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1 Purpose of visit
To conduct a study into silica sol – gel synthesis, particle activation and preparation for use in biological objects. 
2 Introduction

2.1 The place of “Nano” in modern medicine and cancer research 
The term nano is derived from the ancient Greek “nannos” or the Roman “n[image: image4.png]


nus” meaning dwarf or small old man. In modern science and technology it is defined as one billionth (10-9) of something. 

Nanotechnology is a field which deals with synthesis, characterization, functionalization and applications of objects in the nanoscale range – 1 to 100 nm which have attracted much attention in the modern scientific community employing chemists, biologists, physicists and engineers. 
A wide variety of substances can be called “nano”, from biological polymers (DNA, some proteins) to completely synthetic polymers both organic and inorganic. 

Unlike synthesis of objects in the macroscale range or above, nanosynthesis is what you could call “from the bottom up” type. This means that nano scale objects are build from individual molecules, not made so by chopping down big bits to get small ones. There is also a top down route to small sized materials that makes use of methods such as mechanical grinding and ballmilling. 
Only in the last two decades have nanoparticles gained a lot of respect and appreciation as a major feature in modern materials. From the different fields of interest one which promises huge impact is that of nanomedicine and biology.

The idea of deploying miniature “machines” to work for you and repair the body from the inside out has been introduced in countless movies and popularized by main stream media in the past few years but it is by no means new in scientific circles. First reports of successful application of nanoscale objects for drug delivery have been dated as far back as the middle of the last century when liposomes were first reported [1]. 

During the last twenty years many new developments have provided new funds and created much interest in the application of nano sized drug carriers such as liposomes. Polymers, both organic and inorganic in nature, and dendrimers have also been employed in the field of drug delivery. Today you would be hard pressed to find a branch of medicine that does not propose such nano vessels in its treatments.

Such protective matrix systems, liposomes, dendrimers, polymers, attract a lot of attention in cancer research for several reasons. Their small size would make it more likely that the cell accepts them. Nanovehicles serve as not only protectors and carriers of the drugs but can also increase their efficiency by improving release control, targeting, solubility and reducing cell toxicity.

Another field of application for nanoparticles is early detection and prevention of tumors. Often that is done by tagging a sample with specific recognition properties with a dye and injecting it into a biological object, cell, animal or human. 

Many reviews exist describing various technologies and their possible applications 
 ADDIN EN.CITE 

[2-6]
.           

2.2 The place of silica

Silicon dioxide or silica has long been studied for possible applications in medicine. The material is cheap, plentiful, easy to come by and produce and it’s biocompatible and a low risk for the environment. 

One way to go with silica nanoparticles is mesoporous silica. It has some advantages over more conventional polymers and other nanovehicles. Synthesis is cheap and quick. The size of the resulting nanospheres can be manipulated and the pore dimensions can be controlled.  

Mesoporous silica has been synthesized and reviewed by many authors [7], [8], [9], [10], [11].  
Some authors combine mesoporous silica with magnetite or quantum dots to introduce new properties to the matrix[10]. 

Amorphous silica is also a well investigated alternative 
 ADDIN EN.CITE 

[12-16]
 for silica application in medical science. There are two main methods employed for silica nanoparticles synthesis – the reverse microemultion and Stöber. Both rely on the hydrolysis of tetraethyl orthosilicate (TEOS) in the presence of water. 

Reverse microemultion uses reverse micelles in a w/o system. Size can be controlled by micelle size, co surfactant presence and type, type of solvents used and TEOS concentration. The resulting nanoparticles are small and spherical but there is an upper limit to their dimensions, the method uses expensive and relatively toxic reagents and is more suited to the production of small amounts. 

Stöber silica was first reported in 1968[17]. It is based on the acid or base catalyzed hydrolysis and polymerization of TEOS. Resulting particles are spherical with a lower size limit of about 25 nm. All reagents are cheap and easily available, the method is fast and produces a large amount of particles and the only toxic substance used is ammonia (in the synthesis of the silica particles themselves).         

3 Experiment
3.1 Materials

3.1.1 For the fluorescent Stober silica (FS): 
Ethanol 99.9%, Tetraethyl orthosilicate (TEOS), ammonium hydroxide 29%, Fluorescein isothiocyanate (FITC), Rhodamine β isothiocyanate (RITC), IR 820, Polyethyleneimin 100%, N – (3 – Dimethylaminopropyl) – N – ethyl – carbodiimide hydrochloride (EDAC) and Aminotriethylsilane (APTS) ware all bought from Sigma Aldrich, Germany; (3 – Glycidoxypropyl)triethoxysilane 97% was bought from ABCR GmbH & Co. Germany. N – hydroxysulfosuccinimide (Sulfo – NHS) was bought from Thermo scientific, IL, USA
3.1.2 For the reverse microemultion (RM):

Triton – X 100 surfactant, n – hexane co surfactant, cyclohexene, Tetraethyl orthosilicate (TEOS), Rhodamine β isothiocyanate (RITC) ware bought from Sigma Aldrich, Germany.

3.1.3 For the mesoporous silica (MS):
Dodecyltrimethylammonium bromide (DTAB) 99%, Tetraethyl orthosilicate (TEOS) ware bought from Sigma Aldrich, Germany.

3.2 Methods  

3.2.1 Size analysis:

Dynamic light scattering (DLS) Zetasizer - Malvern instruments, Transmission electron microscopy (TEM) – FEI Tecnai 120 and CPS DC24000 disc centrifugation – CPS instruments Europe Inc. ware used to determine the size of the particles. 

3.2.2 Fluorescence Spectroscopy
Flurolog was used to measure the emission and excitation spectra of the silica particles.

3.2.3 Zeta potential:

DLS Zetasizer – Malvern instruments was used to measure the ζ potential.
3.3 Stöber synthesis (FS):

Stöber silica synthesis is based on the hydrolysis of TEOS to silicon tetrahydroxide. To produce fluorescent particles a dye conjugate is first prepared by addition of APTS to FITC or RITC in 1 mL anhydrous ethanol. The APTS to dye wt. ratio 5:1 was used. The conjugate solution is left to react for 2 hours at 600 rpm protected from light. 

The particles are produced in an ethanol solution in which ammonia 29%, TEOS and dye conjugate are added in curtain amounts (Table 1). Experiments were conducted in different reactant ratios. 
Particles ware washed three times by centrifugation at 20 000 rpm at 0˚C with deionized water (18 Ω) or using Dialysis with Spectra/por Dialysis Membrane, Spectrum Laboratories, Inc. for three days in deionized (18 Ω) water.
3.3.1 IR 820 particle synthesis (FS – IR 820):

First the IR 820 dye was modified to enable coupling with the silica matrix. The reaction procedure was taken as described in a previous article[18]. A conjugate was prepared by adding 10 mg of Sulfo – NHS and EDAC to 50 µL of APTS and 10 mg modified IR 820.
To 50 mL ethanol and 2,26 mL NH3 29% 2 mL of TEOS and finally 0,2 mL of the so synthesized IR 820 conjugate ware added.  
3.3.2 Fluorescent core silica synthesis (FS – FCS):

Silica particles with fluorescent cores were prepared as reported before [12].

Dye conjugate was prepared by mixing 1 mg of FITC and 5,7 mL of APTS in 500 µL of DTLS. The conjugate was left to stir for an hour.

1,275 mL of NH3 29% and the as prepared dye conjugate ware added to 16,8 mL of ethanol and left to stir for an hour after which 0,725 mL of TEOS ware added. The solution was left for 24 hours at 400 rpm and washed.
Several different ways of activation were considered:
3.3.3 Core – shell formation and acidic activation.

To 50 mL of ethanol and ammonia (10:1 volumetric ratio) solution 5 mL aq. particle solution and the appropriate amount of TEOS ware added. The mixture was left to stirring overnight and cleaned using centrifugation at 20 000 rpm.

