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Silica chemistry provides a uniquely tunable platform for nanoparticle 

synthesis, where particle size, nanoscale morphology, and surface properties can be 

precisely controlled. Recent advances demonstrate that conveniently accessible 

parameters, including silica precursor chemistry, solvent, and reaction pH, can be used 

to tune particle size down to below 10 nm. By cooperative assembly of inorganic silica 

species and organic molecular structure directing agents, a diverse range of 

mesoporous silica nanoparticles with hexagonal, cubic, and multicompartment 

structures can be produced. This versatile chemistry provides pathways for answering 

fundamental questions about structure formation and developing novel functional 

nanomaterials for applications including separation, catalysis, and drug delivery. In 

this dissertation, two examples of such silica nanoparticle systems are discussed.  

As a first example, the development of an intensity-based fluorescent silica 

nanoparticle barcode is discussed. This work is motivated by a need for fluorescent 

tags that increase the number of molecular species that can be simultaneously labeled 

and reliably distinguished using commercially available fluorescence microscopes. In 

this study, the synthetic parameters that govern the incorporation of precisely 

controlled numbers of fluorescent dyes into silica nanoparticles in batch reactions are 

identified. Heterogeneities within particle batches are mapped using single particle 

fluorescence microscopy. Proof-of-concept experiments demonstrate that fluorescent 



 

silica nanoparticles with well-separated high and low fluorescence intensity 

distribution levels can be synthesized in batch reactions and used as an intensity 

barcode in fluorescence microscopy. 

 In the second example, a mesoporous silica nanoparticle system, structure 

directed by surfactant-micelle self-assembly, is investigated. As a function of an added 

pore expander molecule or reaction stirring rate, a series of four distinct mesoporous 

silica nanoparticle structures is observed: hexagonal, cubic/hexagonal 

multicompartment, cubic, and dodecagonal quasicrystalline. The mechanism driving 

the structural transition between cubic crystalline and dodecagonal quasicrystalline 

mesoporous silica nanoparticles is investigated. Control of nanoparticle size down to a 

single tiling unit (< 30 nm), allows direct comparison between experimental results 

and a simple theoretical growth model, providing insights into the early growth 

trajectories of quasicrystalline mesoporous silica. This work identifies simple 

synthetic control parameters for quasicrystal growth that may be translated to other 

self-assembled systems. 
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CHAPTER 1 

INTRODUCTION 

 

Abstract 

The focus of the work described in this thesis is the synthesis and characterization of 

silica-based nanoparticles. Silica chemistry is employed as a synthesis platform for the 

investigation of structure formation mechanisms in mesoporous silica and for the 

development of functional silica nanoparticles. This chapter introduces fundamental 

concepts in the preparation of silica nanoparticles. Each of the following chapters 

contains a brief introduction that provides a summary of the relevant literature and 

background.  
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Synthesis of Silica Nanoparticles 

 A widely used method1 for preparing silica spheres, in which tetraethyl 

orthosilicate (TEOS) is hydrolyzed in a basic mixture of water and alcohol, was 

introduced by Stöber and co-workers in 1968. Monodisperse particles obtained using 

this approach range from less than 0.05 μm to 0.7 μm in diameter1. Size control is 

achieved by varying solvent ratio and reaction pH2. Variations of the Stöber synthesis2 

using silica precursors with larger alkoxy groups (i.e. tetrapentyl orthosilicate) have 

been introduced to extend particle sizes to ~2 μm. In general, smaller particle sizes are 

accessed by using smaller alcohols as solvents2. Particle sizes can also be tuned by 

incremental growth of silica shells3.   

Recent advances demonstrate that in water, sub-10 nm particle sizes can be 

achieved by reacting tetramethyl orthosilicate under basic conditions4. Controlled 

particle growth from ~ 4 to 10 nm can be achieved by using increasing reaction 

temperatures or by shell addition4. In Chapters 2 and 3 of this dissertation, an amino 

acid catalyzed reaction of TEOS in aqueous media at 60°C is used, because it 

facilitates particle size control between 12 and 200 nm5, 6. The formation of silica 

particles in aqueous media at elevated temperatures proceeds by rapid aggregation of 

small (< 2 nm) silica clusters4, 7. Since the reaction is conducted at high pH, the 

colloidal suspension is stabilized by electrostatic repulsion between the negatively-

charged particles3. Continued growth of silica particles under these conditions 

proceeds by silica cluster addition7.    

Uniformly sized silica nanoparticles (SNPs) have attracted widespread interest 

for applications in bioimaging, because silica is optically transparent and 

biocompatible8. A variety of functionalities can also be introduced to SNPs by using 

organosilane linkers9, 10. For example, covalent encapsulation of fluorescent dyes with 

activated ester groups can be achieved by conjugation with an aminosilane (e.g. 
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aminopropyl triethoxysilane) 8, 9. Additionally, encapsulation inside the rigid silica 

matrix improves the photophysical properties of the dyes (i.e. brightness and 

photostability)11. Facile surface modification protocols provide routes to stable, multi-

functional particles12. In this work, the development of a fluorescence intensity-based 

silica nanoparticle barcode is described.  

 

Synthesis of Mesoporous Silica Materials 

Mesoporous silica materials have large specific surface areas and pore sizes 

between 2 and 50 nm14. Mesoporous silica materials are prepared by self-assembly of 

silica precursors (e.g. TEOS) and surfactant or polymer micelle templates. The organic 

template can be removed by calcination of the resulting material at high 

temperatures14.  Early examples of mesoporous silica materials used quaternary 

ammonium surfactants (e.g. CTAB) as structure-directing agents (SDA) under basic 

synthesis conditions15, 16. Surfactants with varying alkyl chain lengths could be used to 

tune pore diameters from 2 to 5 nm16. Mesoporous silica materials with increased pore 

sizes (~30 nm) were generated by using block copolymer templates (e.g. SBA-15) 

under acidic conditions17.  

 Two general pathways for structure formation in mesoporous silica materials 

have been identified14. In the first case, use of high surfactant concentrations enables 

the formation of an organic, liquid crystalline template16. Mesoporous silica is formed 

by infiltration of silica precursors into the template. In the second model, 

mesostructured silica is formed by cooperative assembly at relatively low surfactant 

concentrations, driven by electrostatic interactions between surfactants (e.g. positively 

charged CTAB surfactant head groups) and negatively-charged silica precursors18. 

Variations of the synthesis using anionic surfactants typically use a positively charged 

co-structure directing agent (CDSA)19, 20. 
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Mesopore structure depends critically on the micelle template. The size and 

shape of a surfactant micelle can be described by a surfactant packing parameter, 

which accounts for the head-group area, tail length, and tail volume of the surfactant 

molecule21. In surfactant-silicate systems, the effective head-group area of the 

surfactant is strongly affected by electrostatic and steric interactions with negatively 

charged silica species18. Additives, such as micelle expanders, can also be added to the 

surfactant-silicate system to tune the micelle size and shape18. Synthetic control of 

micelle templates in surfactant-silicate systems has produced a variety of mesoporous 

silica structures, including hexagonal, cage-like cubic, cubic continuous, and 

dodecagonal quasicrystal structures14, 22.  

Due to their high surface areas and large pore volumes, mesoporous silica 

materials have attracted widespread interest for applications including catalysis, 

separation, and nanomedicine14. The versatile silica chemistry provides tremendous 

opportunity for the design of functional materials. As an example, single-pore 

mesoporous silica nanoparticles with sizes below 10 nm have been developed as 

therapeutic nanocarriers23. Additionally, readily accessible control parameters (e.g. 

micelle expanders and co-structure directing agents) provide pathways for 

fundamental investigations of structure formation mechanisms14. In this work, the 

surfactant-directed assembly of mesoporous silica nanoparticles is used as a platform 

for investigating the early growth mechanisms of quasicrystalline mesoporous silica. 

 

Thesis Outline 

The development of nano-sized fluorescence barcodes can greatly increase the 

number of molecular species that can be tagged and simultaneously observed using 

commercially available fluorescence microscopes. Silica chemistry provides a 

promising pathway for barcode design. In Chapter 2, the synthesis of a series of highly 
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fluorescent silica nanoparticle probes with sizes < 40 nm and controlled fluorescence 

intensity levels is described. A previously reported method for amino acid catalyzed 

growth of silica nanoparticles in aqueous media is used as a synthesis platform5, 6. 

 Heterogeneities within batches of particles are investigated using single 

particle fluorescence microscopy. Proof-of concept experiments demonstrate that 

silica nanoparticles synthesized with high and low intensity levels can be used as an 

intensity barcode in single-particle fluorescence images. A key parameter in the 

optimized protocol is the use of a seeded growth approach to minimize formation of 

low dye-loaded secondary particles. Additional variations of the synthesis are 

described in Chapter 3, including the use of different organosilane linkers for covalent 

encapsulation of dyes inside the silica matrix.  

A second nanoparticle system is described in Chapters 4 and 5. The surfactant-

directed assembly of mesoporous silica nanoparticles is used to investigate the early 

growth pathways of quasicrystalline mesoporous silica. In Chapter 4, increasing 

concentrations of a micelle expander or equivalently, increasing reaction stirring rate, 

induces structural transitions from hexagonal, to hexagonal/cubic multicompartment24, 

to cubic, and to dodecagonal quasicrystalline MSNs. The transition between cubic 

crystalline and dodecagonal quasicrystalline structure is investigated in detail.  

In this system, control of MSN size down to a single tiling unit (< 30 nm) 

facilitates direct comparison between experimental results and a simple theoretical 

growth model. A full account of the growth model used in this study is provided in 

Chapter 5. In this work, simulations are finally employed to extended the growth of 

MSNs beyond particle sizes observed in experiment.  

This thesis concludes with a discussion of future directions for research on 

controlling the structure and function of silica nanoparticles.  
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CHAPTER 2 

FLUORESCENT SILICA NANOPARTICLES WITH WELL SEPARATED 

INTENSITY DISTRIBUTIONS FROM BATCH REACTIONS* 

 

Abstract 

Silica chemistry provides pathways to uniquely tunable nanoparticle platforms for 

biological imaging. It has been a long-standing problem to synthesize fluorescent 

silica nanoparticles (SNPs) in batch reactions with high and low fluorescence intensity 

levels for reliable use as an intensity barcode, which would greatly increase the 

number of molecular species that could be tagged intracellularly and simultaneously 

observed in conventional fluorescence microscopy. Here, employing an amino-acid 

catalyzed growth, highly fluorescent SNP probes were synthesized with sizes < 40 nm 

and well separated intensity distributions, as mapped by single-particle imaging 

techniques. A seeded growth approach was used to minimize the rate of secondary 

particle formation. Organic fluorescent dye affinity for the SNP during shell growth 

was tuned using specifics of the organosilane linker chemistry. This work highlights 

design considerations in the development of fluorescent probes with well separated 

intensity distributions synthesized in batch reactions for single-particle imaging and 

sensing applications, where heterogeneities across the nanoparticle ensemble are 

critical factors in probe performance.  

_______________ 
 
* Prepared for Submission as: Teresa Kao, Ferdinand Kohle, Kai Ma, Tangi Aubert 
Alexander Andrievsky, Ulrich Wiesner. Fluorescent Silica Nanoparticles with Well 
Separated Intensity Distribution from Batch Reactions.  
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Introduction 

 Fluorescence microscopy has emerged as a powerful technique for non-

invasive biological imaging1. Target molecules are typically visualized using 

fluorescent tags, such as fluorescent proteins2, 3, organic dyes, or nanoparticles4, 5. 

Using spectrally distinct fluorescent tags, multiple molecular species can be labeled 

and simultaneously detected, facilitating studies of complex biological systems6. 

However, spectral multiplexing remains limited in many systems by the number of 

fluorescent tags that can be reliably distinguished using commercially available 

microscopes. This problem motivates a need for novel fluorescent tags that increase 

the number of molecular species that can be imaged in parallel, while maintaining the 

small sizes and target labeling capabilities of traditional fluorophores7.  

Optical barcodes for highly multiplexed imaging have been realized in micron-

sized beads exhibiting multiple spectral colors at distinguishable intensity levels8-10. 

These bead-based technologies typically rely on “bath dye” approaches for controlling 

fluorescence intensity, where solvent-swollen polymer particles are incubated in a 

solution of organic dye molecules, allowing dyes to absorb into the particles. 

Subsequent solvent removal traps dyes inside the particles9, 10. Using micron-sized 

particles, intensity barcodes with up to ten distinguishable intensity levels can be 

generated simply by changing the concentration of dyes in the bath8-10. Despite wide 

success in micron-sized particles, the development of nano-sized intensity barcodes 

remains a challenge7. Highly-loaded microbeads may contain thousands of dyes per 

particle, allowing use of widely separated adjacent intensity levels8. For example, a 

factor of two difference in dye concentration may be used to generate microbeads that 

differ in dye-loading by an average of one thousand dyes. However, similar strategies 

cannot be applied in nano-sized systems, where small particle volumes necessitate use 

of substantially lower numbers of dyes per particle to  
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Figure 2.1. Schematic illustration of a bath dye approach for synthesizing fluorescent 

polymer beads. (a, b) Solvent-swollen polymer particles (blue circles) are incubated in 

a solution of organic dye molecules, allowing dyes to absorb into particles. Solvent 

transfer traps dyes inside the particles. Comparison of large (a) and small (b) particles 

shows that decreasing the average number of encapsulated dyes in small particles 

magnifies the effects of local concentration fluctuations on the number of dyes per 

particle leading to large heterogeneities.  
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prevent fluorescence quenching11. Under this constraint, a factor of two difference in 

dye concentration results in average differences of only a few dyes per particle and as 

illustrated in Figure 2.1, local fluctuations in dye concentration alone may cause 

overlap between intensity distributions10.  

While previous reports have shown that this problem can be solved using 

programmable materials, including DNA and RNA7, 12, only limited success in 

nanoparticle-based systems has been achieved13, 14. Distinguishable intensity levels are 

difficult to achieve in nanoparticles using infiltration-based batch synthesis approaches 

even at increasing dye concentrations, due to low encapsulation efficiency15. Previous 

reports have shown that highly dye-doped nanoparticles with minimal fluorescence 

quenching may be synthesized by controlled covalent attachment of dyes during 

particle growth16. However, using these methods, the batch synthesis of nanoparticles 

with non-overlapping intensity distributions is complicated by heterogeneities across 

the ensemble, often exacerbated by secondary particle formation during growth17. 

Here, we have addressed these problems using a highly tunable synthesis method for 

covalently encapsulating organic fluorescent dyes inside silica nanoparticles (SNPs), 

by controlling secondary particle formation and varying the organosilane linker 

chemistry to the dye, demonstrating that high and low dye-loaded SNP intensity 

distributions are well separated as mapped by single particle fluorescence imaging.  

Silica chemistry provides a uniquely tunable platform for nanoparticle 

synthesis, where particle size18-20, nanoscale morphology21, and surface properties22, 23 

can be precisely controlled. Recent advances in fabrication have extended the range of 

accessible particle sizes to below 10 nm, using water as a solvent18, and established 

efficient methods for surface functionalization with a variety of targeting moieties22, 23, 

making such materials ideal candidates as probes for biological imaging. We use a 

previously reported method for amino acid catalyzed growth of SNPs in aqueous 
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media19, 20 to investigate the synthetic parameters that govern single-particle intensity 

distributions in fluorescent dye-loaded SNPs. Using this basic framework, we 

demonstrate two different approaches for synthesizing bright SNPs with tunable 

average fluorescence intensity levels and sizes below 40 nm. Controlled distributions 

of dyes within individual SNPs are achieved by incremental shell growth, allowing 

dyes to remain unquenched even at high loadings. The resulting SNPs are up to 100 

times brighter than the constituent dyes. Optimized intensity distributions, as mapped 

by single-particle imaging techniques, are achieved by using a seeded growth 

approach to minimize the rate of secondary particle formation and by tuning the 

affinity of the organosilane linker for the SNP during shell growth to improve the 

incorporation efficiency of the often-expensive fluorescent dye molecules, by means 

of functional groups able to hydrogen bond to silica surface silanol groups.   

 

Experimental 

 Cy3-labeled SNPs were prepared either by homogenous or seeded growth in 

the presence of a Cy3-silane conjugate (Figure 2.1a) (see Supporting Information for 

detailed methods). We utilized l-arginine as a base catalyst for SNP formation in 

aqueous media at elevated temperatures19, 20, 24 of 60 C. As previously studied in 

detail18, 25, under such conditions (i.e. aqueous medium at elevated temperatures) silica 

nanoparticle formation proceeds via the rapid formation of small (< 2 nm) silica 

clusters which subsequently aggregate into larger particles. In this system, however, a 

thin layer of tetraethoxysilane (TEOS) added to the top surface of the aqueous reaction 

volume serves as the silica source, with the interfacial area determining the rate of 

hydrolyzed TEOS diffusing into the water phase. For SNPs synthesized using what we  

call in the following the “homogenous” growth approach (Figures 2.2a and c), Cy3 

dye was covalently coupled to an aminopropyltriethoxysilane (APTES) and added to  
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Figure 2.2 Schematic representations of the preparation of fluorescent SNPs and 

substrates for TIRF microscopy. (a) Experimental setup and chemicals used during 

synthesis. (b, c) Growth pathways of fluorescent SNPs synthesized using (b) 

homogenous and (c) seeded growth. (d) For single particle imaging, a thiol-coated 

substrate (blue) was prepared by incubating a glass slide (gray) in a solution of 

MPTMS in ethanol (EtOH). Heterobifunctional GMBS was attached to the thiol-

coated substrate using its reactive maleimide group and the NHS ester group (green) at 

the opposite end was coupled to a primary amine on the streptavidin molecule 

(purple). Substrates were rinsed thoroughly after each step to remove unreacted 

chemicals. Biotinylated SNPs were attached to streptavidin-coated substrates just 

before imaging. 
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the water phase before TEOS was layered on top. APTES was chosen for its relatively 

slow hydrolysis kinetics, as compared to aminopropyltrimethoxysilane (APTMS)26, to 

minimize self-aggregation and quenching of Cy3 dyes during particle nucleation. Due 

to the slow reaction rate of the sterically hindered Cy3/APTES conjugate, it is not 

fully consumed during the core synthesis. Three subsequent TEOS additions in 8 hr 

increments were therefore used to allow for continued attachment of unreacted 

Cy3/APTES to SNPs, resulting in highly dye-doped particles. After growth was 

completed, SNPs were stabilized by covalent attachment of polyethylene glycol (PEG) 

chains22. SNPs were subsequently purified using gel permeation chromatography 

(GPC) to remove any unreacted chemicals18, 23 (Figures A1c and d).  

 

Results and Discussion 

As a result of covalent dye encapsulation in the rigid silica matrix4, 27, 28, 

normalized absorption and emission spectra (Figures 2.3a) show that per dye 

brightness levels increase ~7 to 8 times over free dye in solution. Only slightly 

decreased per dye fluorescence enhancements are observed as the concentration of 

Cy3-silane is increased, suggesting that even at high loadings, dyes remain essentially 

unquenched. Cy3-labeled SNPs were further characterized using fluorescence 

correlation spectroscopy (FCS)27, where fluctuations in fluorescence intensity 

generated by particle diffusion into and out of a detection volume of a confocal setup 

are autocorrelated and fit using a model describing single-component diffusion4, 29, 30. 

Importantly, a single FCS measurement provides information over hydrodynamic 

particle size, particle concentration, as well as particle brightness27, making it a 

powerful tool in fluorescent nanoparticle characterization.  A 543 nm HeNe laser was  

used as the excitation source. Figure 2.3b shows that the average hydrodynamic sizes 

obtained from FCS fits of Cy3-labeled SNPs synthesized by homogenous growth  
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Figure 2.3. Characterization of fluorescent SNPs synthesized by (a-c) homogenous 

and (d-f) seeded growth. (a, d) Absorbance and emission spectra, (b, e) FCS curves, 

and (c, f) FCS-derived per particle brightness values for SNPs synthesized using 

homogenous or seeded growth and varying Cy3/APTES or Cy3/AEAPTMS 

concentrations, respectively. Noise levels of FCS curves for free dye in (b) and (e) are 

higher than for particles due to substantially increased particle brightness, see (a) and 

(d).  
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increase as Cy3/APTES concentration is increased. Using 1.3 M and 24.0 M 

Cy3/APTES resulted in SNPs with diameters of 27.8 nm and 37.4 nm, respectively.  

The difference in particle size measured by FCS as a function of Cy3/APTES 

concentration is corroborated in the corresponding GPC elugrams (Figures A1c and d) 

of the particles. In this system, a typical GPC elugram exhibits three peaks as a 

function of elution volume, corresponding to particle aggregates, PEGylated particle 

product, and free reactants, respectively18. Shorter elution times were observed for 

SNPs prepared using 24.0 M Cy3/APTES (Figure A1d), indicating increased particle 

size relative to SNPs synthesized using 1.3 M Cy3/APTES (Figure A1c). 

