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Abstract of the thesis 

Organic-inorganic hybrid materials represent a class of very exciting materials that 

have applications in diverse fields such as: optics, electronics, ionics, mechanics, energy, 

environment, biology, medicine for example as membranes and separation devices, 

functional smart coatings, fuel and solar cells, catalysts, sensors, etc. These materials can be 

broadly defined as composites with intimately mixed organic and inorganic components to 

generate hybrid materials with remarkable properties not found in either organic or inorganic 

phase. Inorganic materials bring thermal stability, greater modulus, strength, and porosity to 

the hybrids; while their organic counterparts bring toughness, elasticity, optical properties, 

and chemical functionality to the hybrids. Hybrid materials are tougher than a normal ceramic 

and more thermally stable than an organic polymer. Thus research and development in this 

area brings together a variety of communities that have research interests spanning across  

multiple discipline such as organometallics, colloids, soft matter and polymers, sol-gel, 

catalysis and surfaces, nanocomposites, mesoporous and macroporous materials, 

biomaterials, biochemistry and engineering.  

In addition to having inherent properties characteristic of a hybrid organic-inorganic 

material, high porosity is also an essential requirement for a wide spread application. 

Porosities are defined at multiple length scales such as, micropores (< 2 nm), mesopores (2-

50 nm) and macropores (>50 nm). Porous materials can be easily synthesised by templating 

methods such as spray drying, dynamic templating using breath figures, polymerization 

induced phase separation, adsorption on an interface or substrate (layer by layer, LbL, 

technique), etc. These organic inorganic hybrid porous materials have found widespread 

application in technologically important areas such as catalysis, separation, drug delivery, 

chromatography, catalysis, filtration, sensor design, insulation and as biomedical scaffolds.  

In my thesis, I have focused on the synthesis of hybrid porous materials and their 

application in catalytic reactions. I have been involved in the synthesis of both mesoporous 

and macroporus hybrid materials. Hybrid mesoporous silica based materials were synthesized 

and then post-functionalized using both copper-catalyzed [3+2] alkyne-azide cycloaddition 

(CuAAC) and thiol-ene Michael addition. Using a molecular hook strategy I have 

successfully immobilized a variety of catalysts and enzymes among other things. 

Functionalized porous nanoparticles were also self-assembled into free-standing porous 

materials using dynamic templating of surfactant H1 hexagonal domains and ice templating 

method to demonstrate its application in continuous flow synthesis and biomedical 
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applications. The dissertation is presented in six chapters; a brief summary of each chapter is 

given below. 

 

Chapter 1: Introduction of organic-inorganic hybrid materials 

This chapter provides general introduction to the organic inorganic hybrid porous 

materials including synthetic strategies for mesoporous and macroporous hybrid materials 

along with their applications. Different approaches for the synthesis of hybrid organic-

inorganic mesoporous materials by incorporation of functional organic groups onto surface of 

these materials have been discussed. An introduction to Cu(I) catalyzed azide-alkyne click 

chemistry (CuAAC) and thiol-ene click chemistry have been discussed in brief. This chapter 

also discusses the top down and bottom up approaches for the synthesis of macroporous 

materials. Basic principles of various analytical techniques used for the characterization of 

porous hybrid materials are also described. Finally, the motivation for the development of 

porous hybrid materials from functionalised porous materials and templating method is 

discussed. 

 

Chapter 2: Functionalized Mesoporous Hybrid Materials using “Thiol-Ene Click”  

This chapter describes a new methodology for the successful attachment of functional 

molecules onto mesoporous silica. Methacrylate-labeled SBA-15 was synthesized from 

calcined SBA-15 and commercially available 3-trichlorosilyl propylmethacrylate. This 

material underwent very efficient thiol-ene “click reaction” with a variety of both thiol and 

disulfide-containing functional molecules in both aqueous and organic media. The products 

were thoroughly characterized by a variety of analytical techniques including multinuclear 

(
13

C, 
29

Si) solid-state NMR, TG-DTA, and nitrogen adsorption desorption studies. Disulfide-

containing substrates in which the TCEP-mediated reduction of the disulfide bond and its 

subsequent addition to the methacrylate group anchored in SBA-15 in one-pot were used to 

synthesize a silica-protein hybrid material composed of biotin-labeled SBA-15 and 

streptavidin. This methodology was used to synthesize electrochemically active material from 

the reaction of ferrocene-containing thiol and the methacrylate-labeled SBA-15. The ease of 

synthesis for the methacrylate-labeled SBA-15 material together with its ability to undergo 

efficient chemoselective thiol-ene reaction would make it a very attractive platform for the 

development of covalently anchored enzymes and sensors. 
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Chapter 3: Fe-TAML Encapsulated Inside Mesoporous Silica Nanoparticles for Ultra-

sensitive Detection of Proteins  

This chapter describes the development of a mesoporous hybrid nanoparticle that is a 

functional mimic of peroxidase enzyme. This material was tested as a replacement of 

horseradish peroxidase (HRP) for the precise and accurate determination of very low 

quantities of proteins (fM and lower) via an ELISA type assay. In particular, we have 

synthesized and developed a second generation hybrid material in which approximately       

25 000 alkyne tagged biuret modified Fe tetraamido macrocyclic ligand (Fe-TAML), a very 

powerful small molecule synthetic HRP mimic, was covalently attached inside a 40 nm 

mesoporous silica nanoparticle (MSN). Biuret-modified Fe-TAMLs represent one of the best 

small molecule functional mimics of the enzyme HRP with reaction rates in water close to 

the native enzyme and operational stability (pH, ionic strength) far exceeding the natural 

enzyme. The catalytic activity of this hybrid material is around 1000-fold higher than that of 

natural HRP and 100 fold higher than that of most metal/metal oxide nanoparticle based HRP 

mimics reported to date. We also show that using antibody conjugates of this hybrid material 

it is possible to detect and, most importantly, quantify femtomolar quantities of proteins 

colorimetrically in an ELISA type assay. This represents at least 10-fold higher sensitivity 

than other colorimetric protein assays that have been reported using metal/metal oxide 

nanoparticles as HRP mimic. Using a human IgG expressing cell line, we were able to 

demonstrate that the protein of interest human IgG could be detected from a mixture of 

interfering proteins in our assay. 

 

Chapter 4: Macroporous Scaffold from Transition Metal Nanoparticles for Continuous 

Flow Reactions 

In this chapter, we illustrate the synthesis of a self-standing macroporous scaffold 

monolith by the self-assembly of catalytic nanoparticles for application into continuous flow 

synthesis. As a proof-of-concept, the bionanoparticle ferritin, consisting of iron oxide 

nanoparticle core and a protein shell, was organized into well-defined large (centimeter-

sized) self-standing macroporous scaffold monoliths using dynamic templating of surfactant 

H1 domains. These scaffolds comprise three-dimensionally connected strands of ferritin, 

organized as a porous gel with porosity ∼55 μm. The iron oxide inside the ferritin scaffold 

can be easily replaced with catalytically active monodisperse zerovalent transition metal 

nanoparticles using a very simple protocol. Since the ferritin is cross-linked in the scaffold, it  
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is significantly robust with enhanced thermal stability and better tolerance toward several 

organic solvents in comparison to the native ferritin bionanoparticle. In addition, the scaffold 

macropores facilitate substrate and reagent transport and hence the monoliths containing 

active Pd or iron oxide nanoparticles inside apo-ferritin bionanoparticles were used as a 

recyclable heterogeneous catalyst for the oxidation of 2,3,6-trimethyl phenol to 2,3,6-

trimethyl-1,4-benzoquinone (precursor for Vitamin E synthesis) and for Suzuki-Miyaura 

cross-coupling reaction in both aqueous and organic solvents. The protein shell around the 

nanoparticles protects them from agglomeration, a phenomenon that otherwise plagues 

nanoparticles-based catalysis. The presence of macropores allow the ferritin scaffold to act as 

catalytic monolith for continuous flow reactions having rapid reaction rates, while offering a 

low pressure drop. Finally, the Pd@apo-ferritin scaffold was immobilized inside a steel 

cartridge and used for the continuous flow hydrogenation of alkenes to their corresponding 

alkanes for 15 cycles without any loss of activity. 

 

Chapter 5: Soft Colloidal Macroporous Scaffolds by Ice Templating Method  

In this chapter, we demonstrated for the first time a general strategy to create 

centimeter-size macroporous monoliths, composed primarily (>90 wt %) of colloidal 

particles, that recover elastically after compression to about one-tenth their original size. We 

employ ice templating of an aqueous dispersion of particles, polymer, and cross-linker such 

that cross-linking happens in the frozen state. This method yields elastic composite scaffolds 

for starting materials ranging from nanoparticles to micron-sized dispersions of inorganics or 

glassy lattices. The mechanical response of the monoliths is also qualitatively independent of 

polymer type, molecular weight, and even cross-linking chemistry. Our results suggest that 

the monolith mechanical properties arise from the formation of a unique hybrid 

microstructure, generated by cross-linking the polymer during ice templating. Particles that 

comprise the scaffold walls are connected by a cross-linked polymeric mesh. This 

microstructure results in soft monoliths, with moduli ∼O (10
4
 Pa), despite the very high 

particle content in their walls. A remarkable consequence of this microstructure is that the 

monolith mechanical response is entropic in origin: the modulus of these scaffolds increases 

with temperature over a range of 140 K. We show that interparticle connections formed by 

cross-linking during ice templating determine the monolith modulus and also allow relative 

motion between connected particles, resulting in entropic elasticity.  
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Chapter 6: Conclusions and future work 

This chapter presents an overall summary of the work done and describes the major 

findings of the studies. Future directions based on the work reported in this thesis are also 

discussed.  
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Chapter 1 

 

 

Introduction and Literature Survey 

 

 

 

 

This chapter provides an introduction to the thesis. Salient features of reported synthetic 

procedures of mesoporous silica and their functionalization procedures are presented. In 

addition, different methodologies to generate macroporous materials have been discussed. 

Application of porous materials in catalysis has also been highlighted. Using this discussion 

as a background, the chapter wise organization of the thesis is presented. 
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1.1 Introduction 

 

Hybrid materials represent a new field for academic research to design new materials 

and compounds because of the possibility to combine the organic, inorganic or bio inorganic 

character.
1-7

 This offers an attractive platform for advanced materials with remarkable new 

properties. Today, a very large set of accessible hybrid materials offer various applications in 

extremely diverse fields such as optics, microelectronics, ionic, mechanics, transportation, 

separation, catalysis, sensing and biomedicine.
8-10 Hybrid materials that contain cavities, 

channels or interstices can be regarded as porous. Porous hybrid materials have many useful 

properties e.g. extremely low thermal conductivity, large adsorption capacity etc. which are 

derived from its specific porous structure. Such hybrid organic-inorganic material with high 

porosity finds huge application in technologically demanding areas such as catalysis, sensing, 

drug delivery, and tissue engineering. In catalysis, macropores and meso/micropores provides 

complementary benefits since macropores allow enhanced mass-transport, especially for 

large molecules, while meso/micropores provide high surface areas for active catalytic sites. 

Porous materials are generally synthesized by using sacrificial templates, space fillers or 

structure directors around which a solid wall structure forms, followed by removal of the 

template by either chemical or thermal methods.  

This thesis is focused on the synthesis of mesoporous and macroporus hybrid 

materials for its application in catalysis. In the first part of the thesis, a “molecular hook” has 

been designed using “click chemistry” on the surface of mesoporous silica nanoparticles like 

SBA-15 and MSN that allows synthesis of multifunctional organic inorganic hybrid 

materials. These molecular hooks are utilized to anchor functional molecules to generate 

novel catalysts, sensors and biocatalysts. Thiol-ene click chemistry is used to prepare 

electrochemically active materials and silica protein hybrid mesoporous material. 

Subsequently, Cu(I)-catalyzed azide alkyne click reaction (CuAAC) was used to prepare 

MSN hybrid material that contained several chemically conjugated peroxidase mimic small 

molecule inorganic catalysts inside the pores and antibody molecules on its surface. This 

novel hybrid MSN construct displayed peroxidase activity and was used for the ultra-

sensitive detection (fM and lower) and quantification of protein using a colorimetric assay. In 

the second part of the thesis, macroporous hybrid monoliths have been prepared by using 

self-assembly. Here, large centimeter size porous ferritin based organic inorganic hybrid 

monolith, containing catalytically active nanoparticles was synthesized by dynamic  
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templating of surfactant. This versatile nanoreactor was shown to function as a heterogeneous 

catalyst for a variety of organic transformations in both batch and continuous mode. Finally 

silica based hybrid soft and spongy monoliths were prepared by ice templating method. This 

yields elastic composite macroporous scaffolds predominantly comprising of colloidal silica 

particles (up to 90 % by weight of inorganic) which can recover their structure completely 

after compression to 15 % of their original size. These “designer” monoliths based on 

functional colloids may have applications in several technological areas. 

In this chapter we set the platform for the thesis by introducing synthesis and 

functionalization of porous hybrid materials, application of porous hybrid materials in 

catalysis and discussed various analytical techniques used for characterization of porous 

hybrid materials. We have also given a brief introduction to “click chemistry” and the 

“template directed synthesis”; which has been implemented in this thesis to synthesize novel 

porous hybrid materials. Finally, this chapter delineates the motivation of our work and 

objective of this thesis. 

 

 

1.2 Organic-Inorganic Hybrid Materials 

 

 Nature has used organic-inorganic materials to design a new class of materials or 

compounds with remarkable properties that are not found in either organic or inorganic 

phase.
11, 12

 For example, calcium carbonate is generally very brittle (chalk), however as a 

hybrid organic-inorganic composite it has dramatically altered mechanical properties, as in 

nacre or mother of pearl (Figure 1.1a). Generally inorganic materials like ceramics are 

stable at high temperature but are often brittle. Polymers, on the other hand are very tough, 

but not very stable to temperatures above 180 °C. Hybrids materials are advantageous 

because it allows us to combine the properties of inorganic and organic materials into one 

composite material. Inorganic materials bring thermal stability, greater modulus, strength, 

and porosity to the hybrids. Organics impart toughness, elasticity, optical properties, and 

chemical functionality to the hybrids. Therefore, organic-inorganic hybrid materials are 

tougher than a normal ceramic and more thermally stable than an organic polymer. The 

graph shown in Figure 1.1b represents the manner in which the properties of the two 

constituents can add during the formation of the hybrid.  
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Figure 1.1 (a) bio mineralisation of the nacre shell (b) unique hybrid (organic–inorganic) 

compositions available using nanostructured chemicals (Figure adapted from ref. 4 (b) with 

permission). 

 

 

1.3 Porous Materials 

 

 Porous solids are of great interest in scientific and technologically important areas 

because of their capability to interact with atoms, ions and molecules not only at their 

surfaces, but all through the bulk of the material. Properties of porous materials like high 

surface area, pore size distribution, pore volume, adjustable framework, surface properties 

and volumes of the void spaces in porous materials directly relates to their ability to perform 

the desired function in a particular application.
13

 The International Union of Pure and Applied 

Chemistry have classified porous materials into three classes based on the pore diameters: 

pore sizes in the range of 2 nm and below are called micropores with zeolites and metal-

organic frameworks (MOF structures) as the most prominent representatives; mesopores are 

in the range of 2 nm to 50 nm e.g. aerogels, pillared clays, or M41S phases and the pore sizes 

above 50 nm are defined as macropores such as foams or glasses.
14
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Figure 1.2 The three categories of nanoporous materials and their TEM images (Figure 

adapted from ref. 13 with permission). 

