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 I 

Abstract 

 

Ultra-small mesoporous silica nanoparticles (mC dots) have good biocompatibility, renal 

clearance, and possess a single pore, rendering them a promising candidate for 

applications in drug delivery. Previous experiments proved that model drugs (dyes) can 

be loaded into the pore, however, how to keep the dyes from leaking out remains a 

problem, and the first part in this thesis presents a way to seal the pore with the addition 

of ß-Cyclodextran as the gate, while other desired characteristics, such as size and narrow 

size distribution, are still kept.  

 

Single pore mC dots have been developed based on the knowledge from the synthesis of 

sub-10 nanometer silica nanoparticles (C’ dots), which in turn have shown excellent 

performance as nanoprobes. While their successful synthesis and important features come 

from the fast silicate hydrolysis and slow condensation, as well as growth termination via 

reaction with a poly(ethylene glycol) (PEG) derivative, referred to as PEGylation, the 

chemistry involved in those processes is not fully understood. Thus, the conductivity of 

the solution was monitored, and through the changes in the number of charge carriers, 

details about the processes were revealed. The second part of the thesis therefore focuses 

on the silicate hydrolysis and condensation, and it’s shown that while increased ethanol 

proportion in the solution slows down the process, higher pH value facilitates it; also, 

among tetramethyl orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS), TMOS 

exerts much faster hydrolysis and condensation rates. This helps explain the 
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monodispersity and good size control of C’ dots and mC dots, as the conditions used here, 

TMOS in pH 8 aqueous solution, allows for very fast hydrolysis and condensation. 

 

Finally, the third part studies the PEGylation process. Again through conductivity 

measurements, the influence of ethanol-water ratio and pH value was studied, and it is 

discovered that there is possibly a physical adsorption between PEG and bare silica 

particles before the chemical bonds form. This explains the success of PEGylation in the 

synthesis; when the charges carried by particles are neutralized by attached PEGs, the 

particles may aggregate when the PEGs are not enough in number to keep particles apart 

via steric effects, but as physical adsorption is much faster than chemical reaction, the 

fast attachment can help particles to traverse through this “valley of death”. 

 

In summary, this thesis presents a way to endow mC dots with drug holding abilities, and 

also gives insights into the chemistry involved in the synthesis and PEGylation process of 

ultrasmall silica nanoparticles, providing the knowledge for better control of the system. 
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Chapter 1 

Introduction 

 

Cancer has become a major cause of death [1]. Among various treatments for cancer, 

nanomedicines have attracted a lot of attention recently due to their ability to track cancer 

cells and deliver drug directly into tumor [2,3]. While most nanocarriers currently in 

clinical trails are organic materials-based, silica nanoparticles (SNPs) show great 

potential due to their biocompatibility and stability; however, as silica, in particular 

surface functionalized silica, degrades very slowly in biosystems, SNPs need careful size 

control to achieve renal clearance, whose threshold is 10 nm [4]. Sub-10 nanometer 

fluorescent SNPs (C dots) have already demonstrated their potential through clinical 

trials [5,6], and C’ dots, fluorescent ultra-small SNPs synthesized in water [7], are also 

going through a clinical trial. These particles are not only below the threshold for renal 

clearance, but also display enhanced fluorescent brightness when endowed with the right 

inorganic composition [7]. Another strong candidate are mesoporous SNPs (mC dots), 

which have a single pore and also can be synthesized below 10 nm in size therefore 

exhibiting immense potential as a platform for drug delivery [8]. The first project covered 

in this thesis is to study the mechanism to endow mC’ dots with the ability to hold drugs 

within their pores; fluorescent dyes were used as model drugs, and results showed 

successful sealing of the pores, supporting the great potential for mC dots.  
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The performance of C’ dots and mC dots can be attributed to their controlled size, narrow 

size distribution, long-term stability and biocompatibility [7,8]. In order to achieve those 

critical properties, fast silica nucleation and successful PEGylation are key, but the 

mechanisms involved are not fully understood; therefore, the second part of the thesis 

focuses on silica hydrolysis and condensation. Conductivity measurements were used in 

both projects to track the changes in the number of charge carriers in solution and 

characterize these processes. It is discovered that pH and the presence of ethanol both 

influence the silica nucleation process, and that the conditions used in C’ dot and mC dot 

syntheses allow for fast nucleation. 

 

Studies in the third part focus on the PEGylation process via conductivity measurements. 

Before the PEGylation process, bare particles are stabilized by the negative charges on 

their surfaces; after PEGs are added, they attach to the particle surface and quench the 

charges, stabilizing particles sterically. However, during this process, there may be a 

window when electrostatic repulsion is not strong enough to keep particles apart, while 

the surface PEG density is still too small to stabilize particles. At this point particles will 

aggregate. However, the PEGylation of C’ dots and mC’ dots have proven to be highly 

successful without causing any aggregation, and understanding the underlying 

mechanisms may guide the PEGylation of other SNPs. Therefore, this project focuses on 

the PEGylation process in the synthesis of C’ dots employing in-situ fluorescence 

correlation spectroscopy (FCS) and conductivity measurements. It is revealed that the 

PEGylation process of C’ dots has a very fast component, effectively avoiding 

aggregation that usually comes during the PEGylation. The overall process consists of 
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two steps. First, there is a physical adsorption between PEGs and the bare SNP surface. 

