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1 Summary 
The presented study first investigated the directed biomineralization on globular and fibrillar 

protein templates. Depending on the morphologies of the protein template, globular, non-

globular and fibrillar hybrid silica structures were obtained. The control of silica morphologies 

at mild reaction conditions with protein templates presents a new field of applications for 

catalysis and nano-structures.  

Second, the immobilization of functional proteins by non-directed, random entrapment in 

silica particles generated by biomineralization-inducing organic molecules was investigated. 

Random entrapment was used for protein immobilization in order to minimize the influence of 

different proteins on silica particle formation. The methodology presented here utilizes the 

silica sol-gel technique, where entrapping of an enzyme is achieved randomly throughout the 

chemical formation of highly porous silica under physiological temperature and pH 

conditions, avoiding degradation during entrapment. Using a polycationic polyamine to 

biomimetically form silica particles, controlling their morphologies with the reaction 

conditions, this study established a generalized entrapment protocol which suppresses 

protein-specific effects. For eGFP and the enzymes lipase, DHFR, β-galactosidase and 

luciferase, as well as for MAK33 antibodies, entrapment demonstrated protecting effects. 

Furthermore, leaching of the proteins from the silica network could be induced and 

influenced by the particle morphology generated at defined reaction conditions. The 

entrapment of proteins for technical applications leads to a number of advantages compared 

to free enzymes, such as stabilization, re-usability and rapid reaction quenching by the 

removal of the enzyme-containing silica particles. These properties are relevant for 

applications in pharmaceutical sciences, industrial catalysis and biomedical, biodegradable 

materials, biosensors and screening devices. 
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Zusammenfassung 

Im ersten Teil der vorgestellten Studie wurde die gerichtete Biomineralisation an globulären 

und fibrillaren Proteintemplaten untersucht. Abhängig von der Morphologie des 

Proteintemplats wurden unterschiedliche Silikat-Hybridstrukturen erhalten. Die Kontrolle der 

Silikatmorphologie unter milden Reaktionsbedingungen mittels Proteintemplaten eröffnet 

neue Anwendungsmöglichkeiten in den Gebieten der Biokatalyse und der Generierung von 

Nanostrukturen. 

Im zweiten Teil dieser Studie wurde die Immobilisierung diverser Zielproteine mittels 

ungerichteter, statistischer Einlagerung zwischen Silikapartikel untersucht, welche von 

biomineralisationsfähigen organischen Molekülen gebildet wurden. Die statistische 

Einlagerung wurde verwendet, um den Einfluss der unterschiedlichen Zielproteine auf die 

Silikapartikelbildung zu minimieren. Die statistische Einlagerung der Enzyme wurde in dieser 

Studie mittels der Sol-Gel-Reaktion erreicht, welche das Enzym schonend und unter milden 

Temperaturen und pH Werten während der Bildung von porösen Silikaten immobilisiert. Mit 

Hilfe von polykationischen Polyamiden, welche biomimetisch die Partikelbildung und deren 

Morphologie kontrollieren, wurde in dieser Studie ein generalisiertes Einlagerungsprotokoll 

etabliert, welches proteinspezifische Effekte unterbindet. Die Proteineinlagerung zeigte 

stabilisierende Effekte für eGFP, die Enzyme Lipase, DHFR, β-Galactosidase und 

Luciferase, sowie für MAK33 Antikörper. Außerdem konnte gezeigt werden, dass 

eingelagerte Proteine unter bestimmten Reaktionsbedingungen wieder aus dem 

Silikatnetzwerk kontrolliert heraus gelöst werden können. 

Die Einlagerung von Proteinen für technische Anwendungen in Biomineralen bietet 

zahlreiche Vorteile gegenüber dem Einsatz von Proteinlösungen, darunter die Stabilisierung 

und Wiederverwendbarkeit der Proteine, sowie die Möglichkeit, die enzymatischen 

Reaktionen rasch zu stoppen, indem die immobilisierten Enzyme der Reaktionslösung durch 

Sedimentation entzogen werden. Diese Eigenschaften sind für die Anwendungen in den 

pharmazeutischen Wissenschaften, der industriellen Katalyse und für die Herstellung von 

biomedizinischen, bioabbaubaren Materialien, Biosensoren und biochemischen 

Diagnostiksystemen. 
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Part 1: Biomineralization of SiO2 on protein templates 
 

2 Introduction 

2.1 Biomineralization of SiO2 in nature 

Biomineralization, i.e. the formation of inorganic materials with complex morphologies, is a 

widespread biological phenomenon which occurs from prokaryotes (e.g., Fe3O4 nanocrystals 

in magnetotactic bacteria) to humans (bone and teeth) (Lowenstam & Weiner, 1989; 

Bäuerlein et al, 2007; Kröger & Poulsen, 2008). Spectacular examples of biomineralization 

are found in unicellular eukaryotes that produce intricately structured cell walls made of 

CaCO3 (e.g., coccolithophores) or SiO2 (e.g., diatoms, radiolaria) (Kröger & Poulsen, 2008). 

How the cell translates DNA sequence information into patterned three-dimensional SiO2 

structures has been the object of intense research for more than a century (Round et al, 

1990). Insight into the mechanisms of silica biomineralization could inspire the development 

of patterned inorganic materials with complex morphologies and advanced properties (Heuer 

et al, 1992; Mann, 1993; Mann & Ozin, 1996).  

Diatoms have evolved into the most species-rich group of eukaryotic algae, present in almost 

every water habitat. They are enormously important for the biological cycling of silicon and 

carbon, and are responsible for about 20% of the total photosynthetic CO2 fixation, which is 

equivalent to the photosynthetic activity of all rain forests combined (Kröger & Poulsen, 2008; 

Field et al, 1998). Diatoms possess species-specific, precisely controlled silica morphologies 

(Fig. 1) (Round et al, 1990; Pickett-Heaps et al, 1990).  

.  

Fig. 1: High resolution SEM micrograph of unsputtered cell wall from Thalassiosira pseudonana. 
Micrographs have been recorded with the LEI detector at 1 kV acceleration voltage. Working distances 
were (left) 7.7 mm and (right) 7.8 mm. Scale bar: 1 µm. (Diatom sample preparation is described in 8.6.3.1 
and microscopy was carried out as described in 8.6.4.)  

Current research shows that diatom biosilica is an inorganic-organic hybrid material mainly 

composed of inorganic silica to which various specific organic macromolecules (diatom-
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specific silaffins, long-chain polyamines (LCPA) and other proteins) are attached (Kröger & 

Poulsen, 2008). Silaffins and LCPA accelerate and control silica morphogenesis from silicic 

acid in vitro through phase separation processes (Kröger & Poulsen, 2008). The R5 peptide 

(SSKKSGSYSGSKGSKRRIL) derived from a repeat unit of the sil1 gene from Cylindrotheca 

fusiformis diatoms is one of the most popular biomimetic biomineralization ―starters” for the 

synthesis of spherical silica nanoparticles of 200 nm to several microns via polycondensation 

of silicic acid in the presence of phosphate buffer (Patwardhan, 2002; Luckarift et al, 2004; 

Crookes-Goodson et al, 2008; Brott et al, 2001). Spermidine motives are found in the LCPAs 

of diatoms, some of which are composed of oligo-propyleneimines attached to propylamine, 

spermine, or spermidine (Crookes-Goodson et al, 2008). The influence of spermine and 

spermidine on silica particle formation has been shown before (Belton et al, 2005).  

Native silaffins are covalently bound to long-chain polyamines (LCPA) and therefore 

branched (Kröger et al, 1999, 2001). Branched polyethyleneimine (PEI) is structurally 

comparable to polyamines isolated from Stephanopyxis turnis and Cylindrotheca fusiformis 

(Sumper et al, 2003). The polycationic PEI was shown to self-associate in the presence of 

phosphate ions and to be able to catalyze silica polycondensation (Hildebrand, 2008; 

Sumper & Kröger, 2004). 

2.2 Globular chaperones as biomineralization scaffolds 

Cells respond to heat shock by increased expression of heat shock proteins (Hsps) 

(Lindquist & Craig, 1988), many act as molecular chaperones and prevent the unspecific 

aggregation of other proteins (Morimoto, 1994; Beissinger & Buchner, 1998). Among these 

are the small heat shock proteins (sHsps) which are ubiquitous in nature (Haslbeck et al, 

1999). They share conserved domains with high sequence homology to α-crystallin (de Jong 

et al, 1993) while the N-terminal part is divergent in sequence and length for different 

organisms (Haslbeck et al, 1999; Andre-Patrick Arrigo & Jacques Landry, 1994; Ehrnsperger 

et al, 1997). They form complexes in the range of 150-800 kDa with varying subunit 

stoichiometry (Haslbeck et al, 1999; de Jong et al, 1993). The interaction of non-native 

proteins with sHsps has been shown first for α-crystallin and murine Hsp25 (Horwitz, 1992; 

Jakob et al, 1993). 

The small heat shock protein Hsp26 was reported to non-covalently bind to substrates and 

build stable chaperone/substrate complexes in an ATP-independent way (Haslbeck et al, 

1999; Haslbeck, 2002), (Jakob et al, 1993). Hsp26 was chosen for this study since it was 

reported to be a large 24-mer showing regular, spherical complexes with a diameter of 15-

18 nm (Haslbeck et al, 1999; Ehrnsperger et al, 1999; Bentley et al, 1992). 
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The GroEL/ES system (Hsp60) is formed by the cylindrical GroEL and its co-chaperone 

GroES (Beissinger & Buchner, 1998; Hartl & Hayer-Hartl, 2002; Frydman, 2001). GroEL 

consists of 14 identical subunits that form two stacked rings. Each subunit is characterized 

by an equatorial ATP binding domain, a central hinge-like domain and an apical substrate 

binding domain, containing a number of highly conserved amino acids responsible for 

substrate binding as well as for interacting with the co-chaperone GroES (Braig et al, 1994).  

2.3 Fibrillar proteins as chaperone substrates for the directed 

biomineralization 

The biomineralization of fibrils was interesting with regards to current bone mineralization 

research: it has been found that silica-collagen-composites represent a preliminary phase in 

bone development which has been conserved from the time when silica-collagen composites 

were necessary for the construction of the first metazoan skeletons (Bäuerlein et al, 2007). 

Relating to bone formation, it was recently reported that a chaperone from the Hsp70 family, 

GRP-78 shows calcium phosphate biomineralization activity and binds to type 1 collagen 

(Altmeyer et al, 1996; Ravindran et al, 2011). It was shown that collagen type I fibers (as well 

as tobacco mosaic virus) could be used as biomineralization-active scaffolds for the 

preparation of silica nano-tubes due to their cationic character at low pH and high pI (Pickett-

Heaps, 1998; Blank & Sullivan, 1983; Schmid, 1980). 

Furthermore, it was shown that the small heat shock chaperone Hsp26 interacts with actin 

(Haslbeck et al, 1999; Benndorf et al, 1994; Ehrnsperger et al, 1997). Possibly, chaperone-

actin complexes could be interesting biomineralization templates.  

2.4 Aim of the study 

A fundamental challenge for the directed biomineralization is the determination of useful 

template structures inducing biomineralization. Molecular chaperones are unique in their 

structural variability combined with their ability to non-covalently form stable complexes with 

a multitude of substrates (Haslbeck et al, 1999; Ehrnsperger et al, 1997; Haslbeck, 2002). 

This study investigates the application of a family of molecular chaperones, the small heat 

shock proteins (sHsps) that form large spherical particles, as scaffold proteins for the 

directed biomineralization and the influence of different organic polyamines and synthetic 

silaffin on chaperone/substrate templates and their biomineralization activity. The goal was to 

obtain biomimetic silica with the nano-structure of the protein template. Specific nano-

structured morphologies based on globular or fibrillar protein scaffolds resulting in core-shell 

silica nano-spheres or silica nano-wires are of great interest for research on nano-materials. 
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Fig. 2: Scheme of scaffolding with sHsps bound to biomineralization active substrates leading to 
biomineralized structures with the nano-structure of the complex template. 

Oligomeric chaperones (e.g. Hsp26, GroEL/ES) would be of interest as structural scaffolds 

(without biomineralization activity) for the biomineralization of SiO2 under mild conditions. 

Substrates with high biomineralization activity (―strong starter”), e.g. Silaffin and LCPAs or 

structurally similar organic molecules like PEI (Kröger & Poulsen, 2008), could provide 

biomineralization activity to the chaperone scaffold, if specific binding of the substrate 

(starter) to the chaperone (scaffold) leads to a stable chaperone/substrate complex with 

lower biomineralization activity (―controlled starter/scaffold” template). The biomineralization 

activity of the substrate must be controlled in order to obtain silica deposition thin enough for 

the biomineralized particle to retain the nano-structure of the template.  
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3 Results 

3.1 Biomineralization on globular protein templates 

In order to retain the nano-structure of protein templates, biomineralized silica layers < 5 nm 

around the template were estimated to be required. In the case of Hsp26 as a scaffold, ideal 

biomineralized particles would be around 20 nm. To investigate multiple different 

biomineralization templates and conditions, light scattering measurements have been 

established (Fleckenstein, 2008) and commercially available Ludox silica particles (20 nm) 

(Stöber et al, 1968; Deželić et al, 1960) were used as a control sample to estimate 

differences in light scattering at different particle concentrations (Fig. 3A). 

 

Fig. 3: A) Light scattering at 405 nm by different Ludox silica particle (20 nm) concentrations in 0.1 M 
potassium phosphate after 10 min incubation at r.t.. Inset: absorption measurement over time of 1 vol.-% 
(dashed line) and 10 vol.-% (solid line) Ludox. B) SEM micrograph of sputtered 0.1 vol.-% Ludox solution 
in H2O. Scale bar: 0.5 µm. C-D) TEM micrographs of 0.01 vol.-% Ludox solutions in H2O observed on 
C) glow-discharge treated and D) untreated carbon-coated copper grids. Scale bar: 100 nm.  

At high concentrations, Ludox caused an increase in absorption due to particles sedimenting 

while the absorption of diluted Ludox solutions was constant over time (Fig. 3A, inset). 

Different concentrations of silica particles in suspension led to detectable changes in 
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absorption (Fig. 3A). Thus, determination of the absorption at 405 nm allowed a qualitative 

assessment of particle formation by biomineralization.  

Ludox particles were observed microscopically as a standard silica sample for comparison 

with biomineralized silica particles (Fig. 3B-D). Using conventional SEM measurements, 

20 nm silica particles could not be clearly resolved (Fig. 3B), possibly due to sputter-coating 

of the sample with a ~2 nm layer of gold which was necessary for image acquisition. 

Therefore, samples that can be resolved with conventional SEM are bigger than the required 

particle size of ideal biomineralized nanoparticles (with silica layers < 5 nm around the 

template). For the investigation of biomineral morphologies, samples must therefore be 

analyzed by TEM. 

The process of drying silica particles in aqueous suspension on microscopic grids can lead to 

changes in association of silica particles (Perry & Lu, 1992). Ludox associated locally on 

carbon-coated grids for TEM (Fig. 3C-D), especially for high particle concentrations. Highly 

diluted Ludox (0.01 vol.-%) silica particles did not stick together strongly when carbon-coated 

TEM grids were rendered hydrophilic (i.e., with a net negative charge with glow discharge in 

a reduced atmosphere of air (Fig. 3C) compared to untreated grids (Fig. 3D) (Dubochet et al, 

1971; Aebi & Pollard, 1987).  

The final goal was to establish biomineralization conditions leading to the controlled 

deposition of the thinnest silica layer possible around a stable substrate/chaperone-complex. 

The faster the kinetics, the more challenging the control of the biomineralization process was 

expected to be and the more unspecific silica particle formation independent of the template 

would be observed. Therefore, the biomineralization conditions needed to be optimized for 

slow, controllable template-specific silica deposition allowing the control of the silica layer 

thickness by removal of the particles from the reaction solution.  

Light scattering due to silica particle formation was used to extensively investigate different 

additives, globular Hsp26 scaffolds and potential chaperone-substrate complexes under 

biomineralization conditions. In order to control silica deposition, the biomineralization 

conditions were optimized (Fleckenstein, 2008). (The screening procedure used is illustrated 

in Materials and Methods 8.2.1) 

Silica deposition was observed to be slowest at pH 7 (Bauer et al, 2007; Pascal J. Lopez et 

al, 2005), which was applicable for chaperone-substrate binding. Substrates with low 

individual biomineralization activity (weak starters) resulting in cooperatively higher particle 

formation when bound by chaperone scaffolds were of primary interest. Additives that did not 

lead to any significant light scattering when added to silicic acid were assumed to be inactive 

in biomineralization. Controls were measured for the biomineralization of the chaperone 
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scaffold without starter. From all additives analyzed for controlled biomineralization activity 

and cooperative light scattering with chaperones, spermidine (Spd) yielded the most 

interesting results.  

3.2 Chaperone scaffolds show biomineralization activity  

The optimal potassium phosphate (PPB) concentration for controlled particle formation 

kinetics was investigated for combinations of Spd and Hsp26 (Fig. 4A-C). Silicic acid was 

obtained from TMOS hydrolysis in 1 mM HCl (Materials and Methods, 8.2.1). The 

prehydrolysis time tpre is defined as the time TMOS was hydrolyzed to silicic acid in 1 mM 

HCl before adding it to the reaction solution (Hench & West, 1990; Iler, 1979; Patwardhan, 

2002). Decreasing potassium phosphate molarities (0.5 to 0.01 M) caused decreasing silica 

particle formation both by the starters (Fig. 4A-C) and by silicic acid auto-condensation 

(Fig. 4D) (Potapov et al, 2007). Higher potassium phosphate concentration led to higher 

background auto-condensation of silicic acid (Fig. 4D); biomineralization with 0.5 M 

potassium phosphate was predicted to result in higher amounts of unspecific auto-

condensated silica particles and seemed therefore less useful than 0.1 M potassium 

phosphate which was optimal for controlled but significant biomineralization activities (i.e. 

significantly higher than silicic acid auto-condensation) (Fig. 4B). 

It has been reported before that silica formation activity is strongly dependent upon the 

presence of amines (Currie & Perry, 2007). Although amino-groups are present in all 

proteins, specific biomineralization activity was shown only for specific organic proteins like 

silaffins and LCPA (Kröger & Poulsen, 2008), PEI (Hildebrand, 2008; Sumper & Kröger, 

2004; Kröger & Poulsen, 2008) or spermine (Belton et al, 2005). Surprisingly, the scaffold 

Hsp26 possessed significant biomineralization activity and was in fact even a stronger starter 

than Spd: 4.2 µM Hsp26 (1 mg/ml) caused significant light scattering (Fig. 4A-C). In 

comparison, light scattering induced by 4.2µM up to 6.9 mM (1 mg/ml) Spd did not 

significantly increase. However, the combination of Hsp26 and Spd caused higher absorption 

than the sum of each component, as predicted for a Hsp26/Spd chaperone/substrate-

complex.  

A chaperone-complex with its substrate Spd in high excess (6.9 mM or 1 mg/ml Spd, 

corresponds to a 1640:1 ratio of Spd:Hsp26, in relation to Hsp26 monomers) or lower excess 

(10:1 Spd:Hsp26, data not shown) to Hsp26 (4.2 µM) did not surpass light scattering caused 

by an equimolar Hsp26/Spd complex (4.2 µM). This could possibly indicate that a potential 

Hsp26/Spd complex was already saturated and excess Spd activity was not observed due to 

the much higher biomineralization activity of the Hsp26/Spd complex.  
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Fig. 4: Light scattering caused by particle formation by Spd, Hsp26 and Hsp26/Spd dependent on the 
potassium phosphate concentration (TMOS tpre: 3 min): A) 0.5 M, B) 0.1 M, C) 0.01 M. D) Light scattering 
caused by particle formation by silicic acid auto-condensation in potassium phosphate buffer (PPB). 
Absolute light scattering values were corrected for the absorption caused by the control solutions 
without silicic acid.  

The observation of biomineralization activity of the scaffold Hsp26 and complex formation 

with Spd was consistent and reproducible for 0.5 and 0.01 M potassium phosphate (Fig. 4A 

and C). Silica particles obtained from biomineralized Hsp26 scaffold in the absence of the 

starter Spd were observed by TEM (Fig. 5). 

Bigger particle size was observed with 0.1 M potassium phosphate; however the contrast of 

the particles was higher than with 0.5 M potassium phosphate.  
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Fig. 5: TEM micrographs of biomineralized Hsp26 using A) 0.1 M, B) 0.5 M potassium phosphate buffer. 
Scale bar: 50 nm. Average particle sizes are shown in the diagram and were determined as described in 
Materials and Methods 8.6.3.3. Biomineralization conditions: A) 0 µM Spd, 0.1 M potassium phosphate, 
B) 0 µM Spd, 0.5 M potassium phosphate. Other biomineralization conditions are described in Materials 
and Methods 8.2.2.1.  

With 0.01 M potassium phosphate, the biomineralization ability of Hsp26 decreased 

significantly (Fig. 4C). Due to the low background auto-condensation at 0.01 M potassium 

phosphate (Fig. 4D), the additional absorption for the Hsp26/Spd complex compared to that 

of Hsp26 was most visible at this potassium phosphate concentration. 

3.2.1 Optimized biomineralization conditions are determined by light scattering  

Further screening controls with light scattering were carried out (data not shown) with varied 

reaction conditions and confirmed optimal biomineralization conditions in potassium 

phosphate at neutral pH with significantly faster particle formation at slightly alkaline pH of 

7.7 and irregular light scattering signals at a slightly acidic pH of 5.7 (data not shown).  

Reaction conditions with harsh pH values and higher concentrations of silicic acid were 

eliminated to prevent protein denaturation and possibly loss of the chaperone function. 

Variation of the incubation time of the complex at r.t. as well as heat-shock activation of 

Hsp26 (Haslbeck et al, 1999; Haslbeck, 2002) did not influence the light scattering 

significantly (data not shown). Reaction kinetics were slowest for chaperone and/or substrate 

concentrations above 4.2 µM in the screening assay. Hsp26/Spd-complexes were observed 

to have slower particle formation kinetics (data not shown).  

Higher tpre (up to 40 min) led to slower light scattering for screening kinetics with 0.5 M 

potassium phosphate (no difference was detected for 0.1 M potassium phosphate) and were 

reported to lead to decreased silica particle size in the literature (Patwardhan, 2002; 

Patwardhan & Clarson, 2003).  

However, the screening of the biomineralization kinetics did not reveal any structural 

information of particle morphologies at the time points indicated. To determine the optimal 

reaction time sufficient for controlled biomineralization, the exact particle size needed to be 
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continuously measured in situ, as opposed to intermittent measurement of the particle size 

after centrifugation and washing steps for different reaction times. 

3.2.2 A controlled increase of particle size is observed during biomineralization  

To determine if the hydrodynamic particle size (Berne & Pecora, 1976) of Hsp26 increased 

upon Spd binding Hsp26, Spd and an Hsp26/Spd complex were analyzed with DLS (Fig. 6A) 

(Chu, 1997; Hendrix & Leipertz, 1984; Berne & Pecora, 2000). The size determined for 

Hsp26 and the Hsp26/Spd complex was ~18 nm. This value corresponds well to the 

expected size for the oligomeric complex of Hsp26 (Haslbeck et al, 1999; Bentley et al, 1992) 

and the potential Hsp26/Spd substrate complex. Spd was not detected by DLS. 

Knowing the hydrodynamic particle size of the scaffold, the reaction time could be 

investigated at which the silica layer was expected to be thinnest. The size of silica particles 

formed in the presence of the starter Spd, the scaffold Hsp26 and the Hsp26/Spd template 

was measured at optimized conditions (0.1 M TMOS, tpre: 3 min, 0.5 M potassium phosphate, 

4.2 µM Spd, Hsp26 or Hsp26/Spd, described in Materials and Methods 8.2.2.3) (Fig. 6B). 

 

Fig. 6: A) DLS measurement of Hsp26, Spd and Hsp26/Spd solutions. Error bars were calculated from 3 
DLS measurements. B) Particle sizes determined in situ by DLS over time during the biomineralization 
reaction with silicic acid: Hsp26 (solid line), Spd (dashed line), Hsp26/Spd complex (strong line) and a 
control (buffer with silicic acid, dotted line) are shown. 

The weak starter Spd generated silica particles of detectable size after 15 min reaction time. 

These increased to particle sizes ~30 nm after 30 min. The DLS measurement showed that 

the scaffold Hsp26 indeed induced biomineralization of silica particles with hydrodynamic 

particle sizes of 24.5 nm after 3 min reaction time and ~60 nm after 30 min, confirming 

previous findings (Fig. 4A-C, Fig. 6) that Hsp26 scaffolds formed bigger silica particles than 

the starter Spd alone. The particle size detected for the Hsp26/Spd-complex used as a 

template did not differ significantly in DLS measurements. 

Since no significantly bigger particle size was detected for the Hsp26/Spd-complex template 

compared to Hsp26 as a scaffold, although the light scattering was significantly higher for the 
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complex (Fig. 4A-C), the difference in light scattering might be due to the number of particles 

obtained. Significant changes in the hydrodynamic particle size of biomineralized Hsp26 

scaffold or Hsp26/Spd template were detected only after 10 min.  

In the biomineralization reaction with the Hsp26/Spd template, a reaction time of 10 min or 

less leads to biominerals containing the Hsp26 scaffold. Silica particles obtained at reaction 

times between 15-20 min or higher may contain biominerals generated from Spd alone. 

Therefore, isolating the silica particles after reaction times shorter than 10 min separated 

biomineralized silica particles generated from the Hsp26/Spd template from those generated 

from the starter Spd alone. 

Anisotropy decay measurements are another powerful tool for analyzing the growth of silica 

particles with bound dyes in situ (Tleugabulova et al, 2004; Birch & Geddes, 2000). During 

Hsp26/Spd biomineralization (biomineralization conditions: 0.1 M TMOS, tpre: 3 min, 0.5 M 

potassium phosphate, 1.05 µM Hsp26/Spd, described in Materials and Methods 8.2.2.3), an 

anisotropy decay was expected to be observed due to the rotation of a fluorescent ―dye‖, i.e. 

the intrinsic fluorescence of Hsp26, bound to charged silica particles (Geddes et al, 2000). 

The anisotropy (r) is a dimensionless quantity independent of the total fluorescence intensity 

and fluorophore concentration (Johnson, 2009). During the anisotropy measurement, Spd 

was added to Hsp26 in phosphate buffer at t: 0 s (Fig. 7). 

 

Fig. 7: Fluorescence anisotropy (r) measurements of Hsp/Spd biomineralization at 20 °C. Spd was added 
to Hsp26 (Hsp26:Spd ratio 1:1) at t: 0 s and the biomineralization reaction was started by the addition of 
0.5 M TMOS after 5 min.  

Adding Spd to Hsp26 did not seem to lead to any significant change in fluorescence 

anisotropy (t: 0-300 s). After 5 min, TMOS was added and a sharp decrease of r was 

observed, followed by a lag phase of ~10 min and a slower additional decrease of r. After 

~25 min, a residual anisotropy was observed with increasing noise of the signal. The kinetics 
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thus followed a decay expected for fluorophores intercalated in silica structures (Birch & 

Geddes, 2000). The anisotropy decay of a dye strongly bound to silica oligomers and 

nanoparticles can be fit to three components: a fast scale component associated with free 

dye, a slower rotational component of dye associated to primary silica particles and a 

residual non-decaying anisotropy component of dye bound to larger particles with slowed 

down rotation (Tleugabulova et al, 2004). Changes in the fluorescence anisotropy are 

explained by changes in the relative abundance of solvated fluorophore and encapsulated 

fluorophore, changes in silica particle size and sol micro-viscosity (Birch & Geddes, 2000). 

Negative fluorescence anisotropy values were caused by the automatic scaling of the 

spectrophotometer software (Geddes et al, 2000). 

Fluorescence anisotropy kinetics with Hsp26 solution in the absence of Spd did not yield 

significantly different shapes (data not shown) and confirmed that Spd did not have a 

significant influence on biomineralization.  

