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ABSTRACT 

 

My dissertation presents fundamental and practical scientific contributions. I 

demonstrated the versatility of the sol-gel processing technology for the study of the 

basic science behind water and protein structure under confinement, and for the 

development of novel biotechnology and biomedical engineering applications based on 

cell encapsulation in nanoporous silica gels. 

   For the basic science studies of my dissertation, silica nanoporous gels were 

used to investigate the kinetic and thermodynamic transitions of water under 

confinement. I demonstrated a direct correlation between the structure of confined water 

and the secondary structure of proteins in a wide range of temperatures (- 196°C to 

95°C). I showed qualitatively that the incorporation of a highly hydrogen bonding 

osmolyte contributed to improve the thermal stability of encapsulated proteins by a 

mechanism based on prevention of adsorption at the surface of the nanoporous silica 

material.   

 For the practical contributions of my dissertation, I developed two novel 

applications relevant to the biotechnology and biomedical engineering fields. These 

applications were based on the encapsulation of prokaryotic and eukaryotic cells in silica 

nanoporous gels. First, I developed a highly selective and efficient biodegradation 

platform for the removal of an herbicide, atrazine, from contaminated water. In the 

second application, I invented a cell capture and isolation methodology that was 

successfully tested as a cancer cell isolation tool from mixed populations of eukaryotic 
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cells (normal and cancer cells). Miscellaneous applications were also investigated such as 

encapsulation as a means of cryopreservation of mammalian and algae cells, and were 

incorporated in the Appendices of this thesis.           
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Chapter 1: Introduction 

1.1) Motivation  

Encapsulation of macromolecules and cells in biocompatible matrices with 

retention of activity, viability and metabolic functionality has extensive applications in 

biotechnology (e.g. biosensing, biocatalysis, photobioreactors) and medicine (e.g. tissue 

engineering, recombinant protein production, and drug delivery) [1, 2]. Successful 

encapsulation depends on developing a highly biocompatible encapsulation biomaterial 

of sufficient mechanical robustness and permeability to permit transport of molecules 

such as oxygen, nutrients, electrolytes, and also toxic metabolites, hormones, and other 

bioactive compounds [1].  

  Silica gels have been studied in the last decade with significant success for 

encapsulating a large variety of proteins and enzymes [3]. Briefly, when the proteins or 

enzymes are confined in the silica gel matrix they retain their structure and activity even 

at harsh conditions of pH or temperature [4]. Moreover, silica gel confinement has been 

extended to prokaryotic and eukaryotic cells with promising results [5-8]. The tunability 

of the properties of the silica materials have enable versatile applications in important 

areas such as bioremediation, regenerative medicine, and new hybrid materials with 

improved functional and structural properties [9]. The development of these materials 

represents an emerging multidisciplinary topic at the intersection of life sciences, material 

sciences, and nanotechnology. 
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1.2) Sol-gel process 

 The sol-gel processing of inorganic and glass ceramics is a versatile process that 

involves the manufacturing of a variety of materials at ambient temperature and pressure. 

The sol-gel process typically involves the formation of a colloidal dispersion ‘sol’ that 

contains a suitable precursor (e.g., colloidal silica nanoparticles) and a solvent, and the 

subsequent gelation of the sol. Depending on the processing technique powders, films, 

monoliths or fibers can be prepared under mild synthesis conditions [10]. Even though 

two main reactions govern the process of gel formation (i.e., hydrolysis and 

condensation), there are different reaction parameters that allow engineering the material 

structure and characteristics over different length scales [11].    

1.2.1) Types of precursors used for the sol-gel process 

 The selection of the precursors for the sol-gel processing depends largely on the 

requirements of the application. The most widely used precursors are TEOS (tetraethyl 

orthosilicate), and TMOS (tetramethyl orthosilicate). Table 1.1 has a list of the typical 

precursors that can be used for the preparation of silica matrices following the hydrolysis 

and condensation reactions, the alkali metal silicate, and the silica nanoparticle routes. In 

general, any alkoxide precursor that has hydrolysable groups or any metal silicate can be 

used to form silica gels. However, base or acid catalysis is required in order to hydrolyze 

the alkoxides. More recently, diol- or polyol-modified precursors such as tetrakis (2-

hydroxyethyl) orthosilicate (THEOS) or poly(glyceryl silicate) PGS, an ethylene glycol-

modified silane, and a sugar-modified silane appeared as alternatives for 
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bioencapsulation sol-gel processes. What makes these precursors unique is that the by-

products of gelation are biocompatible.          

Table 1.1 Silica network precursors. 

 
 

1.2.2) Reaction mechanisms of the sol-gel processes 

1.2.2.1) Hydrolysis and condensation of alkoxides 

 This route is based on the hydrolysis of alkoxide precursors under acidic or basic 

conditions in the presence of water. The water/alkoxide molar ratios may vary from 2 to 

50. Hydrolysis of the alkoxide leads to the formation of silanol moieties (Si-OH) that are 

very reactive. Through condensation, these silanol moieties react further and form 

siloxanes (-Si-O-Si-). At the final step, through polycondensation of silanol and 

Chemical Name Acronym Molecular Formula Reactive Groups Type of reactive group
Tetramethylorthosilicate TMOS Si(OCH3)4 -OH Inorganic
Tetraethylorthosilicate TEOS Si(OC2H5)4 -OH Inorganic
Tetrakis(2-hydroxyethyl)orthosilicate THEOS Si(OCH2CH2OH)4 -OH Inorganic
Methyldiethoxysilane MDES C5H14O2Si -OH Inorganic
3-(Glycidoxypropyl)triethoxysilane GPTES C12H26O5Si -OH, epoxy ring Inorganic, organic
3-(Glycidoxypropyl)trimethoxysilane GPTMS C9H20O5Si -OH, epoxy ring Inorganic, organic
3-(Trimethoxysilyl)propylacrylate TMSPA H2C=CHCO2(CH2)3Si(OCH3)3 -OH, acrylate group Inorganic, organic
N-(3-Triethoxysilylpropyl)pyrrole TESPP -OH, pyrrole group Inorganic, organic
Vinyltriethoxysilane VTES H2C=CHSi(OC2H5)3 -OH, vinyl group Inorganic, organic
Vinyltrimethoxysilane VTMS H2C=CHSi(OCH3)3 -OH, vinyl group Inorganic, organic
Methacryloxypropyltriethoxysilane TESPM -OH, methacryloxy group Inorganic, organic
Silica Nanoparticles (e.g. Ludox, Nyacol, cab-o-sil) SiO2 -OH Inorganic
Sodium Silicate (e.g., 27% Silicic Acid 10% NaOH) Water glass -OH Inorganic
Diglycerylsilane DGS -OH Inorganic

Methyltriethoxysilane MTMOS CH3Si(OCH3)3 -OH Inorganic
Trimethylmethoxysilane TMMS CH3OSi(CH3)3 -OH Inorganic
Ethyltriethoxysilane TEES C2H5Si(OC2H5)3 -OH Inorganic
n-propyltriethoxysilane TEPS C2H5O)3SiCH2CH2CH3 -OH Inorganic

n-butyltriethoxysilane TEBS C10H24O3Si -OH Inorganic
3-aminopropyltriethoxysilane APTS H2N(CH2)3Si(OC2H5)3 -OH, NH2 Inorganic, organic
3-(2,4-Dinitrophenylamino)propyltriethoxysilane -OH, Dinitropropylamino Inorganic, organic
Mercaptopropyltriethoxysilane TEPMS HS(CH2)3Si(OCH2CH3)3 -OH, Thiol Inorganic, organic
3-(2-Aminoethylamino)propyltriethoxysilane (CH3O)3Si(CH2)3NHCH2CH2NH2 -OH, NH2 Inorganic, organic
Isocyanatopropyltriethoxysilane C10H21NO4Si -OH, Isocyanato Inorganic, organic
Hydroxyl-terminated polydimethylsiloxane PDMS -OH Inorganic
triethoxysilyl-termonated polydimethylsiloxane PDMS -OH Inorganic
Methyltriethoxysilane MTES CH3Si(OC2H5)3 -OH Inorganic
Triethoxysilyl-terminated poly(oxypropylene) -OH Inorganic

Structure Modifiers 
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siloxanes, an interconnected rigid network with pores of submicrometer dimensions and 

polymeric chains of SiO2 are formed (gelation) [12]. There is no heat adsorption or 

release during gelation; only gradual increase in viscosity. The gel formed initially has a 

high viscosity but low elasticity. Following gelation, further crosslinking and chemical 

inclusion of isolated sol particles into the spanning cluster continues (aging), leading to 

an increase in the stiffness of the sample [13]. At the functional group level, three 

reactions are generally used to describe the sol-gel process by this route: 

Hydrolysis reaction 

-Si-OR + H2O ↔ -Si-OH + R-OH                                                                                    (1) 

Alcohol condensation 

-Si-OR +OH-Si- ↔ -Si-O-Si- + R-OH                                                                             (2) 

Water condensation 

-Si-OH +OH-Si- ↔ -Si-O-Si- +H2O                                                                                 (3) 

1.2.2.2) Hydrolysis and condensation in alkali metal silicate route 

 This route is based on acid neutralization of silicate solutions. Typically, sodium 

silicate solutions with SiO2 content between 27 to 30% (w/w) are used. A dilution in 

water of the metal silicate is prepared first in order to reduce the amount of acid that 

needs to be added to the solution [10]. Additionally, silica nanoparticles of different sizes 

(e.g., Ludox or Nyacol) can also be added to the sodium silicate solution to increase the 

stiffness of the silica matrix. The principal advantage of this route is that there is no 

liberation of alcohols as by-products. The silica network is formed by acidifying a 

solution of sodium silicate (Fig. 1.1). One disadvantage of this method is that an excess 
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of sodium ions may be released and can cause osmotic stress in the encapsulated 

biomolecules and cells [14].      

 
Figure 1.1 Aqueous pathway to silica gel formation: (1) neutralization, (2) 

polycondensation. 

1.2.2.3) Condensation of silica nanoparticles (colloidal gels) 

A common method for preparing monodisperse silica spheres, developed by 

Stöber [15], is to hydrolyze TEOS in a basic solution of water and alcohol. The overall 

hydrolysis and condensation reactions are given by [10]: 

Si(OC2H5)4+ 4H2O → Si(OH)4 + 4C2H5OH                                                                     (4) 

Si(OH)4 → SiO2 + 2H2O                                                                                                   (5) 

Hydrolysis and condensation reactions proceed concurrently, as described in the 

previous section. The stoichiometric amount of water for hydrolysis is 4 moles for every 

mole of silicon alkoxide, or 2 moles if condensation goes to completion. However, in the 

preparation of particles, the ratio of water to TEOS is kept typically more than 20:1 and 

the pH is kept very high. This is done to promote condensation. This encourages the 

formation of compact structures, rather than extended polymeric networks of the kind 

generally found in alkoxide-derived gels. Very recently, Yokoi et al [16] demonstrated 

the fabrication of SNPs using  amino acids as a catalyst agent instead of ammonia. The 
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particles produced in this study had a very high degree of monodispersity and were very 

stable at acidic pH values (4 to 5). 

 In aqueous colloidal silica suspensions, the particles at high pH are negatively 

charged [17]. The colloidal suspension is stabilized against flocculation by the 

electrostatic repulsion between particles that is controlled with the ionic strength and pH 

of the solution. Moreover, the addition of a counter ion such as sodium or potassium 

(e.g., Na+, K-) contributes to stabilize the dispersion. When the pH is neutralized with an 

acid or sometimes with a salt, there is a reduction of the electrostatic repulsion by 

reducing the Debye screening length and the zeta-potential, which destabilizes the 

colloidal system and produced aggregation and gelation of the silica nanoparticles [17]. 

Fig. 1.2A shows the process of destabilization of a colloidal suspension when an acid is 

added to the solution to neutralize the silica nanoparticles. The change in the pH produces 

changes in the surface of the silica nanoparticles that are stabilized with a counter ion 

(e.g., Na+), as a result the system forms a gel. Fig. 1.2B shows the image of a porous gel 

formed by the aggregation of silica nanoparticles.                       

 

 
Figure 1.2 Gelation of a colloidal suspension by pH neutralization. 
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1.2.2.4) Gelation 

 Gelation happens when the silica particles produced during hydrolysis and 

condensation start to link together to form a three-dimensional network. The physical 

characteristics of the gel network depend greatly upon the size of the particles and extend 

of crosslinking [13, 18]. The gelation kinetics can be described by analyzing at the 

complex viscosity change of a sol-gel [9]: Three regions can be identified (Fig. 1.3). The 

first region, where the complex viscosity does not experience a significant change, 

corresponds to the precursor hydrolysis and sol formation. The gelation transition is 

represented in region II as an abrupt increase in the complex viscosity. At region III, the 

complex viscosity also increases, but not as sharply as in the previous region. The change 

in rheological characteristics in region III show that after gelation, hydrolysis and 

condensation reactions continue for a long period of time. This is called maturation of the 

gel or aging [9, 10].              

 
Figure 1.3 Time dependence of the complex viscosity of a sol-gel measured at 

frequency of 1 Hz (adapted from [9]). 
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1.2.2.5) Aging process  

It has been shown that after gelation, hydrolysis and condensation reactions 

continue.  Nuclear Magnetic Resonance (NMR) studies of the gelled samples show a 

continuing gradual increase in the number of Q3 and Q4 Si species (i.e. Q shows the 

tetrafunctionality of the silicon atom through oxygen atoms: Q3 population corresponds 

to hydroxyl groups (-OH); and Q4 population increases in the absence of hydroxyl 

groups [19]) due to crosslinking via trans-pore condensation reactions of pore surface 

hydroxyl groups [20]. This process can continue for months for samples kept at room 

temperature. The rate of aging depends on pH, temperature and gel composition. The net 

effect of these processes is stiffening and shrinkage of the sample. Shrinkage occurs 

because new bonds are formed in place of the weak interactions between surface 

hydroxyl and alkyl groups. Shrinkage leads to expulsion of liquid from the pores of the 

gel. This process is known as syneresis [13]. Moreover, at neutral pH, the gel syneresis 

rate is maximized; continued siloxane condensation reactions cause gel contraction and 

expulsion of pore fluid. It is plausible that during this time, compressive stresses are 

formed on the confined cells. These mechanical stresses combined with the presence of 

alcohol by-products have a negative effect on the encapsulated biomolecules and cells 

[21].  

The silica gel process for bio-encapsulation is modified to avoid the detrimental 

effects on the encapsulated biomolecules and cells. Rotoevaporation may be used to 

remove the alcohol during the hydrolysis step before the addition of the biomolecules or 

cells [22]. Aqueous silica condensation routes have also been developed to avoid alcohols 
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by-products [23]. Aging and syneresis is reduced by maintaining the silica gel hydrated at 

all times and also by incorporating osmolytes such as sugars and glycerol into the 

solution [4].  

1.2.3) Chemistry of the sol-gel process 

 Numerous investigations have shown that the synthesis conditions (e.g., type of 

the precursor, catalyst, ratio of water to precursor, the concentration of precursor, the 

medium pH, and the solvent) determine the structure and properties of the final gel [10]. 

Therefore, the gel may be tailored to meet the requirements of a particular application. 

[13].     

1.2.3.1) The effect of pH 

 The rates of the hydrolysis and condensation reactions can be influenced by pH 

[10]. The lowest reaction rate for hydrolysis is obtained at pH = 7 and for condensation 

around 2. Under acidic condition (pH < 5), the hydrolysis reaction is favored and the 

condensation reaction is the rate limiting step [24]. The acid-catalyzed gelation is 

characterized by a cluster-cluster growth model, where the kinetics of aggregation may 

be limited by the rate of condensation or the rate of diffusion [10, 25, 26]. Under basic 

conditions (pH > 7), the hydrolysis and particle nucleation processes are dominated by 

the condensation reaction [10]. Therefore, the precursor molecules aggregate into larger, 

and denser particles (fewer in number) than at low pH [24]. The larger particles result in 

smaller surface area and larger pores. More branched networks are formed under basic 

conditions while chain-like networks are formed under acidic conditions [24].   
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1.2.3.2) The effect of catalyst             

 Hydrolysis of alkoxides is promoted with the addition of a catalyst. The activity 

of the catalyst is determined by pH, since the catalyst for the sol-gel methods is typically 

and acid or base. Acid catalysts are usually: HCl, H2SO4, HNO3, HF, and acetic acid. 

Base catalysts are: NH3, and NaOH. It is well known that the catalyst influences the 

physical properties of the silica. An acid catalyst produces a dense gel with small pores; 

on the other hand, a basic catalyst produces highly cross-linked particles which 

eventually link to form a network with large pores between the interconnected particles. 

[10, 27]. The concentration of the catalyst is important since turbid colloidal suspensions 

are obtained when insufficient amounts of catalyst is used (e.g., incomplete hydrolysis of 

TEOS [28]). A complete hydrolysis of the alkoxide using a catalyst is characterized by a 

clear and transparent solution.            

1.2.3.3) The effect of water content 

 When silicon alkoxides are reacted at low concentrations of water (moles of H2O / 

moles of Si < 2) partially hydrolyzed monomers are formed. These condense to form 

almost completely esterified linear or branched polymeric species [10, 13]. The molar 

ratio of H2O/Si(OR)4 in the gelation solution should be at least 2:1 to approach the 

minimal hydrolysis level of alkoxide required for gelation [24]. At higher molar ratios, 

hydrolysis reaction proceeds faster, and the condensation proceeds slower. Molar ratios 

of H2O / alkoxide > 4 induce a very loose gel network with high porosity and smaller 

particle size. The excess water reduces the polymerization rate with respect to the 
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condensation rate. This produces cyclization and enhances siloxane bond formation 

within the particles [28]. 

1.2.3.4) The effect of precursor concentration       

 The bulk density of the silica gels are gradually enhanced with increasing 

precursor concentrations in the initial and aging stages of sol-gel processing [24]. At 

higher precursor concentrations, condensation rates are enhanced since the larger amount 

of solvent separates the reacting species from each other. On the other hand, at low 

precursor concentrations, hydrolysis reactions are favored instead of the condensation 

reactions. The precursor concentration has the most dominant effect on the density and 

the pore size of the final sol-gel material [29].   

Table 1.2 Biohybrid Materials (do not include proteins or cells). 

 

1.3) Hybrid Sol-Gel Chemistry 

 It is known that hybrid organic-inorganic materials represent not only a new field 

of basic research but also, due to their remarkable properties, hybrid materials play a vital 

Organic Part Inorganic Part
Anti Acne Kits (Cool PearlsTM) Benzoyl peroxidase Silica macrocapsules Acne treatment Development & certification
UV-Pearls (EusolexR) Organic UV filters Silica macrocapsules Sun screen Commercial development 
Scott Dental GlassR

Methacrylic resin Silane ceramic Dental fillers Commercial development 

FiltekTM, KetacTM, VitrebondTM, Methacrylic resin / Silane treated ceramics Dental direc restorative cement, Commercial development

Z100TM, VitremerTM, RelyXTM, epoxy silane derivatives sealant, varnish
VanishTM, ClinproTM

NexterionR Microarray Organosilanes Organosilanes DNA and protein microarray Commercial development
Intra-CylaneTM

Organosilanes Organosilanes Cosmetic-hair care Commercial development

Poly[N-(2-amino ethl)-3- Non-stoichiometric Oral gastrointestinal imaging agent Commercial development 
aminopropyl] silane magnetite

NanothermR
Aminosilane derivatives Superparamagnetic iron Liver imaging agent / cancer treatment Commercial development 

oxide nanoparticles
AuroshellR Thiol-derived PEG Core-shell nanoparticles Cancer therapy under laser excitation Development & certification

GastromarkR

Product Material Application Stage
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role for the development of diverse technologies [30]. For a complete overview of hybrid 

sol-gel technology the readers are referred to [9, 30, 31].  

Hybrid sol-gel chemistry consists on the incorporation of organic components 

during or after the sol-gel processing in order to change the physical and chemical 

properties of the resultant material. This includes the incorporation of macromolecules, 

enzymes or cells in order to create bioactive materials such as cleaning systems, 

biosensors, and artificial organs [32]. Nowadays, most of the hybrid materials that have 

already entered to the market are synthesized and processed by using conventional soft 

chemistry based on routes developed in the eighties [30]. A distinct characteristic of 

hybrid materials is that their properties are related not only to the chemical nature of the 

organic or inorganic components, but also rely on their synergy. In the past decade, a vast 

number of hybrid materials have been developed for dental applications  and cosmetic 

products [30]. Table 1.2 shows some bio-hybrid products that are in development or 

commercially available. Moreover, new materials following the sol-gel process have been 

synthesized for the development  of therapeutic vectors and drug delivery platforms [30, 

33]. Hybrid materials that include the incorporation of biomolecules and cells will be 

described in the following sections with more detail.             

1.3.1) Silica encapsulation of biomolecules and cells   

 Even though sol-gel processing has been used for more than a century [18, 34], it 

was not until the mid 1980s that incorporation of biomolecules such as enzymes, and 

antibodies within ceramic materials has started to be explored [35]. Since these 

pioneering studies, biomolecules, prokaryotic and eukaryotic cells have been 
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encapsulated in inorganic and inorganic-organic hybrid-sol gel polymers [35]. The 

purpose of bioencapsulation is to retain the structural integrity of the encapsulated 

biomolecules and their functionality, catalysis, and  signal transduction, and to maintain 

cell metabolism [35, 36]. Encapsulation of cells and proteins in porous silica matrices is 

achieved when the silica matrix is formed by hydrolysis and condensation reactions of 

alkoxide or aqueous precursors to yield a polymeric oxygen bridged (O-Si-O) network 

[4].  

When alkoxide precursors such as TMOS or TEOS are used, alcohol by-products 

(e.g., methanol, ethanol) are formed after the hydrolysis process. The alcohol should be 

removed prior to incorporation of the biomolecules or cells into the matrix in order to 

prevent damage [6, 23]. On the other hand, when an aqueous precursor (such as sodium 

silicate) is used, the hydrolysis reaction releases ions (e.g., Na+), which need to be 

removed through ion exchange before encapsulation, in order to avoid osmotic stress 

(and even toxicity) to the cells [14, 37].  

In order to avoid the detrimental effects of these by-products (e.g., alcohols, Na+), 

water soluble alkoxides can be used. THEOS is one of the precursors that does not 

require a catalyst agent and releases ethylene glycol as a by-product, which at moderate 

concentrations, does not have detrimental effects on biomolecules and cells [38, 

39].Moreover, poly(glyceryl silicate) (PGS), which is a silicate derived from glycerol, 

has been shown to be effective for bioencapsulation since a biocompatible by-product is 

released during the hydrolysis step [40].  
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Figure 1.4 General protocols for silica bioencapsulation (adapted from [35]). 
 
 Fig. 1.4 shows the different precursor routes that can be used for 

bioencapsulation. Note that it is also possible to incorporate stabilizing additives such as 

sugars (sorbitol, trehalose), and organic polymers to modify the surface of the silica gel  

in order to stabilize enzymes or cells [4].    

1.3.2) Encapsulation of macromolecules and proteins 

Encapsulation of macromolecules and proteins in a sol-gel matrix preserves 

protein structure and functionality and protects the proteins against physicochemical 

perturbations [12]. The route of protein encapsulation is shown in Fig. 1.4 and is 
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performed in two steps in order to avoid protein denaturation. Post-encapsulation, control 

of porosity is one of the major challenges in silica encapsulation of proteins. The pores 

have to be small enough to avoid leaching of the proteins out of the matrix but large 

enough to allow diffusion of the analytes. The porosity can be tailored by controlling the 

water content during the hydrolysis process when an alkoxide is used [41].  

To date, many proteins and enzymes have been encapsulated in silica gels for 

catalytic and biosensor applications making use of the inherent features of silica materials 

such as optical transparency, high specific surface area, and photochemical inertness. 

Table 1.3 shows a list of enzymes encapsulated in sol-gels to be used as electrochemical 

and optical biosensors. 

Table 1.3 List of enzymes encapsulated in silica gel matrices in biosensor 
applications (Adapted from [12]). 

Biomolecule Analyte Sol-gel 
Precursor Detection Mode Reference 

GOD Glucose TEOS/ Cellulose Fluorescence [42] 
GOD Glucose Ormosil/MTMOS Amperometric [43] 
GOD/HRP Glucose TEOS Fiber optic [44] 
GOD/Catalase Glucose TEOS Thermometry [45] 
HPR H2O2 TEOS/luminol Chemiluminiscence [46] 
Tyrosinase Phenolics TMOS/Nafion Amperometric [47] 
Urease Urea TMOS/IDA/gold 

electrode 
Conductimetry [48] 

LDH L-lactate TMOS Fluorescence [49] 
Alkaline 
phosphatase 

Pesticides TMOS Fluorescence [50] 

Cholesterol 
oxidase 

Cholesterol TEOS Amperometric [51] 

Hemoglobin H2O2 TEOS/luminol Chemiluminescence [52] 
GOD: Glucose oxidase, HPR: horseradish peroxidase, LHD: lactate dehydrogenase 

Structure of encapsulated proteins and enzymes depends on the interplay of 

different forces developed at the silica surface. These forces can be classified as 
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geometric confinement effects,  surface interactions, and  changes in the structure of the 

confined solutions (e.g., water) [53-55]. Theoretical studies of confined proteins show 

that geometric confinement reduces the entropy of the protein unfolded state by limiting 

the conformational space available to the protein in the unfolded state [56]. Surface 

interactions between the silica matrix and the confined proteins appear due to the 

heterogeneous surface domains of the proteins [57]. These interactions include 

electrostatic forces, hydrogen bonding and van der Waals forces, and even covalent 

interactions. The surface interactions between the silica gel and the protein are protein 

type specific since different proteins have different surface charge distribution, hydration 

shell water structures, secondary and tertiary structures, and surface reactivity. Moreover, 

silica surface affects the structure of the confined water and also the hydration water of 

the confined proteins. This is because, the physical, chemical and thermodynamic 

properties of water change in close proximity to surfaces or when it is associated with 

biomolecules and membranes [58-63]. Confined water affects the structural stability of 

the confined proteins since the dynamics of the hydration layer and the protein are 

intimately related [64, 65]. The effect of confined water on confined proteins is 

confirmed when confined globular proteins changed their secondary structures in sync 

with the structure of the confined water [54]. 
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Figure 1.5 Representation of a confined protein (hen egg white lysozyme) in a silica 
nanopore. The protein appears at the center of the pore embedded in water, image 

was generated using Visual Molecular Dynamics. 

1.3.4) Encapsulation of prokaryotic and eukaryotic cells in nanoporous silica 

materials 

Yeast spores, bacteria and mammalian cells have been encapsulated within silica 

gels where they have been shown to retain their metabolic activity [5, 8]. For example, 

prokaryotic cells such as E. coli and cyanobacteria retain their metabolic activity for up to 

4 weeks when encapsulated in silica gels. Whereas eukaryotic cells such as endothelial 

cells and fibroblasts, can only stay metabolically active for 1 to 2 days [5-8]. Table 1.4 is 

a list of different cell types encapsulated in silica gels of different compositions. The 

main cause of decreased viability and metabolic activity in confined cells is not 

completely established. However, reports show that mechanical, osmotic, and oxidative 

stresses together with specific surface interactions play important roles in affecting the 
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viability and membrane structure of the encapsulated cells  [7, 8, 66-71]. 

 

Figure 1.6 (A) Electron microscope (EM) image of an encapsulated E. coli in a 
nanoporous silica matrix formed using a biocompatible alkoxide route, (B) EM 

image of the formed nanoporous matrix. 
 

Compressible mechanical stresses on confined cells increase when the silica 

matrix is aging. These stresses may reach a critical level eventually causing cell lysis 

[23]. Also, the structural changes in the silica matrix during aging can damage the 

cellular membrane irreversibly (see Chapters 4 and 5). Additionally, the tensile stresses 

generated by the encapsulated cells by the pressure of cellular division may cause 

elevated compressive stresses at the boundary. Note that in the silica gels, the cells are 

physically constrained from dividing. Therefore, we hypothesized that reducing the 

effects of aging and eliminating cellular division would reduce the effect of the 

mechanical stress buildup on confined cells. Aging of the gel could be greatly reduced 

A B
Cell
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when the silica gel maintain its hydration level [7], or by using osmolytes (e.g. glycerol 

[8], sugars [4]) or biopolymers (e.g., gelatin [67], polyethylene glycol (PEG) [72]). 