 

 

 Many synthetic pathways have been reported for the synthesis of porous materials, 

either with a disordered pore system or ordered with various structures, which can meet the 

demands of the target application. Among several porous materials, siliceous porous 

materials are important both from a fundamental and an application point of view. 

Specifically, tremendous growth for the synthesis of ordered porous materials has been 

achieved since the discovery of the ordered mesoporous silica of the M41S family or related 

materials,
15, 16

 which are synthesized with the help of cooperative surfactant templating 

(Figure 1.2). After these pioneering studies, significant amount of progress has been built in 

terms of structural, compositional, and morphological control. 

 

 

1.4 Mesoporous Silica based Materials 

 

 Mesoporous materials are attractive candidates for heterogeneous catalysts or as a 

catalyst support because of its novel properties such as well-defined crystalline structure, 
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Figure 1.3 Structures of M41S materials (Figure adapted from ref. 16(b) with permission). 

 

 

high internal surface area, uniform pore sizes, good thermal stability and highly acidic sites in  

the protonated form. In the early 1990s, the Mobil Oil Company discovered the class of 

periodic mesoporous silica’s known as the M41S phase. The most well-known examples of 

this class include hexagonal MCM-41, cubic MCM-48, and lamellar MCM-50 (Figure 1.3). 

MCM is an abbreviation of “Mobil Crystalline Materials”. The mesoporous materials are 

typically synthesized by using supramolecular aggregates of ionic surfactants (long-chain 

alkyltrimethylammonium halides) as structure-directing agents (SDAs). These SDAs, in the 

form of a lyotropic liquid-crystalline phase, lead to the assembly of an ordered 

mesostructured composite during the condensation of the silica precursors such as fumed 

silica, sodium silicate, or tetra-alkyl oxide of silane under acid or basic conditions. 

Mesoporous materials are obtained by subsequent removal of the surfactant by extraction or 

calcination. 

 Subsequently, Stucky et al. introduced another mesoporous materials using nonionic 

surfactants in acidic condition, designated as SBA-15 (SBA stands for Santa Barbar 

Amorphous).
17, 18

 This consists of thermally stable thick walls with large hexagonal 

mesopores (4-10 nm) which overcame the weak hydrothermal stability encountered by M41S 

materials. A non-ionic triblock co-polymer, poly (ethylene oxide) poly (propylene oxide) 

poly (ethylene oxide) (PEO-PPO-PEO) was used as templating agent for the synthesis of 

SBA-15. This SBA-15 material has been extensively studied for various applications due to 

its remarkable properties and several features which makes it very exciting. These include 

tailored pore size, high degree of structural ordering, ease of synthesis, thicker pore walls, 

higher hydrothermal stability in comparison to M41S and substantial amount of silanol 
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groups that allow incorporation of high amount of organic groups on its surface. Importantly, 

the polymer employed to obtain SBA-15, poly (ethylene oxide)-poly (propylene oxide)-poly 

(ethylene oxide) (PEO-PPO-PEO), is cheap and biodegradable. Later, Stucky and co-workers 

reported the synthesis of different types of mesoporous materials from the SBA family using 

non-ionic triblock, star diblock and oligomeric surfactants with various mesophases.  

 

 

1.4.1 Organically Functionalized Mesoporous Silica Phases 

 

 Mesoporous silicates have very high surface area and are covered by silanol groups. 

Organic functional groups can be easily incorporated on the surface of the mesoporous 

materials using organo-silane coupling agents. There are two major pathways to functionalize 

the surface of mesoporous silicates; post-synthesis modification (also known as grafting 

method) and; one pot synthesis or co-condensation method. Each of these two surface 

functionalization methods has certain advantages, which have been discussed in the section 

below. These surface functionalized mesoporous silicates could change the chemical and 

physical properties of materials dramatically. The immense variation of functional organic 

chemistry combined with the advantages of a thermally stable and robust inorganic solid 

matrix affords synthesis of a broad range of novel materials for various applications. 

Mesoporous materials have already been functionalized with various organic functional 

groups which include amines,
19, 20

 thiols,
21

 carboxylic acid,
22

 sulfonic acid,
23 

viny
l24

 and 

nitrogen based heterocycles.
25

 These functional groups present on the surface of mesoporous 

material have been used to anchor various synthetic catalysts, biomolecules and polymers to 

generate novel functional materials and have found wide spread applications in catalysis, 

separation, decontamination, drug delivery and sensor design. 

 

 

1.4.1.1 Grafting Method (post synthetic functionalization of silica)  

 

 Grafting refers to the post synthesis modification of a prefabricated mesoporous silica 

support. Typically it is carried out by condensation of organosilanes of the type (R′O)3SiR, or 

less frequently chlorosilanes ClSiR3 or silazanes HN(SiR3)3 with the free silanol groups of 

the silica surfaces (Figure 1.4). Using this methodology, functionalization with a variety of  
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Figure 1.4 Functionalization of mesoporous materials by the grafting method.  

 

 

organic groups can be achieved by varying the organic residue R in (R′O)3SiR. In this 

methodology, the particle morphology and pore structure is preserved under the synthetic 

conditions. However, it should be noted that silanols groups situated on the exterior surface 

and at the openings of the mesopores are kinetically more accessible than silanols situated on 

the interior pore walls.
27, 28

 Thus, most organic functional groups that are added to 

mesoporous materials through this post synthetic grafting method have been shown to be 

located on the exterior surface or congregated at the mesopore opening. This gives rise to 

non-uniform distribution of the organic group over the whole material. This methodology is 

particularly advantageous for selectively functionalizing the exterior surface of silica. 

However, grafting with very bulky species leads to complete closure of the pores (pore 

blocking). 

 

 

1.4.1.2 Co-Condensation Method (one pot synthesis) 

 

 Organically functionalized mesoporous silica material can be synthesized using an 

alternative direct synthesis method known as co-condensation method (one-pot synthesis). In 

this methodology, mesostructured silica phases are prepared by the co-condensation of 

tetraalkoxysilanes (RO)4Si (TEOS or TMOS) with terminal trialkoxyorganosilanes of the 

type (R′O)3SiR in the presence of structure-directing agents leading to materials with organic 
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Figure 1.5 Functionalization of Mesoporous materials by co-condensation method.  

 

 

functional groups anchored covalently on to the pore walls. Since the organic functionalities 

are direct components of the silica matrix, pore blocking is not a problem in the co-

condensation method (Figure 1.5). Furthermore, the organic units are generally more 

homogeneously distributed than in materials synthesized with the grafting process. However, 

the disadvantage of this method is that increasing the concentration of (R′O)3 SiR  can lead to 

the  formation of disordered mesoscopic structure or even loss of order in the final material. 

Moreover, an increase the concentration of organic functional group leads to the reduction of 

pore volume and specific surface area. Finally, care must be taken not to destroy the organic 

functionality during the removal of surfactant. Solvent extraction methods are commonly 

used for template removal. 

 

 

 1.5 Macroporous Materials 

 

 Macro porous materials represent an interesting and technologically important class of 

material due to its potential application as catalyst support, chromatography, filtration, 

insulation and biomedical scaffolds. In comparison with microporous and mesoporous 

materials, macroporous materials have larger interconnected pores (usually from tens to 
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hundreds of nanometers) and thus have the potential to provide easier molecule transportation 

through the materials. They are also of particular interest for the transport of large 

biomolecules (e.g., proteins and cells). Thus, due to the technological importance of 

macroporous materials, a rich variety of methods have been listed below for the production of 

macro porous materials. In general, top-down and bottom-up are considered as two main 

approaches for the synthesis of macroporous materials. (a) Top-down: size reduction from 

bulk materials. (b) Bottom-up: material synthesis from atomic level. 

 The top-down manufacturing approach often uses the traditional workshop or 

microfabrication methods where externally controlled tools are used to cut, mill, and shape 

materials into the desired shape and order. This can be done by using techniques such as 

precision engineering, inkjet printing excimer laser micromachining, micro fabrication, and 

microlithography.  

 Bottom-up approach refers to the build-up of a material from the bottom: atom-by-

atom, molecule-by-molecule or cluster-by-cluster. This approach can be can be defined into 

three categories: chemical synthesis, self-assembly and positional assembly. In the bottom-up 

route, nano to microscale patterned structures are assembled using interactions between 

molecules or colloidal particles. For bottom-up production, templates are typically used 

around with atoms/molecules/particles self-assemble to form macroporous materials. 

 

1.5.1. Template Directed Synthesis of 3D Macroporous Materials 

 

 Template based synthesis of macroporous materials is one of the main strategies used 

to fabricate advanced materials. Templated assembly gives rise to complex structures decided 

by the shape of the template.
29

 The general route for the synthesis of structured materials 

using templates includes the following steps: (a) colloidal particles/precursor solution are 

mixed with the template, (b) the former occupies the empty spaces/voids or adhere to the 

surface of templates to form an inverse structure and, (c) finally the templates are removed 

after fixation, for example, by chemical crosslinking of the colloidal structure. Commonly, 

templates are classified as ‘hard’ and ‘soft’. 

 

 

 

 

 

https://en.wikipedia.org/wiki/Inkjet_printing
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1.5.1.1 Hard Templates 

 

 Hard templates are usually solid-state materials with particular structure and 

morphology. They include large-sized substances, such as colloidal crystals,
30

 inorganic 

salt,
31

 ice crystals, mesoporous silica materials like MCM-41, MCM-48, SBA-15, and porous 

polycarbonate.
32

 Usually hard templates are added in the synthesis to direct the creation of 

macroporous structures. Harsh acid or alkali leaching processes are usually required to 

remove these hard templates to generate highly ordered inverse macroporous structures.  

 

1.5.1.2 Soft Templates 

 

  Soft templates are generally in a fluid-like state and include surfactant micelles, 

amphiphilic copolymers or biological molecules like DNA, virus, proteins among others.
33, 34

 

These templates usually give rise to mesopores in the material after self-organization. Soft 

templates can easily being removed by controlled heat treatment or by mild dissolution 

conditions. 

 

1.5.1.3 Colloidal Organization by Templating 

 

 The assembly of colloids using templates involves different methods/strategies such 

as spray drying,
35 

dynamic templating using breath figures,
36, 37

 polymerization induced phase 

separation,
38, 39

 adsorption on an interface or substrate (layer by layer technique)
40, 41

 etc. Also 

different types of templates are used for assembling nanoparticles which includes emulsion 

droplets,
42, 43

 bubbles, colloidal crystals,
44-47

 polymer foam,
48, 49

 membranes,
50

 polymer 

gels,
51, 52

 biopolymers, and biological templates.
53 

For example, colloidal crystals have been 

used to prepare exact replicas of the template. Here, pre-organized larger colloidal spheres 

template the organization of smaller nanoparticles that fill the cavities of the 3D structure 

(Figure 1.6a). In another case, colloidal spheres are coated with nanoparticles and then the 

former are organized by various methodologies as discussed in section 1.3. (Figure 1.6 b). 

Removal of template leads to the formation of three-dimensionally ordered macroporous 

(3DOM) materials or hollow sphere array of nanoparticles, respectively.
 54
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Figure 1.6 Different methodologies for fabrication of three-dimensionally ordered 

macroporous (3DOM) materials by colloidal crystal templating (Figure adapted from ref. 54 

with permission).  

 

 

1.5.1.4 Ice Templating Method to create Macroporous Materials 

 

 In a typical ice templating process, an aqueous solution or dispersion of metal oxides 

or polymers is frozen by immersing into a cold bath.
55, 56

 This results in the growth of 

micrometer sized ice spheres due to thermally induced phase separation. This ice templating 

methodology involves ice spheres as a template to prepare three-dimensionally 

interconnected 

 

 

 

Figure 1.7 Schematic diagram of the ice-templating process (Figure adapted from ref. 56 

with permission) 
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macroporous metal oxide or polymers and can be easily removed simply through thawing and 

drying. This ice templating methodology neither requires a special template material nor a 

special removal process of the template. It is an inexpensive, environmentally friendly and 

can produce highly pure materials with interconnected spherical macropores.  

 

 

1.5.1.5 Dynamic Templating of Surfactant Hexagonal Domains to create Porous 

Structure 

 

 Dispersion of colloids in an ordered matrix results in their self-assembly, driven by 

colloid-matrix interactions, and by matrix-mediated particle-particle interactions. Templating 

of nematic domains, by particles expelled to domain boundaries, results in the formation of 

particulate networks. In such systems, chain-like linear arrays of colloids with dipolar 

interactions, mediated by a nematic matrix have been reported, as well as two-dimensional 

crystals of colloids with quadrupolar interactions. Recently, Guruswamy et.al. reported the 

synthesis of macroporous materials and hierarchically porous monolith scaffolds using 

dynamic templating of non-ionic surfactant C12E9 (H1) mesophases.
57-59 

They have 

demonstrated that particles over a wide size range (diameter, d, greater than 10 nm and up to 

about 500 nm; d> a, characteristic length scale of the surfactant mesophase H1; a= 5.7 nm,) 

form particulate networks in surfactant-water systems. This network formation of particles in 

1:1 mixtures of nonionic surfactant C12E9 and water is reversible, and the particles redisperse 

on heating above the isotropic phase at a temperature THI ≈40 °C. On cooling from the 

isotropic phase into the hexagonal, the particles are expelled from the growing hexagonal 

domains and forms networks of particles that are jammed at the H1 domain interfaces. Cross-

linking the particles followed by removal of surfactant template by extensive water washing 

results in the formation of macroporous scaffolds. This technique involves near ambient 

temperatures, and a benign water wash for template removal.  The network mesh size can be 

varied from the sub-micron to tens of microns by controlling the cooling rate. Thus it 

represents a general methodology that allows preparing a wide variety of self-standing porous 

materials from nanoparticles dispersion. 
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Figure 1.8 Schematic illustration of assembling nanoparticles using non-ionic surfactant 

C12E9. (A)  Confocal micrograph of fluorescently tagged silica particles in surfactant 

dispersion. (B) SEM of Scaffold (C) Confocal image of the scaffold. (Figure adapted from 

ref. 58 with permission)  

 

1.6 Click Chemistry 

 The introduction and progress of the ‘‘click chemistry’’ to design and prepare 

complex, highly functional molecules was first highlighted by Sharpless and co-workers in 

2001.
60

 This has made a huge impact on the synthesis of polymers and materials, small 

organic molecules and in drug discovery. The characteristics of modular click reactions as 

defined by Sharpless et. al. includes a) high yields with by-products (if any) that are 

removable by non-chromatographic processes, b) regiospecificity and stereospecificity, c) 

insensitivity to water or oxygen, d) mild, solvent less (or aqueous) reaction conditions, e) 

orthogonality with other common organic synthesis reactions, and f) amenability to a wide 

variety of readily available starting materials and reagents. Although meeting the 

requirements of a ‘click’ reaction is a tall order, several reactions have been identified which 

step up to the mark :  (i) cycloadditions of unsaturated species, especially 1,3-dipolar 

cycloaddition reactions, but also the Diels-Alder family of transformations; (ii) nucleophilic 

substitution chemistry, particularly ring-opening reactions of strained heterocyclic 

electrophiles such as epoxides, aziridines, aziridinium ions, and episulfonium ions; (iii) 

carbonyl chemistry of the “non-aldol” type, such as formation of ureas, thioureas, aromatic 
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heterocycles, oxime ethers, hydrazones, and amides; and (iv) additions to carbon-carbon 

multiple bonds, especially oxidative cases such as epoxidation, dihydroxylation, 

aziridination, and sulfenyl halide addition, but also Michael additions of Nu-H reactants. 