The so cleaned particles (6,4 mg) were put in a 10 mM acetic acid water solution so that the water volume does not surpass 1,35 mL. To this 5% volumetric of APTS are added. The resulting particles are cleaned with centrifugation at 20 000 rpm.   

3.3.4 GPTS activation:

GPTS was added directly to the washed particle solution in a volumetric ratio of 1:100 (or 1% volumetric). The solution was left to react overnight and washed using the normal centrifugation procedure as specified above.

3.3.5 Polymer activation:

A 12,1% wt. aq. Polyethyleneimin solution was made by dissolving the appropriate amount of polymer in water. The so made polymer solution was added to the cleaned particle solution in a volumetric ratio of 1:50. The particles ware then washed of the excess polymer with the normal centrifugation procedure.

3.3.6 Polymer and GPTS activation:

Several approaches ware considered:

To the washed particle solution the polymer and GPTS ware added directly. This was done in a different ratio and in different volumes (Table 3). Particles ware washed using centrifugation. 

To the washed particle solution (1 mL) only GPTS (30 µL) was added and left to react for 48 hours. The solution was then washed from the excess GPTS and to this mixture 12,1% wt. aq. Polyethilenimin (30 µL) was added. After 2 hours the particles ware washed with centrifugation.  

To the washed particle solution (1 mL) only 12,1% wt. aq. Polyethilenimin (30 µL) was added. The now positive particles ware cleaned with centrifugation and GPTS (30 µL) was added. Particles ware again washed from the excess polymer.

3.3.7 Reactions in 1 mL:

In 1 mL dry ethanol different amounts of TEOS, water and ammonia were added (Table 2)

3.4 Reverse Microemultion:
Triton X – 100 was used as a neutral surfactant with n – hexanol as a co surfactant in the microemultion system. 1.77 mL Triton X – 100 and 1.8 mL n – hexanol ware added to 7.5 mL cyclohexane and 0.5 mL deionized water. The solution was left for an hour after which 0.1 mL TEOS and some dye conjugate ware added. Finally 60 µL of ammonia used to initiate the process. 

The microemultion was broken with acetone and particles were cleaned by washing with ethanol (x3) followed by water (x2).

3.5 Mesoporous Silica:  
Two methods ware used to synthesize mesoporous silica particles. 

Synthesis was carried out by using the cationic surfactant DTAB as a template for the silica hydrolysis. TEOS, DTAB and ammonia ware added to deionized water in different ratios (Table 4) and were left to react for either 24 or 120 hours. 

A previously reported synthetic path was used to synthesize mesoporous silica nanoparticles[11].

Particles ware later washed by centrifugation at 4000 rpm with deionized water and acetone.

3.6 Reagent ratios in synthesis mixture
	Sample
	V (TEOS)
	V (NH3)
	V (H2O)
	V (H2O) add

	FS - 30
	2,00
	2,28
	1,60
	0

	FS - 40
	2,00
	2,26
	1,58
	0

	FS - 40
	2,00
	2,26
	1,58
	0

	FS - 50
	2,00
	2,11
	1,48
	0

	FS - 80
	2,00
	2,83
	1,98
	0

	FS - Mix
	2,00
	2,26
	1,58
	0

	FS - IR 820
	2,00
	2,26
	1,58
	0

	FS - FCS
	2,00
	3,52
	2,46
	0

	FS - H2O
	2,00
	2,20
	1,54
	0,125


Table 2:1 - Reagents added to 50 mL of ethanol to produce fluorescent silica particles
	Sample
	V (TEOS) [µL]
	V (NH3)
	V (H2O)
	V (H2O) {Additional} [µL]

	1
	40,00
	12,00
	28,00
	50

	2
	36,40
	12,36
	28,84
	50

	3
	36,40
	10,98
	25,62
	50

	4
	36,40
	10,56
	24,64
	50

	5
	36,40
	6,33
	14,77
	50

	6
	36,40
	13,65
	31,85
	50

	7
	36,40
	13,65
	31,85
	50

	8
	36,40
	11,49
	26,81
	50

	9
	36,40
	13,65
	31,85
	0

	10
	36,40
	13,65
	31,85
	0

	11
	36,40
	3,00
	7,00
	0

	12
	36,40
	13,65
	31,85
	100

	13
	36,40
	13,65
	31,85
	200

	14
	36,40
	15,45
	36,05
	0

	15
	36,40
	28,56
	66,64
	0

	16
	36,40
	63,40
	147,94
	0

	17
	36,40
	300,00
	700,00
	0

	18
	36,40
	12,36
	28,84
	0

	19
	36,40
	12,36
	28,84
	0

	20
	36,40
	13,65
	31,85
	0

	21
	36,40
	11,49
	26,81
	0

	22
	36,40
	1,90
	4,43
	0

	23
	36,40
	0,00
	0,00
	0

	24
	36,40
	45,45
	106,05
	0

	25
	36,40
	45,45
	106,05
	0

	26
	36,40
	21,13
	49,31
	0

	27
	36,40
	70,45
	164,38
	0

	28
	36,40
	60,39
	140,90
	0

	29
	36,40
	52,84
	123,29
	0

	30
	36,40
	46,97
	109,59
	0

	31
	36,40
	42,27
	98,63
	0

	32
	36,40
	38,43
	89,66
	0

	33
	36,40
	35,22
	82,19
	0

	34
	80,00
	99,89
	233,08
	0

	35
	20,00
	24,97
	58,27
	0

	36
	200,00
	249,73
	582,71
	0

	37
	36,40
	211,35
	493,15
	0

	38
	36,40
	140,90
	328,76
	0

	39
	36,40
	105,67
	246,57
	0

	40
	36,40
	84,54
	197,26
	0

	41
	36,40
	49,15
	114,68
	0

	42
	36,40
	39,88
	93,05
	0

	43
	36,40
	36,44
	85,03
	0

	44
	36,40
	8,45
	19,73
	0

	45
	36,40
	7,46
	17,41
	0

	46
	36,40
	10,93
	25,51
	0

	47
	36,40
	13,64
	31,82
	0

	48
	36,40
	13,64
	31,82
	0

	49
	36,40
	13,64
	31,82
	0

	50
	36,40
	13,64
	31,82
	0

	51
	36,40
	13,64
	31,82
	0

	52
	36,40
	13,64
	31,82
	0


Table 2:2 – Reactants added to 1 mL of ethanol and shaken at 600 rpm overnight. 
	V (Particle solution) [mL]
	Status at the time of use
	V (GPTS) [µL]
	[GPTS]
	V (Polymer) [µL]
	Polymer added after [h]

	
	
	
	
	
	

	1
	Unwashed
	60,60
	3,73E-03
	12,00
	0

	1
	Unwashed
	60,60
	3,73E-03
	12,00
	12

	1
	Washed
	60,60
	3,73E-03
	12,00
	0

	1
	Washed
	60,60
	3,73E-03
	12,00
	12

	V (Particle solution) [mL]
	Status at the time of use
	V (GPTS) [µL]
	[GPTS]
	V (Polymer) [µL]
	GPTS/Polymer added after [h]

	
	
	
	
	
	

	1
	Polymer first
	30,00
	2,67E-03
	20,00
	24

	1
	GPTS first
	30,00
	2,67E-03
	20,00
	48


Table 2:3 – GPTS and polymer activation in 1 mL particle solution. 
	V (TEOS) [µL]
	V (NH3) [µL]
	[TEOS]
	[NH3]
	m [DTAB] [mg]

	100
	100
	4,48E-05
	2,57E-04
	17

	40
	10
	1,79E-05
	2,57E-05
	17

	40
	0
	1,79E-05
	0,00E+00
	17


Table 2:4 – Mesoporous silica particle production in 10 mL deionized (18 Ω) water left for 120 hours at 900 rpm stirring.
4 Theory
4.1 Basic chemical reactions
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4.2 Theory

As shown above Stöber synthesis of silica nanoparticles is based on firstly hydrolysis and secondly polymerization of silica precursor compounds such as TEOS. 
Other researchers have discussed the theory behind the Stöber method before 
 ADDIN EN.CITE 

[19-21]
. 
While for two individual molecules the process of polymerization is more or less clear for a system of many polymers and oligomers with different size is quite intricate. The growth of one particle as compared to all others is dependent on the size difference and the chance that a molecule would meet with it and react. It then becomes clear that bigger particles would become bigger quicker than smaller ones. 