Irradiation or nutrient starvation could be used to minimize the mechanical stresses 

generated by eukaryotic and prokaryotic cellular division, while maintained viability and 

functionality.    

 Table 1.4 Encapsulated cells in silica and silica hybrid materials 
Cell Type Sol-Gel Precursors Matrix Porosity Matrix 

Surface 
Chemistry 

Reference 

Saccharomyces 
cerevisiae 

TEOS, TEOS/lipid, 
PGS, TMOS, 
TMOS/alginate, 
sodium silicate/silica 
nanoparticles, 
TEOS/GPTMS 

Mesoporous -OH, epoxy 
ring, -COOH 

[69, 73-76] 

Pseudomonas 
fluorescences 
HK44 

TMOS, 
TMOS/alginate 

Mesoporous -OH, -COOH [76] 

Sulfate-reducing 
bacteria (SRB) 

Silica nanoparticles Mesoporous -OH [77] 

Moraxella spp. Sodium silicate, 
TMOS 

Mesoporous -OH [78] 

Serratia 
marcescens 

Sodium silicate Mesoporous -OH [68] 

Chlorella vulgaris 
(CCAP 211/12) 

Sodium silicate/silica 
nanoparticles/glycerol 

Mesoporous -OH [79] 

Methylomonas sp. 
strain GYJ3 

Sodium silicate, 
MTMOS/TEOS 

Mesoporous -OH, -CH3 [80] 

E. coli Sodium silicate/silica 
nanoparticles/glycerol, 
TMOS, TEOS, 
TMOS/GPTMS/PEG 

Mesoporous, 
macroporous 

-OH, -COOH [8, 22, 81-86] 

Staphyloccus 
aureous 

TEOS/lipid Mesoporous -OH  [87] 

Haematococcus TEOS/GPTES Mesoporous -OH, epoxy ring [88] 
Cylindrotheca 
fusiformis 

Sodium silicate Mesoporous -OH [89] 

Thylakoids DGS, Sodium 
silicate/silica 
nanoparticles 

Mesoporous  -OH [90] 

Synechocystis sp. 
PCC 6803 

TEOS/TMOS/MTEOS Mesoporous -OH, -CH3 [91] 

Synechococcus sp. 
PCC6301, PCC 

Sodium silicate/silica 
nanoparticles 

Mesoporous -OH [14, 37] 
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7002 
Chorella vulgaris 
(SAG 211/11b), 
Botryococcus 
braunii (SAG 
30.80)  

Sodium silicate/silica 
nanoparticles 

Mesoporous -OH [92] 

Cyanidium 
caldarium (SAG 
16.91) 

Sodium silicate/silica 
nanoparticles/glycerol 

Mesoporous -OH [93] 

Pancreatic islets TEOS, TMOS, 
TEOS/DEMS, Silica 
nanoparticles 

Mesoporous, 
macroporous 

-OH,  -NH2 [94-96] 

Hepatocytes TEOS/DEMS/collagen Mesoporous, 
macroporous 

-OH, -CH3 [97] 

HepG2, Jurkat 
Cells, β-cell 
(MIN6) 

TEOS/DEMS/alginate, 
APTMS/alginate, 
TEOS/PDMS 

Mesoporous, 
macroporous 

-OH, -CH3 [98-101] 

Human dermal 
fibroblasts 

Silicic acid/collagen Macroporous -OH  [102] 

3T3 mouse 
fibroblasts 

TEOS Mesoporous -OH [6] 

HUVEC  Silica nanoparticles Mesoporous -OH, -NH2 [5] 
Mesenchymal 
stem cells (MSCs), 
MC3t3-El 

GPTMS/gelatin Macroporous -OH, epoxy ring [103, 104] 

Human 
mesenchymal stem 
cells (HMSCs), 
MCF-7, HSC-T6, 
MC3T3 

TEOS/PEG Macroporous -OH [105] 

Hybridomas THEOS Macroporous -OH [39] 
 

Osmotic stress on confined cells builds up in the presence of ions or small 

molecules that are released during the synthesis of the silica matrices. Oxidative stresses 

also affected confined cells at the silica-lipid membrane interface, and in the cytoplasm of 

confined cells since silica motifs (e.g. –Si-O-Si-) may be able to reach the cytoplasm by 

endocytosis during the silica gel condensation step. Oxidative stress is the result of an 

imbalance in the pro-oxidant/antioxidant homeostasis of various reactive oxygen species 

[106]. The reactive oxygen species may appear due to the extended exposure of the cell 

membrane to the silanol groups (Si-OH) of the silica surface producing lipid peroxidation 
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[106]. The osmotic and oxidative stresses can be reduced by the incorporation of 

osmolytes during the synthesis of the silica matrix. One common osmolyte is glycerol, 

which is usually added to counteract ion concentrations (e.g. Na+)  present during silica 

matrix synthesis and reduce the activity of water [8].  

  Surface interactions of cellular membranes with silica surfaces are influenced by 

the chemistry and topography of the silica surface [107]. The cellular membrane is 

composed of transmembrane proteins, glycolipids, and ion channels that are 

heterogeneously distributed; therefore, it is expected that interactions of the membrane 

components with the silica surface are very specific. This has a considerable impact on 

biological performance at the micrometer scale, influencing cell behavior such as 

adhesion, intracellular cell signaling pathways, morphology, and proliferation [108, 109]. 

Moreover, smaller surface features (< 50 nm) influence cytoskeletal assembly by 

promoting F-actin alignment [110]. Transmembrane proteins such as integrins are the key 

cell surface receptors that function as the primary bridge between the cell and the external 

matrix and play a critical role in modulating adhesive cell-silica interactions [111]. It has 

been shown that cells cultured in silica substrates exhibit a rounded morphology, poor 

adhesion, and low rates of division [109]. Moreover, the cells return to normal growth 

and division, when they were removed and placed under normal culture conditions. 

Structural changes in the adsorbed serum proteins that condition the signal transduction 

of integrin receptors  are one of the explanations for the cellular behavior [109]. The lipid 

domains of cellular membranes also interact with silica surfaces, lipid membranes of cells 

consist predominantly of molecules of phosphatidic acids, phospatidycholines, 
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phosphatidylserine, phosphatidylethanolamide, and cholesterol [112]. There is always a 

negative charge at the cell surface caused by dissociation of phosphatidic acids. This 

charge is largely off-set by positively charged groups [-N(CH3)3]+ of 

phosphatidylcholine. Despite the mosaic structure of the external surface of a cell 

membrane (alternating of positive and negative charged sites), the surface is negatively 

charged (e.g. erythrocytes). Silica surfaces are known to bear a negative charge due to 

dissociation of surface silanol groups [113]. However, experimental data shows a strong 

interaction between the silica surface and the lipid membrane. A simple model has been 

proposed to ascertain some chemical aspects the interaction of silica surfaces has with 

lipid membrane components. A membrane has been represented by a cluster of 

phosphatidic acid and phosphatidylcholine molecules [113]. It is surmised that at 

distances of 5 to 7°A, the interaction is mediated with charged electrolyte particles, 

whereas a net with hydrogen bonds is formed close to the surface where the orbital 

overlap of edge atoms is essential [113].  

1.4) Overview of dissertation 

 The main goals of this thesis are: 

• Investigate the effects of silica encapsulation in the secondary structure of 

proteins and in the structure of lipid membranes. 

• Design a rationale approach for the encapsulation of proteins and cells such that 

the adverse effects of the encapsulating silica matrix can be minimized. 

• Develop novel applications for the encapsulation of cells in silica gels. 
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 The first chapter presents an overview of the silica sol-gel process. Common 

encapsulation protocols for protein and cell encapsulation are described. Moreover, the 

effects that encapsulation in silica matrices produces in the structure of water, proteins 

and cellular membranes are discussed.             

The second chapter describes the structural changes between bulk water and 

confined water in silica gel nanoporous matrices. IR spectroscopy revealed that confined 

water did not freeze at temperatures as low as -180oC, but had liquid-liquid, and liquid-

glass transitions during cooling. Moreover, during warming from cryogenic temperatures, 

the formations of cubic and hexagonal ice in confine water were detected.  

The third chapter investigates the effects of confined water on the secondary 

structure of encapsulated proteins. Different model proteins were encapsulated in silica 

nanoporous matrices and their structure were analyzed using IR and fluorescence 

spectroscopy. Direct evidence that the changes in the hydrogen bonding of water induced 

changes in the structure of encapsulated proteins was obtained. At high temperatures, a 

reduction of hydrogen bonding of water facilitated protein-silica interactions and the 

encapsulated proteins underwent denaturation. However, the incorporation of the 

osmolyte, trehalose, reduced protein-silica interactions, and altered the hydrogen bonding 

of water. As a result, the high temperature thermal stability of the encapsulated proteins 

was greatly improved. 

The forth chapter describes the sol-gel silica encapsulation of recombinant E. coli 

cells for the development of a biotechnology application. A combination of silica 

nanoparticles (Ludox TM40), alkoxides, and an organic polymer were used for the 
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synthesis of the sol-gel silica matrix. After encapsulation, cells maintained their 

enzymatic activity even though they were not viable.  Moreover, the enzymatic activity 

of encapsulated cells was close to the values of cells that were not encapsulated. 

Surprisingly, the encapsulated cells maintained enzymatic activity for over four months 

while free cells only last for 21 days. We also investigated the conformational changes of 

lipid membranes of encapsulated cells. Our results showed that after encapsulation a 

significant increase in the packing of the lipid membranes occurred which was attributed 

to the increase in viscosity of the silica sol-gel during and after the gelation process.  

 The fifth chapter investigates the viability and metabolic activity of mammalian 

cells encapsulated in silica matrices. The encapsulation was performed using a water 

soluble alkoxide in order to reduce the cytotoxicity of the by-product produced during the 

hydrolysis process. Silica encapsulation conferred conformational change in lipid 

organization of the encapsulated cells, which was reflected in a drop in the viability and 

metabolic activity. Moreover, a biocompatible polymer (PEG) was incorporated during 

the gel synthesis in order to reduce surface interactions between the silica surface and the 

cell membranes. These new gels (called SPEG gels) allowed the encapsulated cells to 

maintain their metabolic activity for longer periods of time. The integrity of the cell 

membranes in SPEG gels was corroborated indirectly by measuring the leakage of the 

cytoplasmic enzyme lactate dehydrogenase (LDH). Moreover, arresting cellular division 

of cells by irradiation further extended the metabolic activity of encapsulated cells.  

 The sixth chapter describes the development of a thixotropic “reversible” 

biomaterial gel. A thixotropic gel transitions into a liquid when a shear stress is applied to 
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the gel. The produced gels were used for the reversible encapsulation of mammalian 

cells. Moreover, when mixtures of cancer and normal cell lines were encapsulated in the 

gel, most of the extracted cells were cancer cells, which showed the potential of the 

reversible gels as a screening tool for cancer cells from tumors.     

  The seventh chapter contains the conclusions of this thesis and includes 

suggestions for future work. 
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Chapter 2: Effects of the Low Temperature Transitions of Confined 

Water 

on the Structures of Isolated and Cytoplasmic Proteins1 

 2.1) Introduction 

Macromolecules such as enzymes and antibodies can be encapsulated in 

nanoporous matrices, stabilized, and stored for extended periods of time without loss of 

activity (for recent reviews see Flickinger et al. [114], and Avnir et al. [4]). Interestingly, 

certain enzymes also have significantly higher reactivity, and stability when confined in 

nanoscale pores [115-117]. This allows the development of novel technologies that 

incorporate macromolecules into “reactive” coatings to be used as bioreactors, 

biosensors, and even biological batteries [114]. Similarly, a handful of studies conducted 

with bacterial, plant, and mammalian cells show that these more complex entities also 

have increased stability, and can function when they are encapsulated [94, 118, 119]. In 

these studies, microorganisms are encapsulated in rigid mesopores (which prevent their 

proliferation) surrounded by a high permeability nanoporous matrix, which enables 

diffusion of nutrients and by-products. Encapsulated, non-growing bacteria are shown to 

be biologically reactive for 60 days to 5 years when used in a variety of applications 

ranging from hydrogen production, measurement of nitrate levels, and detection of heavy 

metals, and toxins [120].  

                                                 
1 Reprinted from Journal of Physical Chemistry B, E. Reátegui, A. Aksan Effects of Low Temperature 
Transitions of Confined Water on the Structures of Isolated and Cytoplasmic Proteins  2009, 113, 13048 – 
13060,  copyright (2009), with permission from American Chemical Society. 
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It is still not known what mechanism(s) enable the encapsulated biological 

macromolecules to be stable and functional, and the microorganisms to be reactive for 

long periods (even exceeding their biological life expectancy). However, there is 

accumulating evidence for the role of water in confinement affecting the molecular 

motions of the macromolecules, and the cellular membranes [58-61, 121]. The physical, 

chemical and thermodynamic properties of water change when it is in close proximity to 

surfaces or is associated with biomolecules and membranes [58-63]. Also, it is known 

that there is a strong correlation between the solvent motions and the motions of 

macromolecules [122-124]. Therefore, to determine the mechanism(s) of stabilization 

offered by confinement it becomes important to understand the interactions of the 

confined water with the biological macromolecules. 

Similarities between confined water (water in close proximity to solid surfaces) 

and hydration water (associated with macromolecules and membranes) are profound 

[125-129]. Much of the intracellular water exhibits physical properties unlike those in the 

bulk [130, 131]. This is attributed to the presence of high concentrations of proteins (200 

to 300 g/l) [132], inorganic ions, and a variety of other small solutes in the cytoplasm 

enmeshed in a network of cytoskeletal proteins (actin filaments, microtubules, and 

intermediate filaments). In individual organelles such as mitochondria protein 

concentration may be even higher [133]. It is speculated that the crowding in the 

cytoplasm is a major mechanism enabling unusually high reactivity of biomolecules 

resulting in faster reaction rates (similar to what is observed in confinement) [130, 134, 

135]. 
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The present study is focused on understanding the effects of confinement on the 

kinetic and thermodynamic transitions of water at low temperatures, and also identifying 

the effects of those transitions on the structures of confined isolated proteins, and the 

cytoplasmic proteins of encapsulated, intact bacterial and mammalian cells.  

2.2) Materials and methods 

All of the chemicals and the model protein (hen egg white lysozyme) were 

purchased from Sigma (Sigma-Aldrich Corp., St. Louis, MO). All of the solutions were 

prepared gravimetrically on a microbalance using ultrapure water (UPW). For the stock 

solution, lysozyme was dissolved in UPW at a concentration of 20 mg/ml, and kept 

refrigerated at -4°C until used. 

2.2.1)  Cell culture 

LNCaP cells were grown following established protocols. Briefly, DMEM/F-12 

(Invitrogen Co., Carlsbad, CA) medium was supplemented with 5% fetal bovine serum 

(Invitrogen), 1% penicillin/streptomycin (Mediatech Inc., Herndon, VA), and 0.01% of 

10-5 M Dihydrotestosterone. Cells were cultured in 250 ml flasks in growth media and 

incubated in 5% CO2 atmosphere at 37ºC until they reached confluence. Before the 

experiments, cell monolayers were suspended by treatment with 1 ml Trypsin-EDTA 

(Invitrogen) solution for 5 min at 37ºC. Trypsin was then neutralized by adding 10 ml of 

DMEM/F-12 to the solution. Cell suspensions were transferred to 50 ml tubes and 

centrifuged at 800 RPM for 5 min. The supernatant was removed and the cells were re-

suspended in 0.5 ml isotonic phosphate buffer (1XPBS: Cambrex Co. East Rutherford, 
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NJ). The suspended cell solution was then kept in the incubator until encapsulation. 

Encapsulated cells were analyzed by fluorescence microscopy using an Olympus BX50 

microscope (Olympus Inc., Center Valley, PA). The fluorescent dyes used in the viability 

analysis were Hoescht and Propidium Iodide (Sigma). 

Geobacter sulfurreducens was obtained from ATCC (Manassas, VA). Bacteria 

were grown in media containing (per liter basis): 0.1 g of KCl, 0.2 g of NH4Cl, 0.6 g of 

NaH2PO4, 10 ml of vitamin mix, and 10 ml of trace mineral mix. The pH of the medium 

was adjusted to 6.8. Prior to incubation at 30ºC, the medium was flushed with N2/CO2 

(80%/20%). After the bacteria were inoculated, they were transferred to 10 ml conical 

tubes and centrifuged at 2500 RPM for 5 min. The supernatant was removed and 0.5 ml 

of 1XPBS was added. The bacteria were gently agitated and then stored in the incubator 

until encapsulation. 

2.2.2)  Encapsulation and characterization 

To prepare the nanoporous gels, 1 ml of colloidal silica Ludox 30SM (Sigma-

Aldrich Corp., St. Louis, MO) was mixed with 60 μl of 3M HCl. The final pH was 7.2. 

Later, 1 ml of sol was mixed with 0.5 ml of protein solution (20 mg/ml of lysozyme in 

UPW). 0.1 ml of the sol was mixed with 0.1 ml of PBS cell solution in all experiments 

involving mammalian cells, and bacteria. pH was checked and, if needed, re-adjusted by 

adding small quantities of 3M HCl. Later, 0.5-2μl of the solution was deposited on a 

CaF2 window, placed on a modified spin coating device and spun at high speeds to form a 

thin film over the surface of the CaF2 window. In all cases gelation was achieved 

immediately. Some of the samples were equilibrated for 24 h in a controlled humidity 
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chamber (e.g. 30 and 50% RH) at room temperature. Additionally, UPW samples were 

prepared by sandwiching 5 μl of UPW between two CaF2 windows and sealing with 

vacuum grease. 

A nitrogen sorption method was used to measure the pore size distribution in the 

silica gels. These studies utilized a TriStar 3000 Surface Area and Pore Size Analyzer 

(Micromeritics Corp., Norcross, GA). Prior to analysis, the sample was degassed for 1 h 

at 1 mmHg pressure. Pore sizes were calculated from the absorption/desorption isotherms 

against the vapor pressure at 77.3 K. Fig. 2.1 shows the pore size distribution in the silica 

gels. The pores had an average diameter of 5.11 nm (absorption) and 4.53 nm 

(desorption) and a distribution of pore diameters that ranged from 1.8 to 80 nm.  

Scanning Electron Microscopy was performed with a Hitachi S-900 FESEM 

(Hitachi Co., Lawrenceville, GA) Scanning Electron Microscope. Samples of nanoporous 

gels were sputtered with tungsten at rate of 1A°/min for 10 minutes, and were directly 

mounted on the microscope.  

 
Figure 2.1 Pore size distribution in the silica gel (adsorption). The insert is an SEM 

image of the silica matrix surface.  
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2.2.3)  FTIR microscopy and spectral analysis  

Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed 

using a Nicolet Continuµm FTIR microscope (equipped with a MCT micron detector, 

Thermo Electron Corporation LLC, Waltham, MA). IR spectra in the range of 930-4000 

cm-1 were recorded using an aperture size corresponding to an area of 100 x 100 μm on 

the sample. The resolution was 4 cm-1, and 128 co-added interferograms were averaged at 

each data point. A freeze-drying cryostage (FDCS 196, Linkam Scientific Instruments 

Ltd., UK) was mounted on the FTIR microscope for cooling and heating of the samples 

at a controlled rate. Spectral analysis was performed using Omnic (Thermo-Nicolet) and 

Peakfit4 software (Systat Software, Inc., San Jose, CA).  

Quantification of the protein secondary structure change was based on the second 

derivative analysis of the Amide II band (1500 – 1570 cm-1). Note that as opposed to the 

Amide I band, the Amide II band does not include spectral contributions from water 

[136], and therefore is more suitable for structural analysis. Second derivative analysis is 

a standard procedure for quantify the secondary structure of proteins [136-142]. In this 

method the second derivative of the IR spectra is taken (e.g. second derivative of the 

Amide II region) and then the intensity of the appeared bands are proportional to the 

protein secondary structure [136, 138, 140, 141, 143-146]. In the case of the Amide II 

band, two peaks appeared after the second derivative was taken: (1)  β-sheet band  (1526-

1504 cm-1 ) [147-149]; (2) α-helix + β-sheet band (1540-1560 cm-1 ) [148, 150]. The 

intensities of these bands were measured respect to a common baseline for all the spectra.   
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2.3) Results 

Experiments were conducted with liquid (i.e., bulk water) and nanoporous silica 

matrix-confined water to identify its kinetic, and thermodynamic transitions in the 

temperature range of -180 < T < 45oC. Similar experiments were conducted to determine 

the corresponding changes in the secondary structures of a model protein (lysozyme) as 

well as in the endogenous proteins of silica-encapsulated bacterial and mammalian cells.  

2.3.1) Identification of the water families 

The ν-OH (OH stretch) band of liquid water was fitted using a Gaussian free-

fitting routine. Three water populations with distinct hydrogen bonding (H-bonding) 

characteristics were identified (Fig. 2.2A). The lowest frequency Gaussian band (ω = 

3295 cm-1) corresponded to the water molecules with a  H-bonding coordination number 

of 4, and originated from a population of water molecules organized in a tetrahedral 

geometry, similar to what is seen in ice. This population was identified as the “Network 

Water (NW)” [151, 152]. The highest frequency Gaussian band (ω = 3598 cm-1) was 

assigned to non-H-bonded or weakly H-bonded OH groups. 

This band was identified as the “Multimer Water (MW)” [151, 152] and 

corresponded to water molecules with the H-bonding coordination numbers of 1 and 2. 

The Gaussian band at the intermediate frequency (ω =3456 cm-1) belonged to the water 

molecules participating in irregular, energetically unfavorable H-bonded networks. This 

band was identified as the “Intermediate Water (IW)” [151, 152]. The relative area of 

each one of these fitting bands have been related to the  NW, MW and IW populations 
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[152]. However, it is important to mention that the ν-OH band absorbs IR energy 

depending on the degree of hydrogen bonding [153] therefore, there must be a difference 

between the relative areas and the populations. However, the changes on the relative 

areas are significant and still can be related to the populations [154, 155]. The scope of 

this work follows this consideration and the term population will be used. When the 

temperature is decreased the NW population increases, IW population decreases, and 

MW population also decreases [151, 152].  

 
 
Figure 2.2 (A) ν-OH band of liquid water, (B) δ-OH band of liquid water, (C) ν-OH 
band of silica confined water, (D) δ-OH band of silica confined water. All IR spectra 

were collected at T = 23°C. 
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Due to its asymmetric shape, the δ-OH (OH bend) band was fitted using two Gaussian 

bands, which centered at 1671, and 1643 cm-1 (Fig. 2.2B). The higher frequency band 

was assigned to water molecules involved in a tetrahedrally arranged H-bond network 

(NW), whereas the lower frequency band was attributed to water trapped in irregularly H-

bonded networks (IW) [152]. The populations of NW and IW water molecules are also 

represented by the area of each one of these fitting bands [152]. When the temperature is 

decreased the NW and IW populations increase and decrease, respectively [151, 152].  

When the ν-OH band of the water confined in the silica matrix was fitted, in 

addition to the water families, several high frequency peaks appeared (Fig. 2.2C). These 

peaks corresponded to the vibrations of the OH groups that were very strongly associated 

with the silica surface [156]. The Gaussian peaks contributing to the ν-OH band of the 

confined water were assigned as follows: 3741 cm-1, ν-OH of the free hydroxyl groups on 

the surface of the silica gel; 3727 cm-1, ν-OH of the hydroxyls  weakly bonded to the 

silica surface and perturbed for near absorbed liquid water on the silica surface [157]; 

3670 cm-1, ν-OH of the hydroxyls strongly bonded to the silica [156]; and 3563 cm-1, ν-

OH of water monomers, and dimmers, and water molecules absorbed to the silica surface 

(MWc) [156]. The bands located near 3225 cm-1 and 3458 cm-1 corresponded to the 

stretching vibrations of completely self-associated “ice-like” water (NWc) and water 

molecules in irregular H-bonded networks (IWc) [156, 158]. Considering that there are no 

silica bands near the δ-OH region of confined water [156], this band was fitted with two 

Gaussian components [159], at 1631 cm-1, and 1671 cm-1. The assignment of these 

components were in agreement with the studies of confined water in zeolites [128]. When 



35 
 
the temperature is decreased, the bands at 1631 cm-1 and 1671 cm-1 follow the same 

trends as the IW and NW of liquid water, respectively [128]. Therefore, the band at 1631 

cm-1 was assigned to IWc and the band at 1671 cm-1 was assigned to NWc (Fig. 2.2D). 

The additional water families located at high frequencies bands identified in the ν-OH 

band did not contribute to the δ-OH band due to the nature of the bonds they formed. 

Note that the water families of confined water have been marked with the subscript “c” 

because it is indeed possible to have small differences in the composition of the families 

in liquid and in confined water.   

2.3.2) Low temperature transitions of the confined water 

Changes in the IR spectra of silica-confined water during constant cooling rate 

experiments (2oC/min) were analyzed to reveal the kinetic and thermodynamic transitions 

of water at low temperatures. Fig. 2.3 shows the changes in different spectral regions of 

the liquid (i.e., bulk) and confined water during cooling. With decreasing temperature H-

bonding among water molecules increased, increasing the NWc population and thus 

pushing the δ-OH peak maximum to higher frequencies. The opposite was observed in 

the ν-OH band, where the peak maximum shifted to lower frequencies.  
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Figure 2.3 Change in the IR spectra during cooling: (A) ν-OH band of liquid water, 
(B) δ-OH band of liquid water, (C) ν-OH band of silica confined water, (d) δ-OH 

band of silica confined water. 
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Figure 2.4 Change in the NWc population of confined water during (A) cooling and 
(B) heating at dT/dt = 2°C/min. The solid line in (B) shows the path during cooling. 
The insert in (B) is a zoom view in the range 10°C ≤ T < 45°C. The NWc population 

was calculated using the δ-OH band. 
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characteristics of freezing [151, 160]. For the spin-dried gels a slight slope change in the 

NWc population curve was observed at approximately -10oC (Point A). This was 

attributed to the freezing of water in some of the larger pores (few in number) in the 

matrix (see Fig. 2.1). However, as evidenced by the lack of the spectral features that 

accompany freezing (described above), it was concluded that water in the majority of the 

nanopores did not freeze.  

Region III (-120 < T < -38oC) starts at the homogeneous nucleation temperature 

and covers the range down to the crystallization temperature (Tx = -120°C) [161]. This 

region is called the “no Man’s land”, since it is not possible for the bulk water to remain 

liquid in this temperature range either during cooling or heating [161]. However, 

spectroscopic analysis revealed that even in Region III confined water in the spin-dried 

gels did not freeze but remained liquid. It is known that the freezing temperature of 

confined water is depressed as a function of the pore size [162-164]. In Region III, a 

slope change in the NWc population increase was observed at approximately -51oC 

(Points B and B*). This temperature corresponds to the Fragile-to-Strong Transition 

(FST) of water [165]. It is also is in the neighborhood of the specific heat maximum of 

supercooled liquid water (-45oC) [166].  

Regions IV and V correspond to the metastable states of water, where the water is 

ultraviscous and glassy, respectively [167]. Point C (-120oC) in Fig. 2.4A, another small 

inflection point, corresponded to the onset of Region IV. Point D (-145oC), on the other 

hand, marked the transition of the confined water to a glass, where the temperature 

dependence of the NWc population disappeared in all gels. The exact glass transition 
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temperature of liquid water is widely debated. However, the proposed values generally 

fall within the range of -134 < T < -149°C [161, 168, 169]. Given that encapsulation also 

changes the glass transition temperatures of solutions [170], the measured value of -

145oC for the glass transition of confined water was considered to be a reasonable value.  