 

 

1.6.1 CuAAC Click Chemistry 

  

 While a series of click reactions reported so far, the most widely studied or which has 

been termed as the “cream of the crop” of click reactions is Huisgen [3+2] cycloaddition, 

between a terminal alkyne and an azide to yield substituted 1, 2, 3-triazoles (Figure 1.9).
61, 62

 

This is due to its general ease of execution, facile reaction conditions and impressive 

orthogonality. The highly efficient copper (I)-catalyzed Huisgen 1, 3-dipolar cycloaddition, is 

broadly known as the azide/alkyne “click”-reaction or CuAAC-reaction. The great success of 

the Cu(1) catalyzed reaction is rooted in the fact that it is a virtually quantitative, very robust, 

insensitive, general, and orthogonal ligation reaction, suitable for even biomolecular ligation 

and in vivo tagging or as a polymerization reaction for synthesis of long linear polymers. The 

triazole formed is essentially chemically inert to reactive conditions, e.g. oxidation, reduction, 

and hydrolysis, and has an intermediate polarity with a dipolar moment of ∼5D. A 

mechanistic picture of the copper catalyzed reaction was first proposed by Meldal, Sharpless 

and co-workers. However, the proposed catalytic mechanism (calculated by density 

functional theory (DFT) calculations) that relied on the initial formation of a Cu acetylide 

between the CuI species and the terminal alkyne which subsequently proceeded by an initial 

π-complex formation between the CuI and the alkyne, to lead to a lowering of the pKa of the 

terminal acetylene by up to 9.8 units, thus enabling the attack onto the C–H bond, especially 

in aqueous systems, has been recently revised in favor of a binuclear mechanism as shown in 

Figure 1.9. 
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Figure 1.9 Mechanism of the CuAAC reaction. 

 

 

1.6.2 Thiol-Ene Click Chemistry  

 

 The broad utility of the Cu(I)-mediated alkyne-azide reaction has encouraged 

researchers to more closely evaluate the potential of other reactions that possess ‘‘click’’ 

characteristics. In this perspective, reactions of thiols with reactive carbon–carbon double 

bonds, or simply “enes”, were noted as highly efficient reaction in 1905. Historically, in the 

area of polymer and materials, thiol-ene reaction has been most widely employed as a means 

of preparing near-perfect networks and films as exemplified by the work of Hoyle, Bowman 

and co-workers.
63-64 More significantly, thiol-ene coupling reactions have been proposed to 

proceed via either the (i) anti-Markovnikov's radical addition or the (ii) base/nucleophile-

catalyzed Michael addition reaction. 

 

1.6.2.1 Radical based Thiol-Ene Click Reactions 

 

 Generally the thiol-ene reactions conducted under radical conditions are photo 

chemically induced. Under such conditions it proceeds via a typical chain process with 
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initiation, propagation and termination steps as shown in Figure 1.10.
65-67

 Initiation involves 

the treatment of a thiol with photoinitiator, under irradiation, resulting in the formation of a 

thiyl radical, RS
●
, plus other byproducts. Propagation is a two-step process involving first the 

direct addition of the thiyl radical across the C=C bond yielding an intermediate carbon-

centred radical followed by chain transfer to a second molecule of thiol to give the thiol-ene 

addition product, with anti-Markovnikov orientation, with the concomitant generation of a 

new thiyl radical. Finally the termination reactions involves a typical radical-radical coupling 

processes. 

 

 

Figure 1.10 The mechanism for the hydrothiolation of a C=C bond in the presence of a 

photoinitiator and h 

 

 

1.6.2.2 Michael Addition Reactions 

  

  In contrast to the traditional thiol-ene free-radical reaction, thiol-vinyl reactions 

between a thiol and an electron-deficient ene also occur readily (Figure 1.11).
68, 69

 This click 

reaction can also be simply referred as a thiol-Michael addition reaction, with the condition 

that the ene is electron-deficient, such as (meth) acrylates, maleimides, , -unsaturated 

ketones, fumarate esters, acrylonitrile, cinnamates, and crotonates. The primary/secondary 

amine and phosphine nucleophilic catalysts are particularly efficient and provide a simple, 

highly efficient process for catalyzing thiol-ene reactions between thiols and acrylates and 

other electron-deficient enes. The reactions proceed with the nucleophilic attack at the 

activated ene generates the intermediate, strong (zwitterionic) enolate base that is responsible 

for deprotonating thiol, generating the thiolate anion. Once the thiolate is formed, the anionic  
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chain process begins with rapid formation of the thiol-ene product by a subsequent proton  

abstraction of the thiol. In contrast to the thiol-ene radical process, there are no anionic 

coupling processes that terminate the chains for the thiol-Michael reactions once they are 

initiated. Another salient feature of this proposed anionic chain process for 

hydrothiolationmediated by amines or phosphines is that no special precautions need to be 

taken such as exclusion of moisture and O2. The combination of the typically low pKa’s of 

thiols coupled with the high reactivity of the thiolate towards conjugate addition enables such 

reactions to be performed with 100% efficiency in the presence of other protic species, 

including water. 

 

 

Figure 1.11 Anionic Chain mechanism for the hydrothiolation of an acrylic C=C bond. 

 

 

1.7 Physico-Chemical Characterization 

 

 The inorganic-organic hybrid mesoporous materials can be characterized by various 

techniques, which provide important information about different physico-chemical properties 

of these materials. In this section, a brief introduction to the theory and principle of various 

characterization techniques employed in the present study are discussed. 

 

1.7.1 Powder X-Ray Diffraction 

Powder X-ray diffraction is a rapid analytical technique used to identify and measure 

the uniqueness of structure, phase purity, degree of crystallinity and unit cell parameters of 
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crystallite materials. The mesoporous materials exhibit characteristic high intensity peaks in 

the low angle region between 2θ = 0.5-10º. The XRD patterns are recorded by the 

measurements of the angles at which the X-ray beams are diffracted by the sample. The 

relation between the distance between two hkl planes (d) and angle of diffraction (2θ) is given 

by Bragg’s equation as follows (Eq. 1.1):  

 

 

 

Where λ = wavelength of X-rays, n= an integer known as the order of reflection (h, k, 

and l represent Miller indices of respective planes). From the diffraction patterns, the 

uniqueness of mesoporous structures, phase purity, degree of crystallinity, and unit cell 

parameters of the semi crystalline hybrid materials can be determined. The identification of 

phase is based on a comparison of a set of reflections of the sample with that of pure 

reference phases distributed by International Center for Diffraction Data (ICDD). Unit cell 

parameter (ao) of a cubic lattice can be determined by the following equation: ao = dhkl(h
2
 + 

k
2
 + l

2
)
1/2

, where d = distance between two consecutive parallel planes having Miller indices 

h, k, and l. The unit cell dimensions determined by XRD are also used to calculate the wall 

thickness of mesoporous materials in combination with pore size data determined from gas 

adsorption-desorption studies. 

 

1.7.2 Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) is an important technique for characterization of 

size and morphology of mesoporous materials. This technique provides not only 

topographical information like optical microscopes do, but also information on the chemical 

composition near the surface. SEM creates the magnified image by using electrons instead of 

light waves. It generates very detailed three-dimensional image at much higher magnification 

than is possible with an optical microscope. A scanning electron microscope can generate an 

electron beam scanning back and forth over a solid sample. The interaction between the beam 

and the sample produces different types of signals providing detailed information about the 

surface structure and morphology of the sample. When an electron from the beam encounters 

a nucleus in the sample, the resultant Coulombic attraction leads to a deflection in the 

electron's path, known as Rutherford elastic scattering. A fraction of these electrons will be 
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completely backscattered, reemerging from the incident surface of the sample. Since the 

scattering angle depends on the atomic number of the nucleus, the primary electrons arriving 

at a given detector position can be used to produce images containing topological and 

compositional information. The high-energy incident electrons can also interact with the 

loosely bound conduction band electrons in the sample. However, the amount of energy 

given to these secondary electrons as a result of the interactions is small, and so they have a 

very limited range in the sample. Hence, only those secondary electrons that are produced 

within a very short distance from the surface are able to escape from the sample. As a result, 

high resolution topographical images can be obtained in this detection mode. SEM is non-

destructive to samples although some electron beam damage is possible. SEM scans over a 

sample surface with a probe of electrons (5-50 kV) and detects the yield of either secondary 

or back-scattered electrons as a function of the position of the primary beam. Magnification 

of 10-500,000 times is possible with a resolution of about 1 nm. Sample requirements are 

minimal; they should be vacuum compatible and invariably be coated with a conducting film 

to avoid sample charging during the measurement. 

 

1.7.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a major analytical tool in a range of 

scientific fields including materials and biological sciences. TEM is typically used for high 

resolution imaging of thin sections of solid samples for nanostructural and compositional 

analysis. The technique involves: (i) irradiation of a very thin sample by a high energy 

electron beam, which is diffracted by the lattice of a crystalline or semi crystalline material 

and propagated along different directions. (ii) imaging and angular distribution analysis of the 

forward-scattered electron (unlike SEM where backscattered electrons are detected), and (iii) 

energy analysis of the emitted X-rays. A beam of accelerated electrons can interact with an 

object in a conventional transmission electron microscope in one of two ways. Usually elastic 

scattering takes place, whereby the electrons change their path in the specimen without a loss 

of energy. Inelastic scattering can also occur, resulting in a loss of energy due to an 

interaction of the impinging electrons with the orbital electrons surrounding the nucleus of 

each atom in the object. Those electrons, which are not or hardly scattered, contribute 

positively to the image. However, considerably deflected electrons are prevented from doing 

so by apertures in the optical path. As a result, differences in light intensity (contrast) are 

created in the final image, which relate to areas in the object with different scattering  
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potentials. As the atomic number increases, their scattering efficiency will also 

increase. Hence, heavy metals can form images with good contrast. The imaging system 

consists of an objective lens and one or more projector lenses. The chief lens in transmission 

microscopes is the objective. It determines the degree of resolution in the image. It forms the 

initial enlarged image of the illuminated portion of the specimen in a plane that is suitable for 

further enlargement by the projector lens. The projector lens, as it implies, serves to project 

the final magnified image on the screen or photographic emulsion. The great depth of focus 

provides the high magnification of the sample. The topographic information obtained by 

TEM in the vicinity of atomic resolution can be utilized for structural characterization and 

identification of various phases of mesoporous materials, viz., hexagonal, cubic or lamellar. 

TEM also provides real space image on the atomic distribution in the bulk and surface of a 

nanocrystal. The modern TEM machines can achieve resolution below 0.5 angstroms (50 pm) 

at magnifications above 50 million times.  

 

1.7.4 Gas adsorption-desorption studies 

Gas adsorption-desorption studies is one of the  widely used technique for evaluating 

the surface area, pore size, pore volume and pore size distribution of porous solid materials. 

In this technique, the amount of gas adsorbed by a solid is measured, which in turn is directly 

related to the porous properties and pore structure of the material. Depending on the nature of 

the adsorbent solid and information required, various gases like Nitrogen (N2), Carbon 

dioxide (CO2) and Argon (Ar) are used as adsorbates. The volume of gas adsorbed by the 

solid is measured over a wide range of relative pressures, and a plot of the volume adsorbed 

with varying relative pressure (p/po) is called the adsorption isotherm. N2 adsorption isotherm 

at sub-atmospheric pressures and -196 ºC is routinely used for determining pore information 

and pore size distributions in microporous, mesoporous and macroporous range. Surface area 

is determined from the Brauner-Emmett-Teller (BET) equation (Eq. 1.2), based on monolayer 

adsorption of gases.  

 

 

where, v = volume of N2 adsorbed by the sample under pressure p, po = saturated vapor 

pressure at the same temperature, vm = volume of N2 adsorbed when the surface is covered 

with monolayer, and c = BET constant for a given adsorbate. 
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The equation suggests that the plot of  p/v( po- p) versus po/p  should be linear, and 

from the intercept 1/vmc and slope (c-1)/vmc,  the values of vm and c can be determined. Thus 

the specific surface area (S) of a sample can be determined as follows (Eq. 1.3): 

 

 

where No = Avogadro number, m = mass of solid adsorbent, A = cross-section of the gas 

molecules (16.2 Å
2
 for N2), and S is expressed in cm

2
 g

–1
 unit. 

Several computational procedures are available for the derivation of pore size 

distribution of mesoporous samples from physisorption isotherms. Most popular among them 

is the Barrett-Joyner-Halenda (BJH) model, which is based on speculative emptying of the 

pores by a stepwise reduction of p/po, and allowance being made for the contraction of the 

multilayer in those pores already emptied by the condensate. The mesopores size distribution 

is usually expressed as a plot of dVp/drp versus rp, where Vp = mesopore volume, and rp = 

pore radius. It is assumed that the mesopores volume is completely filled at high p/po. 

 

 

Figure 1.12: Types of physisorption isotherms.  

 

The physisorption isotherms have been classified into six distinct types by IUPAC 

(Fig 8): Type I reversible isotherms exhibited by microporous solids; Type II reversible 
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isotherms exhibited by nonporous and macroporous solids; Type III isotherm, which is rarely 

seen; Type IV isotherm with hysteresis loop, exhibited by mesoporous solids; Type V 

isotherm which is rarely seen and arises due to weak adsorbent-adsorbate interactions. Type 

VI isotherm arising from stepwise multilayer adsorption on a uniform nonporous solid. The 

different isotherms are shown in Figure 1.7. The hysteresis loop exhibited in the type IV 

isotherm is classified in to 4 distinct types: H1, usually exhibited by pores with regular shape 

and narrow pore size distribution; H2, usually associated with pores with narrow necks and 

wide bodies; H3, usually associated with plate like particles; H4, usually associated with slit-

like pores. The shapes of the different hysteresis loops are shown in Fig. 9. 

 

 

 

Figure 1.13: Types of hysteresis loops.  
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1.7.5 Thermogravimetric analysis (TGA)  

 

Thermogravimetric analysis or TGA is a technique in which the weight loss of a 

sample is studied with increasing temperature. It is a highly sensitive technique, which 

provides information about the weight percentage of moisture, volatiles, solvent, organic 

/inorganic contents, etc in a samples. It is done by placing the sample in a weighing balance 

and heating the sample at a controlled rate. The weight loss is studied in various ambient 

atmospheres like nitrogen or air. TGA is widely used for studying the weight percentage of 

templates in mesoporous material synthesis and to estimate the organic /inorganic contents in 

modified mesoporous materials.  