Fluorescence anisotropy experiments present promising alternatives to DLS and microscopic 

methods for its ability to follow silica particle formation in situ without the need for drying of 

the samples as is the case of SEM or TEM (Birch & Geddes, 2000; Lakowicz, 2006). Since 

DLS and fluorescence anisotropy measurements did not show significantly different particle 

formation kinetics for biomineralization of the Hsp26 scaffold and the Hsp26/Spd-template 

(Fig. 6), it remained to be determined whether the complex was not stable during 

biomineralization or whether the binding of the starter Spd did not increase the 

biomineralization activity observed for the scaffold Hsp26 significantly. 

3.3 Hsp26 forms stable substrate complexes with spermidine  

The complex formation between temperature-activated Hsp26 and a potential substrate 

(Spd) were analyzed using SEC-HPLC. The elution volume (Ve) gives an estimate for the 

molecular mass of the species investigated. A shift to higher masses (lower Ve) of Hsp26 

was expected for a stable chaperone-substrate complex and one monomer of substrate was 

expected to bind to each Hsp26 dimer (Haslbeck et al, 1999). However, no shift in the Ve of 

Hsp26 was observed in comparison to Hsp26/Spd (data not shown). This may be due to the 

much lower MW of Spd in comparison to Hsp26.  

Fluorescently labeled Spd would be expected to show a shift of the fluorescence signal upon 

binding to Hsp26. Aliphatic amines like Spd can be fluorescently labeled with 

NBD-Cl (Heberer et al, 1985; Ghosh & Whitehouse, 1968). The labeling procedure was 

adapted from the literature (Jachmann, 2001). The crude NBD-labeled Spd (NBD-Spd) was 

used directly in HPLC runs to test if complex formation could be observed. NBD-Spd could 

be detected at 475 nm. Prior to HPLC measurements, Hsp26 was temperature-activated at 
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43 °C for 5 min to stimulate substrate binding (Haslbeck et al, 1999; Haslbeck, 2002). With 

NBD-Spd, a complex between the chaperone and the organic starter could be observed 

(Fig. 8).  

 
Fig. 8: HPLC analysis of Hsp26/NBD-Spd-complex formation. HPLC-detectors: UV-absorption at 280 nm 
(left) and fluorescence (Ex/Em 214/475 nm) (right). HPLC samples in this figure: Hsp26 solution (dashed 
line, 1 mg/ml), NBD-Spd solution (gray line, 1 mg/ml), Hsp26/NBD-Spd solution (strong solid line, 
0.5 mg/ml). NBD-Spd:Hsp26 was 77:1 

The Ve of NBD-Spd shifted considerably from ~22 ml to ~17 ml, which corresponds to Hsp26 

dimers expected to form when submitting Hsp26 to heat shock [1]. This shift of NBD-Spd to 

higher mass was observed both for the fluorescence signal as well as for the absorption at 

280 nm. Since no residual peak of NBD-Spd was observed in the complex, it was concluded 

that all NBD-Spd was bound to Hsp26. NBD-Spd was purified and used for biomineralization 

experiments, in order to prove the presence of NBD-Spd within the silica particles generated 

by the Hsp26/NBD-Spd complex. 

3.4 Hsp26 and spermidine are localized within the biomineral  

Although DLS measurements did not detect significant differences in the particle size of 

biomineralized Hsp26 and the Hsp26/Spd complex (Fig. 6), light scattering experiments 

clearly showed a higher signal for the complex (Fig. 4). Furthermore, the stability of an 

Hsp26/Spd complex has been proven with the HPLC measurements shown in Fig. 8.  

Silica particles generated with the Hsp26/NBD-Spd complex (biomineralization conditions: 

0.1 M TMOS, tpre: 3 min, 0.5 M potassium phosphate, 4.2 µM Spd, Hsp26 or Hsp26/Spd, 

described in Materials and Methods 8.2.2.3) showed specific fluorescence and no label-free 

silica particles were observed (Fig. 9A). Since all silica particles showed fluorescence and 

silica particles were induced by the biomineralization activity of the Hsp26 scaffold, this 

experiment indicated that NBD-Spd must be localized within the biomineral induced by the 

complex.  
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A major fluorescence loss by photo-bleaching was observed within ~ 1 s (Fig. 9B). In 

comparison, the free NBD-Spd solution even higher fluorescence loss by photo-bleaching 

(not shown). It was shown that encapsulation of a fluorescent dye in a silica matrix 

suppressed the decay of the dye fluorescence with increasing local rigidity of the silica 

environment (Larson et al, 2008), which would explain the slightly decreased photo-

bleaching of encapsulated NBD-Spd (expected to be bound to Hsp26) compared to NBD-

Spd in solution. 

 

Fig. 9: Visualization of silica particles generated with Hsp26/NBD-Spd via fluorescence (535 nm). Left: 
0.1 s exposure, right: micrograph after 1 s exposure. Scale bar: 5 µm.  

The silica particles formed in the presence of the scaffold Hsp26 and the Hsp26/Spd 

template (biomineralization conditions: 0.1 M TMOS, tpre: 3 min, 0.5 M potassium phosphate, 

4.2 µM Spd, Hsp26 or Hsp26/Spd, described in Materials and Methods 8.2.2.3) were isolated 

after treact: 3 min. The biomineralized Hsp26/Spd-complex used as a template resulted in 

silica particles small enough that after removal of the organic template by calcination, i.e. 

heating to 800 °C (Materials and Methods, 8.2.3), cavities within the silica particles were 

observed by TEM (Fig. 10). 

Calcinated Hsp26/Spd complexes appeared as hollow particles with a size of ~48 nm and 

with cavities of ~18.5 nm. The size of the cavities correlated well with the size of Hsp26 

oligomers in solution (Fig. 6A). Therefore, the calcination experiment indicated the 

localization of the Hsp26 scaffold within the biomineral. 
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Fig. 10: TEM micrographs of biomineralized Hsp26/Spd after calcination. Scale bar: 50 nm. A) hollow 
particle is highlighted by a square. B) Magnification of the highlighted hollow silica particle. 
Biomineralization conditions: 4.2 µM Hsp26, 4.2 µM Spd, 0.5 M potassium phosphate, 0.1 M TMOS, tpre: 
3min, treact: 3 min. Other biomineralization conditions are described in 8.2.2.1. 

The thickness of the silica layer was still far away from a minimal layer < 5 nm. Therefore, the 

biomineralization conditions of Hsp26/Spd biomineralization were modified in order to find 

the minimal particle size. To confirm the localization of the Hsp26 scaffold, all particles were 

calcinated (Fig. 11). 

 

Fig. 11: TEM micrographs of biomineralized and calcinated Hsp26/Spd. Scale bar: 50 nm. A-B): A hollow 
particle is highlighted by a square. A) pH 6.7, tpre: 42 min; B) pH 7, tpre: 42 min. C) 4 °C reaction 
temperature, tpre: 42. Other biomineralization conditions are described in 8.2.2.1. 

Increasing the tpre at 20 °C led to smaller particles at pH 7 and 6.7 (Fig. 11, average particle 

size A) ~33 nm, B) ~27 nm). However, after calcination a hollow cavity in silica particles 

generated at a higher tpre was challenging to detect in most cases. Hollow cavities of ~16 nm 

could be observed which corresponded to the predicted size of Hsp26. The contrast of silica 

calcinated particle at lower particle size also decreased significantly. 

Additionally reducing the reaction temperature to 4 °C caused unspecific silica particle 

formation (Fig. 11C), since after calcination no hollow cavity was found. Apparently, the 

chaperone/substrate-template did not associate to silica at low temperatures. Screening 



 Results 18 
 

 
 

further reaction conditions with the Hsp26/Spd-complex as template did not result in any 

morphologies with thinner silica deposition. 

3.5 Scaffold induced biomineralization activity is too high for retention 

of nano-structure 

It is known that amines and polyamines have catalytic activity for silicic acid polymerization in 

water at neutral pH (Mizutani et al, 1998). The presence of amino-groups on the surface of 

oligomeric protein scaffold seemed to be sufficient for scaffold-induced silica deposition 

(Fig. 5).  

Based on the biomineralization conditions that first allowed the formation of hollow silica 

particles (Fig. 10), reaction conditions were modified with only Hsp26 as a weakly silica-

inducing scaffold in order to optimize silica deposition to minimal layer thickness. It was 

observed that no significant difference in particle size was detected for biomineralization at 

0.5 M potassium phosphate for treact: treact: 3 min (Fig. 5B) or 1min. For biomineralization 

with 0.1 M potassium phosphate, a minimal treact: 5 min was needed for defined structures to 

be observed. Increasing the concentration of the Hsp26 scaffold showed little influence.  

It was necessary to test if the biomineralization activity of Hsp26 scaffolds was specific to 

Hsp26 or universal to all protein-based scaffolds. Since the silica layer thickness needed to 

be limited to < 5 nm and the protein scaffold showed biomineralization activity, then the use 

of a scaffold/starter template leading to an increase in silica layer thickness would not 

support the aim of the study. If reaction conditions can be found where scaffolds are inactive 

in biomineralization, then stronger starters are needed as chaperone substrates. 

3.6 Hsp26 does not form complexes with Silaffin or PEI 

One aim of this study was to localize the biomineralization activity of a strong starter on a 

chaperone scaffold, possibly controlling silica particle formation. Since Hsp26 showed an 

unexpected scaffold biomineralization activity, it was of interest whether a stronger starter 

could be bound to Hsp26. If a set of biomineralization could be found where scaffold 

biomineralization was suppressed, e.g. at very low potassium phosphate concentrations 

(comparable to Fig. 4D) conditions, a substrate-specific biomineralization on an unreactive 

scaffold seemed possible.  

Spd was a much weaker starter than e.g. PEI (MW: 1800, branched): PEI-induced silica 

particle formation causing a significant increase of turbidity clearly visible to the eye while 

Spd did not cause a visible turbidity change. A comparison of particle morphologies of 

biomineralized Spd and PEI is shown in SEM micrographs in Fig. 12.  
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Fig. 12: SEM micrographs of biomineralized Spd (A) and PEI (B). Scale bar: 1 µm. Biomineralization 
conditions: 0 µM Hsp26, 0.1 M potassium phosphate, TMOS tpre: 3 min, 4.2 µM A) Spd, B) 4.2 µM PEI (no 
Spd), treact: A) 30 min, B) 15 min. Other reaction conditions are described in Materials and Methods 8.2.2.1. 

However, testing PEI of different MW (1300-750 000 g/mol), no chaperone-substrate 

interaction could be detected (data not shown).  

Silaffin was shown to be of crucial importance for silica biomineralization in diatoms (Kröger 

& Poulsen, 2008). The C-terminally cys-modified R5 peptide cys-R5 (―Sil‖; 1 mg/ml, 

sequence: sequence SSKKSGSYSG SKGSKRRILC) was used in the biomineralization 

reaction instead of e.g. Spd and retained its biomineralization activity under the conditions for 

the absorption measurement of the Hsp26/Spd complex (Fig. 4A). The SEM micrograph 

shows clear particle formation with a particle size of average 350 nm after treact: 30 min 

(Fig. 13A). 

 

Fig. 13: A) SEM micrograph of biomineralized Sil. Biomineralization conditions: 1 mg/ml Sil in 0.1 M 
potassium phosphate, 0.5 M potassium phosphate, TMOS tpre: 3 min, treact: 30 min. Other reaction 
conditions are described in Materials and Methods 8.2.2.1. Scale bar: 1 µm. B) Absorption measured at 
340 nm after dilution of Sil in 500 mM potassium phosphate, C) light scattering at 340 nm at 90 ° 
backscattering angle after dilution in 0.5 M potassium phosphate (gray line) or dilution in 50 mM 
potassium phosphate (black line). 

Comparable to Spd, Sil (NBD-labeled and unlabeled) did not show any significant mass shift 

indicating a chaperone-substrate complex (data not shown). At physiological temperatures, 

the chaperone α-crystallin has been shown to interact with the aggregation-prone B chains of 

insulin (Farahbakhsh et al, 1995; Haslbeck, 2002). To prove a stable chaperone-Sil-complex, 
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it was investigated if chaperones could prevent Sil aggregation. An increase in absorption 

was observed at 340 nm when Sil was diluted in 500 mM potassium phosphate, indicating a 

possible aggregation caused by the high buffer concentration (Fig. 13B) (Schrödel & de 

Marco, 2005; Nominé et al, 2001). The sudden increase in the baseline could have been 

caused by very rapid aggregation of Sil. However, a real Sil aggregation was not confirmed 

by light scattering measurements at 90 ° backscattering angle (Fig. 13C). Since Sil does not 

aggregate under the conditions investigated, an aggregation assay with chaperones could 

not be carried out. 

3.7 Biomineralization activity is observed for all protein scaffolds  

It was tested if protein scaffolds generally show biomineralization activity. The slower particle 

formation with 0.1 M potassium phosphate was chosen as the best starting condition for 

testing biomineralization with other scaffolds. An optimized set of generalized 

biomineralization conditions for protein scaffolds based on the Hsp26 scaffold 

biomineralization protocol is proposed in Materials and Methods 8.2.2.1. 

3.7.1 The chaperone GroEL/ES scaffold induces biomineralization  

GroEL/ES possesses a central 45 Å cavity, which encloses the substrate proteins in a 

protected hydrophilic environment that allows them to fold in an ATP-dependent manner 

(Braig et al, 1994; Young et al, 2004; Fenton et al, 1994). GroEL is a cylindrical protein and 

depending on binding one or two units of GroES, bullet- or football-like structures were 

observed (Grallert et al, 2000). Non-spherical scaffolds present an opportunity for 

biomineralized, non-spherical structures. 

The GroEL/ES complex was prepared as described in the literature (Grallert et al, 2000). It 

was observed by TEM prior to the biomineralization (Fig. 14C). The TEM micrograph clearly 

shows the bullet-like morphology of the GroEL/ES complex from different perspectives. The 

complex was observed to have a size of ~14-17 nm viewed from the side and ~ 9-11 nm 

viewed from the top. 

Light scattering kinetics similar to previous experiments with Hsp26 (Fig. 4, Materials and 

Methods 8.2.2.1) were carried out with GroEL, GroES and the GroEL/ES chaperone complex 

which were used as a non-spherical scaffolds without any starter substrate. Biomineralization 

was carried out in 0.1 M potassium phosphate (pH 7) and 0.5 M TMOS (Fig. 14A). Silica 

particles obtained after the kinetics with TMOS concentrations of 0.1 and 0.5 M were isolated 

and analyzed with DLS (Fig. 14B). 

The light scattering signal showed a slightly higher signal for the GroEL/ES complex 

compared to GroEL. GroES alone did not show significant light scattering higher than the 

control with TMOS in the same buffer.  
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GroEL/ES was biomineralized based on the set of reaction conditions described in Materials 

and Methods 8.2.2.3. Morphologies of biomineralized GroEL/ES were observed by TEM for 

0.1 and 0.5 M potassium phosphate (Fig. 14D-E). After GroEL/ES biomineralization with 

0.5 M potassium phosphate, regular and spherical silica particles of ~32-40 nm were 

observed after treact: 5 min (Fig. 14D); using 0.1 M potassium phosphate, more irregular and 

partially interconnected spherical silica particles of ~29-53 nm were observed after treact: 

10 min (Fig. 14E). DLS measurements confirmed smaller particle sizes with 0.1 M TMOS 

(Fig. 14B) and did not show significant differences in size for GroEL and GroEL/ES 

biomineralization (not shown). Despite the small particle size, the morphology in (Fig. 14E) 

was too inhomogeneous to confirm non-spherical morphologies. Calcination of both samples 

was carried out; however no clear cavities were observed (data not shown). 

 

Fig. 14: GroEL/ES induced biomineralization. A) Light scattering caused by particle formation by GroEL, 
GroES and GroEL/ES solutions in 0.1 M potassium phosphate (pH 7) (0.1 M TMOS, tpre: 6 min): 4.2 µM 
GroEL (dashed line), 4.2 µM GroES (dotted line), GroEL/ES (4.2 µM) complex (solid line). B) DLS 
measurement of biomineralized GroEL/ES after the light scattering kinetic (treact: 60 min) using the 
intensity distribution (Materials and Methods 8.5.1.1). C) TEM micrograph of negative stained GroEL/ES 
complex, D-E) of biomineralized GroEL/ES. Biomineralization conditions: GroEL/ES (1 mg/ml in 0.1 M 
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potassium phosphate), 0.5 M TMOS, D) treact: 5 min, E) treact: 10 min. Other biomineralization conditions are 
described in Materials and Methods 8.2.2.3. Scale bar (C-D): 100 nm. 

3.7.2 Different fibrillar scaffolds show biomineralization activity  

The use of fibrillar scaffolds as 1D-templates for silica nano-wires presents promising 

applications in fields like micro-electronics, micro-fluidics and micro-electromechanical 

systems (Gazit, 2007). Actin filaments, that play a central role in the cytoskeleton (Mager & 

Ferreira, 1993), had been used as fibrillar scaffold (Fig. 15A-B).  

Amyloid fibrils are naturally occurring fibrillar assemblies that are associated with human 

disorders (Scheibel, 2005; Hamada et al, 2004). They have been found to be useful 

templates for the formation of conductive metal wires (Scheibel, 2005). Different amyloid 

scaffolds could be formed by short peptide building blocks and may present novel 

approaches for biomineralized nano-wires with different structural and possibly functional 

properties (Reches et al, 2002; Tjernberg et al, 2002). In this study, actin fibers were 

biomineralized (Fig. 15C).  

Negative stained fibrillar actin was analyzed by TEM (Fig. 15A). It showed an average fibril 

thickness of ~30 - 35 nm and a length of over 1 µm. The most uniform fibrillar biominerals 

were observed with 0.1 M TMOS, as described in Materials and Methods 8.2.2.3, with a 

silica layer thickness of ~25 - 110 nm (Fig. 15B). Scaffold-directed biomineralization with 

0.1 M TMOS also led to well-defined biomineralized amyloid fibrils with a thickness of ~15 -

25 nm. (Fig. 15C) Interestingly, lower TMOS concentrations did not lead to thinner silica 

nano-tubes, but ill-defined silica morphologies with heavily interconnected non-

homogeneously coated fibrils (not shown). Lower reaction temperatures in combination with 

0.1 M TMOS led also to ill-defined networks (data not shown). 

 

Fig. 15: TEM micrograph of A) negative stained fibrillar actin solution (refer to Materials and Methods 
8.6.3.2). B) TEM micrographs of biomineralized actin fibrils. Biomineralization conditions: 0.4 mg/ml actin 
fibrils, 0.1 M TMOS, tpre: 3min, treact: 5 min. C) TEM micrographs of biomineralized amyloid fibrils. 
Biomineralization conditions: 0.1 M TMOS, tpre: 3min, treact: 10 min. (Amyloid concentration: refer to 
Materials and Methods 8.1.1.) Other biomineralization conditions for B) and C) are described in Materials 
and Methods 8.2.2.3. A-C) Scale bar: 400 nm. 
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Even if fibrils were very thin as in samples shown in Fig. 15A-B, calcination did not show any 

clearly visible hollow structures in the conventional TEM (data not shown), although the 

contrast of the samples seemed to decrease. 

It seemed that at neutral pH, protein scaffolds showed biomineralization activity. The original 

aim of nano-structured scaffold-starter-templates with silica layers < 5 nm could not be 

achieved due to this effect. Changing the reaction conditions to suppress scaffold 

biomineralization activity in order to control the biomineralization activity by binding of a 

strong starter to the scaffold was not successful. The biomineralization activity of the 

chaperone scaffold in absence of any substrate was therefore used to investigate new 

microscopic silica hybrid structures. 

3.7.3 Scaffolds from microorganisms show biomineralization activity  

 

Fig. 16: TEM micrographs of biomineralized Baculovirus capsids after A) treact: 5 min, B) treact: 10 min. 
Scale bar: 200 nm. B) High resolution micrograph of unsputtered biomineralized bacteria. SEM using the 
LEI detector at a working distance of 7.9 mm and 1.5 kV acceleration voltage; scale bar: 1 µm. C) STEM at 
a working distance of 7.9 mm and 5 kV acceleration voltage; scale bar: 100 nm. Biomineralization 
conditions are described in Materials and Methods 8.2.2.3. The white arrows highlight the bacteria and 
flagellum. 

The applicability of the encapsulation protocol to diverse scaffolds was tested with two 

different microorganisms. Viral structures are highly attractive organic templates (Gazit, 

2007). The silification of tobacco mosaic virus particles has been one of the first studies in 
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bio-nanotechnology (Royston et al, 2006). Using the encapsulation process described in as 

described in Materials and Methods 8.2.2.3, it was tested whether Baculovirus capsids as 

scaffolds showed biomineralization activity. The resulting TEM micrograph of the silicified 

capsids is shown in Fig. 16A. The biomineralized capsids appeared as nano-rods in the TEM 

with a length of ~400 nm and a thickness of ~45 nm after 5 min (Fig. 16A) and ~40-60 nm 

after 10 min reaction time (data not shown). The sample was also analyzed after calcination, 

but other than decreased contrast resulting from the loss of the organic scaffold, no hollow 

cavity was observed (data not shown).  

The encapsulation process was successful even with unconventional scaffolds such as living 

E. coli bacteria. Bacteria could be encapsulated within 5 min under mild conditions, retaining 

their original structure. The resulting silicified bacterium is shown in Fig. 16B-C. The silica-

covered flagellum had a thickness of ~34 nm, comparable to biomineralized Hsp26 (e.g. 

Fig. 5A). The presence of the elements silicium and carbon was detected by EDX 

measurements in the SEM mode (data not shown) and the contrast observed in the STEM 

mode (Fig. 16C) confirmed the presence of silica. To further confirm the presence of carbon 

in the biomineralized structures, calcination was carried out. However, other than decreased 

contrast, no cavities were observed. 
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4 Discussion  
Screening with different types of short amines like Spd can be carried out using light 

scattering and HPLC measurements and in situ DLS measurements as fast and reliable tools 

to determine possible biomineralization complexes. The localization of the scaffold was 

confirmed by calcination and that of the substrate by e.g. fluorescence microscopy. The 

presence of the organic scaffold in the silica structures could also be confirmed by 

elementary analysis with EDX spectroscopy with the JSM 7500 microscope (data not 

shown). The biomineralization activity from the scaffold and the starter was observed 

separately (Fig. 4).  

The Hsp26/Spd complex improved the biomineralization activity of the Hsp26 scaffold which 

surprisingly showed significant biomineralization activity on its own (Fig. 4A-C). Since it has 

been discussed that a molecule‘s biomimetic silica formation activity is strongly dependent 

upon the presence of amines (Currie & Perry, 2007), Spd was a valuable starting point for 

the templating of chaperone/biomineralization starter complexes. Hsp26 which could be 

expressed in high amounts (as described in Materials and Methods 8.4.1) and fulfilled the 

need for high amounts of protein scaffolds for numerous experiments. In extensive TEM 

studies on Hsp26 which was available in large amounts, a set of biomineralization conditions 

could be pre-optimized (as described in Materials and Methods 8.2.2.3) for other, less readily 

available protein scaffolds.  

It was expected that one Spd would bind to each Hsp26 dimer (Haslbeck et al, 1999). 

However, based on the results of from the SEC-HPLC measurements (Fig. 8), it was 

observed that a great excess of NBD-labeled Spd (77:1 relative to Hsp26 monomers) was 

able to completely bind to the chaperone. Future studies of the stability of this Hsp26/Spd 

complex with regards to the NBD-labeled Spd excess binding to the chaperone would be of 

interest. 

Anisotropy measurements (Fig. 7) did not correlate well with TEM measurements. A 

significant change in the anisotropy was observed for higher treact, while particle formation 

was observed after 1-5 min (Fig. 5, Fig. 6). The anisotropy measurements were possibly not 

precise enough to detect nano-spheres. However, they could be a great tool for investigating 

chaperones bound to fluorescent substrates during biomineralization. 

Hollow silica particles below 100 nm have been reported before, e.g. using single Fe3O4 

nanocrystals as cores and cetyltrimethylammonium bromide as surfactant and organic 

template leading to mesopores in a sol-gel reaction (Kim et al, 2008). Removal of the Fe3O4 

core was carried out by heating the silica particles at reflux at pH 1.4. Other methods for 

hollow silica particle formation involved multiple steps, e.g. templating of condensed silica 
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particles on preformed spheres (Caruso et al, 1998) or condensed in situ onto polymer 

droplets stabilized by surfactants (Fowler et al, 2001), were cost-intensive, e.g. due to growth 

in supercritical CO2 (Wang & Caruso, 2005). It has been reported that silicic acid 

polycondensation catalyzing amines formed hollow particles at neutral pH and mild 

temperatures in aqueous media (Belton et al, 2008). This amine droplet microemulsion 

approach led to bigger silica particles of 200-300 nm with a central void of 50-100 nm and 

mixture of solid and hollow particles were observed in all cases.  

The biomineralization process has the advantage that it can be applied to different scaffolds 

with a multitude of protein morphologies and that it leads to hollow silica < 50 nm. Nano-

scaled processing (< 50 nm) in silicification is referred to as micro-morphogenesis (Crawford 

et al, 2001). Except for the calcination step, the process occurs in one step and within a few 

minutes at mild temperatures and pH. The resulting hollow particles (Fig. 10) seem to 

present similar morphologies than those presented in the mentioned study on mesoporous 

silica shells (Kim et al, 2008). Mesoporous properties of biominerals need to be investigated, 

since they could present an opportunity for application as drug-delivery vehicles that would 

be small enough to circulate through blood vessels (Slowing et al, 2007; Drummond et al, 

1999; Johnson et al, 2007). 

It was of interest to further investigate if Hsp26 binds Sil, in case reaction conditions can be 

found where the chaperone scaffold was biomineralization-inactive and biomineralization 

would be induced by the substrate Sil only. However, Sil did not spontaneously aggregate 

(Fig. 13B-C) and a chaperone effect of Hsp26 suppressing aggregation could therefore not 

be tested. In another approach, NBD-labeling of Sil was also too unstable to determine 

complex formation using HPLC (data not shown). The organic starter PEI did also not form 

complexes with Hsp26 (data not shown). 

Organic nano- and micro-structures generally showed biomineralization activity at neutral pH. 

Although this effect hindered the aim of nano-structured morphologies, this phenomenon 

could be used for application to diverse protein templates with a generalized approach 

without extensive optimization for each substrate. 

Non-spherical chaperone scaffolds like GroEL/ES (with football/bullet morphologies) were of 

higher interest, since non-spherical silica particles are more challenging to synthesize than 

spherical particles. The biomineralization conditions have to be controlled to obtain thinner 

silica layers as observed in (Fig. 14D-E) to observe a hollow cavity from the GroEL/ES 

scaffold after calcination and to prevent a thick silica layer from delete all non-spherical 

structural information of the non-spherical scaffold. 
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Challenges with the preparation of biomineralized particles were the localization of silica 

particles with TEM. As opposed to silica particles obtained by silaffin or PEI catalysis, which 

can be easily investigated using SEM and DLS, biomineralized nanoparticles on scaffolds 

like Hsp26 were not visible to the eye. After calcination experiments, in some cases particles 

could not be measured due to loss during the sample preparation (e.g. particle adhesion to 

the quartz tubes). For practical purposes, carbon grids prepared without glow discharge led 

to local assemblies of particles that could be investigated. A useful method for the separation 

and investigation of small biominerals < 50 nm could be the flow field-flow fractionation, 

which, coupled with MALS leads to better results than e.g. DLS (Augsten et al, 2008).  

Comparing actin and amyloid biomineralization (Fig. 15), it was observed that the nature of 

the fibrillar scaffold influenced the silica layer thickness slightly. This probably was due to 

different surface charges and/or amino groups of the different fibrillar scaffolds. 

As shown in Fig. 16, the preparation of 3D hybrid micro/nano-silica architectures using living 

bacteria as scaffolds was possible using the one-step biomineralization protocol, resulting in 

structures which have previously been described as possible bioreactors (Wang & Mao, 

2009). 

It was also demonstrated that a biomimetically constructed extracellular nano-coat with a 

thickness of 100 nm can confer thermotolerance on living cells and that a uniform silica 

nano-shell suppresses water loss of coated cells (Wang et al, 2010; Baca et al, 2006). Since 

the biomineralization process was shown to work with bacteria without any further 

optimization, further studies with other living cells would be of interest. Coating different types 

of cells with silica could allow novel applications in cell engineering (Neethirajan et al, 2009). 

To investigate viability of cells after biomineralization, genetically encoded biosensors 

utilizing fluorescent proteins like GFP could be used to investigate biological activity (Wang 

et al, 2009). 