Then, the silane end of the PEG-silane condenses onto the particle surface. The fast 

physical attachment in the first step is critical in stabilizing particles before the 

condensation is fully completed. 
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Chapter 2 

Drug loading mechanism of mC dots 

 

1. Introduction 

Ultrasmall sub-10 nm mesoporous silica nanoparticles, or mC dots, are strong candidates 

for drug delivery purposes due to their advantageous size and good biocompatibility [8]. 

In order to ensure fast and safe passage in human systems, mC dots are synthesized to 

below 10 nm, which is the threshold for renal clearance [4]; they are also surface-

modified with PEGs. Therefore, mC dots are electrostatically neutral and can be cleared 

through the kidney, rendering them ideal for clinical applications. The single pore in the 

particle also provides the possibility for drug loading and delivery. Successful drug 

delivery consists of two parts: drug loading, i.e. the ability to load drug and keep it in the 

particle; and drug release, i.e. the ability to release drug once the particle enters targeted 

areas. Previous studies revealed that although cargo can be loaded into the pore in mC 

dots, it leaks out within 24 hours (Figure 1). A hydrophobic dye, Rh 123, was 

successfully loaded into mC dots as shown in Figure 1, but after one day of dialysis in 

water, it already leaked out as demonstrated by absorbance measurements. Therefore, the 

studies in this part are focused on a pore-sealing mechanism, with the goal to propose a 

way to endow particles with the ability to keep drugs inside the pore. 
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Figure 1. Absorbance spectra for Rh 123-loaded mC dots. Blue line was the absorbance taken before dialysis, 
and red line was taken after dialysis. 

 

One plausible way to seal the pore is to add an additional ligand in the PEGylation step. 

This second ligand should possess chains that are wider than PEG chains, and when the 

wide-chain ligands attach to the particle surface, they can cover the pore and prevent 

drugs from entering into or leaking out of the pore. The attachment of a second ligand is a 

common method that has been used in many drug-delivery systems. The “gate” ligand 

used should be non-toxic while being wide enough; the possibility of controlled drug 

release is also important. One type of widely used ligands are saccharides [9-14]; They 

are bio-safe and can be responsive to multiple triggers, such as pH, enzymes, and 

glutathione. 

 

The ligand used in this study is ß-cyclodextrin. Cyclodextrins (CDs) are cyclic 

oligosaccharides consisting of 6 to 8 glucose units (α-, ß-, and γ- CD, respectively). They 

Before	  dialysis 

After	  dialysis 
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are widely used in pharmaceutical and food industries as well as in drug delivery [15]. 

Due to their hydrophilic outer surface and the hydrophobic cavity, they are often used as 

vessels in drug delivery, and host hydrophobic drugs in their cavity; the addition of CDs 

to less water-soluble drugs improves their solubility and bioavailability [15]. Among the 

three CDs, ß-CD is the best-studied and lowest-priced, and has a size (around 1 nm) 

comparable to the pore size within mC dots (around 3 nm), and is therefore selected as a 

feasible chemical in the study. Another saccharide used in the study is dextran (mol wt 

1,000, Dex-1000), a linear oligosaccharide with 7 units, similar to ß-CD. Similar 

oligosaccharides have been used to cap MCM-41 and achieved drug delivery [14], so the 

more available Dex-1000 was studied here. The chemical structures of PEG-silane, ß-CD 

and Dex-1000 are shown in Figure 1. 

 

The synthesis of ligand-functionalized particles follows the same surfactant-directed 

synthesis protocol as for standard mC dots, with the addition that silane-conjugated ß-CD 

or Dex-1000 is added immediately after the addition of PEG and before the high 

temperature treatment. Standard mC dots are PEGylated with PEG-silane on the 

“outside”, which terminates particle growth, quenches particle charges and maintains 

long-term stability. However, this leaves the “inside”, i.e. the pores, wide open after 

surfactant removal. The addition of conjugated ß-CD or Dex-1000 in the synthesis 

effectively covers the pore, which therefore may better hold a loaded drug inside.  
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Figure 2. Chemical structures of: (a) PEG-silane (2-[Methoxy(polyethyleneoxy)propyl]trimethoxysilane), (b) ß-
CD (ß-cyclodextrin), and (c) Dex-1000 (dextran with mol wt of 1,000 g/mole). 

 
There are two ways to demonstrate the sealing effect. One is to seal the pore first and 

then test if drug can still enter the pore; the other is to load drugs first and test if drugs 

cannot leak out after addition of conjugated ß-CD. For the ease of measurement, dyes 

were chosen as a model drug in both experiments. First, hydrophobic dye Rh 123 was 

added to solutions of ß-CD and Dex-1000 conjugated mC dots as well as standard mC 

dots, and fluorescence measurements were taken to determine whether the dyes entered 

the pore. Secondly, another hydrophobic dye, PIN (pinacyanol chloride), was loaded into 

particles before conjugation with ß-CD, and absorbance measurements of finished 

particles were carried out to show whether the dye was successfully loaded and held 

within the pores. The possibility of using ß-CD to achieve drug delivery is discussed 

based on the results, and future steps are proposed. 

 

 

2. Materials and Methods 

2.1. Materials 

All chemicals were used as received. Ammonia solution (2.0 M in ethanol), 

hexadecyltrimethylammonium bromide (CTAB), tetramethyl orthosilicate (TMOS), 2-

a b c
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[methoxy(polyethyleneoxy)propyl]trimethoxysilane (PEG-silane), ß-cyclodextrin, 

dextran from Leuconostoc mesenteroides (Dex-1000), pinacyanol chloride (PIN), (3-

aminopropyl)triethoxysilane (APTES) and Rhodamine 123 (Rh123) were purchased from 

Sigma Aldrich and used as received. Acetic acid was purchased from Mallinckrod and 

used as received. DI water was generated from a Millipore Milli-Q system. 