 

1.7.6 Fourier Transform Infrared Spectroscopy  

 

Fourier transform infrared (FTIR) spectroscopy deals with the vibration of chemical 

bonds in a molecule at various frequencies depending on the elements and types of bonds. 

After absorbing electromagnetic radiation the frequency of vibration of a bond increases 

leading to transition between ground state and several excited states. These absorption 

frequencies represent excitations of vibrations of the chemical bonds and thus are specific to 

the type of bond and the group of atoms involved in the vibration. The energy corresponding 

to these transitions corresponds to the infrared region (4000–400 cm
–1

) of the electromagnetic 

spectrum. The term Fourier transform (FT) refers to a recent development in the manner in 

which the data are collected and converted from an interference pattern to an infrared 

absorption spectrum that is like a molecular "fingerprint". In the case of porous silicates, the 

FTIR spectra in the 400-1300 cm
-1

 region provides information about the structural details, 

for example, peaks at 466, 800, 1070 and 1220 cm
-1

 are typical of Si-O-Si bands that are 

associated with formation of silica framework. Whereas the bands in the 3000-4000 cm
-1

 

region allows to determine different organic functional groups present on the surface of the 

materials,  Bronsted and Lewis acid sites and silanol groups.  

 

1.7.7 Cross-polarization magic angle spinning NMR spectroscopy  

 

Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful tools to 

investigate structure and dynamics of a molecular system in liquid phase. Atomic nuclei  
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consisting of odd number of protons and/or neutrons possessing a nuclear spin I ≠ 0 

and consequently a magnetic moment μ = γћI (γ = gyromagnetic ratio), when placed in a 

magnetic field of strength Bo, Zeeman interaction results in quantized orientations of the 

nuclear magnetic moments. The nucleus can adopt 2I + 1 Eigen states with energies E(m) = –

mγћBo, where m = (I, I–1,…., –I). Transitions between neighbouring energy states (Δm = ± 1) 

can be induced by electromagnetic radiation (energy E = hν) of frequency νo = γBo/2π. The 

chemical shift interaction arises from secondary local magnetic fields induced by the 

interaction of the electrons surrounding the nucleus. The induced local field opposes Bo and 

hence shields the nucleus under observation. The shielding is spatially anisotropic due to the 

nonspherical electron distribution around the nucleus.  

In solid-state NMR, the line shape is determined by dipolar and quadrupolar 

interactions. The lines are usually broader because the rigid structure of the solid phase 

prevents the averaging of the dipolar interaction by motions. Since, the first order 

quadrupolar and dipolar interactions are proportional to (3 cos
2
θ - 1), where, θ is the angle 

between an internuclear vector and the magnetic field, these interactions can be removed, to a 

first order approximation, by spinning the sample around the so-called magic angle  with 

respect to the external magnetic field, for which 3 cos
2
β - 1 = 0, i.e. β = 54.74°. This 

technique is known as Magic Angle Spinning (MAS).  

Cross-polarization (CP) involves indirect excitation of the less abundant nucleus 

through magnetization transfer from an abundant spin system (e.g. 
1
H) i.e., to increase the 

signal to noise ratio (SNR) of the spectra of nuclei with low natural abundance (e.g. 
13

C, 
29

Si, 

31
P etc.), and to monitor the spatial proximity of nuclei. CP technique does not affect the line 

width of the spectra, but is applied to improve the sensitivity. 

 

 

1.8 Motivation and Objective of the Present Work 

 

 Although organic-inorganic porous hybrid materials have emerged as one of frontier 

research areas in the field of advanced functional materials, the potential for their application 

in areas such as catalysis, adsorption, sensing, and biotechnology has not been fully realized. 

This requires development of newer hybrid inorganic-organic materials with improved 

properties. For example in the field of catalysis, meso-macroporous materials have been 

demonstrated as catalyst supports because the combination of multiple functionalities allow 
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them to function both as catalytic materials in addition to facilitating transport of reactant. 

Hierarchically porous materials that afford control of pore characteristics at each length scale, 

and allow chemical functionalization, have significant potential for applications in areas as 

diverse as catalysis and tissue engineering.  

 In my thesis I have attempted to synthesize mesoporous, macroporous and meso-

macroporous hybrid materials for possible applications in catalysis and biotechnology. This 

involved both development of new synthetic methodology, characterization of such materials 

and evaluation of their function. By keeping the above objectives in mind, the following 

specific work was selected for the present thesis: 

 

1. Development of new post-synthesis functionalization methods for generation of 

mesoporous hybrid materials using “thiol-ene click” Michael addition reaction  

2. Synthesis of silica based hybrid materials as an oxidation catalyst for ultra-sensitive 

detection of proteins via signal amplification  

3. Synthesis of transition metal nanoparticle based hybrid macroporous material using 

dynamic templating of surfactant H1 domains and its application as catalysts in 

continuous flow reactions 

4. Synthesis of soft and spongy macroporous scaffolds using ice templating method for 

applications in biotechnology. 
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Chapter 2 

 

Functionalized Mesoporous Hybrid 

Materials using “Thiol-Ene Click” 

 

 

 

In this chapter, Methacrylate-labeled SBA-15 has been successfully synthesized from 

calcined SBA-15 and commercially available 3-trichlorosilyl propylmethacrylate. This hybrid 

material undergoes efficient thiol-ene “click reaction” with a variety of both thiol and 

disulfide-containing substrates in aqueous and organic media. Disulfide-containing 

substrates in which the TCEP-mediated reduction of the disulfide bond and its subsequent 

addition to the methacrylate group anchored in SBA-15 in one-pot were used to synthesize a 

silica-protein hybrid material composed of biotin-labeled SBA-15 and streptavidin.  

 

 

This chapter is adapted from the following publication: 

“Functionalization of SBA-15 Mesoporous Materials using “Thiol-Ene Click” Michael 

Addition Reaction” S. Kumari, B. Malvi, A. K. Ganai, V. K. Pillai, S. Sen Gupta, The 

Journal of Physical Chemistry C, 2011, 115, 17774-17781. 
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2.1 INTRODUCTION 

 

Surface-functionalized mesoporous materials have found widespread applications in 

technologically important areas such as catalysis,
1-3

 separation,
4, 5

 decontamination,
6
 drug 

delivery
7
 and sensor design.

8
 In particular, the development of mesoporous material based 

biocatalysts
9
 and biosensors

8
 has attracted much attention because of their high specific 

surface areas (up to 2 000 m
2
/g) and pore volumes (up to 1.5 cm

3
/g), which render them ideal 

hosts for biomolecules. Syntheses of such functional materials typically involve covalent 

immobilization of the enzymes into the pores of the mesoporous channels. This is necessary 

to achieve long-term stability of these materials because enzymes immobilized by simple 

physical adsorption tend to leach out, especially in certain types of solvents. Typically, 

enzymes have been covalently immobilized by chemically attaching them to an organo-

functionalized mesoporous material bearing aldehyde or amine functional groups. For 

example, enzymes can be covalently attached by cross-linking the amine side-chain of the 

lysine to the amino propyl group of modified mesoporous materials via glutaraldehyde.
10-12 

However, there are several limitations of this method including limited control of the spatial 

orientation of the immobilized enzyme within the pores. Hence, there is a strong need to 

generate functional mesoporous materials that can provide a platform to perform bio-

orthogonal chemoselective ligation. Recently, we and others have reported the synthesis of a 

“clickable” azide-labeled SBA-15 mesoporous material that could be successfully 

functionalized with alkyne containing compounds in a chemoselective manner using the 

Cu(I)-catalyzed azide-alkyne cycloaddition reaction (CuAAC).
13-15

 This material has also 

been used to immobilize enzymes covalently.
14

 However, in reactions involving the CuAAC, 

the removal of residual amounts of ligand and copper still remains a challenge, which 

sometimes limits its scope for biological applications. Hence, development of “metal free” 

bio-orthogonal chemoselective reactions would be very important for immobilization of 

biomolecules. 

  Recently, the thiol-ene click reaction has attracted the attention of researchers 

worldwide and has been utilized in the synthesis of novel materials in various fields including 

polymer chemistry and nanotechnology.
16

 This reaction is chemoselective and also has 

several desirable attributes that are characteristic of a typical “click” reaction. For example, 

the reaction is tolerant to most functional groups present and proceeds very well in both 

aqueous and organic solvents, which is especially significant for a wide range of applications.  



 Chapter 2: Functionalized Mesoporous Hybrid Materials… 

Ph.D. Thesis, AcSIR, June 2015                                                                                                                      35 

More significantly, thiol-ene addition reactions have been proposed to proceed via either the 

(i) anti-Markovnikov's radical addition
17-19

 or the (ii) base/nucleophile-catalyzed Michael  

addition reaction.
20, 21

 The addition of thiols to alkenes by free radical mechanism has been 

used extensively in polymer and materials synthesis.
16

 However, this methodology requires 

the addition of an external radical source such as azo or photoinitiators and UV light, which 

can be unfortunately detrimental for the covalent attachment of biomolecules. Nucleophile-

mediated addition of a thiol to an activated C=C bond, described as the thiol-ene Michael-

type reaction, has much wider applications because this can be carried out under both 

aqueous and non-aqueous media using mild reaction conditions.
22-24

 Such reactions are fairly 

tolerant to the presence of oxygen/moisture and proceed with near-quantitative formation of 

the thioether in a region-selective fashion. Furthermore, this reaction is chemoselective and 

also bio-orthogonal. We envisaged that if an activated C=C can be installed to the surface of 

a mesoporous silica, then biomolecules such as peptides and proteins having a surface thiol 

group can be easily attached using this chemistry. Although mesoporous materials have been 

surface functionalized with activated C=C groups such as propyl methacrylate group,
25, 26

 to 

the best of our knowledge, no thiol-ene “click” reaction has been reported on these materials. 

He and co-workers have grafted propyl methacrylate groups on SBA-15 following 

immobilization of porcine pancreatic lipase; then, the pendant propyl methacrylate groups 

were polymerized with 3-(trimethoxysilyl) propyl methacrylate to reduce the pore size of 

SBA-15.
25, 26

 Maleimides, another Michael acceptor with activated C=C bond, have been 

grafted on mesoporous materials, facilitating the immobilization of biomolecules. These are 

very reactive, and the reaction proceeds without any added organocatalyst. However, it 

should be noted that the very high reactivity of maleimide renders it reactive to amino groups 

of the side-chain lysine at neutral pH, and hence selectivity, an essential requirement to be 

termed as a “click reaction”, is lost. Furthermore, they are highly potent neurotoxins and 

should be treated or handled with extreme caution. Recently, vinyl sulphone grafted silica 

particles have been used for the immobilization of biomolecules.
27

 However, this reaction is 

also not specific to thiol groups because the side-chain amino group of lysine was also 

observed to react. 

This chapter reports the synthesis and characterization of an SBA-15 mesoporous 

material containing an activated ene (methacrylate) group demonstrating its reactions with a 

number of organic molecules bearing thiol or disulfide functionality using tris-2-

carboxyethylphosphine (TCEP) or dimethyl phenyl phosphine (DMPP) as the catalyst. 
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Specifically, the reaction with the amino acids cysteine and cystine was thoroughly studied 

because they serve as good model compounds for peptides and proteins. These materials were  

characterized by using a variety of analytical techniques including FT-IR, SAXS, SEM, 

TEM, multinuclear (
13

C, 
29

Si) solid-state NMR, BET analysis, TGA, ICP, cyclic voltammetry 

(CV), and confocal microscopy. 

 

 

2.2 EXPERIMENTAL DETAILS 

 

2.2.1 Materials 

 

Tetraethylorthosilicate (TEOS), poly (ethylene glycol)-block-poly(propyleneglycol)-

block-poly(ethylene glycol) (Pluronic P-123, average molecular weight 5800), 3-trichloro-

silylpropylmethacrylate (TCSPM), tris(2-carboxy)ethylphosphine (TCEP), dimethylphenyl 

phosphine (DMPPh),  2-mercaptoethanol, 2-mercaptopropionic acid, cysteine, cystine, 6-

(ferrocenyl)hexanethiol, biotin, phycoerythrin-labeled streptavidin, were obtained from 

Sigma Aldrich. Organic solvents toluene, acetonitrile and acetone were obtained from Merck, 

India. All the chemicals used were of extra pure for biochemistry or of analytical grade and 

used as received. For all the experiments, deionized water was used. 

 

2.2.2 Synthesis 

 

2.2.2.1 Synthesis of SBA-15  

 

SBA-15 material was synthesized by following the reported procedure by Zhao et 

al.
28

 with slight modifications. Typically for a batch synthesis, 8 g of the nonionic block 

copolymer Pluronic P-123 was dissolved in 60 mL distilled deionized water using an 

overhead stirrer (with teflon blades) for 4 h. To this solution, 240 mL of HCl (2 N) was added 

drop wise and the reaction mixture was stirred for 1 hour at ambient temperature (~28-30 
o
C). 

The temperature of the reaction mixture was then raised to 40 
o
C and stirred for an additional 

hour. To this warm mixture, tetraethylorthosilicate (TEOS, 18 g, 86.4 mmol) was added drop 

wise with vigorous stirring and the reaction mixture was stirred for the next 24 h at 40 
o
C. 

The synthesized material was kept for aging at 100 
o
C. After 48 h of aging under static 

condition, the resulting white solid obtained was isolated by filtration, washing with copious 
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amount of water and dried in air. Calcined SBA-15 was obtained by calcination of as-

synthesized solid material at 500 
o
C for 6 h in air. (Yield: ~ 4.7 g) This material can be used 

for further surface modification. 

 

2.2.2.2 Synthesis of Methacrylate-Functionalized SBA-15 

 

To a suspension of 1.0 g of calcined SBA-15 in 80 mL of dry toluene, 3-trichlorosilyl 

propylmethacrylate (abbreviated as TCSPM; 1.24 g, 4.7 mmol) in 10 mL of dry toluene was 

added drop wise, and the mixture was stirred for 1 h under inert atmosphere. After the 

completion of reaction, the contents were filtered and washed with a copious amount of 

toluene until it became free from unreacted TCSPM. The sample was then washed with 

deionized water, then dried at 70 
o
C for 12 h in a vacuum oven and preserved under an argon 

atmosphere for further use. Yield ∼1.0 g. This material will be referred to as SBA-ACL.  

 

2.2.2.3 Modification of Methacrylate Functionalized SBA-15 (SBA-ACL) by Thiol-Ene 

“Click” Reaction.  

 

In Aqueous Medium: In a typical reaction, SBA-ACL (100 mg, 0.219 mmol) was 

added to a solution of cysteine (212 mg, 1.752 mmol) and TCEP (25 mg, 0.0876 mmol) in 5 

mL of phosphate buffer (100 mM, pH 7) under nitrogen. The mixture was stirred at room 

temperature for 30 h. After completion of reaction, the mixture was centrifuged, and the 

residue was washed twice with phosphate buffer (100 mM, pH 7) and then three times with 

deionized water. The white powder obtained was dried at 80 
o
C in a vacuum oven for 12 h. 