During warming from -180oC, the NWc population followed the same course 

recorded during cooling up to -118°C (point E), which correlated to Tx. Beyond this 

point, the NWc population started to increase with increasing temperature, indicating the 

formation of cubic ice (Ic). This is in agreement with the published data, which show that 

when glassy water is slowly heated to a temperature above its Tg at ambient pressure, it 

crystallizes into Ic [171]. Formation of Ic during warming was attributed to the slow 

heating rate (2°C/min) utilized, which was not sufficient to eliminate recrystallization 

[172]. With further heating, Ic transitioned into hexagonal ice (Ih) at -45°C (Point F) [171, 

173]. It is known that Ic crystals irreversibly convert to Ih upon heating [174]. NWc has a 

structure closely resembling Ih (both have tetrahedral H-bonds). Therefore, transition of Ic 

to Ih created a significant increase in the NWc population (much more than that measured 

during the Ic transition). Point G (-17oC), a local maximum in the NWc population, 

corresponded to the onset of the melting of Ih phase. It is known that confinement also 

depresses the melting point temperature of water [175, 176]. Point H (Fig. 2.4B insert) 

corresponds to another transition of the confined water (at ~31oC) observed during 

warming: The specific heat minimum of water [177]. To our knowledge, this was a first 

time observation of this phenomenon in confined water using FTIR spectroscopy. 
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In parallel experiments, the cooling/warming rates were altered (1°C/min and 

4°C/min) and no significant changes in the locations of the previously described 

transitions were detected. Moreover, stabilities of the supercooled liquid and the ice 

phase were probed by holding the temperature of the samples constant at predetermined 

temperatures. The arrow shown by “aa” in Fig. 2.4A corresponds to a “hold” point (T= -

80oC) below FST. With time, the NWc population gradually increased and eventually 

reached equilibrium (data not shown). The NWc population at equilibrium condition for 

point “aa” was 3.35% more than the NWc population value obtained during cooling at 

2°C/min. Similarly, the arrows marked “bb” and “cc” in Fig. 2.4B show the locations of 

the “hold” points for the Ic phase, and the Ih melting point, respectively. When the sample 

was kept at constant temperature at “bb”, the size of the Ic phase increased and eventually 

reached equilibrium (data not shown) indicated by no further change on the NWc 

population. The NWc population at equilibrium condition for point “bb” was 3.80% more 

than the NWc population value obtained during warming at 2°C/min. On the other hand, 

when the sample was kept at “cc”, the NWc population decreased continuously, 

eventually reaching the values recorded during cooling. The experiments presented here 

helped identify the different phases, and the kinetic and thermodynamic transitions of 

confined water during cooling to and from cryogenic temperatures.  

2.3.3)  Transitions of the encapsulated macromolecules  

In the second part of the study, experiments were performed with a model isolated 

protein (lysozyme), a model bacterium (Geobacter sulfurreducens), and model 
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mammalian cells (LNCaP) that were encapsulated in silica gel matrices. Fig. 2.5 shows 

the Amide II region of the spectra collected from the encapsulated organisms and 

lysozyme. The silica gels that contained lysozyme were spin-dried or equilibrated at 

different RH environments (0%, 30% and 50%). The gels that contained the mammalian 

or the bacterial cells were spin dried. Fluorescence microscopy-based live/dead analysis 

(results not shown) indicated that all of the cells survived the silica gel encapsulation 

process and were intact. 

 

Figure 2.5 Amide II region of lysozyme, Geobacter sulfurreducens, and 

LNCaP.  

 
Significant changes were observed in the Amide I and Amide II bands of the 

encapsulated lysozyme when temperature and hydration levels were changed. The Amide 

I and II bands of the 0% RH equilibrated encapsulated lysozyme were broadened and 

shifted towards lower frequencies (compared to those for the fully-hydrated lysozyme in 

solution). These changes were similar to what is observed during decreased hydration 
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[178, 179]. The spin-dried, the 30% and 50% RH equilibrated samples had spectral 

features similar to the fully-hydrated lysozyme in solution. During cooling experiments, 

in all of the gels Amide II peak frequency increased with decreasing temperature. Note 

that Amide II peak arises from the secondary structures of the proteins and is not affected 

by water. Fig. 2.6A shows the change in the Amide II peak position as a function of 

temperature during cooling of the encapsulated and spin-dried lysozyme, LNCaP cells 

and Geobacter sulfurreducens. Note that the inflection (Point B) located at -51oC is at the 

same temperature as FST observed in confined water (Fig. 2.4A). This temperature also 

corresponds to the “Protein Glass Transition (PGT) temperature” [180, 181]. PGT is 

thought to be coupled to the FST of the water molecules that are bound to the amino 

groups of the proteins [178]. The synchrony between the temperature-dependent 

structural transitions of the proteins and confined water was also observed during 

warming (Fig. 2.6B), mainly at point F, which is the Ic to Ih phase change of the confined 

water; at point G, the Ih melting temperature; and Point H, which is the specific heat 

minimum of water. Other transitions observed in confined water such as the glass 

transition (Point D in Fig. 2.4A) and crystallization into Ic (Point E in Fig. 2.6A) were 

difficult to detect in the Amide II band due to lower signal to noise ratio. These 

experiments demonstrated the strong coupling between the transitions of the confined 

water and the secondary structures of the encapsulated lysozyme, and the cytoplasmic 

proteins of encapsulated organisms. 

In order to further quantify the encapsulation-induced changes in the protein 

secondary structure, second derivative spectral analysis of the fully hydrated and 
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encapsulated lysozyme were performed. Additionally, FTIR and DSC experiments were 

conducted with air-dried, fully-hydrated, and thermally denatured lysozyme to quantify 

the corresponding structural changes of the protein, and to form the basis of the spectral 

analysis presented below.  

    

Figure 2.6 Change in the location of the amide II band peak for isolated and cellular 
proteins during (A) cooling and (B) heating at dT/dt = 2°C. The insert in A is a 

fluorescence photomicrograph of silica-encapsulated LNCaP cells 
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Fig. 2.7 shows the β-sheet and α-helix+β-sheet band intensities of fully hydrated 

and encapsulated lysozyme at different hydration levels as a function of temperature. 

Structural ordering of the fully-hydrated lysozyme increased with decreasing temperature 

in the stable and supercooled liquid phases. However, freezing at T ~ -15oC induced a 

sudden decrease in the α-helix+β-sheet intensity (Fig. 2.7B) and also altered the β-sheet 

formation kinetics (note the slope change at T~ -15oC in Fig. 2.7A). After freezing,  the 

structural changes of  proteins depend on additional factors such as cold temperature,  

freeze-concentration, ice formation [182], and ice-induced denaturation [183]. The exact 

contribution of each of these factors to the structural changes of the proteins is not fully 

understood and presents an active area of research [182-185]. Therefore, the structural 

changes of proteins does not necessarily correlate directly with changes in the water 

structure due to the other factors that are inherently present.  

In the encapsulated lysozyme (spin-dried, equilibrated at 30% and 50% RH), the 

β-sheet intensity decreased linearly with decreasing temperature with a slope change at -

51°C (2.7C, E, and G). However, the α-helix+β-sheet intensity (Fig. 2.7D, F, and H) 

increased linearly with decreasing temperature with a slope change at -51°C 

(corresponding to the FST of the confined water and the PGT temperature of the 

proteins). The results below PGT temperature must be interpretated carefully. Below 

PGT energy restrictions render conformational changes of the protein nearly impossible, 

although small-amplitude vibrational and torsional motions may still be present [57]. 

Therefore, the existing non-zero slope observed after FST in the α-helix+β-sheet 

intensities were attributed to backbone intrinsic vibrations, or backbone vibrations induce 
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by temperature [186]. The existing non-zero slope below FST therefore should not be 

interpretated as protein structural change [57]. 

   The α-helix + β-sheet intensities (i.e., the structural ordering) of the encapsulated 

lysozyme, and the cytoplasmic proteins of the bacteria and mammalian cells were 

linearly correlated to the NWc content of the surrounding water (Fig. 2.8). This is in 

accord with the results presented in Fig. 2.6A and 2.6B, supporting the argument that the 

organization of the surrounding water define the structural changes of proteins in 

confinement. 
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Figure 2.7 Temperature induced secondary structural changes in (A) , (B) fully 
hydrated lysozyme; (C), (D) silica-encapsulated lysozyme ()spin-dried); (E), (F) 

silica-encapsulated lysozyme (equilibrated at 30 % RH); (G), (H) silica encapsulated 
lysozyme (equilibrated at 50 % RH). 
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Figure 2.8 Change in the α-helix+β-sheet intensities of the spin-dried encapsulated 
lysozyme and the cytoplasmic proteins of encapsulated bacteria and encapsulated 

mammalian cells with NWc population. 

2.4) Discussion  

Encapsulation alters protein motions and structure at different timescales [187], 

depending on the hydration level, temperature and the surface charge of the matrix [188-

190]. Altered protein motions can be purely vibrational and slaved to the hydration layer 

or can be conformational and coupled to the viscosity of the solution [191]. For example, 

CO rebinding kinetics, and the population distribution of different affinity conformations 

of the sol-gel encapsulated human hemoglobin can be altered by aging the matrix, 

changing the ratio of water to silica or the pH of the solution [58, 61].  

The ability to stabilize different conformations of the same molecule enables the 

development of new methods to quantify the ligand binding affinity and kinetics of 

proteins [192] at normally unstable configurations [191]. Encapsulation also enables 

stabilization of proteins and organisms in functional forms [114].  Therefore, it is 
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important to quantify the interactions between the protein, its hydration layer and the 

encapsulating matrix [94, 118-120]. 

2.4.1) Behavior of confined water 

The silica matrix is highly hydrophilic [84, 158] thanks to the hydroxyl and 

silanol groups that form during gelation. These functional groups can be identified by the 

unique vibrational bands they generate in the ν-OH region of the IR spectra. They also 

contribute to a MWc population increase specifically at close proximity to the surface of 

the nanopores. Rest of the water in the pores form NWc and IWc families and populate 

the center of the nanopores [193, 194].   

In our studies conducted at cryogenic temperatures while the δ-OH band of the 

liquid water shifted to higher frequencies accompanied by a significant decrease in 

magnitude (a well-established sign of freezing caused by a very significant change in the 

bending modes upon solidification [151, 160]). However, confined water preserved its 

liquid-like characteristics down to -180oC [195].  It is known that the freezing 

temperature of the water in hydrophilic confinement is depressed significantly as a 

function of pore size [196]. Freezing point depression may be attributed to the “size 

effects” (that the water molecules cannot form a large enough nucleation embryo), or to 

the “surface effects” that change H-bond characteristics and organization. The observed 

shift in the peak location of the ν-OH bands in the confined water showed differences in 

H-bond characteristics that were attributed to the surface contributions to the free energy 

of the fluid in confinement (i.e., the “surface effect”) [194]. However, there was also 
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evidence of the “size effects” playing a role (the presence of NWc and IWc families 

throughout the temperature range) in the observed freezing point depression. This is 

supported by the published reports correlating the depression of the melting point of 

confined liquids to pore radius [175, 176, 193, 194, 197]. 

In the “no Man’s land” (Region III), we identified a temperature (-51oC), at which 

the temperature dependence of NWc population growth suddenly changed. This point is 

at the same temperature as the FST of liquid water (located at Tc ≈ -53°C, Pc ≈ 1 kbar) 

predicted by the Liquid-Liquid Critical Point (LLC) Theory [198]. LLC theory proposes 

the existence of a first order phase transition between the two phases of liquid water: a 

High-Density Liquid (HDL) and a Low-Density Liquid (LDL) [198]. LLC theory gives 

rise to the Widom line, which extends into the one phase region [199]. The FST 

temperature is pressure dependent and decreases with increasing pressure, until it 

intersects the crystallization temperature line for bulk water at P ~ 1.6 kbar [200].  HDL 

has tetrahedral H-bonded structure that is not fully developed, whereas LDL has an ice-

like, completely developed H-bond structure [201, 202]. Activation energy for HDL is 

lower than the activation energy for the LDL [198]. This indicates that the NWc family 

dominates the LDL, while the IWc family dominates the HDL, and the FST is a critical 

transition in the composition of the mixture made up of the NWc and IWc families [203]. 

This is also supported by the fact that near its glass transition temperature water is a very 

strong liquid, whereas in the supercooled region it is fragile [165]. Therefore, confined 

water must undergo a structural change (HDL → LDL) before reaching the glassy state. 
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Experiments performed with liquid water using Nuclear Magnetic Resonance 

(NMR) [200, 204] and Quasielastic Neutron Scattering (QENS) [198] show that there is a 

transition in the self diffusion coefficient (D) and the average translational relaxation time 

(τT) of water when the Widom line is crossed. These properties initially show a super-

Arrhenius dependence on 1/T at room temperature and at moderately low temperatures 

(in the fragile liquid regime), but an Arrhenius dependence on 1/T below -51°C (in the 

strong liquid regime) [198, 199]. FTIR measurements reported here also identified the 

FST of water. A comparison of the reported NMR data [200] and FTIR data from our 

research is shown in Fig. 2.9. Change in the temperature dependence of both translational 

and vibrational motions of water at FST point to possible coupling of these modes. 

 

Figure 2.9 Comparison of the FTIR data (this study) with NMR data [200]. 
 

 

During warming of confined water a deviation from the cooling behavior was 

observed near -120°C, which was caused by re-crystallization. This was also observed 
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during warming of mesoporous Vycor and sol-gel glasses from cryogenic temperatures 

[193]. Non-freezing layers cause an apparent decrease in the transition enthalpy, mainly 

due to the difference in the heat capacities of the liquid and the crystalline phases [205, 

206]. Upon heating, the non-freezing layers favor the nucleation of the confined liquid 

and cause hysteresis between heating and cooling [207].  

In confined water, Ih melting point was depressed to -17°C. Depression of the 

melting point in confined water as a function of pore radius was previously reported in 

the literature [175, 176, 193, 194, 197]. The Gibbs-Thomson equation can be used to 

predict the melting point depression of water confined in pores at a radius, R,: [197, 207]  
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where R

mT  is the equilibrium melting temperature of the confined solid, free
mT  is the 

melting point of the free solid (0°C), ls ,γ is the interfacial tension between the solid and 

its melt, Vs is the molar volume of the solid, and R
mHΔ  is the molar enthalpy of melting at 

R
mT . Using Eq. 1 and the values obtained from the literature ( R

mHΔ = 334 J/g, ls ,γ = 25.5 

mJ/m2, and Vs = 18 cm3/mol) [193] it was confirmed that the melting point was depressed 

to -17°C for an average pore diameter of 5.11 nm (Fig. 2.1). 

2.4.2) Behavior of confined proteins 

Proteins have heterogeneous surfaces and are structurally flexible [187, 208], 

Confinement in a nanoporous matrix alters the vibrational and conformational motions of 
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proteins through,  a) geometrical restrictions imposed by the rigid surfaces known as the 

“wall effect”, b) specific interactions between the protein surface and the matrix wall and 

c) the change in the relative populations of the surrounding water [155, 209].  

Geometric restrictions imposed by confinement limits the conformational space 

and hence destabilizes the unfolded state of the protein by reducing its entropy [56]. This 

increases the stability of the native state in encapsulation [60, 116]. In a recent study 

[188], it is reported that the global rotational motion of lysozyme is restricted in silica 

gels at neutral pH, and low ionic strength environment. The origin of the restriction is 

shown to be due to electrostatic interactions between the encapsulated lysozyme and the 

silica matrix. However, the segmental vibrational rotations and the conformation of the 

protein are unaffected [188]. This is in agreement with our results. FTIR spectra in the 

Amide I and II regions of encapsulated and lysozyme in solution did not show 

differences, which indicated that the overall secondary structure was preserved. 

Protein absorption onto silica surfaces changes its secondary structure, in the 

literature there are reports that observe changes in the secondary structure of lysozyme 

due to absorption onto silica nanoparticles [210, 211]. However, in our study the 

experimental conditions were different, we encapsulated the protein in silica sol-gel, 

which means that the silica nanoparticles formed a gel through a condensation reaction 

encapsulating the protein, and the absorption area of the silica particles were reduced due 

to coalescing of the particles.  A very recent study on protein absorption [212] also found 

that the secondary structures of proteins (cytochrome C and apomyoglobin) differ 

considerably when they are absorbed onto the silica surfaces (where they lose their 



53 
 
helicity) as opposed to when they are encapsulated in silica (where they maintain their 

helicity). Additionally, reports in the literature show that interactions of the silica matrix 

with globular protein can be detected by comparison the IR regions near 3750 to 3650 

cm-1.  According to these studies, those bands should disappear from the spectrum as a 

result of strong interactions of the protein with the silica surface [213]. In our 

experiments, we did not find any difference in the ν-OH band near 3750 to 3650 cm-1 

between confined water and confined lysozyme (data not shown). There is a possibility 

that the secondary structure of lysozyme changed locally (probably at the sites that the 

protein is closer to the silica surface). Another experimental technique such as intrinsic 

fluorescence could be used to investigate this possibility, but the fact that FTIR analysis 

failed to detect any structural changes in the overall secondary structure of lysozyme 

implies that protein-surface matrix interactions must have a local effect. Therefore, even 

though that there may be specific interactions between the lysozyme and the silica 

surface (which cannot be detected by FTIR), during cooling the structure of the 

encapsulated lysozyme was altered mainly due to changes in the solvation properties of 

the surrounding water [64].  

Recent studies on encapsulated proteins suggest that confined water plays an 

important role in the structural changes of proteins, it is showed that changing the activity 

of confined water with ions (e.g.  phosphates)  enhance the α-helix content of proteins. It 

is hypothesized that an interchange in the order of water molecules between the silica 

surface and the ions are determinant for the protein stability [65, 121]. At low 

temperatures the structuring effect that water has seem to be the responsible for ordering 
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the protein. The observed difference in the temperature dependence of the β-sheet and the 

α-helix+β-sheet intensities of the fully-hydrated (Fig. 2.7A,B) and encapsulated (Fig. 

2.7C-H) lysozyme can be attributed to the difference in the surrounding water 

populations [209]. Freezing results in an abrupt change in the H-bonding organization of 

water causing a net reduction in the conformational flexibility, the hydration level, and 

the structure of the protein [182]. This was confirmed by the evolution of the β-sheet and 

α-helix+β-sheet intensities, which showed a drastic change at the freezing point (Fig. 

2.7A, B).  

In all the cases, the β-sheet intensity of the encapsulated lysozyme decreased very 

significantly down to -51°C. On the other hand, in all of the encapsulated samples the α-

helix+β-sheet intensity increased linearly until FST was reached. The FST temperature is 

also very close to the reported PGT temperature of the lysozyme at -48°C [179, 214]. At 

FST, confined water changes from an HDL-dominant to an LDL-dominant organization 

[203]. When surrounded by the HDL-dominant water (which has weaker, energetically 

unfavorable H-bonds) the α-helix content of the encapsulated lysozyme increased with 

decreasing temperature (as shown by a higher slope in Fig. 2.7D, F, and H in the range -

51 < T < 0oC). It is known that a greater change in the conformation of the lysozyme 

occurs in the protein regions with α-helical and RC domains where there are many weak 

or bifurcated H-bonds (high IW and MW content) [215]. We propose that with increasing 

population of NWc more water molecules are stripped from the RC domains [216]. 

Scarcity of water forced the RC domains to transition into an α-helical configuration 

where the remaining structural water could be tightly locked in the α-helix core. A very 
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similar behavior is also observed in apomyoglobin in the presence of increased amounts 

of neutral salts[65]. Note that the “structuring behavior” seen here at low temperatures is 

opposite of what is observed during high temperature denaturation where the amount of 

protein-associated water increases by an increase in the α-helix to RC conversion [217].  

It is important to indicate that at temperatures below PGT the protein does not 

exhibit conformational flexibility and shows no biological function [125, 218]. Therefore, 

RC to α-helix conversion is probably prohibited due to energetic reasons [57].  

Interestingly, we were still able to measure the signal corresponding to α-helix+β-sheet 

and β-sheet intensities at temperatures below -51°C. We attributed this phenomenon to 

the vibrations of the backbone atoms of the protein that are still present at these 

temperatures [57]. Neutron scattering, X-Ray scattering, and computational studies 

explore the  dynamic transition of proteins by the analysis of the mean square thermal 

fluctuations of the atoms of the hydration water and the atoms of the protein [124, 186] 

[179, 219, 220]. It is claimed by these techniques that harmonic protein vibrations are 

present at temperatures below the dynamic transitions and large unharmonic vibrations 

are present above the transition [219]. The harmonic vibrations of the protein (below the 

dynamic transition) are interpretated as protein backbone intrinsic vibrations, or 

backbone vibrations induce by temperature which can not cause protein structural 

changes [186].    

The increase in the structuring of the encapsulated lysozyme (until FST) with the 

change in the surrounding water H-bonding characteristics becomes more obvious when 

the α-helix+β-sheet intensity of confined Lysozyme, and the cytoplasmic proteins of 
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confined bacteria (Geobacter Sulfurreducens), and the mammalian cells (LNCaP) are 

plotted with respect to the NWc population (Fig. 2.8), where a strong, linear correlation is 

observed. Note that these transitions were reversible and the protein reverted back to its 

initial conformation with it was heated back to room temperature. We postulate that the 

NWc population increases with decreasing temperature, reducing the H-bond interactions 

of water with the protein, causing re-structuring. This behavior is not seen when the 

protein is trapped in a frozen solution. More detailed studies are required to understand 

whether this is the main distinction between the “cold denaturation” observed in proteins 

in frozen solutions and the stabilization of proteins by encapsulation.  

Temperature-induced kinetic and thermodynamic transitions of the confined 

supercooled liquid water had a strong influence not only on the structures and dynamics 

of isolated proteins but also on the endogenous proteins of intact mammalian cells and 

bacteria encapsulated in the silica matrix. We propose that due to the high permeability of 

the cell membrane to water there is an equilibrium between the extracellular and 

intracellular water H-bonding structure and activity. Therefore, confinement-induced 

changes in the extracellular water was also reflected in the intracellular water. This shows 

the equivalency of the hydration water and confined water, and may create a platform to 

devise new methods to explain the crowding-induced high reaction rates in cells [60]. 

This observation requires further analysis and experiments are being conducted in our lab 

to further analyze the mechanisms. 
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2.5) Conclusions 

Physical and chemical properties of water define life. Exploring these -mostly 

anomalous- properties, its phases, thermodynamic, and kinetic transitions reveals the 

fundamentals of most biological processes. From biopreservation/biostabilization 

perspective, behavior of water at cryogenic temperatures, and at lower chemical activity 

is of utmost interest [221, 222]. The principal obstacle to studying water at low 

temperatures is that bulk water cannot remain liquid below its homogeneous nucleation 

temperature (TH = -38°C) [161, 165, 200]. However, when confined in nanoporous 

matrices, crystallization can be inhibited enabling exploration of its behavior even at 

cryogenic temperatures [198, 200]. 

Silica matrix confinement provided an excellent opportunity for exploring the 

thermodynamic transitions of the supercooled water, and its direct interactions with 

proteins. Using FTIR spectroscopy, we have identified the kinetic and thermodynamic 

transitions of confined water at cryogenic temperatures. We have also shown that the 

structural transitions of isolated and cytoplasmic proteins are dictated by the 

thermodynamic and kinetic transitions of their hydration water.  
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Chapter 3: Effects of Water on the Structure and Low/High 

Temperature Stability of Confined Proteins2  

3.1) Introduction 

Encapsulation of proteins and enzymes in nanoporous silica matrices has received 

considerable attention in recent years [4]. Certain enzymes retain high levels of activity 

and functionality in confinement [59], and develop resistance against pH or temperature-

induced unfolding [4]. Even though the exact mechanisms by which these enzymes 

acquire these characteristics in confinement are yet not known, it has been proposed that: 

1) specific interactions of the enzymes with the nanopore surfaces; 2) the altered 

properties of the interfacial water (that is in very close proximity to the enzyme and the 

nanopore surface) [4, 60, 223]; and 3) geometric confinement play significant roles.  

The unique characteristics proteins and enzymes acquire in confinement enabled 

development of new materials and technologies such as reactive coatings for optical and 

electrochemical biosensors [224], affinity chromatography [225], immunoadsorbent and 

solid-phase extraction materials [115], porous matrices for controlled release [226],  and 

solid-phase biosynthesis systems [227].  Additionally, confinement in nanoporous silica 

matrices mimics the conditions in the crowded cytoplasms of living cells [134]. 

Therefore, confinement offers a new platform to be used in biophysical/biochemical 

studies[223] for exploring the mechanisms and kinetics of folding and unfolding of 

proteins in crowding [4, 65, 228]. 
                                                 
2 Reprinted from Physical Chemistry and Chemical Physics, E. Reátegui, A. Aksan, Effects of water on the 
structure and low/high temperature stability of confined proteins 2010,  12, 10161 – 10172, copyright 
(2010), with permission from Royal Chemistry Society.  
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Surfaces alter the molecular motions (and the physical, chemical and 

thermodynamic properties) [58-63] of water in their close proximity. Therefore, when 

confined, the freezing temperature of water is suppressed and thus it may remain as a 

supercooled liquid even at cryogenic temperatures [229]. Since, water is known to govern 

the motions of the macromolecules it is in contact with [58-61, 122-124] it is plausible 

that at cryogenic temperatures (in the absence of freezing) unique structural 

configurations for macromolecules can be achieved. Therefore, confinement at cryogenic 

temperatures also offers a platform to probe the previously unexplored configurations of 

proteins. 

In this study, structural changes in model proteins encapsulated in silica 

nanoporous matrices were examined. This was done to understand the role of water 

hydrogen Bonding (HB) on the structural changes and the thermal stability of the 

confined proteins at low (cryogenic) and high temperatures. Tryptophan (W) Intrinsic 

Fluorescence (IF), Fourier Transform Infrared (FTIR) Spectroscopy, and Differential 

Scanning Calorimetry (DSC) analyses were utilized. In order to further explore the roles 

of protein-silica interactions and water HB, a cryo-/lyoprotectant agent, trehalose (Tre) 

was also incorporated into the matrix. Tre was chosen based on its common use in protein 

formulations as a stabilizer, its high solubility and compatibility with the proteins and the 

silica matrix. 

3.2) Materials and methods 

Three model proteins were used in this study: Bovine serum albumin (BSA, 99% 

pure), hen egg white lysozyme (LYS, 98% pure), and porcine pancreatic trypsin (PPT, 
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98% pure). 30% (w/w) colloidal silica (Ludox 30SM) was used as the primary precursor 

for the silica matrix. The proteins and the colloidal silica were purchased from Sigma 

(Sigma-Aldrich Corp. St. Louis, MO). α,α-Trehalose Dihydrate (99% pure) was 

purchased from Ferro-Pfanstiehl (Ferro-Pfanstiehl Laboratories, Waukegan, IL). 

3.2.1)  Protein encapsulation and nanoporous gel characterization 

Experimental solutions were prepared gravimetrically on a microbalance using 

ultrapure water (UPW). For the stock solutions, BSA, LYS, and PPT were dissolved in 

UPW at a concentration of 20 mg/ml (BSA, 315.3 µM; LYS, 1397 µM; PPT, 840.3 µM). 

Stock solutions were kept refrigerated at 4°C until used. To prepare the nanoporous silica 

sol-gels, 100 µl of the colloidal silica was mixed with 6 μl of 3M HCl to form the sol at a 

pH of 7.2. Later, 10 µl of sol was mixed with 5 µl of the protein solution (LYS, BSA, or 

PPT). When needed, Tre was added to the sol at a concentration of 0.25 M or 0.5 M. The 

solution was then vortexed for 5 min. 0.5 - 2μl of the experimental solution was 

deposited on a CaF2 window forming a thin film layer. In all experiments, gelation was 

achieved immediately. The gels were equilibrated for 24 h in a controlled humidity 

chamber at 40% relative humidity (RH) and room temperature. At the end of the 

equilibration period the gels were sandwiched between two CaF2 windows and sealed 

with vacuum grease. 

A nitrogen sorption method was used to measure the pore size distribution in the 

silica gels. Porosity of the prepared gels (in the absence of any encapsulated protein) was 

measured using a TriStar 3000 Surface Area and Pore Size Analyzer (Micromeritics 

Corp., Norcross, GA). Details of the experimental procedure are given in the previous 
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chapter [55]. The sol-gel method and the conditioning procedures described above 

produced gels with average pore diameters of 5.11 nm and 8.35 nm for silica and silica-

Tre, respectively. The incorporation of the osmolyte Tre produced a shift on the pore size 

distribution on the silica-Tre gels (Fig. 3.1).  

 
Figure 3.1 Pore size distribution of silica-gel and silica-gel with trehalose. 