 

2.2. Synthesis of mC dots with dextran and ß-cyclodextrin 

2.2.1. Conjugation of ß-CD 

ß-CD was conjugated with APTES. ß-CD was first dissolved into DMSO, and then 

mixed with APTES. The molar ratio of ß-CD to APTES was chosen as 1:7 in order to 

ensure that each glucopyranose unit is conjugated to APTES. 

 

2.2.2. Synthesis of particles 

The synthesis of mC dots and functionalization with ß-CD follows the same base 

protocol for mC dot synthesis with the addition of a conjugation step using ß-CD solution. 

1 mL 0.02 M ammonium hydroxide aqueous solution was added into 9 mL of DI water, 

and then 0.23 mmol CTAB was added under vigorous stirring at the temperature of 30 ºC. 

After 30 min, when CTAB fully dissolved, 0.45 mmol TMOS was added with continuous 

stirring. The solution was further stirred at 30 ºC for 24 hrs, and then 0.2 mmol PEG-

silane was added; immediately following that, 66.2 µL conjugated ß-CD was added. The 

molar ratio between TMOS, PEG and ß-CD was 225:100:4.08. After another 24 hrs of 

stirring at 30 ºC, stirring was stopped and the solution was heated at 80 ºC overnight. 

Then the solution was cooled to room temperature, and was dialyzed in 300 mL acetic 
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acid solution using dialysis membrane tube (Pierce, Molecular Weight Cut off 10000). 

The acid solution was made of DI water, ethanol and acetic acid with the volume ratio 

1:1:0.007. The dialysis process was repeated for three times, each time for 24 hrs; then 

the dialysis membrane tube with the particles was further dialyzed in 2000 mL DI water 

for another 3 times, each time for 24 hours. Following that, the particles were filtered 

with a 200 nm syringe filter (Fisher brand) and put to storage. 

 

In order to optimize the synthesis of ß-CD mC dots, different amounts of ß-CD were used 

in this protocol. The corresponding molar ratios of TMOS, PEG and ß-CD were 

225:100:2.04, 225:100:4.08, 225:100:6.12, 225:100:8.16, 225:100:10.2 and 225:100:13.2.  

 

2.3. Synthesis of mC dots loaded with PIN dye 

The synthesis follows the same procedure as for the particles derived from the molar 

ratios 225:100:4.08, except that 0.016 µmol PIN was added into the solution after the 

CTAB was fully dissolved, but before the addition of TMOS. As PIN is hydrophobic, it 

will enter the CTAB micelles and thus be loaded into particles as TMOS condenses onto 

the CTAB micelles. 

 

2.4. Size and morphology characterization of particles 

The hydrodynamic size of particles was measured through DLS with a Malvern Zetasizer 

Nano-SZ. Three measurements were taken for one sample and the results were averaged. 

TEM images of particles were taken on a FEI Tecnai T12 Spirit microscope operated 

with an acceleration voltage of 120kV. 
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2.5. Characterization of the drug-loading ability of particles 

After the addition of Rh123 into ß-CD functionalized mC dots and standard mC dots, 

fluorescence measurements were carried out using a Photon Technologies International 

Quantamaster spectrofluorometer (PTI, Birmingham, NJ). By comparing the emission 

spectra, the particle ligands’ ability to seal the pore can be characterized. 

 

In order to measure the ability of ß-CD functionalized mC dots to hold PIN within the 

pore, absorption spectra were measured on a Varian Cary 5000 spectrophotometer 

(Varian, Palo Alto, CA). 

 

 

3. Results and discussions 

3.1. Size characterization of ß-CD functionalized mC dots 

One important feature of mC dots is their small size and narrow size distribution. 10 nm 

is the threshold for effective renal clearance, and regular PEGylated mC’ dots possess a 

diameter around 9 to 11 nm. To assess if mC’ dots conjugated with different amounts of 

ß-CD still possess this trait, their hydrodynamic size and size distribution were measured 

by DLS, and the results are summarized in Figure 3. For PEG:ß-CD ratios of 100:2.04 

and 100:4.08, particles had a mean size of 11.8 nm, similar to the 11 nm standard mC 

dots; the size distributions are narrow, and there is no sign of aggregation. The 

morphology is further characterized through transmission electron microscopy (TEM), 

which shows homogenous and well-defined particles, as shown in Figure 4. For higher 
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PEG:ß-CD ratios, particle size went up and size distributions were less satisfactory, 

indicating particle aggregation; as the ratio PEG:ß-CD went still higher, measured sizes 

decreased as the amount of free ß-CD in the solution increased. This suggested that the ß-

CD molecular size interfered with the measurement of particle size. Combined with the 

emission spectra analysis (see below), the protocol with the PEG:ß-CD ratio of 100:4.08 

was selected for all further experiments. 

 

Figure 3. DLS sizes of ß-CD mC dots with different PEG-ß-CD ratios. 
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Figure 4. TEM of ß-CD mC dots, PEG: ß-CD=100:4.08. 

