed with 

ATTO488 free dye instead of ATTO488-PEGs (Fig. 5.4a middle panel). The corresponding 

red channel auto-correlation curve overlapped with the one from the experiment using 

ATTO488-PEGs, both of which resulted from the PEG-adsorbing SNPs (Fig. 5.4c top red 
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curves). In contrast, the blue channel auto-correlation slightly shifted to the left, confirming 

the faster diffusion of ATTO488 free dye as compared to ATTO488-PEG (Fig. 5.4c bottom 

blue curves). Finally, for this case a substantially weaker cross-correlation signal was 

detected (Fig. 5.4b, dark green line), whose resulting hydrodynamic size was much smaller 

than what was expected from the SNP size (Table C2). This suggested that this weak cross-

correlation was most likely due to leaking of fluorescence from ATTO488 fluorophore to 

the red channel, rather than the specific co-localization of ATTO488 free dye and SNPs. 

The lack of cross-correlation signal is consistent with ATTO488 fluorophore carrying a net 

negative charge leading to electrostatic repulsive interactions with the negatively charged 

SNPs.24 Although this inter-channel cross-talk added noise to the cross-correlation 

analysis, the obvious enhancement of cross-correlation caused by PEG conjugation of 

ATTO488 fluorophore provided evidence of PEGs being adsorbed on SNP surfaces (Fig. 

5.4b). 

The same experiments were also performed without the addition of extra non-

functionalized PEGs, where both SNPs and PEGs had nano molar concentrations (Fig. 5.4a 

bottom panel). After ATTO488-PEG addition, no increase of average SNP size was 

detected via the red channel auto-correlation, suggesting a substantial decrease of the 

amount of PEGs adsorbed onto the SNP surface due to their low concentration (Fig. 5.4d). 

Despite the small amount of PEG adsorption, a strong cross-correlation signal was again 

detected (Fig. 5.4b, orange line). This demonstrates that the association between PEGs and 

SNPs happens even at extremely low concentration, here close to nano molar regime. This 

association is due to the specific affinity between PEGs and silica, most likely caused by 
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hydrogen bonding between the silanol groups on the SNP surface and both the ether 

oxygens and hydroxyl end groups of non-functionalized PEGs (Fig. 5.1).46-48 

The fast adsorption of PEGs to SNP surface quickly shortens the average distance between 

the silanol groups of PEG-silanes and the silanol groups on the SNP surface, thereby 

significantly accelerating PEG-silane condensation (Fig. 5.1). This conclusion was 

supported by additional FCS experiments, showing that adsorbed PEGs without silane 

functionalization were released from the SNP surface upon dilution. In contrast, no release 

of PEG-silanes was observed, even when the SNP solution was greatly diluted immediately 

after PEG-silane addition (Fig. C10).  

Fundamental knowledge of reaction pathways allows educated design of process 

conditions.  In order to elucidate favorable experimental conditions for PEGylation assisted 

by the non-covalent silica-PEG association described here, reaction solvent composition 

and solution pH were varied before the addition of non-functionalized PEGs to SNP 

solutions. Silica PEGylation reactions are typically conducted in water, alcohol, or their 

mixtures. Interestingly, when the alcohol (here ethanol) fraction of the solvent mixture 

increased to >20%, no substantial size increase was detected anymore after PEG addition 

(Fig. 5.5a). These results suggest that alcohol amounts >20% are sufficient to effectively 

suppress rapid PEG adsorption. In contrast, PEG adsorption was relatively insensitive to 

solution pH, with the association only being suppressed at relatively high values above pH 

11. These data suggest that silica PEGylation reactions should be conducted at low alcohol 

content and under basic pH values typical for promoting silica condensation. 
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Figure 5.5. Association of ligands and SNPs under different conditions. (a and b) Non-
covalent association between SNPs and PEGs (without silane functionalization) in aqueous 
solution with varying (a) volume faction of ethanol and (b) pH. The solution pH in b was 
adjusted by varying the concentration of ammonium hydroxide. The dashed lines indicate 
SNP size before PEG addition.  (c) Change of SNP size throughout a reaction in which 
c(RGDyC)-PEG-silane (insert) was added (green part) right before PEG-silane addition 
(red part) in order to surface modify the SNPs with cancer-targeting ligands. (d) Zoomed-
in view of c to the reaction period around ligand addition (color code as in c). Comparison 
of the conversion percentage of PEG-silane versus c(RGDyC)-PEG-silane (insert in d) 
suggests that the stronger affinity between c(RGDyC) peptides and SNPs facilitated the 
surface modification reaction. 

Our results indicate that a fast non-covalent association of PEGs and silica 

accelerates the formation of covalent bonds between PEG-silane and SNP surfaces, and 

therefore plays a key role in successful PEGylation (Fig. 5.1). For nanomedicine 

applications of hybrid NPs this immediately raises the question whether similar pathways 

are active when reactions involve PEGs functionalized with specific targeting groups, e.g. 

peptides or antibodies. In order to address this question, SNPs were surface modified with 

PEGs conjugated to cancer-targeting peptides, c(RGDyC) (see insert in Fig. 5.5c for 

molecular structure model). Cyclic RGD is known to bind to cell surface proteins 
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(integrins), overexpressed e.g. in melanoma, and therefore is a relevant model peptide to 

investigate these effects with.27 To that end peptide functionalized and non-functionalized 

PEG-silanes were subsequently added to the same SNP solution. Upon the addition of 

c(RGDyC)-PEG-silane a similar instant increase of particle size as for pure PEGs was 

observed suggesting the immediate surface attachment of cancer-targeting groups to the 

SNP surface (Fig. 5.5c). Non-functionalized PEG-silane added to cover the remaining SNP 

surface led to a second stepwise particle size increase suggesting successful PEGylation 

(see zoomed-in version of Fig. 5.5c in d). It is important to note that further analysis 

indicated that the conversion percentage of c(RGDyC)-PEG-silane was much higher than 

that of PEG-silane and began approaching 100% (insert in Fig. 5.5d). This demonstrated 

an increased affinity to the silica surface of the peptide functionalized over the pure PEG-

silane consistent with experience that peptides adsorb on silica surfaces.49,50 The enhanced 

affinity facilitates surface modification reactions of SNPs with PEG bound peptides and 

may therefore substantially reduce manufacturing costs of multifunctional pharmaceutical 

NPs by providing high reaction yields. 
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5.5 Conclusions 

The mechanistic details of NP PEGylation processes elucidated in this paper suggest 

that non-covalent association between ligand molecules, e.g. PEGs and PEG-peptide 

conjugates, and NP surfaces can be used to facilitate NP surface modification reactions 

through accelerating covalent attachment. This two-step reaction process, i.e. first 

adsorption and then covalent attachment, shares similarities with many biology processes. 

For example, in protein translation tRNA-associated amino acids are brought together first 

through specific hydrogen bond-induced interactions between ribosome and mRNA before 

covalent bond formation via dehydration. We expect these findings to build a foundation 

providing rational process design criteria not only for successful PEGylation, but also for 

NP surface modification with functional ligands, important in fields ranging from bio-

sensing and bio-imaging to nanomedicine. Finally, the affinity between PEGs and silica 

may add to the existing family of non-covalent interactions for the fabrication of novel self-

assembled nanomaterials. 
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Appendix C: Supplementary Information for Chapter 5 

Estimation of number of PEG chains per SNP and surface PEG density 

The number of PEG chains per SNP and surface PEG density were estimated 

according to the following equations: 

	 	 	 	 	 ∙ ∙ / /  (1) 

	 	 	 	 	 	 	 	 / 4  (2) 

where r is the radius of bare SNPs, which is estimated to be 1.8nm according to TEM, DLS 

and FCS characterization results (Supplementary Fig. C1). ρ is the density of amorphous 

silica, for which the value of 1.9g/cm3 was used. FPEG is the weight percentage of organic 

PEGs on the SNP surface as obtained from TGA (Supplementary Fig. C1a). MPEG is the 

molar mass of PEGs attached on SNP surface. Since the PEG-silane used in the PEGylation 

contained 6-9 EO units, MPEG is estimated to be 360 g/mole. NA is the Avogadro constant. 

The calculated number of PEG chains per particle and surface PEG density of SNPs 

synthesized at different PEG-silane concentrations are summarized in the following table. 

Although the errors introduced via TGA measurements, the density estimation of SNP 

silica matrix, and SNP size could add about 10-20% error to these values, these calculations 

provide a valuable estimation of the PEG loading and confirmation of successful 

PEGylation. 