Transmission electron microscopy (TEM) images and corresponding size analysis 

(Figure A1a, b) corroborate the APTES-dependent size difference observed in FCS 

and GPC. Since the Cy3/APTES conjugate is prepared using a 10-fold excess of 

aminosilane and the reaction is performed at basic pH, these observations are 

consistent with early aggregation of negatively charged silica clusters (vide supra) 

facilitated by increasing concentrations of positively charged APTES, resulting in 

increased average particle sizes25, 31. Interestingly, the GPC elugram in Figure A1d for 

particles from the higher dye concentration (24.0 M Cy3/APTES) exhibits a more 

skewed particle size peak. This suggests that higher concentrations of positively-

charged APTES leads to continuous secondary particle formation, as more and more 

TEOS from the top layer hydrolyzes and diffuses into the water phase, thereby 

increasing particle size dispersity32. Despite increased polydispersity, Figure 2.3c 

clearly demonstrates that SNPs with increasing average fluorescence intensity levels 

could be obtained by adjusting the concentration of Cy3-silane used during particle 

synthesis, resulting in SNPs that are 15 and 47 times brighter than free Cy3 dye. 

Unfortunately, due to extreme particle size dispersity at even higher APTES levels, the 
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concentration of Cy3-silane could not be increased beyond 24.0 M without complete 

loss of particle uniformity.   

Accurate identification of “high” and “low” intensity tags requires minimal 

overlap between single particle intensity distributions. We therefore evaluated batches 

of fluorescent dye-loaded SNPs for use as an intensity barcode, assessing single 

particle analysis based intensity distributions using total internal reflection 

fluorescence (TIRF) microscopy14. For imaging, biotinylated SNPs were immobilized 

on a streptavidin-coated glass substrate. Small numbers of biotin molecules were 

introduced to SNP surfaces during PEGylation using ,-heterobifunctional PEG 

molecules (Figures 2.2a and c). Streptavidin-coated substrates were prepared using a 

previously established method33 with slight modifications (see Supporting 

Information). Briefly, a thiol-coated substrate (blue in Figure 2.2b) was prepared by 

silanization of a glass slide (gray) using mercaptopropyltrimethoxysilane (MPTMS). 

N--maleimidobutyryl-oxysuccinimide ester (GMBS) was attached to the thiol-coated 

substrate using its reactive maleimide group and the NHS ester group (green) at the 

opposite end of the GMBS was coupled to a primary amine on the streptavidin 

molecule (purple). Substrates were rinsed thoroughly after each step to remove 

unreacted chemicals. Imaging was performed over a 51.1 x 51.1 μm2 area containing 

~100 SNPs. Single images were acquired for 100 msec. After image acquisition, a 

spot detection algorithm was used to identify individual SNPs. The background level 

and full width at half maximum (FWHM) of spots in the x- and y-directions were 

derived from Gaussian fits. Spot intensity was defined as the background-corrected 

sum over all pixels within the FWHM34 (see Supporting Information and Figures A2 

and A3 for details). 

We compared spot intensities from Cy3-labeled SNPs synthesized using the 

homogenous growth approach and 1.3 μM or 24.0 μM Cy3/APTES. The resulting  
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Figure 2.4. Comparison of fluorescence intensity levels for low and high dye-loaded 

SNPs as revealed by single particle imaging using TIRF microscopy. (a, d) Single-

particle intensity distributions for SNPs. The SNPs shown in (a) are prepared by 

homogenous growth, using 1.3 μM (purple) and 24.0 μM (green) Cy3/APTES.  

Overlap for high Cy3-loaded SNPs is defined as the fraction of particles with spot 

intensity below a threshold value (dashed black lines). Overlap for low Cy3-loaded 

SNPs is calculated as the fraction of particles with spot intensity above the same 

threshold value. In (d), low Cy3-loaded SNPs are again prepared by homogenous 

growth, using 1.3 μM (purple) Cy3/APTES. High Cy3-loaded SNPs are synthesized 

using seeded growth and 30.0 μM Cy3/AEAPTMS (green). (b, c, e) Single particle 

fluorescence images of (b) only the low, (e) only the high, and (c) mixtures of the low 

and high Cy3-loaded SNPs shown in (d). Spots above and below the threshold shown 

in (d) are colored green and purple, respectively.  
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histograms (Figure 2.4a), while showing an overall intensity increase for high Cy3-

loaded particles, consistent with the increased average brightness/particle values 

measured using FCS (Figure 2.3c), substantially overlap. To benchmark the 

performance of these SNPs, we quantified the overlap between the two intensity 

distributions shown in Figure 2.4a. First, a threshold value was identified that 

minimizes overlap between high and low intensity distributions (dashed black line in 

Figure 2.4a). Overlap for high Cy3-loaded SNPs was then defined as the fraction of 

particles with spot intensity below that threshold value, while overlap for low Cy3-

loaded SNPs was calculated as the fraction of particles with spot intensity above the 

threshold. Using these criteria, 15.3% and 13.4% overlap were calculated for high and 

low intensity distributions, respectively. This result indicates that on a single particle 

level, nearly 30% of particles cannot be unambiguously identified based on intensity 

alone. Clearly, such low identification accuracy would preclude use of these SNPs as 

an intensity barcode.  

To overcome these limitations of the homogenous growth approach (i.e. high 

concentrations of Cy3/APTES causing extreme polydispersity in SNPs and limited 

separation from low particle brightness distributions), we introduced a second 

synthesis approach which we will refer to as the “seeded” growth method. Here, 

undyed SNPs with sizes < 20 nm were used as seeds for further particle growth 

(Figures 2.2a and d). Furthermore, Cy3 dye was covalently coupled to N-(2-

aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS) instead of APTES. The 

comparatively fast hydrolysis kinetics of AEAPTMS26 obviates the prolonged 

continued growth used to achieve high dye-loadings in the homogenous growth 

approach. Thus, to maintain relatively small particle sizes (< 40 nm), only one 

additional TEOS growth step was used. SNPs were again PEGylated prior to 

purification using GPC. Seeded growth of SNPs was monitored using dynamic light 
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scattering (DLS), demonstrating that incremental shell growth results in steadily 

increasing particle sizes (see Figure A.4a in Supporting Information). Figure 2.3e 

shows that as compared to SNPs synthesized by homogenous growth (Figure 2.3b), 

the hydrodynamic sizes of SNPs synthesized by seeded growth do not vary 

significantly with increasing Cy3/AEAPTMS concentration. Using 6.0 M, 24.0 M, 

and 30.0 M Cy3/AEAPTMS resulted in SNPs with diameters of 34.4 nm, 34.2 nm, 

and 38.2 nm, respectively. Using the same concentration of Cy3-silane, SNPs prepared 

by seeded growth also exhibit more symmetric particle peaks in GPC (Figure A.4e) 

than SNPs synthesized by homogenous growth (Figure A1d), suggesting that fewer 

secondary particles are formed. TEM images corroborated that these SNPs are 

narrowly dispersed (see Figure A.4c and d in Supporting Information). 

Figure 2.3d shows that Cy3-labeled SNPs synthesized by seeded growth and 

using increasing amounts of Cy3/AEAPTMS exhibit per dye fluorescence 

enhancements of 6 to 7 times. As in SNPs synthesized via homogenous growth, 

increasing average brightness/particle was achieved by increasing the concentration of 

Cy3/AEAPTMS conjugate. Figure 2.3f shows that Cy3-labeled SNPs using 6.0 M, 

24.0 M, and 30.0 M Cy3/AEAPTMS are 28, 91, and 106 times brighter, 

respectively, than free Cy3 dye. Comparison between Figures 2.3c and f shows that 

from 24.0 M Cy3-silane concentration upwards, the seeded growth approach is a 

more efficient method of generating bright fluorescent tags. Cy3-labeled SNPs 

prepared by seeded growth using 24.0 μM Cy3/AEAPTMS are nearly 2 times brighter 

than those synthesized by homogenous growth using Cy3/APTES at the same 

concentration, even though the per dye brightness is slightly decreased in these 

particles. This increased dye incorporation efficiency is attributed to reduced rates of 

secondary particle nucleation/formation achieved using the seeded growth approach 

and to the relatively fast reaction rates of Cy3/AEAPTMS as compared to 
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Cy3/APTES. As this result could not be achieved with Cy3/APTMS (data not shown), 

we hypothesize that the secondary amines present in AEAPTMS may also contribute 

to the enhanced association with the growing SNPs by hydrogen bonding to silica 

surface silanol groups35, further increasing the incorporation efficiency of 

Cy3/AEAPTMS relative to Cy3/APTES.  

The advantages of the seeded growth of fluorescent SNPs using 

Cy3/AEAPTMS (i.e. increased brightness/particle in FCS) particularly manifested in 

TIRF microscopy. Single particle intensity distributions for SNP batches synthesized 

using 6.0 M, 24.0 M, and 30.0 M Cy3/AEAPTMS show that an overall intensity 

increase is reproducibly observed as the concentration of Cy3/AEAPTMS is increased 

(see Figure S5 in the Supporting Information). Importantly, single particle intensity 

distributions for batches generated using the seeded growth approach and 24.0 μM 

Cy3/AEAPTMS (Figure S5b) are also shifted to higher spot intensities as compared to 

particle batches derived from the homogeneous growth approach at the same 

concentration of Cy3/APTES (Figure 2.4a). Designating SNP batches synthesized by 

homogenous (1.3 M Cy3/APTES) and seeded growth, (30.0 M Cy3/AEAPTMS) as 

low and high intensity level tags, we approach near perfect identification accuracy. 

Figure 2.4d shows that single particle intensity distributions exhibit 0.2 to 0.3% 

overlap for low (purple) and high (green) Cy3-loaded SNPs, indicating that >99% of 

SNPs are unambiguously identifiable based on intensity alone. We applied our 

intensity barcoding scheme to fluorescence images of mixed high and low intensity 

probes (Figure 2.4c). Spots above and below the intensity threshold defined in Figure 

2.4d are colored green and purple, respectively. Comparison to images of only high 

(Figure 2.4e) or only low intensity (Figure 2.4b) probes illustrates that highly accurate 

intensity-based identification can be achieved. While for these proof-of-principle 

demonstrations, batches from homogeneous and seeded growth were compared, we 
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expect that after careful parameter optimization other combinations, for example of 

two batches synthesized using seeded growth, will show similar results. 

 

Conclusions 

 We have described two batch approaches for the synthesis of fluorescent silica 

nanoparticles using either homogenous or seeded growth. Controlled fluorescence 

intensity levels can be achieved in these systems simply by varying the concentration 

of a Cy3-silane conjugate in the batch. We have shown that the precise spatial 

distributions of dyes within particles can be controlled by silica shell growth, 

minimizing self-quenching of dyes even in highly dye-doped particles. Comparison of 

the two approaches highlights that the nucleation of secondary particles during shell 

growth presents a major challenge in the synthesis of highly dye-doped SNPs with 

narrowly distributed single particle fluorescence intensity distributions. Using the 

seeded growth approach, we have decreased the rate of secondary nucleation. 

Simultaneously, we have increased the rate of Cy3 incorporation by choice of silane 

linker (e.g. AEAPTMS versus APTES), minimizing the effects of secondary 

nucleation in this system.   

We find that single particle analysis based fluorescence intensity distributions 

of SNPs synthesized in these ways are well separated and can therefore be used as an 

intensity-based barcode. These SNPs are small (< 40 nm), highly biocompatible, and 

readily functionalizable, making them ideal fluorescent tags for imaging in living 

biological systems. We have used a single fluorescent dye (Cy3) as proof-of-concept, 

but expect that our results can be extended to combinations of dyes with multiple 

spectral colors, greatly increasing the number of SNP tags that can be imaged in 

parallel using conventional fluorescence microscopy. Additionally, since this strategy 

relies on the improved incorporation efficiency of a silane linker, we expect that 
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similar results can be achieved using a range of organic fluorescent dyes and linker 

chemistries, providing an efficient route to encapsulation of these often-expensive 

molecules.  
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CHAPTER 3 

CONTROLLING FLUORESCENT DYE INCORPORATION IN BATCH 

REACTIONS OF SILICA NANOPARTICLES 

 

Abstract 

The development of nano-sized, fluorescence intensity-based barcodes can greatly 

enhance the multiplexing capabilities of fluorescence microscopy. Here, we provide a 

full account of the synthesis of a sub-40 nm, intensity-based fluorescent silica 

nanoparticle barcode. In this study, the synthetic parameters that govern 

heterogeneities in batch reactions of silica nanoparticles are investigated. A key 

synthesis feature is the use of a seeded growth approach to minimize formation of low 

dye-loaded secondary particles. Additional variations of the synthesis conditions 

include the seed concentration and the organosilane linker used for covalent 

encapsulation of dyes inside the silica matrix. Heterogeneities within batches of 

nanoparticles are mapped using single particle fluorescence microscopy, gel 

permeation chromatography, and transmission electron microscopy. Results establish 

critical parameters enabling batch synthesis of fluorescent silica nanoparticles with 

well-separated single-particle intensity distributions. Insights gained from this study 

may be transferred to the design of other nanoparticle-based intensity barcodes. 
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* Prepared for Submission as: Teresa Kao, Ferdinand Kohle, Kai Ma, Tangi Aubert 
Alexander Andrievsky, Ulrich Wiesner. Controlling Fluorescent Dye Incorporation in 
Batch Reactions of Silica Nanoparticles.  
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Introduction 

 As a result of rapidly advancing technologies, fluorescence microscopy now 

provides a powerful approach for single molecule detection1. One major advantage of 

fluorescence microscopy is that multiple target molecules can be imaged 

simultaneously by attaching spectrally distinct fluorescent tags2, such as organic dyes, 

fluorescent proteins3, 4, or nanoparticles5, 6. However, studies of more complex systems 

remain limited by the number of probes that can be simultaneously imaged and 

reliably distinguished on the single particle level, using commercially available 

microscopes7. Combinatorial labeling strategies have been used successfully to 

generate color- and intensity-based barcodes in fluorescent dye-doped microbeads8-10, 

but implementation in nano-sized systems remains challenging due to sample 

heterogeneity. State of the art efforts have used programmable materials to circumvent 

these issues, generating nano-sized DNA- and RNA-based optical barcodes with 

precisely controlled numbers of organic dyes7, 11. However, only limited success has 

been achieved in nanoparticle-based systems12, 13.  

 Fluorescent dye-doped silica nanoparticles (SNPs) have been used extensively 

in bioimaging applications, because silica is optically transparent and highly 

biocompatible5. Recent advances in fabrication have extended the range of accessible 

sizes to below 10 nm14. Additionally, facile surface modification protocols provide 

routes to stable, multi-functional particles15, 16. Precise control of particle size and 

surface functionality make SNPs ideal candidates for biological imaging applications. 

For example, a class of sub-10 nm PEGylated fluorescent SNPs (Cornell Dots or C 

Dots) were approved by the FDA in 2011 as an investigational new drug for cancer 

diagnostics in first in-human clinical trials17. Fluorescent dye-doped SNPs have also 

been shown to have improved photophysical properties as compared to the constituent 

fluorophores, including increased brightness and photostability5, 18. 
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 We have recently reported the batch synthesis of SNPs with controlled 

fluorescence intensity levels and sizes below 40 nm19. SNPs synthesized with high and 

low intensity levels could be used as an intensity barcode in single-particle 

fluorescence images, with near perfect identification accuracy. In this article, we 

provide a full account of these results. We use fluorescence correlation spectroscopy 

(FCS) to demonstrate that SNPs with increasing average fluorescence brightness may 

be generated by co-condensation of silica precursors with increasing concentrations of 

fluorescent dye-silanes. We investigate the effects of the organosilane molecules used 

in preparation of fluorescent dye-conjugates on particle formation, using a 

combination of gel permeation chromatography (GPC) and transmission electron 

microscopy (TEM). An optimized synthesis protocol is described, in which a seeded 

growth approach is used to minimize secondary particle formation. Due to the high 

cost of the fluorescent dyes, the initial seed concentration is also optimized to reduce 

the amount of dye required for generating highly fluorescent SNPs. Organosilane 

linker chemistry is introduced as an additional control parameter for increasing the 

efficiency of organic fluorescent dye incorporation into SNPs. Heterogeneities within 

particle batches are mapped using single particle fluorescence microscopy. Finally, we 

demonstrate that under optimized synthesis conditions, SNPs with well-separated 

single particle intensity distributions can be achieved.  

 

Experimental 

Materials  

 All chemicals were used as received without further purification. Deionized 

water (Milli-Q, 18.2 MΩ) was used throughout. Cy3 NHS ester was purchased from 

GE Healthcare. 3-aminopropyltriethoxysilane (APTES, 97%), 3-

aminopropyltrimethoxysilane (APTMS, 96%),  N-(2-aminoethyl)-3-
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aminopropyltrimethoxysilane (AEAPTMS, 95%), 3-mercaptopropyltrimethoxysilane 

(MPTMS, 96%), and methoxy-terminated poly(ethylene glycol) (PEG-silane, molar 

mass ~500 g/mol) were purchased from Gelest Inc. Tetraethyl orthosilicate (TEOS, 

99%), l-arginine (99%), ammonium hydroxide (NH4OH, 29%), isopropanol 

(anhydrous, 99.5%), ethanol (absolute, anhydrous), and dimethyl sulfoxide (DMSO) 

were purchased from Sigma Aldrich. ,-heterobifunctional poly(ethylene glycol) 

with maleimide and biotin groups (mal-PEG-biotin, molar mass ~922 g/mol) was 

purchased from Quanta BioDesign Inc. Phosphate buffered saline (PBS, sterile) was 

purchased from Amresco Inc. Streptavidin and N--maleimidobutyryl-oxysuccinimide 

ester (GMBS) were purchased from Life Technologies.  

 

Synthesis of Fluorescent SNPs by Homogenous Growth.  

 Cy3/APTES conjugate was prepared by reacting Cy3 NHS ester with a 10-fold 

excess of APTES in DMSO. Conjugation reactions were conducted overnight, under 

an inert nitrogen environment. In a typical synthesis, l-arginine (0.012 g) was 

dissolved in deionized water (9.32 mL), stirring slowly (150 rpm) in a 20 mL 

borosilicate scintillation vial at 60°C. 4 mm x 12.7 mm PTFE coated stir bars were 

used in all particle syntheses. Homogenous growth of dye-doped cores was achieved 

by adding Cy3/APTES dropwise into the stirring solution, followed by 135 μL TEOS, 

added slowly in a thin layer at the top surface of the reaction. Cores were formed after 

8 hours. SNPs with increasing fluorescence intensity levels were prepared by 

increasing the concentration of Cy3/APTES (1.3 μM to 24.0 μM) added during 

nucleation. An additional 3 blank silica shells (135 μL TEOS per shell) were added in 

8 hour intervals. The reaction was left stirring at 150 rpm for 24 hours after the final 

TEOS addition.  
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Synthesis of Fluorescent SNPs by Seeded Growth.  

 Cy3-silane conjugates were prepared by reacting Cy3 NHS ester with a 10-fold 

excess of APTES (Cy3/APTES), APTMS (Cy3/APTMS), or AEAPTMS 

(Cy3/AEAPTMS) in DMSO. All conjugation reactions were conducted overnight, in 

an inert nitrogen environment. To prepare seed particles, l-arginine (0.012 g) was 

dissolved in deionized water (9.32 mL), stirring slowly (150 rpm) in a 20mL 

borosilicate scintillation vial at 60°C. 4 mm x 12.7 mm PTFE coated stir bars were 

used in all particle syntheses. TEOS was added slowly in a thin layer to the top surface 

of the reaction. An additional 4 TEOS additions (3 x 135 μL and 1 x 143.4 μL) were 

made at 8 hr intervals. The reaction was left stirring for 24 hours after the final TEOS 

addition. In a typical seeded growth, 2 mL of seed particles was added to 8 mL of 

deionized water stirring slowly (150 rpm) in a 20 mL scintillation vial at 60°C. The 

Cy3-silane conjugate was added dropwise into the stirring solution, followed by 143.5 

μL TEOS, added slowly in a thin layer to the top surface of the reaction. One 

additional TEOS (143.5 μL) addition was made after 24 hrs. SNPs with increasing 

fluorescence intensity were prepared by varying the concentration of Cy3-silane from 

1.3 μM to 30.0 μM. The reaction was left stirring at 150 rpm for 24 hours after the 

final TEOS addition.  

 

PEGylation of Fluorescent SNPs.  

 Biotin-PEG-silane conjugate was prepared by reacting mal-PEG-biotin (100 

mg/mL in DMSO) with 1.1 equivalents of MPTMS in DMSO. Conjugation reactions 

were conducted overnight, in an inert nitrogen environment. Before PEGylation, 

native solutions of SNPs were diluted 5-fold in deionized water and adjusted to pH 10 

using NH4OH. For a 10mL reaction volume, a mixture of 100 μL methoxy-terminated 

PEG-silane and 12.5 μL biotin-PEG-silane was added. Solutions were rapidly stirred 
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(600 rpm) at room temperature during PEG addition and left stirring overnight. 

Finally, the temperature was increased to 80°C with no stirring for 12 hours.  

 

TIRF Substrate Preparation.  

 35 mm glass bottom dishes (No. 15 coverslip, 22 mm glass diameter) were 

functionalized with streptavidin using a previously established protocol with slight 

modifications20. Dishes were rinsed successively using isopropanol and deionized 

water and dried using nitrogen. Substrates were then plasma cleaned for 10 minutes 

using a Harrick Plasma Generator (PDC32G) operated at high power. 500 μL of a 

0.2M solution of MPTMS in ethanol was added to each dish and incubated for 30 

minutes to generate a thiol-coated surface. After rinsing several times with ethanol to 

remove free MPTMS, 250 μL of 4 mM GMBS in ethanol was added to each dish and 

incubated for 30 minutes. GMBS was attached to the thiol-coated substrate using its 

reactive maleimide group, leaving the NHS ester at the opposite end free to react with 

primary amines on the streptavidin molecule. The substrate was rinsed several times 

with ethanol to remove free GMBS and then again using PBS buffer to remove 

ethanol. 100 μL of streptavidin (50 μg/mL) was immobilized on the surface of the 

GMBS-activated glass by incubation for 2 hours. Finally, free streptavidin was 

removed by rinsing several times with PBS. Substrates were used immediately or 

stored in PBS at 4ºC.  