 

3.2. Emission spectra characterization 

Regular mC dots are synthesized with TMOS in DI water at room temperature, with 

CTAB as structure directing agent and ammonia as catalyst. After stirring for one day 

particles have fully formed and PEG-silane is added into the solution. After another 24 

hrs of stirring, a heat treatment at 80 ℃ is applied during which the silane-end of PEG-

silane is fully condensing onto the silica particle surface. In the synthesis of ß-CD mC 

dots and dex-1000 mC dots, however, conjugated ß–CD or dex-1000 was added at the 

same time with PEG-silane and condensed onto particle surface during heating. Therefore, 

the larger and wider ß-CD rings or the longer dex-1000 chains may act as gates and seal 

the particle pore.  One way to test whether the gates can completely seal the pore is to see 

if any cargo can be loaded into the dialyzed and filtered particles. For the ease of 

measurement, flurescent dye Rh 123 was chosen as the cargo. Rh 123 is a hydrophobic 

dye, and once added into the water solution of regular mC dots, it tends to move inside 
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the pores and attach to the inner wall. As a result, its fluorescent peak will shift compared 

to its peak position in water. Therefore, the shift of the peak can be used as an indicator 

about whether Rh 123 entered the pore. In fact, the peak shift is obvious enough to cause 

a change in solution color that can be seen with bare eyes. Therefore, the same amount of 

Rh 123 was added into ß-CD mC dots and Dex-1000 mC dots with different amounts of 

ß-CD or Dex-1000 used in the synthesis, and control groups were DI water and regular 

mC dots. The corresponding color changes can be clearly identified in Figure 5. The 

aqueous solution with free Rh 123 had a bright yellow color, but when added to a 

solution containing mC dots, the color shifted to orange, indicating that dyes entered the 

pores. In contrast when the dye was added to ß-CD mC dot or Dex-1000 mC dot 

solutions, the color stayed bright yellow, similar to the pure aqueous solution. These 

results suggest that both ß–CD and Dex-1000 successfully sealed the pores preventing the 

dye from entering. As Dex-1000 is much more expensive, ß-CD was selected and used 

for subsequent studies. 

 

Figure 5. Rh 123 in ß-CD mC dots and dex-1000 mC dots. 
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In order to quantitatively prove the sealing effect of ß-CD on mC dots, emission spectra 

were taken and compared with those of standard mC dots and dyes in water. The same 

amount of PEG-silane was used in all syntheses, while different amounts of ß-CD were 

employed, with the PEG:ß-CD ratio ranging from 100:0 to 100:13.2. Although the 

PEG:ß-CD ratio is high for all samples, it is possible that the ability to attach ß-CD to the 

particle surface is a function of this ratio. It is therefore important to note that this ratio 

only represents the ratio of chemicals added to the bare particles, but not the ratio of 

additives eventually condensed onto the particle surface. The results in terms of emission 

spectra are summarized in Figure 6. The fluorescent peak of Rh 123 in water is centered 

at around 540 nm, while the peak of Rh 123 loaded regular mC dots is at 550 nm. The 

peaks of ß-CD mC dots with different amounts of ß-CD are at a similar position to that in 

water, and far away from the peak of standard mC dots. This indicates that for all the 

amounts of ß-CD used, dyes were blocked from entering the pores thus resulting in 

fluorescent characteristics similar to that in aqueous solution. The results also suggest 

that for all amounts of ß-CD tested similar pore-sealing effects are observed.  
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Figure 6. Emission spectra of ß-CD mC dots from different amounts of ß-CD in the synthesis 

 

3.3. Absorbance spectra characterization 

Through the above experiments it is demonstrated that ß-CD can effectively seal the 

pores of mC dots and prevent cargo from entering the pore. As the ultimate goal for mC 

dots is to achieve drug delivery, it is important to show that conjugated ß-CD can also 

seal loaded cargos within the pore. To that end the hydrophobic dye PIN was chosen as 

the cargo. It is hydrophobic and has two absorbance peaks, one at 604 nm and one at 560 

nm (2nd). PIN was added into the mC dot synthesis reaction before the addition of TMOS. 

Since PIN is hydrophobic, it was expected to enter the CTAB micelles, and when TMOS 

was added and formed silica around the micelles, PIN was encapsulated within the pore. 

After the addition of TMOS, silane-conjugated TMR was added into the solution in order 
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to co-condense with TMOS. After that the solution was split in half, and one part was 

PEGylated with PEG-silane while the other was treated with both PEG-silane and ß-CD. 

Finished particles were dialyzed three days in acetic acid solution and three days in DI 

water. Dialysis is the step where loaded mC dots were expected to lose dyes, so 

absorbance spectra were taken after both particles were fully dialyzed, and the drug-

holding ability was determined by the brightness of the dye’s as reflected by the 

absorbance spectra. As illustrated in Figure 7, both the standard mC dots spectrum and 

the ß-CD mC dots spectrum had two peaks. The peaks around 560 nm are the peaks for 

TMR. As TMR co-condensed into the silica layer, and the brightness of the sample is 

associated with the number of dyes in solution, the intensity of those peaks is an indicator 

of the number of particles in solution. The second peaks positioned at around 300 nm are 

the peaks of PIN; since samples were fully dialyzed, there were no more free PIN dyes in 

the solutions, and therefore the intensity of the peaks is associated with the number of 

PIN dyes loaded and sealed within the pores. As PIN dyes were encapsulated into the 

pores, they self-quenched, leading to a blue shift in their peak position, resulting in the 

spread-out peak shape observed in the figure. From Figure 7, when the concentrations of 

ß-CD mC dots and standard mC dots were the same as indicated by similar TMR peak 

hights, ß-CD mC dots displayed a much higher PIN peak intensity, indicating that they 

effectively held more dyes within their pores. 
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Figure 7. Normalized Absorbance spectra of TMR ß-CD mC dots and regular mC dots, both loaded with PIN 
dye and fully dialyzed. 