It was shown that nanostructured silica diatom frustules could be converted into 

nanocrystalline silicon replicas using magnesiothermic reduction (at comparably low 

temperatures of 650 °C), leading to photoluminescent replicas that retained their microscale 

morphology (Bao et al, 2007). Other approaches like the gas/silica displacement technique 

displace silica with magnesia or titania while retaining the nanoscale structures (Sandhage et 

al, 2002). Using similar treatment on different morphologies upon biomineralization, this 

would open new opportunities in the fields of biosensors and catalytically active materials. 

It was observed that the encapsulation process with one set of biomineralization conditions 

was slow and unspecific with regards to silica deposition on any protein scaffold. In order to 

reach nano-structured morphologies, the silica deposition must be controlled to be as 
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substrate-specific as possible. The opposite strategy leads to applications of generalized 

protein immobilization, which was applied for studying protein entrapment.  
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Part 2: Entrapment of enzymes and antibodies in silica particles 
 

5 Introduction 
In the last decade a variety of different approaches of encapsulating biomolecules in silica 

particles have been investigated (Hanefeld et al, 2008; Shtelzer et al, 1992; Reetz et al, 

1996). However, the methods utilized for immobilization of different enzymes vary 

substantially. 

5.1 Directed entrapment as a bioinspired immobilization technique 

The in vivo process of silicic acid condensation in diatoms is profoundly influenced by 

biosilica-associated peptides (e.g. silaffins in diatoms (Kröger & Poulsen, 2008; Kröger et al, 

2001; Sumper & Kröger, 2004), silicateins in marine sponges (Cha et al, 1999) and long-

chain polyamines (LCPA) (Poulsen et al, 2003) that are capable of precipitating silica. 

Recently, an enzyme immobilization via silaffin-mediated entrapment was reported in this 

context (Marner et al, 2009). However, the synthesis of silaffin or silaffin-like peptides is cost 

intensive in comparison to classical sol-gel chemicals (Ramanathan et al, 2009). Amines and 

polyamines have catalytic activity for silicic acid polymerization in water at neutral pH 

(Mizutani et al, 1998). In general, these positively charged biomacromolecules interact with 

anionic silicates to form silica nanoparticles enhancing the process of sol-gel formation at 

mild conditions (Coradin & Livage, 2007).  

Alternatively, for several enzymes, directed entrapment methods utilizing proteins covalently 

linked to silica-affine sequences (Johnson et al, 2007), magnetic nanoparticles (Chien & Lee, 

2008) or silaffins (Luckarift et al, 2004; Marner et al, 2009) were described. After silification, 

the enzymes proved to be active and thermally stabilized (Marner et al, 2009). The drawback 

of these direct entrapment methods is the need for an additional covalent binding the target 

protein to the silaffin sequence (Nam et al, 2009). 

5.2 Immobilization of enzymes into mesoporous silica is highly protein-

specific 

Besides direct entrapment, the immobilization of enzymes into mesoporous particles has 

been investigated (Díaz & Balkus Jr, 1996; Lei et al, 2002; Han et al, 1999; Fan et al, 2003). 

Mesoporous silica are porous materials with extremely high surface areas and pore sizes in 

the range of 2-50 nm (Kresge et al, 1992). Their pore sizes are comparable to the diameter 

of enzymes, making them useful as supports for enzyme immobilization (Díaz & Balkus Jr, 

1996; Lei et al, 2002). However, this method presents some disadvantages, like leaching of 

the proteins due to relatively weak physical adsorption between the enzyme and the siliceous 

surface (Wang & Caruso, 2005; Takahashi et al, 2000). To prevent these leaching effects, 
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further reaction steps such as crosslinking (Kim et al, 2005), specific variation of the pore 

size (Sierra & Guth, 1999; Wei et al, 2002) or coating of immobilized enzymes with 

nanoscale multilayer shells of mesoporous silica (Wang & Caruso, 2005) are necessary to 

stabilize protein binding.  

In general, mesoporous silica immobilization of enzymes seems to be dependent on the size 

and isoelectronic point (pI) of the enzyme as well as of the size of the mesopores and pH of 

the solution (Lei et al, 2002; Díaz & Balkus Jr, 1996). Thus, mesoporous silica is rather ill-

suited in terms of a robust, general entrapment strategy. Especially the control of the pore 

size of the particles is technically complicated and optimization is needed specifically for 

each protein to be entrapped. To cover a large number of target proteins, a more general 

strategy enabling the generation of particles in a wide range of pore sizes and more 

independent of the pI of the target protein is needed.  

5.3 Sol-gel entrapment is a mild and versatile method for enzyme 

immobilization  

A widely used enzyme immobilization methodology utilizes silica sol-gel techniques (Pierre, 

2004), where entrapping of an enzyme or whole cells is achieved randomly throughout the 

chemical formation of highly porous silica (Hanefeld et al, 2008; Avnir et al, 2005). ‖Sol-gel 

entrapment‖ has been employed to describe the immobilization of numerous enzymes (such 

as glucose oxidase, phosphatase, trypsin, aspartase, carbonic anhydrase, chinitase and 

monoamine oxidase) into amorphous silica (SiO2) derived majorly from the precursor tetra 

methyl ortho-silicate TMOS (Shtelzer et al, 1992). For the enzymes, this technical approach 

is rather mild since the sol-gel process can be carried out at physiological temperature and 

pH conditions (Hench & West, 1990), avoiding degradation during entrapment (Wright & 

Sommerdijk, 2001). Since the most important goal during the entrapment of enzymes is the 

retention of enzymatic activity, techniques which work at mild processing conditions are 

preferable. 

In the sol-gel process, the reaction kinetics of the hydrolysis of the silica precursor and 

subsequent polycondensation of silicic acid as well as the resulting silica particle sizes and 

morphologies are influenced by the solvent in which the silica precursor was hydrolyzed, the 

type of silicon alkoxide, reaction temperatures, reaction media and additives (Hench & West, 

1990). Only operating below the crystallization temperature of the silicium oxide, allows the 

generation of amorphous silica (Wright & Sommerdijk, 2001). Although standard sol-gels are 

relatively brittle (Hanefeld et al, 2008), they can be mechanically strengthened by including 

porous glass beads or silica glass fibers during the sol–gel synthesis (Orçaire et al, 2006; 

Reetz et al, 2003).  
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Since the enzyme is incorporated in the silica sol-gel passively during the chemical gel-

forming reaction, different enzymes may have significant influence on the silica gelation 

process itself (Pierre, 2004). Protein backbones can act as templates for silica networks 

(Dunn et al, 1998; Zusman et al, 1992; Perry & Keeling-Tucker, 2000), and possible 

influences of enzymes on silica gelation have been discussed (Pierre, 2004). E.g. for lipase, 

an interaction between the enzyme and the silica network, which is based only on a 

biopolymer-templating effect, was discussed (El Rassy et al, 2004).  

5.4 Immobilized enzymes present numerous advantages and 

applications  

Silica encapsulated enzymes show a number of advantages in comparison to the respective 

free enzymes. Upon immobilization, enzymes are often stabilized, and thus less sensitive 

toward environmental conditions (Hanefeld et al, 2008). Additionally, the solid support might 

allow multiple or repetitive use of a single batch of enzymes (Jaeger & Reetz, 1998; Jaeger 

et al, 1999; Gómez et al, 2006) and to stop the enzymatic reaction rapidly by removing the 

enzyme-containing silica particles from the catalysis reaction (Gómez et al, 2006; Ricca et al, 

2010). Thus, the product of the catalyzed reaction is usually not contaminated with the silica 

incorporated enzyme, which is highly important in the context of applications in production of 

food and pharmaceuticals (Gómez et al, 2006). Besides such applications in industrial 

catalysis, the enzyme-loaded silica particles gained increasing interest from a biomedical 

point of view as biodegradable materials (Finnie et al, 2008) and diagnostic biosensoring or 

screening devices (Podbielska & Ulatowska-Jarza, 2005; Lebert et al, 2008).  

5.5 Aim of the study 

Protein/silica interactions are a key point for the control of silica polymerization (Coradin et al, 

2003). The aim of the second part of this PhD study was to establish a generalized support-

free sol-gel entrapment protocol for different enzymes using a silica formation starter which 

would suppress protein-specific effects. Efficiently immobilized, fully functional enzymes and 

antibodies are of interest in the context of biosensors and biocatalysts.  
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6 Results 

6.1 PEI-induced silica particle formation is controlled by the reaction 

conditions  

The polymer PEI is a positively charged polyelectrolyte (pK 9.7) and is characterized by the 

general formula (–CH2–NH-CH2–)n (Lukovkin et al, 1973). Polyelectrolytes are charged 

polymers that interact with oppositely charged proteins (Chen et al, 1999; Nath, 1995). As a 

polycationic molecule PEI catalyzes silica polymerization in the presence of phosphate 

anions that facilitate self-association of the positively charged molecules (Hildebrand, 2008; 

Sumper & Kröger, 2004). Both linear polyamines (Brunner et al, 2004; Yuan & Jin, 2005) and 

dendritic polyamines (Knecht et al, 2005) have been documented to form biogenic silica. 

As a simple, commercial and robust polyamine starter, polyethyleneimine (PEI), a branched 

cationic polymer (MW: 1800 g/mol) with high positive charge density was chosen. Unless 

stated otherwise, PEI will refer to the polymer with MW: 1800 g/mol. It was shown to have 

the ability to form silica sol-gels from monosilicic acid in vitro (Patwardhan, 2002; Bauer et al, 

2007; Demadis & Stathoulopoulou, 2006). PEI is also environmentally friendly and has found 

several uses in biomedical applications proving its compatibility with biological systems 

(Mavredaki et al, 2007). In a comparative approach, it was studied how variations in the 

reaction conditions influenced the resulting morphologies of the sol-gel in terms of particle 

size and surface area.  

6.1.1 Light scattering is used to determine silica particle formation kinetics  

Previous studies showed that at basic pH, silica particle formation with PEI was fastest and 

led to higher particle sizes with increasing pH. At pH 7-8 slow deposition of an amorphous 

silica matrix has been observed and no precipitation at acidic pH (Bauer et al, 2007). For 

controlled silica deposition, the pH value of all buffer solutions used for entrapment reactions 

was set to 7. 

The process of particle formation was first analyzed in the absence of target protein. 0.1 M 

potassium phosphate (pH 7) and PEI as starter of the reaction where mixed and the reaction 

was initiated by the addition of freshly prepared silicic acid. The reaction was incubated at 

temperatures between 20 °C and 25 °C for 1 hour. Biomineralization was recorded by 

following the changes in turbidity of the reaction at 405 nm (Fig. 17A). This experiment aimed 

to determine the optimal PEI concentration for particle formation. 
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Fig. 17: Kinetics of PEI-induced formation of silica particles in solution. A) Depencence on PEI 
concentration:  333 ng/ml,  267 ng/ml,  200 ng/ml,  133 ng/ml,  67 ng/ml, 

 0 ng/ml. B) Dependence on the MW of PEI. Light scattering was measured after 60 min reaction time 
at 20 °C. PEI concentration was 133 ng/ml. 

Immediately after addition of silicic acid in the presence of PEI, the turbidity of the reaction 

increased rapidly and reached maximum values after 1 min. Analyzing the dependence of 

the reaction on the PEI concentration, it was observed that PEI influenced the kinetics of 

biomineralization as well as the end values of turbidity. This indicates that higher 

concentrations of PEI lead to the faster formation of more and/or larger silica particles. The 

highest increase in turbidity was observed for PEI concentrations above 133 ng/ml. A further 

increase in PEI concentration did not yield higher turbidity during the course of the 

experiment. 

Interestingly, a slight increase in turbidity was also observed in the absence of PEI after 

~10 min, reaching an absorption signal of 0.26 after one hour. The observed absorption 

signal in the absence of PEI (  0 ng/ml in Fig. 17) after one hour (3600 s in Fig. 17A) is 

due to the light scattering of particles formed by auto-condensation of silicic acid, present at 

concentrations of 200 mmol/L, which is two orders of magnitude above the predicted 

solubility (2 mmol/L) of silicic acid in pure water at 25 °C (Potapov et al, 2007; William, 1980). 

6.1.2 Dependence of PEI MW on particle formation  

PEI (MW: 1800 g/mol) was compared to PEI of other chain lengths (MW: 800, 1300 and 

750 000 g/mol) and the turbidity was measured over time (Fig. 17B). For all PEI starter 

templates, the light scattering signals increased significantly within the first seconds of the 

measurement, comparable to Fig. 17A. Final light scattering intensities after an hour reaction 

time qualitatively showed that all PEI templates led to silica particle formation. PEI with the 

highest MW (750 000 g/mol) showed the smallest absorption signal. This was associated to 

fewer polymer chains available for self association needed for particle formation compared to 

PEI with significantly lower MWs (Hildebrand, 2008; Sumper & Kröger, 2004). Since 
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branched PEI (1800 g/mol) was widely described in the literature (Patwardhan, 2002; Bauer 

et al, 2007; Demadis & Stathoulopoulou, 2006), it was used for all the following experiments.  

6.1.2.1 Light scattering correlates with the silica particle size  

Depending on the PEI concentration, different morphologies were observed (Fig. 18A). While 

gel-like partially interconnected silica particles under 100 nm were observed in the absence 

of PEI, much larger, distinct, isolated and spherical beads with a diameter of ~200 nm where 

observed at concentrations of 67 ng/ml PEI.  

 

Fig. 18: A) SEM morphologies of silica particles obtained for different concentrations of PEI. Scale bar: 
1 µm. B) Characteristic EDX spectrum of PEI-induced silica particles. Elements expected in the sample 
are highlighted in the spectrum. 

The elemental compositions silica particles was analyzed by energy-dispersive X-ray 

spectrometry (EDX) using the built-in EDX detector system of the SEM (Fig. 18B). The 

signals of the elements Si and O by far exceeded those of C and N which would be expected 

from PEI and were too small to detect within the noise. Signals from Al were detected from 

the sample holder and from Au due to the sputtering. After washing the silica particles with 

water, signals from the elements K and P were mostly removed. In some cases, small 

amounts of P were detected within the silica particles, due to incorporation of phosphate ions 

needed for particle formation (Hildebrand, 2008; Sumper & Kröger, 2004). Interestingly, the 

particle size, as determined with SEM, increased with the PEI concentration in an almost 

linear way (Fig. 19).  
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Fig. 19: The kinetic of the formation and particle growth of PEI-induced silica particle was followed by 
monitoring the final absorbance (straight line) at 405 nm and particle size (dotted line) after one hour. 
Insets of SEM images show the morphology of the particles at the respective data point (PEI 
concentrations of 67, 133, 200 and 333 ng/ml). Particle size was determined by analysis of SEM 
micrographs. Scale bar: 1 µm. 

As observed in Fig. 17, the final absorbance is saturated above 133 ng/ml PEI concentration. 

The particle size of the bigger silica particles increases with the PEI concentration 

nevertheless. The consequence of this observation would be the dependence of the 

absorbance of the suspension from the small, gel-like particles and not from the bigger, 

clearly distinguishable silica particles. 

The silica beads of several hundred nm were assumed to be filled with silica. However, in 

some samples of silica particles created with PEI at high concentrations (1.3 µg/ml), hole-like 

morphologies were observed in the SEM (Fig. 20).  

 

Fig. 20: SEM micrograph of silica particles generated at 20 °C, 0.5 M potassium phosphate with PEI 
(1.33 µg/ml).  
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The samples were prepared similarly for the different PEI concentrations and no specific 

mechanical stress was applied to them. These singular observations encouraged further 

analysis of this specific morphology. Since the observation of seemingly hollow beads was 

rare when conventional SEM was used, and only occurred in samples at high PEI 

concentrations, it was necessary to investigate if bigger silica particles generally possessed 

hollow morphologies with alternative methods.  

6.1.3 The silica particle morphology is controlled by the entrapment conditions  

The morphologies of the silica pellets formed in presence of the 133 ng/ml PEI were 

investigated with SEM and DLS (Fig. 21) for different reaction conditions after lyophilization. 

Distinct, isolated, spherical beads with a diameter of ~370 nm where observed at low 

reaction temperatures (15 °C) with 0.1 M potassium phosphate. Much larger, gel-like 

agglomerates of biomineral seemingly formed from very small (below 100 nm) and partially 

interconnected silica particles were observed at reaction temperatures above 20 °C. The 

number of spherical beads (~200 -300 nm in diameter) decreased at 20 and 30 °C, 

respectively. Similarly, when 0.5 M potassium phosphate was used at 15 °C, the particle size 

increased (~500 nm) compared to 0.1 M potassium phosphate, respectively. At higher 

reaction temperatures, the effect of the potassium phosphate concentration on the particle 

size was not as significant. 

Drying the samples and placing them near a surface, as was necessary for SEM 

measurements, can cause changes in the system that may not accurately reflect the nature 

of the sample in liquid suspension (Pecora, 2000). Samples were analyzed using DLS after 

the same treatment than for SEM preparation (Fig. 21). Using dried or lyophilized silica 

particles resuspended in water, only aggregates of silica particles could be detected with 

DLS. Due to the high influence of the aggregates on the light scattering signal, the size of 

single silica particles could not be determined correctly. However, the size of the aggregates 

follows roughly the same trend as the particle size determined by SEM. The size of the 

aggregates increased with reaction temperature and potassium phosphate concentration. 
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Fig. 21: Variations in morphologies of PEI-induced silica particles for different temperatures and 
potassium phosphate molarities after a reaction time of one hour with a PEI concentration of 133 ng/ml. 
Particle size detected by DLS and SEM after washing and lyophilization of the silica particles. 

6.1.3.1 Higher reaction temperatures yield more silica particles 

To determine silica particle yields, the particles were sedimented by centrifugation and the 

mass of the lyophilized pellets was weighted analyzed for different reaction time points 

(Fig. 22).  
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Fig. 22: Mass of the pellet obtained from the silica particle formation over time. Reaction conditions: 
30 °C, 0.1 M potassium phosphate (solid line) and 20 °C, 0.5 M potassium phosphate (dashed line).  

Higher masses of pellets were obtained for the reactions performed at 30 °C, 0.1 M 

potassium phosphate compared to 20 °C, 0.5 M potassium phosphate. After one hour, no 

significant additional increase in the mass of the pellets was observed for both reaction 

conditions. Based on this data, the standard reaction time for particle formation was fixed to 

one hour, unless stated otherwise.  

6.1.3.2 Particle growth is observed only at the beginning of the reaction 

The kinetics of the silica particle size was investigated by SEM measurements over time 

(Fig. 23).  

 

Fig. 23: Particle growth analyzed by SEM for the entrapment conditions A) 30 °C, 0.1 M potassium 
phosphate; B) 20 °C, 0.5 M potassium phosphate. Scale bar: 1 µm.  

Within 5 min, distinct particles were formed which seem to assemble to gel-like silica further 

on. This was observed for both entrapment conditions (Fig. 23A and B). The particle size of 

the bigger particles appears to be constant over time. While after 60 min mainly gel-like 
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material was observed, distinct particles resembling the ones after 5 min reaction time were 

still present in the samples.  

6.1.3.3 Initial particle growth is confirmed by in situ DLS measurements 

Since DLS is a versatile measuring technique for analyzing the particle size distribution in 

situ (Brown, 1993; Chu, 1997; Hendrix & Leipertz, 1984; Berne & Pecora, 2000), silica 

particles were investigated during the particle formation reaction. DLS measurements were 

performed in situ over one hour in a cuvette containing the reaction solution (Fig. 24). DLS 

measurements performed at the end of the reaction with washed and lyophilized and 

therefore associated silica particles (Fig. 21) detected only aggregates, not single particles. 

 

Fig. 24: Particle size determined in situ by DLS over time for A) 30 °C, 0.1 M potassium phosphate, B) 
20 °C, 0.5 M potassium phosphate. Inset: typical DLS measurement.  

Within the time frame of the first DLS size detection (2 min), the apparent particle size 

reached 300/600 nm (entrapment at 30 °C, 0.1 M and 20 °C, 0.5 M potassium phosphate 

respectively), confirming the fast formation of particles as observed in Fig. 17.  
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Over one hour, the particle size seemed to increase, reaching 500/650 nm. A possible 

explanation for this observation could be aggregation of big and small particles together 

(indeed observed in Fig. 28). Interestingly, after 10 to 15 min, DLS signals for particles 

smaller than 100 nm appeared, comparable to particle formation by auto-condensation of 

silicic acid as observed by SEM (Fig. 18). In the case of the entrapment at 20 °C, 0.5 M 

potassium phosphate, the apparent particle size reached values higher than 1 µm due to 

aggregation (Fig. 24B). Sedimentation of these aggregates over the course of the 

measurement led to the observed apparent maximum particle size. 

6.1.3.4 PEI is depleted at the end of the reaction  

It was observed that particle formation occurred after reaction times as short as 5 min 

(Fig. 23 and Fig. 24). To investigate the effect of the concentration of PEI shortly after 

addition of silicic acid, its concentration was determined using the Bradford assay. To 

determine PEI concentration with the Bradford assay, calibration curves of different PEI 

concentrations needed to be measured, since both 0.5 M potassium phosphate and PEI 

interfered strongly with the assay (Gupta et al, 2000) (refer to Materials and Methods 

8.4.5.1).  

 

Fig. 25: PEI concentration determined by the Bradford assay. Reaction conditions: light column: 30 °C, 
0.1 M potassium phosphate; dark column: 20 °C, 0.5 M potassium phosphate. 

As shown in Fig. 25, PEI was depleted by 65 % (resp. 70 %) for reaction conditions of 20°C, 

0.1 M potassium phosphate (resp. 30 °C, 0.1 M potassium phosphate) within 5 min reaction 

time. At high PEI concentrations, formation of bigger silica particles as observed in Fig. 23 

was favored. With higher reaction times, PEI was depleted further. For reaction conditions of 

30 °C, 0.1 M potassium phosphate, PEI was depleted faster than for reaction conditions of 

20°C, 0.1 M potassium phosphate. Comparing these observations with Fig. 24, detection of 

smaller particles in the DLS seemed to be consistent with 85 % depletion of PEI for reaction 

conditions of 30 °C, 0.1 M potassium phosphate.  
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6.1.3.5 Depletion of PEI at the end of the reaction is confirmed by DLS  

To investigate the concentration of PEI at the end of the silica particle formation reaction, 

fresh silicic acid was added to the reaction solutions after a reaction time of one hour at both 

entrapment conditions (Fig. 26). 

 

Fig. 26: DLS measurement of silica particles in situ after one hour reaction time (red line). Subsequently, 
TMOS was added again to the existing suspension and the silica particles were measured again after 
another hour with DLS (green line). Entrapment conditions at 30 °C, 0.1 M (A) and 20 °C, 0.5 M (B). 

The particle size distribution after one hour reaction time was observed in situ by DLS 

(Fig. 26A-B, red line). At entrapment conditions of 30 °C, 0.1 M (Fig. 26A), the particle sizes 

detected were 750 and 120 nm. At entrapment conditions of 20 °C, 0.5 M (Fig. 26B), the 

particle size was detected to be a very broad distribution with a mean value of 300 nm.  

Fresh silicic acid was added to the suspension in order to confirm if further particle growth 

takes place after an additional hour (Fig. 26A and B, green line). The observed particle sizes 

(500 and 85 nm for entrapment conditions of 30 °C, 0.1 M; 360 and 40 nm for entrapment 

conditions of 20 °C, 0.5 M) did not increase significantly. Although no substantial additional 

particle growth was observed, the peak intensity for gel-like particles (85 nm for entrapment 

conditions of 30 °C, 0.1 M; and 40 nm for entrapment conditions of 20 °C, 0.5 M) increased 

noticeably.  

Taken together, these observations confirmed that PEI was mostly depleted after 60 min 

reaction time and that further addition of silicic acid only leads to the formation of additional 

small, gel-like particles caused by PEI at low concentrations. 

6.1.3.6 Silicic acid is depleted by PEI-induced particle formation at the end of the 

reaction 

The concentration of silicic acid after the particle formation was unknown. Therefore, another 

control experiment was carried out to check if substantial amounts of silicic acid were present 

after one hour of particle formation. At this time point (at 20 °C, 0.5 M potassium phosphate), 

fresh PEI was added and the particle size distribution measured in situ with DLS (Fig. 27). 
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Fig. 27: DLS measurement of silica particles in situ after one hour reaction time (red line). Subsequently, 
PEI was added again to the suspension and the silica particles were measured after 15 min with DLS 
(green line). Entrapment conditions are 20 °C, 0.5 M potassium phosphate. 

After addition of PEI to the reaction solution, the particle size observed by DLS did not 

increase, it even seemed to decrease. The overall shift to lower particle sizes was due to 

increased formation of smaller silica particles at around 100 nm (Fig. 27, green line). This 

control experiment was only carried out for entrapment conditions at 20 °C, 0.5 M potassium 

phosphate, since it was assumed that these conditions most likely still contained substantial 

amounts of silicic acid, as the mass of the silica pellets was lower after one hour reaction 

time (Fig. 22).  

Results are shown for 15 min after addition of further PEI, since PEI-induced higher-sized 

particle formation within 5 min (Fig. 23B). Also, 30 min after addition of additional PEI, the 

DLS signal showed only small, gel-like particles of varying particle size distributions, all 

below 100 nm, possibly due to the sedimentation of bigger particles (as observed in 

Fig. 24B) and the higher statistical relevance of the small gel-like particles (data not shown).  

The absolute results of DLS measurements varied significantly between single experiments 

and broad particle size distributions were determined. Nevertheless, the observation of the 

qualitative effect of the formation of small, gel-like particles below 100 nm at high reaction 

times (Fig. 24) and after reaction with additional TMOS (Fig. 26) was reproducible. 

6.1.3.7 Silica beads are formed by local association of primary particles 

It was of interest if bigger silica particles were hollow as it seemed in some experiments 

(Fig. 20). Furthermore, more precise methods were needed to characterize the gel-like 

particles. Therefore the silica particles needed to be mechanically degraded first. This was 

attempted with two simple approaches: First, silica suspensions were flash-frozen in liquid 

nitrogen and the solidified sample grinded between polished aluminium sample holders used 

for SEM. In the second approach, glass beads used for cell disruption (~0.2 mm) were added 

to the silica suspension. Bead-beating of the sample was done by vortexing the samples in 
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closed reaction tubes up to 5 min. However, both approaches did not degrade the silica 

particles significantly. 

The gel-like silica particles that were observed to increase with reaction time (Fig. 23) 

represented the bulk of the sample and structural insight into the ill-defined gel was of 

interest to understand enzyme entrapment. It was important to know if the formation of silica 

particle beads influenced the overall morphologies and if they were massive or hollow silica 

spheres. The gel-like particles below 100 nm could not be clearly distinguished using the 

JSM 5900 SEM (e.g. Fig. 21). In order to find out if their morphology is influenced by the 

reaction conditions, a method capable of higher resolution was necessary. At magnifications 

of 30 000x and above, the JEOL JSM 7500 SEM was able to resolve the morphology and 

particle size of the small, gel-like particles below 100 nm at low acceleration voltages 

(Fig. 28A).  

For both entrapment conditions (30 °C, 0.1 M and 20 °C, 0.1 M potassium phosphate), 

smaller particles of average 15 nm were observed at the surface of the bigger particles and 

interconnecting them (Fig. 28B and C). Interestingly, it seemed that the particle size of the 

small, gel-like silica particles was independent of the reaction temperature and phosphate 

buffer molarity in the investigated samples. In the literature, small silica particles of average 

10 nm are referred to as primary silica nanoparticles (Matsoukas & Gulari, 1988; Harris et al, 

1990). 

The observation of smaller particles at the surface of bigger silica beads was in agreement 

with the hypothesis deduced from DLS measurements in Fig. 24. Similar to Fig. 23, the 

relative amount of gel-like particles seemed to be significantly higher compared to the silica 

beads for entrapment conditions of 30 °C, 0.1 M phosphate buffer. This confirmed the 

observations of increased gel-like structures at higher reaction time and temperature as 

observed in Fig. 21. 

Conventional methods did not allow the investigation of the interior of the silica beads of both 

massive and apparently broken spheres as those observed in Fig. 20. Therefore, samples of 

silica particles generated at entrapment conditions of 20 °C, 0.5 M were cleaved with a 

scalpel in the cryo-transfer system of the JEOL JSM 7500 SEM before the measurement 

(Fig. 29). 