PEG conformation on SNP surface can be described in terms of the Flory radius 

(F) according to the following equation1: 

  (3) 
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where n is the number of monomers per PEG chain and α is the length of one EO monomer. 

There are two main conformations that PEG chains can acquire depending on SNP surface 

PEG density. If the surface PEG density is low, PEG chains will acquire mushroom-like 

conformations. This usually happens if the PEG to PEG distance on SNP surface (D) is 

larger than the Flory radius (D>F). In contrast, if the PEG to PEG distance is close to or 

smaller than the Flory radius (D≤F), PEG chains will acquire brush-like conformations. 

Brush-like conformations are more favorable than mushroom-like conformations in 

endowing nanoparticles with high bio-compatibility and desirable biodistribution profiles.  

Table C1. Estimation of number of PEG chains per SNP and surface PEG density 

PEG-silane 

concentration 

Weight 

percentage of 

PEGs 

Number of PEG 

chains per SNP 

Surface PEG 

density 

(PEG/nm2) 

PEG to PEG 

distance, D 

(nm) 

No PEG - - - - 

2.3 mM 9 wt% 8 0.2  2.4  

6.9 mM 36 wt% 44 1.0  1.1  

11.5 mM 39 wt% 49 1.2  1.0  

16.1 mM 44 wt% 61 1.5  0.9  

23.0 mM 48 wt% 72 1.7 0.8  

For the PEG-silane used in the PEGylation protocol, α is estimated to be about 

0.35nm1,2 and n ranges from 6 to 9. Therefore, the Flory radius was estimated to be around 

1.7nm. According to Supplementary Table C1, SNPs synthesized at PEG-silane 

concentrations of 6.9mM and above had D<F, and therefore a brush-like conformation of 
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PEGs was expected. In contrast, SNPs synthesized at the PEG-silane concentration of 

2.3mM had D>F, and therefore a mushroom-like conformation was expected. This agreed 

well with the results of long-term stability test, where the SNPs with surface PEG density 

of 0.2 PEG/nm2 (mushroom conformation) strongly aggregated, whereas aggregation was 

suppressed for SNPs with higher surface PEG density (brush conformation). 

Characterizations of SNPs with varying surface PEG density 

Supplementary Figure C1a compares TGA results of PEGylated SNPs synthesized 

at different PEG-silane concentrations. The TGA plots were normalized to the weight 

percentage at 3000C because curves fluctuated at lower temperatures due to water removal. 

The weight decrease from 3000C to 6000C corresponded to the loss of organic PEG 

compounds, according to which the number of PEG chains per SNP and the surface PEG 

density were estimated as described above. The PEGylated SNPs were further 

characterized by DLS, zeta-potential and TEM. The SNPs were up concentrated before 

zeta-potential measurements for the desired signal-to-noise ratio (Supplementary Fig. C2). 

The bare SNPs without PEGylation had hydrodynamic sizes around 5nm and an average 

zeta-potential close to -10eV (Supplementary Fig. C1b and c). The TEM image 

(Supplementary Fig. C1d) demonstrated high particle monodispersity and homogeneity. In 

comparison, SNPs with the highest surface PEG density (1.7 PEGs/ nm2) also exhibited a 

narrow particle size distribution and homogeneous particle morphology (Supplementary 

Fig. C1b and i). However, the average zeta-potential increased to about -2eV 

(Supplementary Fig. C1c), suggesting covalent attachment of PEGs on the SNP surface. 

When the surface PEG density decreased from 1.7 to 1.2 PEGs/nm2, the zeta-potential 

distribution slightly broadened (Supplementary Fig. C1c). At even lower surface PEG 
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densities, the SNPs aggregated as indicated by both DLS and TEM (Supplementary Fig. 

C1b, e and f), and the average zeta-potential shifted to negative values due to the lower 

surface coverage with PEGs (Supplementary Fig. C1c). 

  

Figure C1. Characterization of SNPs with varying surface PEG density.  (a to c) TGA 
(a), hydrodynamic size distribution from DLS (b) and zeta-potential distribution (c) of SNP 
synthesized at different PEG-silane concentrations: 0, 2.3, 6.9, 11.5, 16.1 and 23.0 mM. 
The surface PEG density was estimated according to the size of bare SNPs and the weight 
percentage of PEG chains as described in the text (Supplementary Table C1). (d to i) TEM 
images at two different magnifications (see insets) of SNPs with varying surface PEG 
density: 0, 0.2, 1.0, 1.2, 1.5 and 1.7 PEGs/nm2. 

Optimization of Zeta Potential measurements 
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Figure C2. Optimization of zeta-potential measurements. Distributions of particle size 
from DLS (a) and zeta-potential (b) of PEGylated SNPs at different concentrations. Results 
were obtained from SNPs with surface PEG density of 1.7 PEGs/nm2. 

Zeta-potential measurements of ultrasmall PEGylated SNPs are challenging due to 

the weak scattering signal of small SNPs. In order to obtain reliable results, PEGylated 

SNPs were up-concentrated prior to zeta-potential measurements. DLS derived particle 

size distributions confirmed that the up-concentration of PEGylated SNPs did not cause 

any particle aggregation (Supplementary Fig. C2a). But the signal to noise ratio of zeta 

potential measurements was significantly enhanced at the higher particle concentrations 

(Supplementary Fig. C2b). For this reason, all samples were first up-concentrated by ten 

times (from 0.3% after dialysis to 3%) before zeta-potential measurements were conducted.  

Long-term stability tests 

In order to reveal details of particle size changes in PBS buffer, Figure 5.2a in the 

main manuscript is re-plotted here on a linear scale (Supplementary Figure C3). Zooming 

in to the smallest sizes (Supplementary Figure C3, right side) shows that SNPs with surface 

PEG density of 1.0 PEG/nm2 gradually increased in size after transfer into PBS buffer 

solution suggesting slow aggregation due to insufficient surface PEG coverage. In contrast, 

SNPs with higher surface PEG density remained stable throughout the test period of about 

45 days.  
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Figure C3. Linear plot of results of long-term SNP stability tests. While the plot on the 
left shows the entire data set from SNPs with all six different surface PEG densities, 
zooming-in to small sizes only on the right reveals details in size changes of SNPs with 
relatively high surface PEG density, i.e. ≥1.0 PEG/nm2. 

FCS/FCCS setup 

The home-built FCS/FCCS setup consisted of a 635nm excited red channel and a 

488nm excited blue channel, which monitored the diffusion of Cy5-C’ dots and ATTO 488-

PEGs, respectively. Specific dichroic mirrors and filters were used to split the excitations 

and emission fluorescence. The detector of the blue channel collected fluorescence with 

wavelength between 530 and 590nm (ATTO488 fluorophore), while the detector of the red 

channel collected fluorescence with wavelength longer than 650nm (Cy5 fluorophore). A 

correlator-card was used to correlate fluorescence fluctuations from the two channels to 

generate auto- and cross-correlation curves as shown in the manuscript and below. 
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Figure C4. FCS and FCCS experimental setups. Detailed design of home-built 
FCS/FCCS setup. 

SNP size change upon the addition of PEG-silane and PEGs 

As described in the main manuscript, the average SNP size quickly jumped up after 

PEG-silane addition. Supplementary Figure C5a shows a comparison of the normalized 

FCS auto-correlation curves of Cy5-C’ dots before and right after PEG-silane addition. The 

average hydrodynamic particle size, particle concentration and single-particle fluorescence 

brightness were obtained from fitting the auto-correlation curves according to procedures 

detailed in previous publications3,4. The obvious right shift of the auto-correlation curve 

after PEG-silane addition suggested a slower diffusion constant and thus a bigger particle 

size. A similar right shift of the auto-correlation curve was also observed when PEG-silane 

was replaced by non-functionalized PEG (Supplementary Fig. C5b). In contrast, the auto-
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correlation curves remained almost unchanged when Cy5-C’ dots were replaced by AF647 

free dye (Supplementary Fig. C5c). This cross experiment corroborated that the shift in 

correlation curves to the right was indeed due to a true particle size increase after addition 

of PEG-silane or PEG and was not caused by an increase in solution viscosity upon PEG 

chain addition. The latter in turn would have also lead to a right shift of the correlation 

curve of AF647 free dye, which was not observed. 

Figure C5. Particle size changes before and after PEG additions. Comparison of auto-
correlations of Cy5-C’ dots (a and b) and AF647 standard free dye (c) before and after the 
addition of PEG-silane (a) or non-functionalized PEGs (b and c) together with their fits. 