Another factor plays a significant part, which is precursor concentration. The above rule holds generally true unless the concentration of the precursor substance is low, at which point the process becomes more random. While it is true that big particles would still grow bigger faster than their smaller counterparts the lower rate difference due to lower precursor concentrations lowers the contribution of this effect.
A formula could be used to crudely determine the chances of a particle of given size and a molecule to meet in a curtain volume. It should be noted that it is assumed that every collision is considered effective:
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And for two molecules:
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Following this train of logic after a certain seed size is reached the formation of new seeds is statistically improbable as meetings of two precursor molecules would be ever more unlikely. After a number of small seed particles are created they would start growing and forming bigger particles.  
Considering the above theory we break the process down into two basic periods – initial and growth. 

The initial period we define as the time that is required for the given amount of significantly big particle seeds to be formed.

We define the growth stage as the period of time in which the formation of new seeds is occurring significantly less than the growth of existing particles.
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During the initial stage water is plentiful making hydrolysis and polymerization easy and the reaction speed is fast. Rapid particle formation is induced and some amounts of seeds or small macromolecules are created. Here there is only a fixed amount of the reagent which remains more or less the same because of the largely constant speed of polymerization. 
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In contrast if we take the opposite experiment – the initial water is in short supply (concentration is low). This would result in a long initial period because the reaction rate of the first process would be much lower. This would increase the possibility of many small particles forming and growing to significantly large size. Ultimately the result would be many smaller particles compared to the first experiment considering TEOS concentration limitations.  

Keeping the above reasoning in mind it would be logical to assume that the size of the particles connected to the length of the initial stage. 

The relative initial stage length could be inferred from the polydispersity of the sample. If we assume that the growth of the particles in the solution has a constant speed, which is not unreasonable when the solution is significantly homogeneous, we could assume that the Polydispersion index (PDI) is directly connected to the length of the initial period. 

In this case the shorter the initial stage the lower the PDI or said in another way the more water the more uniformly sized the particles would be.

Because of the small size of the produced particles it would be unwise to dismiss the randomness of the process especially dealing with small particles. It would be especially apparent when dealing with longer initiation times.
5 Results and Discussion

5.1 Fluorescent Stöber synthesis

Stöber particles were produced as stated above and a series of synthesis experiments were carried out in order to both find a viable method for the production of silica nanoparticles with a certain size and explain the processes in the reaction mixture. The main goal of the reactions in 1 mL was just that – to explore the synthesis process without wasting reagents. Several ware reproduced in bigger volumes afterwards. 

Several aspects were chosen as the most important and were therefore picked as main research areas. These were – [TEOS]/[H2O], [TEOS], reproductability and several experiments were also conducted to observe the effect of the organic dye substance and amount. 
5.1.1 [image: image9.png]i70s)
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  effect
The size monitoring results are presented in tables 5.1 and 5.2. In DLS the presented data is the result of at least two measurements, CPS data is the result of three measurements and TEM that of one hundred particles measured. 

Table 4:1 – Results from the experiments in 1 mL   

	TEOS] /[H2O]
	Size [nm]

	
	

	5,95E-03
	458,00

	8,93E-03
	376,70

	1,19E-02
	413,60

	1,49E-02
	354,30

	1,79E-02
	218,60

	2,08E-02
	105,80

	2,38E-02
	77,23

	2,56E-02
	70,48

	2,68E-02
	61,43

	2,98E-02
	73,47

	3,15E-02
	37,37

	3,27E-02
	34,27

	3,45E-02
	37,37

	3,57E-02
	44,14

	1,49E-01
	35,01

	1,69E-01
	25,55

	1,15E-01
	27,04


It can be seen from the results that the higher the [TEOS]/[H2O] ratio the smaller the particles. This is in unison with the proposed theory (see section 3.2). It would be easier to think of it as [H2O] to [TEOS] ratio as then the smaller the ratio (the less water to TEOS) the smaller the size. We have chosen the inverse because TEOS is the substance that is more important to the process. 

The monomer is kept constant while the amount of water is altered. If the TEOS concentration was changed we could expect the same size trend but could bossible see a change in behavior outside some limits.

As can be seen there is some wobble in the value of the size when we reach a ratio of 0,0238. This we contribute to one of two possible (both possible to different extent) factors – the ratios are more closely packed and the randomness of the process becomes more visible and there is some change in one of the other factors that are not taken into account, ammonia concentration, temperature, moisture in the air. 
Ammonia amount could have a larger impact when the [TEOS] to [water] ratio is low enough causing some uncertainty in the size. It is also possible the concentration might be low enough so that the above statement that all collisions result in a reaction is not valid and a further “efficiency” coefficient must be added.

The last three results are marked in a lighter (pink) color because they are not monodisperse in DLS. We think that this is a consequence of exactly that – not every collision between the molecules results in a reaction. Reduced water concentration also causes a reduced reaction rate in the hydrolysis step. 
5.1.2 Repeatability

When working toward small sized particles one should be warned that the lower the duration of the initiation stage ([image: image11.png]trs



 restricted by [TEOS]/[H2O]) the less control one has over the exact size of resulting particles (The more random the process becomes).  Two experiments were conducted to shed some light on this factor.
Table 4:2 – Repeatability of experiments in 1 mL ethanol measured by DLS. 
	Sample
	DLS

	
	Avrerage
	PDI
	Number

	1
	79,86
	0,1
	57,2

	2
	76,75
	0,093
	53,42

	3
	80,4
	0,03
	65,11

	4
	83,68
	0,032
	66,05

	5
	92,84
	0,044
	74,1

	6
	88,64
	0,091
	62,73

	7
	92,36
	0,095
	66,5

	8
	86,13
	0,1
	57,74

	9
	79,79
	0,079
	58,27

	10
	86,13
	0,067
	65,66

	11
	89,57
	0,097
	61,79

	Aver
	85,10454545
	0,075272727
	62,59727

	StDev
	5,447310095
	0,027619163
	5,757604

	RSD %
	6,400727559
	36,69212517
	9,197851


In 1 mL of ethanol 36,4 µL of TEOS, 45,5 µL of NH3 29% and 7 µL of dye left overnight.

The first six experiments were conducted in different days, in contrast the last five were done in the same day.  

There is no significant disparity in the size caused by date. However a significant wobble can be observed which can be explained by the experimental variance. What we use as a limiting factor ([image: image13.png]t1s)



 cannot control particle size as effectively as, for example, templating methods such as reverse microemulsion.
	Sample
	DLS

	
	Average
	PDI
	Number

	1
	60,18
	0,123
	40,89

	2
	54,95
	0,149
	41,98

	3
	60,89
	0,099
	41,73

	4
	58,78
	0,102
	41,8

	5
	69,3
	0,09
	48,77

	Aver.
	60,82
	0,1126
	43,034

	StDev
	5,266483647
	0,023670657
	3,233903

	RSD
	8,659131283
	21,02189782
	7,514763


The same experiment was done when in 10 mL of ethanol 0,4 mL of TEOS and 0,44 mL of NH3 29% ware mixed with 0,1 mL of dye conjugate. 
Table 4:3 - Repeatability of experiments in 1 mL ethanol measured by DLS.
Similar to the above experiment there is some difference between the different measurements but it can be contributed to by the randomness of the process and random errors (variances in temperature, humidity and slight differences in volume of added substances).