As highlighted in Fig. 29A, the cleaved particles showed gel-like morphology in their interior. 

The silica beads sized several hundred nm seem to be formed from assembled gel-like silica 

particles of average 15 nm size, which are more clearly visible in Fig. 29B. At pH 7, gelation 

by aggregation of silica particles in concentrated silica suspensions was expected (Iler, 1979; 

Heath & Tadros, 1983). 
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Fig. 28: High resolution SEM micrograph of unsputtered, lyophilized silica particles obtained at 
entrapment conditions of A-B) 30 °C, 0.1 M potassium phosphate, C) 20 °C, 0.5 M. Scale bar: 100 nm. 
Micrographs have been recorded with the SEI detector at A) 1 kV, B) 1.5 kV and C) 3 kV acceleration 
voltage. Working distances were A) and B) 4.7 mm, C) 3 mm. 

 

Fig. 29: A) and B) High resolution SEM micrograph of unsputtered, lyophilized silica particles obtained at 
entrapment conditions of 20 °C, 0.5 M. Arrows in A) indicate particles cleaved by a scalpel in the cryo- 
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transfer system. Scale bar: 100 nm. Micrographs have been recorded with the SEI detector at 3 kV 
acceleration voltage. Working distances were 3 mm. 

6.1.4 The porosimetric properties are optimized for protein entrapment 

To investigate the porosity of the biosilica obtained at different reaction conditions, the 

process was up-scaled in order to obtain enough particles to perform Hg-porosimetry and 

BET surface area measurement (Brunauer et al, 1938). SEM micrographs of silica particles 

obtained from the entrapment protocol and for the up-scaled protocol showed no significant 

differences in morphologies (Fig. 30). 

 

Fig. 30: SEM morphologies of silica particles after entrapment at 20 °C, 0.5 M potassium phosphate (A, C) 
and 30 °C, 0.1 M potassium phosphate (B, D) for the normal entrapment protocol (A, B: scale down) and 
the up-scaled process (C, D: scale up). Scale bar: 1 µm. 

For the determination of the surface area of the silica particles, the first measurements were 

carried out with Hg-porosimetry (Fig. 31; measurements were carried out at WACKER as 

described in Materials and Methods 8.3.2.1). The technique is based on the principle of the 

intrusion of a non-wetting liquid such as mercury into porous material at high pressure (Abell 

et al, 1999). 

The difference in the specific surface area of the silica particles was significantly dependent 

on the reaction temperature and phosphate concentration. The surface area increased with 

the reaction temperature. For temperatures of 15 and 20 °C, higher surface areas were 

observed with 0.5 M potassium phosphate. At 30 °C, the phosphate concentration did not 

seem to greatly influence the surface area of the silica particles.  
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Fig. 31: A) Porosity determined by Hg-porosimetry of silica particles obtained from two entrapment 
conditions (light: 0.1 M potassium phosphate; dark: 0.5 M potassium phosphate). B) Characteristic Hg-
porosimetry measurement showing similar pore size distribution for both entrapment conditions. Red: 
high pressure area, blue: low pressure area. The histogram shows the relative pore volume and the line 
diagram the cumulative Hg volume.  

To determine the pore volume of silica particles generated at different entrapment conditions, 

Hg-porosimetry measurements were carried out (results are summarized in Fig. 31A). The 

appearance a single Hg-porosimetry measurement gave insights into the broad pore size 

distribution. The data summarized in Fig. 31A was interpreted from repeat Hg-porosimetry 

measurements, each of which qualitatively resembled the graph shown in Fig. 31B. The pore 

sizes and calculated porosimetric data differed for each measurement, but the appearance of 

the curve progression looked similar for different samples.  

The Hg-porosimetry measurement indicated an apparent mean pore size of ~10 µm 

(Fig. 31B). The pore size distribution was very broad with pore sizes between 1 and 100 µm. 

The Hg volume used in the measurement is an indicator for the pore size. However, the 

cumulative Hg volume increased significantly only in the area of lower pressure (Fig. 31B, 

shown in blue) therefore only filling pores from 1-100 µm size. The smallest pores sized 

measured were between 10 and 400 nm and were only detected at higher pressure of Hg 

(Fig. 31B, shown in red). 

Porous materials are classified according to the size of pores: material with pores less than 

2 nm are called micropores, materials with pores between 2 and 50 nm are called 

mesopores, and material with pores greater than 50 nm are macropores (Sing et al, 1985). 

The micropores of the samples cannot be accessed by Hg-porosimetry and needed to be 

determined with a separate pore size determination.  

6.1.4.1 Micro- and mesopores are shown by BET N2-adsorption measurements 

To determine if micropores were present in our samples, they needed to be accessed by 

BET nitrogen gas adsorption/desorption measurements (Fig. 32; measurements were carried 
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out at WACKER as described in Materials and Methods 8.3.2.1), which are based on the 

measurement of physically adsorbed gas molecules on a solid surface in order to determine 

the specific surface area of a material. 

 

Fig. 32: A) Porosity determined by BET nitrogen adsorption of silica particles obtained from two 
entrapment conditions (light: 0.1 M potassium phosphate; dark: 0.5 M potassium phosphate). 
B) Characteristic BET gas adsorption measurement. The lower curve is the adsorption and the top curve 
the desorption process. (For the entrapment conditions 20 °C, 0.5 M potassium phosphate and 30 °C, 
0.1 M potassium phosphate, the measurements looked highly similar). 

The dependence of the specific surface area on the reaction temperature and phosphate 

concentration (Fig. 32A) was comparable to the surface area determined by Hg-porosimetry 

(Fig. 31) and confirmed the Hg-porosimetry results qualitatively with an independent method. 

The surface area also was confirmed to be very similar for entrapment conditions at 30 °C 

independent of the potassium phosphate concentration.  

However, at 20 °C and 0.5 M potassium phosphate, the specific surface area was 

significantly higher in the BET measurements compared to the Hg-porosimetry results 

(Fig. 31). It seemed that with increasing reaction temperature, the potassium phosphate 

dependence of the surface area decreases. The values of the surface areas determined by 

nitrogen sorption for all samples were characteristic for mesoporous silica (Djojoputro et al, 

2006). 

Adsorption of low partial-pressure N2 gas is assumed to be caused by microporosity. The 

exact pore dimensions cannot be determined by this method (Belton et al, 2008; Groen, 

2003). A characteristic BET measurement (Fig. 32B) showed both microporous and 

mesoporous behavior for the observed samples. At high partial pressure, a plateau was 

observed, which is needed for reliable calculation of the pore size. The steep increase of the 

signal at lower partial pressure (partial pressure between 0 and 0.04) is a clear indicator for 

micropores (Brunauer et al, 1938). The signal does not show a plateau right after the steep 

ascent (partial pressure between 0.04 and 0.4), once more indicating the presence of 
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mesopores. From this, it can be concluded that the silica particles in the measured samples 

show a broad distribution of micro- and mesopores with a mean pore size smaller than 

10 nm (Fig. 31). A more exact interpretation of the porosimetry data based on a specific 

microporous or mesoporous model is not possible due to the extremely broad distribution of 

pore sizes.  

Taken together, the observed broad pore size distribution of mesopores (10 and 400 nm) 

and macropores is estimated to be of importance for the formation of a robust and 

generalized support able to entrap protein substrates of different sizes. The highest surface 

areas were detected for the reaction at 30 °C in 0.1 M potassium phosphate and at 20 °C in 

0.5 M potassium phosphate (Fig. 31 and Fig. 32). These conditions were expected to have 

the highest potential for the entrapment of proteins. 

6.1.5 Morphologies with highest surface area also show the highest fluidity in 

suspension  

Silica particles were obtained as suspensions in aqueous medium. In order to investigate the 

fluidity of the silica particle suspensions, their viscosity in water was measured at 25 °C 

(where the viscosity of water is 1.002 mPa*s) (Fig. 33).  

Sedimentation of the silica particles occurred within minutes after mixing, i.e. the suspension 

was not stable over a long period of time. However, viscosity measurements could be 

performed in several seconds with each of the different samples. The viscosity of the 

suspensions increased with decreasing temperature and increasing potassium phosphate 

concentrations. The measurements showed that particle suspensions of biosilica prepared at 

30 °C, 0.1 M potassium phosphate were more fluid than biosilica prepared at 20 °C, 0.5 M 

potassium phosphate. 

 

Fig. 33: Viscosity of suspensions of silica particles obtained from different entrapment conditions 
(Materials and Methods 8.3.2.3). The investigated potassium phosphate molarities were 0.1 M (dark 
column) and 0.5 M (light column).  
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6.1.5.1 The robust entrapment conditions tolerate the presence of a swelling agent  

It was tested if the entrapment conditions were influenced by the presence of a swelling 

agent, to assess if the silica particle properties were inert against exterior interaction. 

Previous studies showed that mesitylene produces microemulsions in its mixture with 

aqueous solutions, essentially acting as a a swelling agent leading to siliceous 

mesostructured cellular foams (Kang & Rhee, 2005; Schmidt-Winkel et al, 1998, 2000).  

Silica particles were prepared using the reaction conditions of 30 °C, 0.1 M potassium 

phosphate that yielded high specific surface areas (Fig. 31, Fig. 32) in the presence or 

absence of 1.5 vol.-% mesitylene or 1.5 vol.-% mesitylene and 10 vol.-% ethanol. They were 

investigated with Hg-porosimetry regarding their specific surface area (Fig. 34A) and with 

SEM regarding their morphologies (Fig. 34B). Mesitylene was poorly miscible in the aqueous 

solution and at 1.5 vol.-% partially phase-separated within seconds from the aqueous 

solution but it was soluble in ethanol. Adding 10 vol.-% ethanol, the non-miscible fraction of 

mesitylene formed a stable emulsion in the reaction solution. 

It was expected that the surface area of silica particles generated with mesitylene would 

increase, however, a slight decrease was measured (Fig. 34A). Additional ethanol 

suppressed this loss of specific surface area. SEM measurements showed similar 

morphologies (Fig. 34B), which indicated that the particle morphologies were not influenced 

significantly by the presence of a swelling agent.  

 

Fig. 34: Porosity and morphology of silica particles at entrapment conditions of 30 °C, 0.1 M potassium 
phosphate in the presence of additional mesitylene and ethanol during the entrapment reaction. 
A) Relative specific surface area determined with Hg-porosimetry (surface area of silica particles 
generated without mesitylene or ethanol was set to 100%). B) SEM morphologies of the silica particles. 
Scale bar: 1 µm. 
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6.1.6 Conclusions and outlook 

The results of PEI-induced silica particle formation are illustrated in Fig. 35. 

 

Fig. 35: Schematic illustration of PEI-induced silica particle formation. A) Particle size dependence on the 
PEI concentration. B) Summarized results from the particle size determination experiments. 

The results showed that PEI-induced fast formation of silica particles within minutes (Fig. 17, 

Fig. 23, Fig. 24) (Bauer et al, 2007) with particle size control by the PEI concentration 

(Fig. 18, Fig. 19, schematic illustration in Fig. 35A). The particle size did not increase 

significantly with higher reaction time (Fig. 23), or upon addition of additional PEI (Fig. 26) or 

TMOS (Fig. 27) after the bigger, bead-like particles have already been formed (schematic 

illustration in Fig. 35B). The combination of those last two results suggests that high PEI and 

silicic acid concentrations are needed for the initial formation of bead-like particles (Fig. 25). 

It has been shown previously that polycationic PEI catalyzes silica polymerization in the 

presence of phosphate anions that facilitate self-association of the positively charged 

PEI (Hildebrand, 2008). Prior to the addition of silicic acid, the polymerization determinant 

PEI self-associates to the lowest free energy form (Hildebrand, 2008; Brunner et al, 2004). At 

high PEI concentrations, the resulting silica structures are the lowest free energy form of 

interconnected spheres which can vary in size depending on polyamine chain length and the 

phosphate concentration (as seen in Fig. 21) (Hildebrand, 2008). 

The morphologies observed with high resolution SEM, which showed clearly that the silica 

beads (of 300 µm or more) are formed from gel-like silica particles of ~15 nm at the surface 

of the beads (Fig. 28) as well as inside them (Fig. 31), further support this model. Therefore, 

lower PEI concentration leads to less silica beads formed by locally concentrated PEI and 
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further decrease in relative number with the reaction time, since PEI is depleted over time. 

Instead, gel-like particles not associated into beads were increasingly observed (Fig. 23).  

The reaction speed increased with the reaction temperature (observed by earlier appearance 

of gel-like particles in Fig. 24A), which led to higher masses of silica particles precipitated by 

PEI from silicic acid (Fig. 22). More gel-like particles led to higher porosity (Fig. 31, Fig. 32) 

and also higher fluidity of the silica particle suspensions (Fig. 33). The PEI-catalyzed silica 

particle growth mechanism of flocculation and intimate connection of nanospheres is 

reminiscent of the hypothesized dynamic formation of the siliceous diatom shells (Sumper et 

al, 2003). 

6.2 The model protein eGFP is stably entrapped in silica particles  

Next, it was investigated how the characteristics of silica particle formation affected the 

entrapment efficiencies, activities and leaching characteristics of different proteins. EGFP 

was investigated first as a model protein for co-entrapment during the silica particle formation 

catalyzed by PEI as the fluorescence of eGFP made it easy to follow its incorporation 

process.  

 

Fig. 36: Schematic protocol for protein entrapment. 
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If not indicated otherwise, all proteins were entrapped following the generalized protocol 

illustrated in Fig. 36. 

6.2.1 EGPF shows specific fluorescence in silica particles  

The localization of the entrapped eGFP was investigated by fluorescence microscopy. As a 

control, silica particles without eGFP (generated at the entrapment conditions of 30 °C, 0.1 M 

potassium phosphate) were analyzed (Fig. 37). Single silica particles could not be visualized 

due to the relatively low resolution of the fluorescence microscope (Axiovert 200), even if it 

was used with the oil immersion technique. Bigger aggregates of silica particles however 

were clearly visible in the bright field and no significant intrinsic fluorescence of the silica 

particles was observed. 

 

Fig. 37: Protein-free silica particles (entrapment condition: 30 °C, 0.1 M potassium phosphate) in the 
fluorescence microscope. Left: bright field; right: fluorescence filter (535 nm). Scale bar: 5 µm. 

Entrapped eGFP (using the entrapment conditions of 30 °C, 0.1 M potassium phosphate) 

showed specific fluorescence clearly localized in the particle agglomerates (Fig. 38A), 

indicating that eGFP was entrapped in functionally active form.  

Since no significant fluorescence was observed in the background and between silica 

particles, entrapping eGFP after incubation in 0.1 M potassium phosphate for up to a week, it 

was concluded that no significant leaching into the surrounding buffer medium occurred. 

Similar observations were made with samples of freshly prepared entrapped eGFP as well 

as with samples incubated at r.t. in 0.1 M potassium phosphate buffer for a week (data not 

shown).  

Bigger aggregates of entrapped eGFP showed more intensive fluorescence since more 

eGFP was entrapped functionally (Fig. 38B). This indicates that bigger aggregates of silica 

particles do not necessarily deactivate the entrapped eGFP. 
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Fig. 38: Visualization of entrapped eGFP in silica particles (entrapment condition: 30 °C, 0.1 M potassium 
phosphate) by fluorescence microscopy. Left: bright field; right: fluorescence filter (535 nm). A) Scale 
bar: 5 µm. B) Aggregates of the same entrapped eGFP in silica particles. Scale bar: 10 µm. 

6.2.2 The model protein eGFP is used for the optimization of the entrapment 

conditions 

In order to determine the best entrapment conditions in terms of functional protein amounts 

in the silica pellet for the model protein eGFP, a screening for the best combination of 

reaction temperature and buffer molarity was performed (Fig. 39).  

 

Fig. 39: A) Dependence of the entrapment efficiency of eGFP on phosphate concentration and reaction 

temperature ( 15 °C, 20 °C, 30 °C, 40 °C) after a reaction time of 60 min. B) eGFP 
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fluorescence in the silica pellet after entrapment at higher temperatures (50 °C) for 0.1 and 0.5 M 
potassium phosphate. 

The dependence of the entrapment efficiency on the reaction at different molarities (0.04 to 

0.5 M) of potassium phosphate and varying reaction temperatures (15-40 °C) were analyzed 

in this screening. The activity of the supernatant (not shown in Fig. 39A) corresponded to the 

difference of the pellet to a control sample. Therefore, no eGFP activity was lost during 

entrapment. 

The lowest phosphate concentration of 0.04 M results from using dist. water instead of the 

potassium phosphate component, as eGFP and PEI are dissolved in 0.1 M potassium 

phosphate. At this minimal potassium phosphate concentration, entrapment was low (under 

30 % for reaction temperatures above 20 °C). The concentration of potassium phosphate 

influenced the entrapment efficiencies significantly only in the range between 0.1 and 0.2 M 

(leading to an increase in entrapment by 20 % at 30 °C). Above this critical potassium 

concentration the reaction temperature seemed to be limiting. Higher reaction temperatures 

(30 or 40 °C) combined with potassium phosphate concentrations above 0.2 M led to the 

highest entrapment ratios (up to 80 %). However, reaction temperatures of 50 °C and higher, 

resulted in a dramatic drop of the entrapment efficiencies irrespective of the phosphate 

concentration used (Fig. 39B) (15-20 % entrapment).  

Interestingly, as indicated in Fig. 21, the resulting particle morphology and porosity is 

different for particles at saturated entrapment efficiency (30°C; 0.1 M potassium phosphate) 

and half maximum saturation, the conditions with highest entrapment at lower concentration 

(20 °C, 0.5 M of potassium phosphate). At 20 °C, 0.5 M potassium phosphate yielded silica 

particles with higher specific surface area than 0.1 M potassium phosphate (Fig. 32). Those 

two rather mild conditions were used for all investigated proteins, since they should have low 

denaturation potential for most target proteins.  

It was expected that polyamines of different length influence particle formation significantly 

(Mizutani et al, 1998). To exclude any negative influence of PEI MW on the entrapment 

efficiency, a screen with those conditions was carried out for PEI of different MW (Fig. 40). 

The results in Fig. 40 confirmed that using PEI (MW: 1800 g/mol) led to the highest amounts 

of protein entrapment.   
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Fig. 40: Relative eGFP entrapment with PEI of different MW at different entrapment conditions (30 °C, 
0.1 M potassium phosphate: gray columns; 20 °C, 0.5 M potassium phosphate: dark columns). 
Entrapment with PEI (MW: 1800 g/mol) was set to 1. 

Since entrapment of eGFP with PEI was optimized with regard to the entrapment conditions, 

it was of interest if higher entrapment ratios can be obtained using an alternative agent able 

to induce silica particles. Previous studies have reported that the cationic surfactant 

cetyltrimethylammonium chloride (CTMA-Cl) forms mesoporous silica particles through acidic 

surfactant templating and condensation of silicic acid (Sokolov et al, 2007). Entrapment with 

CTMA-Cl was tested under similar entrapment conditions as investigated in Fig. 39, the 

entrapment ratios with CTMA-Cl did however not exceed those obtained with PEI (MW: 

1800 g/mol) (data not shown).  

 

Fig. 41: Influence of the concentration of eGFP on the total yield of entrapment. 

Therefore, all further entrapment studies were carried out with the optimal starter PEI. Using 

the PEI concentration yielding the highest entrapment efficiencies (133 ng/ml PEI 

1800 g/mol), it was investigated to which degree the protein concentration further influences 

the entrapment (Fig. 41). 
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The entrapment efficiencies increased with rising concentration of eGFP, reaching saturation 

at 90% entrapment efficiency at concentrations above 1 mg/ml of eGFP for both conditions. 

Correlating protein concentration with the weight of the silica pellets, the maximum loading of 

the silica particles corresponds to a molecular ration of Protein : SiO2 = 1 : 2. Interestingly, 

the morphology of the silica particles was not influenced significantly by different 

concentrations of eGFP (Fig. 42; in absence of protein substrate: Fig. 21). 

 

Fig. 42: SEM morphologies of eGFP entrapped in silica. (Loading concentrations: A) 0.03 mg/ml, 
B) 0.12 mg/ml, C) 0.18 mg/ml. Entrapment conditions: 30 °C, 0.1 M potassium phosphate.) 

6.2.3 EGFP entrapment kinetics are time-linear  

To follow the kinetics of protein entrapment, the relative fluorescence of the supernatant and 

the pellet of entrapped protein were measured over time (Fig. 43). 

 

Fig. 43: Kinetic analysis of the distribution of eGFP during the entrapment reaction (eGFP fraction in the 
silica pellet (bar plot) or in the supernatant (line plot)) at different entrapment conditions (30 °C, 0.1 M 
potassium phosphate: straight line/ gray columns; 20 °C, 0.5 M potassium phosphate: dashed line/dark 
columns). 

While the supernatant is depleted from eGFP over time, eGFP is subsequently entrapped 

into the pellet following nearly linear entrapment kinetics (refer to the histograms in Fig. 43). 

It is interesting to notice that after 10 min, the amount of entrapped eGFP was negligible. 
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This correlates with the formation of bigger silica particles at the beginning of the entrapment 

reaction (Fig. 23). Taking both sets of data together, it is clear that the majority of the protein 

entrapment takes place during the formation of the smaller, gel-like silica particles. 

6.2.4 Entrapped eGFP is stabilized against heat stress  

EGFP is highly stable even at elevated temperatures (Bokman & Ward, 1981; Verkhusha et 

al, 2003; de Lencastre Novaes et al, 2011). Entrapped eGFP and a control of eGFP in 

solution were incubated at temperatures above their unfolding temperature at 80 °C and their 

fluorescence measured over time (Fig. 44). 

 

Fig. 44: Resistance of entrapped eGFP against denaturation by incubation at 80 °C. Dotted lines 
correspond to eGFP in solution, dashed lines to proteins entrapped at 20 °C, 0.5 M potassium phosphate 
and solid lines at 30 °C, 0.1 M potassium phosphate. 

As shown in Fig. 44, after 1 h at 80 °C, eGFP in solution was completely denaturated. 

Entrapped eGFP denaturated slower, and the effect of stabilization by entrapment can be 

compared to the stabilization effect which is typical for chaperones (Haslbeck, 2002). A 

higher stabilization effect was observed for entrapment conditions at 30 °C, 0.1 M potassium 

phosphate compared to the entrapment conditions at 20 °C, 0.5 M potassium phosphate. 

Interestingly, the entrapment conditions with higher thermal stabilization properties were also 

more efficient for entrapment as shown in Fig. 39. 

At higher temperatures, it could be possible that the morphology of the silica particles may 

have changed. To exclude that the harsh temperature treatment influences the particle 

morphology, SEM analysis of the samples incubated up to 1h at 80 °C was performed. The 

silica particles were measured prior and after heating up to 80 °C (Fig. 45). No alterations of 

the silica particles were observed, indicating that once formed, the silica matrix is structurally 

stable and the loss of activity is due to the denaturation of the protein. 
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Fig. 45: SEM morphologies of eGFP entrapped in silica. Entrapment conditions: A, C) 20 °C, 0.5 M 
potassium phosphate, B), D) 30 °C, 0.1 M potassium phosphate. Samples were analyzed A), B) without 
heat treatment and C), D) after heat treatment at 80 °C for 1 hour. 

6.2.5 Entrapped eGFP is stabilized against proteolytic digest  

Next, it was tested if the entrapped eGFP was stabilized against treatment with proteases by 

incubating the immobilized and native eGFP with proteinase K, respectively. The 

fluorescence of native and entrapped eGFP was measured over 4 hours at 20 °C (Fig. 46).  

 

Fig. 46: Resistance of entrapped eGFP against denaturation by proteinase K. Dotted lines correspond to 
eGFP in solution, dashed lines to proteins entrapped at 20 °C, 0.5 M potassium phosphate and solid lines 
at 30 °C, 0.1 M potassium phosphate. 

EGFP showed little loss of fluorescence in solution despite the high concentration of 

proteinase K. Still, the effect of stabilization by entrapment could be observed. The 
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stabilization potential corresponded qualitatively to the results of the thermal denaturation 

experiment (Fig. 44). 

6.2.6 Entrapped eGFP is stabilized against denaturation by chaotropes  

Since the eGFP solution showed high stability in the presence of proteinase K, the 

stabilization by entrapment against other chaotropic agents was investigated.  

 

Fig. 47: A) eGFP fluorescence in the presence of Gdn-HCl. Dotted lines correspond to eGFP in solution, 
dashed lines to entrapped proteins (reaction conditions 20 °C, 0.5 M potassium phosphate) and solid 
lines to entrapped proteins (reaction conditions 30 °C, 0.1 M potassium phosphate). B) eGFP 
fluorescence in the presence of NaOCl. Dotted lines correspond to eGFP in solution, dashed lines to 
proteins entrapped at 20 °C, 0.5 M potassium phosphate and solid lines at 30 °C, 0.1 M potassium 
phosphate. 

In a first experiment, Gdn-HCl was added to the eGFP solution to a final concentration of 3 M 

in the absence of proteinase K (Toca-Herrera et al, 2006). The fluorescence of eGFP was 

monitored over time at 16 °C (Fig. 47A). After 8 hours, the eGFP solution was completely 

denaturated. Entrapped eGFP again showed slower denaturation, with significant 

stabilization effects of the entrapment conditions of 30 °C, 0.1 M potassium phosphate. 

In a second experiment (Fig. 47B), NaOCl at a final concentration of 3 mM active chlorine 

was used as denaturing agent (Mazzola et al, 2006). After 30 min, the eGFP solution was 

denaturated to 50 %. Entrapped eGFP showed again slower denaturation. The entrapment 

conditions differ only slightly in their protective effect. For chaotropic agents (Fig. 47A-B), the 

same pattern of protection efficiency as for the protection against heat (Fig. 44) and 

proteinase K (Fig. 46) was observed, qualitatively. 

6.2.7 Entrapped eGFP is stabilized against dehydration stress  

Entrapped proteins have a potential application for protein storage in a water-free state. To 

investigate if proteins are stabilized against drying and retain higher activity upon 

resuspension in buffer, the native or entrapped (entrapment conditions: 20 °C, 0.5 M 

potassium phosphate and 30 °C, 0.1 M potassium phosphate) model protein eGFP was dried 

at r.t. over night until no further weight loss was measured and the remainder was 
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resuspended in 0.1 M potassium phosphate. The eGFP fluorescence was monitored over 

repeated drying and resuspension steps (Fig. 48).  

 

Fig. 48: Fluorescence of eGFP in solution and after entrapment after repeated drying and resuspension at 
r.t.. Dotted lines correspond to eGFP in solution, dashed lines to proteins entrapped at 20 °C, 0.5 M 
potassium phosphate and solid lines at 30 °C, 0.1 M potassium phosphate. 

The highly stable eGFP in solution showed only little loss in fluorescence (20 %) after 4 

cycles of drying and rehydration. Nevertheless, entrapped eGFP showed less deactivation 

over four drying cycles. Taking into account the error bars, a clear difference in protection 

efficiency against dehydration stress could not be noted between both entrapment 

conditions. 

6.2.8 Entrapped eGFP can be recovered from the silica particles by leaching  

The silica particles entrapping the proteins show differences in fluidity in suspension 

depending on their reaction conditions (Fig. 33). To investigate if the entrapped eGFP is able 

to diffuse into the surrounding solution, leaching experiments were performed. 

6.2.8.1 Adsorbed eGFP is weakly immobilized compared to entrapped eGFP 

To compare the stability of the protein immobilization techniques, eGFP was immobilized in 

two ways: entrapment and physical adsorption by centrifugating an eGFP solution with 

preformed protein-free silica particles generated at 20 °C, 0.5 M potassium phosphate. 