Yield: 90 mg 

 

In Organic Solvent: SBA-ACL (25 mg, 0.055 mmol of methacrylate) was incubated 

with 6-(ferrocenyl)hexanethiol (99 mg, 0.328 mmol) and dimethylphenylphosphine (DMPPh, 

47 μL, 0.34 mmol) in dry toluene (5 mL) and stirred for 30 h at room temperature. After 

completion of reaction, the reaction mixture was centrifuged and the residue was washed with 

toluene five times until it became free from unreacted thiol. Finally, the dark-orange powder 

obtained was dried at 70 
o
C in vacuum oven for 12 h. Yield: 20 mg  
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2.2.2.4 Synthesis of Biotin NHS ester 

 

The synthesis of Biotin NHS ester was carried out according to reported procedure.
29 

To a solution of biotin (0.488 g, 2.0 mmol) in DMF (40 mL) was added triethylamine (1 mL, 

10.0 mmol) followed by N, N′-disuccinimidyl carbonate (0.614 g, 2.40 mmol). The reaction 

mixture was stirred at room temperature for 6 h. Solvent was removed by rotary evaporation 

and the residue was triturated with diethyl ether and ethyl acetate. Filtration and washing with 

diethyl ether provided rather pure biotin-NHS (1.34 g, 98%) as a solid: m.p. 198–200 

 

2.2.2.5 Synthesis of Biotin-Cystine (6) 

 

To solution of L-Cystine (0.036 g, 0.15  mmol) in 0.1 M NaH2PO4 (10 mL) (pH of the 

solution was adjusted to 10.0 by adding 0.1 M NaOH) was added 15 mL (75 % 

methanol/water) solution of Biotin NHS (0.100 g, 0.3 mmol) and the resultant reaction 

mixture was stirred under nitrogen atmosphere at room temperature for 5 h. The reaction 

mixture was brought to pH 2.0 by adding 1 M HCl and kept for crystallization in the 

refrigerator for overnight. The resulting crystalline material was filtered and dried under a 

nitrogen atmosphere (for HR-MS mass see Appendix I, Figure A 4). Yield: 70 mg 

 

2.2.2.6 Modification of SBA-ACL with Biotin-cystine (6) by Thiol-ene “Click” Reaction 

 

 To a solution of biotin-cystine (61 mg, 0.0876 mmol) and TCEP (28 mg, 0.0963 

mmol) in 2 mL of 70% methanol/phosphate buffer (500 mM, pH 10) was added SBA-ACL 

(10 mg, 0.0215 mmol) under nitrogen. The mixture was stirred at room temperature for 30 h. 

After completion of reaction, the reaction mixture was centrifuged, and the residue was 

washed three times with 70% methanol/PBS buffer (500 mM, pH 11) and then two times 

with deionized water. Finally, the white powder obtained was dried at 70 
o
C in a vacuum 

oven for 12 h. Yield: 8 mg 

 

2.2.2.7 Labeling of SBA-SR-6 with Phycoerythrin-Labeled Streptavidin 

 

We incubated 10 mg of biotin-labeled SBA-15 (SBA-SR-6) or methacrylate-labeled 

SBA-15 (SBA-ACL) with phycoerythrin-labeled streptavidin (10 μL, 1 mg/mL) in 600 μL of 

phosphate buffer (500 mM, pH 7.5). After incubation for 30 min, both samples were washed 
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extensively (5 times) with the buffer. The samples were then dispersed in buffer and analyzed 

using a laser scanning confocal microscope (LSCM, band pass 543 nm). 

 

 

2.3 ANALYTICAL AND CHARACTERISATION METHODS 

 

Small-angle X-ray scattering (SAXS) experiments were carried out using Bruker 

Nanostar equipped with rotating anode and 2D wire detector used over a q range of 0.01 to 

0.20 Å
-1

. SEM images were obtained on a Leica Stereo scan 440 microscope. HR-TEM 

images were taken on a FEI Technai F30 operating at 300 kV with FEG. We prepared the 

samples by dispersing a large number of solid particles in isopropanol by sonication and 

dropping the resulting suspension (10 µL) on a copper grid of 200 mesh and allowing it to 

dry in air. Nitrogen adsorption and desorption studies were carried out using a Micromeritics 

instrument. Samples were preheated to 100 
o
C for 12 h in the vacuum line. Multipoint BET 

surface area was obtained from the nitrogen adsorption-desorption data between P/Po = 0.1 to 

0.3. Pore size distributions were calculated using the BJH method. Qualitative FT-IR spectra 

were recorded on a Perkin-Elmer spectrometer in the diffuse reflectance mode operating at a 

resolution of 4 cm
-1

.  

29
Si and 

13
C cross-polarization magic-angle spinning (CP-MAS) NMR experiments 

were carried out on a Bruker AVANCE300 wide bore spectrometer equipped with a 

superconducting magnet with a field of 7.1 tesla. The operating frequencies for 
13

C and 
29

Si 

were 300, 75.4, and 59.6 MHz, respectively. The samples were packed into a 4 mm zirconia 

rotor and loaded into a 4 mm BLMAS probe and spun about the magic angle (54.74) at 10 

kHz using a standard ramp-CP pulse sequence for both the experiments. The RF powers were 

50 and 60 kHz for the 
29

Si and 
13

C CPMAS experiments. The contact times were 6 and 3ms 

for the 
29

Si and the 
13

C CPMAS experiments, respectively. All chemical shifts were 

referenced to TMS. Typically, 10 000–25 000 scans with a recycle delay of 3s were collected 

depending on the sensitivity of the sample.  

Thermogravimetric analysis (TGA) of the silica nanoparticles was carried out using a 

TA Instrument SDT Q600 analyzer between 30 to 80 
o
C in air (flow 50 mL min

-1
) at a 

heating rate of 5 
o
C min

-1
. All samples were dried under vacuum at 80 

o
C overnight prior to 

TGA runs. The graft density of the grafted moiety on the silica surface was determined by 

TGA using the following equation as described below.  
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graft density (mmol/g) = 

                       

                           
                      

       
       

 

Where Wgrafted-SBA-15(150-700) is the weight loss between 150 and 700 
o
C corresponding 

to the decomposition of the grafted SBA-15 material corrected from the thermal degradation 

and M is the molecular weight of the grafted silane, whereas WSBA-15(150-700) represents the 

determined weight loss of silica before grafting. For grafting of propyl methacrylate group 

(SBA-ACL), molecular weight of 127 g/mol was considered to determine the graft density. 

LSM 710 Carl Zeiss LSCM was used to image the fluorescent samples. A He-Ne laser (543 

nm) and Argon-ion laser (458 nm) were used for the experiments.  

Electrochemical properties were investigated by CV using an Autolab PGSTAT30 

(Eco-Chemie) instrument in a conventional three-electrode test cell with glassy carbon as the 

working electrode (WE), platinum wire as quasi reference electrode (RE), and a platinum foil 

as a counter electrode (CE). The samples were dispersed in toluene and coated on the tip of a 

glassy carbon WE. The measurements were carried out in acetonitrile with 0.1 N 

tetrabutylammonium perchlorate as the supporting electrolyte at a scan rate of 200 mV/s. 

ICP experiments were performed on a Thermo IRIS Intrepid spectrum apparatus. The 

typical procedure used was drying of 5 mg of sample in vacuum overnight, followed by 

dissolving in 1 mL of 5% KOH for refluxing. This was subsequently acidified with nitric acid 

and then filtered to make the volume up to 10 mL using Millipore water for the quantitative 

analysis of Fe using the ICP instrument. 

 

 

2.4 RESULTS AND DISCUSSION 

 

2.4.1 Synthesis of Methacrylate Functionalized SBA-15 

 

The synthesis of methacrylate-functionalized SBA-15 from calcined SBA-15 

material
15

 by the postsynthetic grafting method is presented in the Figure 2.1. In short, 

calcined SBA-15 (CAL-SBA-15) on reaction with TCSPM in dry toluene at room 

temperature under an inert atmosphere afforded SBA-ACL. However, it was observed that a 

trace amount of moisture was required for high grafting of the methacrylate moiety. Trace  
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Figure 2.1 Synthesis of methacrylate-functionalized SBA-15 materials 

 

 

amounts of moisture were critical because toluene dried under rigorous conditions and used 

in the glove box yielded a very low loading (∼0.3 mmol/g) of the methacrylate group. The 

amount of methacrylate group incorporated in the SBA-15 framework, determined by TGA 

(Figure 2.6), shows the concentration of methacrylate to be 2.19 mmol/g for SBA-ACL. The 

high loading is probably indicative of a multilayer grafting of the methacrylate moiety. The 

presence of a trace amount of moisture in toluene probably led to the precondensation of the 

organotrichlorosilanes in solution, leading to high grafting of methacrylate moiety onto SBA-

15. The structure and morphology of SBA-ACL was established unambiguously using 

SAXS, SEM, TEM, NMR, and N2 adsorption-desorption isotherms, as discussed in section 

2.5. 

 

2.4.2 Thiol-Ene Click Reaction of SBA-ACL with various Thiol-Containing Substrates  

 

The methacrylate functionalized SBA-15 (SBA-ACL) was subjected to phosphine-mediated 

thiol-ene Michael addition with various organic substrates having either free thiol or disulfide 

bond (Figure 2.2). Cysteine (1) was used as the substrate to optimize the reaction conditions. 

For example, treatment of SBA-ACL (0.219 mmol of methacrylate) with 8 equiv of cysteine 

(1.75 mmol) using a catalytic amount of TCEP (0.087 mmol) in pH 7 phosphate buffer for 30 

h converted 47 % of the alkene groups into the corresponding thioether SBA-SR-1 (Table 

2.1, Figure 2.6). The progress of the reaction was monitored by using DRIFT-IR, where 

carbonyl stretching vibrations of methacrylate moiety shift from 1700 to 1720 cm
-1 

(Figure 

2.8). The amount of TCEP used in this reaction was very carefully optimized because use of 

excess TCEP (more than 2 equiv with respect to methacrylate) also leads to an addition 

product with a methacrylate C=C bond. A similar observation was recently reported by 

Haddleton et al.
24

 for the functionalization of polymers using thiol-ene reaction. Control 

reactions for SBA-ACL performed in the absence of either TCEP or cysteine showed no  
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Figure 2.2 Thiol-ene click reaction of methacrylate functionalized SBA-15 with various 

thiols 

 

 

change in the IR spectra. To verify that the shift in the IR was due to the attack of the thiol in 

the cysteine and not the amine present, we performed another control reaction using serine as 

the substrate in the presence of TCEP. Serine was chosen because it is structurally very 

similar to cysteine with the only difference that it has a hydroxyl group in its side chain 

instead of a thiol group. Reaction with serine as a substrate shows no shift in peak for 

carbonyl stretch, indicating that the presence of amine groups does not interfere with the 

addition of thiols to the methacrylate C=C bond in SBA-ACL. It is also well known that 

thiols are ∼280 times more reactive than amines for the Michael addition reaction,
32

 so 

chances of addition of amine to C=C bond are much less. The addition product SBA-SR-1, 

formed upon reaction of SBA-ACL and RSH (1), was further characterized by SAXS, 

nitrogen adsorption-desorption, 
13

C NMR, and 
29

Si NMR as discussed in section 2.5. 

The thiol-Michael addition was then extended to other substrates to explore the 

efficiency of this reaction on methacrylate-functionalized SBA-15. The reaction was carried 

out with 2-mercaptoethanol (2) and 2-mercaptopropionic acid (3) in PBS buffer. For both the 

substrates, shifts in the carbonyl stretching vibrations of methacrylate moiety from 1700 to 

1720 cm
-1 

are observed in IR spectra after thiol-Michael addition. The 
13

C CP-MAS NMR 

spectra, SAXS, and nitrogen adsorption-desorption data of the resultant material SBA-SR-2 

and SBA-SR-3 are also consistent with the observation described above (Figure 2.4, Figure  
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Table 2.1 Summary of thiol-ene reaction with different thiol substrates  

Mesoporous 

Material 
Thiol substrate 

Product  

(SBA-SR-x) 

 

Graft density 

(mmol/g) 

 

 

Reaction 

yield (%) 

SBA-ACL 

 

Cysteine (1) SBA-SR-1 1.02 47
#
 

2-Mercaptoethanol (2) SBA-SR-2 1.2 55
#
 

2-Mercaptopropionic acid (3) SBA-SR-3 0.98 45
#
 

6-(Ferrocenyl)hexanethiol (4) SBA-SR-4 1.1 50
*
 

Cystine (5) SBA-SR-5 1.36 62
#
 

 

#
Determined by TG-DTA from temperature 150-700 

o
C 

*
Determined from ICP analysis 

 

2.8, see Appendix I, Figure A 1- A 3). The extent of the reaction was determined by TGA 

analysis to be 55% and 45%, respectively (Table 2.1, Figure 2.6). 

 To elucidate the broad substrate scope for this reaction, we then evaluated the 

efficiency of the thiol-Michael addition in organic solvents using nonpolar thiols as substrate. 

For this purpose, we selected 6-(ferrocenyl)hexanethiol (4) as substrate to carry out thiol-

Michael addition reaction on methacrylate-functionalized SBA-15 in the nonpolar solvent 

toluene. This substrate was chosen so that the extent of the reaction can be followed by ICP. 

Treatment of SBA-ACL (0.0537 mmol of methacrylate) with 6 equiv of 4 using DMPPh (6.2 

equiv) as catalyst in dry toluene for 30 h showed the shift of carbonyl stretching vibrations of 

the starting SBA-ACL from 1700 to 1720 cm
-1

. No change in the IR spectra was observed for 

control reactions performed in the absence of either DMPPh or 4. ICP analysis indicates that 

35% of the starting alkene in SBA-ACL converted to the corresponding ferrocene containing 

thioether SBA-SR-4. This was in agreement with the TG-DTA analysis, which indicated that 

40% of the alkene in SBA-ACL was converted to the ferrocene thioether (Table 2.1, Figure 

2.6). Because ferrocene is electrochemically active, we subjected the ferrocene SBA-15 

conjugate SBA-SR-4 to CV in CH3CN with [n-Bu4N]ClO4 as the supporting electrolyte. The 
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CV of this material displays electrochemical signals with a formal redox potential, E1/2, of 

0.28 V versus a Pt RE (Figure 2.10). We were therefore able to generate electroactive 

materials using this thiol-ene reaction.  

We then extended this methodology to include compounds containing disulfide bond 

as the substrate. Phosphines are known to reduce disulfides to their corresponding thiols in a 

1:1 ratio, forming the phosphine oxide as the byproduct. Therefore, we envisaged that 

disulfides can be conjugated by this methodology in which the added phosphine would first 

reduce the disulfide to the corresponding thiol and then would catalyze the addition of thiol to 

C=C group of the SBA-ACL in one-pot. To test this hypothesis, we chose cystine, which has 

a disulfide bond, as the substrate, and its reaction with the methacrylate C=C bond was 

studied. Because 1 equiv of phosphine was required to reduce the cystine, the reaction was 

carried out using 1.4 fold excess of TCEP with respect to cystine in pH 10 phosphate buffer 

for 30 h. This allowed the TCEP to first reduce the disulfide bond into the free thiol and 

subsequently catalyze the thiol-Michael addition reaction with SBA-ACL to yield the 

corresponding thioether SBA-SR-5 in one-pot. Similar reaction involving the use of 

phosphines for the reduction of disulfide linkage into free thiol and then subsequent use in 

thiol-ene click reaction under homogeneous conditions for polymer synthesis has been 

previously reported.
22

 TGA analysis of the product SBA-SR-5 formed showed that 62% of 

the methacrylate in SBA-ACL is converted to the corresponding thioether (Table 2.1, Figure 

2.6). The shift of carbonyl stretching vibrations of the starting SBA-ACL from 1700 to 1720 

cm
-1

 was also observed (Figure 2.8).  