5.1.3 Impact of TEOS concentration

TEOS concentration is one of the main impact factors on the process. It’s not only a determining aspect in size but it also plays a vital role in the resulting PDI. If the concentration is too high then the chance that a water molecule would meet a TEOS molecule for it to hydrolyze and polymerize would be much greater therefore the [image: image15.png]trs



 would decrease generating lower PDI values for the resulting large particles. On the other hand if the concentration is too low the chance of an effective collision is smaller and would result in a much longer [image: image17.png]trs



 thereby leading to a decrease overall size but creating polydisperse particles. 

	Sample
	[TEOS]
	[TEOS]/[H2O]
	DLS

	
	
	
	Avr (PDI)
	Number

	1
	8,96E-04
	0,027672
	76.92 (0.394)
	33,5

	2
	1,63E-03
	0,027672
	86.13 (0.067)
	65,66

	3
	3,58E-03
	0,027672
	223.4 (0.043)
	204,4

	4
	8,96E-03
	0,027672
	≥ 2 µm


An experiment was conducted to confirm this prediction. In 1 mL of ethanol, water, TEOS and dye were added as in the experiment in 1 mL that was described in the previous section.
Table 4:4 – Difference in size of particles with different dye quantity  as measured by DLS.
Table 4.4 shows the size, PDI and TEOS to water concentration ratios and compares them to different TEOS concentrations. The results of the experiment confirm the theoretically reached conclusion. The lowest TEOS concentration generates the smallest particles but they are polydisperse in DLS and therefore not fitted for further use. When moving up in TEOS concentration the particles get bigger and the PDI gets smaller. 

It would be easiest to see the dispersion difference in TEM:
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Concentration of TEOS that was used to produce the particles on the right is ten times smaller than the one used for the left ones which resulted in a more polydisperse sample. This is in complete agreement with the theory – if the precursor concentration falls below a curtain value the chance of a particle colliding with a precursor molecule is reduced enough so that the formation of smaller seeds is statistically possible. Once in the growth stage particles of all sizes grow with different speeds following the rule (see section 3.2), big will become bigger faster.
In conclusion to this section we can say that the concentration of precursor is one of the most important factors to be considered when synthesizing Stöber silica. The ratio of TEOS to water concentrations has a major impact on size and the precursor concentration on its own can determines the polydispersity of a sample. Finally, based on observations, we can say that as we get lower on the scale of TEOS concentration all other factors such as water concentration or dye effects become less important leading to a uniform average particle size for all experiments accompanied by a relatively large PDI.   

5.1.4 Impact of dye substance and quantity 

The dye that is used to mark the Stöber silica is added as a conjugate with APTS. This makes it unclear if the results are based on the actual dye substances, the conjugate itself, the dye – APTS interaction and connection with the particles or some unreacted APTS in the solution. 
Several experiments were conducted to determine the effect of dye type and quantity. 

It was observed that the presents of RITC conjugate causes particles to have a higher PDI which could be the result of some unreacted APTS causing aggregation. 

IR 820 caused the particles to become much bigger than originally predicted following previously observed trends. In table 6.1 one can see that the [TEOS]/[H2O] ratio is the same as in FS – 40 but the size is almost doubled. 

Mixed dye refers to a conjugate prepared from FITC and RITC in 1:1 mass ratio while this mixture itself has a 1:5 mass ratio with APTS. The resulting particles, as with IR 820, are much bigger (179%) than the anticipated size.        

   To determine the effect of dye quantity on the size of the particles an experiment was conducted:
	Sample
	Dye added [mL]
	DLS

	
	
	Aver. (PDI)
	Number

	1
	0,5
	114,3 (0,079)
	88,02

	2
	0,15
	97,95 (0,071)
	74,97

	3
	0,05
	86,83 (0,03)
	70,69


Table 4:5 – DLS results of the effect of dye experiment. 
In 10 mL ethanol 0,4 mL of TEOS and 0,5 mL of NH3 29% and 0,5; 0,15 and 0,05 mL of the same dye conjugate was added. The results point to the fact that the higher the dye conjugate concentration the bigger the particles and the worse the PDI. However the size difference is not that severe and is within the random error calculated in section 4.1.2.

Experiments yet to be conducted could explore if the effect observed above is due to APTS alone or conjugate alone or yet another interaction.

In conclusion we can say that while the effect of the dye quantity might not have a large effect on particle size the specific dye substance seems to be a determining factor when it comes to fluorescent Stöber silica.    

We propose an experiment where the Dye : APTS ratio is changed and the size is determined the same way. This should allow a more precise idea to be formed of the type of interaction that takes place between the dye conjugate and silica particles.  
5.1.5 Impact of volume, reaction vessel material or special effects on the reaction mixture
It has been observed that there is a difference in size when the reaction volume is changed. 
	Volume [mL]
	[TEOS]/[H2O]
	DLS

	
	
	Average
	PDI
	Number

	1
	9,22E-02
	85,10455
	0,075273
	62,59727

	100
	9,22E-02
	130,2
	0,186
	80,6


Table 4:6 – Results for different volumes  as measured by DLS.
Particles prepared in big volumes are observed to be bigger than those produced in 1 mL solutions. This is a definite disadvantage of the experiments in 1 mL as it puts their accuracy in question. It should be considered that the reagents in 1 mL and their concentrations ratios are the same and therefore we could conclude that the reactions are the same. We have not tested if the particles are truly identical. 

We are not certain if this size change is due to the big volume difference, the material of which the containers are made (big volume particles are produced in glass round bottom flasks or bottle) while 1 mL reactions are conducted in a plastic eppendorf) or some other special effect. The reason could also be found in the difference in homogenizing – big volumes were stirred while 1 mL experiments were shaken. 

There is not a distinguishable dissimilarity between the sizes of the big volume experiments especially between 10 mL (conducted in a square bottom bottle) and the rest (conducted in a round bottom flask of appropriate volume) we can conclude that special effects or volume do not have a big enough influence to result in such a big size gap. We conclude that it could be explained either by the material of the vessel, homogenizing method or a mixture of the two components. 

It is also possible that all four components play a role in producing the size gap.

5.1.6 Ammonia concentration
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In tables 5:1 and 5:2 one can observe an effect that has not been explained by the theory thus far. In table 6:2 a step – like structure can be observed. There is a distinct structure when in the high TEOS to water ratio which becomes more line like when decreasing ratio values. This effect has not been explained so far and cannot be explained with the theory that has been written above. If all was well there should not be such an observation, all of values should form a perfect curve. In table 4:1 we can see that from the ratio values of 0,035 to 0,031 the particles have similar sizes all about 35 nm. Another such region is 0,0298 to 0,0238 in which the size is around 70 nm. All [image: image25.emf]15 20 25 30 35 40

0

2

4

6

8

10

12

14

16

18

Number of particles

Size [nm]

higher values (according to the table) do not have similar values but they can, however, be explained by the theory. The two “steps” though similar in appearance to each other are quite dissimilar when compared. 

This quantization cannot be explained by any of the factors stated above. 

One factor we have not discussed that is limiting in the processes is the ammonia concentration or even more importantly the ammonia to particle seeds of a given size. 

In a water solution silica particles exhibit a negative surface potential (table 6.5) which attracts the positively charged ammonia molecules. The process of polymerization requires the presence of ammonia so a particle with a big concentration of ammonia would grow quicker than a particle of the same size with a lower ammonia concentration around it. 
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It is then conceivable that in a reaction mixture when the particles reach a critical seed size that allows them to attract some critical amount of ammonia and polymerize much quicker than predicted that would shorten the expected initial stage duration and grow bigger then expected. Because of the low TEOS concentration and close values of the precursor to water ratio on each step, it does not have such a big effect and the particles size is controlled by accident rather than the ratio value. 