Changes of SNP concentration and brightness during PEGylation 

The changes of SNP properties during PEGylation was monitored by FCS. In 

addition to the change of particle size (Fig. 5.3c and e in main manuscript), the FCS derived 

evolution in particle concentration and single-particle fluorescence brightness are plotted 

in Supplementary Figure C6. The fact that particle concentration and brightness remained 

unchanged before and after the addition of PEG-silane and PEG further corroborated that 

the instant increase of SNP size was due to a fast association between SNP and PEG chains, 

but not to SNP aggregation. 

Comparison of kinetics of silane condensation and SNP PEGylation 

The SNP size evolution was monitored via FCS throughout the SNP synthesis 

reaction, until the high temperature treatment step (Fig. 5.3b). We did not take the high 
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temperature treatment into consideration here because first, it partially quenched Cy5 

fluorophores leading to additional complexity in the FCS analysis and second, we found it 

may not be essential to achieve successful PEGylation. Supplementary Figure C7 directly 

compares the kinetics of SNP formation and PEGylation steps by renormalizing TMOS 

monomer and PEG-silane additions to t=0, respectively (see Fig. 5.3b in main manuscript 

displaying the “true” unaltered time dependence). While the SNP formation kinetics, 

resulting from silane hydrolysis, particle nucleation, and silane condensation, was 

relatively slow (black line in Fig. 5.3b and Supplementary Fig. C7), the attachment of PEG-

silane to SNPs was completed almost instantly within the time resolution of 1 to 2 minutes 

of the experiment (red line in Fig. 5.3b and Supplementary Fig. C7). This fast PEGylation 

kinetics is inconsistent with the expected time scale of PEG silane hydrolysis and 

condensation onto the particle surface as the condensation rate of PEG-silane is much 

slower as compared to that of silicic acid due to the conjugation of the silane to the PEG 

chain. This suggested that the fast PEGylation kinetics was not likely due to silane 

condensation, but instead was caused by a non-covalent association between PEGs and 

silica surface. 
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Figure C6. PEGylation reactions as monitored by FCS.  Evolution of the FCS derived 
SNP properties concentration (a and c) and fluorescence brightness per particle (b and d) 
during PEGylation reactions with PEG silanes (left side) and non-functionalized PEGs 
(right side). Results were obtained from FCS measurements on Cy5-C’ dots. 

 

 

Figure C7. Comparison of kinetics of SNP formation and PEGylation steps. The plot 
directly compares the kinetics of silane condensation (black curve) and the kinetics of 
PEGylation (red curve) by renormalizing TMOS monomer and PEG-silane additions to 
t=0, respectively. 



198 
 

Figure C8. Labeling PEGs with ATTO488 fluorophores. (a) Illustration of the 
conjugation reaction of amine-functionalized ATTO488 fluorophores and NHS ester-
functionalized PEGs. (b) Comparison of the auto-correlations of ATTO488 free dye and 
ATTO488-labeled PEGs. 

Conjugation of ATTO488 to PEGs 

In order to endow PEGs with fluorescence for FCS and FCCS measurements, 

amine-functionalized ATTO488 was conjugated to NHS ester-functionalized PEGs via 

amide bond formation (Supplementary Fig. C8a). The fluorophore conjugated PEG, 

ATTO488-PEG, was then subjected to FCS measurements. The auto-correlation curve of 

ATTO488-PEG slightly shifted to the right as compared to that of ATTO488 free dye 

(Supplementary Fig. C8b) suggesting slower diffusion from the larger hydrodynamic size. 

According to the fit of the auto-correlation curves, ATTO488-PEG had an average 

hydrodynamic size of about 1.9 nm, while ATTO488 free dye was about 1.7 nm in size. 

Results corroborated successful conjugation of ATTO488 to PEG. 

Analysis FCCS results 

The general expression for auto- and cross-correlation functions is given as the 

following5,6. 
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〈 ∙ 〉

〈 〉∙〈 〉
  (4) 

where  〈 〉  and 〈 〉  are the time-averaged fluorescence signals of two distinct 

fluorescent species i and j.  and  are their fluorescence fluctuations at time 

t and t+τ. The expression in (4) provides the single-color auto-correlation when i=j, while 

it provides the dual-color cross-correlation when i≠j. For a dual-color FCS/FCCS setup, 

which measures the diffusion of two species with distinct blue (ATTO-PEG) and red 

fluorescence (Cy5-C’ dot), the correlations can be expressed in the following way: 

Red channel (Cy5-C’ dot):      

〈 〉∙ 〈 〉∙

〈 〉 〈 〉
   (5) 

Blue channel (ATTO488-PEG):     

〈 〉∙ 〈 〉∙

〈 〉 〈 〉
   (6) 

Cross over (ATTO488-PEG adsorbed Cy5-C’ dot):   

〈 〉∙

〈 〉 〈 〉 ∙ 〈 〉 〈 〉
    (7) 

 

where  is the average number of species i (i= R, B or RB) present in the focal volume, 

and  is the temporal correlation decay caused by diffusion. Since blinking of Cy5 

and ATTO488 fluorophores can also be recognized via auto-correlations, a triplet state 

correction is added to the	expression of  for i= R and B. 	can therefore be 

expressed in the following way: 

Cy5-C’ dot:     
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∙ 1 ∙ . ∙
.

∙
∙

.

 (8) 

ATTO488-PEG:     

∙ 1 ∙ . ∙
.

∙
∙

.

 (9) 

ATTO488-PEG adsorbed Cy5-C’ dot:   

.

∙
∙

.

     (10) 

where   is the average percentage of triplet state fluorophores and .   is the triplet 

relaxation time (i= R or B). .  is the diffusion time (i= R, B or RB). S is the structure 

factor of the FCS/FCCS setup (ratio of the short axis to the long axis of the elliptical focal 

spot) which is obtained from calibration of the setup with a known standard fluorophore.  

In our experiments, 〈 〉 ≪ 〈 〉, 〈 〉 due to the weak affinity between PEGs and silica 

(Fig. 5.5b and d). The expressions of  can therefore be simplified as follows: 

Red channel (Cy5-C’ dot):    

≅
〈 〉 〈 〉

∙ 1 ∙ . ∙
.

∙
∙

.

 (11) 

Blue channel (ATTO488-PEG):   

≅
〈 〉 〈 〉

∙ 1 ∙ . ∙
.

∙
∙

.

 (12) 

Cross over (ATTO488-PEG adsorbed Cy5-C’ dot):  

≅
〈 〉∙

〈 〉∙〈 〉

〈 〉

〈 〉∙〈 〉
∙

.

∙
∙

.

  (13) 
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In order to further include artificial cross-talk signal between the two channels, the cross-

correlation curves were also fitted with two-component correlation function, where 

 is expressed as follow: 

∙
. .

∙
∙

. .

1 ∙
. .

∙
∙

. .

  (14) 

F1 and (1-F1) are the percentages of the two diffusion species, respectively. If a second 

diffusing species was successfully identified, the results were taken. Otherwise, the cross-

correlation curve were fitted using equation (13). 

The diffusion time .  , and number of average particles in the focal volume, 〈 〉, 

can be obtained from fitting the correlation curves as described above. The concentration 

of species i can then be calculated by:  

〈 〉 〈 〉	
  (15) 

where the focal volume  is obtained from calibration of the setup. The hydrodynamic 

diameter of measured particles can then be calculated by: 

 (16) 

where k is the Boltzmann constant, T is the sample temperature (room temperature) in 

Kelvin and  is the viscosity of the sample solution at temperature T. 

 The analysis results of the FCS and FCCS measurements are summarized in 

Supplementary Table C2. By dividing the concentration of ATTO-PEG adsorbing Cy5-C’ 

dot obtained from the cross-correlation by the concentration of ATTO488-PEG obtained 

from the blue channel auto-correlation, it was estimated that about one out of 100 

ATTO488-PEGs were adsorbed by the Cy5-C’ dot. Since in a typical experiment on 
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average only about 50% of all SNPs are labeled by Cy53, it was then estimated that under 

these conditions there was about one out of 50 PEGs adsorbed by the SNPs. Although this 

association percentage of PEGs is expected to significantly increase when SNP 

concentration is increased in the non-diluted PEGylation process, it indicated the existence 

of a large amount of extra PEG molecules which did not attach to SNPs during PEGylation. 