 

3.2.2)  Intrinsic fluorescence experimentation  

Intrinsic Fluorescence (IF) measurements were conducted using a 

Fargoland/Eclipse spectrophotometer (Varian Inc., Palo Alto, CA), which uses second or 

third harmonic of the passive Q-switched YAG microchip laser as the excitation source 

and a DS252 8Gs/s digitizer. The emission spectra were recorded in the 300 to 500 nm 

range at a resolution of 0.5 nm at 1s response time. The scan speed was 600 nm/min. The 

excitation wavelength (λexc = 295 nm) was chosen to excite the Tryptophan (W) residues 

of the model proteins [230]. Note that LYS, BSA, and PPT have 6, 2, and 4 W residues 

per protein, respectively [231]. The photomultiplier tube voltage was automatically set to 
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500 V. A Peltier cuvette holder was used to keep the temperature of the sample constant 

at 23°C during the measurement.  

3.2.3) IR spectroscopy and spectral analysis 

Fourier Transform Infrared (FTIR) Spectroscopy measurements were conducted 

using a Nicolet Continuµm FTIR microscope (equipped with a MCT micron detector, 

Thermo Electron Corporation LLC, Waltham, MA). Details of FTIR data acquisition are 

described elsewhere [55]. A cryostage (FDCS 196, Linkam Scientific Instruments Ltd., 

UK) was mounted on the FTIR microscope for cooling and heating of the encapsulated 

proteins at controlled rates. Spectral analysis was performed using the software provided 

by the manufacturer (Omnic by Thermo-Electron).  

Changes in the confined protein secondary structure were quantified by the 

second derivative analysis of the amide II region (1500 – 1570 cm-1). Note that the 

intensities of the spectral bands in the second derivative spectra are known to be 

proportional to the protein secondary structure content [136, 138, 140, 141, 143-146]. In 

the amide II region, two peaks appeared in the second derivative spectra: The β-sheet 

band located at 1504 - 1526 cm-1 [147-149],  and the α-helix + β-sheet band located at 

1540 -1560 cm-1 [148, 150]. The intensities of these bands were measured with respect to 

a common baseline. In the presence of Tre, it was not possible to analyze the changes in 

the secondary structures of the encapsulated proteins using the second derivative analysis 

described above since Tre spectrum partially overlaps with the amide II peak. Therefore, 

in the presence of Tre an alternative method was used to analyze the protein structure. 

The alternative method is based on measuring the change in the peak position of the 
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amide II band (which is shown to correlate well with the second derivative analysis (Fig. 

3.2) [232], however it does not provide the detailed information obtained from the second 

derivative analysis. 

 

Figure 3.2 Correlation of Δν (change in wavenumber position) with α-helix + β-
sheet and β-sheet intensity. 

 

HB (i.e., the structure) of the confined water was quantified by the analysis of the 

asymmetric near-infrared (NIR) combination peak of water (NIRν2+ν3) located at 4600 - 

5300 cm-1. This was done since the stretching (ν-OH) and the bending (δ-OH) bands of 

the confined water overlap with the amide A and amide I bands of the proteins [233]. 

Note that the spectral contribution from the proteins to the NIR combination band of the 

confined water is negligible (insert in Fig. 3.3). The NIRν2+ν3 peak was fitted with three 

Gaussian peaks representing different water populations using the Peakfit4 software 

(Systat Software, Inc., San Jose, CA) as follows: The lowest-frequency band (S2c: 5093 
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molecules; the S1c band (5185 cm-1) was assigned to the water molecules with one 

bonded hydrogen; and the highest-frequency band (S0c: 5261 cm-1) was attributed to 

water molecules that were not hydrogen bonded [234, 235]. The water populations in the 

bulk and confined water were measured using the integrated areas of the S2c, S1c and S0c 

fitting bands (Fig. 3.3) [234-236].  

 
Figure 3.3 Decomposition analysis of the NIRν2+ν3 band: (A) for bulk water, (B) for 

confined water. 
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In a previous study [55] our group examined the temperature-induced changes in 

hydrogen bond networking of confined water using the ν-OH and δ-OH bands. In that 

study, ν-OH and δ-OH were used to determine the water populations as: the Networking 

Water “NWc”, the Intermediate Water “IWc”, and the Multimer Water “MWc”. NWc 

population was assigned to water molecules with a coordination number of four (4 

hydrogen bonds), IWc was assigned to water molecules that had energetically 

unfavorable hydrogen bonds, and MWc was assigned to water molecules that had 1-2 

hydrogen bonds [151, 152]. We found that the S2c and NWc populations showed identical 

temperature dependence (see Fig. 3.4) in confined as well as bulk water (see the insert in 

Fig. 3.4). In the presence of Tre the NIRν2+ν3 region had an additional peak, which was 

fitted with one Gaussian band (S2c
*: 4800 cm-1). This peak originated from the water 

molecules strongly bonded to Tre molecules [237], as indicated in Fig. 3.5. 

 
Figure 3.4 Temperature-induced changes in the S2c water population. The insert 

shows the temperature-induced in S2, NWδ-OH and NWν-OH for bulk water. 
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Figure 3.5 Decomposition analysis of the NIRν2+ν3 band for silica-Tre gel (0.25 M). 

The insert correspond to the residual values of the fitting process. 
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conducted at a fixed heating/cooling rate of 2°C/min. The data was analyzed using the 

software provided by the manufacturer (Perkin-Elmer).  

3.3) Results 

 The purpose of this study was to determine the influence of the water HB 

organization on the structures of the model proteins confined in nanoporous silica gels 

during low (cryogenic) and high temperature incursions. The model proteins used in this 

study had different secondary structures: LYS has a combination of α-helix and β-sheet 

structures (α-helix: 30%, β-sheet: 13%, and β-turn: 27%) [238]; BSA structure is 

dominated by α-helices (67%) [239], while PPT structure is mainly composed of β-sheets 

(α-helix: 10%, β-sheet: 25%, and β-turn: 14%) [240]. The Define Secondary Structure of 

Proteins (DSSP) database and the Accessible Surface Area (ASA-View) algorithm [241, 

242] were used to determine solvent accessibility to the amino acid residues of LYS, 

BSA, and PPT.   

3.3.1)  Change in protein structure with confinement in silica nanopores 

The emission spectrum of the W residues is highly sensitive to the changes in 

solvent polarity and therefore can be used to monitor the structural changes in proteins 

[243]. IF analysis of the encapsulated model proteins were conducted after the samples 

were equilibrated under identical conditions as described in the methods section. When 

encapsulated, the IF spectra of the model proteins were red-shifted by 0.8, 0.5, and 1.1 

nm for LYS, BSA, and PPT, respectively (Fig. 3.6A, B, C). BSA was the least affected 
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by encapsulation. The red shift was observed even in the presence of Tre such that LYS, 

BSA, and PPT experienced shifts of 0.6, 0.5, and 0.9 nm, respectively.  

The red-shift values measured in confinement (~ 1 nm) reflected the relatively 

mild local changes in the solution environment of the W residues [55, 60, 64]. These 

changes were not attributed to complete unfolding (or denaturation) of the proteins: The 

IF spectra collected from fully thermally-denatured proteins (pre-heated to 95°C before 

encapsulation) exhibited significantly larger red-shifts in the order of 10 - 20 nm (Fig. 

3.6). These observations were in agreement with the previous reports [60] and were also 

confirmed by FTIR analysis (Fig. 3.6D, E, F). FTIR spectra showed some change in the 

secondary structures of the proteins due to confinement however, these changes were not 

as drastic as those seen in fully-denatured proteins.  
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Figure 3.6 Normalized IF spectra of W residues: (A) LYS, (B) BSA, (C) PPT. 

Normalized IR spectra: (D) LYS, (E) BSA, (C) PPT. 

3.3.2)  Structural changes in confined proteins at low (cryogenic) temperatures  

When water is confined in nanopores, its freezing temperature is significantly 

depressed [54, 55]. Therefore, encapsulation of the model proteins in nanoporous silica 

gels enables exploration of protein structural changes at cryogenic temperatures in the 

absence of freezing (Fig. 3.7). For all model proteins α-helix + β-sheet content increased 
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(while the β-sheet content decreased) linearly with cooling (at a rate of 2°C/min). This 

indicated a net increase in the α-helix content, and a corresponding compaction with 

decreasing temperature. Note that an increase in α-helix + β-sheet content was also 

observed in proteins in solution during supercooling (dashed line in Fig. 3.7B). However, 

in solution the β-sheet content also increased (dashed line in Fig. 3.7A) and upon freezing 

at T = -15oC, majority of the structural changes stopped.  

Since freezing temperature of water was suppressed in confinement, structural 

changes in proteins continued even at cryogenic temperatures (Fig. 3.7). However, a 

sudden decrease in structural mobility was detected at T = -51°C (full circles in Fig. 3.7). 

This temperature corresponds to Fragile-to-Strong Transition (FST) of liquid water [154, 

165, 200, 244] and also to Protein Glass Transition (PGT) temperature [125, 155]. It has 

previously been shown that below PGT large conformational changes are prohibited, 

although vibrational and torsional motions may still be present [57]. Therefore, the non-

zero slopes present for T < -51oC in Fig. 3.7 should not imply ongoing conformational 

changes in the protein structure [57]. When the same experiments were conducted with 

thermally denatured LYS no significant change in the α-helix+β-sheet or the β-sheet 

contents was observed (Fig. 3.7). This showed that the measured kinetics were strictly 

structural. Yet, at -51°C a very small change in slope could still be identified in the 

thermally denatured LYS. This was thought to be originating from the residual structure 

remaining in denatured LYS. 
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Figure 3.7 Structural changes in encapsulated proteins at low temperatures. 
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the vicinity of the encapsulated proteins followed the same trend as the S2c population of 

silica-confined water (in the absence of any protein). When the temperature-induced 

changes in the protein secondary structure were plotted with respect to the change in 

water HB, a direct linear correlation was observed (Fig. 3.8). Since the measured 

behavior of water was independent of the presence of protein in the silica gel, and the 

encapsulated denatured proteins did not exhibit any significant structural transition, the 

observed correlation hinted at a causal relationship. It is known that HB of water 

increases with decreasing temperature giving rise to an increase in NW and S2 

populations both in solution [237] and in confinement [55]. Therefore, it is plausible that 

with reduction in temperature, vicinal water molecules are increasingly stripped from the 

protein surface (and form extensive hydogen bonds with the other water molecules) 

causing the observed structural changes in proteins. Naturally, this behavior would not be 

observed in the frozen state since the frozen medium would prevent the protein from 

changing its structure.  

Table 3.1 Denaturation temperatures of proteins in different environments (DSC 
results). 

 
 

3.3.3) Structural changes in confined proteins at high temperatures 

Encapsulated proteins were heated at 2°C/min from 20°C to 95°C. In all model 

proteins, with increasing temperature the β-sheet content increased while the α-helix + β-

Water Water-Tre (1.8 M) Gel Gel-Tre (0.25 M)
LYS 72.3°C ± 5°C 83.55°C ± 0.1°C [99] 72.5°C ± 2.6°C >95°C
BSA 61°C ± 3.9°C 92.7°C ± 0.1°C [100] 59.7°C ± 3.6°C  > 95°C
PPT 73.3°C ± 3.3°C - 71.6°C ± 2.5°C  > 95°C
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sheet content decreased (Fig. 3.9A, B). A change in slope in the α-helix + β-sheet and the 

β-sheet intensity plots were detected at high temperatures and it was attributed to 

denaturation. Denaturation temperatures for the confined proteins were TD = 70.1, 60.0, 

and 72.6°C for LYS, BSA, and PPT, respectively. The measured TD values are in 

agreement with the previously reported values for LYS and BSA [60]. Note that TD of 

confined PPT has not previously been reported. TD values measured by FTIR analysis 

were confirmed by DSC analysis. These values were also very close to the values 

measured for proteins in solution (Table 1), supporting the proposition that encapsulation 

(as detailed in the methods section) caused very small changes in protein structure. 
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Figure 3.8 Change in protein structure with water structure at low temperatures. 
The black circles show protein glass transition. T increases in the direction of the 

arrow. 
 

Above TD, significant changes in the amide I and II regions of the IR spectra were 

observed. These changes indicated formation of specific interactions between the silica 

gel and the confined protein. Fig. 3.9C shows the changes in the secondary structures 

(due to thermal denaturation and surface adsorption) of confined BSA, LYS, and PPT 

during heating: In the amide I region (1600 - 1700 cm-1) a net increase in the extended β-
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intermolecular β-sheet structure (1675-1685 cm-1) [245] formation was present. This 

indicated that even after denaturation, aggregation was not present (one major difference 

from what was observed with proteins in solution). Note that when compared to LYS and 

PPT, the structural changes experienced by confined BSA (Fig. 3.9C) were less drastic, 

which suggested that confined BSA was not completely denatured during heating.  

The structural changes experienced by confined BSA, LYS, and PPT correlated 

well with the changes in the S2c water population until denaturation (Fig. 3.10). Thermal 

denaturation causes a significant loss of (secondary and tertiary) structure for the protein 

due to unfolding, and also results in exposure of the protein’s hydrophobic core [246, 

247]. These two phenomena result in a significant decrease in protein-water interactions, 

potentially causing the disappearance of the correlation between water HB and residual 

protein structure. 
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Figure 3.9 Structural changes in encapsulated proteins at high temperatures: (A) β-
sheet intensity; (B) α-helix+β-sheet intensity; (C) IR spectra of BSA, LYS, and PPT, 

respectively. T increases in the direction of the arrow from 20°C to 95°C. 
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Figure 3.10 Change of protein structure with water structure at high temperatures. 

The black circles show protein denaturation. T increases in the direction of the 
arrow from 20°C to 95°C. 

3.3.4) Structural changes in confined proteins in the presence of trehalose  

Tre is a cryo-/lyoprotectant agent [248-250], which is known to alter HB of water. 

Alterations in water HB bonding in the presence of Tre can be directly evidenced in the 

NIRν2+ν3 band of water where, in addition to the changes observed in the existing water 

bands, a new water population (the S2c
* band centered at 4800 cm-1; see Fig. 3.3) appears. 

S2c
* band has been shown to be associated with the water molecules strongly bonded to 
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Tre was incorporated into the silica matrices to investigate its influence on the 

structural transitions of confined proteins (either through specific interactions with the 

protein or through altering water HB) and to evaluate its potential to eliminate protein-

silica surface interactions (by specific silica-trehalose interactions).  

 
Figure 3.11 Change of protein structure with water structure at low temperatures in 

the presence of 2.5 M trehalose. T increases in the direction of the arrow. 
 

During cooling of the Tre containing gels at 2°C/min, a linear correlation between 

the shift in amide II peak position (Δνamide-II) and the S2c population was observed (Fig. 

3.11). Note that in the presence of Tre, Δνamide II was used (instead of the second 

derivative analysis of the spectra) to quantify the change in the protein structure since the 

spectral contributions of Tre made second derivative analysis unreliable (see methods 

section). The observed correlation between S2c and Δνamide II indicated that also in the 

presence of Tre, the increase in the HB population of the confined water induced changes 

in the structure of confined proteins.  
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Tre is a glass-forming sugar [251]. Therefore, when a Tre concentration of 0.25 M 

was reached in the silica gel, upon cooling, glass transition was observed at -23oC. Note 

that what is described here is glass transition of the confined solution, which should not 

to be confused with PGT. Glass transition of the solution was detected as a slope change 

in Δνamide-II and was also confirmed with DSC measurements (Fig. 3.12). 

 

Figure 3.12 Glass Transition Temperature of the Confined Solution. 
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Figure 3.13 Change in protein structure with water structure at high temperature in 
the presence of trehalose: (A) BSA, (B) LYS, (C) PPT. (D) IR spectra of BSA, LYS, , 

and PPT during heating. T increases in the direction of the arrow from 20°C to 
95°C. 

 

Also, when it reached a concentration of 0.25 M in the silica gel, Tre inhibited 

high temperature denaturation of the confined proteins (Table 1). Fig. 3.13A-C compare 

the structural changes in confined proteins to those encapsulated in the presence of Tre 

Confined Protein (0 M Tre) Confined Protein (0.5 M Tre)Confined Protein (0.25 M Tre)

15001525155015751600162516501675170017251750

Wavenumber [cm-1]

15001525155015751600162516501675170017251750

Wavenumber [cm-1]

15001525155015751600162516501675170017251750

Wavenumber [cm-1]

T

T

T

D
B

SA
LY

S
PP

T
A

C

0

5

10

15

20

20 40 60 80 100

Δ
ν A

m
id

e 
II

[c
m

-1
]

Temperature [°C]

0

5

10

15

20

20 40 60 80 100

Δ
ν A

m
id

e 
II

[c
m

-1
]

Temperature [°C]

0

5

10

15

20

25

20 40 60 80 100

Δ
ν A

m
id

e 
II

[c
m

-1
]

Temperature [°C]

B

C

A



81 
 
during heating to 95°C. Δνamide II values for confined BSA, LYS, and PPT increased 

rapidly with temperature with BSA exhibiting the least (Δνamide II = 12 cm-1) and PPT 

exhibiting the largest change (Δνamide II = 23 cm-1) in structure with 75oC of temperature 

increase. With increasing concentration of Tre (0.25 vs. 0.5 M) in the gel, temperature 

dependence of Δνamide II decreased. At 0.5 M Tre concentration, Δνamide II values measured 

for all proteins during heating from room temperature to 95oC were identical (~ 5 cm-1). 

Fig. 3.13D shows the amide I and II regions of the confined BSA, LYS, and PPT in the 

presence of 0.25 M Tre. It is clear that the changes in the secondary structure of the 

confined proteins with temperature have decreased significantly in the presence of Tre 

(compare Fig. 3.13D to Fig. 3.9C). 

In the presence of Tre, at high temperatures Δνamide II of BSA, LYS, and PPT 

correlated linearly with S2c (Fig. 3.14) within the full temperature range. In the absence 

of Tre, the linear relationship between the structural changes and S2c held until TD for 

each protein was reached.  
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Figure 3.14 Change of protein structure with water structure at high temperatures 

in the presence of trehalose. T increases in the direction of the arrow. 

3.4) Discussion 
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medium [191, 219, 252], while its vibrational motions are “slaved” to the motions of its 

hydration layer (the interfacial water) [229]. Our results showed a correlation between the 
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high temperatures. 
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3.4.1) Protein structure in confinement 

When encapsulated, proteins may have specific interactions with the silica 

surface, and are affected by the geometric confinement and the changes in the kinetic and 

thermodynamic properties of the water surrounding them. When it is at close proximity to 

a surface HB kinetics of water are slowed down, which alters its physical and chemical 

properties [253-255]. The altered properties of the confined water therefore affect the 

structure of the protein, producing the small shifts in the W emission spectra, which are 

known to depend on the solvent environment [243]. On the other hand, it is known that 

globular proteins can easily be adsorbed onto the silica surfaces [210, 211]. Adsorption is 

a kinetic process that involves surface interactions (e.g. hydrophobic interactions, 

electrostatic interactions, hydrogen bonding, and Van der Waals forces) [107]. Therefore 

in encapsulation in silica, electrostatic interactions could also be an issue. This is more 

likely for LYS and PPT considering that at pH 7.2 they are below their isoelectric points 

(pILYS = 11.35, pIPPT = 10.2) [256]. Therefore, in confinement the positively charged 

amino groups of these proteins can interact with the negatively charged silica surface. 

BSA on the other hand, at pH 7.2, is above its pIBSA (4.7) [256] and electrostatic 

interactions with the silica surface are less likely. PPT was the protein most affected by 

encapsulation. This can be explained by the fact that PPT is the least packed protein 

examined here. Solvent accessibility analysis performed by ASA-View [242] showed that 

the neutral polar residues (including W) of PPT have significantly more access to the 

solvent (>60%) when compared to LYS (~ 50%) and BSA (~ 20%), and therefore would 

be more susceptible to the changes in their solution environments. Additionally, 
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adsorption depends on the size of the silica nanoparticles with larger particles (d = 20 - 

100 nm) causing larger perturbations to the protein secondary structure [257, 258]. In our 

study, we believe that adsorption of the proteins on the silica was limited since the silica 

particles used were d = 7 nm, and the area available for protein adsorption in the gel was 

reduced when the particles coalesced to form the nanoporous gel. This is supported by 

the findings of a recent study, which showed significant differences between the 

structures of proteins adsorbed on silica surfaces and when proteins confined within a 

silica gel [212]. Additionally, the adsorption of globular proteins onto the silica surface 

changes the IR spectra significantly in the region 3750 to 3650 cm-1 [213]. Our 

experiments did not find any differences in the ν-OH bands from confined water and 

confined proteins in the region 3750 to 3650 cm-1. Therefore we believe that in the 

experiments presented here, an interplay of altered water HB and mild specific 

interactions with the silica surface caused the observed small red shifts in IF spectra of 

the proteins upon encapsulation however, majority of the model proteins remained in 

their native states after encapsulation at room temperature.  

3.4.2) Confined protein structure at low temperatures  

 Since the porosity of the silica matrix is in the nanometer range (Fig. 3.1), the 

properties of the confined water are significantly different from the properties of bulk 

water at the same temperature [55]. That is, while freezing of the bulk water occurs at T < 

0°C, confined water did not freeze even at cryogenic temperatures (∼ -120°C) [55]. This 

has allowed examination of the structural transitions of water and of proteins in at 
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cryogenic temperatures[154, 244]. One of the transitions of water that is relevant to this 

work is the change in the temperature dependence of the density of the confined water at 

-51°C. This is known as the Fragile-to-Strong transition (FST) of liquid water. FST has 

also been detected in the hydration layers of proteins [155, 253]. The dynamics of the 

proteins change in sync with the dynamics of the solvent (e.g., water) at the FST 

temperature [54, 125, 155, 259], which indicates that the protein dynamics are linked to 

solvent dynamics [253]. Therefore, in systems containing proteins, the transition at -51°C 

is also known as the protein glass transition (PGT) temperature [125]. We showed here 

that this dependence is also present in confinement. 

 It is known that below PGT, large structural changes are prohibited but only small 

atomic fluctuations are believed to exist, restricting the flexibility of the macromolecules 

[186, 219]. DNA and proteins (e.g. myoglobin, ribonuclease, elastase, bacteriorhodopsin) 

are inactive below the PGT temperature [186]. Above PGT, on the other hand, 

anharmonic vibrations contribute to the internal motions of the proteins increasing their 

flexibility and conferring them the ability to achieve functional configurations (e.g.  

interconversion between secondary structures and change the tertiary structure) [219]. 

Reduction in the protein structural flexibility at temperatures below PGT/FST is in 

agreement with our results. PGT is even observed in denatured proteins, albeit at a lesser 

extent [260]. We also found that when lysozyme was denatured (by heating at high 

temperatures), confined in a silica matrix and then cooled down to -120°C at 2°C/min, no 

significant change in the α-helix+β-sheet and β-sheet intensity were detected down to -

51°C (Fig. 3.7A-B). However, at -51°C a slightly slope change could be observed.  
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The difference in the temperature dependence of the β-sheet and the α-helix+β-

sheet intensities of the proteins in solution and confinement (Fig. 3.7A-B) are attributed 

to the difference in the behavior of the HB populations of bulk and confined water at low 

temperatures [55, 209]. With decreasing temperature there is an increase in the HB of 

water (freezing stops this evolution while in confinement it continues) [55]. Fully HB 

population increases (e.g. S2c), while the water dimer and monomer populations decrease 

(S1c and S0c, respectively). We hypothesize that the reduction of the S1c and S0c 

populations with temperature reduces the number of protein water interactions, mainly 

stripping them from the RC domains of the proteins. This forces the RC domains to 

transition into an α-helical (or α-helix like) configuration. It is known that a greater 

change in the conformation of proteins occurs in the protein regions with α-helical and 

RC domains where there are many weak or bifurcated HB (high S1c and S0c content) 

[215].  

3.4.3) Confined protein structure at high temperatures 

During heating, the geometrical constraints imposed by the nanoporous matrix are 

expected to restrict (or retard) protein denaturation. On the other hand, we expect 

denaturation to promote protein-silica surface interactions through HB and electrostatic 

forces. When proteins in solution thermally denature they tend to form aggregates, which 

can be detected spectroscopically by the formation of strong intermolecular β-sheet bands 

(1610-1615 cm-1 and 1675-1685 cm-1) in the amide I region resulting from the close 

alignment of the neighboring peptide chains [245]. In silica gel confined proteins, there 
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was no sign of the intermolecular β-sheet band formation (1675-1685 cm-1) during 

heating, which suggested that aggregation was not present (Fig. 3.9C). This was expected 

since proteins were entrapped in the pores of the silica matrix. However, when denatured 

in confinement, the proteins showed signs of interaction with the silica surface. The 

interaction with the silica surface caused irreversibility since when the confined proteins 

were cooled down to room temperature; the native structure was not completely regained. 

Two types of silanols are present on the silica gel surface: Single (-O)3Si(OH) and 

geminal (-O)2Si(OH)2 [261]. These groups reflect their local environments through 

altered interactions with the neighboring molecules enabling determination of HB and 

topological surface variations [262]. Therefore, increase in the SiOH peak intensity can 

be attributed to breaking of the hydrogen bonds between the surface groups and the water 

molecules (Fig. 3.15A) [261, 263-265] causing the observed TD of confined proteins 

(Table 1).  

As shown in Fig. 3.10A-B, the linear correlation between the protein structure and 

the S2C water population hold until TD. It has been proved for hydrated LYS that the 

inverse self-diffusion coefficient, and the average migration distance of the water 

molecules in the hydration layers of LYS change drastically at temperatures between 

57°C to 72°C (near TD) [266]. Our data for the confined proteins are in agreement with 

these findings and show that the reduction in HB in the confined water gives enhanced 

flexibility to the proteins at high temperatures. This idea is further supported by the fact 

that the correlation breaks up at different S2c water populations for different proteins. 
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3.4.4) Confined protein structure in the presence of trehalose 

 Our results suggest that in confinement, Tre molecules preferentially interact with 

the silica surface (both silica and Tre molecules are hydrophilic) and as a result, water 

molecules are excluded from the silica surface. When Tre was absent in the confined 

protein samples, a very well defined silanol (SiOH) peak (3740 cm-1) was detected in the 

IR spectra. In the presence of Tre however, the SiOH peak disappeared. SiOH is known 

to be a hydrogen bond donor for water. Therefore, an increase in the magnitude of the 

SiOH peak is correlated to breaking of water HB with the silica surface. In the presence 

of Tre, the SiOH peak did not appear even at high temperatures, which was a clear 

indication that Tre molecules strongly interacted with the silica surface (Fig. 3.15B).  

 
Figure 3.15 Changes in the silanol (SiOH) band absorbance: (A) in the absence of 

trehalose, (B) in the presence of trehalose; (C) schematic representation of the 
proposed mechanism of action of trehalose in confinement. 
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 At low temperatures, Tre caused the formation of a glass (Tg ∼ -23°C). Fig. 3.11 

suggests that during cooling in the presence of Tre the increase in the S2c water 

population correlated to the structural changes of confined proteins. This is similar to the 

changes in confined protein structure in the absence of Tre described before, and it is 

further supported by the fact that S2c
* population does not change significant at low 

temperatures [237]. As Tg is approached, Δνamide II values for the proteins converge (Fig. 

3.12). We interpret this as an indication that Tre suppressed the anharmonic protein 

vibrations, which are responsible for protein structural changes [267, 268]. Raman and 

neutron scattering experiments have also demonstrated that protein dynamics are affected 

by the presence of solvents (e.g. Tre, or glycerol) over a large temperature range (-173°C 

to 77°C) [124].  