Another effect that is caused by ammonia to particle concentration can be seen in table 6:1. There we can observe an unmistakable tendency to produce lower size with lower ratio as seen in figure 4:3. This completely contradicts the theory and cannot be explained by the step structure.  
This phenomenon can be accounted for by the low catalyst concentration. When not enough ammonia is present and the polymerization process is slowed down and the minimum size of the seeds needed for the growth stage is reduced. 

 Further proof for this reasoning could be found in figure 4:2. Figure 4:4 is a magnification of the first and second step in 4:2
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 As in figure 4:3 and 4:2 here we observe two distinct steps where the particles in the second one are almost twice the size of those in the first. 
Table 4:7 represents the cut data from figure 4:4. It represents the data cut from the first and second steps in the experiments in 1 mL. 
	
	[TEOS] /[H2O]
	Size [nm]

	
	
	

	
	2,38E-02
	77,23

	
	2,56E-02
	70,48

	
	2,68E-02
	61,43

	
	2,98E-02
	73,47

	Average
	
	70,65

	StDev
	
	6,740081

	RSD
	
	9,539763

	
	3,15E-02
	37,37

	
	3,27E-02
	34,27

	
	3,45E-02
	37,37

	
	3,57E-02
	44,14

	Average
	
	38,29

	StDev
	
	4,16636

	RSD
	
	10,88178


Both steps have a wobble that can be considered as a part of the uncertainty of the process. In the second step it is comparable with the 9.15% (4.26% difference) that we received as a result from the repeatability test. The value of the RSD is slightly larger however because we are dealing with a variety of ratios, not just one as above.
In the second step the RSD is 10.88% or 1.73% (15.9% difference) higher compared with the repeatability and 1.34% (12.32% difference) compared to step two. The distinction concerning step one and step two is not great but it does corroborate the reasoning stated above. 
Table 4:7 – Data cut from table 4:1 that represents the first two steps. Average, standard deviation and relative standard deviation calculated with excel.
5.2 Silica particle activation

5.2.1 APTS activation

APTS activation of silica is a standard way of functionalizing Stöber particles. There are two possible methods which can be used to add APTS to the surface of particles – basic and acidic cataysed condensation. In the basic medium the standard catalyst is ammonia as used in the synthesis of silica particles from TEOS. 

In short three types of reactions took place:

1) 0.15 mL APTS was added to 50 mL washed aq. particle solution. 

2) A mixture of ethanol 10 : 1 (V/V) of ammonia was made and 10% volumetric washed aq. particle solution and 0,15 mL APTS were mixed in.

3) The acid activation was conducted as reported before [22]. 

4) Finally a combination between 2 and 3 was made. In the solution from 2 (without APTS) TEOS was added in 1:3.125 (v/v) ratio to the particle volume. The solution is left overnight and the core – shell particles are washed. It is these core – shell structures that are put in a reaction mixture as in 3. The size of the shell can be varied in order to control the shell size. This reaction led to a 120 nm thick shell. The activation process was followed and the results are presented in table 6.5. 

5.2.1.1 Process1.

The addition of APTS to a water solution of particles has been conducted in all volumes and with most FS particle types and has resulted in a rapid (in only a few hours) and irreversible coagulation in every case. 
5.2.1.2 Process2.

As in the pure water solution APTS addition to an ethanol particle solution with and without ammonia lead to irreversible coagulation.

Both processes produced polydisperse particles in the micro meter range, ≥ 3 µm.

5.2.1.3 Process3.

Direct addition of fluorescent silica to such a solution lead to partial coagulation and PDI > 0.2 in DLS. 

5.2.1.4 Process4.

After the production of a silica shell over the fluorescent cores the activation with APTS preserved the size and PDI of the particles and made them positive. This led us to the conclusion that there is an interaction between the APTS and the dye on the surface of the particles resulting in coagulation in the previous three processes. 
We did not attempt any experiments to find the perfect shell size and the TEOS to particle ratio leading to it. 

Although the most commonly used agent in silica activation APTS has the distinct disadvantage that it leads to coagulation. It is widely believed that hydrogen bonds form and cause particles to stick together [23]. 

5.2.2 Polymer activation
  Polymer activation is another commonly employed methods for silica activation [24], [25], [26] and many others have discussed either direct polymer immobilization on silica particles or their fixture by bonding agents such as GPTS. 
We have used Polyethileneimin 25 kD as an amino loaded polymer. It was either fixed on silica by GPTS or directly added to particles where it surface bonded though electrostatic interaction.

The results of the polymer – GPTS activation are presented in table 6:4 in the appendix. 

Activation of particles with pure polymer has been conducted as in 10 mL of washed particles 0.2 mL of 12.1% wt. aq solution of Polyethileneimin is added and stirred overnight. The particles ware later washed with centrifugation.

	V (Particles)
	V (Polymer)
	DLS
	

	
	
	Average
	PDI
	Size
	

	
	
	97,11
	0,01
	80,98
	Before

	10
	0,2
	117,9
	0,075
	86,88
	After


Table 4:8 – Particles before and after activation and washing as measured by DLS.
  Polymer activation is an easy way to introduce amino groups to the silica particle surface. Polymer activation is also considered as a way to prevent the aggregation of silica thereby solving one of the biggest problems concerning the material[27].

5.2.3 GPTS activation/ GPTS and Polymer activation

GPTS is particularly popular as an activation agent because it can be used as both a linking agent for protein and activation agent for a range of biological objects. [24], [28], [29], [30] and others have reviewed the process in detail.
GPTS activation was performed in both a water and ethanol mediums. GPTS and polymer activation reagent quantities and results can be reviewed in tables 2:3 and 5:4. 

Either one washed (water medium) and unwashed (ethanol medium) react well with GPTS and do not show signs of activation after 48 hours of stirring. However when left for 100 hours the sample became polydisperse.

The addition of polymer to a solution which has free GPTS in it leads to aggregation. In sample 1 and 3 where the polymer is added immediately after GPTS aggregation is swift (under an hour in water and about two hours in ethanol medium). Sample 4 took several hours to form aggregates after polymer addition. Lastly sample 2, which was in an ethanol medium, formed aggregates overnight. All experiments were conducted in the same conditions using the same reagents.

A more productive method was discovered whereby GPTS was added, the particle cleaned (centrifugation at 20 000 rpm 0˚C) from the excess reagent and polymer then added and the resulting activated silica retained their original size and PDI and displayed a positive surface charge (sample 5 in table 6:4). 

 The opposite experiment, polymer added first, washing and finally GPTS addition, resulting particles had a positive charge and their size ware close to the original but some aggregation occurred as the PDI increased to 0,29 (sample 6 in table 6:4).

Considering the results aggregation can be explained by GPTS – polymer interaction. GPTS reacts easily with amino groups and can hydrolyze and polymerize like APTS and TEOS in catalytic conditions or just in water. This makes it easy for one GPTS molecule to react with both Polyethyleneimine and silica. When there is free GPTS in the reaction mixture it links up with amino groups from the polymer and then with silica and becomes a bridge of covalent bonding from organic polymer to silica. 

If the concentration of free polymer and GPTS is too high in a sample that leads to coagulation because one polymer molecule reacts with several activation agents that are linked to different particles essentially creating a chain covalent coagulate. 

Hydrolysis of GPTS is easier in water so a water solution with a big surplus of free GPTS and polymer would lead to a quick aggregation. If the reaction was conducted in ethanol the reaction speed would be slower but would have the same result. 

When a GPTS, already bonded to a particle, reacts with a polymer it would be much more probable that the polymer molecule reacts with the other GPTS on the surface and not with other particles. Samples 2 and 4 form coagulates at a slower rate because much of the GPTS has already reacted therefore the concentration of free reagents is much lower and the aggregation process is much slower. As with the previous example hydrolysis and polymerization in water are faster so the coagulate formation would be quicker.