Table C2. Summary of FCCS measurement results 

 

This conclusion was further supported by the DLS particle size measurements 

(Supplementary Fig. C9). Right after SNP synthesis, a strong scattering signal from 

diffusing species with average hydrodynamic diameter about 1 nm was detected, which 

was attributed to free PEG-silane molecules or self-condensed PEG-silane clusters with 

considerable concentration.  In contrast, after dialysis the average hydrodynamic size 

increased to about 5nm consistent with TEM and FCS, indicating the successful removal 

of extra unattached PEGs by dialysis and the high monodispersity of the remaining 

PEGylated SNPs. 
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Figure C9. Unattached PEG-silane recognized by DLS. Comparison of PEGylated 
SNPs solution before and after dialysis indicating the considerable amount of unattached 
PEG-silane left from PEGylation. Each measurement was repeated three times. 

By comparing the amount of PEGs left in the cleaned PEGylated SNPs, which 

could be obtained from TGA, and the known amount of PEGs added into the reaction, it 

was estimated that only 10% to 30% of added PEGs ended up on the SNPs (Fig, 5d insert). 

This is consistent with FCCS and DLS observations, in which large amounts of extra 

unattached PEG-silane were detected. However, the fast association kinetics of PEGs and 

silica, as well as their specific affinity, is independent from this low conversion percentage 

of PEG-silanes. As long as enough PEG-silane is added, the successful PEGylation of SNPs 

can be completed in a very short period of time. 

Adsorption of PEGs accelerates their condensation onto SNP surfaces 

Additional experiments were performed to study at which step during PEGylation 

the covalent bonds form between PEG-silane and SNPs. To that end, the SNP solution was 

significantly diluted immediately after PEG addition. If no covalent bond forms, the 

adsorbed PEGs will be released from SNPs upon dilution due to the low PEG 

concentration, resulting in the decrease of average SNP size. Otherwise, the PEGs cannot 
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be released from SNPs upon dilution due to the covalent attachment, and the average SNP 

size will remain unchanged. 

As shown in Supplementary Figure C10, immediately after addition of PEG-silane 

or unfunctionalized PEGs, the auto-correlation curve of Cy5-C’ dots shifted to the right, 

indicating the increase of average SNP size caused by PEG adsorption. Afterwards, the 

reaction solution was immediately diluted 105 times, followed by FCS size measurements. 

The dilution was performed within 30 seconds after PEG addition. If non-functionalized 

PEG was added, the Cy5-C’ dot auto-correlation curve shifted back to the left upon 

dilution, suggesting the decrease of average SNP size caused by the release of PEGs 

(Supplementary Fig. C10b). In contrast, if PEG-silane was added, the Cy5-C’ dot auto-

correlation curve remained almost unchanged after dilution, suggesting no change in SNP 

size (Supplementary Fig. C10a). These results demonstrated that no PEG-silane was 

released from SNPs, even though the reaction concentration was decreased 105 times. 

Results indicated that covalent bonds between PEG-silane and SNPs had already formed 

upon PEG-silane addition, whose kinetics was surprisingly fast. These results, together 

with the data described in the main manuscript, provided evidence that the non-covalent 

association between PEGs and silica greatly accelerated the formation of covalent bonds 

between PEG-silane and SNPs, and therefore contributed to the successful PEGylation. 
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Figure C10. Release of adsorbed PEGs from SNPs. (a) Comparison of auto-correlation 
of Cy5-C’ dots before/after PEG-silane addition and after dilution. (b) Comparison of auto-
correlation of Cy5-C’ dots before/after non-functionalized PEG addition and after dilution. 
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Chapter 6 . Formation Pathways of Mesoporous Silica 
Nanoparticles with Dodecagonal Tiling 

6.1 Introduction 

Quasicrystals exhibit highly ordered local structure but lack long range translational 

periodicity, and permit symmetry operations that are forbidden in classical crystallography, 

e.g. five-, eight-, ten- and twelve-fold rotations.1,2 They have been observed in a wide 

variety of materials, including metal alloys,1, 3 thin films,4 liquid crystals,5 polymers,6 

colloids7 and mesoporous networks,8 demonstrating that quasicrystals can be considered a 

universal form of ordering.9 Despite increasing attention to the identification of novel 

quasicrystalline materials, little has been shown experimentally regarding their early 

growth pathways. Multiple formation mechanisms have been proposed via theoretical 

models.10-16 For example, recent computer simulations demonstrate that design criteria 

such as shape polydispersity and anisotropic particle surface modifications17,18 may 

promote quasicrystalline order in self-assembled systems. However, direct experimental 

observation of early formation stages and processes of quasicrystals remains a challenge. 

Here we show that by taking advantage of highly tunable silica sol-gel chemistry, the early 

stages of quasicrystalline mesoporous silica formation can be experimentally preserved as 

nanoparticles. The size of these mesoporous silica nanoparticles (MSNs) can be tuned from > 

100 nm, for which dodecagonal tiling patterns are well developed, down to < 30 nm, where 

particles consist of only a single triangle or square tiling unit. Simultaneously, the 

quasicrystallinity of the mesopore structure can be controlled via a single experimental 

parameter. Based on these observations, a library of MSNs with varying size and 

quasicrystallinity is synthesized and compared to growth simulations. Our results elucidate 
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early formation pathways of dodecagonal quasicrystalline mesoporous silica and 

demonstrate an experimental control parameter that can be used to tune quasicrystallinity, 

thereby providing fundamental insights into quasicrystal formation mechanisms. 

Since its discovery in 1992, mesoporous silica has attracted widespread attention. 

There have been reports of bulk19-21 and nanoscale mesoporous silica22-24 with a variety of 

pore structures, including hexagonal,19 cubic,24 and quasicrystalline structures.8,26 The 

formation of mesoporous silica is a result of silica condensation directed by molecular 

templates, such as surfactants or polymers.19,25 This co-assembly process is driven by non-

directional interactions between micelles and silica precursors, making mesoporous silica 

similar to systems of metal alloys, where non-directional bonding plays a key role in 

achieving the non-periodic bonding geometries required for quasicrystal formation.9 

Inspired by this analogy, we have synthesized MSNs with dodecagonal tiling and used 

them to study the early formation mechanisms of quasicrystalline mesoporous silica.  
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6.2 Experimental section 

6.2.1 Materials 

Hexadecyltrimethylammonium bromide (CTAB, ≥99%), ethyl acetate (EtOAc, 

ACS grade), ammonium hydroxide (NH4OH, 29%), 1,3,5-trimethylbenzene (TMB, 99%), 

N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS, 95%), (3-

aminopropyl)trimethoxysilane (APTMS, 95%), tetraethyl orthosilicate (TEOS, ≥99%), 

tetramethyl orthosilicate (TMOS, ≥99%), hydrochloric acid (HCl, 36.5-38%), acetic acid 

(glacial), and ethanol (absolute, anhydrous) were used as received without further 

purification. Deionized water (Milli-Q, 18.2 MΩ·cm) was used throughout. 

6.2.2 Synthesis of MSNs with varying [TMB] (TEOS/AEAPTMS system) 

Round bottom flasks (14/20, 100mL) and egg-shaped stir bars (L x Dia.: 19 x 9.5 

mm) were used in all TEOS/AEAPTMS syntheses described in this paper. MSNs were 

prepared with [TMB] ranging from 12mM to 205mM. EtOAc (0.44mL), NH4OH (1.35 

mL), and then TMB were added to an aqueous solution of CTAB (52.5mL, 2.61 mM) 

stirring at 650 rpm. After 30 minutes, a mixture of TEOS (0.25mL) and AEAPTMS (0.0375 

mL) was added to the reaction and allowed to react for 5 minutes. Then, additional water 

(18.45 mL) was added and the reaction was left stirring for 24 hours. On completion of the 

reaction, the particle suspension was neutralized with 2M HCl, before cleaning by repeated 

centrifugation and redispersion in EtOH. CTAB was removed from the resulting particles 

by adding 5 vol% of acetic acid to the suspension and stirring for 30 minutes. Following 
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CTAB removal, the particles were again cleaned by repeated centrifugation and 

redispersion in EtOH. 

In order to study the effect of stirring rate on the structure of these particles, MSNs 

were synthesized using constant [TMB] (29 mM) and four different stirring rates: 500 rpm, 

650 rpm, 800 rpm, and 1000 rpm. All other synthesis parameters were unchanged from the 

above description. 