At high temperatures, the presence of Tre (even at concentrations as low as 0.25 

M) increased the thermal stability of the confined proteins (to see the enhanced effect of 

Tre in confinement, compare the TD values of proteins in 1.8 M Tre solutions and in 

silica gels with 0.25 M Tre in Table 1). The change in Δνamide II with temperature also 

decreased with increasing Tre (Fig. 7A-C) indicating reduced structural flexibility. This 

also supported the previous conclusions that Tre interacted preferentially with the silica 

surface and with the surrounding water molecules (see Fig. 3.15C). In summary; (1) the 

affinity of the silica surface to Tre prevented protein adsorption to the silica surface even 

during denaturation; and (2) Tre altered HB of interfacial water and thus decreased the 

conformational flexibility of the proteins [237, 269].  
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3.5) Conclusion 

FTIR, IF, and DSC analyses presented here revealed aspects about the 

mechanisms that govern protein structure in confinement. Interplay of solvent HB and 

surface interactions governed the structural changes of confined proteins with 

temperature with the latter being less dominant at lower temperatures. IF and FTIR 

analyses showed that proteins remain in the native state after encapsulation under the 

experimental conditions tested here. At low temperatures, water HB increased as shown 

by an increase in the S2c population. Our results showed a direct correlation between 

water HB organization and protein secondary structure. FST/PGT of water at -51oC as 

well as TRE glass transition changed the allowable motions of the confined proteins. In 

the presence of Tre, these motions were restricted at a low temperature due to glass 

transition of the solution at -23°C, generating a similar effect on the protein structural 

motions. At high temperatures, confined proteins underwent denaturation and adsorbed to 

the silica surfaces even though denaturation occurred without aggregation. Thermal 

stability of the proteins in confinement was greatly improved by the addition of Tre 

because of the strong affinity of the silica surface to the hydroxyl groups of the sugar and 

the structuring of water around the protein due to preferential exclusion. 
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Chapter 4: Silica Gel Encapsulation of Recombinant E.coli Cells 

Expressing AtzA for the Biodegradation of Atrazine into 

Hydroxyatrazine3 

4.1) Introduction 

 The herbicide atrazine (2-chloro-4-ethylamine-6-isopropylamino-s-triazine) is 

used for control of broadleaf weeds, principally in corn, sorghum, and sugarcane 

[270]Atrazine is currently used in 70 countries at an estimated annual rate of 111,000 

tonnes [271, 272]. Atrazine is typically applied early in the planting season. Heavy 

rainfall events shortly after application may lead to detectable atrazine concentrations in 

waterways and in drinking-water supplies. In some instances, municipal water treatment 

plants may use chemicals and other treatment processes such as activated carbon to 

reduce atrazine and to improve drinking water quality.  

Naturally-occurring microbes with the ability to degrade atrazine have been 

isolated from soil. The well-studied atrazine-degrading bacterium Pseudomonas sp. strain 

ADP metabolizes atrazine to carbon dioxide and ammonia via a series of six enzyme-

catalyzed hydrolysis reactions [273, 274]. The genes encoding those enzymes have been 

sequenced and are found on a broad host-range plasmid denoted pADP1 [275]. 

Enzymatically-catalyzed atrazine degradation is initiated by atrazine chlorohydrolase, 

                                                 
3 This chapter contains material that has been submitted to the Journal of Applied Microbiology and 
Biotechnology for publication: Gel Encapsulation of Recombinant E. coli Cells Expressing AtzA for the 
Biodegradation of Atrazine into Hydroxyatrazine,  E. Reátegui, E. Reynolds, L. Kasinkas, A. Aggarwal, M. 
Sadowsky, A. Aksan, L. Wackett, 2011.  
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AtzA, that hydrolytically removes the chlorine substituent from the ring to produce 

hydroxyatrazine. This reaction has important environmental consequences; 

hydroxyatrazine is not herbicidally active, is dissimilar toxicologically from atrazine, and 

is more readily degraded than atrazine [276]. In this context, atrazine treatments that 

transform atrazine to hydroxyatrazine are considered sufficient for regulatory agency 

approval [277]. 

The strategy of transforming atrazine to hydroxyatrazine was previously used to 

remove 900 pounds of atrazine from a spill contaminated soil [277]. In that application, 

recombinant E. coli cells expressing AtzA were treated with glutaraldehyde to chemically 

kill the cells and stabilize enzyme activity in soil. Other methods for atrazine 

transformation have also been tested in the laboratory. For example, atrazine-degrading 

Pseudomonas sp. strain ADP cells have been entrapped in alginate or sol-gel glass [278]. 

In the latter test, however, significant atrazine-degrading activity was lost following 

encapsulation. To be useful in a water-treatment application, a microbial-based treatment 

method should: (i) have stable, long-term atrazine-degradation activity; (ii) be 

mechanically stable and sturdy; (iii) be conducive to high-water flow; (iv) maintain non-

viable but active cells in the matrix without significant release, and (v) be inexpensive. 

 In this study, we developed a hybrid biomaterial to be used for atrazine 

biodegradation that should meet the requirements for use in municipal water-treatment 

facilities. The biomaterial consisted of recombinant E. coli cells overexpressing atrazine 

chlorohydrolase (AtzA) encapsulated in a polymer/silicon oxide matrix prepared by the 

sol-gel process. The gelation process was conducted through mild chemical reactions, 
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thus overcoming previously described problems of loss of enzyme activity over time. 

Moreover, conditions were developed that led to non-viable cells that remained fully 

active in degrading atrazine over a long time scale. The silica base matrix encapsulating 

the microorganisms consisted of a combination of silicon oxide precursors (e.g., silica 

nanoparticles, alkoxides) and a biocompatible organic polymer (e.g., polyethylene glycol, 

PEG). The porous material enabled diffusion of water and atrazine into the gel, and 

diffusion of hydroxatrazine out of the gel. The gel also adsorbed atrazine, a property that 

contributed to removal of atrazine from the solution in the process. In this context, the 

material we developed has the potential to outperform activated carbon in a water 

treatment application since it acts to both adsorb and subsequently to degrade atrazine.  

As shown here, the final material exhibited activity for four months. In total, these studies 

indicated that the described hybrid biomaterial could potentially be used continuously for 

the biodegradation of atrazine without the need for regeneration.  

4.2) Materials and methods 

4.2.1) Silica gel synthesis 

 Different silica precursors were used for the synthesis of the porous gel matrix. 

The gel consisted of colloidal silica nanoparticles Ludox TM40 (40 % w/w), tetramethyl 

orthosilicate (TMOS, 98 %), and methyltrimethoxy silane (MTMOS, 97 %). The organic 

polymer, polyethylene glycol (PEG, molecular weight (Mw): 600 Da), was incorporated 

into the porous matrix in order to increase biocompatibility of the matrix. All of the 

materials were purchased from Sigma (Sigma-Aldrich Corp. St. Louis, MO).       
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4.2.2) Bacterial strains and growth conditions 

 E. coli DH5α (pMD4) [274] was grown at 37°C in superbroth medium comprised 

of 1.2 % tryptone (w/v), 1.4 % yeast extract (w/v), 0.5 % glycerol (v/v), 0.38 % 

monobasic potassium phosphate, 1.25 % dibasic potassium phosphate, and 30 μg/ml 

chloramphenicol (at pH 7.4). Starter cultures were made by inoculating 5 ml of 

superbroth with an isolated colony and incubating overnight at 37°C, with shaking at 250 

rpm. Intermediate cultures were grown by inoculation with 3 % (v/v) starter culture. 

Cultures were grown to an optical density (OD) of 0.5 - 0.75 with shaking at 250 rpm. 

Cell production flasks were inoculated with 3 % (v/v) of intermediate cultures and grown 

for 16 h under the same growth conditions. Cells were harvested by centrifugation at 

9000 rpm for 20 min at 4°C and re-suspended in water to a final concentration of 0.1 - 

0.2 g of cell/ml. 

Table 4.1 Composition of silica gels. 

 
a E. coli non-expressing AtzA, b No cells, I: TMOS:Water:0.01M HCL (1:1:0.1 v/v/v), II: 

TMOS:MTMOS:Water:0.01M HCL (1:1:1.5:0.15 v/v/v/v), rPEG = volume of PEG / 
volume of precursor, rcl = volume of cross-linker / volume of precursor, rcs = volume of 

cell solution / volume of precursor. 
 

 

 

Precursor PEG Incubation
[M] rPEG [v/v] Type rcl [v/v] rcs [v/v] [g of cell/ml] [°C]

N1 1.24 - I 0.5 1 0.1 23
N2 1.13 0.25 I 0.5 1 0.1 23
N3a 1.13 0.25 I 0.5 1 0.1 23
N4b 1.13 0.25 I 0.5 1 - 23
N5 1.71 0.25 II 0.5 1 0.1 or 0.2 23 or 45

Gel Type
Cross-linker E. coli  cells
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4.2.3) Reactive biomaterial production  

Bacterial cells were encapsulated using a variation of a sol-gel method previously 

described [279]. Cells were encapsulated in silica or silica-PEG (SPEG) gels. Porous gels 

were formed by diluting TM40 silica nanoparticles in ultra pure water (with electrical 

resistivity > 18.2 MΩ.cm at 25°C). PEG (Mw = 600 Da) was added to the solution at a 

volume ratio of 1:4 (rPEG), and the mixture was stirred vigorously for 10 min. The 

resulting TM40-PEG solution was cooled in an ice bath. Separately, TMOS or 

TMOS/MTMOS were hydrolyzed by sonication in the presence of 0.01 M HCl. A typical 

volume ratio was 1:1:0.1 for TMOS/water/HCl and 1:1:1.5:0.15 for the 

TMOS/MTMOS/water/HCl solution. The hydrolyzed solution was mixed with the 

TM40-PEG solution at a volume ratio of 1:2 (rcl). Finally, a cell suspension (0.1 or 0.2 g 

of cells /ml) was added to the mixture at a volume ratio of 1:1 (rcs). The samples (Table 

4.1) were transferred to glass or metal molds and were cured at different temperatures 

and times in a convection oven. The final products was formulated into microbeads (1.0 - 

1.5 mm diameter) or into a cylinder block (∼ 1 ml in volume formed inside a scintillation 

vial, resulting in a diameter of approximately 25 mm and a thickness 2 mm).    

4.2.4) Cell viability assay 

 The plate-count assay was used to determine cell viability of encapsulated cells.  

A known mass of wet gel was pulverized by gentle compression between two glass slides 

to release the encapsulated E. coli, as reported before [68]. The resulting material was 

suspended in 3 ml of sterile phosphate buffered saline (PBS). The solution was serially 
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diluted at 100-fold increments and spread-plated, in triplicate, onto LB-agar plates. Plates 

were incubated at 37°C for 24 h.  

4.2.5) Lipid membrane analysis of encapsulated cells  

 Conformation of cellular membrane lipids was characterized using Fourier 

Transform Infrared (FTIR) spectroscopy. Before gelation, 0.2 μL of the cell sample was 

sandwiched between two CaF2 windows that were separated by a thin layer of vacuum 

grease on the sides and placed on a temperature controlled cryostage (FDCS 196, Linkam 

Scientific Instruments Ltd., UK). FTIR spectra were collected in the 930 - 7000 cm-1 

range using a Nicollet Continuμm FTIR microscope, equipped with a DTGS detector 

(Thermo-Nicollet Corp., Madison, WI). FTIR spectra were collected at 4, 10, 23, and 

37°C. Spectral analysis was performed using Omnic software provided by the 

manufacturer. The lipid conformation change in the cellular membranes was monitored 

by measuring the peak location of the ν-CH2 (symmetric stretching) band located near 

2850 cm-1. Due to significant contributions of the PEG CH2 chains in the 2700 - 3000 cm-

1 region of the IR spectra, only silica gels without PEG were used for the analysis. 

4.2.6) Atrazine dechlorination activity assay 

Activity measurements of the encapsulated cells, in a cylinder block or in 

microbead form, were conducted at room temperature and at 4°C in 20 ml glass 

scintillation vials. The reaction was initiated by exposing the cylinder block on one 

surface to 5 ml of 0.1 M potassium phosphate buffer (at pH 7.0) containing 150 µM (32.4 
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ppm) atrazine. In the experiments conducted with microbeads, 100 microbeads were 

suspended 5 ml of the same solution used for the cylinder blocks. The solution was 

continuously stirred using an orbital shaker at 200 rpm. The supernatant was sampled at 

four time points until 10 - 20 % of the substrate was reacted. Each time point was taken 

in duplicate, and each sample was taken from an individual scintillation vial. The samples 

were heated to boiling point for 5 min to ensure that any released enzyme was 

inactivated, and filtered through a 0.2 μm pore size PTFE syringe filter to remove any 

bead fragments or cells that may have been released. The concentrations of atrazine and 

its metabolite, hydroxyatrazine, in the sample solution were measured by High-

Performance Liquid Chromatography (HPLC) as previously described [274]. For long 

term activity measurements, the encapsulated and free cells were stored in water at 4°C 

and assayed as described above.   

4.2.7) Characterization of the porous gel  

 For electron microscopy imaging, silica or SPEG gels that contained encapsulated 

bacteria were chemically fixed initially using 2 % glutaraldehyde, and then 1 % osmium 

tetraoxide diluted in 0.1 M sodium cacodylate. After fixation, samples were gradually 

dehydrated by exposure to 50, 70, 80, 95, and 100 % ethanol. The samples were then 

transferred to a CO2 critical point drier (Samdri-780A, Tousimis, Rockville, MD). Dried 

samples were sputtered with tungsten at a rate of 1 A°/min for 10 min. The gels that did 

not contain bacteria were sputtered without fixation. Scanning electron microscopy was 

conducted with a Hitachi S-900 FESEM (Hitachi Co, Lawrenceville, GA) scanning 
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electron microscope. Samples were imaged at different magnifications using a 1.5 or 2 

KV accelerating voltage. 

4.3) Results 

The purpose of this study was to use encapsulated recombinant E. coli cells 

expressing AtzA to reduce atrazine in water. The gels have two desirable characteristics 

with respect to the herbicide; they are able to both adsorb atrazine and to transform it into 

hydroxyatrazine, which is dissimilar toxicologically from atrazine and is more 

biodegradable [276]. The cells were rendered non-viable to eliminate any risk of a 

potential release during use.  

 
Figure 4.1 (A) Electron microscopy image showing the porous gel formed as 

aggregation and condensation of silica nanoparticles, (B)  E. coli encapsulated in N1 
expressing AtzA, (C) microbeads containing E. coli expressing AtzA, (D) cylinder 

block containing E. coli expressing AtzA. 
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4.3.1) Viability of encapsulated recombinant E. coli  

 Different silica gel compositions were tested for encapsulation efficiency and 

enzymatic activity (Table 4.1). The ultrastructure of the gels showed uniform 

condensation and aggregation of silica nanoparticles (Fig. 4.1A) around the encapsulated 

cells, generating a hyperporous network. At lower resolutions (Fig. 4.1B) small groups of 

E. coli were observed to be homogeneously distributed across the volume of the gels. 

Figures 4.1C and 4.1D show the two geometries used in this study; microbeads and a 

cylinder block containing E. coli expressing AtzA, respectively. Cylinder blocks were 

used in initial experiments for optimization of the silica gel material and maximum 

bioactivity. In contrast, the microbeads were used for long-term activity assays and were 

developed for future field studies since they have the highest area/volume ratio and thus 

are expected to yield the highest activity (among offering other advantages). 

Most of the studies conducted to date with encapsulated E. coli in silica gels focus 

on the long-term cell viability after encapsulation [8, 85]. However, the degradation of 

atrazine by recombinant E. coli expressing AtzA does not require viable cells since the 

atrazine is dechlorinated by a non-metabolic hydrolytic reaction [277]. This is a very 

important aspect for practical decontamination of drinking water since negligible (if 

possible, zero) viability of the encapsulated cells is required. This minimizes the 

environmental risks in case of an accidental release of the recombinant microorganisms. 

Therefore, we developed a way of minimizing the viability of the encapsulated cells. 

Figure 4.2 shows the loss of viability of cells encapsulated in different porous gels as 

measured by colony forming units (CFU) per a gram of gel material. The cells extracted 
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from the N1, N2, and N5 (non-thermally treated) gels after 3 weeks of encapsulation had 

93.4 %, 49.3 %, and 92.2 % fewer viable cells, respectively, when compared to cells 

extracted at t = 0 weeks  (Fig. 2). This showed that encapsulation of E. coli in the gels 

non-thermally treated still contained viable cells even after a long encapsulation periods. 

However, when the N5 gels were incubated at 45°C for 24 h, a reduction in 

survival/viability of the encapsulated cells close to 100 % was accomplished.  In fact, cell 

CFU counts were so low in the oven-treated N5 gels that they were below the detection 

limit of our assay; we could not physically plate enough gel material to obtain accurate 

cell counts.    

 

 
Figure 4.2 CFU of E. coli expressing AtzA extracted from different porous gels (n = 

3). 
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4.3.2) Membrane analysis of encapsulated cells 

The reason for the significant decrease in survival of the encapsulated E coli with 

increased gelation temperature was explored using FTIR spectroscopy by monitoring the 

change in the location of the lipid acyl chain (ν-CH2) stretching peak (located near 2850 

cm-1 in solution). Before gelation, the ν-CH2 peak locations of the cells in the silica 

solution were similar to the cells in water (Table 4.2) indicating that the 

microenvironment of the cells in the silica solution were similar to the cells in water. 

When the measurements were repeated 30 min after the gels were formed, the 

encapsulated cells had significantly lower ν-CH2 values than the cells in water (Table 

4.2). The decrease in the ν-CH2 wavenumber reflects an increased packing of the 

membrane lipids of the cells due to encapsulation. When the encapsulated cells were 

incubated for 24 h at 45°C, there was a gradual shift in the ν-CH2 peak location to higher 

wavenumbers, which indicated disruption of the cellular membranes of the encapsulated 

cells. In parallel experiments, encapsulated cells were dried over time at room 

temperature to monitor the changes in the ν-CH2 peak position. The results showed that 

the ν-CH2 peak position shifted towards higher wavenumbers as the sample was dried 

over time (Fig. 4.3). Additionally, measurements of the ν-CH2 peak position for free and 

encapsulated cells at different temperatures revealed that the fluidity of the membrane 

decreased with encapsulation. For a temperature change from 4°C to 37°C, Δν-CH2 was 

1.13 cm-1 for the free cells while it decreased down to  ∼ 0.47 cm-1 for the encapsulated 

cells. 
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Table 4.2 Changes in the structural conformation of lipid membranes of E. coli 
expressing AtzA with temperature and encapsulation conditions. 

 

A comparison of the cells in solution and encapsulated cells did not show any 

significant difference in the morphology of their external membranes (Fig. 4.4A and Fig 

4.4B). Distinctive raffles of the external membrane were observed in both cases. 

However, cells that were encapsulated and incubated for 24 h at 45°C did not have the 

same characteristics of the external membrane. Instead, the membrane looked shrunken 

and dehydrated (Fig. 4.4C). Both the FTIR analysis and SEM imaging showed the 

significant differences between the cells encapsulated at room temperature and the cells 

treated at 45oC which resulted in decrease viability (Table 4.2).   

 

Figure 4.3 Time-dependent ν-CH2 peak position of encapsulated E. coli expressing 
AtzA in silica gels. 
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23 2852.33 ± 0.1 2844.40 ± 0.2 2847.66 ± 0.8
37 2852.90 ± 0.0 2844.60 ± 0.1 2847.96 ± 0.1
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Figure 4.4 Electron microscopy images of E. coli expressing AtzA: (A) free cell in 

solution, (B) E. coli encapsulated in SPEG gel, N5, (C) E. coli encapsulated in SPEG 
gel, N5 after thermal treatment at 45°C. 

4.3.3) Atrazine biodegradation 

 Atrazine degradation activity of the encapsulated microorganisms was evaluated 

using HPLC analysis. Due to the high atrazine adsorption characteristic of the gels, the 

rate of hydroxyatrazine production was used in all activity calculations.  Figure 4.5A 

illustrates the atrazine adsorption ability of the gels by showing the change in atrazine 

concentration when exposed to silica beads that do not contain any cells. In the first 10 

minutes, there was almost a 30 % decrease in atrazine concentration in the solution 

followed by equilibration. As expected, hydroxyatrazine was not detected in this solution 

due to the absence of the enzyme AtzA. Figure 4.5B shows the drop in atrazine 

concentration via the combined effect of atrazine adsorption by the silica gel and the 

degradation of the atrazine by the encapsulated cells. The rate of hydroxyatrazine 

production was linear over time, which indicated that hydroxyatrazine had less affinity to 

the silica gel and was more readily released into the solution environment. This 

observation was supported by assays similar to those shown in Fig. 4.5A but with 

hydroxyatrazine and cell-free beads (Fig. 4.6). 
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Table 4.3 Comparison of normalized activity of encapsulated and free E. coli 
expressing AtzA in different gels. Note that (*) indicates microbeads. Rest of the gels 
were tested in cylinder form. N3 gels contained non-expressing cells, N4 gels did not 

contain cells. Activity was measured at room temperature after 24 h of 
encapsulation. 

 

Table 4.3 summarizes the results of the atrazine conversion activities obtained 

using different gel compositions and geometries (cylinder block vs. microspheres). The 

activity in cylinder blocks was significantly lower than those encapsulated in microbeads. 

This result was expected since only one surface of the cylinder was exposed to the 

solution and therefore only the cells very close to the surface of the product were 

involved in degradation of the atrazine. Cells encapsulated in N1 and N2 gels in cylinder 

blocks had only 16 %, and 22 % of the activity of the free cells in solution. As expected, 

gels that contained cells that did not express AtzA (N3) or gels that did not contain any 

cells (N4) did not show any hydroxyatrazine production. It was not possible to test the N1 

and N2 gels in microbead form since the microbeads did not show any mechanical 

integrity and easily pulverized. This made them unsuitable for any bioremediation 

application in the field. On the other hand, the N5 gels could easily be manufactured in 

the form of cylinder blocks and microbeads. Note the significant increase in specific 

activity when the cells were encapsulated in the high specific surface area microbeads 

Gel Type Hydroxyatrazine
N1 0.159
N2 0.224
N3 0.000
N4 0.000
N5 0.124

N5* 0.953* ± 0.35
Free Cells 1.000

Normalized Specific Activity [mmol/min.g]
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(N5*) when compared to the gels encapsulated in a cylinder block of limited specific 

surface area (N5). 

Figure 4.7 shows the activities of the free and microbead encapsulated cells (N5*) 

over 4 months. When the activity was measured at room temperature, free cells showed 

an average of 0.61 ± 0.04 μmol/g-min of activity over 21 days. After 21 days, significant 

cell lysis was observed in the free cells; this was likely due to long-term hypoosmotic 

stress induced by water. Therefore, the experiments on the free cells were stopped at that 

time point. On the other hand, cells encapsulated in N5 porous gels (microbeads) showed 

a stable activity between 0.44 ± 0.06 μmol/g-min to 0.66 ± 0.12 μmol/g-min for up to 4 

months. This showed that even though the encapsulated cells were dead and had lost their 

membrane integrity, AtzA was protected and active in the silica matrix. The activities of 

the free and encapsulated cells were found to be temperature dependent. At 4°C, activity 

dropped by 45 % and 30 % for the free and encapsulated cells, respectively. The activity 

of encapsulated cells was 33.3 % higher than the cells in solution.  
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Figure 4.5 changes in atrazine and hydroxyatrazine concentration in solution: (A) 
adsorption of atrazine, (B) adsorption and biodegradation of atrazine (n = 3). The 

error bars are smaller than the symbols. 
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Figure 4.6 Adsorption of atrazine and hydroxyatrazine in cell-free microbeads. 

 

For activity measurements at room temperature, at 10 days of encapsulation (∼ 7 

days for free cells), there was an increase in the specific activity, which was attributed to 

an increase in the permeability of the membranes since the viability of the encapsulated 

cells (N5, 24 h at 45°C) becomes even more negligible (Fig. 4.2). This is further 

supported by parallel experiments with acetone as a permeabilizing agent, where cells 

showed higher activities when compared to free and encapsulated cells (Fig. 4.8). 

However, for activity measurements at 4°C, the improvement was only significant for 

cells in acetone; which indicated that the activity of the enzyme not only depended on the 

permeability of the membrane but also on the temperature at which the assays were 

carried out.  
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Figure 4.7 Specific activity of non-viable E. coli expressing AtzA in N5* microbeads 

at different temperatures. 

4.4) Discussion 

Activated carbon is widely used for removing contaminants in public drinking 

systems. However, activated carbon particles do not have selective adsorption for 

chemical compounds and also adsorb naturally occurring organic compounds [280]. 

Studies show that the presence of natural organic matter in the water reduces the 

adsorption kinetics of activated carbon and its capacity of atrazine adsorption [280, 281]. 

Therefore, there has been a search for alternative technologies that have high adsorption 

potential and selectivity. So far, the use of organoclays [282], chemically modified 

carbon [283], dialysis [284], UV light photodegradation [285], nanofiltration [286], non-
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ionic polymeric resins [287], covalent sequestration [280], and ozone and OH radicals 

[288] have been examined. While these technologies have sometimes proven to be 

effective at the laboratory scale, their wide-spread implementation may be limited by 

efficiency and cost in comparison to activated carbon. In this study, an economical hybrid 

biomaterial was developed that possesses the adsorptive capability of activated carbon 

but in addition, selectively degrades atrazine. Moreover, the combination maintains 

atrazine removal capabilities for extended periods without saturation, thus eliminating the 

need for recharging.   

 
Fig. 4.8 Comparison of specific activity of E. coli expressing AtzA at different 

conditions (n = 3). Statistical analysis was performed using ANOVA test. 

4.4.1) Viability of the encapsulated cells 

Many bacteria have been immobilized in silica-based porous gels with the aim of 

developing biosensors, bioreactors, or bioremediation applications that require 

metabolically-driven reactions [4, 289].  All of these applications require long term cell 

viability after the encapsulation process. This requirement has directed most research 
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towards improvement of the survivability of the cells in the silica gels by using more 

mild  encapsulation methods [22], or by the addition of osmoprotectants [8, 85]. On the 

other hand reactions that do not require metabolic activity, such as the hydrolytic removal 

of chlorine from atrazine, do not necessitate such considerations.  It has been shown that 

recombinant E. coli cells expressing AtzA can still be highly active enzymatically 

without being viable [277]. In fact, for a drinking water application, non-viable 

encapsulated bacteria are desirable to mitigate against human exposure to bacteria, 

despite the known safety of the bacterial species used in our studies.  

 E. coli cells survived the process of encapsulation in the different gels tested when 

not cured at a high temperature (Fig. 4.2). Clusters of cells were distributed evenly 

through the gel. The porosity of the gel was in the nanometer range, which restricted the 

cells from migrating, growing and undergoing cellular division. The gels were permeable 

to water and to water soluble solutes (including atrazine and hydroxyatrazine) and gases. 

The viability of encapsulated cells changed depending on the composition of the gels. 

Within 3 weeks, there was a 93.4 % reduction in viable cells encapsulated in N1. It has 

been shown that surface silanol groups of the silica gels have a detrimental effect on the 

integrity of the cellular membranes of the encapsulated cells. This is thought to be one of 

the main reasons for the decrease in viability and survival of the encapsulated cells along 

with the lack of space for cellular division [8, 290]. 

The formulations N1 and N5 had the greatest decrease in viable cells after 3 

weeks, 93.4 % and 92.2 %, respectively. In contrary, N3 gels had the highest viability 

after 3 weeks of encapsulation (49.3 %). This result was consistent with reported values 
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of viability of encapsulated E. coli TG1/pPBG11 cells using alkoxides and PEG as 

precursors of the porous gel [22]. However, 6.6 % or 7.8 % viability of encapsulated cells 

after 3 weeks was still too high for using bacteria in the purification of water.     

The number of viable cells after encapsulation was negligible when the 

encapsulated cells were incubated in a convection oven for 24 h at 45°C. This treatment 

resulted in a viability decrease of almost 100% based on CFU counts. We suggest that 

this drop in viability is the result of a loss of cell membrane integrity.  This hypothesis is 

supported by the structural changes observed via FTIR analysis in the lipid membranes of 

encapsulated cells due to thermal treatment. After encapsulation, there was a drop in the 

ν-CH2 peak position, which indicated an increase in the packing of the membrane lipids. 

This could be due to specific bonding between the silica surface silanol groups and the 

lipid headgroups and/or dehydration due to extensive hydrogen bonding of the silica gel, 

and shrinkage. However, the initial decrease in the lipid headgroup spacing did not have a 

significant effect on the viability of the encapsulated cells since cells extracted from the 

gels after a short period of time could continue to grow and form colonies. On the other 

hand, when the encapsulated cells were thermally treated, ν-CH2 peak position further 

shifted from ∼ 2844 cm-1 to ∼ 2847 cm-1 in an irreversible fashion, which indicated a 

permanent disruption of the lipid membrane. Comparisons of electron microscopy images 

of cells in solution and extracted cells from gels with and without thermal treatment 

showed the significant difference in the texture of the lipid cell membranes.  
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4.4.2) Atrazine biodegradation 

Pseudomonas sp. strain ADP and purified AtzA have previously been 

encapsulated in silica gels for the purpose of biodegradation of atrazine [272, 278]. When 

a combination of alkoxide precursors is used for the synthesis of the silica gel, the 

encapsulated AtzA remained active for up to 3 weeks while maintaining 40 % of the 

activity of the free AtzA [272]. In contrast, it was reported that the encapsulated 

Pseudomonas sp. strain ADP required viability to biodegrade up to 60 % of the atrazine 

present in solution. Otherwise only 8 % atrazine biodegradation occurred [278]. In 

addition to the low performance detailed above, the further disadvantages of these two 

approaches are that AtzA requires an extensive process of purification, cells need to be 

alive and supplemented with nutrients, and the encapsulation process must not yield to 

detrimental by-products such as methanol that can seriously reduce the activity of the 

enzyme or the viability of the cells. The encapsulation of recombinant E. coli cells 

expressing AtzA in silica or SPEG gels overcame all the previous limitations, since the 

encapsulated cells did not require to be kept alive to maintain the activity of the 

overexpressed AtzA.  The hybrid biomaterial we have developed not only mimics the 

adsorptive capabilities of activated carbon, but also provides an avenue for in situ 

herbicide degradation.  