Polymer addition by itself activates silica by arranging polymer amino molecules, positively charged, around silica, negatively charged at neutral pH. They experience an electrostatic attraction holding them in place. When GPTS is added it reacts with both the polymer molecules and the silica they are closest to, however it is possible that some GPTS would reacts with a polymer from another particle and cause aggregation. 

Finally when the GPTS is added first, the solution washed followed by and polymer activation as a second step the chance of GPTS reacting with a polymer molecule not around the same particle is quite low. This procedure can both activate silica and retain monodispersity. 
5.3 Mesoporous silica

Mesoporous silica particles size was measured by TEM image (Figure 6:7) analysis using the ImageJ program. Resulting particles seam to display a core – shell structure. Their average size is 290 nm.    
6 Conclusion

Stöber silica is a powerful method for producing well defined nanoparticles within a particular size range that could be used in imaging technology, drug delivery and for investigations toward a better understanding of cellular processing of nanomaterials. Combining silica with other substances and particles such as magnetite could lead to magnetic silica coated particles for “bagging and tagging” proteins or cells [10]. Nano instruments made from biocompatible substances could be a big asset in cancer therapy as a result of better uptake and targeting capability. 

In this paper we present a review of the production of nanoscale fluorescently tagged particles using the modified Stöber method. A theory of the process is presented and it is defended by experiment results. 

All observed phenomenon can be explained within the framework of the theory and additions (such as dye effect, ammonia concentration effect etc.).

Experimental results for particles of several sizes have been presented and can be used as templates for Stöber silica production in the size range. The particles have been extensively tested with three nano scale size measuring techniques. 

The overall process theory can be summarized in a few words:

 [TEOS] concentration is responsible for monodispersity and particle size. If it drops too low the sample would exhibit polydispersity. If too high the resulting particles would be bigger than expected. 

Water concentration plays a major role when it comes to size. The ratio of [H2O] to [TEOS] is the limiting factor for the process and can be used to produce particles of a given size. An increase in the [H2O]/[TEOS] ratio (decrease in [TEOS]/[H2O]  leads to bigger particles and a decrease produces small ones.

Ammonia concentration is not a determining factor when it comes to big particles (since all the water in the experiments comes from the ammonia solution there will always be enough ammonia for the process). There however seems to be a connection between [NH3] and small particle size resulting in step - like structures.        

Five activation procedures have been explored and presented. The resulting particles have been measured in DLS and PDI, size and zeta potential have been closely monitored. 

Reverse microemulsion particles have also been synthesized and compared to Stöber silica.

Mesoporous silica particles were synthesized. They exhibited a core – shell like structure with a silica core and a mesoporous silica shell.  

7 Appendix
7.1 Results from big volumes

7.1.1 DLS, CPS and TEM results
	Sample
	V (TEOS)
	V (NH3)
	V (H2O)
	V (H2O) add
	[TEOS]
	[H2O]
	[TEOS]/[H2O]
	Dye
	Size

	
	
	
	
	
	
	
	
	
	DLS
	CPS
	TEM

	
	
	
	
	
	
	
	
	
	Z - Av. (PDI)
	Number
	
	

	FS - 30
	2,00
	2,28
	1,60
	0
	8,96E-05
	8,87E-04
	1,01E-01
	FITC
	40.9 (0.08)
	28,90
	26,00
	

	FS - 40
	2,00
	2,26
	1,58
	0
	8,96E-05
	8,79E-04
	1,02E-01
	FITC
	62.3 (0.123)
	40,92
	34,00
	

	
	
	
	
	
	
	
	
	RITC
	66.43 (0.121)
	43,64
	34,30
	23,601

	FS - 50
	2,00
	2,11
	1,48
	0
	8,96E-05
	8,21E-04
	1,09E-01
	FITC
	99 (0.16)
	61,6
	
	

	
	
	
	
	
	
	
	
	
	70.4 (0.065)
	53,80
	42,60
	40,284

	
	
	
	
	
	
	
	
	
	65.5 (0.021)
	53,93
	37,30
	36,2

	
	
	
	
	
	
	
	
	RITC
	131 (0.29)
	39,20
	50,70
	

	FS - 80
	2,00
	2,83
	1,98
	0
	8,96E-05
	1,10E-03
	8,14E-02
	FITC
	97.11 (0.01)
	80,98
	56,80
	58,216

	
	
	
	
	
	
	
	
	RITC
	105.4 (0.017)
	86,19
	
	

	FS – Mix
	2,00
	2,26
	1,58
	0
	8,96E-05
	8,79E-04
	1,02E-01
	FITC & RITC
	97.55 (0.069)
	73,25
	60,10
	

	FS - IR 820
	2,00
	2,26
	1,58
	0
	8,96E-05
	8,79E-04
	1,02E-01
	IR 820
	116.0 (0.093)
	82,81
	55,83
	

	FS – FCS
	2,00
	3,52
	2,46
	0
	8,96E-05
	1,37E-03
	6,544E-02
	FITC
	117 (0.083)
	90,00
	59,50
	

	FS - H2O
	2,00
	2,20
	1,54
	0,125
	8,96E-05
	8,56E-04
	1,05E-01
	FITC
	597 (0.014)
	586,4
	
	


Table 6:1 – Results of the experiments in big volumes. TEM results are the result of statistics over one hundred measurements. Dye substance is presented as is concentration of all reagents.
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TEM pictures
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7.2 Results in 1 mL ethanol
	           In 1 mL
	V (TEOS) [µL]
	V (NH3)
	V (H2O)
	V (H2O) {Additional} [mL]
	[TEOS]
	[NH3]
	[H2O]
	[TEOS]/[H2O]
	[TEOS]/[NH3]
	V[TEOS]/V[NH3]
	Size

	
	
	
	
	
	
	
	
	
	
	
	DLS

	
	
	
	
	
	
	
	
	
	