6.2.3 Synthesis of MSNs with varying [TMB] and pH (TMOS/APTMS system). 

Round bottom flasks (14/20, 25 mL) and egg-shaped stir bars (L x Dia.: 19 x 9.5 

mm) were used in all TMOS/APTMS syntheses described in this paper. MSNs were 

prepared with [TMB] ranging from 14mM to 72mM and [NH4OH] ranging from 15mM to 

150mM. High [TMB] resulted in more quasicrystalline particles and high [NH4OH] 

resulted in larger particle sizes.  NH4OH and TMB were added to an aqueous solution of 

CTAB (10 mL, 22.78 mM) stirring at 600 rpm. After 30 minutes, a mixture of TMOS (34 

µL) and APTMS (25 µL) was added to the reaction and allowed to react for 24 hours. On 

completion of the reaction, the particle suspension was cleaned by repeated centrifugation 

and redispersion in EtOH. CTAB was removed from the resulting particles by adding 5 

vol% of acetic acid to the suspension and stirring for 30 minutes. Following CTAB removal, 

the particles were again cleaned by repeated centrifugation and redispersion in EtOH. 
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6.2.4 Characterization 

Transmission electron microscopy (TEM) images were taken using a FEI Tecnai 

T12 Spirit microscope operated at an acceleration voltage of 120 kV. Fast Fourier 

transform (FFT) patterns were analyzed by ImageJ software. Each TEM sample was 

prepared by evaporating 10 µL of suspension on TEM grid in dry air.  

Small-angle x-ray scattering (SAXS) patterns were obtained at the G1 station at the 

Cornell High Energy Synchrotron Source (CHESS) using a 10 keV beam and a sample-to-

detector distance of 40 cm. All samples were powders prepared by vacuum drying MSN 

suspensions and were imaged soon after drying.  

Nitrogen sorption measurements were performed using a Micromeritics ASAP2020 

instrument. For each measurement, approximately 10 mg of freshly vacuum-dried powder 

sample was degassed at room temperature under vacuum overnight prior to the analysis.  

6.2.5 Tiling Analysis 

The edges of the square-triangle tiling correspond to the six dodecagonal directions 

in physical (or parallel) space. Each vertex in parallel space can be expressed as  

r|| = n1e1
|| + n2e2

|| + n3e3
|| + n4e4

||, 

where ni is a unique set of integer coordinates and ei
|| = {cos(α(i - 1)), sin(α(i - 1))} with α 

= π/3 and i = 1-4. The corresponding vector r in perpendicular space is  

r┴ = n1e1
┴ + n2e2

┴ + n3e3
┴ + n4e4

┴, 
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where ni is again a unique set of integer coordinates and the dodecagonal directions in 

perpendicular space are ei
┴ = {cos(7α(i - 1)), sin(7α(i - 1))} with α = π/3 and i = 1-4. As 

shown in Figure 6.2c and d, the 2D parallel and perpendicular spaces are identified by 

means of consistency of ||,  and ||, .  

Following transformation from parallel to perpendicular space, a crystalline pattern, 

e.g. with pure square or triangle packing, remains unchanged. In contrast, a quasicrystalline 

pattern shrinks upon translation to perpendicular space. The degree of shrinkage reflects 

the disorder in the triangle-square packing and can be used as a measure of 

quasicrystallinity. For this reason, the quasicrystallinity of a pattern can be obtained by 

comparing the radii of gyration of the patterns in parallel and perpendicular spaces. The 

relationship between the radii of gyration in the two spaces can be described by the linear 

equation Rg = ARg// + B, where the slope provides the magnitude of the phason strain, a 

quantitative measure of quasicrystallinity. The phason strains of an ideal quasicrystal and 

crystal are 0 and 1, respectively. 

Tilings of the synthesized MSNs were obtained from TEM images using a self-

written MATLAB program, where 10% tolerance of edge orientation and edge length are 

allowed and undeveloped pores were not counted. These tilings were further analyzed by 

using a second self-written program to calculate Rg// and Rg and to quantify the presence 

of the four fundamental geometrical conformers present in the structure, i.e. 44, 3342, 32434 

and 36 (see details in main text). Considering that differently sized MSNs synthesized at 

the same [TMB] but at varying pH are expected to have similar micelle size and size 

distribution, a linear fit (Rg = ARg// + B) was applied to MSNs synthesized at the same 

[TMB]. For MSNs synthesized at the highest [TMB] with the highest quasicrystallinity, 
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the plot of Rg vs. Rg// was described well by this linear relationship. This suggests that 

individual MSNs have the same type of crystalline pattern, and thus the fitted slope 

represents the phason strain of the structure obtained from this [TMB]. In contrast, as [TMB] 

decreased, large particles synthesized at intermediate [TMB] exhibited substantial 

fluctuations in the plot of Rg vs. Rg//, suggesting that the MSN structure obtained from 

those synthesis conditions was heterogeneous. Therefore, in this case the slope of the linear 

fit does not reflect the phason strain of these individual particles. However, the fact that the 

slope of these fits increased with increasing [TMB] (or decreased with decreasing [TMB]) 

suggests that the average quasicrystallinity of all the MSNs from a single synthesis is highly 

dependent on [TMB]. 

6.2.6 Growth Simulations 

Growth of quasicrystalline mesoporous silica materials has previously been 

modeled as a random aggregation of triangle and square tiles8. The relationship between 

these fundamental triangle/square units and CTAB micelle packings is illustrated 

schematically in Figure 6.1b to e. While these simulations do not directly address the details 

of the micelle packing process, they can play an important role in developing an 

understanding of the structural arrangement of triangle/square tiles observed 

experimentally in quasicrystalline mesoporous silica. We have therefore modeled our 

experimental system using a similar tiling process.8 

We employed a random square-triangle tiling process wherein cluster growth, 

seeded by an individual equilateral triangle or square tile, proceeds by sequential and 

irreversible edge-to-edge addition of triangle and square tiles with edge length a. The seed 
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tile and all subsequent tiles were randomly chosen from a weighted distribution defined by 

an input triangle/square ratio. New tiles were placed at random, according to a probability-

weighted list of candidate growth sites defined as edges that lie on the boundary of the 

growing cluster. Candidate sites were assigned probabilities according to physically 

inspired interaction potential energies. The tiling process proceeded until the final particle 

size, determined at the start of each simulation from a weighted normal distribution about 

an average particle size, was reached. Importantly, we did not make any effort to suppress 

the stochastic noise that accompanies this process. Comparison with experimental data 

showed that these results may reflect local fluctuations of the micelle sizes in solution.  

In defining interaction potentials for candidate growth sites, we included two 

separate contributions, one that reflects the incoming shape and the geometry of the site 

and one that is directly related to the distance, d, of the site from the center of mass of the 

growing cluster. Interaction potentials were optimized so that an input triangle/square ratio 

of 2.3 produced clusters with quasicrystalline features and were then held constant for the 

remainder of these simulations. The form of the attachment probability, P, associated with 

each candidate site was also considered a fitting parameter and was ultimately determined 

to be:  

	 	 	 , 

where PS is the attachment probability associated with the surface site geometry, and d, the 

distance from center parameter is normalized by d0, the shortest radial distance from the 

particle edge to its center of mass. Contributions to PS are specified as follows:  

(1) The edge-edge contact between a square and a triangle PST, two triangles PTT, 

two squares PSS. 
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(2) The interaction between an incoming square tile and an incomplete 90º corner, 

PR.  

(3) The interaction between an incoming triangle tile and incomplete 60º or 120º 

corners, PT .  

 

Using a triangle/square ratio of 2.3, parameter values were PST = 0.75, PTT = 0.001, 

PSS = 0.001, PR = 0.75, and PT = 0.75. We found that it was necessary to include PTT and 

PSS as repulsive parameters to prevent the formation of large hexagonal or cubic domains, 

which were not observed in our experimental particles. Additionally, PR and PT were 

included as attractive parameters to discourage defect formation. For sites that could be 

assigned to multiple categories, the highest PS was used. Thus each growth site was given 

a single interaction potential, specifically defined as the probability that particular site will 

be filled. For each tile addition, a revised list of interaction potentials was generated to 

reflect changes to the list of candidate growth sites and a specific growth site was randomly 

chosen from this probability-weighted list. Optimized values of PS were kept constant for 

the remainder of the simulations where the triangle/square number ratio was varied to 

reflect the range of [TMB] used in experiments.  

In order to address the possibility that only growth sites with very low attachment 

probabilities exist, an additional threshold parameter is included. This attachment threshold, 

T, is given by  

T = 0.000075 × r, 

where r is the maximum radial distance from the particle edge to its center of mass. If the 

growth site chosen from the distribution of attachment probabilities is below T, then the 
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tile is not placed. Instead, a new tile is chosen from the shape distribution and the choice is 

repeated. If after 100 attempts, no site with P > T is chosen, then the growth site is 

temporarily removed from the list of candidate sites and a new tile is again chosen. This 

process is repeated until a tile can be placed and the growth can proceed. 