Immobilized eGFP was incubated or stirred in 0.1 M potassium phosphate (pH 7) or Tris 

buffer (pH 9) and leaching was measured (Fig. 49).  
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Fig. 49: A) Leaching of adsorbed eGFP at neutral pH. Leaching conditions: stirring at 500 rpm in 0.1 M 
potassium phosphate, pH 7. B) Leaching of entrapped eGFP. Leaching conditions: stirring at 500 rpm in 
15 ml 0.1 M Tris buffer, pH 9 (C) 1 ml 0.1 M Tris buffer, pH 9). Dashed lines correspond to proteins 
entrapped at 20 °C, 0.5 M potassium phosphate and solid lines at 30 °C, 0.1 M potassium phosphate. D) 
Total eGPF leaching for different eGFP concentrations used in the entrapment step under leaching 
conditions (stirring at 500 rpm with 0.1 M Tris buffer, pH 9) after one hour. Entrapment conditions: 30 °C, 
0.1 M potassium phosphate (light column), 20 °C, 0.5 M potassium phosphate (dark column) 

Incubating or gently shaking a suspension of physically adsorbed eGFP at 20 °C at 200 rpm 

over night did not lead to loss of fluorescence when 0.1 M potassium phosphate (pH 7) was 

used. However, physically adsorbed eGFP leached into the solution when stirred in 0.1 M 

potassium (pH 7) at 500 rpm in under an hour (Fig. 49A). Leakage of adsorbed proteins into 

solutions is a commonly known property of the adsorption-immobilization technique 

(Zaborsky, 1972). For leaching induced by stirring at neutral pH, adsorption on preformed 

silica particles was sufficient. Buffers of higher pH were shown to increase leakage for 

immobilized papain from MCM-41 (Díaz & Balkus Jr, 1996). With adsorbed eGFP, stirring in 

0.1 M Tris buffer (pH 9) caused complete leaching of eGFP in less than 10 min (data not 

shown). 

Entrapped eGFP showed no loss of fluorescence when incubated or stirred at 500 rpm in 

0.1 M potassium phosphate (pH 7) (data not shown). Entrapment therefore is the more 

stable immobilization technique, where no leaching was observed at pH 7. Leaching at buffer 

conditions mimicking blood was tested with 1x PBS, but entrapped eGFP did not show any 
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leaching for this condition, either. Next, entrapped eGFP was stirred at 500 rpm in 0.1 M Tris 

buffer (pH 9) and leaching was measured over time (Fig. 49B). Entrapped eGFP stirred in 

0.1 M Tris buffer (pH 9) showed leaching depending on the entrapment conditions. Leaching 

was completed faster for the entrapment conditions 20 °C, 0.5 M potassium phosphate, 

which previously also showed lower surface area (Fig. 31, Fig. 32), higher viscosity (Fig. 33), 

lower protection against different types of stress (Fig. 44, Fig. 46, Fig. 47) and a higher 

relative amount of bead-like particles (smaller mass of silica pellet in Fig. 22 with late 

appearance of gel-like particles in Fig. 24B). A higher volume 0.1 M Tris buffer (pH 9) (15 ml 

in Fig. 49B) accelerated leaching esp. for entrapment conditions of 30 °C, 0.1 M potassium 

phosphate compared to lower volumes of leaching buffer (1 ml in Fig. 49C). 

Finally, leaching for different ratios of entrapped eGFP was investigated (Fig. 49D). With 

increasing protein load of the silica pellet, the difference in leaching between both 

entrapment conditions diminishes. At eGFP concentrations of 1.8 mg/ml in the entrapment 

step, the amount of protein leached from the silica particles is so high that the relatively small 

difference in leaching observed with 0.2 mg/ml eGFP in the entrapment step was not 

observed comparing the two entrapment protocols.  

6.2.9 Conclusions 

For the model protein eGFP, the entrapment strategy yielded functionally immobilized 

proteins in silica particles (Fig. 38). The optimal entrapment conditions were determined 

(Fig. 39). Depending on the entrapment conditions, significant protection of the model protein 

against heat stress (Fig. 44), digestion by proteinase K (Fig. 46), denaturation by chaotropes 

(Fig. 47) and dehydration stress (Fig. 48) was observed. Finally, the model protein eGFP 

could be recovered by leaching under specific conditions, while the immobilization was stable 

at neutral pH (Fig. 49). 

6.3 Enzymes are functionally entrapped in silica particles  

Having analyzed the entrapment of eGFP in detail, the same entrapment protocol was 

applied to a series of enzymes, in order to investigate its adaptability to entrap functional 

proteins of different sizes and reactivity. Proteins from different organisms with molecular 

masses varying from 20 kDa (DHFR) to 464 kDa (tetrameric β-galactosidase), varying 

activities and different thermal and chemical stabilities were entrapped. Besides classical 

enzymes like lipase or luciferase, which were previously entrapped in silica (Reetz et al, 

1996; Roth et al, 2004), other rather unstable enzymes like β-galactosidase and DHFR were 

analyzed as well (Edwards et al, 1990; Uedaira et al, 1990). An overview of the entrapment 

efficiencies of the investigated enzymes is shown in Fig. 50, compared with the results from 

eGFP. 
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Fig. 50: Protein activity after entrapment in silica particles. For each of the different enzymes, one stacked 
column represents the sum of the activity of the pellet (bottom; entrapment conditions: left (30 °C, 0.1 M 
potassium phosphate); right (20 °C, 0.5 M potassium phosphate)) and the supernatant (top). 

All proteins except luciferase were successfully sol-gel entrapped. The entrapment 

efficiencies varied for the different proteins: eGFP (42 and 63 %), lipase (from 35 and 53 %), 

DHFR (from 47 and 57 %) and β-galactosidase (from 7 and 25 %) for entrapment conditions 

of 20 °C, 0.5 M and 30 °C, 0.1 M potassium phosphate, respectively. 

Interestingly, for all successful entrapment reactions, the levels of entrapment qualitatively 

corresponded to the results of the optimization of the eGFP entrapment (Fig. 39): in all 

cases, entrapment at 30 °C, 0.1 M potassium phosphate led to higher entrapment 

efficiencies. 

Nevertheless, the absolute numbers for the entrapment efficiency were dependent on the 

entrapped protein. Entrapped DHFR showed activity comparable to eGFP and lipase, 

although a significant loss of DHFR activity of the supernatant was noticed. Especially the 

labile proteins β-galactosidase and luciferase showed significantly lower entrapment 

efficiencies. Luciferase displayed extremely little activity (0.2-0.3 % of the initial enzyme 

solution) after entrapment (with the supernatant showing little to no activity). The enzyme β-

galactosidase showed significantly lower entrapment than other enzymes, while the 

supernatant was not deactivated compared to luciferase. It was investigated if the 

entrapment conditions yielding the highest entrapment efficiency for eGFP (Fig. 39) were 

also favorable for entrapment of β-galactosidase. A screening of the potassium phosphate 

molarities at 30 °C showed qualitatively similar results (Fig. 51). 
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Fig. 51: Dependence of the entrapment efficiency of β-galactosidase on phosphate concentration at 30 °C 
and a reaction time of 60 min. 

Entrapment efficiencies for β-galactosidase were also highest for 0.1 M potassium phosphate 

at 30 °C reaction temperature, indicating that the entrapment efficiencies for β-galactosidase 

were generally lower than for other enzymes. To exclude effects of the different proteins on 

the morphology of the silica particles, they were all investigated after entrapment by SEM 

(Fig. 52). 

 

Fig. 52: SEM overview of entrapped proteins in silica particles generated by two different entrapment 
protocols. Entrapment conditions: 30 °C, 0.1 M potassium phosphate for A, C, E, G, I, K and 20 °C, 0.5 M 
for B, D, F, H, J, L. Entrapment protocol was carried out with A, B) eGFP; C, D) DHFR; E, F) lipase; G, H) β-
galactosidase; I), J) luciferase and K, L) without protein. 
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The robust nature of the PEI-driven biomineralization reaction led to comparable 

morphologies independent of the nature of the entrapped protein for both investigated 

entrapment conditions. Significant changes in particle size or morphologies were not 

detected, independent of which protein (or none) was present.  

6.3.1 The entrapment efficiency is increased by recycling the supernatant 

Especially in cases where the entrapment efficiency was rather low, it is highly interesting if 

the enzyme containing supernatants of the reaction can be re-used in further reactions. β-

galactosidase, which showed lower entrapment efficiency, remained active in the 

supernatant and could be re-used in two subsequent entrapment reactions (Fig. 53). 

The second entrapment reaction was carried out with the supernatant of the first reaction, 

adding fresh starter (PEI) and silicic acid. An additional activity of 15 % (Fig. 53A) and 7% 

(Fig. 53B) to the pellet fraction was achieved, depending on the reaction conditions.  

Combining three entrapment reactions the total activity found in the pellet fraction was 

increased from 30 to 55% for entrapment at 30 °C, 0.1 M potassium phosphate and from 10 

to 27% at 20 °C, 0.5 M potassium phosphate. The total sum of activities in the supernatant 

and pellet of the entrapment reactions showed only little losses in enzyme activity. 

 

Fig. 53: Activity of entrapped β-galactosidase for subsequent entrapment steps (dark: first, grey: second 
and white: third entrapment reaction step) by subsequently re-using the supernatant. Entrapment 
conditions A) 30 °C, 0.1 M potassium phosphate; B) 20 °C, 0.5 M potassium phosphate. 
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6.3.2 Protein concentration and activity are equivalent in the case of entrapped 

lipase  

The activity of the enzymes in the silica particles is not necessarily correlating with the 

protein concentration in the pellet. For eGFP, this could easily be monitored by its 

fluorescence, which was not impaired by the silica particles (Fig. 39). To prove the 

correlation of protein activity with protein content, both were determined for the enzyme 

lipase (Fig. 54). 

Lipase concentration was determined via Bradford assay in the supernatant and the protein 

content in the pellet was calculated (Fig. 54A). Lipase activity could be measured in the silica 

particles as well as in the supernatant (Fig. 54B). The protein content and activity in the pellet 

correlated well, considering the error bars of the activity of the lipase pellet. 

Having established a fast and easy method for entrapment of proteins in silica particles with 

high entrapment efficiency, the stabilization against heat stress of entrapped enzymes was 

investigated. 

 

Fig. 54: Comparison of protein activity and concentration after entrapment in the case of lipase. A) Lipase 
concentration measured with the Bradford assay in the supernatant (dark column, top) and calculated for 
the pellet (light column, bottom) after entrapment. B) Lipase activity measured in the supernatant (dark 
column, top) and pellet after entrapment (light column, bottom). 

6.3.2.1 Entrapped enzymes are stabilized against heat stress  

Stabilization against heat stress was investigated by incubating the immobilized and native 

proteins at temperatures above their unfolding temperature (80 °C for lipase, 60 °C for ß-

galactosidase and DHFR and 40 °C for Luciferase) (Fig. 55) (Edwards et al, 1990; Uedaira et 

al, 1990; Frank, 1989; Zhu et al, 2001; Ionescu et al, 2000; Schröder et al, 1993). 
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Fig. 55: Resistance of entrapped proteins against heat stress. Activities of A) lipase, B) DHFR, C) β-
galactosidase and D) Luciferase in solution and after entrapment. Dotted lines correspond to the protein 
in solution, dashed lines to proteins entrapped at 20 °C, 0.5 M potassium phosphate and solid lines at 
30 °C, 0.1 M potassium phosphate. 

 

Fig. 56: Relative stabilization by entrapment of eGFP and enzymes against thermal denaturation (0% 
corresponds to denaturation as in solution, 100% corresponds to the native activity, refer to Materials and 
Methods 8.4.8.4). Entrapment conditions: light column: 30 °C, 0.1 M potassium phosphate; dark column: 
20 °C, 0.5 M potassium phosphate. 
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As expected from the results for eGFP (Fig. 44), all entrapped enzymes were less affected 

by heat stress compared to the enzyme solution. Interestingly, in the amorphous gel-like 

particles (formed at 30°C in 0.1 M potassium phosphate) all entrapped enzyme were 

stabilized more efficiently than in isolated, bead-like particles (formed at 20°C and 0.5 M 

potassium phosphate), confirming the observations made with entrapped eGFP. As a 

control, the activity of the native protein was monitored in the same solution, i.e. in the 

presence of PEI without TMOS, but no stabilization could be observed. A summary of the 

thermal stabilization for all proteins investigated so far, including eGFP, is shown in Fig. 56.It 

clearly shows the protection against the denaturation process by thermal stress between 15-

70%. DHFR and β-galactosidase were most strongly stabilized by the entrapment. The 

entrapment at 30 °C, 0.1 M potassium phosphate yielded 5-9% higher stabilization than the 

entrapment at 20 °C, 0.5 M potassium phosphate.  

For the thermally labile enzyme β-galactosidase, it was of interest, if simple adsorption to 

silica particles would lead to significant stabilization as well. Therefore, a comparison 

between the thermal stabilization by entrapment or adsorption was carried out (Fig. 57). 

 

Fig. 57: Resistance of adsorbed β-galactosidase against heat stress. A) Activities of β-galactosidase in 
solution and after adsorption to protein-free silica particles created at 20 °C, 0.5 M. Dotted lines 
correspond to the protein in solution, dashed lines with cross marks to adsorbed protein. B) Comparison 
of relative stabilization by adsorption or entrapment of β-galactosidase by different entrapment 
conditions (0% corresponds to denaturation as in solution, 100% corresponds to the native activity, refer 
to Materials and Methods 8.4.8.4). 

Adsorption of β-galactosidase did stabilize the enzyme against heat stress (Fig. 57A). 

However, the stabilization was less than half as effective as determined for the stabilization 

by entrapment (Fig. 57B). 

Further studies of the stabilization of enzymes by protein adsorption, e.g. for lipase, were not 

carried out, since lipase immobilization has been widely investigated in the literature (Reetz 

et al, 1996).  
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6.3.2.2 Entrapped β-galactosidase show increased long-time stability  

Since entrapped proteins proved to be protected against heat stress (Fig. 55), it was 

presumed that protein entrapment leads to higher long time stability at r.t. To investigate long 

time stability, all entrapped proteins were stored at r.t. in 0.1 M potassium phosphate. The 

activity of the thermolabile enzyme β-galactosidase was measured before and after storage 

at r.t. for 16 days with or without entrapment at 30 °C, 0.1 M potassium phosphate (Fig. 58): 

 

Fig. 58: Relative activity of β-galactosidase (in solution or entrapped at 30 °C, 0.1 M potassium 
phosphate) after incubation at r.t. for 16 days. The activity of native β-galactosidase was set to 100 %. 

No significant loss of activity was observed for entrapped β-galactosidase stored for 16 days 

at r.t. In comparison, free β-galactose solution retained only < 10 % of its activity under these 

conditions. Similarly, all enzymes other showed higher tolerance to storage at r.t. after 

entrapment. Especially the very robust proteins eGFP and lipase could be stored at r.t. over 

several months without activity loss for both entrapment conditions, while the proteins in 

solution lost significant activy (> 50 %) after several days at r.t. (data not shown).  

6.3.2.3 Entrapped proteins are incorporated more deeply into silica particles 

compared to physical adsorption  

Adsorption and entrapment were compared regarding their ability to deeply embed proteins 

in silica particles. Lipase was used as a model enzyme for the comparative study of 

adsorbed and entrapped enzyme using thermo-gravimetric analysis (TGA) (Groshens & 

Hollins, 2009). TGA is a method that measures changes in weight as a function of the 

temperature. Its basic instrumental requirements are a precision balance and a furnace that 

is programmed for a linear rise of temperature over time (Coats & Redfern, 1963). The silica 

particle formation process was up-scaled, i.e. multiple amounts of all components of the 

entrapment protocol were used, in order to obtain entrapped and adsorbed lipase in sufficient 

quantities for TGA measurements (refer to Materials and Methods 8.3.2.2).  
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Oxidation at temperatures over 300 °C during TGA measurements causes burning-off of the 

organic compounds due to pyrolysis and desorption of organic products, while weight loss 

observed at lower temperatures than 300 °C is caused by desorption of physically bonded 

water and the Hoffman degradation (Kusak, 2005). In order to only observe weight loss 

caused by oxidation of organic matter, the weight loss of silica samples was investigated 

between 300 and 800 °C. To compare adsorbed lipase and entrapped lipase with regards to 

how stable the protein was incorporated into the silica matrix, the mass loss of immobilized 

lipase was measured with TGA (Fig. 59):  

 

Fig. 59: TGA measurements with entrapped (dark column) or physically adsorbed (light column) lipase on 
silica particles generated at the stated entrapment conditions. The relative weight loss after calcination at 
800 °C is plotted (refer to Materials and Methods 8.3.2.2). 

Entrapped proteins are expected to be randomly immobilized throughout the silica structures. 

At 800 °C, entrapped lipase samples were calcinated, with a mass loss of 2% and 20% for 

entrapment at 30 °C, 0.1 M potassium phosphate and 20 °C, 0.5 M potassium phosphate, 

respectively. In comparison, physically adsorbed lipase showed higher loss of its relative 

protein mass (34% and 25% for entrapment at 30 °C, 0.1 M potassium phosphate and 20 °C, 

0.5 M potassium phosphate, respectively), indicating that most of the adsorbed protein was 

attached superficially to the silica particles.  

Higher mass loss for lipase adsorbed to silica particles generated at 30 °C, 0.1 M potassium 

phosphate than to those generated at 20 °C, 0.5 M potassium phosphate fits the higher 

specific surface of the former particles (Fig. 31, Fig. 32). Since pyrolyzed organic compounds 

desorbed less from the entrapped than from adsorbed samples during calcination, as seen 

from the lower weight loss of entrapped proteins, it was concluded that that entrapped 

protein was embedded more deeply into the biomineral than adsorbed protein.   
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6.3.3 Entrapped enzymes are stabilized against proteolytic digest  

Next, it was tested if the entrapped enzymes were stabilized against treatment with 

proteases by incubating the immobilized and native proteins, respectively, with proteinase K 

(Fig. 60).  

 

Fig. 60: Resistance of entrapped proteins against proteinase K. Activities of A) lipase, B) DHFR and C) β-
galactosidase in solution and after entrapment. Dotted lines correspond to the protein in solution, dashed 
lines to proteins entrapped at 20 °C, 0.5 M potassium phosphate and solid lines at 30 °C, 0.1 M potassium 
phosphate. D) Relative stabilization by entrapment of eGFP and enzymes against proteinase K (0% 
corresponds to denaturation as in solution, 100% corresponds to the native activity, refer to Materials and 
Methods 8.4.8.4). Entrapment conditions: light column: 30 °C, 0.1 M potassium phosphate; dark column: 
20 °C, 0.5 M potassium phosphate. 

In accordance with previous results with eGFP (Fig. 46), all investigated enzymes (lipase, 

DHFR, β-galactosidase) were less affected by the proteolytic digest compared to the enzyme 

in solution. The representation in Fig. 60D is calculated from the proteinase K data of 

Fig. 60A-C and clearly shows protection against proteolytic digest between 3-70 %. DHFR 

and β-galactosidase were most strongly stabilized by entrapment, similar to the results for 

heat stress (Fig. 56). Entrapment at 30 °C, 0.1 M potassium phosphate yielded 1-18 % 

higher stabilization than entrapment at 20 °C, 0.5 M potassium phosphate. 

6.3.4 Entrapped enzymes are stabilized against denaturation by chaotropes  

Stabilization of entrapped luciferase against proteinase K could not be shown due to the 

challenging entrapment efficiency for this enzyme. Nevertheless, luciferase activity was 
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monitored against Gdn-HCl to a final concentration of 6 M in solution and for both 

entrapment methods, (Fig. 61). 

 

Fig. 61: A) Luciferase activity in the presence of Gdn-HCl. Dotted lines correspond to eGFP in solution, 
dashed lines to proteins entrapped at 20 °C, 0.5 M potassium phosphate and solid lines at 30 °C, 0.1 M 
potassium phosphate. B) Relative stabilization by entrapment of luciferase against Gdn-HCl (0% 
corresponds to denaturation as in solution, 100% corresponds to the native activity, refer to Materials and 
Methods 8.4.8.4). Entrapment conditions: light column: 30 °C, 0.1 M potassium phosphate; dark column: 
20 °C, 0.5 M potassium phosphate. 

Comparable to eGFP (Fig. 47), Luciferase was less denaturated by Gdn-HCl after 

entrapment (Fig. 61A). The representation in Fig. 61B is calculated from the Gdn-HCl data 

for eGFP and luciferase (Fig. 47, Fig. 61A). This comparison in Fig. 61B clearly shows 

protection for eGFP against Gdn-HCl between 10-50 %. Interestingly, luciferase exhibited 

nearly no differences in stabilization for both entrapment conditions (9 % in contrast to 40 % 

difference for eGFP).  

6.3.5 Entrapped enzymes are stabilized against dehydration stress  

Comparable to the results observed with eGFP (Fig. 48), it was measured how far enzymes 

can be protected against dehydration stress. Lipase, DHFR and β-galactosidase were 

entrapped at 20 °C, 0.5 M potassium phosphate and 30 °C, 0.1 M potassium phosphate, the 

buffer was removed by drying at r.t. over night until no further weight loss was measured and 

the dried silica particles were resuspended in 0.1 M potassium phosphate. The enzymatic 

activity was measured for repeated drying and resuspension steps of the entrapped enzymes 

(Fig. 62A-C). 

Comparable to eGFP, entrapment of enzymes demonstrated a protective effect against 

denaturation induced by dehydration stess, with the entrapment conditions of 30 °C, 0.1 M 

potassium phosphate being superior in their ability to protect protein activity to those of 

20 °C, 0.5 M potassium phosphate. In contrast to eGFP, the enzymes lipase, DHFR and β-

galactosidase showed higher activity loss caused by repeated drying and resuspension. After 

four drying cycles, native eGFP lost only ~30 % activity and entrapped eGFP (both 
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entrapment conditions) only ~10-15 % activity (Fig. 48). In comparison, native lipase, DHFR 

and β-galactosidase were completely denaturated and entrapped enzymes lost more than 

60 % activity after four drying cycles. 

 

Fig. 62: Activities of native and entrapped enzymes after repeated drying and resuspension at r.t.: A) 
lipase, B) DHFR, C) β-galactosidase. Dotted lines correspond to the protein in solution, dashed lines and 
solid lines to proteins entrapped at 20 °C, 0.5 M potassium phosphate and 30 °C, 0.1 M potassium 
phosphate, respectively. D) Relative stabilization by entrapment of eGFP and enzymes against 
dehydration stress (0% corresponds to denaturation as in solution, 100% corresponds to the native 
activity, refer to Materials and Methods 8.4.8.4). Entrapment conditions: light column: 30 °C, 0.1 M 
potassium phosphate; dark column: 20 °C, 0.5 M potassium phosphate. 

A comparison of the relative stabilization against dehydration stress for all proteins 

investigated so far including eGFP is shown in Fig. 62D. The overview in Fig. 62D shows 

protection against dehydration stress between 12-45 %. DHFR and β-galactosidase were 

most strongly stabilized by entrapment, just as they were against heat stress (Fig. 56) and 

proteolytic digest (Fig. 60).  

6.3.6 Entrapped enzymes can be used repeatedly  

All entrapped enzymes could be removed from their substrates by simple centrifugation and 

washing with 0.1 M phosphate buffer. In order to determine if an entrapped enzyme can be 

re-used after isolating and washing the silica pellet repeatedly, lipase was entrapped as a 
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model enzyme at 20 °C, 0.5 M potassium phosphate and 30 °C, 0.1 M potassium phosphate 

and measured in repetitive assays (Fig. 63). 

 

Fig. 63: Relative activity of entrapped lipase (30 °C, 0.1 M) after repetitive enzymatic assay and 
subsequent washing of the entrapped lipase pellet with 0.1 M potassium phosphate. 

After 6 times of repetitive use of the immobilized enzyme followed by washing of the pellet 

between each lipase activity assay, no significant activity of the entrapped lipase was lost 

(Fig. 63). 

6.3.7 Entrapped enzymes can be recovered from the silica particles by leaching  

The leaching conditions established with eGFP (Fig. 49) were used in order to determine 

whether other proteins can similarly be recovered from entrapment. Entrapped enzymes 

(lipase, DHFR and β-galactosidase) were stirred at 500 rpm in 0.1 M Tris buffer (pH 9) and 

the enzyme activity in solution was measured over time (Fig. 64). 

In all cases, leaching was completed faster for the entrapment conditions 20 °C, 0.5 M 

potassium phosphate (Fig. 49, Fig. 64), which previously also showed lower surface area 

(Fig. 31, Fig. 32), higher viscosity (Fig. 33), lower protection against different types of stress 

(Fig. 44, Fig. 46, Fig. 47) and a higher relative amount of bead-like particles (smaller mass of 

silica pellet in Fig. 22 with late appearance of gel-like particles in Fig. 24B). 

The total leached activity of lipase and DHFR correlated with the sum of the activities of the 

pellet and the supernatant shown in Fig. 50. However, in the case of β-galactosidase, the 

activity in the pellet after entrapment and the leached activity from the pellet differed 

(Fig. 65). 
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Fig. 64: Leaching of entrapped enzymes for different entrapment conditions under leaching conditions 
(pH 9 Tris buffer, stirring at 500 rpm) over time. A) lipase activity, B) DHFR activity and C) β-galactosidase 
activity. Dashed lines and solid lines correspond to the activity leached from proteins entrapped at 20 °C, 
0.5 M potassium phosphate and 30 °C, 0.1 M potassium phosphate, respectively. 

 

Fig. 65: Comparison of β-galactosidase activities after the entrapment with the total leached β-
galactosidase after 240 min leaching time. Light gray: supernatant, dark gray: activity in the pellet. The 
gray fraction corresponds to the β-galactosidase activity measured in addition to that of the pellet after 
leaching.  
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Interestingly, the total β-galactosidase activity leached from the pellet was higher than the 

activity measured in the pellet before leaching. For entrapment conditions of 30 °C, 0.1 M 

potassium phosphate an additional 9 % activity was detected after leaching. For entrapment 

conditions of 20 °C, 0.5 M potassium phosphate, an additional 19 % activity was detected 

after leaching. This observation led to the conclusion that a fraction of the enzyme was 

entrapped in a non-active state, i.e. was not accessible for the substrate when bound in the 

silica pellet. 

6.3.7.1 The DnaJ/DnaK/GrpE chaperone system protects luciferase during 

entrapment and leaching  

As an exception from the investigated enzymes in this study, luciferase proved to deactivate 

readily under entrapment conditions (Fig. 50). The luciferase activity in the pellet and 

supernatant after the entrapment reaction is shown in Fig. 66A.  

 

Fig. 66: A) Entrapment of luciferase. Each stacked column represents the sum of the activity of the pellet 
(bottom; entrapment conditions: left (30 °C, 0.1 M potassium phosphate); right (20 °C, 0.5 M potassium 
phosphate)) and the supernatant (top). B) Relative activity of the entrapped luciferase in the pellet for 
both entrapment conditions for the second measurement after washing the silica particles.  

Although the entrapment ratio was minimal for both entrapment conditions (below 0.5 %), a 

complete deactivation of the supernatant was observed. To prove that the luciferase activity 

in the silica pellet was reproducible, the entrapped luciferase was washed and reused in a 

second enzymatic reaction (Fig. 66B, comparable to experiments with re-used entrapped 

lipase shown in Fig. 63). For the entrapment conditions of 30 °C, 0.1 M potassium 

phosphate, a higher activity could be recovered in the re-used pellet (Fig. 66B). 

It was investigated which reaction condition caused luciferase deactivation in the 

supernatant. Since in the standard entrapment protocol TMOS is added to the protein 

solution in presence of PEI (Fig. 36), a control reaction was carried out where luciferase was 
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only added at different time points after starting the particle formation reaction with PEI and 

TMOS (Fig. 67).  

 

Fig. 67: Luciferase activity in the supernatant over the time of the entrapment at 30 °C, 0.1 M potassium 
phosphate (control: luciferase under the same entrapment conditions over an hour without TMOS). Inset: 
activity of luciferase in the absence of TMOS and in the presence of PEI and protein-free silica particles 
(obtained at 30 °C, 0.1 M potassium phosphate, washed to remove free silicic acid) for different 
centrifugation times.  

Independent from the reaction time luciferase was added, its activity in the supernatant was 

still deactivated. Further experiments were carried out to test if methanol formed from TMOS 

hydrolysis influenced luciferase activity. Entrapment was carried out at 30 °C, 0.1 M 

potassium phosphate using methanol-free silicic acid obtained from degassed TMOS 

solution in 1 mM HCl, however luciferase was equally deactivated from degassed silicic acid 

alone (data not shown). In order to investigate if the centrifugation step needed for the 

isolation of entrapped proteins deactivated luciferase, native luciferase solution in the 

presence of PEI was incubated in 0.1 M potassium phosphate at 30 °C for an hour, and 

luciferase activity was measured after centrifugation in the presence of protein-free silica 

particles generated at 30 °C, 0.1 M potassium phosphate (Fig. 67, inset). No significant 

deactivation was observed from the reaction temperature, PEI or the centrifugation steps. 