	
	Avr. (PDI)
	Number

	1
	40,00
	12,00
	28,00
	50
	1,79E-03
	7,20E-03
	4,33E-02
	4,13E-02
	2,49E-01
	3,33E+00
	245 (0.049)
	226,40

	2
	36,40
	12,36
	28,84
	50
	1,63E-03
	7,42E-03
	4,38E-02
	3,72E-02
	2,20E-01
	2,94E+00
	259.5 (0.022)
	240,00

	3
	36,40
	10,98
	25,62
	50
	1,63E-03
	2,82E-03
	4,20E-02
	3,88E-02
	5,77E-01
	3,32E+00
	182.4 (0.021)
	163,40

	4
	36,40
	10,56
	24,64
	50
	1,63E-03
	2,72E-03
	4,15E-02
	3,93E-02
	6,00E-01
	3,45E+00
	190.4 (0.038)
	168,80

	5
	36,40
	6,33
	14,77
	50
	1,63E-03
	1,63E-03
	3,60E-02
	4,53E-02
	1,00E+00
	5,75E+00
	156.6 (0.08)
	124,30

	6
	36,40
	13,65
	31,85
	50
	1,63E-03
	3,51E-03
	4,55E-02
	3,59E-02
	4,65E-01
	2,67E+00
	187.1 (0.023)
	169,20

	7
	36,40
	13,65
	31,85
	50
	1,63E-03
	3,51E-03
	4,55E-02
	3,59E-02
	4,65E-01
	2,67E+00
	181 (0.011)
	163,20

	8
	36,40
	11,49
	26,81
	50
	1,63E-03
	2,95E-03
	4,27E-02
	3,82E-02
	5,52E-01
	3,17E+00
	166.1 (0.009)
	147,40

	9
	36,40
	13,65
	31,85
	0
	1,63E-03
	3,51E-03
	1,77E-02
	9,21E-02
	4,65E-01
	2,67E+00
	79.86 (0.1)
	57,20

	10
	36,40
	13,65
	31,85
	0
	1,63E-03
	3,51E-03
	1,77E-02
	9,21E-02
	4,65E-01
	2,67E+00
	76.75 (0.093)
	53,42

	11
	36,40
	3,00
	7,00
	0
	1,63E-03
	7,71E-04
	3,89E-03
	4,19E-01
	2,11E+00
	1,21E+01
	113.5 (0.345)
	23,60

	12
	36,40
	13,65
	31,85
	100
	1,63E-03
	3,51E-03
	7,33E-02
	2,23E-02
	4,65E-01
	2,67E+00
	276.7 (0.016)
	260,60

	13
	36,40
	13,65
	31,85
	200
	1,63E-03
	3,51E-03
	1,29E-01
	1,27E-02
	4,65E-01
	2,67E+00
	330.4 (0.034)
	312,90

	14
	36,40
	15,45
	36,05
	0
	1,63E-03
	3,98E-03
	2,00E-02
	8,14E-02
	4,10E-01
	2,36E+00
	73.62 (0.054)
	56,73

	15
	36,40
	28,56
	66,64
	0
	1,63E-03
	7,34E-03
	3,70E-02
	4,40E-02
	2,22E-01
	1,27E+00
	288.4 (0.052)
	262,80

	16
	36,40
	63,40
	147,94
	0
	1,63E-03
	1,63E-02
	8,22E-02
	1,98E-02
	1,00E-01
	5,74E-01
	394.5 (0.134)
	365,80

	17
	36,40
	300,00
	700,00
	0
	1,63E-03
	7,71E-02
	3,89E-01
	4,19E-03
	2,11E-02
	1,21E-01
	307.8 (0.039)
	307,80

	18
	36,40
	12,36
	28,84
	0
	1,63E-03
	3,18E-03
	1,60E-02
	1,02E-01
	5,13E-01
	2,95E+00
	48.04 (0.079)
	35,11

	19
	36,40
	12,36
	28,84
	0
	1,63E-03
	3,18E-03
	1,60E-02
	1,02E-01
	5,13E-01
	2,94E+00
	57.04 (0.063)
	41,34

	20
	36,40
	13,65
	31,85
	0
	1,63E-03
	3,51E-03
	1,77E-02
	9,21E-02
	4,65E-01
	2,67E+00
	80.4 (0.03)
	65,11

	21
	36,40
	11,49
	26,81
	0
	1,63E-03
	2,95E-03
	1,49E-02
	1,09E-01
	5,52E-01
	3,17E+00
	49.14 (0.146)
	31,00

	22
	36,40
	1,90
	4,43
	0
	1,63E-03
	4,88E-04
	2,46E-03
	6,62E-01
	3,34E+00
	1,92E+01
	121.8 (0.435)
	35,09

	23
	36,40
	0,00
	0,00
	0
	1,63E-03
	0,00E+00
	0,00E+00
	#DIV/0!
	#DIV/0!
	#DIV/0!
	118.7 (0.382)
	19,45

	24
	36,40
	45,45
	106,05
	0
	1,63E-03
	3,51E-03
	5,89E-02
	2,77E-02
	0,465
	8,01E-01
	83.68 (0.032)
	66,05

	25
	36,40
	45,45
	106,05
	0
	1,63E-03
	3,51E-03
	5,89E-02
	2,77E-02
	0,465
	8,01E-01
	92.84 (0.044)
	74,10

	26
	36,40
	21,13
	49,31
	0
	1,63E-03
	1,63E-03
	2,74E-02
	5,95E-02
	1
	1,72E+00
	338.4 (0.561)
	20,07

	27
	36,40
	70,45
	164,38
	0
	1,63E-03
	5,43E-03
	9,13E-02
	1,79E-02
	0,3
	5,17E-01
	234.4 (0.019)
	218,60

	28
	36,40
	60,39
	140,90
	0
	1,63E-03
	4,66E-03
	7,83E-02
	2,08E-02
	0,35
	6,03E-01
	195.5 (0.188)
	105,80

	29
	36,40
	52,84
	123,29
	0
	1,63E-03
	4,08E-03
	6,85E-02
	2,38E-02
	0,4
	6,89E-01
	97.0 (0.054)
	77,23

	30
	36,40
	46,97
	109,59
	0
	1,63E-03
	3,62E-03
	6,09E-02
	2,68E-02
	0,45
	7,75E-01
	79.86 (0.068
	64,45

	31
	36,40
	42,27
	98,63
	0
	1,63E-03
	3,26E-03
	5,48E-02
	2,98E-02
	0,5
	8,61E-01
	92.68 (0.044)
	73,47

	32
	36,40
	38,43
	89,66
	0
	1,63E-03
	2,96E-03
	4,98E-02
	3,27E-02
	0,55
	9,47E-01
	54.16 (0.122)
	34,27

	33
	36,40
	35,22
	82,19
	0
	1,63E-03
	2,72E-03
	4,57E-02
	3,57E-02
	0,6
	1,03E+00
	60.78 (0.102)
	44,14

	34
	80,00
	99,89
	233,08
	0
	3,58E-03
	7,71E-03
	1,29E-01
	2,77E-02
	0,465
	8,01E-01
	223.4 (0.043)
	204,40

	35
	20,00
	24,97
	58,27
	0
	8,96E-04
	1,93E-03
	3,24E-02
	2,77E-02
	0,465
	8,01E-01
	76.92 (0.394)
	33,50

	36
	200,00
	249,73
	582,71
	0
	8,96E-03
	1,93E-02
	3,24E-01
	2,77E-02
	0,465
	8,01E-01
	
	