For each triangle/square ratio, four batches of particles with varying average 

diameter were generated and combined for analysis. Final particle size was determined at 

the start of each simulation by random choice from a probability weighted distribution 

about an average size. The simulation was terminated when the particle reached the 

predetermined size. In defining the distribution of particle sizes, we utilized a set of four 

normal distributions with mean (µ) and variance (σ) parameters as follows. 

Set A: (µ, σ) = (1.5, 0.5) 

Set B: (µ, σ) = (3.5, 1.5) 

Set C: (µ, σ) = (6.0, 2.0) 

Set D: (µ, σ) = (7.5, 2.5) 

These distributions were chosen to reflect the sizes of the particles observed in experiments. 

6.2.7 Fitting of the relationship between Rg and the total number of squares before 

the first triangle is attached. 

The black dots in Figure 6.4b and c, for which no triangle ever entered the 

simulations, represent the relationship between the total area and the radius of gyration of 

a 2D square packing. However, it is interesting to note that all the other data points in 

Figure 6.4c, which came from the simulations whose final structure does contain triangles, 

lie on the same curve. This indicates that the growth of particles in perpendicular space 
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follows the same trend whether or not a triangle is involved in the particle growth; and this 

is independent of the particle’s final quasicrystallinity. In order to quantitatively resolve 

this general relationship, all the data in Figure 6.4c were fitted using the equation 

N = N (Rg) of 2D tiling of squares. To derive the fitting equation, an approximation was 

first made that the shape of the overall tiling is a perfect square. This is consistent with 

experiments in which cubic MSNs always have square facets (Fig. 6.1d). 

According to the definition of the radius of gyration Rg, the radius of gyration of a 2D 

square packing follows the following equation: 

1

√ 1

√

 

where N is the total number of squares and rn is the distance of point n to the center of mass 

of the packing.  

∙  

where xn and yn are the normalized coordinates of point n in the coordinate system whose 

origin is the mass center of the overall square tiling. a is the edge length of a single square 

tile and a=1. 

Rg can then be expressed as: 

1
6

√ 1 1  

Solving for N yields the relationship between Rg and N. 
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6 2 6 1 2 

N for large packings, where 6 ≫ 1, can be approximated by: 

6 2√6 2 6 4.9 2 

Since a=1, 

6 4.9 2 

We therefore fit the data in Figure 6.4c using the equation 

   

where the fitted values A, B and C are equal to 6.3, -6.3 and 2.6, respectively. These values 

agree well with the theoretical expectations as described above.  
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6.3 Results and discussion. 

 

Figure 6.1. Four MSN structures observed as a function of [TMB] and their structural 
characterization. (a) Chemical structures of key compounds used in TEOS/AEAPTMS 
and TMOS/APTMS synthesis systems. (b to e) TEM images and corresponding 3D micelle 
packing models for MSNs prepared from TEOS/AEAPTMS with (b) 12 mM, (c) 29 mM, 
(d) 47 mM, and (e) 116 mM TMB. Scale bars in all TEM images are 100 nm. (f) SAXS 
patterns for MSNs synthesized with increasing [TMB]; q denotes the scattering vector, 
defined as q = 4π sinθ/λ , with 2θ being the total scattering angle and λ being the x-ray 
wavelength (1.23 Å). In the SAXS patterns for the first three samples, expected peak 
positions for hexagonal P6mm and cubic Pm3n lattices are indexed by dashed and solid 
lines, respectively. 

 

MSNs were synthesized by co-condensing two organosilane precursors in the 

presence of CTAB surfactant (Fig. 6.1a). A micelle pore expander, TMB, was added to 

systematically vary CTAB micelle size.27, 28 The TEM images in Figure 6.1b to e show 

MSNs with four distinct morphologies found with increasing TMB concentration, [TMB], 

moving from hexagonal to multicompartment (Fig. D1-3) to cubic and finally to a structure 

with dodecagonal symmetry. SAXS measurements averaging over macroscopic sample 
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volumes corroborate the structural transitions observed in TEM (Fig. 6.1f). At 12 mM 

[TMB], the SAXS pattern shows reflections consistent with hexagonal symmetry. When 

[TMB] is increased to 29 mM, a well-resolved set of cubic Pm3n reflections from the 

particle cores is superposed with a prominent set of hexagonal P6mm reflections from the 

particle arms. This pattern is consistent with previously reported SAXS measurements 

from multicompartment MSNs.22 At 47 mM TMB, the SAXS pattern shows reflections 

consistent with a cubic particle with Pm3n lattice24. As [TMB] is further increased to 116 

mM and finally to 205 mM, the SAXS patterns lose more and more features and lattices 

cannot unambiguously be assigned. TEM tilt series (Fig. D4) as well as TEM tomography 

failed to establish the three-dimensional particle structure, the latter as a result of severe 

beam damage of the organic-silica hybrids during data acquisition. 

Pore size analysis of nitrogen sorption measurements (Fig. D5) on the particles after 

CTAB removal show a marked pore size increase and broadening of the pore size 

distribution with increasing [TMB]. The [TMB] induced structural transitions are 

illustrated schematically by the sphere packings29 at the bottom of Figure 6.1b to e, 

consistent with discussions in ref. 8. Hexagonal MSNs have channel-like pores which are 

templated by elongated CTAB micelles (blue). In contrast, Pm 3 n cubic MSNs are 

composed of two types of spherical micelles, one of which is slightly larger (green) than 

the other (blue) due to increased TMB loading. As [TMB] is further increased, MSNs with 

dodecagonal symmetry are formed, incorporating even larger micelles (red). Additional 

experiments showed that the same structural transitions and pore size increases are 

observed for MSNs synthesized at 29 mM TMB with increasing stirring rates (Fig. D6 and 

7). Two organosilane systems, TEOS/AEAPTMS and TMOS/APTMS, examined 
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independently showed similar transitions as a function of [TMB] (Fig. D8). This result 

suggests that the observed structural transitions do not depend as much on the specific silica 

chemistries as they do on the increased micelle size and broadened micelle size 

distributions associated with increasing [TMB].  

 

Figure 6.2. Analysis of MSNs with dodecagonal tiling. (a) TEM image of a MSN with 
dodecagonal symmetry synthesized using TEOS/AEAPTMS superposed with its square-
triangle tiling and parallel space coordinates. Edges with different colors correspond to the 
six dodecagonal directions in parallel space. The corresponding dodecagonal directions in 
parallel and perpendicular space are shown in c and d, respectively. (b) FFT of the TEM 
image in (a) exhibiting 12-fold symmetry. (c and d) Parallel and perpendicular space 
coordinates for the triangle-square tiling shown in (a). Dotted circles with radius equal to 
Rg// and Rg are shown on the parallel and perpendicular space plots, respectively. (e and 
f) TEM image and tiling of an MSN with dodecagonal symmetry synthesized using 
TMOS/APTMS. (g and h) Parallel and perpendicular space coordinates for the tiling shown 
in (f). The colors in g and h show how individual points move during the transformation. 
Images in a and e have the same magnification; scale bar is 100 nm. 

Pore patterns of MSNs like the one in Figure 6.1e were tiled using squares and 

equilateral triangles, which are projections of 3-dimensional packings of differently sized 

micelles (shown in the bottom panel of Fig. 6.1e). The tile edges correspond to dodecagonal 

directions and each vertex can be described by r∥ n1e1
∥ n2e2

∥ n3e3
∥ n4e4

∥ (Fig. 6.2a, 

f). These MSNs exhibit two distinctive features of dodecagonal quasicrystals. Fast Fourier 
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transforms (FFTs) of TEM images reveal 12-fold symmetry (Fig. 6.2b) and no translational 

periodicity is observed in tiling patterns extracted from the TEM images (Fig. 6.2a, f). In 

this study, we focus on the early growth of mesoporous silica materials and will refer to 

our particles as quasicrystals if a sharp twelve-fold diffraction pattern can be obtained and 

no periodicity is observed on the scale of the sample.17 

Each vertex in parallel (Fig. 6.2c, g) space corresponds to a unique vertex in 

perpendicular (Fig. 6.2d, h) space.14 Figure 6.2g and h show by color how individual points 

move during this transformation. A comparison of the radii of gyration in parallel and 

perpendicular space, Rg vs. Rg//, is a measure of the quasicrystallinity of a pattern: the 

more a pattern shrinks, the more quasicrystalline it is (compare patterns in Fig. 6.2c/g to 

d/h). TEM images in Figure 6.2a and e and their respective tilings (Fig. 6.2a and f) show 

that dodecagonal MSNs synthesized using the two different organosilane systems had 

similar pore structure. Therefore, the somewhat simpler TMOS/APTMS system was 

chosen for most of the mechanistic studies. 