 

4. Conclusion 

In this study, Dex-1000 and ß-CD were used in the synthesis of mC dots, and ß-CD was 

selected and tested as a potential ligand to endow mC dots with drug-delivery abilities. 

The size distribution, morphology and pore-sealing abilities of these ß-CD mC dots were 

characterized, and the findings are as follows: 

 

(1) The size of ß-CD mC dots was around 11 nm with good size distribution and with 

homogeneous and well-defined morphology; 
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(2) Emission spectra demonstrated that ß-CD can completely seal the pores so that the 

dye Rh 123 cannot enter; 

(3) Absorbance spectra further showed that ß-CD can also effectively hold the dye PIN 

within the pores so it will not leak out during dialysis. 

 

Therefore, based on the results, ß-CD proves to be a promising candidate in achieving 

drug delivery with mC dots. More studies need to be done regarding its drug releasing 

mechanism, possibly through enzyme reactions or pH control. As ß-CD is a kind of sugar, 

it reacts with enzymes, which could be used to cut ß-CD off thereby releasing the drugs 

carried in the pore. The other way to open the gate is through the alteration of pH, as ß-

CD is sensitive to solution pH. 
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Chapter 3 

Conductivity study on the hydrolysis and condensation of 

TMOS 

 

1. Introduction 

The C dots protocol produces homogeneous ulstrasmall nanoparticles [7], and a key 

factor in its success is the fast silicate nucleation process. While most silica nanoparticles 

are synthesized using a modified Stöber process in ethanol [16-18], the latest generation 

C dots are synthesized in aqueous solution and are referred to as C’ dots [7]. Ethanol-

based Stöber process can produce particles from tens of nanometers to as large as several 

micrometers, but to reach below the renal clearance threshold of 10 nm, water as the 

solvent is preferred [19-21]; moreover, for biological applications, aqueous solutions also 

require less complicated cleaning and purifying processes. Another difference lies in the 

silane used. C’ dots are synthesized with TMOS instead of the more common TEOS 

typically used in the synthesis of mesoporous silica nanoparticles (MSNs), as TMOS has 

a higher hydrolysis rate and solubility in water [22-24]. In order to obtain more detailed 

information about the silane hydrolysis and condensation process, including the influence 

of factors such as pH and ethanol-water solution ratio, a way to monitor the synthesis 

reaction is needed. As hydrolyzed silanes carry negative charges, their hydrolysis and 

condensation will change the number of charge carriers in the solution, thus changing the 
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conductivity of the solution. Therefore, conductivity measurements were carried out to 

provide helpful insights into the C’ dot synthesis process. 

 

 

2. Materials and methods 

2.1. Materials 

All chemicals were used as received. Ammonia solution (2.0 M in ethanol), tetramethyl 

orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS) were purchased from Sigma 

Aldrich. Ammonium hydroxide (assay 29.55%) was purchased from Fisher Scientific, 

and ethyl alcohol was purchased from Pharmco-Aaper. DI water was generated from a 

Millipore Milli-Q system. 

 

2.2. Conductivity measurements 

Conductivity measurements were carried out using a VWR 23226-523 Digital 

Conductivity Meter and an Orion Star A215 pH/Conductivity Benchtop Multiparameter 

Meter.  

 

2.2.1. Hydrolysis and condensation of TMOS and TEOS 

Standard C’ dots were synthesized with TMOS. 15 mL of 0.02 M ammonium hydroxide 

aqueous solution was added into 150 mL of DI water, and 6.7 mmol TMOS was added 

under stirring. The process of adding TMOS was monitored with the conductivity meter, 

and the solution conductivity was monitored for hours. 
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The study on the hydrolysis and condensation of TEOS was carried out using the same 

protocol, except that 2.23 mmol TEOS was added instead of TMOS. 

 

2.2.2. Conductivity measurements with different ethanol proportions 

Following the same protocol, TMOS was added into mixed solutions of water and 

ethanol. The proportion of ethanol in the solution went from 10% to 100% by volume, 

with increments of 10%. The entire process was monitored with the conductivity meter. 

 

2.2.3. Conductivity measurements at different pH values 

The same amount of TMOS was added into water solution with an ammonium hydroxide 

aqueous concentration of 59.5 mmol/L. The process was monitored with a conductivity 

meter, and the pH of the solution was tested with pH strips; the corresponding value was 

9~10. 

 

3. Results and discussion 

Conventional silica nanoparticles are synthesized using TEOS in ethanol with ammonia 

as catalyst, while the synthesis of C’ dots uses TMOS and is in aqueous solutions. The 

higher hydrolysis rate and solubility in water of TMOS is essential for the size control of 

the sub-10 nanometer particles, and therefore this study focuses on the effects on the 

silane hydrolysis and condensation rate as a function of the type of silane, the ammonia 

concentration and the solvent used. 