To prove further the successful attachment of cystine by this one-pot methodology, a 

biotin-tagged cystine (6) was used as the substrate. The product formed after reaction of 6 

with SBA-ACL in the presence of TCEP, SBA-SR-6, was then treated with phycoerythrin-

labeled streptavidin, a protein specifically known to bind to streptavidin. Commercially 

available phycoerythrin-labeled streptavidin was incubated with both SBA-SR-6 and SBA-

ACL in pH 7.5 phosphate buffer. After incubation for 30 min, both samples were extensively 

washed with phosphate buffer. The samples were dispersed in the buffer and were then 

imaged in a confocal microscope using a He-Ne laser (543 nm). Intense fluorescence was 

observed from the SBA-SR-6 incubated with phycoerythrin-streptavidin, whereas the control 

sample in which SBA-ACL was used as the scaffold displayed no appreciable fluorescence 

(Figure 2.11). The fluorescently labeled streptavidin will most likely bind to the biotin on the 

exterior surface of SBA-SR-5 because it is too large to get inside the channels. The 

observance of intense fluorescence indicates that cystine-biotin conjugate (6) was 
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successfully conjugated to SBA-ACL to form SBA-SR-6 via this one pot reaction in which 

the disulfide reduction of cystine-biotin was followed by the thiol-ene Michael addition 

reaction. This specificity of streptavidin for biotin-labeled SBA-15 can be used in the 

development of sensors, as has been previously shown.
8 

 

 

 

 

Figure 2.3 Confocal image of SBA-SR-6 with labeled phycoerythrin streptavidin 

 

 

 2.5 CHARACTERISATIONS  

 

 2.5.1 Small Angle X-ray Scattering (SAXS) 

 Small angle X-ray scattering (SAXS) patterns of the mesoporous material were shown 

in the Figure 4.1. Small angle X-ray scattering (SAXS) patterns of calcined SBA-15 and 

methacrylate-grafted SBA-15 (SBA-ACL) display their characteristic high intensity 100 peak 

near the 2θ value of 1
o
 (Figure 2.3). The other significant peaks corresponding to 110 and 200 

diffractions are also observed, indicating that well-ordered 1-D hexagonal mesoporous 

channels of SBA-15 are formed and remained intact under the functionalization environment.  
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Figure 2.4 SAXS patterns of different SBA-15 samples via post-synthesis grafting [A] CAL-

SBA; [B] SBA-ACL; [C] SBA- SR-1; [D] SBA- SR-2; [E] SBA- SR-3 

 

 

 To characterize the click product by SAXS, SBA-ACL clicked with different thiols to 

obtain SBA-SR and was used to obtain SAXS patterns. The SAXS showed one intense (100) 

diffraction peak in the proximity of 2θ=1
o
, indicating well-ordered hexagonal arrays and 

showing that the mesoporosity of the material does not change after undergoing thiol-Michael 

addition reaction (Figure 2.4). 

 

 

2.5.2 Scanning and Transmission Electron Microscopy 

 The SEM images displayed wormlike external morphology whereas the TEM 

micrographs show the hexagonal pore arrangement with thick walls of the calcined SBA-15 

(CAL-SBA) mesoporous material (Figure 2.5). 
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Figure 2.5 (A) SEM images and (B) TEM micrographs respectively of SBA-ACL material. 

 

 

2.5.3 Thermo Gravimetric Analysis 

 

 The TGA graphs of SBA-ACL and the product SBA-SR-x after thiol-ene click 

reaction are presented in the Figure. 2.6. Samples were heated in air at 5 °C/min to 800 °C so 

that the organic contents were completely decomposed and removed from the samples. 
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Figure 2.6 TGA graphs of various modified SBA-15 materials 
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2.5.4 Nitrogen Adsorption-Desorption Studies 

 

  The nitrogen adsorption-desorption isotherms for calcined and methacrylate-

functionalized SBA-15 materials exhibit a characteristic type IV isotherm with a steep 

increase in adsorption at P/Po= 0.55 to 0.75 due to capillary condensation of the nitrogen in 

the mesopores (Figure 2.7). The BJH pore-size distribution (PSD) analysis for the calcined 

SBA-15 displays very narrow PSD values in the range of 8 to 9 nm. The methacrylate-grafted 

SBA-15 material (SBA-ACL) was found to have a narrow PSD value in the range of 6 to 7 

nm, and the BET surface area was found to be 265 m
2
/g (Table 2.2).

28, 29
 The 2 nm decrease 

in pore diameter is probably due to multilayer grafting of the methacrylate moiety and is also 

consistent with the high loading obtained from TGA. 

 

Figure 2.7 Nitrogen adsorption-desorption isotherms for various SBA-15 materials and pore 

size distribution of these various materials (inset). 

 

 

 N2 adsorption-desorption isotherm of the clicked product exhibits a characteristic type 

IV isotherm with a steep increase in adsorption at P/Po = 0.55 to 0.75 due to capillary 



 Chapter 2: Functionalized Mesoporous Hybrid Materials… 

Ph.D. Thesis, AcSIR, June 2015                                                                                                                      49 

condensation of the nitrogen in the mesopores. The isotherm appears similar to its parent 

methacrylate grafted SBA-15 material, which indicates that the material did not undergo any 

physical change during the course of the reaction and its subsequent workup. The pore 

diameter, BET surface, and the pore volume decreased due to the addition of cysteine to 

methacrylate C=C bond (Table 2.2). 

 

 

Table 2.2: Properties of various SBA-15 materials  

 

Sample Name MBET (m
2
/g) 

Pore Diameter 

(nm) 

Pore Volume 

(cm
3
/g) 

CAL-SBA 685 8.50 0.94 

SBA-ACL 265 6.3 0.42 

SBA-SR-1 214 6.1 0.41 

SBA-SR-2 211 6.1 0.41 

SBA-SR-3 244 6.2 0.40 

 

 

 

2.5.5 FT-IR spectroscopy 

 

 The  FT-IR spectra of SBA-ACL display an absorbance at 1700 cm
-1

, corresponding 

to a carbonyl group in conjugation with a C=C group (Figure 2.8). The absence of this peak 

in CAL-SBA shows that the methacrylate group has been successfully incorporated into the 

SBA-ACL sample.  

 The FT-IR spectra of SBA-ACL after thiol-ene click reaction displays an absorbance 

at 1720 cm
-1

. For all the substrates, shifts in the carbonyl stretching vibrations of 

methacrylate moiety from 1700 to 1720 cm
-1 

are observed in IR spectra after thiol Michael 

addition (Figure 2.8). This is expected because the thiol addition onto the double bond will 

reduce its conjugation to the adjacent carbonyl group. 
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   Figure 2.8 Comparative FT-IR spectra of the different SBA-15 materials 

 

 

2.5.6 Solid State CP-MAS NMR Spectroscopy 

 

2.5.6.1 
13

C CP-MAS NMR Spectroscopy 

 

 The solid-state 
13

C CP-MAS NMR spectra of SBA-ACL (Figure 2.8) display peaks at 

C1 (8 ppm), C2 (22 ppm), C3 (66 ppm), C4 (169 ppm), C5 (136 ppm), C6 (16 ppm), and C7 

(124 ppm). These peaks represent the seven C atoms of the propylmethacrylate moiety, as 

shown in (Figure 2.9b).  

 The 
13

C NMR shows extra peaks at 35, 54, and 176 ppm that correspond to the C8, 

C9 and C10 atoms of the cysteine moiety (Figure 2.9a). The sp
2
 hybridized carbon atoms C5 

and C7 in methacrylate, which appear at 136 and 124 ppm, respectively, become sp
3
 

hybridized after thiol-Michael addition and now appear at 44 and 35 ppm, respectively.  
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Figure 2.9  
13

C CP MAS NMR spectra of the different functionalized SBA-15 materials. 

 

 

Because peaks corresponding to C5 and C7 olefinic carbon atoms do not completely 

disappear in the spectrum, it indicates that thiol-Michael addition reaction is not complete. 

This is consistent with the TG-DTA data, where the reaction yield was estimated to be 

∼47%. 

 

 

2.5.6.2 
29

Si CP-MAS NMR Spectroscopy 

 

 The 
29

Si CP-MAS NMR spectrum of the methacrylate functionalized SBA-15 

material displays prominent peaks at around 91, 101, and 110 ppm, respectively. These are 

assigned to the different types of the Si-sites, namely, Q
2
[(SiO)2Si(OH)2], Q

3
[(SiO)3Si(OH)],  
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Figure 2.10  
29

Si CP-MAS NMR spectra of the different functionalized SBA-15 materials 

 

 

and Q
4
[(SiO)4Si]  (Figure 2.10A). Two other distinct peaks that are observed at 58 and 68 

ppm are attributed to the functionalized sites of the Si framework, namely, 

T
2
[R(SiO)2Si(OH)] and T

3
[R(SiO)3Si], respectively, where R is the propylmethacrylate 

group. The presence of these above mentioned peaks in the 
13

C and 
29

Si CP-MAS spectrum 

unequivocally confirms grafting of propylmethacrylate moiety and is consistent with the N2 

adsorption and FT-IR data as discussed above.  

 The 
29

Si CP-MAS spectrum of the SBA-SR-1 material shows little or no change from 

the starting SBA-ACL, indicating that the Si-sites do not undergo any chemical change 

during the reaction and its workup (Figure 2.10B). This is expected because the T
2
 and T

3
 Si-

sites are that from the methacrylate-modified silica and should not undergo any change 

during the course of the reaction. 
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2.5.7 Cyclic Voltammetry 

 The CV of this material displays electrochemical signals with a formal redox 

potential, E1/2, of 0.28 V versus a Pt RE (Figure 2.11). The broadness of the peak can be 

attributed to the insulating nature of the silica framework (causing high ohmic drop) on which 

the ferrocene moiety is attached. The Epa, Epc, and E1/2 values were estimated from the 

derivative spectra, as has been shown below (inset of Figure 2.11). The CV of the starting 

methacrylate-labeled SBA-15 (SBA-ACL) displays no discernible electrochemical signal. 

 

 

 

Figure 2.11 Cyclic voltammogram of ferrocene labeled SBA-15 (SBA-SR-4) and 

methacrylate labeled SBA-15 (SBA-ACL). The derivative spectrum of SBA-SR-4 is shown 

in the inset. 

 

 

2.6 CONCLUSIONS 

 

Methacrylate-labeled SBA-15 has been successfully synthesized from calcined SBA-

15 and commercially available TCSPM. This material undergoes efficient “thiol-ene click” 

reaction with a variety of thiol-containing substrates in both aqueous and organic media. The 

products formed were thoroughly characterized by a variety of analytical techniques such as 

13C CP-MAS NMR, SAXS, FT-IR, TG-DTA and nitrogen adsorption desorption studies. A 

highlight of the reaction was the use of disulfide-containing substrates (cystine) in which the 
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disulphide bond was reduced to the corresponding thiol and subsequently added to the 

methacrylate group in one-pot, using TCEP as the catalyst/reducing agent. This strategy was 

used to synthesize a silica protein hybrid material composed of biotin-labeled SBA-15 and 

streptavidin. Such hybrid materials may be important in the development of biosensors. 

Furthermore, electrochemically active material was synthesized from the reaction of 

ferrocene-containing thiol and the methacrylate-labeled SBA-15. The ease of synthesis for 

the methacrylate-labeled SBA-15 material together with its ability to undergo efficient 

chemoselective thiol-ene reaction would make it a very attractive platform for the 

development of covalently anchored enzymes and sensors. This methodology can also be 

easily extended to the synthesis of other functional inorganic materials.  
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Chapter 3 

Fe-TAML Encapsulated Inside Mesoporous 

Silica Nanoparticles for Ultra-sensitive 

Detection of Proteins 

 

 

 

In this chapter, peroxidase mimicking hybrid material is described, in which approximately 

25 000 alkyne tagged biuret modified Fe-tetraamido macrocyclic ligand (Fe-TAML), a very 

powerful small molecule synthetic HRP mimic, was covalently attached inside a 40 nm 

mesoporous silica nanoparticle (MSN). Antibody conjugates of this hybrid material have also 

been used for the detection and, most importantly, quantify femtomolar quantities of proteins 

colorimetrically in an ELISA type assay. 

 

 

This chapter is adapted from the following publication: 

“Fe-TAML Encapsulated Inside Mesoporous Silica Nanoparticles as Peroxidase Mimic: 

Femtomolar Protein Detection” S. Kumari, B. B. Dhar, C. Panda, A. Meena, S. Sen Gupta, 

ACS Applied Materials & Interfaces, 2014, 6, 13866-13873. 
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3.1 INTRODUCTION 

 

Peroxidases such as the heme-containing horseradish peroxidase (HRP) is widely 

used for the detection of biomarker proteins where the key step is the peroxidase catalysed 

conversion of a colorless substrate into a colored one, thus amplifying the signal many fold.
1,2

 

However, HRP conjugated to antibodies that are routinely used for protein detection via 

conventional enzyme-linked immunosorbent assay (ELISA type assay) has typical limit of 

detection (LOD) of ∼10
−12 

M.
3, 4

 This LOD is significantly higher than what is necessary for 

ultrasensitive detection of proteins (∼10
-15 

M or lower), which is essential for the early 

detection of several diseases.
5, 6

 It was envisioned that development of synthetic HRP mimics 

that possess higher Kcat values than native HRP could significantly bring down the detection 

limits, since the final signal amplification would be enhanced several-fold. Out of several 

synthetic HRP mimics that have been successfully synthesized until date, nanomaterials with 

peroxidase activity have been quite successful. Ferromagnetic Fe3O4 nanoparticles (NPs) 

were the first that were discovered to possess peroxidase-like activity.
7
 Subsequently, other 

nanomaterials having similar property such as cupric oxide NPs,
8
 ceria NPs,

9
 graphene oxide 

NPs,
10

 and bimetallic NPs
11

 such as Au@Pt
12

 and Bi-Au
13

 have also been reported. 

Antibodies have been attached on these nanoparticle surfaces and these conjugates have been 

used for the selective colorimetric detection of proteins with sensitivity limits, which are 

several fold lower than what can be achieved using their corresponding antibody-HRP 

conjugates.  