Figure 6.3a illustrates the range of particle structures obtained from over ~50 

synthesis batches of particles (see also Fig. D9). Changes in MSN pore structure with 

increasing [TMB] can be qualitatively assessed by comparing the triangle-square tilings 

extracted from TEM images (Fig. 6.3A). As [TMB] is increased, the resulting patterns 

become increasingly quasicrystalline. As pH is lowered, effectively increasing the rate of 

silane condensation, MSNs with particle sizes down to ~30 nm or a single square/triangle 

unit were obtained. Figure 6.3b shows a plot of Rg versus Rg// calculated from the tilings 

of individual MSNs synthesized with systematic variations in [TMB] and pH. As described 

above, the transition from cubic to dodecagonal symmetry is primarily the result of the 
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increasing micelle size and size distributions associated with increasing [TMB]. Therefore, 

MSNs synthesized at constant [TMB] and variable pH are represented by a single color 

(Fig. 6.3b). MSNs synthesized at the highest [TMB] are well described by the linear fit 

Rg = ARg// + B, where the slope provides the magnitude of the phason strain, a 

quantitative measure of quasicrystallinity.8,14 The lowest phason strain of particles 

synthesized using TMOS/APTMS (TEOS/AEAPTMS) was 0.14 (0.19) (see 

TEOS/AEAPTMS data in Fig. D10). These values approach the zero-phason strain of an 

ideal dodecagonal quasiperiodic tiling,8 demonstrating the high quasicrystallinity of the 

MSNs. Particles synthesized at intermediate [TMB] exhibited substantial fluctuations in 

the plot of Rg versus Rg// (Fig. 6.3b). More specifically, individual particles from a single 

batch of MSNs synthesized in this regime may be cubic, quasicrystalline, or mixed phase. 

Finally, MSNs synthesized at the lowest [TMB] were dominated by cubic behavior, but a 

few quasicrystalline MSNs could always be found in a batch. For this reason, although a 

perfectly cubic crystal has a phason strain of 1, the highest slope observed in this study was 

slightly smaller than 1.  
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Figure 6.3. Analysis of a set of experimental and simulated MSN structures exhibiting 
transitions from cubic to dodecagonal symmetry. (a) TEM images and corresponding 
square-triangle tilings  of MSNs (arrows) synthesized with the TMOS/APTMS system. All 
images have the same magnification; scale bar is 100 nm. (b) Plot of Rg in perpendicular 
vs. parallel space, calculated for MSNs synthesized from either the TMOS/APTMS system 
and five different [TMB] or from the TEOS/AEAPTMS system and one [TMB]. (c) 
Distribution of pore conformers (square, fan, quasicrystalline, and hexagonal) calculated 
for MSNs synthesized with the TMOS/APTMS system using five different [TMB]. (d) 
Ratio of triangle to square tiles calculated for MSNs in (c). (e to g) Plots corresponding to 
(b to d) for 500 MSNs derived from simulations with 5 different triangle to square ratios.  

From the tiling analysis the distribution of four fundamental geometrical 

conformations was derived for all batches/particles, i.e. 44, 3342, 32434 and 36, where 4 and 

3 represent square and triangle base units and the exponent indicates the number of adjacent 
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base units incident on a single vertex (Fig. 6.3c). This analysis suggests that with increasing 

[TMB], cubic 44 conformers decrease, triangle rich 32434 conformers increase, and mixed 

3342 conformers first increase but then roughly stay constant. All MSN samples analyzed 

have low abundance of 36 conformers. At the same time, the ratio of the overall numbers 

of triangles to squares increases with [TMB] (Fig. 6.3d). These data suggest that the 

presence of triangles in the tiling patterns is directly related to [TMB] and determines the 

resulting quasicrystallinity. Furthermore, the presence of large fluctuations in pore 

structure, observed for MSNs synthesized at intermediate [TMB] between 22 mM and 50 

mM, suggests that fast silica condensation prevents the CTAB micelles from reaching their 

equilibrium packing configuration. Computer simulations were carried out in order to 

further address the origin of these fluctuations. 

Quasicrystal growth has previously been modeled in 2-dimensions using triangle-

square tilings.8,10,15 We have developed an irreversible MSN growth model that produces 

tilings that mimic the observed features of our experimental system (see Supplementary 

Information for details). Particle growth in these simulations proceeds via irreversible 

aggregation of square and equilateral triangle tiles. Each tile is randomly chosen from a 

weighted shape distribution given by an input triangle/square number ratio that represents 

the micelle size distribution at varying [TMB]. For each triangle/square ratio, several 

batches of particles with size distributions that approximately match those of 

experimentally observed particles are generated and combined for analysis. Simulated 

particles were analyzed according to the methods outlined for the experimental particles. 

Although this is a simplified model, comparison of Fig. 6.3e through g with Fig. 6.3b 

through d shows that it was sufficient to reproduce the experimentally observed features.  
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Figure 6.4. Analysis of single particle growth trajectories from simulations and 
comparison to experimental results. (a) 3D plot showing that phason strain is highly 
dependent on the time at which the first triangle is added to the growing particle. (b and c) 
2D projections of the 3D plot in (a). The data in (c) is fitted using equation 
Na2=ARg2+aBRg+a2C, where a=1 is the edge length of a square tile, N is the number of 
tiles, and A, B and C are fitting parameters. This is consistent with the theoretical 
relationship between the area and the radius of gyration, Rg, of a 2D square packing pattern 
(Supplementary Information). (d) Single particle growth trajectories of two simulated 
particles with triangle/square ratio equal to 0.1 with vertices plotted in both parallel and 
perpendicular space. Simulated growth stages are compared to experimental TEM images 
of MSNs and their tilings. All images have the same magnification; scale bar is 100 nm.  

Analysis of simulated single particle growth trajectories (Fig. 6.4a) shows the 

relationship between quasicrystallinity (Rg// vs. Rg) and the size of the particle or the 

number of square tiles present (plotted along the z-axis) when the first triangle is added. 

For perfect cubic particles, the total number of squares at the end of the simulation is 

counted instead. At the highest triangle/square input ratio of 2.330, all data points (purple) 
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are highly concentrated in a low z range in Figure 6.4a, suggesting that the early appearance 

of a first triangle contributes to the growth of highly quasicrystalline particles. By 

comparison, the appearance of the first triangle in particles with a triangle/square input 

ratio of 0.1 (red) is widely distributed in the growth process causing the spread in 

quasicrystallinity observed in Figure 6.3e. 2D projections of Figure 6.4a, which represent 

the dependence of Rg// and Rg on the timing (i.e. particle size) of the first triangle addition 

are shown in Figure 6.4b and c, respectively. In Figure 6.4c, all data points fall onto a 

master curve, N = N (Rg), that relates the area of a 2D square tiling pattern (N) to its 

radius of gyration (see Supplementary Information). Side-by-side comparison of Figure 

6.4b and c reveals that the first triangle addition seeds the growth of a quasicrystalline 

phase. While particle growth in real (parallel) space does not depend on the timing of the 

triangle addition, particle growth in perpendicular space is mostly terminated as soon as 

the first triangle is added. Single particle growth trajectories (Fig. 6.4d) of two simulated 

particles with the same triangle/square input ratio (0.1) illustrate this effect. Similarities 

between tilings from TEM images of particles synthesized at intermediate [TMB] and 

tilings of simulated particles at various stages of growth support the assumption that the 

formation of MSNs with dodecagonal tilings can be described using our model (Fig. 6.4d).  
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6.4 Conclusions 

Precise control of a highly tunable silica sol-gel chemistry has enabled experimental 

observation of the early formation stages of quasicrystalline mesoporous silica. Our results 

suggest that a sufficient width of micelle size distribution frustrates crystal formation and 

that incorporation of differently sized building blocks (here micelles) at early times in the 

growth process promotes quasicrystalline order.  
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Appendix D: Supplementary information for Chapter 6 

 

Figure D1. Single-tilt TEM images of a multicompartment MSN with two branches 
derived from TEOS/AEAPTMS system. TEM tilt series of an MSN prepared using 29 
mM TMB. An FFT of the entire cubic core area of the particle taken at 0° shows the 
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characteristic four-fold cubic pattern along the (001) zone axis. All scale bars are 100 nm. 