The adsorption of atrazine by silica was evident when gels that did not contain 

cells were incubated in the presence of 140 μM atrazine (30.2 ppm); there was a drop in 

the concentration of atrazine with two characteristic slope regions (Fig. 4.5A). We 

suggest that the initial steeper slope indicated atrazine adsorption on the surface area 
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within the silica matrix. As the available surface area decreased, atrazine adsorption 

slowed as indicated by the second slope. When cells were present in the porous gel, the 

slopes observed were steeper (i.e., more rapid depletion of atrazine) which was an 

indicative of the atrazine adsorption and biodegradation working in tandem. This 

combined mechanism of action was corroborated by the generation of hydroxyatrazine in 

the solutions exposed to gels with encapsulated cells (Fig. 4.5B). 

  All specific activity calculations were based on the rate of appearance of 

hydroxyatrazine to avoid overestimation of the values of atrazine biodegradation. 

Moreover, the adsorption of hydroxyatrazine in the porous gel was lower than what is 

seen with atrazine since no changes in their slope were observed. The specific activity of 

the enzyme after encapsulation of the cells depended on the precursors used for the gel 

synthesis and on the geometry of the gel (e.g., cylinder block or microbeads). In cylinder 

blocks, the activity ranged from 15 % to 22 % of the cells in solution. The low surface 

area per volume ratio limited the diffusion of atrazine and hydroxyatrazine through the 

cylinder block gel and was responsible for the low specific activity. It is known that the 

rates of diffusion in silica gels are slow [291]. One possible solution to this problem 

would be to increase the porosity of the silica or SPEG gels, but this was not done to 

ensure that the encapsulated cells remained entrapped in the gel and not accidentally 

released. Instead, microbeads with a diameter of ∼ 1 mm with significantly higher 

specific surface area, but similar porosity as cylinder blocks were manufactured.   

The activity of the encapsulated cells in microbeads ranged between 0.44 ± 0.06 

μmol/g-min to 0.66 ± 0.12 μmol/g-min. This activity was comparable to free cells (Fig. 
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4.7). However, free cells lysed after 21 days, and were not suitable for further activity 

assays. In contrast, encapsulated cells in microbeads had stable activity for up 4 months. 

We suggest that although encapsulated cells are not viable and have disrupted lipid 

membranes after thermal treatment (Table 4.2 and Fig. 4.4C), most of the AtzA enzyme 

was still active and distributed in what remained of the encapsulated cells or adsorbed in 

the porous gel.  

In measurements of the activity at 4°C, the results showed that there was a drop in 

the measured specific activity of both encapsulated and free cells. It is known that 

structural changes of enzymes in solution and in crowded environments (e.g., cytoplasm 

of a cell) are temperature dependent [292, 293]. Moreover, the lipid membrane of the free 

cells transitioned to a more ordered state at 4°C (lower ν-CH2 peak position). This was 

not the case for the membranes of encapsulated cells with thermal treatment (Fig. 4.4C). 

We believe that in free cells at 4°C, the membrane becomes a strong barrier to the 

diffusion of atrazine into the interior of the cells due to its more ordered, crystalline 

structure.  In heat-treated encapsulated cells at 4°C, the cell membrane is perturbed and 

therefore unable to transition into the ordered state seen in the normal membrane; it is 

less of a barrier to atrazine diffusion and therefore we observe a higher specific activity 

for encapsulated cells at 4°C. 

4.5) Conclusions 

This study presents an effective approach for the bioremediation of atrazine in 

water. The method consisted of the encapsulation of recombinant E. coli expressing AtzA 
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in porous silica gels. The synergistic interaction between the porous silica and the cells 

allowed the adsorption and biodegradation of the atrazine for over 4 months. The rates of 

conversion of atrazine by the encapsulated cells depended on the precursors used for the 

synthesis of the porous gels and on their final geometries (e.g., films or microbeads). 

When microbeads were used the rates of biodegradation of atrazine were close to the 

values obtained with free cells.  
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Chapter 5: Encapsulation of Mammalian Cells in Silica Nanoporous 

Gels: Interactions at the Biointerface4    

5.1) Introduction 

  Encapsulation of cells in biomaterials using the silica sol-gel route has long been 

explored for the development of novel bio-functional materials [32, 86, 294]. 

Specifically, encapsulation of cells in silica matrices has shown great potential for the 

development of biotechnology applications such as biosensing [83, 295], biocatalysis [4, 

92], bioremediation [296, 297], and energy conversion [91, 92], as well as in biomedical 

engineering for cellular therapies [39, 92].  

Cells are encapsulated in silica matrices by the hydrolysis and condensation 

reactions of the acidic silicate sols, which yield to a polymeric oxo-bridged SiO2 network 

[4]. The entire encapsulation process occurs at mild conditions of pH and temperature 

with the sol-gel transition completing within minutes [4, 289]. The silica matrix provides 

mechanical support and confers chemical and thermal stability, and is resistant to 

microbial attacks [6, 32]. However, lower long-term viability and function of the 

mammalian cells after encapsulation remains as one of the principal setbacks for this 

technology [86, 294]. In fact, so far only a limited number of applications involving 

functional cells encapsulated in silica nanoporous matrices have reached the market 

[294].  

                                                 
4 This chapter is part of a manuscript in preparation that will be submitted to Acta Biomaterialia. 
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Nanoporous silica matrices allow for the exchange of oxygen, nutrients, 

electrolytes, metabolites, and other bioactive compounds [32]. However, proliferative 

division of the encapsulated prokaryotic or eukaryotic cells is prohibited due to the 

mechanical stiffness of the silica gel. This  constitutes one of the major fundamental 

differences between polymeric and silica encapsulation [99-101, 103, 298]. It has been 

shown that prokaryotic cells can maintain their metabolic activity (MA) when 

encapsulated in silica gels. When encapsulated, the metabolism of the prokaryotic cells 

can be regulated by minimizing the concentration of the nutrients [8], inducing 

production of intracellular sugars prior to encapsulation [70], or inducing quorum sensing 

in the encapsulated cells by the addition of molecules such as acylated homoserine 

lactones [68]. Model eukaryotic cells (e.g., Saccharomyces cerevisiae) have also shown 

to maintain MA in silica encapsulation, when they are encapsulated at stationary-growth 

phase [75].   

 On the other hand, silica gel encapsulation of eukaryotic cells is a challenging 

task since all the previous strategies reported in the literature have failed in maintaining 

the membrane integrity and MA of the encapsulated eukaryotic cells for long periods of 

time [5, 6]. We propose that for successful mammalian cell encapsulation, all of the 

issues associated with sol-gel processing and encapsulation need to be addressed in a 

systematic manner. The main issues to be addressed are: the specific surface interactions 

between the matrix and the encapsulated cells at the biointerface, cytotoxicity induced by 

by-products generated during the hydrolysis and condensation reactions, the mechanical 
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compressive stresses formed during gelation and aging of the gel. Another source of 

mechanical stress buildup is proliferation-induced cell division.   

The effects of silica gelation by-products (e.g., methanol, ethanol) on the 

membrane integrity and MA of mammalian cells have been reported [5, 6]. On the other 

hand, the effects of silica gel aging has not been fully explored [294]. The gel aging 

phase is most likely the stage when the surface interactions form and mature at the 

biointerface. Aditionally, compressive stresses also arise due to silica matrix syneresis, 

negatively effecting the membrane integrity and MA of the encapsulated mammalian 

cells [294].  

In this study, we have investigated the membrane integrity and MA of 

encapsulated mammalian cells (e.g., human foreskin fibroblast, HFF; irradiated human 

foreskin fibroblasts, HFFIR, mouse embryonic fibroblasts, MEF; and irradiated mouse 

embryonic fibroblast, MEFIR) during aging of the silica matrix they are encapsulated in. 

Silica gels made from water soluble alkoxides, tetrakis (2-hydroxyethyl) orthosilicate 

(THEOS) and tetramethyl orthosilicate (TMOS) were used. The nanoporous silica matrix 

was synthesized in the presence of culture media.  The by-product of THEOS hydrolysis, 

ethylene glycol (EG), had no effect on the membrane integrity and MA of the 

mammalian cells. On the other hand, methanol, the cytotoxic by-product of TMOS 

hydrolysis, was removed by evaporation prior to cell encapsulation.  

Our results showed that encapsulated cells experience significant conformational 

changes in their lipid membranes during the gelation and aging of the nanoporous silica 

matrix. Measurements of the MA and viability of the encapsulated cells show that 
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majority of the cells tolerate the initial change in their lipid organization immediately 

after encapsulation. However, aging of the silica matrix beyond 6 h induce additional 

changes, causing a significant drop in MA and also leakage of intracellular lactate 

dehydrogenase (LDH) from the encapsulated cells. These are the signs that death of the 

encapsulated cells is accelerated during aging of the silica matrix.  

We hypothesized that reducing the interactions at the biointerface during silica gel 

aging would be beneficial for the enhancement of the MA and viability of the 

encapsulated cells.  The biointerface interactions were reduced by incorporating 

polyethylene glycol (PEG) at different molecular weights into the matrix. It is known that 

the hydrophilic part of PEG forms hydrogen bonds with silica surfaces and therefore 

prevents surface interactions [299, 300]. The immediate effect of PEG was the reduction 

of the time dependent decrease in MA of the encapsulated cells and the reduced LDH 

leakage. PEG stopped the specific chemical reactions at the biointerface, but as expected 

did not protect against the buildup of mechanical compressive stresses (due to matrix 

shrinkage and cellular division). We therefore further envisioned that arresting the 

cellular division of HFF and MEF cells by irradiation would be beneficial in decreasing 

the decay of MA in encapsulated cells.   

5.2) Materials and methods 

Tetrakis (2-hydroxyethyl) orthosilicate (THEOS) was purchased from Gelest 

(Morrisville, PA), Tetramethyl orthosilicate (TMOS) was obtained from Sigma. Colloidal 

silica nanoparticles (SNPs) were obtained from NYACOL Nano Technologies Inc. 

(Ashland, MA). SNPs were purified using dialysis through 3.5 kDa Spectra/Pore 



120 
 
membranes purchased from Spectrum Laboratories Inc. (Rancho Dominguez, CA). 

Linear PEG (at molecular weights (Mw) of 0.4, and 0.6 kDa) was purchased from Sigma. 

4-arm PEG (Mw = 2 kDa) was purchased from Creative PEGWorks (Winston Salem, 

NC). PEG was used to increase the porosity of the silica gels as well as to modify its 

surface. All chemicals were used without further purification.  

5.2.1) Cell culture 

 Human foreskin fibroblasts (HFF), and mouse embryonic fibroblasts (MEF) were 

obtained from the American Type Cell Collection (Manasas, VA). HFF and MEF cells 

were cultured in DMEM basal media supplemented with 15% fetal bovine serum (FBS), 

and 1 % penicillin/streptomycin. Cells were incubated in a 5% CO2 atmosphere at 37°C 

until they reached 80 - 90 % confluence. Cells were then washed with phosphate buffer 

saline (PBS) and trypsinized with 0.25 % Trypsin-EDTA for 5 min at 37oC. For 

cytotoxicity measurements and encapsulation experiments, cells were centrifuged at 800 

rpm for 5 min. The supernatant was removed and the pelleted cells were suspended in 

their own growth media at a concentration of ∼ 500,000 cells/ml.  

5.2.2) Cell irradiation 

 
 HFF and MEF cells were irradiated for 15 min with an X-ray machine at a dose of 

6,000, and 10,000 rads for HFF and MEF cells, respectively. Irradiated HFF (HFFIR) and 

irradiated MEF (MEFIR) cells stopped replicating after irradiation [301]. Encapsulation 
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of the irradiated cells was conducted in a similar fashion to that used for non-irradiated 

cells, as described previously.   

5.2.3) Silica gel synthesis and characterization 

Silica gels were synthesized by direct hydrolysis of 10 % (v/v) THEOS in cell culture 

media without using any acid catalyst. The culture media was prepared with 0.01 M of 85 

nm diameter SNPs. Note that SNPs were used as nucleation seeds for the development of 

the silica network. The mixture was stirred vigorously for 60 s. During that time a change 

in the pH of the mixture (∼ pH 5) was observed showing that THEOS was hydrolysed. 

The reaction then continued on as a condensation polymerization forming the nanoporous 

network. The neutral pH (∼ 7) was recovered naturally after the sol-gel transition of the 

hydrolysed alkoxide was complete. Silica gels made out of the alkoxide TMOS were 

prepared in a similar fashion.       

Some of the silica gels were produced using PEG (these gels are termed SPEG). 

Gels produced with linear PEG (Mw = 0.4, 0.6 kDa) were termed SPEG-l and gels 

produced with 4arm PEG (Mw = 2 kDa) were termed SPEG-4arm. In a typical 

preparation, PEG was dissolved in cell culture media and the resultant solution was 

mixed with hydrolysed THEOS solution. The final volume ratio of PEG in the mixture 

was 2.3, 4.5, or 10 % (v/v). PEG interacted with the silica matrix in two different ways: 

(a) by hydrogen bonding with the silanol groups that formed after the hydrolysis of the 

alkoxide (with the ether oxygen of PEG); and (b) by covalently linking to the silica 
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surface through transesterification reactions between the hydroxyl groups of PEG and the 

hydrolysed alkoxide [299, 300].  

The prepared gels were characterized using FTIR spectroscopy, UV-vis 

spectroscopy and scanning electron microscopy (SEM). FTIR analysis of pure silica and 

SPEG gels was conducted to determine the changes in the chemical structures of the gels 

with incorporation of PEG. UV-vis spectroscopy was performed on aged samples 

prepared in 96-well plates to determine whether phase separation occurred in the gel. 

Scanning electron microscopy (SEM) analysis was performed with a Hitachi S-900 

FESEM (Hitachi Co., Lawrenceville, GA) electron microscope. For SME analysis, silica 

gels were dehydrated in ethanol and transferred to a CO2 critical point drier (Samdri-

780A, Tousimis, Rockville, MD). Prior to imaging, dried samples were sputtered with 

Tungsten at a rate of 1 A°/min for 15 min. SEM images of the gels were analyzed in 

order to determine their porosity (the percentage void space using the ImageJ software 

[302]), and to explore their ultrastructure.  

5.2.4) Cell encapsulation  

 For encapsulation in silica gels, 20 μL of 0.01 M SNPs suspended in culture 

media was mixed with 4 μL of THEOS. The mixture was vigorously vortexed for 1 min 

and was placed on ice to avoid condensation. After the pH recovered to 7, 20 μL of cell 

solution (500,000 cell/ml) was added, mixed by pipeting and transferred to a 96-well 

plate. In parallel experiments, cells were encapsulated in silica gels prepared with TMOS. 

In these gels the alkoxide was hydrolyzed in water catalyzed with 0.01 M HCl at 1/1/0.01 
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(v/v/v).  After hydrolysis, the mixture was heated up to 65°C to remove the alcohol by-

product [6]. Later, 20 μL of 0.01 M SNPs in culture media was mixed with 4 μL of 

hydrolyzed TMOS. This step neutralized the solution. Cells suspended in media (500,000 

cell/ml) were added to this solution. Gelation of the silica gels was completed within 5 

min, and 90 μL of media was added on top of the gels to avoid drying. The encapsulated 

cells were incubated at 5% CO2 atmosphere and 37°C for up to 60 h.  

For encapsulation in SPEG gels, linear or 4-arm PEG was added at a 

concentration of 2.3 %, 4.5 %, 10 % (v/v) to 20 μL of 0.01 M SNPs in culture media. The 

rest of the procedure was identical to that followed for making the gels that did not 

contain PEG.  

5.2.5) Fluorescence microscopy  

 Membrane integrity of the encapsulated cells in silica and SPEG gels was 

measured using a live-dead fluorescence assay containing Hoechst (H) and Propidium 

Iodide (PI) fluorescent dyes. A Nikon Eclipse T200 microscope (Nikon Instruments Inc., 

Melville, NY) equipped with 10X, and 20X objectives were used to collect the bright 

field and fluorescent images.  

5.2.6) Membrane analysis of the encapsulated cells  

Conformation of the cell membrane lipids was determined using FTIR 

spectroscopy. Sample preparation and data collection were described elsewhere [303]. 

Spectral analysis was performed using Omnic software provided by the manufacturer. 
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The change in the lipid conformation was monitored by measuring the peak location of 

the ν-CH2 (symmetric stretching) band located at 2850 cm-1 for cells in solution (and at 

2843 cm-1 for the encapsulated cells). Due to overlapping of the PEG and ethylene glycol 

CH2 bands in the 2900 - 2700 cm-1 region, FTIR analysis of encapsulated cells was only 

carried out in silica gels prepared without PEG.  

5.2.7) Metabolic activity and lactate dehydrogenase leakage measurements  

   MA of the encapsulated cells was measured with alamar blue (AB) fluorescence 

[304]. For fluorescence measurements a SpectraMAX Gemini microplate reader 

(Molecular Devices Inc, Sunnyvale, CA) was used. The samples were excited at 540 nm 

and their emission was measured at 590 nm. LDH assay was performed 24 h after 

encapsulation of the cells. The assay was performed using a commercially available kit 

(Roche Applied Science, Indianapolis, IN). The levels of extracellular LDH 

concentration were determined using a UV-vis SpectraMAX microplate reader 

(Molecular Devices, Sunnyvale, CA) by absorbance at 492 nm. The readings were 

calibrated using blank wells, wells that only contain media, cells in media, and gels that 

do not contain any cells.  

5.3) Results 

5.3.1) Characterization of the silica and SPEG gels  

In pure silica gels, when THEOS or hydrolyzed TMOS were mixed with the 

solution containing the cells, phase separation was not detected. The gelation time (Tg) of 
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the pure silica gels decreased with an increase in the alkoxide concentration. Fig. 5.1 

shows that the there is a logarithmic correlation between Tg and volume ratio of THEOS. 

Gels prepared with TMOS had the same trend (data not shown). The presence of the cells 

did not affect the gelation time for the different concentrations of the alkoxides.   

For SPEG-4-arm gels prepared with 2.3 % or 4.5 % PEG, the onset of the gelation 

was concurrent with phase separation, as indicated in Fig. 5.1. Therefore, it was not 

possible to determine the onset of gelation. In SPEG-4-arm gels prepared with 

concentrations of PEG higher than 4.5 % PEG, phase separation was drastically reduced. 

A logarithmic correlation between Tg and 4-arm PEG concentration was observed (Fig. 

5.1).  

Phase separation causes increased adsorption of light and therefore UV-vis 

spectroscopy can be used to detect phase separation (Fig. 5.2A). Interestingly, in some 

gels it was observed that even though phase separation was present, a gel structure was 

formed (Insert Fig. 5.2A). In SPEG-4-arm gels prepared with 10% PEG, phase separation 

was drastically reduced as indicated by high optical transmittance. The transmittance 

values of SPEG-l gels did not show significant phase separation at low or high 

concentrations of PEG (Fig. 5.2B). A drop in transmittance was observed in all gels at 

around 560 nm. This corresponded to absorbance by the cell culture media that was used 

as a solvent in all gels (Fig. 5.2C). 
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Figure 5.1 Gelation times (Tg) for gels made with THEOS and PEG. In these 

experiments, a constant concentration of 10 % (v/v) THEOS was used. 
 

Fig. 5.3 shows the SEM micrographs of (A) pure silica gel, (B) SPEG-l gel (0.4 

kDa), (C) SPEG-l (0.6 kDa), and (D) SPEG-4-arm. All gels were formed by the 

aggregation of SNPs in the form of a three dimensional network. Pure silica gels 

exhibited a more compact agglomeration of SNPs with less void space (or volume 

fraction) when compared to the SPEG gels, showing the role of PEG as a porogen. 

Increasing PEG size (by increasing the Mw) increased the void space fraction in the gels 

such that 13.77 % ±  2 %, 18. 45 % ± 1.3 %, 21.42 % ±  1.9 %, and 29.1 %  ± 1.1 % of 

void space was obtained in pure silica, SPEG-l (0.4 kDa), SPEG-l (0.6 kDa), and SPEG-

4-arm gels, respectively (Fig. 5.4).    
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Fig 5.2 Optical properties of silica and SPEG gels prepared with 10 % (v/v) THEOS, 
different Mw and concentrations of PEG. Transmittance of (A) SPEG-4arm, (B) 

SPEG-l (Mw = 0.6 kDa), cell culture media. The drop in the transmittance at 560 nm 
is due to absorbance by albumin at that wavelength. 
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PEG was added to the gels to modify the silica surface. The interaction of the 

silica surface with PEG was confirmed by FTIR analysis in the region 3900 - 2500 cm-1 

(Fig. 5.5). In silica gels, at 3737 cm-1 the IR spectrum showed a sharp peak (point O in 

Fig. 5.5), which corresponded to the stretching vibrations of the unbound silanol groups 

located on the silica surface (-SiOH) [156]. Moreover, at 3662 cm-1 a shoulder in the IR 

spectrum was observed (point P in Fig. 5.5). This shoulder originated from the stretching 

vibrations of the vicinal silanol groups [156]. In the IR spectra of the SPEG gels, the 

stretching vibrations of the surface silanols disappeared showing that PEG interacted with 

the silica surface binding with the silanol (-SiOH) groups. A similar interaction 

mechanism of organic polymers and sugars with silica through silanol groups was 

previously reported in colloidal silica [303, 305]. In SPEG gels, the asymmetric 

stretching vibrations of PEG (-CH2) are located in the region 2900 cm-1 to 2750 cm-1 

(point Q in Fig. 5.5). 

 
Figure 5.3 Electron microscopy micrographs of the nanostructure of the SPEG gels 
with 10 % (v/v) THEOS: (A) Pure silica gel, (B) 10 % SPEG-l (0.4 kDa), (C) 10 % 

SPEG-l (0.6 kDa), (D) 10 % SPEG-4arm (2 kDa). 

DA B C
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Figure 5.4 Comparison of the projected void space (a measure of porosity) obtained 

in different gels (n = 5). Statistical analysis was conducted using ANOVA.  
 

 
Figure 5.5 IR spectra of pure silica gel and 10% SPEG-4-arm (Mw = 2 kDa) gels 

showing the differences in their surface chemistry. 
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5.3.2) Cytotoxicity of the gel components  

 During the encapsulation process, mammalian cells are exposed to individual and 

aggregated SNPs in the surrounding solutions as gelation proceeds. It is known that SNPs 

can be mildly cytotoxic [306]. The toxicity of the encapsulation process was analyzed by 

incubating mammalian cells in 0.01 and 0.03 M SNP solutions (the concentrations used 

in our gels). After 24 h of incubation in the presence of SNPs, the cell membrane 

integrity and MA was measured. The results showed that exposure to SNPs did not cause 

membrane damage in HFFs and MEFs. Moreover, cells exposed to SNPs had comparable 

MA to control cells (Fig. 5.6).  

Another factor for cytotoxicity is the formation of cytotoxic by-products such as 

EG during the hydrolysis reaction [38]. HFF and MEF cells were incubated with 0.19 and 

0.38 M EG to test for cytotoxicity. The concentrations of EG used in these experiments 

were based on the stoichiometric reaction of 10 % (v/v) THEOS assuming a complete 

reaction. Incubation of HFF and MEF cells in EG for 48 h did not cause any cell 

membrane damage nor had any effects on the MA of the cells (Fig. 5.6).  

 
Figure 5.6 Cytotoxicity of SNPs and EG on: (A) HFF, (B) MEF. Cells were 

incubated in SNPs and by-products for 24 h. 
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5.3.3) Encapsulation of mammalian cells in pure THEOS silica gels  

 Immediately after encapsulation in pure THEOS gels, the MA of encapsulated 

HFF and MEF cells decreased to 5.3 % and 70 % of their values measured in media, 

respectively (Fig. 5.7). The decrease in the MA of the encapsulated cells was statistically 

significant when compared to the cells in solution (ANOVA, p < 0.05). After 12 h of 

encapsulation, HFFs exhibited only 46.3 % of the solution MA. After 24 h of 

encapsulation, MA of MEF and HFF cells had dropped to practically zero value. The 

drastic drop in MA of MEFs after encapsulation showed adverse interactions at the 

biointerface. Cells encapsulated in TMOS gels followed almost the identical trend 

(results not shown). 

 

Figure 5.7 Metabolic activity of encapsulated HFF and MEF cells. Negative 
Controls (blue and green) were prepared by encapsulating dead HFF and MEF 

cells. Dead cells were prepared by incubation in 70% ethanol for 10 min. 
Compromised membrane integrity of the dead cells were verified before 

encapsulation. 
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The changes in the cell membrane lipid conformation of the encapsulated cells 

was quantified by monitoring the change in the peak location of the lipid acyl chain 

stretching peak (ν-CH2) at ∼ 2850 cm-1. Immediately before the onset of the gel 

transition, the ν-CH2 peak wavenumbers of the cells suspended in the silica sol and in 

growth media were almost identical. When the experiments were repeated 30 min after 

gelation, it was observed that the encapsulated cells had significantly lower ν-CH2 values 

than the cells in media (Table 5.1).  The decrease in the ν-CH2 wavenumber upon 

encapsulation shows increased packing of the membrane lipids, potentially due to 

stiffening of the gel, interactions at the biointerface, buildup of compressive stresses, and 

partial dehydration of the cells. The change in the cell membrane fluidity with 

encapsulation was evidenced by the small change in the ν-CH2 peak values observed with 

changing temperature (Table 5.1). Δν-CH2 between 23°C and 0°C was 0.7 cm-1 and 0.8 

cm-1 for HFF and MEF cells, respectively, when they were in solution. When 

encapsulated Δν-CH2 decreased by 0.5 cm-1 for the same change in temperature. 

Table 5.1 Structural changes in the cellular membranes with encapsulation. 

 
 

Increased packing of the cellular membranes with gelation did not have 

significant short-term effects on membrane integrity. Membrane integrity of encapsulated 

cells immediately after encapsulation was measured as 98.3 ± 4.2 % and 97.2 ± 3.5 % for 

In media Encapsulated for 1 h In media Encapsulated for 1 h Encapsulated for  6 h
HFF 2851.8 ± 0.01 2843.8 ± 0.02 2852.3 ± 0.05 2844.5 ± 0.14 2845.6 ± 0.3
MEF 2851.5 ± 0.12 2843.1 ± 0.17 2852.3 ± 0.06 2843.6 ± 0.06 2844.9 ± 0.5

LNCaP 2851.8 ± 0.01 2843.4 ± 0.00 2852.3 ± 0.05 2843.9 ± 0.17 -
MCF-7 2852.0 ± 0.17 2843.1 ± 0.24 2852.6 ± 0.02 2843.7 ± 0.23 -

Cell Type
ν -CH2 Peak Location [cm -1]

0°C 23°C
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HFFs, and MEFs, respectively. Even though the membrane integrity assay using 

fluorescence microscopy indicated no membrane damage immediately after 

encapsulation, significant amounts of cytoplasmic material has leaked from the 

encapsulated cells. This was observed by LDH released from the encapsulated HFF and 

MEF cells (Fig. 5.8). After 24 h of encapsulation, there was 78 %  ± 1.3 % and 80.1 % ± 

1.3 % LDH release from encapsulated HFFs and MEFs with respect to their lysed 

controls. Moreover, FTIR analysis of the encapsulated cells conducted after 6 h showed 

that the ν-CH2 peak positions shifted towards higher wavenumbers (Table 5.1), which 

was an indication of loosening in membrane packing and therefore membrane damage.    