 

3.2.6 Characterization.  

 Gel Permeation Chromatography (GPC) purification was performed using a 

BioLogic LP system equipped with a 275 nm UV detector and using Sephacryl 400 

resin from GE Healthcare, as previously described for PEGylated SNPs14. Prior to 

GPC purification, PEGylated samples were cleaned 3 times using a 30 MWCO spin-
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filter (Vivaspin 20) to remove unreacted chemicals (e.g. free dye). Transmission 

electron microscopy (TEM) images were taken using a FEI Tecnai T12 Spirit 

microscope operated at an acceleration voltage of 120 kV. TEM grids were prepared 

by drop casting from native synthesis solutions prior to PEGylation. Absorbance and 

emission spectra were measured using a Varian Cary Model 5000 spectrophotometer 

and Photon Technologies International Quantamaster spectrofluorometer, respectively. 

Intrinsic scattering from SNPs was estimated by fitting the absorbance from 350 – 450 

nm, a region of the spectra which is not affected by Cy3 absorbance, and subtracted 

from the excitation spectra of fluorescent SNPs21. Fluorescence correlation 

spectroscopy (FCS) measurements were conducted using a home-built FCS setup. A 

543 nm HeNe laser was used as a laser source for the Cy3 fluorophore. As previously 

described, the hydrodynamic size, brightness per particle, and particle concentration 

were obtained from single component diffusion fits of the FCS autocorrelation curves5, 

18, 22.   

 

3.2.7 Fluorescence Imaging and Intensity Analysis.  

 Before each imaging experiment, biotinylated SNPs were attached to 

streptavidin-coated substrates by incubation for several minutes. Unbound SNPs were 

removed by rinsing with PBS. All imaging experiments were performed in PBS. 

Fluorescence imaging was performed using an inverted Zeiss Elyra microscope 

operated in total internal reflection fluorescence (TIRF) mode. A 1.46 NA 100X 

objective was used for illumination and light collection. A 543 nm laser was used as 

an excitation source for the Cy3 fluorophore and the resulting fluorescent signal was 

filtered using a 570 - 620 nm band pass filter. Experiments were conducted using 4.2 

mW laser power, measured at the objective. In a typical experiment, a series of 50 

images (100 ms/frame) was acquired, beginning just before the excitation laser was 
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turned on. “Definite focus” focal-drift compensation was used during image 

acquisition. Images acquired before the laser power stabilized (~700 ms) were 

discarded and image analysis was performed only on the first image of the remaining 

stack. Image analysis was performed using a self-written MATLAB program19. Spot 

detection and subsequent spot intensity analysis was performed inside a 256 x 256 

pixel2 area to minimize variations in excitation power and image focus. Spots with 

peak intensity (IPeak) above a threshold value (IThreshold) were centered in a 17 x 17 

pixel2 region of interest (ROI). IThreshold was optimized to reduce false positive 

identification of low intensity substrate contaminants and held constant for all 

experiments performed using a given batch of substrates. For this reason, only 

imaging experiments performed using substrates from the same batch were compared 

directly. ROIs containing multiple spots were excluded from analysis according to 

previously defined criteria19. The background level and FWHM for individual spots 

were determined from Gaussian fits centered on IPeak in the x- and y- directions. A 

single background value was calculated by averaging background values obtained 

from the x- and y- spot intensity profiles. Spot intensity was calculated as the 

background-corrected sum over all pixels inside an approximately circular area, 

defined using full width at half maximum, FWHMx and FWHMy, as the x- and y-axis 

lengths of an ellipse23. In this study, laser power was optimized to maximize the signal 

to noise ratio, while maintaining narrow spot intensity distributions (Figure S1). 

 

3.3 Results and Discussion 

 In this article, we describe two methods for preparing highly fluorescent dye-

doped silica nanoparticles (SNPs) with sizes below 40 nm. In both cases, l-arginine is 

used as a base catalyst for SNP formation in aqueous media at a reaction temperature 

of 60°C. A thin layer of tetraethoxysilane (TEOS) added to the top surface of the 
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aqueous phase serves as the silica source24, 25, 26. In the first method, fluorescent dye-

doped SNP cores are formed by co-condensation of a Cy3-silane conjugate and TEOS. 

Additional shells are added using TEOS only. In the second method, the dye-silane 

conjugate and TEOS are introduced during continued growth of monodisperse, undyed 

seed particles with sizes < 20 nm. To distinguish between the two methods described 

here, we refer to the first method as “homogenous growth” and the second method as 

“seeded growth.” In the following sections, we compare the size dispersity and single 

particle intensity distributions of SNPs prepared using these two approaches. 

Variations of the synthesis parameters in the seeded growth approach, including seed 

particle concentration and details of the organosilane linker used to prepare the Cy3-

silane conjugate, are employed in the development of optimized synthesis conditions 

for achieving high and low dye-loaded SNPs with well-separated intensity 

distributions.  

 

Fluorescent SNPs prepared by homogenous growth.  

 A series of SNPs with increasing fluorescence brightness was prepared as 

previously described19. Covalent attachment of Cy3 NHS ester dye to SNPs was 

achieved using aminopropyltriethoxysilane (APTES) as a linker5. SNPs prepared by 

co-condensation of increasing concentrations of the Cy3/APTES conjugate and 65 

mM TEOS served as cores for continued growth. Three additional silica shells (65 

mM TEOS per shell) were added prior to PEGylation.  

 Figure 3.1A shows intensity-matched absorption and corresponding emission 

spectra for this series of SNPs. PEGylated SNPs were cleaned by centrifugation and 

subsequently purified using GPC to remove aggregates and unreacted dyes prior to 

measurement. As previously reported and analyzed5, 18, 27, 28, the per dye fluorescence 

of the Cy3 dye is dramatically increased upon encapsulation inside the rigid silica  
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Figure 3.1. Fluorescent SNPs prepared by homogenous growth. (A) Absorbance and 

emission spectra, (B) FCS autocorrelation curves, and (C) FCS brightness/particle for 

SNPs prepared by homogenous growth using 1.3 μM, 5.3 μM, 19.8 μM, and 23.9 μM 

Cy3. The noise level in the FCS curve for free Cy3 in (B) is higher than for particles 

due to dramatically increased particle brightness, see (C). Data corresponding to 1.3 

μM and 24.0 μM reproduced from ref.  19. 
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matrix. Comparison of the free Cy3 dye to Cy3-loaded SNPs in Figure 3.1A, shows 

that per dye quantum enhancements of 7 to 8 are observed upon encapsulation. Only 

slightly lowered quantum enhancements are observed for SNPs as a function of 

increasing Cy3-silane concentration, suggesting that dyes remain essentially 

unquenched18. SNPs were further characterized using fluorescence correlation 

spectroscopy (FCS). Using FCS, fluctuations in fluorescence intensity resulting from 

diffusion into and out of the detection volume of a confocal setup could be 

autocorrelated and fit using a single-component model for diffusion to measure 

average hydrodynamic particle size, concentration, and brightness5, 18, 22. FCS 

measurements showed that increasing concentrations of Cy3/APTES resulted in 

continuously increasing particle sizes (Figure 3.1B) and the desired increase in 

average brightness per particle (Figure 3.1C). FCS based hydrodynamic diameters of 

SNPs prepared by homogenous growth, using 1.3 μM, 5.3 μM, 19.8 μM, and 24.0 μM 

Cy3/APTES were 27.8 nm, 33.4 nm, 35.6 nm, and 37.4 nm, respectively, with FCS 

derived brightness levels 15, 29, 38 and 47 times higher, respectively, than the 

constituent Cy3 dye in FCS.  

 To explain the Cy3/APTES concentration-dependent trend in particle size, we 

considered the formation mechanism of SNPs prepared by homogenous growth30, 31. 

As previously described, the formation of SNPs at basic pH and elevated temperature 

proceeds by rapid aggregation of small (< 2 nm), negatively-charged silica clusters14, 

30. In this system, slow hydrolysis and diffusion of TEOS from the top layer into the 

aqueous reaction phase provides a continuous stream of silica precursors that form 

these small clusters. Figure 3.2A shows schematic illustrations of the formation 

mechanism for undyed SNPs at time points before (t = 1) and after (t = 2) the critical 

concentration for cluster aggregation is reached. Further growth of SNPs occurs by 

continuous silica cluster addition30.   
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Figure 3.2. Characterization of APTES-induced size dispersity. (A, B) Schematic 

illustrations of the growth processes of SNPs prepared by homogenous growth, 

synthesized in (A) the absence or (B) the presence of the Cy3/APTES conjugate 

(compounds not to scale). (A) Undyed SNPs prepared using TEOS alone under basic 

reaction conditions are formed from small (< 2nm), negatively-charged silica clusters 

(t = 1)30. A continuous feed of hydrolyzed TEOS into solution facilitates further 

growth of SNPs by aggregation of these silica clusters (t = 2)30. (B) The excess 

aminosilane used in the preparation of the Cy3/APTES conjugate is positively-charged 

and induces early aggregation of the negatively-charged silica clusters (t = 1), 

resulting in the formation of larger Cy3-labeled SNPs (t = 2). By the same mechanism, 

APTES that is not consumed during SNP formation also induces secondary nucleation 

during growth (t = 2). (C-E) GPC elugrams for SNPs prepared by homogenous growth 

using 24.0 μM Cy3-silane. APTES concentrations used during preparation of Cy3-

silane conjugate were (C) 0.12 mM, (D) 0.24 mM, and (E) 0.60 mM. The dominant 

peak in (C) and (D) corresponds to the PEGylated SNP product. In (E), the dominant 

peak corresponds to large particle aggregates while PEGylated SNP product is 

observed at ~ 9 min. In all cases, the asymmetric peak shape observed for the 

PEGylated SNP product is attributed to the presence of smaller, secondary particles. 

As a first approximation, this peak is fit using two Gaussian distributions, 

corresponding to the main (red) and secondary (blue) particle populations. The amount 

of secondary nucleation is estimated by comparing the peak areas calculated from the 

Gaussian fits. Ratios of secondary (blue) to main (red) particle peak areas are (C) 0.27, 

(D) 0.38, and (E) 1.32. Gaussian fits of the aggregate peak and any remaining free 

reactants are shown in purple and green, respectively. Insets in panels (C) to (E) show 

schematic illustrations of contributing particle sizes in native SNP solutions. 
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 Due to the high cost of the Cy3 dye, the Cy3/APTES conjugate used in the 

synthesis of Cy3-labeled SNPs was typically prepared using a 10-fold excess of 

aminosilane to maximize the yield of silane-conjugated Cy3 dye. Importantly, this 

excess APTES is expected to be positively-charged under our basic pH reaction 

conditions. We hypothesize that the excess of aminosilane used in the preparation of 

the Cy3/APTES conjugate induces early aggregation of the negatively charged silica 

clusters (t = 1 in Figure 3.2B), resulting in the formation of larger Cy3-labled SNPs (t 

= 2 in Figure 3.2B), consistent with our observations. Comparison of the t = 1 and t = 

2 time points in Figures 3.2A and B illustrates this concept. Furthermore, due to the 

relatively slow reaction rate of APTES, we expect that following core formation, 

unreacted APTES continues to induce aggregation of silica clusters to form dye-doped 

secondary particles during shell growth (t = 2 in Figure 3.2B). 

 Motivated by this hypothesis and by previous studies that describe the 

influence of amines on SNP morphology31, 32, 33, we evaluated the size dispersity of a 

series of Cy3-loaded SNPs prepared by homogenous growth, using different ratios of 

Cy3 to APTES during dye conjugation. In these experiments, Cy3/APTES conjugates 

were prepared using constant Cy3 concentration (24.0 μM) and 5-fold (0.12 mM), 10-

fold (0.24 mM), or 25-fold (0.6 mM) excess APTES.  

 Following PEGylation, the native SNP batches contain a mixture of particle 

aggregates, PEGylated SNP product, and unreacted chemicals (e.g. PEG or Cy3 

dye)14. PEGylated SNPs were cleaned 3 times by centrifugation using a 30K MWCO 

membrane filter to remove unreacted chemicals. We then evaluated the size 

distributions of these Cy3-loaded SNPs using GPC14. Figures 3.2C to E show the 

corresponding GPC elugrams. The primary peak in Figures 3.2C (0.12 mM APTES) 

and D (0.24 APTES) corresponds to PEGylated SNP product. However, in SNPs 

prepared using 0.6 mM APTES (Figure 3.2E) the dominant GPC peak corresponds to 
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particle aggregates at short elution times around 8 min14. Aggregates are likely 

because the attachment of large numbers of positively-charged APTES molecules 

during particle growth decreases the stabilizing, electrostatic repulsion between 

negatively charged SNPs, resulting in increased particle aggregation at high APTES 

concentrations31. In this GPC elugram, the desired PEGylated SNP product is 

observed at ~ 10 min.  

 Comparison of Figures 3.2A to C shows that with increasing APTES 

concentration the PEGylated particle product peak shifts to shorter elution times, 

corresponding to increasing particle size. This trend is consistent with FCS results for 

SNPs synthesized using increasing concentrations of Cy3-silane (Figure 3.1B) and 

with our proposed formation mechanism (Figure 3.2B).  

 We also observed that increasing amounts of amine enhanced secondary 

nucleation during particle growth resulting in asymmetric GPC size distributions. In 

Figures 3.2C to E, peaks corresponding to PEGylated SNPs were consistently skewed 

toward long elution times due to the presence of smaller, secondary particles. Since a 

narrowly dispersed population of SNPs can be modeled using a single Gaussian 

distribution14, we have approximated this asymmetric particle peak (Figures 3.2C to E) 

as a superposition of two Gaussian distributions (red and blue). The amount of 

secondary nucleation was estimated by comparing the peak areas from the Gaussian 

fits. As a metric, we have used the ratio, A, of the secondary particle peak area (blue) 

to the main particle product peak area (red). Increasing values of A are calculated as a 

function of increasing APTES, indicating an increase of secondary particle formation 

with APTES concentration. Calculated values of A for SNPs prepared using 0.12 mM, 

0.24 mM and 0.60 mM APTES are 0.27, 0.38, and 1.32, respectively. Gaussian fits for 

aggregate peak and remaining free reactants peak shown in purple and green in 

Figures 3.2C to E, respectively, completed the analysis. 
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Figure 3.3. Comparison of high and low dye-loaded SNPs. (A) Single particle 

intensity distributions and (B) representative fluorescence images for SNPs prepared 

by (A, B) homogenous growth using 1.3 μM Cy3/APTES (purple in (A)) and 24.0 μM 

Cy3/APTES (green in (B)). (C, E, G) Single particle intensity distributions and (D, F, 

H) representative fluorescence images for SNPs prepared by seeded growth using 1.3 

μM (purple in (C) through (G)) and either (C, D) 24.0 μM Cy3/APTES (green in (C)), 

(E, F) 24.0 μM Cy3/AEAPTMS (green in (E)), or (G, H) 30.0 μM Cy3/AEAPTMS 

(green in (G)). Overlap for high Cy3-loaded SNPs is defined as the fraction of 

particles with spot intensity below a threshold value (dashed black lines). Overlap for 

low Cy3-loaded SNPs is calculated as the fraction of particles with spot intensity 

above the same threshold value. In (B), (D), (F), and (H) spots above and below the 

corresponding thresholds in (A), (C), (E), and (G) are color-coded green and purple, 

respectively. (A and B are reproduced from ref. 19). 
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 Due to the limits to quantitative analysis of sample heterogeneity using FCS34, 

35, 36, we have used total internal reflectance fluorescence (TIRF) microscopy to 

evaluate the effects of secondary nucleation on single-particle brightness of SNPs 

prepared by homogenous growth13, 37. Biotinylated SNPs were immobilized on 

streptavidin-coated glass substrates. We used a spot detection algorithm to identify 

individual particles in the resulting images. To calculate spot intensity, the background 

level and full width at half maximum, FWHM, in the x- and y-directions were derived 

from Gaussian fits. Spot intensity was defined as the background-corrected sum over 

all pixels within the FWHM23. 

 We compared single particle intensity distributions from images of SNPs with 

low (1.3 μM Cy3) and high (24.0 μM Cy3) dye loadings, prepared by homogenous 

growth. Figures 3A and B show the resulting histograms and representative 

fluorescence images. As expected, we observe that spot intensity distributions shift to 

higher intensities as Cy3/APTES is increased from 1.3 μM to 24.0 μM. However, in 

this system, a nearly 20-fold increase in Cy3/APTES concentration translates to only a 

2-fold increase in the peak position of the spot intensity distribution (Figure 3.3A). 

Additionally, significant overlap between the two distributions was observed. This 

result is attributed to the formation of secondary Cy3-labeled particles at high 

Cy3/APTES concentrations, which effectively decrease the overall concentration of 

Cy3 dyes relative to SNPs. 

 As a benchmark for intensity barcoding, we have quantified the overlap 

between the single particle intensity distributions shown in Figure 3.3A7. We defined a 

threshold between the two distributions (dashed line in Figure 3.3A) as the intensity 

value minimize overlap between high and low intensity particles. Overlap was then 

calculated as the percentage of high Cy3-loaded SNPs with intensities below the 

cutoff. Similarly, overlap for low Cy3-loaded SNPs was calculated as the percentage 
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of spots with intensities above the threshold value. As indicated in Figure 3.3A, 

calculated overlaps for low (1.3 μM Cy3) and high (24.0 μM Cy3) Cy3-loaded SNPs 

were 13.4% and 15.3%, respectively.  

 To illustrate the effects of overlapping intensity distributions in barcoding 

applications, we have false-colored the images in Figure 3.3B according to the 

threshold defined in Figure 3.3A, so that spots with intensities below and above the 

threshold are purple and green, respectively. Figure 3.3A shows that on a single 

particle level, nearly 30% of SNPs cannot be identified based on intensity alone. As 

expected, both green and purple spots are observed in images (Figure 3.3B) that 

contain only high or only low Cy3-loaded SNPs, demonstrating that these SNPs 

cannot be unambiguously identified if mixed. 

 

3.3.2 Fluorescent SNPs prepared by seeded growth.  

 We circumvented the size dispersity associated with use of high Cy3-silane 

concentrations in the homogenous growth approach by introducing the second “seeded 

growth” approach. Using this method, the Cy3/APTES conjugate was introduced 

during the continued growth of narrowly dispersed, undyed seed particles (< 20 nm) 

using TEOS. The Cy3/APTES conjugate was again prepared by reacting Cy3 NHS 

ester with a 10-fold excess of APTES. To maintain relatively small particle sizes, only 

two doses of TEOS (64.3 mM TEOS each) were added in a thin layer to the top 

surface of the reaction.  

 Since the feed rate of TEOS into the reaction is determined by the interfacial 

area between the aqueous reaction volume and a thin layer of TEOS added to its 

surface24, optimized protocols for shell growth were developed by varying the 

concentration of seed particles. In this system, increasing seed particle concentration 

(compare Figures 3.4A and 3.2B) is expected to increase the rate of TEOS  
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Figure 3.4. Optimization of seeded growth conditions. (A) Schematic illustration of 

the formation of SNPs synthesized by seeded growth in the presence of the 

Cy3/APTES conjugate (compounds not to scale). A continuous feed of TEOS into 

solution facilitates growth of undyed seed particles by addition of negatively-charged 

silica clusters (< 2 nm). Since the feed rate is determined by the interfacial area 

between the aqueous reaction volume and a thin layer of TEOS added to the top of the 

reaction, increasing seed particle concentrations (as compared to Figure 2B) 

progressively increase the rate of TEOS consumption by existing particles thereby 

lowering the probability of secondary particle formation. At the same time, the 

attractive electrostatic interactions between the excess of positively-charged 

aminosilane used in the preparation of the Cy3/APTES conjugate and negatively-

charged seed particles decrease the effective aminosilane concentration in solution 

also reducing secondary nucleation. (B) to (E) GPC elugrams of SNPs following the 

growth of two silica shells (64.3 mM TEOS per shell). Core/shell SNPs are prepared 

using (B) native concentration, (C) 2-fold, (D) 5-fold, and (E) 10-fold diluted cores. 

The dominant peak in each GPC elugram (black) corresponds to PEGylated SNP 

product. The asymmetric peak shape is attributed to the presence of smaller, secondary 

particles. As a first approximation, peak fits used two Gaussian distributions, 

corresponding to main (red) and secondary (blue) particle populations. The amount of 

secondary nucleation was estimated by comparing peak areas calculated from 

Gaussian fits. Calculated ratios of secondary (blue) to main (red) particle peak areas 

are (A) 0.15, (B) 0.20, (C) 0.26, and (D) 1.37. Gaussian fits of aggregate (purple) and 

remaining free reactants (green) peaks completed the analysis. 
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consumption by existing particles thereby lowering the probability of secondary 

particle formation. At the same time, the attractive electrostatic interactions between 

the negatively-charged seed particles and the excess of positively-charged aminosilane 

used in the preparation of the Cy3/APTES conjugate may decrease the effective 

concentration of aminosilanes in solution also reducing secondary nucleation of 

particles (Figure 3.4A).  