 

Figure D2. Single-tilt TEM images of another multicompartment MSN with one 
branch derived from TEOS/AEAPTMS system. TEM tilt series of an MSN prepared 
using 29 mM TMB. An FFT of the particle was taken at 55° along the (111) zone axis. All 
scale bars are 100 nm. 
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Figure D3. FFT analysis of multicompartment MSN derived from TEOS/AEAPTMS 
system. (a) TEM image of a multicompartment MSN with one branch taken at -10° (from 
Fig. D2). (b) FFT of the cubic core region in a (green box), showing spots from the cubic 
Pm3n lattice along the (110) zone axis. (c) FFT of the hexagonal branch region in a (red 
box), showing spots from the hexagonal P6mm lattice. (d) FFT of the region containing 
both compartments in a (blue box), showing that the cubic (211) and hexagonal (10) spots 
reside closely with a lattice mismatch of 8.5% (larger for cubic lattice). This lattice 
mismatch is compensated by low-angle defects at the (111) plane. 
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Figure D4. Single-tilt TEM study of a MSN with dodecagonal tiling derived from the 
TEOS/AEAPTMS system. From these images it is difficult to extract the three-
dimensional particle structure. All scale bars are 100 nm. 
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Figure D5. Nitrogen sorption isotherms and corresponding pore size analyses for 
TEOS/AEAPTMS derived particles synthesized with increasing [TMB]. (a) Nitrogen 
sorption isotherms of MSNs prepared with varying [TMB]. Starting from the second 
isotherm, each set is offset along the y-axis by 200 cm3/g compared to the previous one. (b) 
The corresponding density functional theory (DFT)  derived pore size distributions. All 
samples exhibited type IV isotherms with increasing size of hysteresis loops, attributed to 
the expansion of mesopores, which was further elucidated by the pore size distributions 
calculated using a DFT model. 
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Figure D6. Structure evolution of TEOS/AEAPTMS derived MSNs as a function of 
stirring rate. TEM images of MSNs prepared from 29 mM TMB at stirring rates of (a) 
500 rpm, (b) 650 rpm, (c) 850 rpm, and (d) 1000 rpm. Insets are magnified images on 
selected areas (rectangles).  
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Figure D7. Structure evolution of TEOS/AEAPTMS derived MSNs as a function of 
stirring rate as revealed by SAXS and nitrogen sorption measurements. (a) SAXS 
patterns, (b) nitrogen sorption isotherms, and (c) DFT pore size distributions derived from 
data shown in (b) of MSNs prepared from 29 mM TMB at varying stirring rates. In the 
SAXS patterns, expected peak positions for cubic Pm3n and hexagonal P6mm lattices are 
indexed by solid and dash lines, respectively. In (b), starting from the second curve, each 
isotherm is offset along the y-axis by 200 cm3/g compared to the previous one. 
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Figure D8. Structural comparison of MSNs synthesized with varying [TMB] using 
two different silane systems as revealed by TEM. (a) TEOS/AEAPTMS system (same 
images as in Fig. 6.1 of main text). (b) TMOS/APTMS system. As [TMB] increases (from 
left to right) from 0 mM to 11 mM to 14 mM and finally to 72 mM, respectively, the 
structures of MSNs from both systems change from hexagonal, to multicompartment, to 
cubic, and finally to a structure with dodecagonal symmetry. Scale bars are 100 nm.  

 

 

Figure D9. MSNs with varying particle size and quasicrystallinity. Extended data set 
relative to what is shown in Figure 6.2a of the main text, including TEM images and square-
triangle tilings of MSNs synthesized using the TMOS system. Scale bar is 100 nm. 



241 
 

 

Figure D10. TEM images, square-triangle tilings, and arrangements of vertices in 
parallel and perpendicular spaces for five MSNs synthesized with the 
TEOS/AEAPTMS silane system at 116mM TMB with increasing numbers of vertices.  
(a-e) Top row: square-triangle tilings superposed on high-magnification TEM images of 
five dodecagonal MSNs with (a) 23, (b) 33, (c) 38, (d) 45, and (e) 48 vertices. The randomly 
colored points in the middle and bottom panels show how individual points move during 
the transformation from parallel to perpendicular space. 
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Chapter 7 . Conclusions 

In my thesis I have developed an aqueous synthesis approach to sub-10nm silica 

nanoparticles with unprecedented control and accuracy over structural and compositional 

parameters. By introducing surfactant-directed molecular self-assembly into the synthesis 

system, the particle structure can be further tailored. For example, a ~3nm pore can be 

integrated into sub-10nm silica nanoparticles for loading/release of molecular cargos. In 

addition, the nanoparticles can be endowed with fluorescence for imaging applications via 

the covalent encapsulation of fluorescent dyes into the silica matrix. Finally, fluorescence 

correlation spectroscopy was introduced as an appropriate and powerful tool for the 

investigation of nanoparticle size, brightness, and surface modification with biocompatible 

polyethylene glycol and cancer targeting ligands. 

Based on these results, I have developed a nanomaterial platform which contains a 

series of clinically applicable silica-based nanomaterials with varying structures, 

compositions and properties, e.g. C’ dots, AlC’ dots and mC dots. In particular, C’ dots, 

which are ultrasmall PEGylated fluorescent silica nanoparticles synthesized in water, have 

already been used in the clinic. Multiple clinical trials on cancer patients using these 

particles are currently undergoing at Memorial Sloan Kettering Cancer Center (MSKCC) 

in New York City. 

In addition to nanomedicine applications, this synthesis platform provides insights 

into the fundamental understanding of the early formation mechanisms of self-assembled 

nanostructures. To that end, the formation process of quasi-crystalline mesoporous silica 

nanoparticles was investigated highlighting structural details of building blocks and 
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pathways responsible for the switch between crystalline (cubic symmetry) and 

quasicrystalline states. 

Looking forward, this synthesis platform developed in my PhD providing precise 

and reliable control over structural and compositional details of ultrasmall silica 

nanomaterials now opens a gate to an exciting new area of clinical applications of inorganic 

silica-based nanomedicines. Access to such ultrasmall inorganic-based nanomaterials can 

potentially lead to the development of new cancer therapies and new investigational 

methodologies for biology studies. To that end, one of the next steps of this work is to 

translate other particle products of this platform into the clinic, e.g. AlC’ dots and mC dots. 

Since the particle functionality can be specifically designed in this synthesis platform 

through the precise control of e.g. particle size, structure, fluorescence and targeting 

properties, the clinical use of the whole family of these nanomaterials with diversified 

functionality in the future may greatly contribute to personalized cancer treatments. 

Meanwhile, I expect that many exciting new discoveries regarding the fundamental 

understanding of how such nanoparticles interact with biological environments will be 

made along this process. 

This highly tunable silica synthesis system also provides unprecedented ways to 

study early silica nanomaterial formation pathways. For example, it can be used as a model 

approach by quenching the early formation stages of self-assembled nanomaterials, 

including but not limited to quasi-crystalline mesoporous silica as described in Chapter 6. 

For instance, via introducing a similar approach to surfactant self-assembly directed 

organic-silica hybrid nanostructure formation, the early evolution of micelle-silica 

assemblies may be quenched providing insights into early formation mechanisms. 
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Furthermore, since this synthesis system is in aqueous solution with pH values ranging 

from neutral to slightly basic, it is potentially compatible with many biological materials 

and processes enabling, e.g. the self-assembly of silica with DNA and proteins. Therefore, 

integrating this silica synthesis system with the diversity of biology, the programming 

language of biomolecules, e.g. DNA origami, may be used as a novel tool to direct the 

structure formation of nanosilica for the fabrication of programmable inorganic-based 

nanomaterials. If this is achievable, each generated inorganic silica nanoparticle or 

nanostructure can contain a significant amount of information specifically designed by 

computer programs. Access to such processes would be revolutionary, leading to the 

discoveries of new nanomaterials and associated and previously unknown material 

properties. 

In summary, I expect that in the future, using this highly tunable synthesis system, 

advanced silica-based inorganic nanomedicines will be developed and translated into the 

clinic providing real benefits to cancer patients, the ultimate goal. Simultaneously, new 

discoveries are expected, both on the side of fundamental understanding of nanomaterial 

formation as well as on the clinical side including diagnostic, therapeutic, as well as 

theranostic nanomaterials. 

 

 

 

 