 

3.1. Hydrolysis and condensation of TMOS and TEOS 
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In standard C’ dots synthesis, TMOS is directly added into aqueous ammonia solution 

whose pH value is around 8. The solution is then stirred continuously for 24 hrs at room 

temperature before PEGylation and heat treatment, and then dialyzed and filtered. Here 

the study is focused on the hydrolysis and condensation of silica, so conductivity 

measurements started at the point of addition of TMOS or TEOS and continued to 

monitor the reaction for a few hours. The results of TMOS hydrolysis and condensation 

are summarized in Figure 8. The conductivity curves were normalized to show the trends 

without the influence of background signal. Before the addition of TMOS, the 

conductivity of the solution stabilized at around 42 µS/cm; immediately following the 

addition of TMOS, conductivity jumped to over 140 µS/cm, and then dropped and 

stabilized around 138 µS/cm. The sharp peak that occurred right at the addition of TMOS 

suggests that TMOS dissolves and hydrolyzes very fast, almost immediately after 

addition; the more gentle decline after the peak indicates that its condensation is slower 

than its hydrolysis, but still fairly fast, as the conductivity stabilized in five minutes, 

meaning the particles already formed within that time. For comparison, in Figure 9, the 

hydrolysis and condensation of TEOS are less rapid, forming an upward conductivity line 

over time, which doesn’t plateau until after 85 minutes. The reason is that TEOS first 

forms oil droplets when it enters water, and then hydrolyzes at the oil droplet – water 

interface. Therefore, synthesis with TMOS is much faster and gives homogenous, small 

particles, while synthesis with TEOS produces larger, less homogeneously size 

distributed particles. 
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Figure 8. Conductivity measurement of standard C’ dot synthesis with TMOS at pH=8. 

 

 

Figure 9. Normalized conductivity measurements of C’ dot formation from TMOS and TEOS as silica source. 

 

3.2. Conductivity measurements with different ethanol proportions 

The silane/silica hydrolysis and condensation rate can be influenced by the proportion of 

ethanol present in the solution. Conductivity was measured as the amount of ethanol in 

the solution varied from 0 to 100%. As depicted in Figure 10, with increasing ethanol 

proportion, the particle formation clearly slowed down, as silane hydrolysis in ethanol is 

much more slowly than in water. Therefore, particles grown in ethanol are generally 

larger as a result of the long-time process. 
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Figure 10. Normalized conductivity measurements of C’ dots synthesis with TMOS in solutions with varying 
ethanol proportions. 

 

3.3. Conductivity measurements at different pH values 

Another important factor influencing the reaction is the pH of the solution. With 

increased pH value, the peak became much sharper (Figure 11), indicating that the 

hydrolysis rate was much higher. The result is consistent with silica sol-gel chemistry, 

where the silane hydrolysis rate is lowest at neutral pH and increases as pH either 

increases or decreases away from pH 7. In contrast to hydrolysis, the silica condensation 

rate peaks around pH 8, consistent with the more smooth slope to reach equilibrium in the 

experiments at pH 10.5. 

 

Figure 11. Normalized conductivity measurements for C’ dots syntheses with TMOS at pH 8 and 10.5. 
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4. Conclusion 

These experiments provide an explanation for the successful size control of C’ dots. In 

aqueous solution with a pH value around 8, the hydrolysis rate of TMOS is high while 

the condensation rate reaches its maximum; this condition enables the fast formation of a 

large number of small primary particles in a short amount of time, which are generally 

only 2~3 nanometers in diameter, and the negative charges they carry keep them stable 

and prevent them from aggregating together. In contrast, syntheses in ethanol solutions or 

using TEOS typically form larger particles due to a slow hydrolysis rate, and the particle 

sizes range from tens to hundreds of nanometers. 
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Chapter 4 

Conductivity study of C’ dot PEGylation process 

 

1. Introduction  

While nanoparticles have shown great potential in biomedical applications [2,3], they still 

face many problems. As noted before, due to their inability to degrade quickly in bio-

systems, they need to have sub-10 nm diameters in order to be cleared via the renal 

system [4]. Therefore, surface modification with biocompatible ligands is necessary for 

silica nanoparticles (SNPs). Among the various possible molecules, poly(ethylene glycol) 

(PEG) is widely used and FDA approved [25,26], and the surface functionalization with 

PEG is called PEGylation. During PEGylation, PEG chains are bonded covalently to the 

surface of silica particles, neutralizing surface charges and resulting in better 

biocompatibility [8]. It prevents reactions between particles and proteins in biosystems, 

increases solubility in serum as well as in buffer and provides long-term stability [27-33]. 

 

However, the PEGylation of ultrasmall nanoparticles can prove to be problematic [16,34]. 

Before the addition of PEG-silane, on the suface of bare SNPs, there are silanol groups 

that are deprotonated; therefore bare SNPs carry negative charges and are stabilized by 

electrostatic repulsion. After the PEGylation, PEGs are attached to the surface of C’ dots, 

quenching the charges and maintaining stability sterically through their long chains. 

However, as PEGs condensate onto the particle surface and reduce the electrostatic 

repulsion between particles, there must be a window where neither the repulsion nor the 
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surface PEG density is high enough to keep particles apart, known as the “valley of 

death”, resulting in particle aggregation.  

 

Yet the PEGylation of C’ Dots and mC dots has proven to be very successful. Fully 

PEGylated particles display narrow size distributions without signs of aggregation, 

rendering them ideal for bio-imaging and therapeutic purposes; C’ dots are currently 

undergoing clinical trials including for brain tumors in humans [7,8]. Nevertheless, the 

mechanism of this highly successful PEGylation method is still unclear, and 

understanding the details involved would broaden our knowledge of PEGylation and may 

guide the PEGylation optimization for other nanoparticles. 