 Figures 3.4B to E show GPC elugrams of SNPs prepared using varying seed 

concentrations, following the addition of 24.0 μM Cy3/APTES, prepared using a 10-

fold excess of APTES, and two silica shells (64.3 mM TEOS per shell; i.e keeping the 

amount of added TEOS constant). SNPs were again PEGylated and cleaned by spin 

filtration prior to GPC. Seed concentrations are reported relative to the native reaction 

concentration (e.g. 5-fold dilution). We observed decreasing elution times 

corresponding to increasing particle product sizes for lower core concentrations 

(Figure 3.4B to E). Furthermore, SNPs synthesized using progressively dilute seed 

concentrations exhibited increasingly skewed particle peaks, indicating that rates of 

secondary nucleation were increased. The PEGylated particle peaks in Figures 3.4B to 

E were again approximated as a superposition of two Gaussian distributions (red and 

blue). Calculated values of A for SNPs prepared using the native core concentration, or 

2-fold, 5-fold, and 10-fold diluted cores are 0.15, 0.20, 0.26, and 1.37, respectively. 

Comparison to SNPs prepared by homogenous growth using 24.0 μM Cy3 and a 10-

fold excess of APTES (A = 0.38), shows that preparation of SNPs by seeded growth of 

native, 2-fold, or 5-diluted cores decreases the rate of secondary nucleation.  

 Due to the prohibitive cost of using high concentrations of Cy3 dye, we did not 

initially increase the concentration of Cy3/APTES beyond the maximum of 24.0 μM 

used in the homogenous growth series described in Figure 3.3A. At constant 

Cy3/APTES, the effective ratio of Cy3 to SNPs is determined by both the initial seed 
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concentration and rate of secondary nucleation. SNPs prepared by either seeded 

growth of 2-fold diluted cores or by homogenous growth using identical 

concentrations of Cy3/APTES (24.0 μM) show similar single particle intensity 

distributions (Figures S2A and B). This result demonstrates that although the rate of 

secondary particle formation is lowered by using the seeded growth approach 

(compare Figures 3.4C and 3.3D), the effective ratio of Cy3 to SNPs is not improved. 

However, SNPs prepared by lowering the initial concentration of seeds 5-fold exhibit 

substantially improved single particle intensity distributions. We have therefore 

worked with 5-fold diluted seeds in all further experiments using this approach. 

 TEM images of SNPs prepared using the optimized seeded growth approach 

(i.e. 5-fold diluted cores) taken prior to PEGylation and subsequent purification 

(Figure S3A) show that Cy3-loaded SNPs synthesized using this method and 24.0 μM 

Cy3-silane from APTES are < 40 nm and narrowly dispersed. Figure 3.5B shows the 

intensity-matched absorption and corresponding emission spectra of free Cy3 dye 

(black) and SNPs synthesized using 24.0 μM Cy3-silane (green). A quantum 

enhancement of only 4.9 is observed upon encapsulation. Comparison to SNPs 

prepared by homogenous nucleation (Figure 3.1A), where a 7-fold enhancement is 

measured, suggests that Cy3 dyes may be only partially encapsulated14, 18. However, 

spot intensity distributions for SNPs synthesized by seeded growth are still shifted to 

higher intensities (Figure 3.3C) as compared to SNPs prepared by homogenous growth 

(Figure 3.3A) using the same 24.0 μM concentration of Cy3/APTES. In Figure 3.3C, 

we have compared this brighter SNP to low intensity SNPs synthesized using the same 

approach (seeded growth, 1.3 μM Cy3/APTES).  Using the intensity threshold defined 

in Figure 3.3C, we observe that the percentage of high dye-loaded SNPs with 

intensities below the threshold decreases from 13.4% to 6.0%, corresponding to 

improved identification accuracy. Similarly, the percentage of low dye-loaded SNPs 
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with intensities above the threshold decreases from 15.3% to 5.2%. Comparison of the 

color-coded images of high dye-loaded SNPs in Figures 3.3B and D illustrates that 

low-intensity spots (purple) are less frequently observed in images of high dye-loaded 

SNPs synthesized by seeded growth. 

 Due to the relatively slow reaction kinetics of APTES29, we hypothesized that 

the efficiency of Cy3 incorporation into SNPs could be improved by introducing a 

faster reacting organosilane linker. We therefore prepared fluorescent SNPs by seeded 

growth and used 3-aminopropyl trimethoxysilane (APTMS, Figure 3.5A) as a silane 

linker29. Cy3-silane was prepared by reacting Cy3 NHS ester with a 10-fold excess of 

APTMS (Cy3/APTMS). Figure 3.5B shows the intensity-matched absorbance and 

corresponding emission spectra for SNPs prepared using 24.0 μM Cy3/APTMS 

(purple). Quantum enhancements are increased to about 6.4 as compared to 4.9 for 

SNPs prepared using Cy3/APTES at the same concentration (green in Figure 3.5B), 

suggesting that dyes are more completely encapsulated18.  

 However, comparison of PEGylated particle peaks in GPC indicates that in 

seeded growth syntheses, use of Cy3/APTMS (Figure S3D) rather than Cy3/APTES 

(Figures 3.4D and S3B) increases the rate of secondary nucleation. Calculated values 

of A are 0.37 and 0.26 for Cy3/APTMS and Cy3/APTES, respectively. We also 

observe that the particle peak position shifts to smaller particle sizes. This effect is 

similar to that observed for the core concentration series shown in Figure 3.4, where 

secondary nucleation increases the particle concentration and due to the unchanged 

feed rate of TEOS into the reaction, decreases the average size of the final particles. 

Figures S3A and S3B show TEM images that corroborate the effects of organosilane 

linker chemistry on size dispersity.  

 Spot intensity distributions for SNPs prepared using Cy3/APTMS (Figure 

3.5D) were shifted to higher intensities as compared to SNPs prepared using 
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Cy3/APTES (Figure 3.5C). However, low intensity spots were still frequently 

observed, which are attributed to the formation of secondary particles (Figure 3.5D). 

These secondary particles are expected to contain relatively low numbers of dyes 

because they are formed late in the synthesis. 

 To overcome this problem, we finally introduced N-(2-aminoethyl)-3-

aminopropyl trimethoxysilane (AEAPTMS, Figure 3.5A) as a third fast-reacting 

organosilane linker29. We expect that the secondary amines may support association 

with SNPs by hydrogen bonding to surface silanol groups33, increasing the 

incorporation efficiency of Cy3/AEAPTMS relative to Cy3/APTES or Cy3/APTMS. 

Such an association would also act to decrease the concentration of free aminosilane in 

solution, decreasing the relative rates of secondary particle formation. Cy3-silane was 

prepared by reacting Cy3 NHS ester with a 10-fold excess of AEAPTMS 

(Cy3/AEAPTMS). Figure 3.5B shows the intensity-matched absorbance and 

corresponding emission spectra for SNPs prepared by seeded growth using 24.0 μM 

Cy3/AEAPTMS (blue). Similar to SNPs prepared using Cy3/APTMS at the same 

concentration (purple), quantum enhancements of 6.5 are achieved.  

 Concomitantly, we observed decreased rates of secondary particle formation in 

syntheses using Cy3/AEAPTMS (A = 0.29) as compared to Cy3/APTMS (A = 0.37) 

(Figure S3E and S3F). Figure S3F demonstrates that SNPs prepared using 

Cy3/AEAPTMS exhibit relatively narrow and symmetric particle peaks in GPC. The 

TEM image shown in Figure S3E confirms that SNPs prepared using AEAPTMS are 

narrowly dispersed.  

 Spot intensity distributions for SNPs prepared using 24.0 μM Cy3/AEAPTMS 

(Figure 3.5E) were shifted to slightly higher intensities as compared to SNPs prepared 

using Cy3/APTMS (Figure 3.5D). Importantly, due to decreased rates of secondary 

particle formation, we observed relatively few low intensity spots (Figure 3.5E). In  
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Figure 3.5. Seeded growth of SNPs using different organosilane linkers. (A) Chemical 

structures of Cy3-silane conjugates prepared using APTES, APTMS, and AEAPTMS. 

(B) Absorbance and emission spectra for free Cy3 dye and SNPs prepared by seeded 

growth using 24.0 μM Cy3/APTES, 24.0 μM Cy3/APTMS, and 24.0 μM 

Cy3/AEAPTMS. All dye conjugates in this series were prepared using a 10-fold 

excess of aminosilane. (C) to (E) Single particle intensity distributions corresponding 

to SNPs prepared by seeded growth using (C) 24.0 μM Cy3/APTES, (D) 24.0 μM 

Cy3/APTMS, and (E) 24.0 μM Cy3/AEAPTMS. Insets in panels (C) to (D) show 

representative fluorescence images. 
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Figure 3.3E, we have compared SNPs prepared by seeded growth using 1.3 μM and 

24.0 μM Cy3/AEAPTMS. Comparison between Figures 3.3C and E shows that by 

using Cy3/AEAPTMS rather than Cy3/APTES, the percentage of high dye-loaded 

SNPs with intensities below the threshold decreases from 6.0% to 1.6%. Similarly, the 

percentage of low dye-loaded SNPs with intensities above the threshold decreases 

from 5.2% to 1.4%. Comparison of the color-coded images in Figures 3.3D and F 

demonstrates further improved identification accuracy.  

 Finally, we prepared an optimized set of SNPs with well-separated intensity 

distributions, using 1.3 μM and 30.0 μM Cy3/AEAPTMS in a seeded growth. Figure 

3G shows the resulting spot intensity distributions. Using the intensity threshold 

defined in Figure 3.3G (dashed black lines), we observe minimal overlap (< 1%) 

between spot intensity distributions of high (green) and low (purple) dye-loaded SNPs. 

Figure 3.3H shows color-coded fluorescence images, in which spots with high and low 

intensities are again colored green and purple, respectively. These images illustrate 

that SNPs prepared using optimized synthesis conditions (i.e. by seeded growth and 

using Cy3/AEAPTMS) are unambiguously identifiable based on intensity alone.  

 

Conclusions 

 In this article, we have introduced two methods for preparing highly dye-

loaded SNPs with increasing average intensity levels. By comparing these approaches, 

we have identified critical parameters for the synthesis of high and low dye-loaded 

SNPs with well-separated single particle intensity distributions in batch reactions. 

Distributions of dyes within single particles are also well-controlled by silica shell 

growth, minimizing self-quenching and maximizing fluorescence enhancements 

gained from encapsulation within the rigid silica matrix. Optimized SNPs are highly 
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fluorescent and are unambiguously distinguishable on a single particle level based on 

fluorescence intensity alone.  

 We have observed in SNPs prepared by homogenous nucleation, that increased 

rates of secondary particle formation are caused by the excess of aminosilane 

commonly used to synthesize dye-silane conjugates (i.e. APTES), resulting in 

increased particle size dispersity. Importantly, secondary particles formed in the 

presence of dye-silane conjugates have comparatively low fluorescence intensity, 

because they are formed later in the growth process. Simply increasing the 

concentration of dye-silane conjugate used in homogenous nucleation-based 

approaches thus generates heterogenous samples with low overall brightness. In this 

study, we demonstrate that secondary nucleation is minimized by using a seeded 

growth approach, even in the presence of high concentrations of aminosilanes. 

Employing this approach, we demonstrate that reduced initial seed concentrations may 

be used to mitigate the cost of the fluorescent dyes. We have also shown that dye 

incorporation efficiency depends on the organosilane linker29, demonstrating that 

maximum dye-loading efficiency is achieved using Cy3/AEAPTMS. Lowered 

incorporation efficiencies were observed for Cy3/APTES due to slow reaction 

kinetics. Conversely, use of fast-reacting Cy3/APTMS caused increased secondary 

particle formation and correspondingly wide single particle intensity distributions. We 

hypothesize that for AEAPTMS, fast reaction kinetics in addition to hydrogen bonding 

between secondary amines on the AEAPTMS and surface silanol groups on the SNPs 

play significant roles in improving incorporation efficiency32.  

 Since optimized intensity distributions were achieved by tuning the silica 

chemistry only, we expect that our results can be generalized to a range of spectrally 

distinct dyes. Combinatorial labeling approaches could then be used to generate a 

silica nanoparticle platform for highly multiplexed single particle imaging 
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applications. The SNPs described in this study are small (< 40 nm) and readily surface 

functionalizable with a variety of targeting moieties, making them ideal fluorescent 

tags for imaging in living biological systems7. Additionally, the synthetic parameters 

identified here may also be relevant in the design of alternate approaches for batch 

synthesis of intensity-based nanoparticle barcodes for single particle imaging 

applications.  
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CHAPTER 4 

FORMATION PATHWAYS OF MESOPOROUS SILICA NANPARTICLES WITH 

DODECAGONAL TILING* 

 

Abstract 

Considerable progress in the fabrication of quasicrystals demonstrates that they can be 

realized in a broad range of materials. However, the development of chemistries 

enabling direct experimental observation of early quasicrystal growth pathways 

remains challenging. Here we report the synthesis of four surfactant directed 

mesoporous silica nanoparticle (MSN) structures, including dodecagonal 

quasicrystalline nanoparticles, as a function of micelle pore expander concentration or 

stirring rate. We demonstrate that the early formation stages of dodecagonal 

quasicrystalline MSNs can be preserved, where precise control of MSN size down to < 

30 nm facilitates comparison between MSNs and simulated single particle growth 

trajectories beginning with a single tiling unit. Our results reveal details of the 

building block size distributions during early growth and how they promote 

quasicrystal formation. This work identifies simple synthetic parameters such as 

stirring rate, that may be exploited to design other quasicrystal-forming self-assembly 

chemistries and processes. 
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Introduction 

Quasicrystals exhibit highly ordered local structure but lack long range 

translational periodicity, and permit symmetry operations that are forbidden in 

classical crystallography. Since the discovery of quasicrystalline order in metal 

alloys1, quasicrystals have been observed in a wide variety of materials, including thin 

films2, liquid crystals3, polymers4, colloids5 and mesoporous networks6, demonstrating 

that quasicrystallinity can be considered a universal form of ordering.  

Advances in the identification of quasicrystalline materials have attracted 

widespread attention to the underlying mechanisms that govern quasicrystal 

formation. In self-assembled micellar systems, access to quasicrystal and quasicrystal 

approximant phases depends on building block geometry, controlled in recent 

experimental studies through molecular design of giant surfactant molecules7, 8 and 

asymmetric diblock copolymers 9, 10. These experimental findings are consistent with 

simulations of self-assembled systems, where building blocks designed with 

substantial shape polydispersity or patchy surfaces promote quasicrystalline order11, 12. 

In metal alloys, studies of quasicrystal formation have verified theoretical predictions 

that quasicrystalline order is maintained during grain growth by a local error-and-

repair type mechanism13, 14. Despite these successes, experimental investigations of 

early quasicrystal formation mechanisms remain challenging, largely due to a lack of 

chemistries that facilitate direct observation.   

 Mesoporous silica materials with pore sizes in the range between 2 – 50 nm 

have attracted widespread attention due to their precisely tunable macroscopic form, 

chemical functionality, and mesopore structure15, 16. There have been reports of 

mesoporous silica bulk materials15, 16, 17, 18  and nanoparticles19, 20, 21 with a variety of 

pore structures, including hexagonal16, cubic20, and quasicrystalline structures6, 20, 22. 

The formation of mesoporous silica is a result of silica condensation directed by 
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molecular templates, such as surfactants or polymers16, 23. This cooperative 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.  

Inspired by this analogy, we have synthesized surfactant directed mesoporous 

silica nanoparticles (MSNs) with dodecagonal tiling and used them as a test bed for 

studying early formation mechanisms. While previous reports of quasicrystalline 

mesoporous silicas have used anionic surfactants6, 22, we demonstrate that such 

materials can also be synthesized by self-assembly of positively charged surfactant 

micelles. The dodecagonal quasicrystal structure is the last in a sequence of four 

different structures discovered in this study as a function of either micelle pore 

expander concentration or reaction stirring rate. Via direct visualization employing 

cryo-transmission electron microscopy (cryo-TEM) and quantitative image analysis, 

we find that quasicrystallinity is predominantly governed by asymmetries in the 

micelle size distribution and identify micelle pore expander concentration and reaction 

stirring rate as equivalent experimental control parameters. Furthermore, precise 

control of the silica chemistry enables MSN sizes to be tuned from above 100 nm, 

where dodecagonal tiling patterns are well developed, to below 30 nm, where particles 

consisting of only a single triangle or square tiling unit represent the earliest formation 

stages of the dodecagonal tiling. Experimental results are then compared to growth 

simulations. Our results suggest that the incorporation of building blocks with 

asymmetric size distributions at early times in the growth process promotes 

quasicrystal formation and that simple synthesis parameters like stirring rate can be 

used for their control.  
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Experimental 

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. 

 

Synthesis of TEOS/AEAPTMS derived MSNs 

 TEOS/AEAPTMS derived MSNs with different structures were synthesized in 

aqueous solution at room temperature through surfactant directed silica condensation. 

Round bottom flasks and egg-shaped stir bars were used in all TEOS/AEAPTMS 

syntheses. 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) stirred at 650 rpm. After 30 minutes, a mixture of TEOS 

(0.25mL) and AEAPTMS (0.0375 mL) was added to the reaction under continued 

stirring 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 CTAB removal, the particles were again cleaned by repeated centrifugation 

and redispersion in EtOH. 
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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. 

 

Synthesis of TMOS/APTMS derived MSNs 

  TMOS/APTMS derived MSNs of different sizes and structures were 

synthesized by surfactant directed silica condensation in room temperature, aqueous 

solution. Round bottom flasks and egg-shaped stir bars were used in all 

TMOS/APTMS syntheses. MSNs were prepared with [TMB] ranging from 4mM to 

116mM 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) stirred at 

600 rpm. After two hours, a mixture of TMOS (34 µL) and APTMS (25 µL) was 

added to the reaction and allowed to react for 24 hours under continued stirring. 

Applied synthesis conditions gave access to particle sizes between about 30 and 150 

nm. 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. For the APTMS study (Fig. C.4), the [NH4OH] was held 

constant at 120 mM and the APTMS concentration was varied from 0 to 14 mM. All 

other parameters were kept the same. 

 

Characterization  
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 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) analysis was performed using ImageJ software. Each TEM 

sample was prepared after CTAB removal by evaporating 10 µL of suspension on 

TEM grid in dry air. Cryo-TEM images were collected under low-dose conditions 

using a customized FEI Titan Themis 300 operating at 300 kV equipped with a cryo-

box and FEI Ceta 16M camera. More details can be found in the Supplementary 

Methods.  

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 

after CTAB removal 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.  

 

Tiling analysis  

 Tilings were obtained from TEM images using a home-built MATLAB 

program, where a 10% tolerance of edge orientation and edge length were allowed and 

underdeveloped pores on MSNs were not counted. MSNs were excluded from analysis 

only if particle orientation prevented visualization of the pore structure from TEM 

images. No additional selection criteria were applied. These tilings were further 

analyzed using home-built programs to calculate radius of gyration in both parallel 

and perpendicular spaces. Detailed methods are provided in the Supplementary 

Methods.  
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Simulations  

 An irreversible triangle-square tiling model was developed so that particle 

growth trajectories could be studied. Simulations were performed employing a self-

written MATLAB program. See descriptions in the main text as well as more details in 

the Supplementary Methods. 

 

Results 

[TMB] induced transitions between four MSN structures  

 MSNs were synthesized by co-condensing a mixture of silane precursors, 

tetraethyl orthosilicate (TEOS) and N-(2-aminoethyl)-3-aminopropyltrimethoxysilane 

(AEAPTMS), in the presence of hexadecyltrimethylammonium bromide (CTAB) 

surfactant micelles (see molecular structures in Fig. 4.1a). The aminosilane was added 

to tailor the packing behavior of the CTAB surfactant molecules24, 25, enabling access 

to more complex silica nanostructures19, 20, 26. The CTAB micelle size and size 

distribution was systematically varied by adjusting the concentration of a micelle pore 

expander, mesitylene (TMB) (27, 28, 29). Transmission electron microscopy (TEM) 

images show that as the concentration of TMB, [TMB], was increased, the MSN 

structure changed from hexagonal (Fig. 4.1b) to multicompartment (Fig. 4.1c and Fig. 

C.1) to cubic (Fig. 4.1d) and finally to a structure with dodecagonal symmetry (Fig. 

4.1e).  

Small-angle x-ray scattering (SAXS) measurements, which average over 

macroscopic volumes, were performed on the TEOS/AEAPTMS particles (Fig. C.2). 

The results corroborate the structural transitions observed in TEM (Fig. 4.1b-e). 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 Pm n reflections 

from the particle cores is superposed with a prominent set of hexagonal p6mm  
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Figure 4.1. Four mesoporous silica nanoparticle structures observed in two silane 

systems as a function of mesitylene concentration a, Chemical structures of key 

reagents used in tetraethyl orthosilicate/N-(2-aminoethyl)-3-

aminopropyltrimethoxysilane (TEOS/AEAPTES) and tetramethyl orthosilicate/(3-

aminopropyl)trimethoxysilane (TMOS/APTMS) synthesis systems. b-e, Transmission 

electron microscopy (TEM) images of mesoporous silica nanoparticles prepared from 

TEOS/AEAPTMS with (b) 12 mM, (c) 29 mM, (d) 47 mM, and (e) 116 mM 

mesitylene (TMB), using constant ammonium hydroxide concentration (13.8 mM) and 

stirring rate (650 rpm). f-i, TEM images of mesoporous silica nanoparticles prepared 

from TMOS/APTMS with (f) 4 mM, (g) 10 mM, (h) 14 mM, and (i) 72mM TMB, 

using constant ammonium hydroxide concentration (150 mM) and stirring rate (600 

rpm).  j-m, Micelle packing models corresponding to mesoporous silica nanoparticles 

in (b) to (i). All images have the same magnification; scale bars are 100 nm. 
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reflections from the particle arms. This pattern is consistent with previously reported 

SAXS measurements from multicompartment MSNs19. At 47 mM [TMB], the SAXS 

pattern shows reflections consistent with a cubic particle with Pm n lattice24. 