 
Figure 5.8 LDH release from encapsulated cells after 24 h of encapsulation. 

Statistical analysis was conducted using ANOVA. *, **, ***, ***** p < 0.05 (n = 3). 
In these experiments, SPEG-4arm (10 %, Mw = 2 kDa) was used. Two additional 

cell lines, LNCaP and MCF-7 cells, were used for comparison.   
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5.3.4) Encapsulation of mammalian cells in SPEG gels            

 The effect of the incorporation of PEG in the silica matrix (SPEG) was evaluated 

by monitoring the MA of the encapsulated cells after 24 h of encapsulation. MA of the 

encapsulated cells depended on the size and concentration of the PEG used in the gel 

synthesis (Fig. 5.9A-B). Cells encapsulated in 2.3, 4.5, and 10 % SPEG-l gels (0.4 kDa) 

had the largest drop in MA within 24 h, with reductions of 56.43 % and 67.83 % for HFF 

and MEF, respectively. The effectiveness of 0.6 kDa PEG and the 2 kDa PEG in 

preserving MA of the encapsulated cells depended on their concentration (Fig. 5.9). 

However, the drop in MA was always greater in the linear PEGs. This result suggested 

that PEG was effective in preventing the detrimental interactions of the silanol groups on 

the lipid membranes. Note that one reason for decreased MA in SPEG-4arm gel with 

concentration could be attributed to increased phase separation in the gels. Therefore, in 

the rest of the experiments 10 % SPEG-4arm gels were used.      

Figure 5.9 Effect of PEG concentration and size on the metabolic activity of 
encapsulated cells: (A) HFF, (B) MEF. Cells were incubated at 37°C and 5 % CO2. 

Cells incubated were used as the control in media. 
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The effect of long time encapsulation on MA was detrimental (Fig. 5.10A-B) 

even in SPEG gels. However, incorporation of PEG into the silica matrix had a positive 

effect on the MA of the encapsulated cells.  This result confirmed that one mechanism of 

damage to encapsulated cells is the specific interactions between the silica surface (-

SiOH) and the cellular membranes, which could be minimized by incorporating PEG into 

the gels. The hydrophilic part of PEG forms hydrogen bonds with surface silanol groups 

[300]. With PEG the time dependent decrease in MA over time slows down, but does not 

completely stop. This shows that there are other factors such as the increase in 

compressive stress due to cell growth that are also involved in the decrease of MA.         

LDH release from the SPEG-4-arm encapsulated cells after 24 h (Fig. 5.8) was 

measured. The amount of LDH released into the extracellular medium is proportional to 

the number of cells damaged or lysed [307]. Contrary to the results obtained in pure silica 

gels, encapsulated HFFs and MEFs in SPEG-4-arm gels only had extracellular LDH 

contents of 11.2 % and 13.5 %, respectively. Extracellular LDH measurements confirmed 

the detrimental effects of the bare silica surfaces on the encapsulated cells could be 

inhibited by functionalizing the silica surface with PEG.  
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Figure 5.10 Metabolic activity of encapsulated: (A) HFF and (B) MEF. Negative 
controls (blue) were prepared by encapsulating dead HFF and MEF cells. Dead cells 
were prepared by exposure to in 70% ethanol for 10 min. Compromised membrane 
integrity of the ”dead” cells were verified before encapsulation. Cells incubated at 

37°C and 5 % CO2 were used as the positive control.  
 

We also explored the effects of arrested cellular division in the MA of the SPEG 

encapsulated cells. Similar to what was observed with the unirradiated HFFs and MEFs 
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metabolically more active when encapsulated (than in solution) as shown in Fig. 5.11A-

B.  When HFFIR cells were encapsulated in SPEG gels there was no decrease in the MA 

during the first 12 h of encapsulation, and MA decreased by only 11.1 % within the first 

24 h (p < 0.05). 48 h after encapsulation MA of HFFIR was 65 %. However, the MA 

started to drop drastically after 48 h of encapsulation. Similarly, MEFIR cells 

encapsulated in SPEG gels maintained their MA for 24 h in encapsulation. MA started to 

drop after 36 h of encapsulation, to 70.9 % and 32.4 %, after 48 h and 60 h of 

encapsulation, respectively. The irradiated cells (HFFIR, and MEFIR) lost over 97 % of 

their MA after 84 h of encapsulation (data not shown).   

5.4) Discussion  

 Even though THEOS is compatible with organic polymers forming hydrogels 

[308-310], SPEG gels exhibited phase separation at certain PEG sizes and concentrations 

(Fig. 5.2). The phase separation tendency is determined mainly by the PEG/silica ratio 

[311]. For SPEG-4arm gels synthesized with of 2.3 % and 4.5 % PEG, widespread 

macroscopic phase separation occurred. It is suggested that phase separation takes place 

by the adsorption of PEG on silica through hydrogen bonding of the ether oxygens in 

PEG and the surface silanols such that the surface of the gelling phase becomes 

hydrophobic and less soluble in the solvent [312].  

 In contrast, an increase in concentration above 4.5 % in PEG led to a delayed 

onset of the sol-gel transition, albeit without noticeable phase separation (Fig. 5.2A) and 

as a result, a uniform ultra structure was obtained. Moreover, in SPEG-l gels (Mw = 0.6 

kDa or 0.4 kDa) no phase separation was observed (Fig. 5.2B). It is suggested that 
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bridging flocculation between the organic (PEG) and the inorganic silica (SiO2), which 

causes phase separation, depends on the molecular weight and the concentration of the 

organic polymer [27]. Therefore, at concentrations above 4.5 % for SPEG-4-arm and at 

all the concentrations of SPEG-l, it is possible that bridging flocculation does not take 

place since the amount of PEG is enough to sterically stabilize the silica and cover its 

entire surface. This is supported by the studies conducted using X-ray scattering, where 

extremum concentrations of PEG (in silica PEG systems) produced stable reactions with 

no phase separation. However, at intermediate  PEG concentrations, the organic polymer 

absorbed on the silica surface causing bridging flocculation [313].     

 THEOS gels were synthesized using cell culture media as the solvent. SEM 

characterization showed that the gels were formed by three dimensional aggregation of 

nanometer size particles with a random distribution of porosity (Fig. 5.3A). These results 

suggested that the soluble organic components present in the media acted as a catalyst for 

gelation and served as a template for silica condensation. It was previously shown that 

albumin, gelatin and casein could form a variety of hybrid nanostructures (e.g., fibrillar, 

spherical) when combined with THEOS at different pH values [314].   Interestingly, 

THEOS gels prepared with a cationic agent was also formed by the aggregation of 

particles of about 10 - 20 nm in diameter [315]. When PEG was incorporated, we 

observed an increase in the porosity of the gel. The pores however, remained randomly 

distributed.  
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Figure 5.11 Metabolic activity of encapsulated irradiated cells: (A) HFF and (B) 
MEF. Negative controls (blue) were prepared by encapsulating dead HFF and MEF 
cells, dead cells were prepared by incubation in 70% ethanol for 10 min, and then 
their membrane integrity was verified with fluorescence microscopy. Cells seeded 
and incubated at 37°C and 5 % CO2 were used as the positive control (Solution). 

 

In our studies with cells, we focused on compositions that did not cause phase 

separation.  FTIR analysis of the 3740 cm-1 region of pure silica and SPEG gels indicated 

strong interactions of silanol groups of the silica surface with PEG though hydrogen 
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bonding between the ether oxygens of PEG and the silica surface. [27]. This reduced the 

interactions at the biointerface between the encapsulated cells and the silica gel surface 

that is shown to be detrimental (Fig. 5.7 ) [22, 316, 317]. Moreover, transesterification 

reactions between hydrolyzed alkoxides and PEG may also occur during gelation [300], 

therefore, covalent bonding between PEG and silica can also be expected. NMR 

spectroscopy and Differential Scanning Calorimetry (DSC) based studies showed these 

interactions [300].  However, we did not obtain direct evidence of covalent bonding 

between the silica and PEG through FTIR analysis.            

5.4.1) Encapsulation of mammalian cells in pure silica gels 

It is known that the morphology and surface of silica nanoparticles can affect cell 

membrane integrity by oxidative stress, cell membrane damage and by inducing possible 

cell apoptosis/necrosis [106, 110, 318]. It is possible that after the silica gel forms, 

encapsulated cells are exposed to a combination of these detrimental stresses and their 

MA decreased. Long-term viability of mammalian cells encapsulated in silica gels has 

not been extensively explored; most of the published studies have focused on measuring 

the viability of the encapsulated cells immediately after encapsulation [5, 6].  

 Using IR spectroscopy we determined the structural changes in cellular 

membranes after encapsulation by analyzing the peak position of the ν-CH2 band (∼ 2850 

cm-1). For cells in solution, the cellular membranes are in the liquid-crystalline phase, 

characterized by increased lipid head group spacing, increasing disorder in acyl chains 

and a decreased bilayer thickness [319]. When the silica precursors gel, there is an abrupt 

change in viscosity. This is reflected on the ν-CH2 peak position as it shifts towards 
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lower wavenumbers (∼ 2844 cm-1).  The decrease in the ν-CH2 wavenumber reflects an 

increased packing of the membrane lipids, indicating a transition of the encapsulated cell 

membranes into a gel phase. The gel phase of the lipid membrane is characterized by a 

decrease in lipid head group spacing and decreased membrane permeability [320]. In the 

short term, increased packing of the encapsulated cell membranes did not have a 

significant effect on membrane integrity as indicated by fluorescent measurements (Fig. 

5.12). 

 

Figure 5.12 Fluorescence microscopy micrographs of encapsulated cells. Images 
were collected after encapsulation. Gels were prepared with 10 % (v/v) THEOS. (A) 

and (C) HFF and MEF cells in pure silica gel, respectively. (B) and (D) HFF and 
MEF cells in 10 % SPEG-4-arm gel, respectively. 
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 The stress of encapsulation in silica gels can result in change in membrane 

permeability. This effect has been investigated for encapsulated bacteria [67]. For 

mammalian cells, we found that even though there was a change in the fluidity of the 

cellular membranes (i.e., drop of ν-CH2 peak position), cells stayed metabolically active 

after encapsulation (Fig. 5.7). Therefore, it is possible that encapsulation induced further 

changes in the already altered cellular membranes. It has been hypothesized that 

hydrogen bonding interactions between silanol surface sites (-SiOH) and the negatively 

charged lipid head groups (e.g., -PO4
−) or the negatively charged membrane proteins 

result in conformational changes in the lipid membranes, leading  to  their disruption 

[321]. There were two important findings in our results that supported this hypothesis: (1) 

there was a shift in ν-CH2 peak position by 1.1 and 1.3 cm-1 for encapsulated HFF and 

MEF cells, respectively after encapsulation, and (2) LDH released into the surrounding 

media indicates excessive increase in permeability of the membranes.              

Rigidity of the silica matrix mechanically constrains the encapsulated cells, and as 

a result, cellular division and growth are inhibited [322]. It has been shown that only 

certain types of bacterial and plant cells are able to perform cellular division after silica 

encapsulation [77, 92]. Our observations of encapsulated cells overtime showed that cells 

wanted to increase their size towards the rigid matrix in their intention to complete 

cellular division. Thus, a damaged cellular membrane of the encapsulated cells was not 

only caused by the silica surface interactions but also by the intrinsic cellular behavior. 

We further corroborated this hypothesis in our experiments with encapsulated cells where 

cellular division was arrested by irradiation. Within the first 12 h the irradiated cells 
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showed increased MA when compared to the normal cells (Fig. 5.7). These results show 

the presence of multiple factors that affect long term viability for encapsulated cells.    

5.4.2) Encapsulation of mammalian cells in SPEG gels 

There is a significant improvement in viability and MA of encapsulated prokaryotic 

and eukaryotic cells when a biocompatible-polymer interface between the cells and the 

silica surface is constructed [4, 8, 21, 22]. Recently, encapsulation of mammalian cells in 

SNP’s surface functionalized with lysine groups at their surfaces has been reported [5]. 

Moreover, the encapsulation of clusters of cells in hydrolyzed alkoxides has been shown 

[6]. However, these studies did not measure the viability and MA of the encapsulated 

cells over time. In this study, the non-specific interactions between the cellular 

membranes and the silica surface were mediated by the incorporation of PEG (SPEG 

gels), and the effect in the membrane structure and MA of encapsulated cells were 

monitored.   

5.5) Conclusion 

We report the use of tetrakis (2-hydroxyethyl) orthosilicate (THEOS), a water 

soluble alkoxide, for the encapsulation of mammalian cells. This precursor allowed 

polymerization of silica at pH 7.4 using the cell culture media as a solvent. We were able 

to obtain silica monoliths for alkoxide concentrations as low as 10 % (v/v).  The 

cytotoxicity of EG was tested using membrane integrity and MA assays, which indicated 

that the majority of the cells survive the encapsulation process.  Cells were also 
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encapsulated in silica gels synthesized from TMOS to show that the detrimental effects in 

the viability and MA were independent of the silica precursor used. 

 We have explored different factors that affect the long time survival of the cells 

encapsulated in silica gels made up of THEOS and TMOS precursors. Silica 

nanoparticles were used as nucleation seeds during condensation of the alkoxides. 

 We showed that interactions at the biointerface, specifically between the 

membrane lipid head groups and the surface silanols are detrimental to the encapsulated 

cells. We have introduced a biopolymer (PEG) at different conformations (e.g., linear 

chain, non-linear chain), concentrations and observed that PEG interacts with the surface 

silanols and protect the encapsulated cells. Moreover, PEG could also be used to adjust 

the porosity of the gel, such that porosity increased with increasing PEG concentration in 

the silica gel even though it did not have a special effect on the structure of the gel. The 

gel ultrastructure was an agglomeration of SNPs. However, PEG should be used in the 

gel with care since at certain concentrations, it phase separates forming a heterogeneous 

gel.   

 We have also explored the effect of compressive stresses on the encapsulated 

cells. One source of mechanical stress is identified as the aging of the gel, which also 

causes dehydration of the encapsulated cells. Presence of PEG in the gel eliminates 

aging-related problems. The other source of compressive mechanical stress formation is 

the proliferation-driven cell division. The silica matrix imparts very limited mobility to 

the encapsulated cells since it is very stiff. Therefore, we hypothesized that removing the 

drive for cellular division would decrease the compressive stress buildup and would 
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therefore serve to increase the survival of encapsulated cells. When irradiated and 

encapsulated mammalian cells indeed survived for a long period of time. What we have 

not considered, in this experiment, however is the other potential biological effects of 

irradiation that may cause the cells survive adverse conditions. 
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Chapter 6: Development of Thixotropic Silica Gels for Reversible 

Encapsulation of Cancer Cells5 

6.1) Summary 

  In the previous chapters, silica precursors (e.g., silica alkoxides, silica 

nanoparticles), organic macromolecules and polymers were described for the production 

of a porous gel. We considered these porous gels irreversible since after gelation, they 

formed a stiff and sturdy monolith structure encapsulating cells or macromolecules. One 

of the objectives of this chapter was to investigate induction of thixotropic behavior in 

silica gels. Thixotropy is the property of certain gels that are viscous under normal 

conditions, but become less viscous over time when shaken, agitated, or stressed [323]. 

Therefore, it was possible to achieve a thixotropic behavior of silica gels by modifying 

certain steps of gel synthesis and by using different organic polymer components.     

A thixotropic gel (reversible gel) structurally consisted of micrometer size 

particles rich in hydrogen bonding sites thanks to silanol and hydroxyl groups on their 

surface (Fig. 6.1). The advantage of the thixotropic silica gels was that, they allowed the 

recovery of the encapsulated cells on demand. Therefore, our experiments demonstrated 

that novel applications for three dimensional cell culture, reversible cell encapsulation, 

drug delivery systems, and preservation of cells could be developed.  

   In this chapter, the encapsulation of cancer cells and normal cell lines in SPEG-4-

arm and reversible silica gels was investigated. Our results showed a differential response 

                                                 
5 This chapter is part of a publication that is currently under preparation.  



147 
 
in the metabolic activity (MA) of encapsulated cancer and normal cell lines. While 

normal cells maintained MA for up to 3 days, cancer cell lines were able to maintain MA 

for up to 1 week. This surprising result had drawn the investigation of using SPEG-4arm 

and reversible gels for the development of a screening cancer cell tool from tumors.  

 6.2) Materials and methods 

 Tetraethyl orthosilicate (TEOS), sodium silicate (27 weight % SiO2, 10 weight % 

NaOH), and silica nanoparticles in powder (Cab-O-Sil, grade M5) were purchased from 

Sigma (St. Louis, MO). Nanoparticles were used to increase hydrogen bonding between 

the microparticles of the gel. Different precursors were used to form hybrid composites 

with tunable characteristics: Multi-arm PEG (Mw = 2 kDa), linear PEG (Mw = 10 or 20 

kDa), dextran (Mw = 40 or 100 kDa), and trehalose (Mw = 378.33 Da).               

 
Figure 6.1 Schematic representation of a thixotropic transition. PEG can be 
replaced with any polymer capable of forming hydrogen bonds with SiO2. 
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6.2.1) Thixotropic gel synthesis 

 The biomaterial synthesis was based on a modified version of the protocol 

developed for Pek et al. [105]. To make thixotropic gels, the alkoxide precursor (e.g., 

TEOS) was hydrolyzed at a volume ratio of 1:9, 1:7, and 1:4.5 alkoxide:water in the 

presence of an acid (e.g., acetic acid) as a catalyst for the alkoxide hydrolysis. Separately, 

4-arm PEG (Mw = 2 kDa) was mixed with silica nanoparticles (e.g., 0, 5, 10 15 % w/w). 

Later, the pre-hydrolyzed alkoxide and the PEG solutions were mixed by vortexing for 5 

min. The volume ratios of alkoxide:PEG should be kept at 1 or below to avoid 

precipitation or phase separation of the material. The final pH of the solution was 

adjusted to 7. The material was left to gel for 48 h at ambient temperature until a solid 

monolith was formed. Water was then added on the monolith and the material was gently 

grinded with pipeting to form micrometer size particles. The particle suspension was then 

centrifuged at 1500 RPM for about 5 min in order to remove the excess water added 

during the grinding step. The precipitate present was aggregates of micrometer size that 

form the thixotropic gel. In other formulations, trehalose was used instead of PEG (Table 

6.1).  

 When sodium silicate was used as the silica precursor, 1.2 g of dextran (Mw = 40 

or 100 kDa)  was first mixed with 3.7 ml of 2 M acetic acid and 3.7 ml of water. Later, 

500 mg of silica nanoparticles were added to the solution. The solution was stirred for 30 

min. A solution of sodium silicate (e.g., 1.5, 2, 2.5, 3, or 3.5 M) was added dropwise 

while stirring.  The mixture was then transferred into a convection oven at 37°C for 24 h. 

The resultant material did not need grinding since it did not form a monolith but a slurry 



149 
 
opaque solution was formed. The resultant mixture was centrifuged at 1500 RPM for 5 

min to remove the excess water. In certain formulations, dextran was replaced with PEG 

(Mw = 10 or 20 kDa) (Table 6.2).                  

6.2.2) Characterization of the thixotropic gels 

 A large variety of thixotropic materials were generated in this research.. However, 

we have limited characterization to selected samples based on applications for cell 

encapsulation. Selected gels shown in Tables 6.1 and 6.2 were characterized using 

Scanning Electron Microscopy (SEM) and rheometry. Sample preparation for SEM 

analysis was described in the previous chapters. Sweep strain tests were conducted to 

determine the linear viscoelastic regime of the gels. Also, sweep stress tests were 

conducted to determine the apparent yield point stress (transition from the gel to the 

liquid state).  Moreover, the values of the storage modulus were used for comparison of 

the stiffness of the different reversible gels produced. The measurements were done with 

an Ares AG2 Rheometer from TA Instruments (North Castle, DE). The tests were 

performed using a conical plate of 40 mm of diameter 2° steel cone at a truncation gap 

distance of 49 μm, as indicated in Fig. 6.2. All the measurements were conducted at 

25°C.     

 
Figure 6.2 Schematic representation of the rheometer set up for different type of 

measurements. 
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6.2.3) Cell culture and encapsulation 

 Cell culture protocols used for human (HFF) and mouse embryonic fibroblasts 

(MEF) were described in the previous chapters. Human umbilical vein endothelial cells 

(HUVEC), were obtained from ATCC. HUVEC were cultured in F-12K growth medium 

containing 10 % FBS and supplemented with 0.1 g/ml of heparin and 0.05 mg/ml of 

endothelial cell growth supplement (ECGS).  

The cancer cell lines were cultured as follows: Ovarian cancer cells (OVAR-5) 

were obtained from Dr. Amy Skubitz from the Laboratory Medicine and Pathology 

Department at the University of Minnesota. OVCAR-5 cells were cultured in RPMI-1640 

growth medium supplemented with 10 % fetal bovine serum (FBS). Breast 

adenocarcinoma cells (MCF-7) were obtained from ATCC (Manasas, VA). MCF-7 cells 

were cultured in minimum Eagle’s medium (MEM) supplemented with 10 % FBS, and 

0.01 g/ml bovine insulin. The cell culture protocol for LNCaP cells was described in 

Chapter 2. All growth medium for the different cell lines were supplemented with 5 % 

Penicillin/Streptomycin.   

   For reversible cell encapsulation, HFFs or MEFs were suspended in their own 

growth media at a concentration of 4500 cells/μl. The thixotropic gel was vortexed to 

transition into a liquid state, and then the cell suspension was added (for gel compositions 

used see Table 6.1). In a typical experiment 200 μl of the gel was liquefied (“sol”) by 

vortexing for 60 s. To the liquid “sol” 40 μl of the cell suspension was added. The cells 

were gently distributed in the reforming gel by pipeting in the sol. Gelation (or 

regelation) was complete within minutes. After gelation, culture media was added on the 
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gel. To extract the cells from the gel, excess volume of culture media was added to the 

gel (the volume ratio was 1:5 gel:media). Immediately, the suspension of the cells and the 

particles was filtered through a cell strainer. Most of the cells were captured in a petri-

dish with cell culture media, while the particles remained in the cell strainer. Viability of 

the cells was measured after extraction from the gel using standard live/dead fluorescence 

dyes, as described in the previous chapters. The different cancer cell lines were 

encapsulated in the SPEG gels (encapsulation procedure described in Chapter 5), and in 

the reversible gels (see Table 6.3).     

Table 6.1 Reversible gels produced using 4-arm, 2 kDa PEG and trehalose 

 
The catalyst was 0.15 M acetic acid  

 

 

 

 

 

 

 

 

Gel Name Hydrolysis Ratio (v:v) Alkoxide:PEG Ratio (v:v) % SNP ( w/w)
A1 1:9 0.60 0
A2 1:9 0.60 5
A3 1:9 0.60 10
A4 1:9 0.60 15
A5 1:7 0.60 0
A6 1:7 0.60 5
A7 1:7 0.60 10
A8 1:7 0.60 15
A9 1:4.5 0.60 0
A10 1:4.5 0.60 5
A11 1:4.5 0.60 10
A12 1:4.5 0.60 15

Gel Name Hydrolysis Ratio (v:v) Alkoxide:Trehalose (v:v) % SNP (w/w)
B1 1:9 0.60 2.5
B2 1:10 0.60 3
B3 1:11 0.60 5
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Table 6.2 Reversible gels produced using linear organic polymers 

 

6.3) Results and discussion 

Thixotropic biomaterials are “smart hydrogels” due to their responsiveness to 

external stimuli and they are very good candidates to be used for novel biomedical 

applications [324]. In this study we have developed thixotropic biomaterials for the 

encapsulation of cells. The thixotropic gel mainly consisted of a silica precursor and an 

organic polymer. The gelation process was due to the aggregation of micrometer sized 

particles, or spheres by inter-particle hydrogen bonding (Fig 6.1). When sodium silicate 

was used as a silica precursor along with linear PEG (Mw = 10 or 20 kDa), the particulate 

material that formed consisted of aggregation of sphere-like clusters of particles as 

indicated in Fig. 6.3A. This gel required minimal grinding. On the other hand, when an 

alkoxide precursor such as TEOS along with 4-arm PEG or sodium silicate with dextran 

was used, a one piece monolith was obtained. The monolith required extensive grinding 

to form small particles. Fig. 6.3B shows the heterogeneous sizes and shapes of the 

particles produced from these gels. All the gels formed from sphere-like aggregates 

Polymer Size [kDa] % Weight Volume [ml] Concentration [M] Precursor Volume [ml] Concentration [M] Type % Weight
D1 Dextran 35-45 7.7 3.7 2 Sodium silicate 1.85 1.5 8.85 SNP 3.1
D2 Dextran 35-45 7.7 3.7 2 Sodium silicate 1.85 2 8.85 SNP 3.1
D3 Dextran 35-45 7.7 3.7 2 Sodium silicate 1.85 2.5 8.85 SNP 3.1
D4 Dextran 35-45 7.7 3.7 2 Sodium silicate 1.85 3 8.85 SNP 3.1
D5 Dextran 35-45 7.7 3.7 2 Sodium silicate 1.85 3.5 8.85 SNP 3.1
D6 Dextran 35-45 7.7 3.7 2 Sodium silicate 1.85 4.5 8.85 SNP 3.1
D7 Dextran 100 7.7 3.7 2 Sodium silicate 1.85 1.5 8.85 SNP 3.1
D8 Dextran 100 7.7 3.7 2 Sodium silicate 1.85 2 8.85 SNP 3.1
D9 Dextran 100 7.7 3.7 2 Sodium silicate 1.85 2.5 8.85 SNP 3.1
D10 Dextran 100 7.7 3.7 2 Sodium silicate 1.85 3 8.85 SNP 3.1
D11 Dextran 100 7.7 3.7 2 Sodium silicate 1.85 3.5 8.85 SNP 3.1
D12 Dextran 100 7.7 3.7 2 Sodium silicate 1.85 4.5 8.85 SNP 3.1
P1 PEG 20 7.7 3.7 2 Sodium silicate 1.85 5.73 8.85 SNP 2.5
P2 PEG 20 7.7 3.7 2 Sodium silicate 1.85 5.73 8.85 SNP 4.9
P3 PEG 10 5.1 2.5 0.01 TMOS 1.25 - - SNP 0.0
P4 PEG 10 5.1 2.5 0.01 TMOS 1.25 - - SNP 0.5
P5 PEG 10 5.1 2.5 0.01 TMOS 1.25 - - SNP 1.5
P6 PEG 10 5.1 2.5 0.01 TMOS 1.25 - - SNP 2.5

AdditiveOrganic Precursor Inorganic Precursor
Solvent [ml]
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exhibited limited thixotropicity when compared to the gels formed with heterogeneous 

aggregates.      

 

Figure 6.3 SEM images of gels: (A) Formed of sphere-like particle aggregates (A1), 
(B) Formed by heterogeneous particles (D1). 

6.3.1) Rheology of the thixotropic gels  

Viscoelastic characteristics of the thixotropic gel depended strongly on the type 

and concentration of the precursors in the final mixture [325]. Fig 6.4 shows the typical 

response of a thixotropic silica-dextran gel when an oscillatory shear stress is applied.  
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Fig 6.4 Typical response of a thixotropic silica gel. The gel shown here is D2 from Table 6.2.
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Fig. 6.4 shows the transition of the storage modulus G’ (elastic component), the 

loss modulus G” (viscous component) and δ (phase angle between G’ and G”) [326, 327]. 

An increase in G’ is an indicator that a three dimensional network is formed by the 

aggregation of the colloidal particles and their hydrogen bonding [328]. The reduction in 

G’ reflects a decrease in the hydrogen bonding interactions between particles that form 

the gel network structure [329]. Fig. 6.3 also shows the time evolution of G’, G”, and δ 

when a shear stress was applied. The apparent yield point stress was obtained by stress 

sweep experiments. In the gel state, G’ was larger than G” and  δ was lower than 45°. 

The gel starts to be liquefied when G’= G”. In the liquid state, G’ is less than G” while δ 

is larger than 45°. The stress value at which the gel transitions into a liquid is known as 

the yield point stress [330, 331].  