 

In this study, the C’ dot synthesis protocol was used as the platform, and conductivity 

measurements were employed to monitor the PEGylation process. As bare silica particles 

carry charges while PEGylated particles are electrostatically neutral, the PEGylation 

process is expected to cause changes in the reaction solution’s conductivity. Through the 

measurements, it is discovered that the PEGylation happens very fast, and consists of two 

steps. First, there is a very fast physical adsorption of the PEG-silanes used for 

PEGylation onto the bare SNP surface. In the second step, the physically absorbed PEG-

silanes condense covalently via formation of Si-O-Si bonds onto the particle surface. The 

fast physical attachment of PEGs is critical in stabilizing the particles before the 

condensation reaction is fully completed.  
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However, factors other than the number of charged particles may also influence the 

conductivity. For example, the addition of PEG increases the solution viscosity, thus 

decreasing the mobility of charged particles and reducing conductivity. The influence of 

this effect was elucidated through experiments with PEGs without silane group (PEG 

400). Without silane groups, there is no chemical bonding between bare particles and the 

PEG chains, so any PEGylation effect will be due to a physical adsorption.  Furthermore, 

PEGylation was carried out under varying conditions to see the influence of pH and 

ethanol to water proportions. 

 

2. Materials and methods 

2.1. Materials  

All chemicals were used as received. Ammonia solution (2.0 M in ethanol), tetramethyl 

orthosilicate (TMOS), 2-[methoxy (polyethyleneoxy) propyl] trimethoxysilane (PEG-

silane, molecular weight 500) and poly(ethylene glycol) (PEG 400, molecular weight 400) 

were purchased from Sigma Aldrich. Ammonium hydroxide (assay 29.55%) was 

purchased from Fisher Scientific, ethyl alcohol was purchased from Pharmco-Aaper, and 

acetic acid was purchased from Macron. DI water was generated from a Millipore Milli-

Q system. 

 

2.2. Conductivity measurements 

Conductivity measurements were carried out using a VWR 23226-523 Digital 

Conductivity Meter and an Orion Star A215 pH/Conductivity Benchtop Multiparameter 

Meter.  
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For measurements of the PEGylation process, bare C’ dots under different conditions 

were synthesized before the addition of PEG; as a control, PEG was added into solution 

without particles. 

 

2.2.1. Conductivity with PEG-silane and PEG 400 

For the synthesis of standard bare C’ dots, 15 mL 0.02 M ammonium hydroxide aqueous 

solution was added into 135 mL of DI water, and then 1020 µL TMOS was added under 

vigorous stirring at room temperature. After 24 hrs of continuous stirring, the 

conductivity probe was inserted into the solution, and with the addition of 1.5 mL PEG-

silane or PEG 400, the conductivity of the solution was recorded while the solution was 

further stirred. 

 

For the control experiment, same amounts of PEG-silane or PEG 400 were added directly 

into DI water. 

 

2.2.2. Conductivity with varying pH 

Bare C’ dots were synthesized with different amounts of ammonium hydroxide aqueous 

solution added into the reaction, while other conditions remained unchanged. The pH 

values were taken with test strips after 24 hrs of the addition of TMOS. In order to test 

acidic conditions, hydrochloric acid was added into the solution after the bare particle 

synthesis but before the addition of PEG. The hydrochloric acid concentration was 0.64 
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mmol/L and the pH value was between 4 and 5. The relationship between pH value and 

the concentration of ammonium hydroxide in the solution is shown in Table 1. 

 

Table 1.  pH values used in experiments and corresponding ammonium hydroxide concentration. 

pH Ammonium hydroxide concentration 

6.5~7 (standard C’ dots condition) 2 mmol/L 

~8 9.92 mmol/L 

~8.5 19.8 mmol/L 

~9 59.5 mmol/L 

~10 296 mmol/L 

 

For the control group, the same amounts of ammonium hydroxide aqueous solution were 

added into DI water, and then the same amounts of PEG-silane or PEG 400 were added 

into the solution. For acidic conditions, PEG was added into hydrochloric acid solution 

with a concentration of 0.64 mmol/L. 

 

2.2.3. Conductivity with varying water-ethanol ratio 

Synthesis of bare C’ dots were carried out using the same protocol except mixed 

solutions of ethanol and DI water were used instead of pure water. The proportion of 

ethanol (by volume) in the mixed solution was increased from 0 to 90% in increments of 

10%.  
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3. Results and discussion 

3.1. Conductivity with PEG-silane and PEG 400 

The addition of PEG-silane into solutions with bare particles causes a curious sudden 

drop in the conductivity, as shown in Figure 12. The conductivity curves were 

normalized to show the trend without the influence of background signal. The drop could 

have been caused either by reaction between PEG and particle, which leads to a decrease 

in the number of charge carriers in the solution, or by the presence of PEG in water alone, 

which increases viscosity and decreases conductivity. As the drop in conductivity is very 

sharp, indicating a fast process, it is likely to be the physical absorption of PEG onto the 

surface of particles. In order to test if the drop in conductivity is associated with the 

reaction between PEG and particles, conductivity measurements were taken as PEG-

silane and unconjugated PEG (PEG-400) were added into pure water without particles; 

PEGylation using PEG-400 was also carried out, and its conductivity was monitored. 

Since PEG-400 contains no silane end groups, it cannot form chemical bonds with the 

particle surface, so any reaction between PEG-400 and particles would be a physical 

process. As shown in Figure 13, while the same trend persists in PEGylation with PEG-

400, in experiments with PEG-silane alone, conductivity turned upwards instead of 

downwards, and with PEG-400 the conductivity remained mostly unchanged. The results 

demonstrated that the sharp drop in conductivity is indeed related to the fast physical 

adsorption between PEG and particles, while the upturn with PEG-silane could be caused 

by the hydrolysis of the silane groups in water; and the slight upward trend could be 

caused by impurities in PEG-400 as the background was so low when the solution was DI 

water. 
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Figure 12. Conductivity measurement of PEGylation with PEG-silane under standard C’ dots synthesis 
conditions. PEG-silane was added at time 0. 