Expected peak positions for cubic Pm n and hexagonal p6mm are indicated in the 

SAXS patterns using solid and dashed lines, respectively (Fig. C.2). As [TMB] is 

further increased to 116 mM and beyond, the SAXS patterns lose more and more 

features and lattices cannot unambiguously be assigned. TEM tilt series (Fig. C.3) 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. 

To deconvolute the effects of [TMB] from the specifics of the silica chemistry, 

we examined a second, independent organosilane system, composed of tetramethyl 

orthosilicate (TMOS) and (3-aminopropyl)trimethoxysilane (APTMS) (Fig. 4.1a). 

MSNs synthesized using TMOS and APTMS showed similar transitions as a function 

of increasing [TMB] (Fig. 4.1f-i). Comparison between the TEOS/AEAPTMS and 

TMOS/APTMS systems suggests that the observed structural transitions do not 

depend on the specifics of silane and aminosilane molecules used here. However, it is 

important to note that the presence of an aminosilane is critical for the formation of 

quasicrystalline mesoporous silica nanoparticles (Fig. C.4a, b). This observation is 

consistent with our expectation that the aminosilane mediates changes in the packing 

behavior of the CTAB surfactant24, 25, facilitating the formation of more complex 

nanostructures19, 20, 26.    

Pore patterns of MSNs like the ones in Figure 4.1e were tiled using squares 

and equilateral triangles (Fig. C.2a, b). These MSNs exhibit two distinctive features of 

dodecagonal quasicrystals. Fast Fourier transform (FFT) analysis of TEM images 

reveals 12-fold symmetry and no translational periodicity is observed in the 2-
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dimensional tiling patterns extracted from the TEM images (Fig. C.2a, b)11. The tile 

edges correspond to dodecagonal directions and each vertex can be described by 

 (Fig. 2b). Each vertex in parallel (Fig. 4.2c) space 

corresponds to a unique vertex in perpendicular (Fig. 4.2d) space30. Figures 4.2c and d 

show by color how individual points move during this transformation. A comparison 

of the radii of gyration in perpendicular and parallel 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. 4.2c to d). 

 

Synthesis of MSNs with varying size and quasicrystallinity  

We systematically investigated the growth of dodecagonal tilings in 

mesoporous silica all the way down to a single tiling unit by capitalizing on well-

established silica chemistry to control particle size. The comparatively fast hydrolysis 

of TMOS relative to TEOS facilitated access to smaller MSNs21. Precise particle size 

control in this system was further achieved using variations in reaction pH, where the 

increasing condensation rate associated with lowered pH resulted in smaller particle 

sizes31. In this way, MSNs could be synthesized with sizes < 30 nm such that 

associated tilings were composed of a single triangle or square tiling unit. TEM 

images of quasicrystalline MSNs, synthesized using constant [TMB] and varying 

ammonium hydroxide concentration, [NH4OH], are shown in the bottom row of Fig. 

4.2e. Interestingly, qualitative assessment of the triangle-square tilings extracted from 

these images suggests that quasicrystallinity does not vary with changes in reaction 

pH.  

Increasing [TMB] from 14 mM to 72 mM introduces a gradual transition from 

cubic to quasicrystalline pore structure, where triangle-square tilings extracted from 

MSNs synthesized using intermediate [TMB] are mixed phase rather than purely cubic  
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Figure 4.2. Quasicrystallinity of tetramethyl orthosilicate/(3-

aminopropyl)trimethoxysilane derived mesoporous silica nanoparticles. a, 

Transmission electron microscopy (TEM) image of a mesoporous silica nanoparticle 

with dodecagonal symmetry, synthesized using tetramethyl orthosilicate and (3-

aminopropyl)trimethoxysilane. The scale bar is 100 nm. The insert in (a) shows a 

Fourier diffractogram of the TEM image exhibiting 12-fold symmetry. b, Square-

triangle tiling and parallel space coordinates of the nanoparticle shown in (a). 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 (d). c, d, Parallel and perpendicular space coordinates for the triangle-square 

tiling shown in (b). Dotted circles with radius equal to Rg// and Rg are shown on the 

parallel and perpendicular space plots, respectively. The colors in (c) and (d) show 

how individual points move during the transformation. e, TEM images and 

corresponding square-triangle tilings of representative mesoporous silica nanoparticles 

(arrows) synthesized from different concentrations of mesitylene (TMB) and 

ammonium hydroxide (NH4OH). The stirring rate was 600 rpm for all syntheses. All 

images have the same magnification; scale bar is 100 nm. 
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or quasicrystalline. Tuning reaction pH at low and intermediate [TMB] again resulted 

in particle sizes ranging from > 100 nm down to < 30 nm with no observable pH 

dependent variations in pore structure. Figure 4.2e illustrates the range of particle 

structures obtained from over ~50 synthesis batches of particles (see also Fig. C.4).  

 

Quantitative analysis of micelle size distributions 

Although the observed MSN structures result from cooperative interactions 

between the CTAB micelles and the silica species32, the above observations point to 

the starting micelle size distribution as a key factor in the formation of quasicrystalline 

MSNs. Recent reports provide supporting evidence for the role of building block 

polydispersity in self-assembly, demonstrating that particles with broad monomodal or 

bimodal size distributions form more complex structures7, 8, 33. We have characterized 

the starting micelle sizes using cryo-TEM (Fig 4.3). Representative micelle size 

distributions from native CTAB/TMB solutions prepared using increasing [TMB] and 

constant stirring rate are shown in Figure 4.3a-d. Micelle solutions prepared without 

TMB or using low [TMB] (4mM) led to formation of hexagonal MSNs (Fig. 4.3k and 

l) whereas and use of high [TMB] (72 mM and 116mM) resulted in quasicrystalline 

MSNs (Fig. 4.3m and n). Comparison of the entire series reveals that increasing 

[TMB] causes a shift to larger average micelle diameter as well as an increase in the  

positive skewness of the micelle size distribution, e.g. compare numbers of micelles 

with sizes above 5 nm as [TMB] increases (Fig. 4.3a-d).  

Cryo-TEM experiments further demonstrated that mechanical agitation 

(stirring), in addition to TMB, is a requirement for producing these broadened micelle 

size distributions (Fig. 4.3e, j, and o), consistent with recent observations of complex 

polymer micelle size distributions in the presence of a co-solvent and solution 

agitation34. Associated structural transitions are illustrated schematically by the  
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Figure 4.3. Cryo-transmission electron microscopy of native micelle solutions 

prepared using varying mesitylene concentrations and stirring rates. a-e, Micelle size 

distributions before silane addition, prepared using (a) 0 mM, (b) 4 mM, (c) 72 mM, 

and (d) 116 mM mesitylene (TMB) under constant stirring (600 rpm) and (e) 72 mM 

TMB with no stirring. The ammonium hydroxide concentration was kept constant 

(150 mM) across all solutions. Distribution fits are shown using black dashed lines. 

Blue dashed lines indicate the peak position of the micelle size distribution of 

hexadecyltrimethylammonium bromide (CTAB) micelles without TMB and green 

dashed lines are shown as an additional reference for comparison across different 

plots. Comparison between the micelle size distributions demonstrates that although 

the peak position does not vary substantially, the combination of increased TMB 

concentration and mechanical agitation, causes a shift to larger average micelle 

diameters and an increase in the frequency of large micelles with sizes above 5 nm. f-

j, Cryo-transmission electron microscopy images of the micelle solutions before silane 

addition corresponding to conditions used in (a) to (e), respectively. Individual 

micelles are identified using a self-written python code and are circled in white.  k-o, 

Transmission electron microscopy images of mesoporous silica nanoparticles 

synthesized via adding tetramethyl orthosilicate and (3-aminopropyl)trimethoxysilane 

into micelle solutions corresponding to conditions used in (a) to (e), respectively. 

Scale bars in both sets of images are 50 nm.  
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micelle packings in Figure 4.1j to m,6, 35, 36 using a model with three discrete micelle 

sizes for simplicity. Hexagonal MSNs have channel-like pores templated by elongated 

CTAB micelles (blue) (Fig. 4.1j). Multicompartment MSNs are composed of a Pm n 

cubic core connected epitaxially at the (111) face to a hexagonal structure19. The 

Pm n cubic core is composed of two types of spherical micelles, one of which is 

slightly larger (green) than the other (blue) due to increased TMB loading (Fig. 4.1k). 

As [TMB] is further increased, subsequently single phase Pm n cubic MSNs (Fig. 

4.1l) and MSNs with dodecagonal symmetry are formed, the latter incorporating even 

larger micelles (red) (Fig. 4.1m).  

These observations are supported by pore size analysis of nitrogen sorption 

measurements on TEOS/AEAPTMS particles after CTAB removal that show marked 

pore size increase and broadening of the pore size distribution with increasing [TMB] 

(Fig. C.2). At 12 mM (hexagonal MSNs), the pore size distribution is well fit by a 

single log-normal distribution (Fig. C.5). However, as [TMB] is increased to 47 and 

116 mM (cubic and quasicrystalline MSNs), the increasingly broadened pore size 

distributions can no longer be described by unimodal log normal fits, suggesting that 

additional micelle populations may be involved in the formation processes of these 

more complex structures. As a first approximation, these data are therefore fit using a 

superposition of two and three log-normal distributions, respectively (Supplementary 

Fig. 4.5). Average pore sizes extracted from these fits (Table C.1) support the 

hypothesis that the structural changes observed with increasing [TMB] are due to the 

presence of additional, larger micelle populations. Additional experiments 

demonstrated that the same structural transitions and pore size increases were achieved 

using constant [TMB] (29 mM) but increased stirring rates which also affects micelle 

size (Fig. C.5 and C.6). 
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Tiling analysis  

The MSNs shown in Figs. 4.1e and i exhibit indicators of quasicrystallinity 

(i.e. 12-fold symmetric Fourier diffractogram and no translational periodicity). Since 

there are no local constraint rules that enforce quasicrystallinity in systems of triangles 

and squares, quasicrystallinity in these finite structures is instead characterized by 

statistical analysis of the phason coordinates. We analyzed the tilings extracted from 

the TMOS/APTMS derived MSNs synthesized as a function of increasing [TMB] 

(Fig. 4.2e and Fig. 4.4). Figure 4.4a shows a plot of Rg versus Rg// calculated from 

the tilings of individual MSNs synthesized with systematic variations in [TMB] and 

[NH4OH]. The slope of the linear fit Rg = ARg// + B provides the magnitude of the 

phason strain, a quantitative measure of quasicrystallinity6, 30. MSNs synthesized at the 

highest [TMB] (72 mM) and varying pH lie on the same line, which is well described 

by the fit with phason strain equal to 0.14 (see TEOS/AEAPTMS data in Fig. C.7) 

approaching the zero-phason strain of a dodecagonal quasicrystal6 and consistent with 

the phason behavior of a random tiling quasicrystal30. Additionally, the fit 

demonstrates that these MSNs have similar quasicrystallinity, which contrary to 

previous studies6, is independent of the reaction pH and pH-induced changes in the 

interaction potentials between micelles. 

TEM images of MSNs synthesized using low [TMB] and varying pH (Fig. 

4.2e and Fig. C.4) exhibit predominantly cubic structure. Interestingly, a few 

quasicrystalline MSNs are always found in a batch of cubic MSNs, resulting in a slope 

that is slightly smaller than 1, i.e., the phason strain of a perfectly cubic crystal. 

Comparison between MSNs synthesized using low and high [TMB] demonstrates that 

changes in quasicrystallinity are due to differences in [TMB] rather than pH. Particles 

synthesized at intermediate [TMB] between 22 mM and 50 mM exhibited substantial 

fluctuations in the plot of Rg versus Rg// (Fig. 4.4a). More specifically, individual  
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Figure 4.4. Analysis of tetramethyl orthosilicate/(3-aminopropyl)trimethoxysilane 

derived mesoporous silica nanoparticles and simulated structures. a, Plot of Rg in 

perpendicular vs. parallel space, calculated for mesoporous silica nanoparticles 

synthesized from five different mesitylene (TMB) concentrations. b, Distribution of 

pore conformers (44, 3342, 32413141 and 36) calculated for particles synthesized from 

five different TMB concentrations. c, Ratio of triangle to square tiles calculated for 

particles in (a). d-f, Plots corresponding to (a) to (c) for 500 particles derived from 

simulations with five different triangle to square ratios. 
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particles from a single batch of MSNs synthesized in this regime may be cubic, 

quasicrystalline, or mixed phase, suggesting that not only [TMB] and stirring rate but 

also other factors are at play.   

From the tiling analysis the distribution of four fundamental geometrical 

conformations was derived for all batches/particles, i.e. 44, 3342, 32413141 and 36, 

where 4 and 3 represent square and triangle base units and the exponent indicates the 

number of adjacent base units incident on a single vertex (Fig. 4.4b). This analysis 

shows that with increasing [TMB], cubic 44 conformers decrease, 3342 conformers first 

increase but then roughly stay constant, and 32413141 conformers increase. 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. 4.4c). 

Considering that the triangle tile contains the largest micelles (Fig. 4.1m), these data 

imply that the presence of large micelles plays a key role in quasicrystal formation. 

The growth of quasicrystals may also be highly dependent on the dynamic packing 

process of differently sized micelles forming triangle and cubic tiles, as indicated by 

the substantial phason strain fluctuations of the MSNs synthesized at intermediate 

[TMB]. Simulations were carried out in order to elucidate the origin of these 

fluctuations and reveal dominant factors in this [TMB] regime.  

 

Simulated single particle growth trajectories 

Quasicrystal growth has previously been modeled in 2-dimensions using 

triangle-square tilings6, 13, 37. We have developed an irreversible MSN growth model 

that produces 2D tilings that mimic the observed features of our experimental system 

(see Supplementary Methods for details). Particle growth in these simulations 

proceeds via irreversible aggregation of square and equilateral triangle tiles. This 

accounts for experimental observations wherein packings of small and medium sized 
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micelles result in square tiles (green and blue in Fig. 4.1l) and the involvement of a 

third larger micelle gives rise to triangle tiles (red in Fig. 4.1m). Each tile is randomly 

chosen from a weighted shape distribution given by an input triangle/square number 

ratio that reflects the increasing number of triangles observed in MSNs synthesized at 

increasing [TMB] (Fig. 4.4b, c).  The probability of tile attachment on the growing 

cluster is governed by both shape and site specific interaction parameters. We also 

include an additional threshold parameter that allows the system to choose 

replacement tiles if attachment probabilities above a minimum value do not exist. For 

each triangle/square ratio, several batches of particles with size distributions that 

approximately match those of experimentally observed particles were generated. 

Simulated particles were analyzed according to the methods outlined for the 

experimental particles. Although this is a simplified model, comparison of Fig. 4.4d 

through f with Fig. 4.4a through c shows that it was sufficient to reproduce the 

experimentally observed features. These results suggest that the structural transition 

observed is primarily a function of the triangle/square ratio or micelle size distribution 

in an irreversible, random growth process.   

Analysis of simulated single particle growth trajectories (Fig. 4.5a) 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 2.3 (38), all 

data points (purple) are highly concentrated in a low z range in Fig. 4.5a, suggesting 

that in this irreversible tiling process, 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  
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Figure 4.5. Analysis of simulated single particle growth trajectories. 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, c, 2D projections of the 3D plot in (a). The data in (c) 

is fitted using equation Na2 = ARg
2 + 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 Methods).  
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quasicrystallinity observed in Fig. 4.4d. 2D projections of Fig. 4.5a, which represent 

the dependence of Rg// and Rg on the timing (i.e. particle size) of the first triangle 

addition are shown in Figs. 4.5b and c, respectively. In Fig. 4.5c, 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 Methods).  

Side-by-side comparison of Figs. 4.5b 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. 4.6) 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. 4.6).  

 

Discussion 

 We have discovered a series of four different structures in mesoporous silica 

nanoparticles, including dodecagonal tiling, as a function of either pore expander 

concentration or stirring rate. Precise control of highly tunable silica sol-gel chemistry  

together with growth simulations has enabled identification of the early growth 

trajectories of quasicrystalline mesoporous silica nanoparticles. Our results suggest 

that skewed micelle size distributions as mapped by cryo-state TEM frustrate crystal 

formation and favor the growth of quasicrystalline structures. Our experiments further 

suggest that this skewness can be induced either by increasing amounts of micelle pore 

expander, or by simple increase of stirring rate. These results imply that size 

polydispersity of building blocks, rather than pH dependent changes in interaction  
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Figure 4.6. Comparison of simulated growth trajectories with tetramethyl 

orthosilicate/(3-aminopropyl)trimethoxysilane derived mesoporous silica 

nanoparticles. a, b, Single particle growth trajectories of two simulated particles with 

input 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 tetramethyl orthosilicate/(3-aminopropyl)trimethoxysilane derived 

mesoporous silica nanoparticles and their tilings. Particles were synthesized under 

varying ammonium hydroxide and mesitylene concentrations as shown in Fig. 2e. The 

stirring rate was 600 rpm for all syntheses.  All images have the same magnification; 

scale bar is 100 nm.  
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potentials between building blocks as suggested earlier,6 is the primary factor in 

triggering the growth of quasicrystalline mesoporous silica structures. 

Our results suggest that due to fast silane condensation, quasicrystalline 

mesoporous silica nanoparticles are likely formed via an irreversible micelle packing 

process. Although the micelles studied here are unlikely to undergo the local structural 

rearrangements that are observed in metal alloys during high temperature processing 

steps14, we expect that the simple synthetic control parameters we have identified can 

be translated to a wide variety of self-assembled systems. The accessibility of the 

experimental control parameters we introduce in this study may simplify the design of 

alternative self-assembly chemistries for studying quasicrystal growth, especially in 

systems of polymer micelles where addition of co-solvents and mechanical agitation 

have already been shown to affect building block polydispersity34. Finally, although 

we are limited by the silica chemistry to relatively small particle sizes, the 

experimental observation of quasicrystal formation via an irreversible growth 

mechanism may provide fundamental insights into the origin of quasicrystallinity in 

other materials systems. 
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CHAPTER 5 

A GROWTH MODEL FOR QUASICRYSTALLINE MESOPOROUS SILICA 

NANOPARTICLES  

 

Abstract 

Quasicrystals have been observed in a variety of soft materials systems, including 

block copolymers, dendrimers, and micelle templated mesoporous networks. While 

recent reports of soft quasicrystals have identified micelle polydispersity as a critical 

control parameter, their underlying assembly mechanisms remain a subject of study. 

Here, after demonstrating that the formation of quasicrystals in surfactant micelle-

templated mesoporous silica nanoparticles is particularly sensitive to higher-order 

moments of the micelle size distribution, we provide a full account of an early growth 

model for dodecagonal quasicrystals, which is consistent with experimental 

observations. We evaluate the effects of a set of physically inspired tiling rules on the 

irreversible assembly of 2-dimensional, dodecagonal quasicrystals from equilateral 

triangle and square tiles. By making an analogy between size distribution in surfactant 

micelles and the relative availability of triangles and squares in our simulations, we 

elucidate an experimentally observed structural transition from crystal to quasicrystal. 

Finally, we extend our model to the continued growth of quasicrystalline seeds, 

arguing that similar structures may be observed in bulk, mesoporous silica 

quasicrystals.   

 

 

 

_______________ 
 
* Prepared for Submission as: Teresa Kao, Kai Ma, Ulrich Wiesner. A Growth Model 
for Quasicrystalline Mesoporous Silica Nanoparticles.  
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Introduction 

Since the discovery of quasicrystals in rapidly cooled metal alloys1, similar structures 

have been observed in an expanding library of soft materials, including block 

copolymers2, 3 and dendrimers4, 5, as well as surfactant-templated mesoporous silica 

networks6, 7 and nanoparticles8, 9. These advances have attracted widespread attention 

to the mechanisms that govern quasicrystal formation in soft-matter systems3, 9, 10, 11. 

Although direct experimental inquiries into quasicrystal growth remain challenging12, 

recent reports have identified model quasicrystal-forming materials, including block 

copolymers3, giant surfactants11, and mesoporous silica6, 9, that provide a platform for 

fundamental studies of quasicrystal formation mechanisms.   

Mesoporous silica is a uniquely tunable self-assembly system, in which 

cooperative assembly of inorganic silica species and organic molecular templates 

produces a diverse range of structures, including dodecagonal quasicrystals6, 8, 13, 14, 15. 

As observed in other soft-matter systems2, 4, 11, quasicrystals in mesoporous silica6, 8, 9 

are often found in close connection with periodic approximant structures, such as the 

A15- or -phases. The macroscopic form of these materials (e.g. particle size) can be 

precisely controlled by choice of silica precursor, solvent, and reaction pH8, 15, 16. 