       The incorporation of cells into the reversible gels reduced their strength. Some gels 

were weakened to such an extent that they were not able to maintain their integrity after 

the addition of cell culture media. Therefore, Cab-O-Sil, a thickening and thixotropic 

agent, was added to the formula. Incorporation of different weight ratios of Cab-O-Sil 

increased the plateau value of the G’ and shifted the apparent yield point stress to higher 

values (Fig. 6.5). For gels that contained dextran or PEG (Mw = 10 or 20 kDa) changing 

Cab-O-Sil concentrations produced precipitation of the sodium silicate. Therefore, a 

maximum amount of 800 mg of Cab-O-sil was used. In these gels, the concentration of 

the silica precursor was varied to change the plateau value of G’ (Fig. 6.6). In general 

thixotropic gels made with dextran gels were stiffer than the gels made with 4-arm PEG. 

Dextran gels allowed the incorporation of up to 50 % of water respect to gel volume, 
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while 4-arm PEG only allowed up to 20 %.  However, stiffness of the gels was not the 

only consideration. Even though the dextran gels were stiffer, they were not used for the 

encapsulation of mammalian cells since presence of excess Na+ induced osmotic stress on 

the cells damaging and killing them.         

 

Figure 6.5 Effect of Cab-O-Sil concentration on the plateau value of G’. Gels A1 to 
A4 from Table 6.1 were used. 

 

Figure 6.6 Effect of sodium silicate concentration on the plateau value of G’. Gels 
D1 to D5 from Table 6.2 were used. 
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6.3.2) Reversible encapsulation of mammalian cells  

 HFF cells were encapsulated in an A3 gel following the procedures described in 

the previous section. After gelation, 150 μl of media was added on top of the 

encapsulated cells (Fig. 6.7A). The thickness of the gel in the test tube was approximately 

10 mm.  The gels were stable in cell culture media. Encapsulated cells were incubated at 

37°C and 5 % CO2. The cells were extracted at different time points following the 

procedure described in the previous section.  The gel was gently pipeted to disassemble 

the gel and to release the cells. A cell strainer was used to filter the cells out of the 

solution that contained the gel particles. The strained cells were collected in a petri dish 

in the presence of excess media (Fig. 6.7B). Post extraction membrane integrity of the 

cells was assayed with fluorescence microscopy (see Chapter 5 for details). The results 

indicated that during the first 90 min the membrane integrity remained within 93 ± 2 % of 

the control value measured with cells in suspension (Fig. 6.7C). However, within 210 - 

270 min of encapsulation the membrane integrity dropped to approximately 60 ± 3.5 %.  
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Figure 6.7 Reversible encapsulation of HFFs. (A) encapsulated cells in gel with 
culture media on top, (B) cells released from gel, (C) membrane integrity of the 

extracted cells at different time points as measured by fluorescence microscopy, (D) 
fluorescence image of extracted cells at 45 min, (E) fluorescence image of control 

cells (intact membrane), (F) fluorescence image of negative control cells (damaged 
membrane). All samples were stained with Hoescht and PI.  

6.3.3) Encapsulation of cancer cells in silica-PEG (SPEG) gels   

  Different types of cancer cell lines were encapsulated in SPEG-4arm gels (Mw = 

2k Da). We discovered that there was a differential response in the metabolic activity 

(MA) of cancer cells with respect to normal cells when they were encapsulated in these 

gels. Therefore, these results indicated that it would be possible to utilize mechanical 

inhibition of proliferation to selectively enhance the survival of cancer cells in a tissue-

like environment.  
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Our results shown that anchorage-dependent cancer cell lines adapted better to the 

conditions imposed by encapsulation, where cellular division was inhibited. LNCaP cells, 

MCF-7 cells, and OVCAR-5 cells stayed metabolically active for up to 2 weeks after 

encapsulation. Fig. 6.8A-C shows the MA of different encapsulated cancer cell lines. For 

encapsulated LNCaP cells, there was not a significant change in MA over a week. 

Encapsulated MCF-7 showed a drop of 12 % in MA with respect to first day of 

encapsulation. On the other hand, encapsulated OVCAR-5 maintained their MA for over 

3 days, experiencing a significant drop at the 4 day. Normal cell lines (HFFs, HUVEC, 

and MEFs) remained metabolically active for no more than 3 days (Fig. 6.9A-C). The 

difference in MA of the encapsulated cancer and normal cell lines was never reported 

before. Sustained activity in confinement was observed with bacteria before and was 

attributed to factors such as “quorum sensing” senescence, and inherent mechanisms of 

adaptation to the conditions of encapsulation [68, 87].  

 Further controls were also imposed on the experiments. For example, cells were 

killed after six days of encapsulation using a 70 % ethanol solution and their MA was 

compared to live encapsulated cells, and the results indicated a significant difference in 

MA measured in the live encapsulated and dead encapsulated cells proving the 

measurement/experimental technique ( p < 0.05) as shown in Fig. 6.10.  

6.3.4) Development of a cancer cell isolation platform 

Tumors are considered as abnormal tissues composed of multiple cell types and 

an extracellular matrix [332].  In tumors, not only there are cancer cells of different 

phenotypes, but there are also normal cells (e.g., fibroblasts, myoblasts, endothelial cells, 
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epithetelial cells, and stromal cells). This makes isolating cancer cells from tumor 

specimens and biopsies an extremely time-consuming process since all cell types usually 

grow together in the culture environment. Therefore, researchers who work with isolated 

cancer cell lines need special isolation processes [333]. However, these processes are 

very intricate and time-consuming, requiring repetitive processing of the cells over time. 
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Figure 6.8 Cancer cell lines encapsulated in SPEG-4arm (Mw = 2kDa) gels. (A) 
LNCaP, (B) MCF-7, (C) OVCAR-5. Solution indicates cells incubated in culture 

media, and the negative control is encapsulated dead cells. These cells were exposed 
to 70 % ethanol prior to encapsulation (n = 3).  
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Figure 6.9 Normal cell lines encapsulated in SPEG-4arm (Mw = 2kDa) gel. (A) HFF, 

(B) HUVEC, (C) MEF. Solution indicates cells in culture media, and the negative 
control is encapsulated dead cells. These cells were exposed to 70 % ethanol prior to 

encapsulation (n =3). 
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Figure 6.10 MA of encapsulated LNCaP cells after six days of encapsulation. The 
test well was prepared with the addition of 40 μl of ethanol and incubated for 12 h 

prior to the addition of alamar blue (n = 3).  
 

  Viable cancer cells from tumors are needed for functional and cytotoxicity 

studies with new cancer drugs. Moreover pure population of cancer cells are needed for 

genomic, proteomic, and metabolomics studies. There is also a need in the research 

community for new cell lines to be established from isolated cancer cells. This is a high 

priority especially for the types of cancers for which only a handful of cell lines are 

currently available (e.g., prostate cancer). Therefore, we explored the possibility of 

encapsulating a combination of cancer cells and normal cells in order to determine the 

potential of using SPEG gels as a screening tool for cancer cells in tumors.  
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Table 6.3 Encapsulation of mixed cell populations. (i) Extraction from SPEG gel, (p) 
extraction from reversible gels. Time refers to extraction time after encapsulation. 

 
 

 Different cell densities of cancer and normal cells were mixed at 1/1 (v/v) ratio 

(Table 6.3). The mixed cell population was then encapsulated in the SPEG-4-arm gels 

described in the previous chapter. Cells were extracted from the gels 24 and 48 h after 

encapsulation. The extracted cells were incubated in 6-well plates at 37°C and 5 % CO2 

for different periods of time to measure proliferation activity. In order to verify that the 

gels could be used to select for the cancer cells, a specific cancer cell antibody 

(EPCAM/TROP1 antibody) than binds the epithelial cell adhesion molecule (EpCAM or 

CD326) present in the surface of the cells was used. EpCAM is a transmembrane 

glycoprotein that is identified as a marker for carcinoma, attributed to its high expression 

on rapidly proliferating tumors of epithelial origin [334]. Normal epithelia express 

EpCAM at a variable but generally lower level than carcinomas [334]. Cells recovered 

from the gels were stained with EPCAM/TROP1 antibody as a primary antibody. For 

detecting, a secondary antibody (Immunoglobulin G, IgG) conjugated with a fluorescence 

reporter was used for fluorescence microscopy visualization (see appendix section for 

immunohistochemistry protocol).   

Cell mixed Encapsulated cell densities Time 
population in millions [cells/ml] [h]

18.3 (F):15.23 (O)
2.3 (F):2.4 (O)

22.8 (F):45.8 (L)
4.4 (F):4.8 (L)

Gel type

HFF (F) and OVCAR-5 (O)

HFF  (F) and LNCaP (L)

SPEG (i), (p) 24, 48 

SPEG (i), (p) 24, 48 
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 From HFF:OVCAR-5 and HFF:LNCaP mixed cell populations, only OVCAR-5 

and LNCaP cells were recovered after encapsulation since the incubated cells stained 

positive for EpCAM as indicated in Fig. 6.11 and Fig. 6.12. However, very few 

fibroblasts were observed in some mixed populations extracted at 24 h, which was in 

agreement with our results on HFF encapsulation in SPEG-4-arm gels. Fig. 6.11A-C and 

Fig. 6.11B-D show OVCAR-5 cells stained after 26 and 22 days after extraction, 

respectively. Moreover, Fig. 6.12A-C and Fig6.16B-C show LNCaP cells stained after 7 

and 6 days after extraction, respectively. It was observed that the rate of attachment and 

growth for the recovered cells was slower than the non-encapsulated OVCAR-5 or 

LNCaP cells. However the morphology of the cells was very similar under the optical 

microscope.  

Even though the majority of the SPEG-gel particles were removed during the cell 

extraction process (e.g., filtering with a cell strainer), small particles remained within the 

cell surface as can be observed from the fluorescence micrographs as very bright red dots 

(yellow arrow in Fig. 6.11 and Fig. 6.12). It is possible that these particles might have 

interfered with the cell growth rate. Our results clearly show the selectivity of the SPEG 

or reversible gels for screening of cancer cells.                       
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Figure 6.11 Recovered OVCAR-5 cells after encapsulation of HFF:OVCAR-5 mixed 

cell population. No Fibroblasts were not detected after 48 h post extraction. (A) 
Cells extracted from SPEG-4-arm gel after 24 h of encapsulation, (B) cells extracted 

from SPEG-4-arm gel after 48 h of encapsulation, (C) cells extracted from 
reversible gel after 24 h of encapsulation, and (D) cells extracted from reversible gel 

after 48 h of encapsulation. 
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Figure 6.12 Recovered LNCaP cells after encapsulation a HFF:LNCaP mixed cell 
population. Fibroblasts were not detected at 48 h. (A) Cells extracted from SPEG-
4arm gel after 24 h of encapsulation, (B) cells extracted from SPEG-4arm gel after 
48 h of encapsulation, (C) cells extracted from SPEG-4arm particulated gel after 24 
h of encapsulation, and (D) cells extracted from SPEG-4arm particulated gel after 

48 h of encapsulation. 

6.5) Conclusions 

 In this chapter we have shown the versatility of the silica gels to develop a wide 

range of applications. First we described a facile methodology for the formation of 

thixotropic silica gels or hybrid gels since an organic polymer was used as an additive, 

the resultant gel was formed by the aggregation of micrometer size particles that 

interacted to each other by hydrogen bonding. This unique characteristic of the gel 

allowed the formation of “reversible” biomaterials. Encapsulation of cells for cell culture, 
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and even a novel methodology for preservation of cells were described with the new 

materials developed.  

 In the second part of this chapter, we described the benefits of encapsulated 

cancer cells in the SPEG-4arm gels for the development of a screening biomaterial from 

tumor cells. The selectivity of the biomaterial was demonstrated by the analysis of the 

recovered cells.     
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Chapter 7: Research Summary     

 
In this dissertation, studies were undertaken to investigate the changes in the 

structure of water and proteins under confinement in silica gel nanoporous materials. 

Moreover, the encapsulation of cells in silica gels was explored in order to understand the 

interactions at the silica-lipid membrane interface. Finally, the potential of the silica gel 

technology is described as different biotechnology and biomedical applications by using 

encapsulated cells. The important results and conclusions drawn from these studies are 

summarized as follows:       

 
Confinement of water in silica gel induced structural changes in its hydrogen bonding 
configuration (Chapter 2) 
 
 Molecular motions and properties of water and biomacromolecules change when 

confined in nanoporous matrices. Freezing and melting points of water are depressed, and 

generally, the activity of enzymes and stability of proteins are increased. We performed 

temperature ramp FTIR analyses of silica matrix confined water to identify the kinetic 

and thermodynamic transitions of water at cryogenic temperatures, and to understand the 

changes in hydrogen bonding of confined water. In our studies, confined water did not 

freeze at temperatures as low as -180oC, but underwent liquid-liquid, and liquid-glass 

transitions during cooling. During warming from cryogenic temperatures, the formations 

of cubic and hexagonal ice were detected. Evidence was obtained for the universal 

behavior of water in close proximity to surfaces.  
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Confined water dictates the structure of proteins (Chapter 3) 
 

Confinement of the proteins in silica matrices allowed us to explore the role of 

water hydrogen bonding on the structures of the proteins in a broad range of temperatures 

(-120°C to 95°C). The changes in the secondary structures of proteins correlated to the 

changes in the H-bonding characteristics of the confined water. Our results showed that 

the kinetic and thermodynamic transitions of water dictate the structural transitions of 

encapsulated proteins. At low temperatures confinement suppressed freezing of water, 

which remained in the liquid state. We obtained direct evidence that the changes in the 

hydrogen bonding of water induced changes in the structure of confined proteins. At high 

temperatures, a reduction of hydrogen bonding of water facilitated protein-silica 

interactions and the confined proteins underwent denaturation. However, the 

incorporation of the osmolyte, trehalose, reduced protein-silica interactions, and altered 

the hydrogen bonding of water. As a result, the high temperature thermal stability of the 

confined proteins was greatly improved. 

 
Silica gel encapsulation for bacteria: Contaminated water treatment (Chapter 4) 
  
 A biotechnology application based on the silica gel encapsulation of recombinant 

bacteria expressing a biocatalysis for a water treatment application was investigated. E. 

coli cells expressing the atrazine dechlorinating enzyme AtzA in a silica/polymer porous 

gel were used. This novel recombinant enzyme-based method utilizes both adsorption 

and degradation to remove atrazine from water. A combination of silica nanoparticles 

(Ludox TM40), alkoxides, and an organic polymer were used for the synthesis of the 

porous gel. Gel curing temperatures of 23°C or 45°C were used to either maintain cell 
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viability or to render the cells non-viable, respectively. The enzymatic activity of the 

encapsulated viable and non-viable cells was high and extremely stable over the time 

period analyzed. At room temperature, the encapsulated non-viable cells maintained a 

specific activity between (0.44 ± 0.06) μmol/g-min and (0.66 ± 0.12) μmol/g-min for up 

to 4 months, comparing well with free, viable cells specific activities (0.61 ± 0.04 

μmol/g-min). Gels cured at 45°C had excellent structural rigidity and contained non-

viable cells, making these gels potentially compatible with water treatment facility 

applications. When encapsulated, non-viable cells were assayed at 4°C, activity increased 

three fold over free cells, potentially due to differences in lipid membranes as shown by 

FTIR spectroscopy and electron microscopy.      

 
 Silica gel encapsulation for the immobilization of mammalian cells under non-growth 
conditions (Chapter 5) 
 

Cells encapsulated in silica gels experienced significant conformational change in 

their lipid membranes during the gelation and aging of the nanoporous silica matrix. 

After encapsulation, the drastic change in the lipid configuration of the encapsulated cells 

was not reflected in their membrane integrity or metabolic activity (MA). Additional 

rearrangements of the lipid membranes due to aging of the silica matrix induced 

significant reduction of the viability and MA of the encapsulated cells.  

Incorporation of a biocompatible polymer (PEG) at different Mw and sizes during 

the material synthesis (SPEG gels) reduced the non-specific surface interactions and 

allowed the encapsulated cells to maintain their MA. However, cellular division of the 

encapsulated cells was restricted under these conditions of encapsulation, and the cells 
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eventually lost their MA. Arresting cellular division of the encapsulated cells was 

explored by irradiating the cells prior to encapsulation and it was reflected as an 

improvement of the MA over time. Limiting surface interactions and changing the 

metabolism of the cells facilitated the adaptation of the cells to encapsulation under 

restrictive growing conditions.       

Development of thixotropic silica gels for reversible encapsulation of cancer cells 
(Chapter 6) 
 
  A thixotropic silica gel was developed for the reversible encapsulation of cells; 

the material consisted on microparticles that assemble based on their ability to form 

hydrogen bonds. The gel transitioned into a liquid when a shear stress was applied, and 

the gel reformed when the shear load was removed. The thixotropic material was used for 

the reversible encapsulation of cells, in which the membrane integrity of the recovered 

cells was 93 % of their control after 90 min of encapsulation. SPEG-4-arm and reversible 

gels allowed the encapsulation of cancer cells with a notorious improvement in the MA 

when compared to normal cells (e.g., Fibroblasts, endothelial cells). Therefore it allowed 

the development of a novel screening tool for cancer cell biology when cancer and 

normal cells were encapsulated together.  

 
Suggested Future Directions 
 
Future work should be towards: 

- Development of additional biotechnology applications using the sol-gel 

processing for the encapsulation of bacteria. Sequestration of CO2 from 

encapsulated algae, production of H2 from encapsulated cyanobacteria, and 

bioremediation of water and soils are very suitable and promising directions.   
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- The investigation of additional biocompatible polymers as potential additives to 

the silica matrix. Special attention should be for biopolymers present in the 

extracellular matrix of carcinogenic tumors in the case of cancer applications. In 

that regard, the ability of the material to tune their surface chemistry and 

mechanical properties can be used as a testing tool for mimicking different kinds 

of tumor environments in order to investigate cancer cell senescence, 

tumorogenesis and metastasis. 

- Control of the surface interactions by the incorporation of adequate extracellular 

matrix motifs such as the tripeptide motif arginine-glycine-aspartate (RGD) in the 

gel surface (for mammalian cell encapsulation).  

[335]  [336, 337] 
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Appendix A: Sample preparation for SEM (Hitachi S-900) 

 
A) For Cells attached to a substrate or encapsulated cells in silica gels  

All steps are performed at room temperature. 

1) Cells are attached to a cover slip or a glass slide. This is done by using cover slips or 

glass slides coated with poly-l-lysine solutions. 

2)  Samples are soaked in 2% (v/v) glutaraldehyde and 0.1 M sodium cacodylate solution 

for 10 to 18 hr. (18 hr for cells in gel). 

3) Samples are rinsed with 0.1 M sodium cacodylate solution, three times to wash out 

excess of glutaraldehyde. 

4) Samples are soaked in 1% (v/v) osmium tetraoxide and 0.1 M sodium cacodylate for 2 

to 4 hr. (4 hr for cells in gel) 

5) Samples are rinsed with 0.1 M sodium cacodylate solution, three times to wash out 

excess of osmium tetraoxide. 

6) Samples are soaked in ethanol dilutions of 50, 70, 80, 95, and a 100 % for 30 min. 

each one. 

7) Samples are transferred to a critical point drying machine for drying at the critical 

point of CO2. 

8)  Samples are metal coated, depended on the resolution required, a thin or thick layer of 

metal can be chosen. Usually for high resolution imaging thinner coatings are required. 

9) Transfer samples to the microscope for imaging. 

10) Some samples may require cryo-fracture. In that case, at 95 % ethanol dehydration 

(step 6) transfer the sample to a holder with liquid nitrogen and using a surgery blade 
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gently cut the sample in pieces. Then, soaked the samples back in 95 % ethanol and 

continue with the regular procedure.  

B) For silica gels 

The fixation steps with the buffers above mentioned are not necessary since there is no 

need to preserve any organic material. Therefore, for this particular case the procedure 

start at step 6.  
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Appendix B: Macroporous silica materials 

A) Macroporous Materials  

Macroporous materials were synthesized following the route developed by Nakanishi.6   

A.1) Materials  

- Polyethylene glycol Mw = 10 kDa (400 mg, 450 mg, or 500 mg) 

- Acetic acid 0.01 M (5 ml) 

- TMOS (2.5 ml) 

A.2) Procedure 

- Prepare container at 0⁰C for mixing the materials. 

- Pour PEG and AA in the container and maintain stirring until uniform mixture is 

achieved; set up the stirred at 1200 RPM between 5 to 10 minutes will be enough. 

- Add TMOS in a drop wise manner, and keep stirring for additional 30 minutes. 

- Stop stirring, remove stirrer.  

- Remove samples and pipette into appropriate containers. 

- Let the samples gel and age at 40⁰C for at least 48 hrs. The aging process can be done in 

the presence of water or not.  

- Remove samples from 40°C. 

It was observed that the porosity of the macroporous gels decreased when the 

concentration of PEG was increased as indicated in Fig. A.  

                                                 
6 Nakanishi K. 1997 Pore structure control of silica gels based on phase separation, Journal of Porous 
Materials 4, 67 – 112   
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Figure S1 Changes in the macroporosity of silica gels by the incorporation of 
different concentrations of PEG. (A) 400 mg, (B) 450 mg, (C) 500 mg. (D) Material 

was casted as a disc, material was white opaque. 
 

B) Macroporous Materials with E.coli 

B.1) Materials 

- Polyethylene glycol 10 kDa (400 mg) 

- Acetic acid 0.0125 M (4 ml) 

- TMOS (2.5 ml) 

- Bacteria Solution in water (1 ml) 

B.2) Procedure 

- Prepare container at 0⁰C for mixing the materials. 

A B C

D
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- Pour PEG and AA in the container and maintain stirring until uniform mixture is 

achieved; set up the stirred at 1200 RPM between 5 to 10 minutes will be enough. 

- Add TMOS in a drop wise manner, and keep stirring for additional 30 minutes. 

- Stop stirring, remove stirrer, and then add 1 ml of bacterial solution. 

- Remove samples and pipette into appropriate containers. 

- Let the samples gel and age at 40⁰C for at least 48 hrs. The aging process can be done in 

the presence of water or not.  

- Remove samples from 40°C. 

Fig. S2 shows the macroporous structure in the presence of bacteria. The presence of the 

bacteria did not affect the interconnectivity of the macroporous matrix.   

 

Figure S2 Development of a macroporous silica matrix with the incorporation of E. 
coli. 

 

 

Bacterial clusters in the material
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Appendix C: Culture media for microalgae Neochloris oleoabundans 

In 1 l of distilled water add: 

1) 250 mg of sodium nitrate. 

2) 250 mg of potassium phosphate dibasic. 

3) 75 mg of magnesium sulfate heptahydrate. 

4) 25 mg of calcium chloride dihydrate. 

5) 25 mg of sodium chloride. 

6) 15 mg of ferric ammonium citrate 

7) 100 mg of dirt. 

After adding all the compounds (1) to (7) mixed completely by shaking the bottle, and 

then autoclaved for sterilization. 
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Appendix D: Algae encapsulation in reversible silica gels 

Cultures of the microalgae Neochloris oleoabundans were obtained from Dr. 

Brett Barry at the Department of Bioproducts and Biosystems Engineering of the 

University of Minnesota. The cells were growth in specific growth medium (see appendix 

6), and incubated at 25°C under continuous illumination (150 μ mol m-2 s-1) using cool 

white commercial fluorescent lamps. Continuous orbital shaking was provided. The 

concentration of the algae in suspension was measured by optical density (OD). Cells 

were used in the experiments when they read an OD value of 0.65. Cells were 

encapsulated at a volume ratio of 2/1 or 4/1 (gel:algae solution). In these experiments, 

reversible gels synthesized with sodium silicate, dextran and PEG (see Table 6.2) were 

used since they exhibited higher stiffness values when compared to the reversible gels 

made of 4arm PEG (Mw = 2 kDa) shown in Table 6.1. The encapsulation procedure was 

similar to that described for mammalian cells. 

Neochloris oleoabundans were encapsulated in the D1 reversible gel (Table 6.2 in 

Chapter 6). After encapsulation cells were stored at room temperature exposed to light 

(150 μ mol m-2 s-1) and at 4°C for up to a month. Cells were released by adding excess 

algae media (Fig. S1) on the gel and gently vortexing or pipeting. The released cells were 

transferred into a culture flask with 150 ml of algae growth medium and an increase in 

cell growth was observed with time.         
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 Figure S3 Encapsulated algae in reversible gel (D1). (A) Encapsulated cells, (B) 

encapsulated cells with buffer prior to release, (C) released cells, (D) growing cells.  
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Appendix E: Freeze-thaw of cells encapsulated in reversible gels 

 Freeze-thaw was performed as follows: (1) Cells were frozen using a controlled 

rate freezer (Planer Co. UK), following a standard freezing protocol established for 

mammalian cells [335]. (2) Cells were rapidly thawed by immersing in a water bath kept 

at 37°C. encapsulated     microalgae were flash frozen by immersing in liquid nitrogen 

and rapidly thawed by immersion in a water bath kept at 37°C. 

The preferred method for long-term storage of cells is cryopreservation using 

cryoprotectants such as  dimethyl sulfoxide (DMSO) [336, 337]. However, the residual 

amounts of DMSO left in the solution after the cells have been thawed has toxic effects 

on the cells [337]. We explored the possibility of using the reversible encapsulation 

technology for cryopreservation of cells in a way that would not require DMSO. Cells 

were encapsulated in different reversible gels (A3, A7, and A11) at concentrations of 

4500 cells/μl. Only up to 15 % of the gel volume was added in terms of cell solution, in 

order to maintain the stiffness of the gel. The negative control was cells in solution, and 

the positive control was cells in 10 % DMSO. Samples were frozen following a standard 

freezing protocol used for mammalian cells [335], and then stored in liquid nitrogen 

vapor at -80°C for a week. Samples were then rapidly thawed at 37°C and the membrane 

integrity of the cells was assayed. The results showed that the cells encapsulated in 

reversible gels were comparable to the cells frozen in DMSO (in terms of membrane 

integrity) values of membrane integrity when compared with DMSO. Fig. S4 shows the 

possibility of using reversible encapsulation as an alternative to cryopreservation using 

cryoprotectants.            
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Figure S4 Post-extraction membrane integrity of cells encapsulated in different 

thixotropic gels after freeze-thaw (refer to Table 6.1 for compositions). 
  

Freeze-thaw of microalgae also showed promising results (Fig. S5). The 

encapsulated algae were flash freezing in liquid nitrogen, and storage for a week in liquid 

nitrogen vapor at – 80°C as indicated in Fig. S3.  Encapsulated cells were thawed at 37°C 

for 5 min. Algae was released from the gel as described before, and then the cells were 

cultured for 3 weeks (Fig. S5). 

 
Figure S5 Freeze-thawed algae. Cells were cultured for 3 weeks after freeze-thaw. 
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Appendix F: Immunohistochemistry7 

This protocol is used for staining cells with specific antibodies in order to determine the 

phenotype of the labeled cells.  

1) First, cells were seeded or incubated on a cover slip or 6-well plate until the desired 

cell density was obtained. 

2) Remove all the media form the culture cells and wash twice with PBS. 

3) Add 300 – 400 μl of 2 – 4 % of formaldehyde fixative solution to each well, and 

incubate for 20 min. 

4) Wash the cells twice with PBS and cover with 400 μl of wash buffer. The samples can 

be storage at 2 – 8°C for up to 3 months or they may be stained immediately. Wash 

buffer is prepared with 0.1 % BSA in 1X PBS. 

5) Wash the cells twice with 400 μl of wash buffer  

6)  Block non-specific staining by adding 400 μl of blocking buffer and incubate for 45 

min at room temperature. 

7) Remove blocking buffer.  

8) Dilute the primary antibody (EpCAM/TROP1) in 1X PBS at a concentration of 25 

μg/ml. 

9) Add 1 ml of the diluted antibody to the cells and incubate at room temperature for 1 h. 

It is possible to incubate overnight at 2 – 8°C.       

10) Wash two times in 400 μl of wash buffer. 

                                                 
7 Part this protocol was obtained from R&D Systems 
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11) Dilute the secondary antibody in 1X PBS at a volume ratio of 1/200. 

 12) Add 400 μl of the secondary antibody to the cells and incubate for 1 h at room 

temperature in the dark. 

13) Rinse two times in 400 μl of wash buffer. 

14) Add 300 μl of diluted DAPI solution to each sample, and incubated 2 – 5 min at room 

temperature. DAPI is a nuclear dye that stains all the cells. 

15)  Rinse once with PBS and once with water. 

16) Visualize using a fluorescence microscope with the appropriate filters. 

 
 
 