 

 

Figure 13. Normalized conductivity measurements of PEGylation with PEG-silane and PEG 400. As controls 
PEG-silane and PEG 400 were added directly into DI water. PEG-silane was added at time 0. 

 
3.2. Conductivity with varying pH 

When PEG-silane dissolves into water it first hydrolyzes. At neutral pH hydrolysis is 

slowest, while at higher and lower pH values hydrolysis is catalyzed. To further study the 

PEG hydrolysis and its influence on the PEGylation process, PEGylation with PEG-

silane was therefore carried out under different pH conditions while the conductivity was 

monitored. Control experiments with PEG-silane and PEG-400 under the same pH 

conditions but without particles were also performed. For PEG-400 alone in water 

(Figure 14), conductivity showed a small drop at all pH values, consistent with the fact 

that PEG-400 does not hydrolyze due to the lack of a silane group. Therefore, the small 
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observed drop most likely was caused by the increased viscosity of the solution when 

PEG was added. For PEG-silane (Figure 15), conductivity also dropped to a degree 

similar to that of PEG-400 at pH=4, suggesting that the effect of accelerated hydrolysis 

was most likely masked by the protonation of the silanol groups as the pH moves closer 

to the isoelectric point of silica at pH 2-3. In contrast, at increased pH values of 8 and 10, 

conductivity increased, suggesting increased hydrolysis of the PEG-silane outweighing 

the effect of viscosity.  

 

Figure 14. Conductivity measurements of PEG 400 in water (without particles) under varying pH. 

 

 
Figure 15. Normalized conductivity measurements of PEG-silane in water (without particles) under varying pH. 

 
 

Then, for the PEGylation with PEG-silane, as all the factors play a part in its conductivity, 

and changes are more complex (Figure 16). Factors include the hydrolysis of PEG-silane, 
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the change in viscosity, and the physical adsorption and subsequent chemical bonding of 

PEG-silane to the particle surface. As pH was increased from the standard condition at 

pH 7 to higher values, as PEG-silane was added, conductivity generally increased first 

and then more slowly dropped. Compared with the behavior of PEG-silane and PEG-400 

in water, it’s clear that the first raise is from silane hydrolysis. Following hydrolysis 

chemical bonds start to form between hydrolyzed PEG-silanes and particles, and with 

PEG hydrolysis coming to an end, the conductivity eventually begins to fall. With 

increasing pH, the final stabilized conductivity level also increased compared with the 

initial level, because more PEG-silane hydrolyzed under high pH, but as the surface 

density of PEG on particles already reached maximum, those hydrolyzed PEG stayed free 

in solution and increased conductivity. 

 

Figure 16. Normalized conductivity measurements of PEGylation with PEG-silane under varying pH. 

 

3.3. Conductivity with varying ethanol proportion 

Finally, as the original Stöber process is done in ethanol rather than in water, a study of 

the effect of ethanol on PEGylation was carried out. As shown in Figure 17, increased 

ethanol proportion in the solution led to less successful PEGylation, as PEG-silane cannot 
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hydrolyze in ethanol. So in order to achieve satisfactory PEGylation results, the solution 

should contain at least 50% water. 

 

Figure 17. Normalized conductivity measurements of PEGylation with PEG-silane in solutions of different 
ethanol proportions. 

 

4. Conclusion 

PEGylation is a vital process in the synthesis of silica nanoparticles, and its mechanism 

was studied here by means of conductivity measurements. It is revealed that hydrolysis 

precedes the covalent bonding of the silane groups of PEG-silanes onto particle surface. 

Also, the proportion of ethanol in the solution should also be carefully controlled, as 

ethanol inhibits successful PEGylation.  
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Chapter 5 

Summary and Outlook 

 

In this thesis, three topics were studied. Firstly, a method to provide mC dots with drug 

holding ability is proposed. With the addition of conjugated ß-CD during the PEGylation 

step, it is discovered that the single pore in mC dot particles were sealed, and could 

prevent dyes in the solution from entering, as well as prevent pre-loaded dyes from 

leaking out. At the same time, other desired properties of mC dots are not lost from this 

extra step, for example, the ideal size and size distribution, and homogeneous 

morphology. To achieve drug delivery of mC dots, further studies need to be done to 

study the drug release mechanism. While now model drugs can be loaded and held within 

the pore, ways to release them at the desired conditions need to be devised, possibly 

through pH control or enzymatic activity.  

 

The second project studied the silica hydrolysis and condensation process with the help 

of conductivity measurements. It is found that increasing pH and decreasing ethanol 

proportion of the solution facilitates hydrolysis, while condensation rate peaks around 

neutral pH values, consistent with expectations from conventional silica sol-gel chemistry. 

This explains the small size and narrow size distribution of C’ dots, whose conditions 

allow for maximum hydrolysis rate and slightly more slowly condensation.  
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Finally, the third project focuses on the PEGylation process, and with the help of 

conductivity measurements, different steps of the PEGylation reaction were identified. It 

was found that higher pH facilitates the hydrolysis of PEG, while the presence of ethanol 

hinders it. These insights may help researchers to better control the PEGylation step. 
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