These control experiments indicated that luciferase was denatured by silicic acid, since all 

other reaction conditions in the entrapment reaction did not cause significant luciferase 

deactivation. Therefore, a strategy was needed to temporarily protect luciferase against 

silicic acid during the entrapment reaction. 

DnaK, in cooperation with its co-chaperones DnaJ and GrpE, forms a chaperone machinery 

that refolds substrate proteins in an ATP-dependent manner (Zylicz & Wawrzynow, 2001; 

Haslbeck, 2002). It was shown previously that luciferase can be activated by the chaperones 

DnaJ/DnaK/GrpE from the E. coli Hsp70 system (Veinger et al, 1998).  
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It was investigated whether the DnaJ/DnaK/GrpE system activated luciferase in the reaction 

solution containing PEI used for entrapment (30 °C, 0.1 M potassium phosphate) in the 

absence of TMOS. The activity of luciferase, luciferase in the presence of DnaJ/DnaK/GrpE 

and ATP, only DnaJ/DnaK/GrpE or only ATP was measured (Fig. 68, refer to Materials and 

Methods 8.3.1.1).  

 

Fig. 68: Luciferase activity in the reaction solution containing PEI (at 30 °C, 0.1 M potassium phosphate, 
pH 7) in the absence or presence of the chaperones DnaJ/DnaK/GrpE and ATP. Luciferase activity was 
measured in absence of silicic acid. 

At 30 °C and in the presence of PEI needed for the entrapment reaction, DnaJ/DnaK/GrpE 

increased luciferase activity, more so if ATP was present. The control reaction measured 

with luciferase and ATP alone showed an increase in luciferase activity which was lower than 

that observed for DnaJ/DnaK/GrpE alone. However, the chaperone system 

DnaJ/DnaK/GrpE+ATP did not improve the entrapment ratio nor retain luciferase activity in 

the supernatant for luciferase at 30 °C, 0.1 M potassium phosphate when the same TMOS 

concentration as for the previously investigated enzymes was used (data not shown).  

Prior to the entrapment reaction, TMOS quantitatively reacted to silicic acid after 

prehydrolysis (Hench & West, 1990; Iler, 1979; Patwardhan, 2002). It was investigated which 

minimal concentration of silicic acid would be able to denaturate luciferase. The supernatant 

of the luciferase entrapment solution with DnaJ/DnaK/GrpE+ATP or without chaperones was 

analyzed for different TMOS (resp. silicic acid) concentrations (Fig. 69A). 

TMOS at the concentration used to entrap the previously discussed enzymes (0.09 M) 

denaturated luciferase in the supernatant (Fig. 67). Below 0.014 M TMOS, the supernatant 

showed significant activity (80 % in the absence of DnaJ/DnaK/GrpE+ATP). Interestingly, at 

0.018 M TMOS (which is 20% of the TMOS concentration used for the other enzymes) the 

supernatant was completely deactivated in the absence of DnaJ/DnaK/GrpE+ATP, while a 

similar activity as in Fig. 68 was retained with DnaJ/DnaK/GrpE+ATP. The presence of ATP 

was necessary for stabilization of luciferase in the presence of 0.018 M TMOS (Fig. 69B). 
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Therefore, the DnaK/DnaJ/GrpE+ATP system stabilized luciferase against low 

concentrations of silicic acid. Above 0.018 M TMOS, luciferase was deactivated in all 

experiments even in the presence of DnaJ/DnaK/GrpE+ATP (data not shown). Entrapment 

with 0.018 M TMOS and DnaJ/DnaK/GrpE+ATP still led to a small luciferase activity after 

entrapment (Fig. 69C). Although 80 % luciferase activity was observed in the supernatant, 

less than 1 % activity was detected in the pellet.  

 

Fig. 69: A) Luciferase activity of the supernatant after the entrapment reaction in the presence or absence 
of the chaperones DnaJ/DnaK/GrpE+ATP at 30 °C, 0.1 M with different TMOS concentrations. Gray 
column: without the chaperones DnaJ/DnaK/GrpE+ATP, dark column: with DnaJ/DnaK/GrpE+ATP. B) 
Luciferase activity of the supernatant after the entrapment reaction at 30 °C, 0.1 M for the TMOS 
concentration: 0.018 M. Activities are shown in the presence or absence of DnaJ/DnaK/GrpE (with or 
without ATP). The activity of native luciferase in the absence of TMOS and chaperones was set to 100 %. 
C) Luciferase entrapment with 0.018 M TMOS and DnaJ/DnaK/GrpE+ATP at entrapment conditions of 
30 °C, 0.1 M potassium phosphate. The control with DnaJ/DnaK/GrpE+ATP was set to 100 %. 

 

Fig. 70: A) Luminescence measurement of luciferase solution (dotted line: control; solid line: entrapped 
luciferase at 30 °C, 0.1 M potassium phosphate). A logarithmic scale was used and native luciferase 
luminescence measured at the start of the assay was set to 100 %. B) Luciferase activity over time while 
stirring at 500 rpm (lines marked with a cross) or incubating (no marking). C) Luciferase activity over time 
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while stirring at 500 rpm with DTT (lines marked with a cross) or with DTT and DnaK/DnaJ/GrpE+ATP 
(lines marked with circle). For B) and C) dotted line: pH 7, solid line: pH 9.  

The influence of entrapment on the luciferase luminescence assay was investigated. The 

luminescence measurements of native luciferase and entrapped luciferase were compared 

over time (Fig. 70A).  

Clearly different luminescence kinetics were observed for native and entrapped luciferase. It 

was hypothesized that the observed luciferase activity in the pellet may be limited by the 

surrounding silica particles. The slight increase of the entrapped luciferase activity may have 

caused by leaching of luciferase out of the silica pellet or permeation of the substrates into 

the silica pellet. 

Since luciferase activity could not be determined correctly in the pellet, it was investigated 

whether luciferase could be leached from entrapment while preserving its activity, in order to 

indirectly quantify the entrapment ratio. To optimize the leaching conditions for the highly 

labile luciferase, the effect of stirring and pH value on the luciferase activity was investigated 

(Fig. 70B-C). Incubating a luciferase solution at r.t. for 90 minutes did not impair its activity at 

pH 7 but led to almost linear deactivation at pH 9 (Fig. 70B). Compared to incubation without 

stirring, the luciferase solution was deactivated even faster, especially at pH 9. Stirring at 

500 rpm, comparable to the leaching conditions for the previously investigated enzymes 

(Fig. 64), led to fast inactivation of the luciferase. Adding DTT as a reducing agent to the 

leaching conditions slowed down the deactivation of luciferase while stirring (Fig. 70C). 

Combining DTT in the leaching buffer with DnaK/DnaK/GrpE+ATP further stabilized the 

luciferase solution against denaturation during stirring. Stirring luciferase at pH 9 led to 

deactivation after 60 min independent of the presence of DTT and DnaK/DnaK/GrpE+ATP 

(data not shown).  

The ability of the chaperone system DnaK/DnaK/GrpE+ATP to recover luciferase activity 

after stirring or incubating was investigated dependent on neutral or alkaline pH values. 

Luciferase was diluted into 0.1 M potassium phosphate (pH 6.5) at r.t. and the luciferase 

activity monitored after 60 min (Fig. 71A, refer to Materials and Methods 8.3.3). As a control 

reaction, deactivated luciferase was incubated in absence of the chaperone system under 

the same conditions. 

Luciferase activity could only be partially recovered after 60 min under leaching conditions (at 

pH 9 with stirring) after incubation at neutral pH for an hour in the presence of the chaperone 

system. It was nearly completely recovered from deactivation by incubating at pH 9 without 

stirring with or without the chaperone system. Irreversible deactivation under stirring 
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conditions was presumably caused by oxidation due to air being mixed into the protein 

solution. 

 

Fig. 71: A) Luciferase activity after refolding at neutral pH for 60 min after deactivation by incubation and 
stirring in pH 9 Tris buffer in the presence of DTT for 60 min. Light column: without chaperones, dark 
column, DnaK/DnaK/GrpE+ATP. B) and C) Luciferase activity over time while stirring at pH 9 in the 
presence of DnaK/DnaJ/GrpE+ATP (lines marked with circle) or without chaperones (B) dashed line, C) 
dashed line with cross marks). Luciferase activity was measured B) without DTT and C) with DTT. Native 
luciferase activity was set to 100 % for A)-C). 

It was further investigated how long luciferase could be expose to leaching conditions before 

it deactivating irreversibly and to which extend DnaJ/K/GrpE+ATP slowed down denaturation 

in the absence (Fig. 71B) and presence (Fig. 71C) of additional DTT, which should prevent 

oxidation presumed before. The chaperones stabilized luciferase against denaturation by 

stirring under leaching conditions (Fig. 71B). Further stabilization was observed with 

chaperones and DTT (Fig. 71C), confirming that stirring the luciferase caused oxidation.  

Since most of the luciferase activity was lost after 2 min under leaching conditions 

(Fig. 71B-C), leaching experiments with entrapped luciferase were carried out with leaching 

times shorter than 2 min. To completely remove entrapped luciferase by leaching, it was 

therefore investigated whether luciferase activity could be preserved by leaching stepwise in 

the presence of fresh DnaJ/K/GrpE+ATP under non-denaturing conditions. Entrapped 

luciferase (30 °C, 0.1 M potassium phosphate) was submitted to leaching conditions with 

DTT and DnaK/DnaJ/GrpE+ATP for short time increments of 1 and 2 min and then luciferase 

activity was measured immediately (Fig. 72). 
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Fig. 72: Leached luciferase activity after entrapment at 30 °C, 0.1 M potassium phosphate. Time points 
refer to luciferase in the entrapment solution under leaching conditions (with DnaK/DnaK/GrpE+ATP and 
DTT). Dark column: 2 min stepwise leaching; light column: 1 min stepwise leaching. Inset: leaching 
activities observed from entrapped luciferase for leaching reaction steps repeated stepwise every 2 min. 

Compared to the screening of the stirring time in the presence of chaperones (Fig. 71B), 

luciferase was strongly deactivated under leaching conditions after 2 min. Leaching of 

luciferase could be measured stepwise from the pellet (Fig. 72, inset) until the pellet was 

depleted. The total activity of leached luciferase was very low compared to the control 

(0.40 %). However, compared to the activity of luciferase under leaching conditions after 

2 min, this represented 12 % of the activity. This activity would be compatible with the 

observation made in Fig. 69C, where the entrapment supernatant showed 80 % of the 

activity.  

Nevertheless, the deactivation after 2 min under leaching conditions observed in this 

experiment made it necessary to further screen the luciferase leaching in smaller time 

increments. For 1 min leaching conditions, the activity was retained as expected. The 

summarized activity of leached luciferase was higher for leaching steps of 2 min (0.40 % 

compared to 0.12%), although no deactivation was observed for 1 min leaching conditions.  

6.3.8 Conclusions  

Comparable to the model protein eGFP, all investigated enzymes except luciferase were 

functionally entrapped in silica particles (Fig. 50, Fig. 66). The robust, PEI-driven particle 

formation (Fig. 23) yielded particle morphologies independent of the entrapped protein 

(Fig. 52). In the case of entrapped enzymes of higher MW (luciferase 62 kDa, β-

galactosidase 464 kDa), a lower absolute entrapment ratio was observed (Fig. 50). 

Generally, the entrapment conditions (30 °C, 0.1 M potassium phosphate) leading to 
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particles with higher surface area (Fig. 31, Fig. 32) resulted in relatively higher entrapment 

ratios (Fig. 50). The protein activity was shown to be consistent with the protein content for 

the model enzyme lipase (Fig. 54).  

Luciferase proved to be easily denaturated by the silicic acid concentration used in the 

entrapment protocol for all other proteins (Fig. 66A). Using lower concentrations of silicic acid 

as well as the chaperone system DnaK/DnaJ/GrpE, adapted entrapment conditions could be 

established where luciferase was protected against silicic acid at concentrations lower than 

20 % of the general entrapment protocol (Fig. 69A). For silicic acid concentrations of exactly 

20 % of the previously used entrapment protocol, ATP was crucial for the protection of 

luciferase by the chaperone system (Fig. 69B).  

Depending on the entrapment conditions, significant protection of all enzymes was observed 

for heat stress (Fig. 55), proteolytic digest (Fig. 60), and dehydration stress (Fig. 62). 

Entrapment was significantly more efficient than physical adsorption for protection against 

heat stress (Fig. 57, Fig. 59) and entrapped enzymes could be recovered using the 

previously established leaching protocol (Fig. 64, Fig. 72). Entrapped protein seemed to be 

embedded more deeply into the biomineral than adsorbed protein, especially for entrapment 

conditions of 30 °C, 0.1 M potassium phosphate due to the higher specific surface. These 

results correlated well with the observation of slower leaching for entrapped proteins at 

30 °C, 0.1 M potassium phosphate (Fig. 64). 

For luciferase and β-galactosidase, part of the entrapped protein activity was inactivated 

(Fig. 73), but could be recovered by leaching the enzyme out of the silica particles (Fig. 65, 

Fig. 72). For the highly labile enzyme luciferase, the leaching conditions were optimized 

using DTT (Fig. 71B) as a reducing agent to compensate denaturation induced by oxidation 

(Fig. 70B) as well as by DnaK/DnaJ/GrpE and ATP (Fig. 71C) and refolding in neutral pH 

(Fig. 71), in order to stabilize luciferase in the leaching conditions for up to 2 minutes 

(Fig. 72B). Using entrapped luciferase however, stepwise leaching must be further optimized. 

Only this highly labile enzyme proved to be challenging for the entrapment process. 

6.4 Antibodies retain their specific activity after entrapment in silica 

particles  

In previous studies, an antibody targeting prostate specific antigen was conjugated to the 

outer surface of silica nanocomposites (Piao et al, 2008). The use of mesoporous silica 

nanoparticles for biomedical applications and drug delivery was also reported before 

(Slowing et al, 2007). Biodegradability is a key parameter for the acceptance of new drug 

delivery systems by regulatory authorities and the biodegradability of porous sol–gel silica in 

physiological buffers has been proven before (Finnie et al, 2008). Furthermore, silica is 
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‗‗generally recognized as safe‘‘ by the US Food and Drug Administration (FDA) (Piao et al, 

2008). Establishing a protocol for entrapping antibodies with potential clinical applications 

using the entrapment approach of this PhD study was therefore of highest interest.  

6.4.1 A fluorescent labeled antibody shows specific fluorescence in silica particles  

FITC labeled Anti-mouse IgG (whole molecule) was investigated as a model antibody for co-

entrapment during the silica particle formation. The localization of the entrapped FITC-IgG 

was investigated by fluorescence microscopy (Fig. 74).  

 

Fig. 74: Visualization of entrapped FITC-labelled IgG (entrapment conditions: 30 °C, 0.1 M potassium 
phosphate) in silica particles by fluorescence microscopy using the fluorescence filter (535 nm). Scale 
bar: 5 µm. 

Entrapped FITC-IgG showed specific fluorescence clearly localized in the particles, and no 

significant fluorescence was observed outside the silica particles. The fluorescent FITC label 

allowed quantification of IgG in the silica particles after the entrapment reaction (Fig. 75A): 

 

Fig. 75: A) Entrapment ratio of FITC-labeled IgG (entrapment conditions: 30 °C, 0.1 M potassium 
phosphate). B) Fluorescence of entrapped FITC-IgG (30 °C, 0.1 M potassium phosphate) when stirred over 
time in 0.1 M potassium phosphate buffer, pH 7. 
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With the entrapment conditions optimized for the enzymes previously discussed, 29 % of the 

fluorescence of FITC-IgG was found in the pellet after entrapment. Since the sum of the 

fluorescence found in the supernatant and pellet correlated sufficiently well with the control, it 

can be concluded that no loss of fluorescence occurred during entrapment. Furthermore, 

FITC-IgG was stably entrapped in the silica particles and no loss of fluorescence was 

observed when stirring the pellet at pH 7 (Fig. 75B). 

However, fluorescence is not necessarily an indication of the actual antibody activity after 

entrapment. Therefore, it was determined if antibody activity was retained after 

immobilization. 

6.4.2 Entrapped MAK33 is active in the ELISA  

To investigate the activity of a potentially clinically interesting antibody, the monoclonal 

MAK33 from mouse was investigated as a model substrate (Buchner et al, 1991; Lilie et al, 

1995a, 1995b). This antibody is directed against muscle type creatin-kinase and its activity 

was measured as described in 8.4.7.1 (Fig. 76). 

 

Fig. 76: A) MAK33 activities determined by ELISA before and after entrapment at 30 °C, 0.1 M potassium 
phosphate. Control: MAK solution under entrapment conditions in absence of TMOS. B) Activity of 
entrapped MAK33 (30 °C, 0.1 M potassium phosphate) for different MAK33 concentrations in the 
entrapment reaction. 

To determine the activities of MAK 33 after entrapment, a calibration measurement of 

different MAK33 concentrations in solution was carried out with native MAK33 solution (set to 

100 % activity), MAK33 under entrapment conditions (at 30 °C, 0.1 M potassium phosphate) 

in the absence of TMOS (control) and of the supernatant after the entrapment reaction. The 

activity of entrapped MAK33 was determined with an adapted ELISA (Buchner et al, 1991; 

Mayer et al, 2000). Due to physical adsorption of the secondary antibody to the silica 

particles, the background activity was checked. To eliminate this signal, protein-free silica 

particles without MAK33 were measured by ELISA in each experiment. The background 

activity was calculated as the difference of the activity detected from entrapped MAK33 and 



 Results 86 
 

 
 

protein-free silica particles, and set to 0 %. The final entrapment ratio of MAK33 was 

determined to be ~16 % (Fig. 76). 

Interestingly, the activities of the supernatant were consistent with those of experiments with 

FITC-IgG (Fig. 75A). The activity of entrapped MAK33 was 13 % lower than expected from 

the fluorescence measurements of FITC-IgG. Therefore, it was assumed that part of the 

protein was inactivated while entrapment, as observed for β-galactosidase (Fig. 50) and 

luciferase (Fig. 69). When concentrations higher than 0.21 mg/ml were used for MAK33 

entrapment, the entrapment ratio did not increase further (Fig. 76B). Comparable to 

previously discussed experiments with eGFP (Fig. 41), a saturation of MAK33 activity in the 

silica pellet was reached.  

6.4.3 MAK33 is stabilized against heat stress and proteolytic digest 

In order to investigate if MAK33 is stabilized against heat stress (Bjerner et al, 2002) and 

proteolytic digest as was shown for different enzymes, it was entrapped at 30 °C, 0.1 M 

potassium phosphate and another sample of MAK33 was adsorbed MAK33 to protein-free 

silica particles generated at 30 °C, 0.1 M potassium phosphate.  

 

Fig. 77: A) Resistance of MAK33 against denaturation by heat stress at 65 °C. B) Resistance of MAK33 
against denaturation by proteinase K. Dotted lines correspond to MAK33 in solution, dashed lines to 
adsorbed MAK33 at the reaction conditions 30 °C, 0.1 M potassium phosphate and solid lines to 
entrapped MAK 33 at 30 °C, 0.1 M potassium phosphate. 

Adsorbed or entrapped MAK33 were exposed to heat stress (65 °C) and the MAK33 activity 

was monitored at different time points (Fig. 77A). In another set of experiments, similarly 

entrapped MAK33 was exposed to proteolytic digest by proteinase K and the activity was 

measured (Fig. 77B). 

A relative stabilization of 100% corresponds to a total protection against stress, whereas a 

stabilization of 0% was set to correspond to the activity of the protein solution under stress 

conditions (refer to Materials and Methods 8.4.8.4). MAK protection was calculated to 54 % 
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against the denaturation by heat stress (Fig. 77A) and 45 % protection against proteolytic 

digest (Fig. 77B). In comparison, adsorption to silica particles generated at 30 °C, 0.1 M 

potassium phosphate did not lead to significant stabilization against heat stress (Fig. 77A).  

6.4.4 Entrapped antibodies can be recovered from the silica particles under leaching 

conditions  

For possible applications, it was of interest if antibodies can be recovered from silica 

particles. To test this, entrapped MAK33 was extracted from the silica particles with the 

standard leaching experiments (Fig. 78). 

As expected, increased activity was observed when using 0.1 M potassium phosphate (pH 7) 

for leaching. With 0.1 M Tris-buffer (pH 9), MAK33 was recovered from the pellet within two 

hours (Fig. 78). Interestingly, the total leached activity (27 %) exceeded the activity of MAK33 

determined in the pellet (16 %). The sum of the activity in the supernatant and the activity 

after leaching from the pellet was consistent with the activity of the control.  

 

Fig. 78: A) Leaching of entrapped MAK33 (entrapment conditions: 30 °C, 0.1 M potassium phosphate). 
Leaching conditions: solid line: Tris buffer pH 9; dotted line: potassium phosphate buffer, pH 7. 
B) Activity of MAK33 solution before and after leaching conditions at pH 9 for 120 min. 

6.4.5 Conclusions and outlook 

The antibodies MAK33 and FITC-IgG were functionally entrapped in silica particles (Fig. 75A, 

Fig. 76A). The antibody activity was consistent with the antibody concentration as shown by 

fluorescence measurements and ELISA. Consistent with entrapped enzymes of higher MW 

(luciferase, β-galactosidase), MAK33 (150 kDa for the completely assembled 

heterotetrameric antibody (Simmons et al, 2002)) showed a low entrapment ratio. After one 

entrapment step, although ~10 % MAK33 activity was lost, ~75 % activity could be detected 

in the supernatant (Fig. 76A). Therefore, this supernatant could be re-used in subsequent 

entrapment steps with fresh PEI, similar to the experiments shown for β-galactosidase 

(Fig. 53), or it can be stored away for later use (data not shown). The multiple use of free 
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protein remaining in the supernatant increases the entrapment efficiency, as long as the 

target protein is stable under entrapment conditions.  

MAK33 was stabilized against heat (Fig. 77A) and proteolytic digest (Fig. 77B) after 

entrapment. Physically adsorbing MAK33 to silica particles proved to be inefficient to 

stabilize against high temperatures (Fig. 77A).  

Comparable to the partially deactivated enzymatic activity of luciferase and β-galactosidase, 

part of activity of entrapped MAK33 was deactivated or inaccessible but could be recovered 

by leaching (Fig. 78). This simple and mild approach to immobilize antibodies in a reservoir 

might be promising for future biomedical applications (Podbielska & Ulatowska-Jarza, 2005). 
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7 Discussion 
The methodology presented here utilizes the silica sol-gel technique (Pierre, 2004), where 

entrapping of an enzyme is achieved randomly during the chemical formation of highly 

porous silica under physiological temperature and pH conditions (Hench & West, 1990; 

Hanefeld et al, 2008; Avnir et al, 2005). In the first step a tetra-alkoxysilane (TMOS) is 

hydrolyzed via acid catalysis (Shtelzer et al, 1992). Hydrolysis is followed by condensation 

(catalyzed by PEI or CTMA-Cl) and the sol, a mixture of partially hydrolysed and partially 

condensed monomers, is formed. It further condensates until a gel like state, the sol-gel, is 

reached (Hanefeld et al, 2008). In general, mesoporous silica immobilization of enzymes 

seems to be dependent on the size and pI of the enzyme as well as of the size on the 

mesopores and the pH of the solution (Díaz & Balkus Jr, 1996; Lei et al, 2002). Thus, 

mesoporous silica with specific pore size is rather ill-suited in terms of a robust, general 

entrapment strategy. Especially the control of the pore size of the silica particles is 

technically complicated and optimization is needed specifically for each protein to be 

entrapped.  

7.1 Entrapment is independent of the pI of the immobilized protein  

For a wider range of proteins with lower pI than investigated in previous studies (Lei et al, 

2002), mild entrapment conditions seemed to be advantageous. To cover a wide range of 

hosted proteins, a broader approach yielding a wide range of pore sizes and which is 

compatible with different pIs of proteins was established with the entrapment protocol 

presented here. As an alternative sol-gel catalyst to PEI, CTMA-Cl showed competitive 

entrapment efficiencies for eGFP, which were improved further by the use of mesitylene as a 

swelling agent. However, the CTMA-Cl/mesitylene system was not useful for labile proteins 

like β-galactosidase. 

Electrostatic forces have been used to entrap proteins in mesoporous silica because silica 

has a pI of around 3 (Díaz & Balkus Jr, 1996; Lei et al, 2002; Yiu et al, 2001; Kisler et al, 

2001). Directly entrapping negatively charged proteins (pI < 7) was reported to prove 

challenging, due to their repulsion of the negatively charged silica nanoparticles (He et al, 

2007). Previous research solved that limitation by reverse-microemulsion of His-tagged 

eGFP anchored to the silica shell (Cao et al, 2010). Entrapment with the protocol presented 

here circumvents the limitation of protein-silica interaction in a single-step approach.  

Entrapment for MAK33 worked better than for luciferase, despite thath both proteins having 

similar pI values. Therefore, entrapment with PEI-driven particle formation proved to be 

largely independent of the pI of the entrapped protein. Interestingly, the morphologies were 

also largely independent of the nature of the entrapped protein (Fig. 52). 
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7.2 Increasing protein size decreases entrapment efficiency  

Larger enzymes are expected to lead to lower entrapment efficiency, as observed for β-

galactosidase (tetrameric, 464 kDa) in Fig. 50, luciferase (62 kDa) in Fig. 69C and MAK33 

(tetrameric, 150 kDa) in Fig. 76, while larger pore sizes (Fig. 31 and Fig. 32) lead to higher 

amounts of immobilized enzymes (observed at entrapment conditions of 30 °C, 0.1 M 

potassium phosphate in Fig. 50) (Wang & Caruso, 2005).  

The size of the silica matrix has to correlate with the size of the enzyme in order to stabilize it 

(Vamvakaki & Chaniotakis, 2007). It was shown that β-galactosidase cannot completely fit 

within the central cavity of GroEL (Ayling & Baneyx, 1996) that possesses approximately 35-

40 Å in diameter (Chen et al, 1994). Sol-gel entrapment however, due to the broad 

distribution of pore sizes between 1 and 100 µm (Fig. 31, Fig. 32), allowed the entrapment of 

proteins with different MW and oligomeric states.  

Although there was no clear dependence between oligomeric state and entrapment 

efficiency, proteins with higher MW consistently showed lower entrapment efficiency. This 

challenge of low entrapment efficiency could be overcome by re-using the free protein in the 

supernatant (Fig. 53). Since β-galactosidase is a relatively labile protein, this approach 

seems therefore promising for other sensitive, expensive and potentially clinically relevant 

protein substrates. 

7.3 Luciferase is destabilized by high silicic acid concentrations during 

entrapment  

Luciferase entrapment was challenging due to its denaturation in the presence of silicic acid 

(Fig. 66A). In this case, the approach needed to be adapted with sufficiently diluted silicic 

acid solutions in the entrapment protocol (Fig. 69A). For further enhancement of protein 

stability, the chaperones DnaK/DnaJ/GrpE in the presence of ATP could be used to protect 

luciferase in the entrapment protocol (Fig. 69B). Future research might focus on establishing 

alternative entrapment protocols using more biocompatible silicic acid precursors like 

THEOS (Shchipunov, 2003, 2008).  

7.4 Electrostatic interactions between silica particles and proteins 

cause stable protein entrapment 

It was of interest if protein-silica interactions were influenced the PEI-driven protein 

immobilization. At several pH units away from the pI of the enzyme, electrostatics provide a 

driving force for enzyme immobilization (Wang & Caruso, 2005).  

Entrapment was carried out at neutral pH for controlled particle formation kinetics and 

entrapment kinetics (Fig. 43) (Bauer et al, 2007). It was observed that fast initial particle 

formation (Fig. 23, Fig. 24) did not necessarily lead to high entrapment efficiency (Fig. 43, 
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after 10 min reaction time). When the pI of the enzyme is close to the pH of the reaction 

solution (pH 7), the factors driving protein immobilization are difficult to discern and must be 

attributed to a number of simultaneous interactions (e.g., electrostatics, hydrogen bonding, 

and van der Waals forces) (Wang & Caruso, 2005). The bioinspired approach avoids 

extreme pH conditions needed for syntheses of the classical mesoporous silica MCM-41 but 

detrimental for entrapment of pH-sensitive proteins (Kresge et al, 1992; Sayari & Hamoudi, 

2001). 