Because the synthesis of mesoporous silica provides easily accessible control 

parameters that dictate both particle size and mesostructure, it represents an ideal 

model system for fundamental investigations of early quasicrystal growth 

mechanisms.  

Computer simulation studies have predicted that quasicrystals can be 

assembled from a variety of two- and three-dimensional building blocks10, 17, 18. For 

example, in systems of approximately spherical building blocks, modeled after block 

copolymer and surfactant micelles, dodecagonal quasicrystals have been reported to 

form as a consequence of increased micelle size or shape polydispersity10, 11. These 
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assembly strategies are particularly attractive because they rely on readily accessible, 

experimental parameters for tuning micelle polydispersity11, 19. In this context, 

simulation studies of mesoporous silica provide a unique perspective on quasicrystal 

growth, in which micelle assembly is effectively irreversible, due to the fast formation 

of the matrix material9.  

Recently, to the best of our knowledge for the first time, we reported on 

nanoparticles with quasicrystalline structure8, 9. Our studies revealed surfactant-

directed synthesis of quasicrystalline mesoporous silica nanoparticles (MSNs) 

exhibiting dodecagonal tiling, with dimensions less than 100 nm. In this system, the 

addition of a micelle-swelling agent or, equivalently, an increase in solution stirring 

rate, induced a gradual transition between four distinct nanoparticle mesostructures, 

ranging from crystalline to quasicrystalline8, 9. Additionally, precise control of particle 

size facilitated direct comparison with a simple theoretical growth model that 

reproduced experimentally observed, structural trends9. Here, after examining the role 

of higher-order moments of experimentally determined micelle size distributions in 

quasicrystal formation, we provide a full account of this quasicrystal growth model. 

We introduce the set of tiling rules used in the assembly of equilateral triangle and 

square building blocks and evaluate their effects on the quasicrystallinity of the 

resulting particles. We reproduce the experimentally observed structural transition 

from crystal to quasicrystal and by investigating the growth pathways of these 

simulated particles, we elucidate the mechanism that governs quasicrystal formation in 

mesoporous silica. Finally, we extend our model to quasicrystal growth beyond the 

nanoparticle sizes observed in our experiments and compare the resulting structures to 

examples of micron-sized quasicrystalline mesoporous silica materials6. We expect 

that our findings, supported by a simple model, may have implications beyond 
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quasicrystal formation in mesoporous silica, potentially providing mechanistic insights 

into other quasicrystal-forming materials systems.  

 

Methods 

Experimental System and Size Distribution of Building Blocks.  

 The work in this article is based on a surfactant micelle-templated MSN 

system, where a crystal to quasicrystal transition has previously been observed as a 

function of micelle size distribution (Figure 5.1). Details of the synthesis and 

characterization of these MSNs have been described elsewhere9. Briefly, MSNs were 

synthesized by co-condensing a mixture of silane precursors, tetramethyl orthosilicate 

(TMOS) and (3-aminopropyl)trimethoxysilane (APTMS), in the presence of 

hexadecyltrimethylammonium bromide (CTAB) surfactant micelles. The micelle 

size/size distribution was tailored either by varying the concentration of a micelle 

swelling agent (trimethylbenzene, TMB), [TMB], added to the MSN synthesis or by 

varying the rate of solution stirring.  

 Micelle size distributions were quantitatively characterized using cryo-

transmission electron microscopy (cryo-EM)9 of the native micelle solutions, prior to 

silane addition (Figure 5.1a). Distributions were well-described using a log-normal 

function: 

𝑦 = , 

where μ and  are location and scale parameters, respectively20. Such log-normal 

distribution functions are typically used in cases where the underlying physics is 

described by multiplicative effects21, which is also the case here of surfactant micelle 

self-assembly as described, e.g. by Israelachvili22. Figure 5.1a shows that micelle size 

distributions shifted to larger average micelle diameters, e.g. as a function of 

increasing [TMB], but at the same time became increasingly asymmetric. As a 
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reference for comparison of micelle size distributions obtained using different [TMB], 

we have also indicated the positions of mean (green) and mode (blue) calculated from 

each of the log-normal fits superimposed on the experimental cryo-EM data in Figure 

5.1a. These parameters were calculated using the equations:  

 

and 

, 

where  and μ values were obtained from the log-normal fits shown in Figure 5.1a20. 

As expected for increasingly asymmetric distributions, we observe an increase in the 

separation between the positions of mean (green) and mode (blue) as a function of 

increasing [TMB].  

 TMB-induced changes in the micelle size distribution can also be quantified by 

calculating moments of the size distribution function. Earlier studies have 

demonstrated that higher order moments can provide particular insights into specific 

physical phenomena24, 25, 26 and are therefore also of interest in the context of 

quasicrystal formation. Indeed, as a function of [TMB] we observed more dramatic 

relative changes in the higher-order size distribution moments, e.g. the fourth size 

distribution moment, kurtosis, as compared to the lower moments (Figure 5.1b). 

Kurtosis describes the tails of a distribution relative to a normal distribution, with 

positive values corresponding to wider tails. Here, kurtosis was calculated as follows:  

, 

where  values were again obtained from the log-normal fits23. Results reveal that the 

formation of quasicrystalline structures is particularly sensitive to the higher order 

moments of the micelle size distribution, i.e. to the presence of more and more 

pronounced micelle size distribution tails with larger sizes than the mean. The same 

tails could also be observed with increasing stirring rate, independent from [TMB]9.  
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Figure 5.1. (a) Micelle size distributions from cryo-TEM images of native micelle 

solutions prior to silane addition, prepared using 4 mM, 72 mM, or 116 mM TMB. 

Solid black lines denote log-normal distribution fits. Green and blue dashed lines 

indicate positions of the calculated mean and mode, respectively. (b) Mean micelle 

diameter and excess kurtosis calculated from log-normal fits of micelle size 

distributions in (a). TEM images of MSNs and associated triangle-square tilings 

obtained from syntheses using (c) 4 mM, (d) 50 mM, and (e) 72 mM TMB. Scale bar 

for all images is 100 nm. 
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Since increasing stirring rate also leads to a crystal to quasicrystal transition (vide 

supra), our findings point to a more general significance of higher order moments of 

the size distribution of the specific building blocks in quasicrystal formation. 

 

Computational Model and Approach and Relation to Building Block Size.  

 Statistical analysis of 2-dimensional (2D) MSN “tiling” patterns, constructed 

from TEM images by connecting the centers of neighboring mesopores to form 

equilateral triangle or square tiles, showed that increasing [TMB], translated to an 

increasing number of triangles relative to squares in the ensemble of MSNs9. TEM 

images of representative cubic crystalline (Figure 5.1c), mixed phase (Figure 5.1d), 

and quasicrystalline (Figure 5.1e) MSNs are shown in Figure 5.1, alongside the 

corresponding triangle-square tiling patterns. In this system, MSNs with dodecagonal 

quasicrystalline mesopore patterns were observed at high [TMB], or high stirring 

rates, thereby correlating the triangular tiles/building blocks with the presence of the 

asymmetric tails of the micelle size distributions templating silica growth, i.e. with 

micellar building blocks of sizes substantially larger than their mean size. 

 Quasicrystals have previously been modeled as 2D tilings of equilateral 

triangle and square tiles17, 27, 28. In this study, quasicrystalline MSNs are constructed 

using the same basic tiling units. Due to the fast kinetics of the silica matrix 

formation16, particle growth is modeled as an irreversible aggregation of tiles6. Growth 

is seeded by an individual triangle or square tile and proceeds by sequential edge-to-

edge attachment of additional tiles, which represent clusters of surfactant micelles3, 6, 

27. To model fluctuations in the local micelle size distribution, incoming tiles are 

chosen randomly from a weighted probability distribution defined by an input number 

ratio of triangles to squares (S).  Candidate growth sites on the boundary of the 

growing cluster are assigned interaction  
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Figure 5.2. Schematic illustration of the proposed assembly model. (a) Tiling Rule 1 

uses shape-specific interactions to promote formation of dodecagonal tilings. The 

shape of an available site (square or triangle) determines if interaction with an 

incoming tile is attractive (green) or repulsive (red). (b) Tiling Rule 2 favors tile 

attachment at sites near the mass center (CM) of the existing tiling. (c) Using Tiling 

Rule 3, the interaction parameter (P) is modified to avoid defect formation, based on 

the geometry of the tiles surrounding an available site. Tile attachment does not occur 

if newly generated sites cannot accommodate a triangle tile without overlapping the 

existing structure (i.e. if  < 60°). Instead, the choice of tile and site are repeated. 

Dotted lines represent available growth sites.  
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parameters (P) that govern the probability of tile attachment6, 28. In this model, final 

cluster size is determined at the start of each simulation by random choice from a 

weighted normal distribution of particle radii. In the following, we introduce the set of 

Tiling Rules needed to assemble quasicrystals using this basic framework (see Figure 

5.2 for illustrations). 

 Tiling Rule 1. As previously suggested, a shape-specific component (Ps) is 

introduced in P that penalizes attachment of similar tiles (e.g. triangle-triangle), 

minimizing the formation of large cubic or hexagonal domains6, 30. Based on the 

associated energetics, Tiling Rule 1 does not apply in cases where attachment of 

similar tiles prevents defect formation (e.g. a square tile and a 90° concave corner). 

Figure 5.2a illustrates shape-specific interactions, where red and green halos imply 

repulsive and attractive interactions, respectively. 

 Tiling Rule 2. A surface (energy) minimizing component is introduced in P 

using an additional parameter, m. Although not explicitly formulated as a surface 

energy term, it reproduces the roughly spherical boundaries of the MSNs observed in 

TEM (Figure 5.1). Here, the distance (dCM) of a candidate site from the mass center 

(CM) of the existing tiling is compared to the shortest radial distance (d0) between an 

available growth site and the CM, such that candidate sites near the CM are preferred 

(Figure 5.2b). 

 Tiling Rule 3. When the selected growth site has P below a minimum threshold 

value (T), the system will repeat its choices of tile and site. The new tile and site are 

again chosen randomly from weighted probability distributions defined by S and P, 

respectively. To prevent defect formation, we set P equal to P0 < T if tile attachment 

would generate a concave corner that cannot accommodate a triangle tile without 

overlapping the existing structure (Figure 5.2c)30. In this irreversible tiling model, 

repeated tile and site selections are used as a short-cut to introduce local micelle 
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rearrangements during assembly. Although P0 and T cannot be directly correlated to 

defect formation energy, they are used as fitting parameters to effectively adjust the 

degree of micelle rearrangement allowed before the assembly is arrested by silica 

matrix formation33.   

 Our model was optimized by conducting a survey of the above parameters 

using a fixed triangle to square ratio (S = 2.3), chosen to match that observed in ideal 

quasicrystals6, 31. Roughly spherical tilings with quasicrystalline features were 

obtained using 

, 

where m = 10 and edge-to-edge contact between similar and dissimilar shapes were 

assigned PS = 0.001 and PS = 0.75, respectively. Ps was further modified to reflect the 

geometry of the tiles surrounding the candidate site, suppressing defect formation by 

favoring attachment of square tiles at concave 90º corners (PS = 0.75) and triangle tiles 

at concave 60º and 120º corners (PS = 0.75). The attachment threshold (T) was defined 

as T = 0.00075 x d. and P0 = 0.0000075. For each set of conditions, we performed four 

sets of simulations containing 100 particles each, with size distributions defined using 

normal distributions with mean (µ) and variance (σ) defined as (µ, σ) = (1.5, 0.5), (3.5, 

1.5), (6.0, 2.0), and (7.5, 2.5). These distributions were chosen to reflect the particle 

sizes observed in experiments as a function of pH9.  

 We simulated the micelle size-dependent, structural trends observed in 

experiments9 by varying the availability of triangles relative to squares (S)30. Our 

results demonstrate that this model reliably reproduces structural features observed in 

experiment over a range of S values (S = 0 to S = 2.3). We therefore employ this 

simple model to investigate the formation pathways of quasicrystalline mesoporous 

silica nanoparticles.  
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Tiling Analysis.  

 We evaluated the quasicrystallinity of the simulated structures using a 

previously described method9, in which a triangle-square tiling may be viewed as a 

physical projection of a four-dimensional hyperlattice27. Every edge in the square-

triangle tiling can be described by one of six dodecagonal directions in physical 

(parallel) space. If tile edges are assigned length a = 1 and a single vertex is designated 

as the origin of the tiling, all vertices can be described by the parallel space position 

vector 

r|| = n1e1
|| + n2e2

|| + n3e3
|| + n4e4

||, 

where ni is a unique set of integer coordinates and the dodecagonal directions are ei
|| = 

{cos(α(i - 1)), sin(α(i - 1))} with α = π/6 and i = 1-4. The vertices of the triangle-

square tiling in parallel space can be mapped onto a conjugate image in an orthogonal 

subspace (perpendicular space)6, 27. In perpendicular space, all vertices can be 

described by the position vector 

r = n1e1
 + n2e2

 + n3e3
 + n4e4

, 

where ni is again a unique set of integer coordinates and ei
 = {cos(7α(i - 1)), sin(7α(i - 

1))} with α = π/6 and i = 1-4 (27).  

 The relative degree of scatter in the vertex arrangements in parallel and 

perpendicular space is a measure of the disorder in the tiling27. Therefore, 

quasicrystallinity can be assessed by comparing the radius of gyration of the pattern in 

parallel space (Rg
||) to the radius of gyration of the conjugate image in perpendicular 

space (Rg
)9. For a dodecagonal quasicrystal, where the tile arrangement has no 

translational order, vertices are concentrated to a small window in perpendicular space 

(Rg
 << Rg

||). Conversely, the radius of gyration of a crystalline arrangement of 

triangles or squares remains unchanged upon transformation from parallel to 

perpendicular space (Rg
|| = Rg

). Since the tilings described in this study are relatively 
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small, we rely on statistical analysis of an ensemble of structures to assess 

quasicrystallinity. The slope, A, of a linear fit to a plot of Rg
 against Rg

|| (Rg
 = ARg

|| 

+ B) is equal to the magnitude of the phason strain, a quantitative measure of the 

quasicrystallinity9. An ideal quasicrystal and crystal have phason strains equal to 0 and 

1, respectively29, 31.  

 

Modeling Results and Discussion 

 We model the growth of quasicrystalline mesoporous silica nanoparticles as an 

irreversible aggregation of triangles and squares to reflect the relatively fast kinetics of 

the silica matrix formation9. As discussed, triangles are the result of surfactant micelle 

template sizes substantially larger than the mean of their size distribution. A survey of 

the parameters described above (see Computational Methods) yielded optimized 

conditions for assembly of quasicrystalline particles. Optimized simulations using an 

input triangle to square ratio of 2.3 to 1 (S = 2.3) consistently produced particles with 

dodecagonal quasicrystalline features (i.e. 12-fold symmetry and no translational 

periodicity), similar to quasicrystalline MSNs observed in experiments (Figure 5.1e). 

We characterized the quasicrystallinity of these particles by statistical analysis of an 

ensemble, because we are limited by our experimental model system to relatively 

small particle sizes9. Figure 5.3a shows the results of analyzing the phason coordinates 

of 400 simulated particles (see Tiling Analysis for details). Comparison of Rg
 against 

Rg
|| shows that structures collapse upon transformation and that the phason strain, 

calculated as the slope (A = 0.09) of the linear fit in Figure 5.3a, approaches that of an 

ideal quasicrystal (A = 0)6, 30. The inset in Figure 5.3a shows a typical tiling, where a 

50 nm scale bar is defined using the average tile edge length measured from TEM 

images of MSNs. 
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 To complete our description of this MSN growth model, we evaluated the 

effects of the imposed set of tiling rules on the quasicrystallinity of the assembled 

structures. As illustrated in Figure 5.2a, our model includes a shape specific interaction 

parameter (Tiling Rule 1) that penalizes edge-to-edge attachment of similar tiles (i.e. 

triangle to triangle attachment), except in cases where such attachments prevent defect 

formation. Similar interaction parameters have been widely utilized in 2-dimensional 

models of quasicrystal growth to prevent the formation of large cubic or hexagonal, 

crystalline domains6, 17, 30. The justification of such a parameter in the assembly of 

quasicrystalline mesoporous silica is the presence of repulsive interfacial interactions 

between the highest coordinated surfactant micelles in the triangle tiles6, 32. We 

analyzed the phason coordinates of an additional 400 simulations, performed without 

suppressing direct contact between similar shapes (i.e. without Tiling Rule 1) and 

using S = 2.3. Figure 5.3b shows a plot of Rg
 against Rg

||, demonstrating that these 

particles exhibit significantly increased phason strain (A = 0.28) as compared to those 

obtained using optimized simulation conditions (A = 0.09). Representative tilings, 

shown in the insets of Figures 5.3a and b, illustrate that the observed increase in 

quasicrystallinity arises from segregation of square and triangle tiles into crystalline 

domains.    

 We also included a growth rule that favors tile attachment at sites near the mass 

center of the existing tiling (Tiling Rule 2). The use of this surface minimizing 

condition is motivated by surface energy considerations that promote spherical rather 

than elongated MSN morphologies (Figure 5.1). As illustrated by representative tilings 

shown in the insets of Figures 5.3a and 3c, Tiling Rule 2 minimizes the formation of 

elongated structures, allowing us to reproduce the roughly spherical morphology of 

the quasicrystalline MSNs observed in experiment (Figure 5.1). Plots of Rg
 against  
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Figure 5.3. Plots of Rg
 against Rg

|| calculated for tilings produced using S = 2.3 and 

varying simulation conditions. Simulations were performed using (a) optimized 

conditions, (b, c) after removing Tiling Rules 1 and 2, and (d) using a modified 

version of Tiling Rule 3 that allows replacement site selection only. Dashed black 

lines in all plots denote linear fits. The insets in (a-d) show representative tilings, 

where the scale bar is defined using the tile edge length measured from TEM images 

of MSNs.  
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Rg
|| in Figure 5.3 confirm that simulations performed with (Figure 5.3a) and without 

(Figure 5.3c) this growth rule yielded similarly low phason strains (A = 0.09 and 0.10, 

respectively). 

 In the absence of additional tiling rules, we observe the formation of packing 

defects, where growth sites remain unoccupied because attachment of either a triangle 

or a square would cause overlap with an already existing tile28. Since such defects are 

energetically unfavorable and only rarely observed in our experimental MSN system, 

we impose a mechanism that allows the system to avoid such defects by repeating its 

choices of both tile and attachment site (Tiling Rule 3). We also evaluated an alternate 

approach that allows replacement site selection only. Figure 5.3d shows a plot of Rg
 

against Rg
|| calculated for structures using S = 2.3 and a modified threshold mechanism 

that allows repeated site selection only. Comparison to optimized simulations at S = 

2.3 shows an increase in the calculated phason strain (A = 0.13) due to high frequency 

of packing defects (Figure D.1) and slightly increased sizes of triangle-only domains 

(inset in Figure 5.3d).  

 By changing the relative availability of triangles and squares in our 

simulations, we mimic the effects of increasing TMB concentration on MSN mesopore 

structure9. The wide range of structures observed in a single batch of MSNs 

synthesized at intermediate [TMB], including cubic (Figure 5.1c), mixed phase 

(Figure 5.1d), and quasicrystalline (Figure 5.1e) particles, could be reproduced by our 

model using S = 0.1 (Figure 5.4a)9. Figure 5.4a shows that the variety of structures 

observed in these simulations is reflected in a correspondingly wide distribution in 

Rg
, where the crystalline and quasicrystalline extremes are illustrated using fits from 

optimized simulations using S = 0 and 2.3. The insets in Figure 5.4a show typical 

tilings obtained from this set of simulations. Additional simulations performed at S = 

0.01 confirmed our expectation that primarily cubic particles are assembled under  
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Figure 5.4. Plots of Rg
 against Rg

|| calculated for tilings produced using S = 0.1 (a, b) 

and 0.01 (c, d) and varying simulation conditions. Simulations were performed using 

(a, c) optimized conditions and (b, d) using a modified version of Tiling Rule 3 that 

allows replacement site selection only. Insets in (a) and (c) show representative tilings, 

where a scale bar is defined using the tile edge length measured from TEM images of 

MSNs. Solid and dashed lines denote fits obtained from optimized simulations using S 

= 0 and S = 2.3, respectively.   
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triangle-scarce growth conditions. Notably, as in MSN syntheses using low [TMB] 

(Figure 1c), we also observed a few quasicrystalline particles aside from the expected 

crystalline structures (Figure 5.4c)9.  

 The growth rule (Tiling Rule 3) we introduced to prevent defect formation and 

reduce phason strain in simulations using S = 2.3 (Figure 5.3d) is also important for 

reproducing the variety of structures observed in experiments at intermediate and low 

[TMB] (S = 0.1 and 0.01). We again performed simulations in which we did not allow 

repeated tile selection to prevent defect formation. Figure 5.4b and d show plots of Rg
 

against Rg
|| calculated for simulations that allowed repeated site selection only, using S 

= 0.1 and 0.01, respectively. While optimized simulations using S = 0.1 fluctuate 

widely in Rg
, simulations performed using identical input parameters and this 

modified version of Tiling Rule 3 exhibit only a narrow range of structures. Similarly, 

no quasicrystalline particles are observed in simulations using S = 0.01 if repeated tile 

selection is excluded.  