Colorimetric detection of proteins in serum or cells is more preferred above other 

methods since it requires no equipment at all, which is useful for point-of-care (POC) 

applications
5
 in settings that are resource-limited. Peroxidase mimic such as the 30 nm iron 

oxide NPs uses the Fe
2+/3+ 

ions
7
 present on the surface to activate H2O2 to produce OH 

radical, which in turn oxidizes a peroxidase substrate such as 3, 3′, 5, 5′-tetramethyl-

benzidine (TMB) to generate a visual signal. In contrast, a single active site in HRP generates 

a high-valent Fe
IV

O heme radical cation, which oxidizes TMB to its colored oxidized 

product. The higher peroxidase activity of 30 nm Fe3O4 NPs (∼100-fold) is a result of large 

numbers of catalytically active Fe ions (25 000 Fe
2+/3+

 ions) present on its surface.
14

 On a per-

metal atom basis comparison between metal NPs and HRP, the Fe
2+/3+

 ions in iron NPs oxide 

are much less efficient peroxidase mimic than the iron-porphyrin complexes in HRP. We had  
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Figure 3.1 Schematic representation of signal amplification. 

 

therefore hypothesized that if we are able to attach large numbers (e.g., ∼25 000) of small 

molecule functional mimic of HRP inside a porous NP, their activity would likely far exceed 

that of the metal/metal oxide NPs too. Further, outer surface of NPs (especially silica) allows 

easy chemical modifications to install targeting groups such as antibodies. Such a conjugate 

can then be used for biomolecule detection in ELISA type assays with detection limits that 

should be far lower than the corresponding antibody-metal NP conjugates. This would also 

represent a truly biomimetic system since the HRP mimic embedded inside a NP would 

resemble an enzymatic system (Figure 3.1).   

The choice of an efficient small molecule peroxidase mimic therefore becomes 

critical in designing such systems discussed above. Fe complex of tetra-amidomacrocyclic 

ligands (Fe-TAML) developed by Collins,
15-17 

represents by far the most efficient small 

molecule (Mol wt ∼500 g/mol) peroxidase mimic having reactivity nearly the native 

enzymes. We have recently synthesized and reported a biuret modified Fe-TAML complex 
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which displayed excellent reactivity and very high stability, especially at low pH and high 

ionic strength in comparison to the prototype Fe-TAML.
18, 19

 This biuret modified Fe-TAML 

forms the corresponding room temperature stable Fe
V
(O) in the presence of oxidant and has 

been shown to oxidize a variety of alkanes via C-H abstraction.
20

 A variation of this biuret 

modified Fe-TAML that was attached inside Mesoporous Silica Nanoparticles (MSN; 

diameter 100 nm, first generation Fe-MSN) showed good peroxidase activity and was used 

for selective detection of glucose and cyanide.
21, 22

 In this work, we have synthesized a much 

improved Fe-TAML embedded
21, 22

 MSN (second generation Fe-MSN) construct that has 

peroxidase activity that is around 1000-fold higher than that of the particles that has been 

reported by us before. It’s activity is also around 100-fold more than that of metal/metal-

oxide NPs that have been reported before.
5
 We also show that the outer surface of these 

peroxidase mimics can be conjugated to an antibody such as antihuman IgG on the exterior of 

Fe-MSN thus maximizing the ratio of antibody to biuret modified Fe-TAML. This high ratio 

allows these particles to detect human immunoglobulin (human IgG) up to concentration of 1 

pg/mL (∼10
−15 

M) via an ELISA type colorimetric assay. This represents a 1000-fold 

increase in sensitivity over using commercial antihuman IgG-HRP
3, 4

 conjugate. We also 

report the selective detection of human IgG from cells that were genetically engineered to 

express IgG using the whole cell lysate demonstrating that high background proteins do not 

interfere with our assay. 

 

 

3.2 EXPERIMENTAL DETAILS 

 

3.2.1 Materials  

 

Tetraethylorthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), amino 

guanidine hydrochloride (AG. HCl), 3, 3′, 5, 5′-tetramethylbenzidine (TMB), 3-aminopropyl 

trimethoxy silane (APTES), dithiothreitol (DTT) were obtained from Aldrich. 

Ethylenediaminetetraacetic acid (EDTA), NaCl, H2O2 (30%), streptavidin, antigen hIgG, 

biotin were obtained from Merck. Human IgG was purchased from Jackson Smith. 96-well 

ELISA plates were purchased from R&D systems. Econo-Pac® Chromatography Columns, 

Bio-Gel P-6DG Gel, centrifugal filter tubes (MW = 10K) were purchased from BIO-RAD. 

CHO-S and CHO-IgG (Chinese Hamster Ovary) cells were obtained from Invitrogen for  
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research use. In all the assays, deionized water was used. Alkyne tailed biuret modified Fe-

TAML,
23

 3-azido-propyltriethoxysilane (AzPTES)
24

 and tris (3-hydroxypropyl triazolyl 

methyl) amine (THPTA),
25

 maleimide NHS,
26 

and biotin NHS
27

 were prepared as reported 

earlier. 

 

3.2.2 Synthesis 

 

3.2.2.1 Synthesis of 3-azidopropyltriethoxysilane, AzPTES 

 

3-Chloropropyltriethoxysilane (abbreviated as Cl-PTES; 2.00 g, 8.30 mmol) was 

added to a solution of sodium azide (1.08 g, 16.6 mmol) and tetrabutylammonium bromide 

(0.644 g, 2.00 mmol) in dry acetonitrile (50 mL), under nitrogen atmosphere. The reaction 

mixture was stirred under reflux for 18 h. After completion of the reaction, the solvent was 

removed under reduced pressure. The crude mixture was diluted in n-pentane and the 

suspension was filtered over Celite. Solvent was removed from the resulting filtrate and the 

crude oil obtained was distilled under reduced pressure of 0.025 mbar at 62 °C to give 

AzPTES (3-azidopropyltriethoxysilane) as a colorless liquid.
24 

Yield: 1.52 g, 74%. 
1
H NMR 

(500 MHz, CDCl3): δ 0.66 (t, 2H, J = 8.25 Hz), 1.21 (t, 3H, J = 6.88 Hz), 1.66 – 1.73 (m, 

2H), 3.25 (t, 2H, J = 7.16 Hz), 3.80 (q, 2H, J = 6.88 Hz). 
13

C NMR (50 MHz, CDCl3) δ 7.59, 

18.23, 22.64, 53.8, 58.41 (see Appendix II, Figure B1 and B2). 

 

3.2.2.2 Synthesis of Azide Functionalized MSN (x-N3-MSN) 

 

The azide functionalized MSN (x-N3-MSN; x stands for % of azide loading) was 

synthesized by co-condensation of TEOS with AzPTES (3-azidopropyltriethoxysilane) by 

following procedure reported in literature
28, 29 

with slight modifications. The density of 

azidopropyl groups on the surface of MSN was varied by varying the molar ratio of AzPTES 

with respect to TEOS during one pot co-condensation synthesis.  

In a typical batch synthesis for 1% azide loading, CTAB (1.00 g, 2.74 mmol) was 

dissolved in 640 mL of water and 2 M aqueous NaOH (3.5 mL, 7 mmol). The mixture was 

stirred thoroughly at 600 rpm for 30 min at 80 °C to dissolve the surfactant completely. To 

this clear solution, TEOS (4.70 g, 22.60 mmol) was injected rapidly followed by AzPTES 

(0.06 g, 0.23 mmol). A white precipitate was observed within 1-2 min after the addition was  
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completed. The resultant reaction mixture was allowed to stir at 600 rpm for 2 h at 80 °C. 

The hot contents were then filtered and the white residue obtained was washed with copious 

amounts of water and methanol and dried under vacuum at 100 °C over night (yield ~1.70 g). 

This azide grafted MSN will be simply denoted as 1-N3-MSN. Similarly, 5-N3-MSN and 10-

N3-MSN was synthesized using 0.28 g (1.14 mmol) and 0.60 g (2.30 mmol) AzPTES 

respectively.  

 

3.2.2.3 Synthesis of 1-Fe-MSN, 5-Fe-MSN and 10-Fe-MSN 

 

Biuret modified Fe-TAML was grafted onto x-N3-MSN using CuAAC. For CuAAC, 

1-N3-MSN was incubated with 3 equivalents of the alkyne tailed biuret modified Fe-TAML 

complex in 100 mM phosphate buffer containing THPTA (2.5 equivalent), AG. HCl (4 

equivalent), CuSO4 (0.5 equivalent) and sodium ascorbate (4 equivalent). In a typical click 

reaction, 1-N3-MSN (10.00 mg, ~ 1.40 μmol of azide) was incubated with alkyne tailed biuret 

modified Fe-TAML complex (2.70 mg, 4.20 μmol) in 1 mL of 100 mM phosphate buffer 

containing THPTA (1.50 mg, 3.50 μmol), AG. HCl (0.62 mg, 5.60 μmol), CuSO4 (0.18 mg, 

0.70 μmol). The reaction mixture was freeze-pump-thawed thrice, sodium ascorbate (1.10 

mg, 5.60 μmol) added and the reaction mixture was stirred inside microwave at 55 °C for 15 

min and then at room temperature for 24 h. After completion of reaction, the reaction mixture 

was centrifuged and the residue was first washed with phosphate buffer twice and then 

sequentially washed with 10 mM N, N-diethyldithiocarbamate sodium solution in 100 mM 

phospate buffer and acetone respectively. The last two washings were repeated thrice. 

Finally, the yellowish white powder obtained was dried at 80 °C in vacuum oven for 8 h 

(Yield: ~9.00 mg). This biuret modified Fe-TAML functionalized MSN will be denoted as 1-

Fe-MSN. 

Similarly, CuAAC click reaction was carried out using 5-N3-MSN (10.00 mg, ~ 5.10 

μmol of azide) and was incubated with alkyne tailed biuret modified Fe-TAML complex (10 

mg, 15.3 μmol) in 1 mL of 100 mM phosphate buffer containing THPTA (5.50 mg, 12.7 

μmol), AG. HCl (2.20 mg, 20.4 μmol), CuSO4 (0.64 mg, 2.55 μmol). The reaction mixture 

was freeze-pump-thawed thrice and sodium ascorbate (4.00 mg, 20.4 μmol) was added, and 

the mixture was stirred inside microwave at 55 °C for 15 min and then at room temperature 

for 24 h. 

In case of synthesis of 10-Fe-MSN, 10-N3-MSN (10.00 mg, ~ 9.00 μmol of azide)  
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was incubated with alkyne tailed biuret modified Fe-TAML complex (17.7 mg, 27.00 μmol) 

in 1 mL, 100 mM phosphate buffer containing THPTA (9.80 mg, 22.5 μmol), AG. HCl (3.96 

mg, 36.0 μmol), CuSO4 (1.10 mg, 4.50 μmol). The reaction mixture was freeze-pump-thawed 

thrice and sodium ascorbate (7.10 mg, 36.00 μmol) was added. The reaction mixture was 

stirred inside microwave at 55 °C for 15 min and then at room temperature for 24 h. The 

extent of click reaction was estimated by IR spectroscopy and iron content in the 1-Fe-MSN, 

5-Fe-MSN and 10-Fe-MSN was determined by ICP. 

 

3.2.2.4 Synthesis of Amine Functionalized MSN (NH2-N3-MSN) 

 

Using 3-amino-propyltriethoxysilane (APTES) and post synthetic grafting method, 

amine groups were incorporated selectively on the outer surface of the 5-N3-MSN and the 

template was removed to yield amine functionalized MSN denoted as (NH2-N3-MSN). 

Typically, 1.00 g of 5-N3-MSN was suspended in 200 mL of dry toluene under continuous 

sonication for 10 minutes. To this APTES (0.36 g, 2.00 mmol) was added, and the reaction 

mixture was stirred for 18 h at 80 °C under nitrogen atmosphere. After the completion of 

reaction, the contents were cooled, filtered and washed with toluene until it became free from 

APTES. The sample was then dried at 100 °C for 8 h in a vacuum oven. The template was 

extracted by stirring the as-synthesized sample (1.00 g) in 200 mL methanol and 2 mL 

concentrated hydrochloric acid at 60 °C for 6 h. The resulting template removed solid 

product, was filtered and washed with methanol (100 mL) and 1% triethyl amine in methanol 

(50 mL). Then it was again washed with methanol (50 mL) and dried overnight under 

vacuum at 100 °C (yield ~0.64 g). This material will be referred as NH2-N3-MSN. TGA was 

done to determine the amine incorporation in the NH2-N3-MSN. 

 

3.2.2.5 Modification of NH2-N3-MSN with Biuret Modified Fe-TAML by Cu(I) 

Catalyzed Azide-Alkyne Cycloaddition Reaction (CuAAC) (NH2-Fe-MSN) 

 

For CuAAC, NH2-N3-MSN was incubated with 3 equivalents of the alkyne tailed 

biuret modified Fe-TAML complex in 100 mM phosphate buffer containing THPTA (2.5 

equivalent), AG. HCl (4 equivalent), CuSO4 (0.5 equivalent) and sodium ascorbate (4 

equivalent). In a typical click reaction, NH2-N3-MSN (10.00 mg, ~ 5.10 μmol of azide) was 

incubated with alkyne tailed biuret modified Fe-TAML complex (10.00 mg, 15.30 μmol) in  
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1 mL, 100 mM phosphate buffer containing THPTA (5.50 mg, 12.7 μmol), AG. HCl (2.20 

mg, 20.40 μmol), CuSO4 (0.64 mg, 2.55 μmol). The reaction mixture was freeze-pump-

thawed thrice and sodium ascorbate (4.00 mg, 20.40 μmol) was added. The reaction mixture 

was stirred inside microwave at 55 °C for 15 min and then at room temperature for 24 h. 

After completion of reaction, the reaction mixture was centrifuged and the residue was first 

washed with phosphate buffer twice and then sequentially washed with 10 mM N, N-

diethyldithiocarbamate sodium solution in 100 mM phosphate buffer and acetone 

respectively. The last two washings were repeated thrice. Finally, the yellowish white powder 

obtained was dried at 80 °C in vacuum oven for 8 h (Yield: ~9.00 mg). This biuret modified 

Fe-TAML functionalized MSN will be simply denoted as NH2-Fe-MSN. The extent of click 

reaction was estimated by IR spectroscopy and ICP analysis. 

 

3.2.2.6 Synthesis of Biotin Immobilized MSN (biotin-Fe-MSN) 

 

1.00 mg of 5-Fe-MSN was added to a solution of NHS-Biotin (5.00 mg; 14.00 µmol) 

in 2 mL of PBS buffer of 100 mM, pH 7.4 and stirred at room temperature for overnight as 

shown in Figure 3.2(b). After completion of the reaction, the particles were washed 

extensively (5 times) with the phosphate buffer to afford biotin-Fe-MSN. Ninhydrin test was 

performed to confirm that the free amine groups on the surface of NH2-Fe-MSN were 

conjugated with biotin-NHS. NH2-Fe-MSN gives a Ruhemann’s purple with ninhydrin test 

whereas negligible color was observed for biotin-Fe-MSN. The samples were then dispersed 

in buffer and subsequently used for colorimetric assay. 

 Biotin modified MSN (no Fe-TAML present) was synthesized in a similar method for 

control experiments. NH2-N3-MSN was used instead of NH2-Fe-MSN for synthesis of Biotin-

N3-MSN for control experiments. 