It had been shown for the enzyme lysozyme that the environment within the silica pore as 

well as its internal dynamics is similar to that in aqueous solution, although the entrapped 

protein showed slower global motion but retained its internal angularly restricted segmental 

rotation (Pastor et al, 2007). Since the pores between the silica particles generated by sol-gel 

are filled with water, sol-gels are also referred to as aquagel (Hanefeld et al, 2008). 

Similarly, superoxide dismutase-peroxidase preserved its enzymatic activity after sol-gel 

encapsulation (Pastor et al, 2004). A strong electrostatic interaction is established between 

the protein molecule and the negatively charged sol-gel walls, which is ultimately responsible 

for the total arrest of the overall rotation of the protein, but without significant effect upon its 

segmental rotational relaxation (Pastor et al, 2007). Apparently, the segmental movement of 

the entrapped enzyme is sufficient for substrate turnover, since high levels of protein activity 

were retained after entrapment (Fig. 50). 

The interaction of the entrapped protein with the surrounding silica particles and the 

decreased global motion of the protein after entrapment were consequently responsible for 

the decreased denaturation upon thermal stress (Fig. 56) (Pastor et al, 2007). Denaturation 

by proteolytic digest (Fig. 60) is slowed down due to sterical confinement of the enzyme in 

the silica matrix. Since the proteins proved to retain their activity in the silica pores, the main 

limiting factor for activity measurements of entrapped protein is their accessibility. 

Entrapment conditions leading to higher porosity (Fig. 31 and Fig. 32) resulted in higher 

fluidity (lower viscosity) of silica particle suspensions in water (Fig. 33), which explained the 

higher entrapment ratios. Although the entrapped proteins were suspended in aqueous 

solution, in some cases the protein-substrate interaction was partially or completely shielded 

by the aquagel: for β-galactosidase (Fig. 65) and MAK33 (Fig. 78), a fraction of the protein 

was entrapped in a non-active state which could only be recovered by leaching; in the case 

of luciferase (Fig. 72), almost all activity was suppressed in the sol-gel (Fig. 69C).  

These observations were confirmed for MAK33 by fluorescence measurements of entrapped 

FITC-IgG in the silica particles (Fig. 75A). Interestingly, the activity of entrapped MAK33, 

which required interaction with secondary antibodies in the ELISA, was higher than that of 
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luciferase, for which three components (luciferase, luciferin and ATP) needed to interact. 

Since MAK33 was detected using ELISA after entrapment, and the antibody-antigen 

construct is bigger than luciferase, it can be excluded that luciferase was deactivated due to 

its size being bigger than e.g. lipase. It therefore seemed that the luminescence assay to 

quantify luciferase in the silica pellet was impaired kinetically, since the time needed for three 

components of the luciferase assay to interact in the aquagel was significantly higher than in 

solution. This led to the observation of an extremely low but rising luminescence signal in the 

pellet as opposed to a high and decreasing luminescence signal in solution (Fig. 70). It 

seemed that luciferase either was unstable or the multi-component luminescent assay was 

deactivated in the presence of silicic acid. 

7.5 Leaching of entrapped proteins is influenced by the entrapment 

conditions  

Adsorption of proteins to silica particles resulted in weak protein-silica interactions, causing 

leaching at pH 7 (Zaborsky, 1972). Entrapped protein could only be recovered by leaching at 

pH 9 but showed no leaching at neutral pH (Fig. 49). Even stronger protein-silica interactions 

are observed for silaffins embedded in the biosilica of diatom cell walls: they could only be 

characterized by extraction from the silica structures of diatoms using aqueous ammonium 

fluoride solution (Kröger et al, 2002). 

For all entrapped proteins, morphologies generated at 20 °C, 0.1 M potassium phosphate led 

to faster leaching (Fig. 64, Fig. 78). At these reaction conditions, more bead-like silica 

particles were observed (Fig. 79) which favor leaching effects (Vamvakaki & Chaniotakis, 

2007), lead to lower fluidity (Fig. 33) and specific surface area (Fig. 31 and Fig. 32). The 

lower specific surface area results in less interaction opportunities of the entrapped protein 

with the surrounding silica particles. Highest leaching is therefore predicted for entrapment 

conditions at low temperature and high phosphate concentration (Fig. 21), the latter having 

been shown to increase the particle size of biosilica (Gröger et al, 2007). 

Additionally, increase protein size decreased the leaching speed of the entrapped protein 

slightly. For the tetrameric proteins β-galactosidase (120 min, Fig. 64) and MAK33 (120 min, 

Fig. 78), leaching was completed slower than for the smaller proteins eGFP, lipase and 

DHFR (60 min, Fig. 64) for the entrapment condition at 20 °C, 0.1 M potassium phosphate. 

Higher buffer volumes (Fig. 49B-C) or higher protein concentration in the silica pellet 

(Fig. 49D) also increased leaching speed.  

Luciferase leaching (Fig. 72) was challenging due to its high instability at high pH values 

under leaching conditions (Fig. 71A). The chaperone system DnaK/DnaJ/GrpE+ATP 
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improved the activity after leaching conditions (Fig. 71B-C); however, activity losses were 

significant and further stabilization experiments with chaperones need to be carried out. 

In previous research, spray drying for the encapsulation of glucose oxidase and the growth 

factor TGF-β1 in dried silica xerogel microparticles, or sol-gel layers for immobilization of 

glucose oxidase allowed first applications for controlled release of entrapped protein from the 

silica matrix, or stable biosensors (Wei et al, 2002; Quintanar-Guerrero et al, 2009). The 

entrapment protocol established here allows immobilization of proteins in a much simpler 

manner, specifically allowing leaching by simple stirring at pH 9, with the leaching speed 

tunable by the reaction conditions (Fig. 21). The disadvantage of the leaching conditions was 

a refolding step at neutral pH necessary for pH labile proteins, which might fail for proteins 

which are irreversibly denatured by the leaching conditions.  

7.6 Entrapped proteins are highly interesting for medical applications 

and as biocatalysts  

Entrapped proteins in gel-like morphologies might be highly interesting for applications of 

pharmaceuticals since they are usually biodegradable under physiological conditions, highly 

inert and not inflammatory (Drummond et al, 1999), (Finnie et al, 2008). No loss of protein 

activity was observed in vitro in the studies presented here, since silica particles were stored 

in small buffer volumina without any flow-through of fresh buffer. The silica particle size can 

be tailored to the application by adjusting the reaction conditions. 

For industrial applications of entrapped enzymes, systems are required that are not only 

stable and active, but are low in cost and can undergo repeated re-use (Hanefeld et al, 

2008). The proposed one-step entrapment protocol fulfilled these requirements for a range of 

proteins: PEI, TMOS and potassium phosphate are extremely low-cost chemicals, technical 

equipment and temperatures needed for entrapment are minimal and the process can be up-

scaled (Fig. 30). Furthermore, protein which was not entrapped could be re-used in repeated 

entrapment steps to enhance entrapment efficiency (Fig. 53). The resulting entrapped 

proteins showed many advantages over free enzymes in terms of higher thermal and 

chemical stability reported in the literature (Hanefeld et al, 2008) with more expensive and 

less universal approaches which often needed several steps: re-usability (Fig. 63, Fig. 66B), 

stopping the enzymatic reaction by removing the immobilized enzymes from the reaction 

solution and storage in dried form (Fig. 48, Fig. 62) (Gómez et al, 2006; Ricca et al, 2010) or 

in suspension at r.t. over weeks (Fig. 58). The initially lower activity of the entrapped proteins 

compared to protein solution was compensated by significant stabilization against heat stress 

(Fig. 56) or proteolytic digest (Fig. 60). 
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8 Materials and Methods 

8.1 Materials  

8.1.1 Proteins and chemicals 

Several proteins and materials were kindly provided for this study: 

EGFP, DHFR Dr. Tetyana Dashivets 

Firefly luciferase and β-galactosidase Dr. Andreas Schmid 

Ludox solution Dr. Markus Gretz (Technische 

Universität  München, 

Department Bauchemie, Prof. 

Dr. Plank) 

Purified Sil (Sil-R5-Cys (Naik et al, 2004), sequence 

SSKKSGSYSG SKGSKRRILC) and NBD-Sil 

Carolin Lechner (Technische 

Universität München, 

Department Proteinchemie, 

Prof. Dr. Becker) 

GroEL and GroES Anja Osterauer 

Quartz tubes for calcination of biomineralized samples  Sebastian Bähr (Technische 

Universität München, 

Department Fluorchemie, Prof. 

Dr. Fässler) 

Amyloid fibrils produced under acidic conditions at 37 °C 

from a 50 µM protein concentration were a pool derived 

from different variants of an antibody light chain variable 

domain (VL) dialysed to 0.1 M potassium phosphate (pH 7) 

before use 

Cardine N. Nokwe 

Baculovirus capsids obtained from Sf9 cells (Spodoptera 

frugiperda) 

Edgar Boczek 

DnaJ, DnaK, GrpE, pQE60 plasmid and samples of 

Thalassiosira pseudonana diatoms  

Dr. Martin Haslbeck 

 

Other proteins and chemicals were purchased: 

ABTS-substrate buffer   Roche Diagnostics GmbH (Penzberg, Germany) 

ABTS-tablets     Roche Diagnostics GmbH (Penzberg, Germany) 

Amicon membrane filter units   Sigma, Aldrich (Saint Louis, Missouri, USA) 
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Anti-mouse-IgG-POD-conjugate   Roche Diagnostics GmbH (Penzberg, Germany) 

Biotinylated creatin kinase   Roche Diagnostics GmbH (Penzberg, Germany) 

Blocking reagent for ELISA    Roche Diagnostics GmbH (Penzberg, Germany) 

Coomassie Protein Assay Reagent  Pierce (Rockford, USA) 

FITC Conjugated Goat Anti-Rabbit IgG Sigma, Aldrich (Saint Louis, Missouri, USA) 

Gel filtration molecular weight markers (29 000-660 000 Da)    

      Sigma, Aldrich (Saint Louis, Missouri, USA)  

LiChrosolv MS-H2O     Merck KGaA (Darmstadt, Germany) 

Lipase (Thermomyces Lanuginosus) Sigma, Aldrich (Saint Louis, Missouri, USA) 

MAK33     Roche Diagnostics GmbH (Penzberg, Germany) 

PEI (MW 800; 1300; 1800; 750 000 g/mol; all branched)     

      Sigma, Aldrich (Saint Louis, Missouri, USA) 

pNPP      Sigma, Aldrich (Saint Louis, Missouri, USA) 

Preformed Actin filaments (rabbit skeletal muscle)      

      Cytoskeleton inc., (Denver, CO, USA) 

Streptavidin covered 96-well plates  Roche Diagnostics GmbH (Penzberg, Germany) 

TMOS (>99%)     Sigma, Aldrich (Saint Louis, Missouri, USA) 

All other chemicals were obtained from VWR (Darmstadt, Germany). All solutions were 

prepared using double dist. water and all buffers were sterilized by filtration through 0.2 µm 

filter units. 

8.1.2 Technical Equipment 

Analytical balance KERN ABT 220-5DM Kern & Sohn GmbH (Balingen, Germany) 

Analytical balance KERN PLS S10-3 Kern & Sohn GmbH (Balingen, Germany) 

BET porosimeter Sorptomatic 1990   Porotec GmbH (Hofheim/Taunus, Germany)  

Centrifuge 5418    Eppendorf (Hamburg, Germany) 

Centrifuge Rotina 420R   Hettich (Tuttlingen, Germany) 

DLS LB-550 with built-in viscometer  Horiba Instruments Inc (USA) 
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Hg-porosimeter PASCAL 140 and 440  Porotec GmbH (Hofheim/Taunus, Germany)  

L3/11/P330 muffle furnace  Nabertherm GmbH (Lilienthal, Germany) 

Magnet stirrer MR Hei-Standard  Heidoph Instruments (Schwabach, Germany) 

Plate reader Genios    TECAN Group Ltd. (Männedorf, Switzerland) 

Plate reader Sunrise    TECAN GmbH (Grödig, Austria) 

Spectrofluorometer FluoroMax-3  Horiba Ltd. (Kyoto, Japan) 

Spectrofluorometer FP-6500   Jasco (Umstadt, Germany) 

Spectrophotometer Ultrospec 2100  GE Healthcare (Munich, Germany) 

Speed Vac Sc110 lyophilizer   Savant Instruments Inc. (Holbrook, USA) 

Temperature sensor EKT Hei-Con  Heidoph Instruments (Schwabach, Germany) 

TGA Q5000 analyzer    TA Instruments (New Castle, USA) 

ThermoMixer MKR 23   HLC (Frankfurt, Germany) 

Ultrasonic bath    Bandelin Sonorex (Berlin, Germany) 

Vacuum chamber     Heraeus GmbH (Hanau a. Main, Germany) 

Vortex Mixer     Heidolph Instruments (Schwabach, Germany) 

Zetasizer Nano-ZS    Malvern Instruments Ltd. (Worcestershire, UK) 

8.1.3 HPLC system 

FP-1520 Intelligent Fluorescence Detector JASCO inc. (Tokyo, Japan) 

LC-NetII/ADC Chromatography Interface JASCO inc. (Tokyo, Japan) 

LG-980-O2S Ternary Gradient Unit  JASCO inc. (Tokyo, Japan) 

PU-1580 Intelligent HPLC Pump  JASCO inc. (Tokyo, Japan) 

Superdex 200 HR 10/30 column  GE Healthcare (Princeton, NJ, USA) 

UV-1575 Intelligent UV/VIS Detector JASCO inc. (Tokyo, Japan) 

8.1.4 Microscopes 

Fluorescence microscope Axiovert 200  Carl Zeiss AG (Leipzig, Germany) 
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SEM JSM 5900 LV     JEOL GmbH (Eching, Germany) 

EDX detection system   Röntec GmbH (Berlin, Germany) 

Plastic coverslips    Thermanox (Rochester, NY, USA) 

SEM aluminium tape    PLANO GmbH (Wetzlar, Germany) 

Sputter coater SCD 005   Bal-Tec AG (Balzers, Liechtenstein)  

SEM JSM 7500F     JEOL 

Cryo transfer system  Alto 2500  Gatan, inc. 

EDX detector system X-Max   Oxford Instruments (Oxfordshire, UK) 

TEM JEM 100CX     JEOL 

Carbon-coated 3 mm copper grids  PLANO (Wetzlar, Germany) 

8.1.5 Software 

Adobe programs     Adobe Systems Incorporated 

Borwin software    JASCO inc. (Tokyo, Japan) 

FWAP-6512/6612 Fluorescence Polarization measurement program 

      Jasco (Umstadt, Germany) 

MacBiophotonics Image J [195]  MacBiophotonics (http://macbiophotonics.ca/) 

Microsoft Office 2007    Microsoft (Redmond, USA) 

Origin®     OriginLab Corporation (Northampton, USA) 

ProtParam Tool     ExPasy (http://expasy.org/) 

Thermal Advantage Universal Analysis TA Instruments (New Castle, DE, USA)  

Zetasizer software (6.20)    Malvern Instruments Ltd. (Worcestershire, UK) 

Zotero reference manager   Zotero (http://zotero.org/) 
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8.2 Biomineralization 

8.2.1 Detection of biomineralization by light scattering 

The presence of silica particles in solution was observed qualitatively by light scattering 

measurements at 405 nm and 20 °C (Fleckenstein, 2008). This fast method was used for 

screening of multiple biomineralization conditions, substrates and chaperones in a 96-well 

plate reader (refer to Results, Fig. 4). 

10 µl additive (e.g. Spd, concentration 0.53-4.2 µM) and/or 10 µl Hsp26 (0.53-4.2 µM) 

dissolved in 0.5 M potassium phosphate (pH 7) were diluted to a final volume of 110 µl with 

potassium phosphate (pH 7) at the designed concentration (0.01-0.5 M). Unless stated 

otherwise chaperones and substrates were incubated for 10 min at r.t. and no heat shock 

activation was used (Haslbeck et al, 1999; Haslbeck, 2002). 110 µl potassium phosphate 

(pH 7) at the designed concentration were used as a control for light scattering caused by 

silicic acid auto-condensation. 

Biomineralization was started by addition of silicic acid obtained from TMOS hydrolysis: to 

each sample, 10 µl TMOS in 1 mM HCl (unless stated otherwise, TMOS concentration was 

0.5 M and tpre was 3 min) was added and absorption was measured immediately after 

shaking the wells for 5 s at 400 rpm. The prehydrolysis time tpre is defined as the time TMOS 

was hydrolyzed in 1 mM HCl before adding it to the reaction solution (Hench & West, 1990; 

Iler, 1979; Patwardhan, 2002). As a control for the absorption of the samples, 10 µl 1 mM 

HCl was used instead of the TMOS solution. The absorption of the control samples without 

TMOS was subtracted from the absorption of the samples containing TMOS to determine 

absolute absorption values.  

8.2.2 Biomineralization samples   

8.2.2.1 Reaction conditions for EM and DLS samples  

For particle analysis of biomineralized templates via EM or DLS, reaction conditions based 

on the light scattering screening (8.2.1) were used with a higher total sample volume: 50 µl 

Spd (4.2 µM) and/or 50 µl Hsp26 (4.2 µM) were dissolved in 0.5 M potassium phosphate 

(pH 7) and diluted to a final volume of 550 µl with 0.1 M potassium phosphate (pH 7).  

8.2.2.2 Biomineralization induction and reaction work-up 

The biomineralization reaction was started by addition of silicic acid obtained from TMOS 

hydrolysis: 50 µl 0.1 M TMOS in 1 mM HCl (tpre: 3 min) was added to the protein solution. 

After treact: 3 min at 20 °C, the biomineralization reaction was stopped by diluting 100 µl of the 

reaction solution into 1 ml MS-H2O at 0 °C and immediate centrifugation for 3 min at 

14 000 rpm followed by washing with 1 ml MS-H2O and centrifugation for two more times. 
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The washed silica particles were resuspended with 50 µl MS-H2O and prepared for TEM or 

SEM measurement. 

8.2.2.3 Biomineralization conditions of non-spherical protein scaffolds  

As a generalized scaffold biomineralization protocol used e.g. for fibrillar scaffolds, the 

following set of reaction conditions was used: 50 µl protein solution (4.2-16.8 µM) were 

dissolved in 0.1 M potassium phosphate (pH 7) and diluted to a final volume of 550 µl with 

0.1 M potassium phosphate (pH 7). Other reaction conditions: treact: 5 min, 50 µl 0.1 M TMOS 

in 1 mM HCl (tpre: 3 min) and a reaction temperature of 20 °C. Reaction conditions not 

described were carried out as detailed in 8.2.2.2. 

8.2.3 Calcination of biomineralized Hsp 26, GroEL/ES and fibrillar proteins  

Protein templates were removed from the biomineral by calcination. Calcination of 

biomineralized samples in quartz tubes was carried out by Sebastian Bähr (Technische 

Universität München, AG Fluorchemie, Prof. Dr. Fässler) in a L3/11/P330 muffle furnace at 

800 °C for 4-8 h with a heating rate of 10 °C/min. Calcinated samples were retrieved from the 

quartz tubes by adding 0.5 ml MS-H2O, gently shaking for 3 min, removing the suspension 

from the quartz tubes and centrifugation for 5 min at 14 000 rpm. 

8.3 Protein entrapment methods 

8.3.1 Entrapment protocol 

If not indicated otherwise, all proteins were entrapped following a generalized protocol 

(Fig. 36) and measured at least in triplicates.  

360 µl of (0.5 or 0.1 M) potassium phosphate (pH 7), 80 µl PEI (1 mg/ml in potassium 

phosphate, pH 7, 0.1 M) and 120 µl protein solution in potassium phosphate, pH 7, 0.1 M 

were incubated at a reaction temperature (20 or 30 °C) for 10 min. The final concentrations 

of the proteins were: 176 ng/ml for eGFP, lipase and luciferase, 26.5 ng/ml for DHFR and 

1.2 ng/ml for β-galactosidase. Antibodies were prepared with final concentrations of 

1.76 ng/ml for FITC-IgG and 0.26 ng/ml for MAK33. For correction, an identical volume of 

pure potassium phosphate, pH 7, 0.1 M or 0.5 M, was used as blank. 

Freshly prepared silicic acid was obtained from the precursor TMOS in 1mM HCl according 

to the literature to a final concentration of 0.5 M TMOS in 1 mM HCl (Kröger et al, 1999), 

incubated at r.t. for 7 min for prehydrolysis and 120 µl of this silicic acid solution was added 

to the reaction solution. The sample was vortexed for 10 s in order to mix the silicic acid with 

the reaction solution and incubated at the reaction temperature for 1 h. Samples were 

centrifuged for 5 min at 14 000 rpm and pellets were washed three times with H2O to remove 

free silicic acid and PEI. Washed pellets were resuspended in 400 µl potassium phosphate, 
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pH 7, 0.1 M. When not specified otherwise, all experiments with 0.1 M potassium phosphate 

were performed at 30 °C and all experiments with 0.5 M potassium phosphate at 20 °C.  

The theoretical pI values of the proteins investigated here were determined using the 

ProtParam tool (Gasteiger et al, 2005): eGFP 5.67, lipase 5.36, DHFR 6.09, β-

galactosidase 5.2, luciferase 7.08 and MAK33 6.4-7.6 (Hamilton et al, 1987). 

8.3.1.1 Entrapment protocol for luciferase with chaperones 

For entrapment of luciferase in the presence of chaperones, different entrapment conditions 

were used. Luciferase was used in the entrapment protocol with 8.82 ng/ml final 

concentration. For luciferase entrapment with DnaK/DnaJ/GrpE, the final concentrations 

used for the chaperones DnaK/DnaJ/GrpE were: DnaK: 46.4 µM, DnaJ: 104.6 µM, GrpE: 

98.6 µM. ATP was added to a final concentration of 5 mM where indicated.  

8.3.1.2 Preparation of physically adsorbed proteins 

The efficiency of protein immobilization by entrapment was compared with the immobilization 

by adsorption of a protein solution on protein-free silica particles. Adsorbed enzyme samples 

were prepared by adding the enzyme solution to enzyme-free silica particles generated by a 

similar protocol. The suspension was centrifuged for 5 min at 14 000 rpm and pellets were 

washed three times with H2O to remove free enzyme solution. Washed pellets of adsorbed 

enzymes were resuspended in 400 µl potassium phosphate, pH 7, 0.1 M.  

8.3.1.3 Determination of the entrapment ratio 

After the biomineralization reaction, the supernatant obtained from the first centrifugation and 

the washed pellets were each added to their enzymatic activity assay. The resulting activities 

were compared to a standard solution of the biomineralization assay with the same protein 

concentration. For the standard solution, TMOS-free 1 mM HCl solution was used instead of 

the silicic acid solution. The activity of the pellet relative to the standard solution was defined 

as the entrapment efficiency. The relative enzymatic activities were calculated by setting the 

activities of the free enzymes in the same dilution to 100%. Blanks, biomineralized or in 

solution, without enzyme were monitored and set to 0% activity. 

8.3.2 Characterization of silica particles from entrapment experiments 

8.3.2.1 Specific surface area measurements 

BET N2 adsorption and Hg-porosimetry measurements were performed at the Wacker 

Chemie AG Consortium für electrochemische Industrie by Martina Ruhland, using lyophilized 

powder of enzyme free silica particles generated at different entrapment conditions (15-30 °C 

and 0.1-0.5 M potassium phosphate). For each measurement, 1-2 g sample was required. In 

order to obtain sufficient amounts of silica particles, the entrapment protocol was up-scaled 
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up to 400 times. Particle formation was carried out in a 500 ml glass flask under mild stirring 

(75 rpm) and using a water bath for temperature control. 

8.3.2.2 Thermal analysis 

For one TGA measurement, 5 mg lyophilized silica particles were measured in a standard 

platinum crucible with a heating rate of 10 °C/min up to 800 °C in air. Measurements were 

carried out in a TGA Q5000 analyzer and analysis of the data was analyzed using the 

software TA Universal Analysis at the WACKER Chair of Macromolecular Chemistry and 

Institute of Silicon Chemistry (Technische Universität München, Prof. Dr. Rieger). Lipase was 

entrapped (at 30 °C, 0.1 M potassium phosphate and at 20 °C, 0.5 M potassium phosphate) 

or adsorbed by centrifugation to protein-free silica particles (obtained at 30 °C, 0.1 M 

potassium phosphate and at 20 °C, 0.5 M potassium phosphate). In order to obtain sufficient 

amounts of silica particles, the lipase entrapment or adsorption protocol was up-scaled up to 

400 times. Particle formation was carried out in a 500 ml glass flask under mild stirring 

(75 rpm) and using a water bath for temperature control. 

The amount of organic material entrapped or adsorbed was determined by calculating the 

weight loss caused by oxidation at temperatures from 300-800 °C. As a control, samples of 

protein-free silica were measured with TGA. 

8.3.2.3 Fluidity measurements  

Rotational viscometer operates on the principle of measuring the rate of rotation of a solid 

shape in a viscous medium upon application of a known force required to rotate the solid 

shape at a definite angular velocity (Viswanath, 2007). Measurements of the fluidity of silica 

suspensions were carried out on the built-in viscometer of the Dynamic Light Scattering 

Particle size analyzer LB-550 at the Department Bauchemie, Prof. Dr. Plank. Fluidity of 

enzyme free silica particles in suspension was measured using 20 ml aqueous suspension of 

silica particles obtained at entrapment conditions as described, lyophilized and suspended in 

dist. water with ~0.25 mg/ml silica particle content for all samples.  

8.3.3 Leaching of entrapped proteins 

Generally, leaching experiments were performed using entrapped protein with 20µl 0.1 M 

potassium phosphate (pH 7) and 980 µl 0.1 M Tris buffer (pH 9). Stirring of the suspension 

was done at r.t. at 500 rpm. In the case of eGFP, 15 ml 0.1 M Tris buffer (pH 9) was used for 

leaching experiments. Control experiments at leaching conditions were carried out with 20 µl 

protein solution containing protein corresponding to 100 % entrapment ratio, i.e. protein 

solution had the same activity as the control solution. After the leaching experiment, the 

protein solution was diluted with the same volume of 0.1 M potassium phosphate (pH 6.5) 

and incubated at r.t. for 60 min.  
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8.3.3.1 Luciferase leaching with DnaK/DnaJ/GrpE 

The chaperones DnaK/DnaJ/GrpE, dissolved in 0.1 M potassium phosphate (pH 7), were 

added to luciferase solution or entrapped luciferase at 20 °C, where indicated, to final 

concentrations of DnaK: 46.4 µM, DnaJ: 104.6 µM, GrpE: 98.6 µM. ATP was added to a final 

concentration of 5 mM where indicated. For luciferase leaching, DTT was added to the 0.1 M 

Tris buffer (pH 9) to a final concentration of 0.5 mM where indicated. 

8.4 Protein chemistry methods 

8.4.1 Purification of Hsp26 

Expression and purification of Hsp26 was carried out in collaboration with Thomas Kriehuber 

(purification data not shown). Hsp26 was expressed from a pQE60 plasmid in the E. coli 

strain HB101 with 1 mM IPTG at 37 °C over night. Purification of Hsp26 was carried out as 

described previously (Haslbeck et al, 2004). Purified Hsp26 was dialyzed into 0.1 M 

potassium phosphate (pH 7) and concentrated with a membrane filter system to a final 

concentration of 9.36 mg/ml in order to minimize buffer influences when dilutions into other 

buffer systems were carried out.  

8.4.2 GroEL/ES complex formation 

The GroEL/ES complex was formed as described elsewhere (Grallert et al, 2000). GroEL 

and GroES were diluted into a 50 mM Tris buffer, pH 8 with 25 µl GroEL (110 µM), 25 µl 

GroES (254 µM), 2 µl MgCl2 (50 mg/ml) and 2 µl 0.5 M potassium phosphate (pH 7) where 

incubated at 43 °C under mild stirring (200 rpm) for 90 min. The temperature was increased 

to 45 °C, 1 µl 0.1 M ADP was added and the solution was incubated at 45 °C for 5 min. The 

complex was stored on ice and used within 12 h. For negative staining, the GroEL and the 

GroEL/ES complex were diluted to 0.1 mg/ml in 5 mM HEPES with 5 mM NACl (pH 7). 