 We begin to explain this difference by comparing the growth pathways of 

crystalline, mixed phase, and quasicrystalline particles, starting with a single square or 

triangle tile and using S = 0.1 (Figure 5.5). As illustrated in Figure 5.5, we observe 

that mixed phase structures form when the first triangle is late entering the growth 

pathway, attaching to an existing cubic, crystalline domain. In contrast, a first triangle 

appears early in the growth pathways of quasicrystalline particles. Comparison of 

representative particle growth pathways (Figure 5.5) suggests that even under triangle-

scarce conditions (e.g. S = 0.1), the attachment of a first triangle seeds the growth of a 

quasicrystalline domain. Thus, in our optimized model system, the quasicrystallinity 

of an individual particle is largely determined by the time at which a first triangle is 

attached to the growing structure. 
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Figure 5.5. Representative particle growth trajectories from simulations using S = 0.1. 

A scale bar is defined using the tile edge length measured from TEM images of 

MSNs. 
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 This behavior can be understood by considering the geometric constraints 

imposed by attaching a triangle to an otherwise cubic structure. As an example, we 

consider the attachment of a single triangle tile to a cubic structure with N = 4 (Figure 

2c). As described in Figure 2, the triangle tile provides two attachment sites with high 

affinity for incoming square tiles, at least one of which belongs to a concave corner 

that may be completed only by triangles (e.g. 120º concave corner). If growth occurs 

under triangle-scarce conditions, one probable scenario is that the system will attempt 

to attach a square at this site.  Since this move will generate a defect that cannot be 

filled by either a triangle or square (i.e. 30º concave corner), tile attachment will not 

occur. Instead the system will repeat its choice of tile and attachment site until a 

favorable move can be made, effectively increasing the probability of choosing a 

second triangle tile. We find that as a result of this defect suppression mechanism, the 

frequency of triangle attachment in simulations using S = 0.1 is substantially increased 

after a first triangle enters the assembly.  

 In real MSNs, triangle and square tiles are assembled from differently-sized 

micelles9. Thus, we approached our investigation of quasicrystal formation 

mechanisms by making an analogy between micelle polydispersity in the self-

assembly of mesoporous silica and the availability of triangles relative to squares in an 

irreversible tiling model. In this experimental system, micelle rearrangements 

involving the entire assembly were ruled out due to the relatively fast kinetics of silica 

condensation9, 28. However, to assemble the variety of structures observed in 

experiment, we needed to allow geometric constraints imposed by the local 

environment to influence tile selection (Tiling Rule 3). This result implies that in the 

synthesis of quasicrystalline MSNs, local micelle rearrangements can occur before the 

structure is arrested by silica matrix formation. Our proposed mechanism is consistent 

with studies of micelle ordering in CTAB-directed MSN syntheses, where oriented 
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ellipsoidal micelles have been shown to undergo local alignment to form hexagonally-

packed rods33. Although this relatively simple model does not address details of the 

micelle packing process, it reveals a general mechanism by which the involvement of 

polydisperse micelles may alter the growth pathway of a mesoporous silica 

nanoparticle.  

 Since our experimental study is limited to relatively small MSN sizes (N < 50), 

we performed additional simulations to investigate the continued growth of 

quasicrystalline seed structures (S = 2.3). Figure 6a shows a representative tiling with 

R = 25. To assess the quasicrystallinity of larger diameter tilings, we used a modified 

version of the analysis described above (see Methods), where phason strain is obtained 

from a single tiling rather than an ensemble. For a tiling with radius R, we define an 

origin r0. Rg
 and Rg

|| were calculated for a series of concentric, circular areas with 

centers given by r0 and radii (r) ranging from r0 to R. As previously observed for 

smaller structures (Figure 3a), comparison of Rg
 against Rg

|| for simulations using S = 

2.3 shows that patterns collapse upon transformation (Figure 6c). In this case, a 

phason strain value of 0.06 was obtained from the linear fit of a plot comparing Rg
 

against Rg
|| (Figure 6c) for five, large diameter structures (R = 25).  

Experimental studies of the continued growth of CTAB micelle-templated, 

quasicrystalline MSNs have not been reported, and thus our findings are presented 

here as a prediction. As observed in micron-sized mesoporous silica materials 

synthesized using an oppositely charged surfactant micelle6, our simulated 

quasicrystals show a random mixture of triangle and square tiles in the particle core 

(white, dashed box in Figure 6a) with more periodic fans (alternating rows of triangles 

and squares) found in the periphery. Typical tilings from simulations S = 0.1 and 0.01 

are shown in Figure D.2a and b, respectively. In all cases, irreversible tiling errors lead 

to the formation of large radial tears, in which tile edges remain  
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Figure 5.6. (a) Representative tiling with S = 2.3 and radius = 25 d. The particle core 

is marked in (a) using a white, dashed box. A scale bar is defined using the tile edge 

length measured from TEM images of MSNs.  Examples of commonly observed 

defects are marked using a black box in (a) and shown magnified in (b). (c) Plot of Rg
 

against Rg
|| at various points during the growth of 5 tilings using S = 2.3.  
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unoccupied even as growth proceeds, because any new tile placed in the gap would 

overlap with an already existing tile28. These tears limit the long-range order in 

quasicrystals assembled using our growth model (Figure 6a), but we note that the most 

commonly observed defects (i.e. unoccupied, 6-sided polygons in Figure 6b) are also 

frequently observed by C. Xiao et al. in quasicrystalline mesoporous silica6.  

Conclusions 

 In this article, we have given a full account of recent experimental and 

theoretical investigations of the growth of surfactant micelle-directed quasicrystalline 

mesoporous silica in the form of nanoparticles. Comparing different moments of the 

experimentally determined asymmetric micelle size distributions we first revealed 

sensitivity of the quasicrystal formation particularly to the higher order moments of 

these distributions. Then, using an irreversible, square-triangle tiling model, we 

showed that increasing the availability of triangles relative to squares in our 

simulations mimicked the effects of these increasingly asymmetric micelle size 

distributions on MSN structures9. Our study describes a set of simple, geometric tiling 

rules that can be used to reproduce the experimentally observed crystal to quasicrystal 

transition.  

We have shown that the quasicrystallinity of our simulated particles is 

improved by a shape-specific parameter that penalizes edge-to-edge attachment of 

similar tiles. We have also demonstrated that the roughly spherical morphology of 

experimentally observed MSNs is successfully reproduced in our model by a surface 

minimizing parameter. Our results demonstrate that the variety of structures observed 

experimentally is accessible using our growth model, only if geometric constraints 

imposed by the local environment are allowed to influence the availability of triangles 

relative to squares. By analyzing the growth pathways of individual particles, we have 
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also shown that quasicrystallinity is dictated by the time at which a triangle joins the 

assembly. Our results imply that although micelle mobility is limited by the relatively 

fast kinetics of silica formation in our MSN system, local micelle rearrangements play 

a critical role in quasicrystal formation.  

Finally, we have shown that the continued growth of our simulated particles 

yields quasicrystals similar to those observed experimentally in micron-sized 

mesoporous silica materials. Although the mechanism described here is complicated 

by cooperative interactions between micelles and silica species13, parallels may exist 

in other quasicrystal-forming soft materials, where rapid cooling steps produce 

kinetically trapped micelle clusters3. Additionally, our results may be extended to the 

self-assembly of 2-dimensional, patchy nanoplates, which have already been shown to 

form a variety of Archimedian tilings34. In the future, our simple model may be 

expanded to include molecular details that facilitate more direct comparison to 

quasicrystal-forming materials systems.  
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CHAPTER 6 

CONCLUSIONS 

 

In this dissertation, I have explored the design, synthesis, and characterization 

of two silica nanoparticle systems: an intensity-based fluorescent silica nanoparticle 

barcode (Chapters 2 and 3) and a quasicrystal-forming mesoporous silica nanoparticle 

system (Chapters 4 and 5).  

In Chapters 2 and 3, a batch synthesis platform for fluorescent silica 

nanoparticles with controlled intensity levels was developed. Optimized intensity 

distributions as mapped by single-particle fluorescence microscopy were achieved 

using a seeded growth approach to minimize the formation of low dye-loaded 

secondary particles. Variations of the organosilane linker were also introduced to 

maximize the dye incorporation efficiency. As a first example, fluorescent Cy3 dye 

was employed to generate a single-color fluorescent intensity barcode. High and low 

dye-loaded fluorescent silica nanoparticles were unambiguously distinguishable in 

single-particle fluorescence images.  

These results may be generalized to a range of spectrally distinct dyes. 

Combinatorial labeling using spectrally distinct dyes at different intensity levels could 

be used to extend this platform and generate large numbers of distinguishable probes. 

For example, a series of 27 optical codes could be generated by using 3 different 

colors and 3 different intensity levels (e.g. zero, low, and high). Due to the tunability 

of the silica chemistry, this system is ideal for developing multi-color fluorescent 

probes. The controlled silica shell growth introduced here could be used to separate 

spectrally distinct fluorescent dyes, preventing energy transfer between dyes, while 

further surface functionalization of the particles could be used to target probes e.g. to 

specific desired locations within a cell.   
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In Chapters 4 and 5, a model system for investigation of quasicrystal formation 

mechanisms was developed. An irreversible micelle packing mechanism was proposed 

to account for the fast condensation of silica in this system. Control of the silica 

chemistry enabled direct comparison of experimental and simulated quasicrystal 

growth pathways down to a single tiling unit. Continued growth of simulated 

quasicrystalline MSNs yields quasicrystals similar to those observed experimentally in 

micron-sized mesoporous silica materials1. The results demonstrated in Chapters 4 and 

5 indicate that size dispersity of the surfactant micelle building blocks triggers the 

growth of quasicrystalline mesoporous silica.  

 The quasicrystal growth mechanism described in Chapters 4 and 5 is facilitated 

by electrostatic interactions between positively charged surfactant micelles and 

negatively charged silica precursors. Moreover, the fast formation of silica in this 

system may find parallels in the rapid cooling steps commonly used during fabrication 

of quasicrystals in other soft materials systems2.  Finally, the easily accessible 

experimental control parameters identified in this work, i.e. micelle size heterogeneity 

as induced by increasing amounts of pore expander or increasing stirring rates, may be 

translated to the design of alternate quasicrystal-forming materials systems. In the 

future, the specific growth model used to describe the experimental findings may also 

be expanded beyond simple phenomenological approaches and include approaches 

directly mapped on physical laws associated with molecular parameters, thereby 

providing further insight into quasicrystal-forming materials systems.  
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APPENDIX A 

SUPPORTING INFORMATION FOR CHAPTER 2 

Materials 

 Tetraethyl orthosilicate (TEOS, ≥99%), l-arginine (≥99%), ammonium 

hydroxide (NH4OH, 29%), isopropanol (anhydrous, 99.5%), ethanol (absolute, 

anhydrous), and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich. N-

(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS, 95%), 3-

aminopropyltrimethoxysilane (APTES, ≥97%), 3-mercaptopropyltrimethoxysilane 

(MPTMS, ≥96%), and methoxy-terminated poly(ethylene glycol) chains (PEG-silane, 

molar mass of ~500 g/mol) were purchased from Gelest Inc. Phosphate buffered saline 

(PBS, sterile) was purchased from Amresco Inc. Cy3 NHS ester was purchased from 

GE Healthcare. ,-Heterobifunctional PEGs with maleimide and biotin groups (mal-

PEG-biotin, molar mass of ∼922 g/mol) were purchased from Quanta BioDesign Inc. 

Streptavidin and N--maleimidobutyryl-oxysuccinimide ester (GMBS) were 

purchased from Life Technologies. All chemicals were used as received without 

further purification. Deionized water (Milli-Q, 18.2 MΩ·cm) was used throughout. 20 

mL borosilicate scintillation vials, purchased from DWK Life Sciences, and 4 mm x 

12.7 mm PTFE coated stir bars, purchased from Fisher Scientific, were used for all 

particle syntheses. 35 mm glass bottom dishes purchased from Mattek Corporation 

(No. 1.5 coverslip, 20 mm glass diameter) were used in all imaging experiments. 

 

Synthesis of Fluorescent SNPs by Homogenous Growth 

 Cy3/APTES conjugate was prepared by reacting Cy3 NHS ester with a 10-fold 

excess of APTES in DMSO overnight under an inert nitrogen environment. In a 

typical synthesis, l-arginine (0.012 g) was dissolved in deionized water (9.32 mL), 

stirring slowly (150 rpm) in a 20 mL scintillation vial at 60°C. Use of l-arginine 
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resulted in an initial pH of 9.2. The Cy3/APTES conjugate was added dropwise into 

the stirring solution at varying concentrations (1.3 μM or 24.0 μM). Then, TEOS (135 

μL) was added slowly in a thin layer to the top surface of the aqueous reaction 

medium. The resulting mixture was stirred for 8 hrs. An additional 3 TEOS (135 μL) 

additions to the top surface were made in 8 hr increments. The reaction was left 

stirring (150 rpm) for 24 hrs after the final TEOS addition. 

 

Synthesis of Fluorescent SNPs by Seeded Growth 

 To synthesize seed particles, l-arginine (0.012 g) was dissolved in deionized 

water (9.32 mL), stirring slowly (150 rpm) in a 20 mL scintillation vial at 60°C. Use 

of l-arginine resulted in an initial pH of 9.2. TEOS (135 μL) was added slowly in a 

thin layer to the top surface of the aqueous reaction medium. The resulting mixture 

was stirred for 8 hrs. An additional 4 TEOS (3x135 μL and 1x143.5 μL) additions 

were made to the top surface in 8 hr increments. The reaction was left stirring (150 

rpm) for 24 hrs after the final TEOS addition.  

In a typical seeded growth, Cy3/AEAPTMS conjugate was prepared by 

reacting Cy3 NHS ester with a 10-fold excess of AEAPTMS in DMSO overnight 

under an inert nitrogen environment. Then, 2 mL of seed particles was added to 8 mL 

of deionized water stirring slowly (150 rpm) in a 20 mL scintillation vial at 60°C. 

Cy3/AEAPTMS conjugate was added dropwise into the stirring solution. The 

concentration of Cy3 was varied from 6.0 μM to 30.0 μM. TEOS (143.5 μL) was 

added slowly in a thin layer to the top surface of the reaction. The resulting mixture 

was stirred (150 rpm) for 24 hrs. One additional TEOS (143.5 μL) addition to the top 

surface was made after 24 hrs.  

 

PEGylation of Fluorescent SNPs 
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 Biotin-PEG-silane was prepared by reacting mal-PEG-biotin (100 mg/mL in 

DMSO) with 1.1 equivalents of MPTMS in DMSO overnight under an inert nitrogen 

environment. Native solutions of SNPs were diluted 5 times in deionized water. The 

pH of the solution was increased to 10 using NH4OH. A mixture of PEG-silane (100 

μL) and silane-PEG-biotin (12.5 μL) was added dropwise to the stirring solution (600 

rpm), which was left stirring overnight. In the next step, the temperature was increased 

to 80°C and the stirring was stopped. PEGylation was completed after 12 hrs at 80°C. 

 

TIRF Substrate Preparation 

 Glass bottom dishes were functionalized using a previously established 

protocol with slight modifications1. Glass dishes were rinsed successively with 

isopropanol and deionized water. Substrates were then dried using nitrogen and 

plasma cleaned for 10 minutes using a Harrick Plasma Generator (PDC32G) operated 

at high power. As illustrated in Figure 2b, each dish was covered and incubated with 

500 μL of a 0.2M solution of MPTMS in ethanol for 30 minutes, before rinsing 

several times with ethanol. The silanized slide was activated for streptavidin 

attachment by incubation with 250 μL of 4 mM GMBS in ethanol for 30 minutes 

(Figure 2.2b). The GMBS had been dissolved in DMSO at 1M before dilution in 

ethanol. The substrate was rinsed several times with ethanol and then rinsed again 

using PBS buffer. 100 μL of streptavidin (50 μg/mL) was immobilized on the surface 

of the GMBS-activated glass by incubation for 2 hours. Finally, the substrate was 

rinsed several times using PBS. Substrates were used immediately or stored in PBS at 

4ºC.  

 

Characterization 
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 Gel permeation chromatography (GPC) purification was performed using a 

BioLogic LP system equipped with a 275 nm UV detector and using Sephacryl 400 

resin from GE Healthcare, as previously described for PEGylated SNPs2. As expected, 

3 peaks were observed in GPC elugrams of SNPs and were attributed to aggregated 

SNPs, individual SNPs, and free reactants (black arrows in Figures A.1 and A.4e), as 

described in reference (2). Narrowed size distributions were achieved by collecting a 

fraction of the SNP peak (blue in Figures A.1 and A.4e). 

Transmission electron microscopy (TEM) images were taken using a FEI 

Tecnai T12 Spirit microscope operated at an acceleration voltage of 120 kV. TEM 

grids were prepared by drop casting from native synthesis solution prior to 

PEGylation. Particle diameters (Figures A.1 and A.4d) were obtained from TEM 

images using the automated particle detection feature of the ImageJ image analysis 

software (version 1.50i).  

Absorption and emission spectra were measured using a Varian Cary Model 

5000 spectrophotometer and Photon Technologies International Quantamaster 

spectrofluorometer, respectively. Intrinsic scattering from SNPs was estimated by 

fitting the absorbance from 350 – 450 nm, a region of the spectra which is not affected 

by Cy3 absorbance, and subtracted from the excitation spectra of fluorescent SNPs 

(3).    

Fluorescence correlation spectroscopy (FCS) measurements were conducted 

using a home-built FCS setup. A 543 nm HeNe laser was used as a laser source for the 

Cy3 fluorophore. The hydrodynamic size, brightness per particle, and particle 

concentration were obtained from fits of the FCS autocorrelation curves for single 

component diffusion as described elsewhere4, 5, 6.  

Fluorescence imaging was performed using an inverted Zeiss Elyra microscope 

operated in total internal reflection fluorescence (TIRF) geometry. A 1.46 NA 100X 
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objective was used for illumination and light collection. Fluorescent signal was 

filtered using a 570 - 620 nm band pass filter. A 543 nm laser (4.2 mW laser power, 

measured at the objective) was used as an excitation source for the Cy3 fluorophore. 

Imaging conditions were optimized to minimize deviations in excitation power, image 

focus, and photobleaching, resulting in reproducible single particle intensity 

distributions7. For each imaging experiment, a series of 50 images (100 ms/frame) was 

acquired, beginning just before the excitation laser was turned on. Images acquired 

before the laser power stabilized (~700 ms) were discarded and intensity analysis was 

performed on the first image of the remaining stack. “Definite focus” focal-drift 

compensation was used during image acquisition. Biotinylated SNPs were attached to 

streptavidin coated slides by incubation for several minutes before rinsing with PBS to 

remove free SNPs. All imaging experiments were performed in PBS.   

 

Intensity Analysis 

 Spot detection and subsequent spot intensity analyses were performed using a 

home-built MATLAB program8. Spot detection was performed inside a 256 x 256 

pixel2 area to minimize deviations in excitation power and image focus (green dashed 

box line in Figure A.2a). For individual SNPs, we expect that peak pixel intensity 

(IPeak in Figure A.2b) and spot area increase with particle brightness8. However, we 

observed widely varying spot areas for low intensity substrate contaminants, which 

were occasionally found on streptavidin-coated substrates (Figure A.3). We have 

therefore used IPeak as an area-independent metric for spot identification. Specifically, 

spots with IPeak above a threshold value (IThreshold) were centered in a 17 x 17 pixel2 

region of interest (ROI). As illustrated in Figures A.3c and d, IThreshold was increased to 

reduce false positive identification of low intensity contaminants. However, at high 

IThreshold values, increasing numbers of low intensity SNPs were also excluded from 
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analysis. For this reason, IThreshold was kept between 0 and 7500. IThreshold was 

optimized and held constant for all experiments performed using a particular batch of 

substrates. For this reason, only imaging experiments performed using the same batch 

of substrates were compared directly. As an example, a discarded spot with IPeak below 

IThreshold, is highlighted in red in Figure S2a and shown magnified in the inset on the 

right side for clarity. Spots identified for intensity analysis (IPeak > IThreshold) are 

bounded in white (Figure A.2a). Figure A.2b shows the intensity profiles of a 

representative spot in the x- and y- directions. The background level and full width at 

half maximum (FWHM) were determined from Gaussian fits centered on IPeak in the 

x- and y- directions (Figure A.2b). Spot intensity was calculated as the background-

corrected sum over all pixels inside an approximately circular area, defined using 

FWHMx and FWHMy as the x- and y-axis lengths of an ellipse8. A single background 

value was calculated by averaging background signals determined from the x- and y- 

spot intensity profiles (Figure A.2b). To avoid errors in defining background signal, 

the ROI size was optimized to accommodate the entire spot intensity profile. Since the 

background level was determined from the tails of Gaussian fits to the spot intensity 

profile, small ROIs resulted in artificially inflated background signals and 

correspondingly low apparent intensities for large spots.  

We applied additional selection rules to exclude ROIs containing multiple 

SNPs from analysis. Assuming that the point spread function (PSF) of a single SNP is 

approximately symmetric9, we attributed large deviations to overlap of multiple 

nanoparticle PSFs (Figure A.2a). Spots were therefore rejected if the FWHMs of 

Gaussian fits in the x- and y-direction were unequal beyond a 5% tolerance (orange). 