	37
	36,40
	211,35
	493,15
	0
	1,63E-03
	1,63E-02
	2,74E-01
	5,95E-03
	0,1
	1,72E-01
	500.7 (0.168)
	458,00

	38
	36,40
	140,90
	328,76
	0
	1,63E-03
	1,09E-02
	1,83E-01
	8,93E-03
	0,15
	2,58E-01
	415.4 (0.148)
	376,70

	39
	36,40
	105,67
	246,57
	0
	1,63E-03
	8,15E-03
	1,37E-01
	1,19E-02
	0,2
	3,44E-01
	444.4 (0.087)
	413,60

	40
	36,40
	84,54
	197,26
	0
	1,63E-03
	6,52E-03
	1,10E-01
	1,49E-02
	0,25
	4,31E-01
	371.2 (0.043)
	354,30

	41
	36,40
	49,15
	114,68
	0
	1,63E-03
	3,79E-03
	6,37E-02
	2,56E-02
	0,43
	7,41E-01
	98.38 (0.137)
	70,48

	42
	36,40
	39,88
	93,05
	0
	1,63E-03
	3,08E-03
	5,17E-02
	3,15E-02
	0,53
	9,13E-01
	70.24 (0.193)
	37,37

	43
	36,40
	36,44
	85,03
	0
	1,63E-03
	2,81E-03
	4,72E-02
	3,45E-02
	0,58
	9,99E-01
	67.76 (0.266)
	37,37

	44
	36,40
	8,45
	19,73
	0
	1,63E-03
	2,17E-03
	1,10E-02
	1,49E-01
	0,75
	4,31E+00
	114.2 (0.357)
	35,01

	45
	36,40
	7,46
	17,41
	0
	1,63E-03
	1,92E-03
	9,67E-03
	1,69E-01
	0,85
	4,88E+00
	98.49 (0.329)
	25,55

	46
	36,40
	10,93
	25,51
	0
	1,63E-03
	2,81E-03
	1,42E-02
	1,15E-01
	0,95
	3,33E+00
	97.24 (0.515)
	27,04

	47
	36,40
	13,64
	31,82
	0
	1,63E-03
	3,51E-03
	1,77E-02
	9,22E-02
	0,465
	2,67E+00
	88.64 (0.091)
	62,73

	48
	36,40
	13,64
	31,82
	0
	1,63E-03
	3,51E-03
	1,77E-02
	9,22E-02
	0,465
	2,67E+00
	92.36 (0.095)
	66,50

	49
	36,40
	13,64
	31,82
	0
	1,63E-03
	3,51E-03
	1,77E-02
	9,22E-02
	0,465
	2,67E+00
	86.13 (0.1)
	57,74

	50
	36,40
	13,64
	31,82
	0
	1,63E-03
	3,51E-03
	1,77E-02
	9,22E-02
	0,465
	2,67E+00
	79.79 (0.079)
	58,27

	51
	36,40
	13,64
	31,82
	0
	1,63E-03
	3,51E-03
	1,77E-02
	9,22E-02
	0,465
	2,67E+00
	86.13 (0.067)
	65,66

	52
	36,40
	13,64
	31,82
	0
	1,63E-03
	3,51E-03
	1,77E-02
	9,22E-02
	0,465
	2,67E+00
	89.57 (0.097)
	61,79


Table 6:3 – Experiments in 1 mL reaction mixture and results.
7.3 Results from GPTS and Polymer activation
	V (Particle solution) [mL]
	Status at the time of use
	V (GPTS) [µL]
	[GPTS]
	V (Polymer) [µL]
	Polymer added after [h]
	DLS
	Zeta Potential

	
	
	
	
	
	
	Avr. (PDI)
	Number
	

	1
	Unwashed
	60,60
	3,73E-03
	12,00
	0
	Coagulated

	1
	Unwashed
	60,60
	3,73E-03
	12,00
	12
	

	1
	Washed
	60,60
	3,73E-03
	12,00
	0
	

	1
	Washed
	60,60
	3,73E-03
	12,00
	12
	

	V (Particle solution) [mL]
	Status at the time of use
	V (GPTS) [µL]
	[GPTS]
	V (Polymer) [µL]
	GPTS/Polymer added after [h]
	DLS
	Zeta Potential

	
	
	
	
	
	
	Avr. (PDI)
	Number
	

	1
	Polymer first
	30,00
	2,67E-03
	20,00
	24
	282,9 (0,29)
	203,1
	26,05

	1
	GPTS first
	30,00
	2,67E-03
	20,00
	48
	203,6 (0,0115)
	167,1
	41,8


Table 6:4 – Results from GPTS and polymer activation of Stöber silica measured by DLS
7.4 Results from APTS activation with respect to time

	Time [h]
	Size [nm]
	Zeta Potential

	
	Aver. (PDI)
	Number
	

	0
	225,6 (0,031)
	202,7
	-41,6

	2,50
	253,6 (0,278)
	152,7
	-7,79

	3,50
	240,6 (0,248)
	174,5
	-6,15

	4,50
	210,6 (0,122)
	166,2
	-4,28

	6,50
	229,1 (0,235)
	172,2
	2,66

	82,50
	242,6 (0,175)
	187,8
	36,3


7.4.1 Zeta potential
Table 6:5 – Results from APTS acid catalyzed activation of silica core – shell fluorescent particles produced by the Stöber method and measured by DLS
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TEM pictures
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7.5 Fluorolog results
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7.6 Mesoporous silica
7.6.1 TEM pictures
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​
9 Future collaboration

Further exchange visits are in the making. One more is planned for this March. During this time the work that has started would be finished. The Stöber silica will be activated and modified. A PhD program is also being discussed.  
10 Projected publications

An article named “Stöber revisited”
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Figure � STYLEREF 1 \s �3�:� SEQ Figure \* ARABIC \s 1 �1� – Graphic representation of the initial and growth period durations. The initiation period is much shorter but the specific lengths is dependent on the reaction mixture.





Figure � STYLEREF 1 \s �4�:� SEQ Figure \* ARABIC \s 1 �1� – TEM of fluorescent silica nanoparticles FS – 80. Both are produced the same way but the TEOS concentration is different. The more monodisperse (left) sample is produced as in 50 mL ethanol 2 mL of TEOS is added (a concentration of 8,96E-05) while the polydisperse (right) sample is prepared as in 50 mL ethanol 0,2 mL of TEOS is added (a concentration of 8,96E-06)





Figure � STYLEREF 1 \s �4�:� SEQ Figure \* ARABIC \s 1 �2� – Step like structure seen in table 6:2. Step one from 0,17 to 0,04; step two from 0,04 to 0,02 and step three from 0,02 to 0.
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Figure � STYLEREF 1 \s �4�:� SEQ Figure \* ARABIC \s 1 �3� – Demonstration of the step – like structure of the process in big volumes and the tendency to form smaller particles at higher ratios.
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Figure � STYLEREF 1 \s �4�:� SEQ Figure \* ARABIC \s 1 �4� – Zoom on first and second step from figure 4:2
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Figure � STYLEREF 1 \s �6�:� SEQ Figure \* ARABIC \s 1 �1� - TEM of FS – 40 (a), FS – 50 (b), FS – 80 (c) and FC – FCS (d).
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Figure � STYLEREF 1 \s �6�:� SEQ Figure \* ARABIC \s 1 �2� – Histograms of FS – 40 FITC (top left and bottom right), FS – 40 RITC (bottom left), FS – 80 (top left) 





Figure � STYLEREF 1 \s �6�:� SEQ Figure \* ARABIC \s 1 �3� – Activated silica nanoparticles 220 nm in DLS number; zeta potential 36,1 mV (left) and 160 nm in TEM;   zeta potential - 2,33 mV (right). Particles on the left are a core – shell (SiO2@SiO2) structure activated with APTS and acidic catalysis (see section 4.2.1.4). Particles on the right were the result of basic catalyzed APTS activation (see section 4.1.1.1).   





Figure � STYLEREF 1 \s �6�:� SEQ Figure \* ARABIC \s 1 �4� – FS – 80 Emission (left), grid starts from 450 and continues to 650 nm. Peak is at 522 nm. �Excitation spectra (right), grid starts from 400 and continues to 650 nm. Mean peak is at 497 nm with smaller peaks at 489 nm, 478 nm, 471 nm and 464 nm.





Figure � STYLEREF 1 \s �6�:� SEQ Figure \* ARABIC \s 1 �5� – FS – 40 RITC Emission (left), grid starts at 400 nm and ends at 650 nm. Peaks are at 559 nm and 506 nm. �Excitation (right), grid starts at 400 nm and ends at 550 nm. Peaks are at 542 nm and 537 nm.





Figure � STYLEREF 1 \s �6�:� SEQ Figure \* ARABIC \s 1 �6� – FS – 40 FITC Emission (left), grid start at 450 nm and ends 600 nm. Peaks are at 529 nm, 507 nm and 490 nm.� Excitation (right), grid starts at 350 nm and ends at 550 nm. Peaks are at 519 nm, 504 nm, 488 nm and 477nm.





Figure � STYLEREF 1 \s �6�:� SEQ Figure \* ARABIC \s 1 �7� – FS – 40 Mix Emission (left), grid starts at 200 nm and ends at 650 nm. Peak is at 531 nm.�Excitation (right), grid starts from 250 nm and ends at 650 nm. Peaks at 519 nm, 500 nm, 489 nm, 478 nm, 471 nm and 464 nm.
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Figure � STYLEREF 1 \s �6�:� SEQ Figure \* ARABIC \s 1 �8� – Histogram of ImageJ TEM image analysis results. 





Figure � STYLEREF 1 \s �6�:� SEQ Figure \* ARABIC \s 1 �9� – Mesoporous silica nanoparticles appear to have a core – shell structure. It is logical to assume that the core is made up of amorphous silica with a mesoporous shell.
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