8.4.3 NBD-labeling of Spd and PEI (MW 1800) 

2.5 mmol NBD-Cl (Babià et al, 2001; Schramm et al, 1993) were dissolved in 1 ml 

acetonitrile in a closed 15 glass flask at r.t. The glass flask was covered by tin foil in order to 

block out light and 0.25 mmol pure Spd resp. PEI (MW 1800) was added under stirring 

(500 rpm). The rapid formation of a dark precipitate was observed. The reaction solution was 

stirred for 2 h at r.t and 200 rpm and the precipitate was isolated by filtration, washed 2 ml 

acetonitrile and dried in a desiccator. 0.9 mg NBD-Spd (orange solid) and 2.2 mg NBD-PEI 

(brown viscous oil) crude product were obtained and 1 mg/ml solutions were prepared in 

0.5 M potassium phosphate by dissolving the crude product after 10 min sonication. Further 

purification of NBD-Spd by RP-HPLC and ESI-MS analysis was carried out by Carolin 

Lechner (Technische Universität München, Department Proteinchemie, Prof. Dr. Becker).  
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8.4.4 Size Exclusion HPLC 

Gel filtration chromatography (Size Exclusion HPLC) separates analytes solved in aqueous 

solution by their molecular weight while preserving the biological activity of the 

proteins (Skoog, 1985; Paul-Dauphin et al, 2007). A standard HPLC calibration set of 

molecular weight marker proteins (MW: 29 kDa (Carbonic Anhydrase, Bovine Erythrocytes), 

66 kDa (Albumin, Bovine Serum), 150 kDa (Alchol Dehydrogenase, Yeast), 200 kDa (β-

Amylase, Sweet Potato), 443 kDa (Apoferritin, Horse Spleen), 669 kDa (Thyroglobulin, 

Bovine)) was used to be able to estimate the MW of an analyte based on its Ve. Hsp26 was 

incubated for 5 min at 43 °C up to 1 h prior to the HPLC measurement. 

HPLC measurements were carried out with a Superdex 200 HR 10/30 gel filtration column 

(column volume: 23 ml). For each HPLC run, 20 µl sample were measured. The elution 

buffer was 0.1 M potassium phosphate buffer, adjusted to a pH of 7 and the flow-rate was set 

to 0.5 ml/min. 

8.4.5 Protein determination via Bradford assay 

Protein concentration determination according to Bradford is based on binding of a 

chromophore to proteins, causing a shift of the absorption maximum of the chromophore 

from 465 nm to 595 nm (Bradford, 1976). 

50 µl solution was added to 1 ml Bradford chromophore solution and the absorption at 595 

was measured after 2 min incubation at r.t. in a photometer. 

PEI interferes strongly with all standard methods to determine protein concentration (Gupta 

et al, 2000). Due to interference of 0.5 M potassium phosphate and PEI with the Bradford 

assay, a calibration curve with BSA could not be used to determine protein concentration. 

Specific calibration curves were measured dependent on which component needed to be 

determined. Volumes of 50 µl sample were used in order to dilute the concentration of below 

the interference level (Zhao et al, 1990; Dissing & Mattiasson, 1996). 

8.4.5.1 Determination of PEI concentration 

For both entrapment conditions, separate calibration curves were measured for protein-free 

solutions with defined amounts of PEI in absence of silicic acid. To determine PEI content 

after addition of silicic acid, the reaction solution was measured with the Bradford assay at 

specific reaction times and the absorption values compared with the calibration curve. 100 % 

Bradford signal was set for the PEI concentration of the entrapment conditions and the 

Bradford signal in absence of PEI from the calibration measurements was set to 0 %.  
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8.4.5.2 Determination of lipase concentration 

To eliminate the interference of PEI with the signal measured from lipase with the Bradford 

assay, calibration curves for both entrapment conditions were measured with the supernatant 

of lipase-free entrapment solutions after 60 min reaction time. Calibration curves were 

measured with freshly prepared and filtrated enzyme-free entrapment supernatant to which 

known amounts of lipase were added. Lipase concentration in the supernatant of the lipase 

entrapment reaction was measured using Bradford assay and the signal compared to the 

calibration curve. 100 % Bradford signal was set for the lipase concentration of the 

entrapment conditions and the Bradford signal in absence of lipase from the calibration 

measurements was set to 0 %.  

8.4.6 Protein activity assays 

8.4.6.1 eGFP 

All activities of proteins were determined at least in triplicate. The activity of eGFP (variant 

F64L and S65T) was determined according to the fluorescence emission of the folded and 

oxidized protein (Topell et al, 1999). Fluorescence was analyzed with an excitation filter at 

405 nm and an emission filter at 535 nm. The signal intensities were compared with the 

intensity of equally treated native eGFP. The light absorption of the silicified eGFP did not 

influence its fluorescence intensity.  

8.4.6.2 DHFR 

The activity of DHFR was assayed spectrophotometrically using the decrease in absorbance 

at 340 nm that occurs when NADPH and DHF are converted to NADP and THF (Hillcoat et 

al, 1967). The assay buffer contained 50 mM Tris/HCl buffer, pH 7.5, 10 mM β-

mercaptoethanol (Lebrun et al, 1990), to which DHF and NADPH were added to final 

concentrations of 80 µM and 120 µM, respectively. To 1ml of this solution, 50µl DHFR 

solution or the biomineralized DHFR pellet was added to start the reaction.  

8.4.6.3 β-galactosidase 

The hydrolytic activity of β-galactosidase on ONPG was determined in aqueous medium 

according to literature (Zhang & Bremer, 1995; Miller, 1977). 50µl β-galactosidase solution 

(resp. 1/12 of the biomineralized lipase pellet, resuspended in 100 µl 0.1 M potassium 

phosphate (pH 7)) and 200 µl Z buffer (Miller, 1977) were added to 50 µl ONPG (0.8 mg/ml, 

dissolved in 0.1 M potassium phosphate, pH 7). The absorbance was monitored over 15 min 

at 405 nm. 

8.4.6.4 Lipase 

The hydrolytic activity of lipase (from Thermomyces lanuginosus) on emulsified pNPP was 

determined in aqueous medium according to literature (Kordel et al, 1991). 100µl lipase 
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solution (resp. 10 % of the biomineralized lipase pellet, resuspended in 100 µl 0.1 M 

potassium phosphate (pH 7)) was added to 13.5 µl of a 16.5 mM solution of pNPP in 2-

propanol and the absorbance was monitored over 15 min at 405 nm. 

8.4.6.5 Luciferase 

Luciferase catalyzes the oxidation of luciferin to oxyluciferin in the presence of oxygen, which 

leads to the emission of light (Branchini et al, 2005; Marques & Esteves da Silva, 2009). The 

assay buffer (modified from (Groemping et al, 2001)) contained 20 mM Hepes/NaOH 

(pH 7,5), 50 mM KCl, 6 mM MgCl2, 300 µM Coenzyme A, 2 mM DTE, 0.05 mg/ml BSA, 2 mM 

ATP, 0.1 M luciferin. 100µl 0.1 M potassium phosphate (pH 7) and 50 µl luciferase solution 

(resp. 1/12 of the biomineralized luciferase pellet) were added to 50 µl assay buffer and the 

resulting luminescence was measured immediately over an hour at 30 °C with a gain of 85.  

8.4.7 Antibody activity assays 

The fluorophore FITC had excitation/emission maxima at 494/518 nm, therefore the 

fluorescence of the FITC labeled IgG could be monitored using a set of filters at 485/535 nm. 

Fluorescence of FITC-IgG was analyzed with an excitation filter at 485 nm and an emission 

filter at 535 nm. 

8.4.7.1 ELISA 

The activity of MAK33 in solution and after entrapment was measured with ELISA (Buchner 

et al, 1991). An antigen, creatin-kinase, is bound over biotin to a streptavidin-covered 96-well 

plate. The antibody, which is to be detected, MAK33, binds to its specific antigen, anti-

mouse-IgG-pOD-conjugate. After addition of ABTS, the chromogene substrate of the 

peroxidase (POD), a colorimetric reaction occurs. ABTS is cleaved homolytically into two 

stable cation radicals, which can be observed as a green color. The intensity of the color, 

detected in a photospectrometer at 405 nm, correlates to the amount of active antibody. 

8.4.7.2 ELISA in solution and after entrapment 

MAK33 (calibration), MAK33 under entrapment conditions (using the 1mM HCl instead of 

TMOS), MAK33 in the biomineralization supernatant or entrapped MAK33 were measured 

with the ELISA. The concentrations of entrapped MAK33 were 10-fold compared to the 

calibration in solution. MAK33 at these concentrations resulted in measurements outside of 

the linear range for the calibration curve; therefore the activity for the calibration at such high 

concentrations was linearly extrapolated. At the concentrations of the calibration (i.e. 0-

0.026 ng/ml total MAK33 concentration in the control at entrapment conditions), too little 

activity in the silica pellet was detected due to high background signal from protein-free silica 

particles. 
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Washing steps for entrapped MAK33 and protein-free silica particles were done as described 

in the entrapment protocol. After washing the silica particles, they were resuspended with 

100 µl 2 mM EDTA in 1x PBS. PBS was prepared using standard procedures. For 1 L 10x 

PBS: 1.15 M NaCl, 160 mM Na2HPO4, 40 mM KH2PO4; pH of PBS buffer solution was 

adjusted to 7.4 with HCl. 1x PBS was prepared by diluting 10x PBS 1:10 with water. Washing 

in the streptavidin-covered 96-well plate was carried out by adding and removing 100 µl dist. 

water three times. 

8.4.7.3 ELISA reagents  

All reagents for ELISA were sterile filtrated and stored at 4 °C for no longer than a week. 

Reagent 1: 1.35 g Blocking reagent for ELISA and a bottle Creatin-Kinase were dissolved in 

50 ml dist. water.  

Reagent 2: 100 µl anti-mouse-IgG-POD-conjugate and 0.5 g blocking Reagent for ELISA 

were dissolved in 50 ml POD-conjugate buffer (50 mM NaCl, 0,5 mM EDTA, 0.1 % Tween-

20, 1 % blocking reagent). 

Reagent 3: 0.835 ABTS-substrate buffer and 1 ABTS tablet were dissolved in 50 ml dist. 

water. 

First, 100 µl MAK33 solution was added to the streptavidin-covered 96-well plate. 100 µl 

washed and resuspended protein-free silica particles or entrapped MAK33 were placed in 

reaction containers. 100 µl Reagent 1 was added to 100 µl sample (MAK33 solution in a 

streptavidin-covered 96-well plate or entrapped MAK33 suspension in a reaction container) 

and the resulting solution or suspension shaken at 200 rpm at 20 °C for 45 min. The solution 

was removed by washing three times. 100 µl Reagent 2 was added and the resulting solution 

or suspension shaken at 200 rpm at 20 °C for 45 min. The solution was removed by washing 

three times. After adding 100 µl Reagent 3, the colorimetric reaction was monitored in a plate 

reader at 405 nm over 45 min. 

8.4.8 Determination of protein stabilization 

8.4.8.1 Measurement of protein activity under heat stress  

Samples were heated up as described and after different time points, and then cooled down 

to 20 °C and their activity was measured. 

8.4.8.2 Measurement of protein activity under proteolytic digest  

50 µl proteinase K solution was added to the proteins for different amounts of time and the 

activity of the samples was measured. Proteinase K dilution in 0.1 M potassium phosphate 
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was for MAK33 1:400, DHFR 1:100, lipase and β-galactosidase 1:50 and for eGFP, 25 µl 

undiluted proteinase K was used.  

8.4.8.3 Measurement of protein activity with repeated drying cycles 

Proteins (eGFP, Lipase, DHFR, β-galactosidase) in solution and after entrapment were dried 

at r.t. overnight in a vacuum chamber at r.t. and 80 Torr or lower. They were resuspended in 

400 µl 0.1 M potassium buffer and incubated for an hour at 20 °C before measurement of 

their activity. These drying and resuspension steps were repeated up to four times. 

Standards which were not dried were measured at each step. 

8.4.8.4 Comparing stability measurements 

The stabilities of proteins in solution and after entrapment (that were measured as described 

in 8.4.8.1 - 8.4.8.3) were compared by evaluating the surface area below the curve of the 

native protein stability measurements and setting it to 100%. The surface area below the 

curve of the entrapped protein stability measurements was compared to that of the native 

protein to determine the relative protection. 

8.5 Spectroscopic methods 

8.5.1 Dynamic Light Scattering  

DLS (Brown, 1993; Chu, 1997; Hendrix & Leipertz, 1984; Berne & Pecora, 2000), also known 

as PCS (Photon Correlation Spectroscopy), measures Brownian motion and relates this to 

the size of the particles (Berne & Pecora, 1976). An important feature of Brownian motion is 

that small particles move quickly in suspension and large particles move more slowly. 

Particles illuminated by a light source such as a laser scatter the light in all directions. Moving 

particles cause the intensity of scattered light to fluctuate. The DLS system detects the rate 

of the intensity fluctuation of scattered light and uses this to calculate the particle size.  

8.5.1.1 Particle size distribution methods 

The particle size distribution generated by DLS is an intensity distribution that can be 

converted mathematically to a volume distribution and a number distribution (Bohren & 

Huffman, 1998). A signal generated by the number distribution for a theoretical suspension 

containing two equal populations of different particle sizes (d) results in two peaks at a 

ratio 1:1. Bigger particles have significantly higher volume (the volume of a sphere is 

proportional to d3) and cause higher light scattering than smaller particles. This results in a 

theoretical ratio of 1:1000 for the volume distribution. An intensity distribution results in a 

theoretical ratio of 1:106 (due to Rayleigh‘s approximation, the intensity of scattering is 

proportional to d6).  
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In the presence of silica particles > 100 nm in suspension, as it was the case for all samples 

from the protein entrapment experiments (refer to pages 32f.), small particles < 100 nm could 

only be determined with the number distribution. Samples containing only silica particles 

< 100 nm, as it was the case for biomineralization experiments (refer to pages 7f.), were 

measured using the intensity distribution, unless stated otherwise. 

8.5.1.2 DLS measurement parameters 

DLS measurements were carried out with a Zetasizer Nano-ZS at a light scattering angle of 

173 °, also known as backscatter detection. The backscatter detection, where the incident 

light beam does not have to travel through the entire sample, reduces multiple scattering and 

allows the analysis of higher particle concentrations. Such highly turbid samples were typical 

for entrapment experiments.  

In situ particle size measurements were carried out with the reaction conditions described for 

the biomineralization conditions or the entrapment protocol, respectively. Data were 

interpreted using an RI value of 1.544 as a standard value for the material and water as 

internal parameter for the dispersant. The Zetasizer software calculated an estimation of the 

polydispersity of the samples. A polydispersity index (PDI) below 0.1 corresponds to a 

monodisperse sample. PDI values > 1 designate highly polydisperse samples. PDI values for 

the silica particle suspensions studied strongly varied between 0.2 and 1. 

8.5.1.3 Biomineralization kinetics 

For DLS measurements, the reaction conditions were used as described in 8.2.2.1 and 

biomineralization was induced as described in 8.2.2.2. The particle size was analyzed with 

DLS at 20 °C over time unless stated otherwise. 

8.5.1.4 Particle growth experiments with DLS 

To test for PEI after the entrapment reaction, 120 µl freshly prepared silicic acid solution with 

the same concentration as in the entrapment protocol was added after 60 min reaction time 

and the particle size was investigated with DLS measurements with a Zetasizer Nano-ZS 

over time.  

To test for remaining silicic acid after the entrapment reaction, 80 µl PEI (1 mg/ml in 0.1 M 

potassium phosphate, pH 7) was after 60 min reaction time and the particle size was 

investigated with DLS measurements over time. 

8.5.2 Aggregation measurements 

Potential protein aggregates in solution can be detected by their light scattering 340 nm and 

above (Nominé et al, 2001; Schrödel & de Marco, 2005). 184.4 µl 0.5 or 0.05 M potassium 

phosphate was incubated at 20 °C, 15.6 µl 200 µM Sil (Sil-R5-Cys (Naik et al, 2004) in 
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0.05 M potassium phosphate) were added and absorption at 340 was measured with an 

Ultrospec spectrophotometer over time at 20 °C. 

Protein aggregation can be detected by light scattering at 90 ° backscattering angle more 

accurately (Schmidt, 2010). 184.4 µl 0.5 or 0.05 M potassium phosphate was incubated at 

20 °C, 15.6 µl 200 µM Sil (in 0.05 M potassium phosphate) were added and light scattering 

at 340 nm at 90 ° backscattering angle was measured with a FluoroMax-3 

spectrofluorometer over time at 20 °C. 

8.5.3 Fluorescence anisotropy 

Fluorescence anisotropy analyzes the growth of silica particles with bound dyes in situ 

(Tleugabulova et al, 2004; Birch & Geddes, 2000). A fluorophore immobilized in a gel does 

not depolarize fluorescence, therefore particle size studies can be carried out after the sol-to-

gel transition time (Lakowicz, 2006). As described in the theory and application of 

fluorescence depolarization (Eftink, 2006; Szabo, 1984), from polarized fluorescence decay 

curves (F) that are orthogonal to vertically polarized excitation (P), the anisotropy function (r) 

can be calculated (Lakowicz, 2006). For intrinsic fluorescent Hsp26 bound to rotating silica 

particles the decay of the fluorescence anisotropy (r) describes depolarization of the 

fluorescence due to Brownian rotation (Geddes et al, 2000), assuming that energy transfer 

between different molecules can be neglected (Minutolo et al, 2010). 

Fluorescence anisotropy measurements were carried out with a spectrofluorometer FP-6500 

with an excitation wavelength of 290 nm (band width: 5 nm) and an emission wavelength of 

330 nm (band width: 10 nm), a response time of 0.05 s and 2 s data pitch. Measurements of 

1.5 ml 0.5 M potassium phosphate and 1.5 ml Hsp26 (1.05 µM) were carried out to 

determine the G-factor (0.93) (Lakowicz, 2006). The anisotropy of 1.5 ml Hsp26 (1.05 µM) in 

0.5 M potassium phosphate was measured and 375 µl Spd (4.2 µM) in 0.5 M potassium 

phosphate was added on-line following the fluorescence anisotropy until values were 

constant. Subsequently, 150 µl 0.1 M TMOS (tpre: 8 min) was added. A solution of 1 mM HCl 

in place of TMOS was measured as a control solution.  

8.6 Microscopic methods 

8.6.1 Fluorescence microscopy 

Fluorescence microscopy uses a light source of short excitation wavelength, leading to the 

emission of light with lower energy by fluorescent samples (Bradbury & Evennett, 1996; 

Murphy, 2001). When the reflected light and background fluorescence is filtered the targeted 

parts of a given sample can be imaged (Bradbury & Evennett, 1996).  
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All samples were washed three times with dist. water to avoid potassium phosphate crystal 

formation obstructing the microscopic analysis. 10 µl silica particles dispersed in dist. water 

were placed onto a 75 by 25 mm glass slide and the droplet covered by a 20 x 20 mm glass 

cover slip. Fluorescence microscopy was performed either in bright field mode or using an 

Endow GFP bandpass emission filter for the detection of specific fluorescence (Endow, 

1999). 

8.6.2 Electron microscopy: SEM 

Scanning Electron Microscopy (SEM) images a sample by scanning it with an electron beam 

that produces secondary electrons containing structural information from the atoms of the 

sample. Part of the secondary electrons are collected and translated as a series of picture 

elements (pixels) on a monitor, each pixel corresponding to a point where the electron beam 

on the specimen generated secondary electrons. The three-dimensional appearance of SEM 

images is due to different contrast of various structural features of the sample (Bozzola & 

Russell, 1999).  

8.6.2.1 Sample preparation for SEM 

High acceleration voltages result in lower contrast, greater electron beam penetration and 

enhanced secondary yield from all parts of the topography. Higher atomic numbered 

elements yield more secondary and backscattered electrons and appear brighter in the SEM, 

therefore gold sputtering leads to increased contrast. Since the angle with which the electron 

beam enters the specimen surface affects the yield of secondary electrons (Bozzola & 

Russell, 1999), samples were sputtered at a 45 and 90 ° angle to further increase the 

contrast. 

Sample preparation was carried out as described before (Spector et al, 1998). All samples 

were washed three times with dist. water to avoid potassium phosphate crystal formation 

obstructing the microscopic analysis. 50 µl silica particles dispersed in dist. water were 

placed onto the surface of an aluminium sample stage and dried at r.t. The silica suspension 

was dried at r.t. on a 13 mm plastic coverslip, this slide placed on a double-sided sticky 

carbon tape and then mounted on an aluminium sample stage holder with aluminium tape 

connecting the stage holder and the sample. Each sample was sputter-coated with a thin 

layer of gold (thickness approximately 2 nm). SEM was performed with the JSM 5900 LV 

(Technische Universität München, Electron Microscopy, Prof. Dr. Weinkauf) at a constant 

acceleration voltage of 20 kV. Micrographs were obtained with a spot size of 20 nm and 

working distance of 15 mm at magnifications up to 60 000 x. EDX measurements were 

performed with the built-in EDX detector of the JSM 5900 LV with measuring times of up to 

120 s. 
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8.6.3 Electron microscopy: TEM 

In Transmission Electron Microscopy (TEM) (Bozzola & Russell, 1999; Goodhew et al, 

2001), a beam of electrons passes through ultra thin specimens and a micrograph showing 

the two-dimensional projection of the sample is obtained from the interactions of the 

transmitted electrons (Fultz, 2008). Typically operated in the bright field imaging mode, the 

contrast is formed directly by occlusion and absorption of electrons in the sample, leading to 

dark regions for samples with high thickness or atomic number (Fultz, 2008). Therefore, 

samples containing silica were observed by TEM without prior staining while protein samples 

needed staining in order to be imaged with TEM (Bozzola & Russell, 1999). 

TEM was performed with the JEM 100CX (Technische Universität München, Electron 

Microscopy, Prof. Dr. Weinkauf) at a constant acceleration voltage of 100 kV.  

8.6.3.1 Preparation of silica samples 

Samples containing silica were washed three times with MS-H2O and prepared for TEM 

measurements by placing a 300-mesh carbon-coated 3 mm copper grid on a droplet (10 µl) 

of sample placed on a piece of parafilm for 30 min, followed by removal of any liquid on the 

grid by draining with filter paper and drying at r.t. The thickness of the carbon film was 

between 10-15 nm. 

8.6.3.2 Negative staining of protein samples 

Glow-discharged carbon grids were briefly washed with water. 10 µl protein solution 

(0.05 mg/ml) were applied onto carbon grid for 1 min and excess liquid was blotted off. 5 µl 

uranyl acetate (1.5 % wt/vol) were immediately placed on the grid for 30 s and excess liquid 

was blotted off. Grids were air dried at r.t. and measured within 1 h with TEM. 

8.6.3.3 Particle size analysis 

The average particle size of biomineralized samples was determined from TEM micrographs 

with the ImageJ program. Due to the relatively small amount of particles obtained in some 

experiments, an average particle size of a sample was determined from the data of 10 or 

more measured particles. 

8.6.4 Electron microscopy: High resolution SEM and STEM 

Cold cathode analytical field emission SEM, which combines SEM, TEM and STEM in one 

instrument, allows higher resolution at lower kV than conventional SEM. Low voltage 

increases image contrast and reduced the need to stain samples (Nebesárová & Vancová, 

2007; Drummy et al, 2004). Non-sputtered samples show further increased contrast due to 

charge accumulation (Bozzola & Russell, 1999). In the scanning transmission electron 

microscopy (STEM) mode, electrons pass through the specimen. However, a focused 

electron beam is scanned over the sample (Goodhew et al, 2001). 
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Lyophilized samples were measured without sputtering as described for SEM (8.6.2.1). 

STEM samples were prepared as described for TEM (8.6.3.1). High resolution SEM and 

STEM was performed by Katia Rodewald (Technische Universität München, WACKER-

Department für Makromolekulare Chemie, Prof. Dr. Rieger) with a cold field emission source 

JEOL JSM 7500F at 1-3 kV acceleration voltage. 
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9 Abbreviations 
 

ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 

ADP, adenosine 5‘-diphosphate 

ATP, adenosine 5‘-triphosphate 

BET, Brunauer, Emmett, Teller 

BSA, bovine serum albumin 

CTMA-Cl, cetyltrimethylammonium chloride 

d.u., dimensionless units 

Da, Dalton 

Da, kDa, Dalton, kilo Dalton 

DHF, dihydrofolic acid 

DHFR, dihydrofolate reductase 

dist., distilled 

DLS, dynamic light scattering 

DNA, deoxyribonucleic acid 

DTE, dithioerythritol 

DTT, 1,4-dithiothreitol 

E. coli, Escherichia coli 

e.g., ―exempli gratia‖, for example 

EDTA, ethylenediaminetetraacetic acid 

EDX, energy-dispersive X-ray 

eGFP, enhanced green fluorescent protein 

ELISA, enzyme linked immunosorbent assay 

EM, electron microscopy 

ESI, electrospray ionization 

Ex/Em, excitation/emission wavelength 

FITC, fluorescein isothiocyanate 

Gua-HCl, guanidinium hydrochloride 



 Abbreviations 114 
 

 
 

h, hour(s) 

HCl, hydrochloric acid 

HEPES, [4-(2-Hydroxyethyl)-piperazino]-ethanesulfonic acid 

His-tag, hexa histidine-tag 

HPLC, high-performance liquid chromatography 

HRP, horseradish peroxidase 

Hsp, heat shock protein 

i.e., ―id est‖, that is 

IgG, immunoglobulin G 

IPTG, isopropyl-β-D-thio-galactoside 

kDa, kilo Dalton 

kV, kilo volt 

LCPA, long-chain polyamine(s) 

LEI, lower secondary electron image 

M, mM, μM, molar, millimolar, micromolar 

MAK 33, mouse specific IgG, directed against muscle-specific human creatine kinase 

MALS, multiangle light scattering 

MCM, Mobil Composition of Matter (mesoporous amorphous silica) 

mesitylene, 1,3,5-trimethylbenzene 

min, minute(s) 

MS, mass spectroscopy 

MS-H2O, water for mass spectrometry (LiChrosolv grade) 

MW, molecular weight 

NADP, nicotinamide adenine dinucleotide phosphate  

NADPH, β-nicotinamide adenine dinucleotide phosphate, reduced form 

NaOCl, sodium hypochlorite 

NaOH, sodium hydroxide 

NBD-Cl, 4-chloro-7-nitro-2,1,3-benzoxadiazole or NBD-chloride 

ONPG, ortho-nitrophenyl-β-galactoside 
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PAGE, polyacrylamide gel electrophoresis 

PBS, phosphate buffered saline 

PCS, photon correlation spectroscopy 

PDI, polydispersity index 

PEI, polyethyleneimine (unless stated otherwise, PEI refers to MW: 1800 g/mol) 

pI, isoelectric point 

pNPP, p-nitrophenyl palmitate 

POD, peroxidase 

PPB, potassium phosphate buffer 

R5 peptide, polypeptide derived from the silaffin protein of Cylindrotheca fusiformis 

r.t., room temperature 

RI, refractive index 

RP-HPLC, reversed-phase high-performance liquid chromatography 

rpm, rotations per minute 

SDS, sodium dodecyl sulfate 

SEI, secondary electron imaging 

SEM, scanning electron microscopy 

sHsp, small heat shock protein 

Sil, Sil-R5-Cys, cys-modified R5 peptide 

Spd, N-(3-aminopropyl)tetramethylenediamine or spermidine 

STEM, scanning transmission electron microscopy  

TEM, transmission electron microscopy 

TEOS, tetraethyl orthosilicate 

TGA, thermo-gravimetric analysis 

THEOS, tetrakis(2-hydroxyethyl) orthosilicate 

THF, tetra-hydrofolate 

TMOS, tetramethyl orthosilicate 

tpre, prehydrolysis time, time that TMOS was hydrolyzed in 1 mM HCl before the reaction start 

treact, reaction time 
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Tris, tris(hydroxymethyl)aminomethane 

UV/VIS, ultraviolet/visible 

Ve, elution volume 

VL, variable light chain 

vol.-%, volume percent 

wt/vol, weight by volume concentration 

YAG, Yttrium Aluminium Garnet activated by Ce3+ 
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