Spots were also rejected if ROIs overlapped with the boundary of the area of analysis 

(green) or with another ROI (blue) to minimize associated errors. Examples are again 
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highlighted in the image in Figure A.2a and magnified in the insets on the right side of 

the figure.  
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Figure A.1. Characterization of SNPs synthesized by homogenous growth. (a, b) TEM 

images of SNPs prepared using (a) 1.3 μM Cy3/APTES or (b) 24.0 μM Cy3/APTES 

prior to PEGylation and corresponding image based size analysis. (c, d) GPC elugram 

of PEGylated SNPs prepared using (c) 1.3 μM Cy3/APTES or (d) 24.0 μM 

Cy3/APTES. Native solutions contained aggregated SNPs, SNPs, and free reactants 

(black arrows). Narrowed size distributions were achieved by collecting only a 

fraction of the SNP peak (blue).  
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Figure A.2. Spot detection and intensity analysis. (a) A typical fluorescence image of 

Cy3-loaded SNPs acquired using TIRF microscopy.  Spot detection was performed 

inside a 256 x 256 pixel2 area (green dashed box).  Spots with peak intensity (IPeak) 

above a threshold value (IThreshold) were centered in a 17 x 17 pixel2 region of interest 

(ROI). As an example, a discarded spot, with IPeak below IThreshold, is highlighted in red 

and shown magnified in the inset for clarity. Spots arising from overlap of multiple 

nanoparticles were rejected if the FWHMs of Gaussian fits in the x- and y-direction 

deviated by more than 5% (orange box). Spots were also rejected if ROIs overlapped 

with the boundary of the area of analysis (green box) or with another ROI (blue box). 

Examples are highlighted in the image and magnified in the inset. Spots identified for 

intensity analysis are bounded in white. (b) Intensity profiles of a representative spot 

in the x- and y- directions. Gaussian fits are shown in teal and purple, respectively. 

The positions of the profiles are marked in the inset images. IPeak and IThreshold are 

marked using red dashed lines. Background signal is determined from the Gaussian fit 

and marked in the plots using black dotted lines. Spot intensity is calculated as the 

background-corrected sum over all pixels inside the FWHM.   
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Figure A.3. Substrate background and intensity threshold. (a) A fluorescence image of 

a streptavidin-coated glass substrate, taken before biotinylated SNPs were added. (b) 

A contrast-enhanced version of the image shown in (a), highlighting low intensity 

spots that result from substrate contamination. (c, d) Spot intensity distributions 

resulting from images of Cy3-loaded SNPs using (c) low and (d) high values for 

IThreshold. Spot intensity was calculated as the background-corrected sum over all pixels 

within the FWHM. However, we have used the peak pixel intensity (IPeak) as a spot 

area-independent metric for spot identification. Spots are selected for analysis if IPeak > 

IThreshold.  In experiments performed using this set of substrates, IThreshold = 7500 was 

chosen to reduce false positive identification of fluorescent substrate contaminants 

(black arrows). IThreshold was not increased beyond this value, because increasing 

numbers of low intensity SNPs would also be excluded from analysis. SNPs used for 

this analysis were synthesized by seeded growth, using 24.0 μM Cy3/AEAPTMS. 
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Figure A.4. Characterization of nanoparticle intermediates during seeded growth, 

using 24.0 μM Cy3/AEAPTMS. (a) DLS derived size distributions of blank SNP cores 

and Cy3-labeled SNPs with one or two shells added. DLS measurements were taken 

prior to PEGylation. (b) Normalized absorption and emission spectra for free Cy3 dye 

and Cy3-labeled SNPs with one or two shells added, following PEGylation and 

subsequent GPC purification. (c, d) TEM image of final two-shell Cy3-labeled SNPs, 

prior to PEGylation, and corresponding image based size analysis. (e) GPC elugram of 

PEGylated, two-shell Cy3-labeled SNPs. Native solutions contain aggregated SNPs, 

SNPs, and free reactants (black arrows). Narrowed size distributions were achieved by 

collecting only a fraction of the SNP peak (blue). 
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Figure A.5. Intensity distributions for SNPs synthesized using seeded growth and (a) 

6.0 μM, (b) 24.0 μM, or (c) 30.0 μM Cy3/AEAPTMS. Distributions for SNPs 

obtained from two independent syntheses under the same conditions are superimposed 

(gray) to demonstrate reproducibility of the approach. Insets show the corresponding 

TIRF images.  
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APPENDIX B 

SUPPORTING INFORMATION FOR CHAPTER 3 

 

 

Figure B.1. Optimization of laser power in TIRF microscopy. (A) to (D) Single 

particle intensity distributions for SNPs prepared by homogenous growth using 1.3 

μM Cy3/APTES. Images were acquired using (A) 0.8 mW, (B) 4.2 mW, (C) 10.5 

mW, and (D) 21.0 mW laser power, measured at the objective. Representative 

fluorescence images are shown in the insets.  
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Figure B.2. Comparison of homogenous and seeded growth conditions in TIRF 

microscopy. (A) to (C) Single particle intensity distributions for SNPs prepared by (A) 

homogenous growth, (B) seeded growth of 2-fold diluted cores, and (C) seeded 

growth of 5-fold diluted cores. 24 μM Cy3/APTES was used in all syntheses. 

Representative fluorescence images are shown in the insets.  

 

 

 



136 

 

 

 

 

 

Figure B.3. Characterization of size dispersity in SNPs prepared using different dye 

conjugates. TEM images and GPC elugrams corresponding to SNPs prepared by 

seeded growth using (A, B) 24.0 μM Cy3/APTES, (C, D) 24.0 μM Cy3/APTMS, and 

(E, F) 24.0 μM Cy3/AEAPTMS. All dye conjugates in this series were prepared using 

a 10-fold excess of aminosilane. TEM images were taken prior to PEGylation and 

GPC purification. The dominant peak in each GPC elugram corresponds to the 

PEGylated SNP product. The asymmetric peak shape is attributed to the presence of 

smaller, secondary particles. This peak is therefore approximated as a superposition of 

two Gaussian distributions, corresponding to main (red) and secondary (blue) particle 

populations. The amount of secondary nucleation is estimated by comparing the peak 

areas calculated from the Gaussian fits. Calculated ratios of the secondary particle 

peak area (blue) to the main particle peak area (red) are (A) 0.26, (B) 0.37, and (D) 

0.29. Gaussian fits of the aggregate (purple) and remaining free reactants (green) 

peaks complete the analysis. 
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APPENDIX C 

SUPPORTING INFORMATION FOR CHAPTER 4 

 

Cryo-TEM and micelle size measurements 

For direct observation of micelle size and size distribution, five samples of 

native micelle solution (before silane addition) with varying [TMB] and stirring 

conditions were subjected to cryo-TEM characterization. The first four samples, 

containing 0mM, 4mM, 72mM and 116mM TMB, were prepared by adding TMB into 

CTAB/NH4OH (22.78mM/150mM) aqueous solution under stirring at 600 rpm. The 

stirring was maintained at 600 rpm for two hours before an aliquot of the micelle 

solution was removed for cryo-TEM sample preparation. Immediately afterward, 

TMOS and APTMS were added to the native micelle solutions to make the 

corresponding MSNs shown in the bottom row of Fig.3a through d. The fifth sample, 

containing 72mM TMB, was prepared by adding TMB into CTAB/NH4OH 

(22.78mM/150mM) aqueous solution under stirring at 600 rpm. The stirring was 

maintained at 600 rpm for about 30 seconds to ensure homogeneous dispersion of 

TMB into the solution. The stirring was then stopped and the solution was left static 

for two hours before cryo-TEM sample preparation. Then, the stirring was started 

again and maintained at 100 rpm during TMOS and APTMS addition. One minute 

after silane addition, the stirring was stopped and the reaction solution was kept static 

through the remainder of the synthesis. TEM results of this synthesis procedure are 

shown in Fig. 4.3e.  

Samples for cryo-TEM analysis were prepared by plunge freezing. 4 L of 

solution were pipetted onto a plasma-etched Quantifoil holey carbon TEM grid that 

was plasma cleaned for 10s with a mixture of argon and oxygen gases. The specimen 

was manually blotted for 6-8 seconds and plunged into a liquefied mixture of ethane 
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and propane1. Grids were transferred to the TEM and imaged below the 

recrystallization temperature of the specimen using a Gatan cryo-transfer holder. 

Cryo-TEM images were collected under low-dose conditions using a customized FEI 

Titan Themis 300 operating at 300 kV equipped with a cryo-box and FEI Ceta 16M 

camera. All images were collected at -2 m defocus at a dose between 80-120 

electrons/Å2. 

Micelle size distributions were determined from cryo-TEM images. Images 

were cropped to regions of micelles suspended in vitreous ice in a TEM grid hole. 

Using in-house python code, micelles were located via a Laplacian of Gaussian blob-

detecting algorithm and their sizes measured by fitting the local image intensity at the 

location determined by the blob-finder to a two-dimensional Gaussian function. 

Reported diameters are , where  and  are the standard deviation of 

the 2D Gaussian in x and y directions determined by the longest and shortest axes of 

the micelle. For each image, the intensity threshold of the blob-detecting algorithm 

was set by hand to ensure correct identification of micelles without inclusion of noise. 

Size distributions for each condition were calculated from 5-7 images collected at 

different locations across the TEM grid. 

To describe the shape of the micelle size distributions, the histograms were fit 

to a skew-normal distribution using nonlinear least squares fitting in python: 

, (1) 

where erf is the error function, A,  and  are amplitude, average size and scale 

parameter, respectively. The parameter  describes the departure from the normal 

distribution and improves fitting for distributions with a longer tail. The skew-normal 

distribution was chosen because it describes well the tail of the size distribution 

contributed by larger micelles2. 
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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

||, (2) 

where  is a unique set of integer coordinates and ei
|| = {cos(α(i - 1)), sin(α(i - 1))} 

with α = π/6 and i = 1-4. The corresponding vector in perpendicular space is  

r┴ = n1e1
┴ + n2e2

┴ + n3e3
┴ + n4e4

┴, (3) 

where  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/6 and i = 1-4. 

As shown in Figure 2d, 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 
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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, 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]. 

 

Growth Simulations 

Growth of quasicrystalline mesoporous silica materials has previously been 

modeled as a random aggregation of triangle and square tiles3. The relationship 

between these fundamental triangle/square units and CTAB micelle packings is 

illustrated schematically in Figure 1m. 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 process3.   
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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 tile and all subsequent tiles were randomly chosen from a weighted distribution 

defined by an input triangle/square ratio that reflects the micelle size distribution at 

varying [TMB]. 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 (chosen to reflect the triangle/square ratio in an ideal 

dodecagonal quasicrystal) 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:  

, (4) 

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 



142 

 

from the particle edge to its center of mass. This surface minimizing condition 

produced tilings that mirror the spherical morphology of particles observed in 

experiments. 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. 

(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 constant repulsive parameters to prevent the formation of large 

hexagonal or cubic domains, which were not observed in our experimental particles. 

These repulsive parameters may reflect interfacial interactions between micelles3. 

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. However, if tile attachment generates a defect that cannot accommodate either 

shape, PS = 0.0000075. 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.  
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In order to address the possibility that only growth sites with very low 

attachment probabilities exist, an additional threshold parameter was included. This 

attachment threshold, T, is given by  

T = 0.000075 × r, (5) 

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 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 growth can 

proceed. Since the attachment probability is shape specific, the threshold mechanism 

may act as a barrier to attachment of either type of tile, allowing mismatches between 

the input triangle to square ratio and resulting particle composition.   

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. 
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Fitting of the relationship between Rg and the total number of squares before 

the first triangle is attached. 

The black dots in Figure 5b 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 5c, 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 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 5c 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. 4.1d). 

According to the definition of the radius of gyration, Rg, the radius of gyration of a 2D 

square packing follows the equation: 

, (6) 

where N is the total number of squares and rn is the distance of point n to the center of 

mass of the packing:  

, (7) 

where xn and yn are the normalized coordinates of point n in the coordinate system 

whose origin is the center of mass of the overall square tiling. a = 1 is the edge length 

of a single square tile. 

Rg can then be expressed as: 

, (8) 

Solving for N yields the relationship between Rg and N: 
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, (9) 

N for large packings, where , can be approximated by: 

, (10) 

Since a = 1, 

, (11) 

We therefore fitted the data in Figure 5c using the equation: 

, (12) 

where the fitted values A, B and C were 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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Figure C.1. Fast Fourier transform analysis of a tetraethyl orthosilicate/N-(2-

aminoethyl)-3-aminopropyltrimethoxysilane derived multicompartment particle. a, 

Transmission electron microscopy image of a multicompartment mesoporous silica 

nanoparticle with one branch, synthesized using 29 mM mesitylene and 13.8 mM 

ammonium hydroxide. The reaction stirring rate was 650 rpm. The scale bar is 100 

nm. b, Fourier diffractogram (FD) of the cubic core region in (a) (green box), showing 

spots from the cubic Pm n lattice along the [110] zone axis. c, FD of the hexagonal 

branch region in (a) (red box), showing spots from the hexagonal p6mm lattice. d, FD 

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 C.2. Structure evolution of tetraethyl orthosilicate/N-(2-aminoethyl)-3-

aminopropyltrimethoxysilane derived mesoporous silica nanoparticles as a function of 

mesitylene concentration as revealed by small angle x-ray scattering and nitrogen 

sorption. a, Small angle x-ray scattering patterns of mesoporous silica nanoparticles 

prepared at 12 mM, 29 mM, 47 mM, 116 mM, and 205 mM mesitylene (TMB). 

Particles were synthesized using constant ammonium hydroxide (13.8 mM) and 

stirring rate (650 rpm). Expected peak positions from cubic Pm n and hexagonal 

p6mm lattices are marked using solid and dashed lines, respectively. b, c, Nitrogen 

sorption isotherms (b) and corresponding density functional theory (DFT) derived 

pore size distributions (c) of mesoporous silica nanoparticles prepared at varying TMB 

concentrations. In (b), starting from the second curve, each isotherm is offset along the 

y-axis by 200 cm3/g compared to the previous one. 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 C.3. Single-tilt transmission electron microscopy study of a tetraethyl 

orthosilicate/N-(2-aminoethyl)-3-aminopropyltrimethoxysilane derived mesoporous 

silica nanoparticle with dodecagonal tiling. Quasicrystalline tetraethyl orthosilicate/N-

(2-aminoethyl)-3-aminopropyltrimethoxysilane particles were synthesized using 116 

mM mesitylene and 13.8 mM ammonium hydroxide. The reaction stirring rate was 

650 rpm. From these images it is difficult to extract the three-dimensional particle 

structure. All scale bars are 100 nm. 
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Figure C.4. Synthesis maps of mesoporous silica nanoparticles synthesized using two 

different silane systems. a, b, Structures of tetraethyl orthosilicate/N-(2-aminoethyl)-

3-aminopropyltrimethoxysilane (TEOS/AEAPTMS) (a) and tetramethyl 

orthosilicate/(3-aminopropyl)trimethoxysilane (TMOS/APTMS) (b) derived 

mesoporous silica nanoparticles synthesized under varying mesitylene (TMB) and 

aminosilane concentrations. TEOS/AEAPTMS and TMOS/APTMS derived MSNs 

were synthesized using 13.8 mM and 120 mM ammonium hydroxide, respectively. 

The insets in (b) are transmission electron microscopy (TEM)  images of 

representative TMOS/APTMS derived particles. The numbered markers in the top left 

corner of each TEM image can be correlated to specific positions on the synthesis 

map. c, Extended data set relative to what is shown in Fig. 2e of the main text, 

including TEM images and square-triangle tilings of mesoporous silica nanoparticles 

synthesized using the TMOS/APTMS system. The concentration of APTMS used in 

synthesizing this series of particles was 14 mM. Scale bars in all images are 100 nm. 
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Figure C.5. Pore size analysis of tetraethyl orthosilicate/N-(2-aminoethyl)-3-

aminopropyltrimethoxysilane derived mesoporous silica nanoparticles synthesized 

under varying conditions. a, Pore size distributions of mesoporous silica nanoparticles 

synthesized using the tetraethyl orthosilicate/N-(2-aminoethyl)-3-

aminopropyltrimethoxysilane (TEOS/AEAPTES) system and varying mesitylene 

(TMB) concentrations. b, Pore size distributions of mesoporous silica nanoparticles 

synthesized using TEOS/AEAPTES system and varying stirring rates. The ammonium 

hydroxide concentration in all syntheses was 13.8 mM. The pore size distributions 

obtained from fits of the corresponding nitrogen adsorption/desorption experiments 

shown in Supplementary Figures 2 and 6 were fit with linear combinations of one, 

two, or three lognormal functions. In bimodal and trimodal fits small, medium, and 

large micelle distributions are colored blue, green, and red, respectively. 
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Figure C.6. Structure evolution of tetraethyl orthosilicate/N-(2-aminoethyl)-3-

aminopropyltrimethoxysilane  derived mesoporous silica nanoparticles as a function of 

stirring rate. (a) Small angle x-ray scattering (SAXS) patterns, (b) nitrogen sorption 

isotherms, and (c) corresponding density functional theory derived (DFT) derived pore 

size distributions of mesoporous silica nanoparticles prepared from tetraethyl 

orthosilicate (TEOS), N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTES), 

and 29 mM mesitylene (TMB) at varying stirring rates. The ammonium hydroxide 

concentration in all syntheses was 13.8 mM. In the SAXS patterns, expected peak 

positions for cubic Pm n and hexagonal p6mm lattices are indexed using solid and 

dashed 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. d-g, Transmission 

electron microscopy images of TEOS/AEAPTMS derived mesoporous silica 

nanoparticles prepared from 29 mM TMB at stirring rates of (d) 500 rpm, (e) 650 rpm, 

(f) 850 rpm, and (g) 1000 rpm. Scale bars are 200 nm. Insets are magnified images on 

selected areas (rectangles).  



152 

 

 

 

Figure C.7. Tiling analysis for mesoporous silica nanoparticles synthesized using the 

tetraethyl orthosilicate/N-(2-aminoethyl)-3-aminopropyltrimethoxysilane silane 

system at 116mM mesitylene. a-e, Square-triangle tilings superposed on high-

magnification transmission electron microscopy (TEM) images of five dodecagonal 

mesoporous silica nanoparticles with (a) 23, (b) 33, (c) 38, (d) 45, and (e) 48 vertices. 

The randomly colored points in the associated parallel and perpendicular space plots 

show how individual points move during the transformation from parallel to 

perpendicular space. f, Corresponding phason strain analysis of mesoporous silica 

nanoparticles. Plot of Rg in perpendicular vs. parallel space, calculated for tetraethyl 

orthosilicate/N-(2-aminoethyl)-3-aminopropyltrimethoxysilane derived mesoporous 

silica nanoparticles synthesized at 116 mM mesitylene (TMB) and 13.8 mM 

ammonium hydroxide. The reaction stirring rate was 650 rpm. The phason strain 

determined from this analysis is 0.19. The insets show a TEM image of a 

quasicrystalline MSN (left) and the corresponding Fourier diffractogram (right), scale 

bar 100nm. 
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Varying [TMB] @ Constant Stirring Rate 

650 RPM 

[TMB]  Small Pores Medium 

Pores 

Large Pores 

12 mM 

Total Vol. (cm3/g) 0.055   

Avg. Pore Width (nm) 4.3   

FWHM (nm) 0.3   

47 mM 

Total Vol. (cm3/g) 0.010 0.109  

Avg. Pore Width (nm) 4.6 5.3  

FWHM (nm) 0.3 0.6  

116 mM 

Total Vol. (cm3/g) 0.003 0.055 0.117 

Avg. Pore Width (nm) 4.6 5.3 5.9 

FWHM (nm) 0.3 0.4 0.5 

205 mM 

Total Vol. (cm3/g) 0.002 0.028 0.186 

Avg. Pore Width (nm) 4.4 5.5 6.5 

FWHM (nm) 0.3 0.7 1.1 

Constant [TMB] @ Varying Stirring Rates 

29 mM 

TMB 

Stirring 

Rate 

 Small Pores Medium 

Pores 

Large Pores 

500 rpm 

Total Vol. (cm3/g) 0.056   

Avg. Pore Width (nm) 4.4   

FWHM (nm) 0.3   

850 rpm 

Total Vol. (cm3/g) 0.005 0.139  

Avg. Pore Width (nm) 4.6 5.4  

FWHM (nm) 0.3 0.7  

1000 rpm 

Total Vol. (cm3/g) 0.003 0.053 0.127 

Avg. Pore Width (nm) 4.6 5.4 6.0 

FWHM (nm) 0.3 0.5 0.8 

 

Table C.1. Pore size analysis derived from nitrogen sorption measurements on 

mesoporous silica nanoparticles synthesized using tetraethyl orthosilicate and N-(2-

aminoethyl)-3-aminopropyltrimethoxysilane. Total pore volumes, average pore 

diameters, and full width at half maximum (FWHM) values are determined from log-

normal fits of plots of incremental volume vs. pore diameter (fits shown in Fig. C.5).  
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APPENDIX D 

SUPPORTING INFORMATION FOR CHAPTER 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D.1. (a-c) Tilings from simulations performed using a modified version of 

Tiling Rule 3 that allows replacement site selection only. A scale bar is defined using 

the tile edge length measured from TEM images of MSNs.   
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Figure D.2. Representative tilings using S = 0.1 (a) and 0.01 (b) and radius = 25 d.  A 

scale bar is defined using the tile edge length measured from TEM images of MSNs.  

Particle cores are marked using black boxes and are shown magnified in the insets.  

 