 

3.2.2.7 Synthesis of Maleimide Functionalized MSN (maleimide-Fe-MSN)  

 

To a dispersion of 5-Fe-MSN (1 mg) in PBS buffer was added maleimide NHS (5.00 

mg, 19.00 µmol) in acetonitrile: water (1:1) and stirred at room temperature for 12 h. After 

completion of the reaction, the particles were centrifuged and washed thoroughly several 

times with acetonitrile-buffer mixture. Ninhydrin test and TGA was performed to confirm 

that the free amine groups on the surface of NH2-Fe-MSN were conjugated with maleimide- 
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5-Fe-MSN. NH2-Fe-MSN gives a Ruhemann’s purple with ninhydrin test whereas negligible 

color was observed for maleimide-5-Fe-MSN. At the end of the centrifugation the particles 

were dispersed in 100 mM PBS buffer of pH 7.4 and used for the conjugation with reduced 

antibody. 

 

3.2.2.8 Conjugation of Antibodies to Maleimide-Fe-MSN (antihuman IgG-5-Fe-MSN) 

 

Antihuman IgG antibody was conjugated to maleimide-Fe-MSN using a methodology 

that is shown in Figure 3.6. The antibodies were first reduced with Dithiothreitol (DTT). 

Reduced antibody fragments were purified by gel filtration using a desalting resin. Reduced 

antibody fragments with free sulfhydryl groups were conjugated to maleimide activated Fe-

MSN through thiol-maleimide reaction. In a typical reaction, a 2.50 µmol antibody was 

mixed in 200 μL PBS-EDTA (100 mM, phosphate buffer of pH 7.2, 10 mM EDTA) with 

6.50 µmol DTT and incubated at 37 
°
C for 2 h. Then, 0.10 mg of NH2-Fe-MSN was mixed 

with reduced IgG and the solution was incubated at room temperature for overnight. After 

incubating for 12 h, the solution was centrifuged twice (12 000 rpm, 4 
°
C and 1 h) and 

supernatant with unconjugated antibody fragments was discarded. Finally, cysteine was 

added to the conjugate (0.01 mg, 0.10 μmol) to quench all the unreacted maleimides. The 

particle antihuman IgG-Fe-MSN was then dispersed in PBS buffer and used for antigen 

detection in immunoassay. 

 

3.2.2.9 Kinetics of TMB Oxidation 

 

 The determination of Km and Kcat values of 1-Fe-MSN and 5-Fe-MSN for the 

oxidation of TMB in the presence of H2O2 was carried out at the physiological pH 7.4. For 

kinetic runs, primary stock solutions of 1-Fe-MSN (0.50 µg/mL) and 5-Fe-MSN (2.00 

µg/mL) was prepared in deionized water. In all kinetic runs the amount of 1-Fe-MSN or 5-

Fe-MSN added was kept constant. Concentration of H2O2 was calculated by measuring the 

UV-vis absorbance at 240 nm (ε = 43.6 M
-1 

cm
-1

). To investigate the peroxidase activity of 1-

Fe-MSN, TMB concentration was fixed at 1.6 × 10
-4

 M while H2O2 was varied from 4.80 × 

10
-3

 to 32.00 × 10
-3

 M. For TMB variation, the reverse procedure was followed ([H2O2] = 10 

× 10
-3

 M; [TMB] = 2.40 × 10
-5

 - 3.20 × 10
-4

 M). Similarly, for 5-Fe-MSN H2O2 was varied 

from 3 × 10
-3

 to 40 × 10
-3

 M while keeping the TMB concentration fixed at 2.00 × 10
-4

 M. 
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TMB was varied from 5.00 × 10
-5

 - 4.00 × 10
-4

 M while keeping the [H2O2] constant at 8.00 

× 10
-3

 M. PBS buffer (pH 7.4; 10 mM) was used for all the kinetic runs. 

 

3.2.3 Experimental methodology for kinetics of TMB oxidation 

 

The determination of Km and Kcat values of 1-Fe-MSN and 5-Fe-MSN for the 

oxidation of TMB in presence of H2O2 was carried out at the physiological pH 7.4. At this 

pH, upon oxidation TMB forms three products i) one electron oxidized product (TMB
+
; λmax 

= 900 nm), ii) a charge transfer complex consisting of one unreacted TMB and one two 

electron oxidized species (TMB
2+ 

: TMB; λmax = 650, 370 nm) and  iii) a two electron 

oxidized product (TMB
2+

; λmax = 450 nm). All these three species remain in equilibrium with 

each other.
30 

However, when the pH of the solution is lowered below 2, the equilibrium is 

shifted towards the complete formation of TMB
2+

 (with characteristic peak at 450 nm;  

ε = 59 000 M
-1

cm
-1

)
 
together with the disappearance of [TMB

2+ 
: TMB] and TMB

+
. So 

estimation of rate constants using normal scanning kinetics at any one of the above 

mentioned λmax (which would represent only one oxidation products of TMB) would not be 

representative of the “true” rate constants of Fe-MSN. Therefore all kinetic runs the reactions 

were initiated at pH 7.4 and were quenched to pH < 2 by addition of HCl at different time 

intervals. The absorbance of the product formed after quenching was measured at 450 nm 

(Figure 3.3). The initial rate was measured according to absorbance change at 450 nm for 

different time intervals. For detailed kinetic studies, keeping the catalyst (1-Fe-MSN and 5-

Fe-MSN) concentration fixed, [TMB] or [H2O2] was varied separately as substrate keeping 

the other constant. The plots of initial rate vs substrate concentrations were fitted according to 

Michaelis-Menten equation: v = Vmax × [S]/(Km + [S]) where “v” stands for initial rate or 

initial velocity, Vmax is the maximal velocity, [S] is the concentration of the substrate and Km 

is the Michaelis-Menten constant. Km and Vmax values were determined as per fitting (Figure 

3.4, Table 3.2) within 10% error limit.
 

 

3.2.4 Colorimetric Assay of Streptavidin  

 

In ELISA for the detection of streptavidin, 96-well polystyrene (PS) plates were used. 

For a typical ELISA experiment, 100 µL of streptavidin with concentrations ranging from 

0.001 to10
5 

ng/mL was added to each well and incubated at 4 
o
C overnight. After incubation,  
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the plate was washed three times with 100 mM, pH 7.4 PBS buffer. Each well was filled with 

100 µL of 1% BSA in PBS as blocking agent to prevent nonspecific interaction between the 

plate and biotin conjugated Fe-MSN.  After 2 h, the plate was decanted and washed three 

times with PBS buffer. In the second step, 50 µL of biotin-Fe-MSN (10
-2 

mg/mL) was added 

into wells and incubated at 37
 o

C for another 1 h. After washing three times with wash buffer, 

100 µL substrate stock solution containing TMB (4.00 ×10
-5 

M) and H2O2 (16.00 ×10
-3 

M) 

was added to each well. After 10 min of incubation, the green color observed was 

immediately quenched with 0.1 N HCl. ELISA reading was performed in a micro plate reader 

at 450 nm. 

 

3.2.5 Detection of Human IgG Using Antihuman IgG-Fe-MSN 

 

The detection of human IgG using antihuman IgG-Fe-MSN was performed by the 

standard sandwich ELISA format included coating a 96-microwell plate with affinity purified 

rabbit antihuman IgG for capture of IgG. Then, each well was filled with 100 μL of 1% BSA 

in PBS and incubated at 37 
o
C for another 2 h to prevent nonspecific interactions between the 

plate surface and antibody conjugated Fe-MSN, followed by incubating the protein human 

IgG (100 µL of 10
-3

 to10
5 

ng/mL) at 37 
o
C for 3 h. After incubation, the plate was washed 

three times with PBS and then 50 µL of antihuman IgG-Fe-MSN (10
-2 

mg/mL) was added 

into the wells and incubated for an additional hour. The color development was initiated by 

addition of 100 µL of TMB (4.00 ×10
-5 

M) and H2O2 (16.00 ×10
-3 

M). After 10 min of 

incubation, the green color observed was immediately quenched with 0.1 N HCl. ELISA 

reading was performed in a micro plate reader at 450 nm. 

 

3.2.6 Detection of Human IgG in CHO-S and CHO-IgG  

 

CHO-S and CHO-IgG cells were grown in suspension under 10% CO2 atmosphere at 

37 °C. Cells suspension was centrifuged and washed with an ice-cold PBS to remove the 

excess media. The cell pellet was lysed by suspension in ice-cold lysis buffer for 15 min, 

centrifuged and the supernatant was collected for further assay. Supernatant containing CHO-

S and CHO-IgG cells were diluted to 10
5
, 10

4 
and 10

3
 cells/mL and were plated on 96 well 

plates by incubation at 4 
o
C for 24 h. The plates were further incubated with antihuman IgG-

Fe-MSN for another 1 h, subsequently washed several times and then probed with TMB (4 
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×10
-5 

M)  and H2O2 (16 ×10
-3 

M). After 10 min, the reaction was quenched with 0.1 N HCl. 

ELISA reading was performed in a micro plate reader at 450 nm. 

 

3.2.7 Determination of the concentration of 1-Fe-MSN and 5-Fe-MSN in a stock 

solution of 1.00 mg/mL 

 

At first the density of particles (N3-MSN), that is the ratio of the mass of particle per its 

volume (excluding the void space between particles), was estimated using:  

         Density = mass of particles/volume of particles  

                      = mass of particles/ (volume of walls + volume of internal pores) 

Volume of internal pores: From gas adsorption 0.4 cm
3
/g (used p/p0 = 0.20 - 0.30 to exclude 

pore volume contribution from the inter particle porosity) 

Volume of walls: mass divided by framework density (silica density of 2.20 g/cm
3 

used since 

it is mostly SiO2) 

Therefore, Density of N3-MSN = 1.17 gm/cm
3 

This density estimated above and the amount of Fe-TAML loaded onto 1-Fe-MSN and 5-Fe- 

MSN (as determined by ICP) was used to calculate the concentration of 1-Fe-MSN and 5-Fe-

MSN in solution.  

The concentration of 1 mg/mL of 1-Fe-MSN was determined to be 3.96 × 10
-8

 M.  

Similarly, the concentration of 1 mg/mL of 5-Fe-MSN was determined to be 2.50 × 10
-8

 M. 

 

 

3.3 CHARACTERISATION TECHNIQUES 

 

Powder X-ray diffraction of all the samples was carried out in a PAN analytical 

X’pert Pro dual goniometer diffractometer. A proportional counter detector was used for low 

angle experiments and an X’celerator solid state detector was employed in the low angle 

experiments. The radiation used was CuKα (1.5418 Å) with a Ni filter and the data collection 

was carried out using a flat holder in Bragg–Brentano geometry (0.5 to 10° ; 0.2° min
-1

). Care 

was taken to avoid sample displacement effects.  

SEM images were obtained on Leica Stereoscan 440 microscope. HR-TEM images 

were taken on a FEI Technai F30 operating at 300 kV with FEG. The samples were prepared 

by dispersing a large number of solid particles in isopropanol by sonication, and dropping the  
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resulting suspension on a copper grid of 400 mesh and allowed to dry in air.  

Nitrogen adsorption and desorption studies were carried out using Quantachrome 

instrument. Samples were preheated at 100 °C for 18 h in the vacuum line. Multi point BET 

surface area was obtained from adsorption isotherm from P/Po 0.1-0.3. Pore size distributions 

were calculated from adsorption isotherm using the BJH method.  

Semi-quantitative FT-IR spectra were recorded on Perkin Elmer FT-IR spectrum GX 

instrument by making KBr pellets. Pellets were prepared by mixing 3.00 mg of sample with 

97.0 mg of KBr. Yields for CuAAC reactions were calculated from corrected area under the 

curve characteristic for the azide stretch at ~2100 cm
-1

.  

13C Cross Polarization Magic Angle Spinning (CPMAS) NMR experiments were 

carried out on a Bruker AVANCE 300 wide bore spectrometer equipped with a 

superconducting magnet with a field of 7.1 Tesla operating at 75.4 MHz. The samples were 

packed into a 4 mm zirconia rotor and loaded into a 4 mm BL MAS probe and spun about the 

magic angle (54.74) at 10 KHz using a standard ramp-CP pulse sequence was used for the 

experiment. The RF-powers was 60 KHz 13C CPMAS experiments. The contact time was 3 

ms for 13C CPMAS experiments. All the chemical shifts were referenced to TMS. Typically 

10,000 to 25,000 scans with a recycle delay of 3s were collected depending on the sensitivity  

of the sample.  

Confocal laser scanning microscopy (CLSM) images were taken with Carl Zeiss 

confocal system equipped with a 20 x objective. Optical slices in the center of the particle 

were selected. 

Thermogravimetric analysis (TGA) of the silica nanoparticles were carried out using a  

TA Instrument SDT Q600 analyzer between 100 and 750 °C in air (flow rate 25 mL min
-1

) at 

a heating rate of 10 °C min
-1

. Prior to TGA runs, all samples were stirred in water overnight, 

centrifuged and dried under vacuum at 80 °C overnight. The amount of organic content on 

the silica surface was determined by TGA using the following equation: 

 

              (
    

  
)   

                     

                         
                   

      
 

 

Where Wgrafted-MSN (150-750) is the weight loss between 150 
o
C and 750 

o
C corresponding 

to the decomposition of the organic substance from MSN corrected from the thermal 
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degradation, while WMSN (150-750) represents the weight loss between 150 
o
C and 750 

o
C from 

functionalized moiety MSN. M is the molecular weight of the decomposed organic substance. 

 

 

3.4 RESULTS AND DISCUSSION 

 

3.4.1 Design and Synthesis of Biuret Modified Fe-TAML Immobilized MSN 

 

Detection of biomolecules in femtomolar concentration necessitates development of 

particles that possess very high peroxidase activity and is also capable of multivalently 

displaying receptor ligands (e.g., antibodies for protein detection) on its surface. We therefore 

designed a MSN that contained several chemically conjugated HRP mimic biuret modified 

Fe-TAML inside the pores and antibody molecules on its surface (Figure 3.1). The presence 

of large number of biuret modified Fe-TAML complexes inside MSN is expected to have an 

additive effect to their individual activity and therefore increase the overall peroxidase 

activity in comparison to HRP enzyme. This high peroxidase activity together with the 

increased binding affinity of Fe-MSN to the target protein due to multivalent display of 

antibodies on its surface is expected to bring down the detection limits several folds in 

comparison to commercial antibody-HRP conjugates.  

We have previously reported the synthesis of Fe-(biuret) TAML modified MSN (Fe-

MSN) in which 100 nm MSN containing 1% azidopropyl group was used to attach biuret 

modified Fe-TAML using CuAAC (first generation Fe-MSN).
21 

 However, their tendency to 

aggregate in aqueous solution and the low peroxidase activity (due to low loading of biuret 

modified Fe-TAML) in comparison to commercial HRP made them unsuitable for usage as 

catalysts for signal amplification at low nanoparticle concentration conditions that are 

necessary for ultrasensitive detection of proteins via ELISA type assays. We therefore 

proceeded to design a second generation Fe-MSN construct that would possess much 

improved peroxidase activity and will also be amenable to external modification with 

receptor molecules such as antibodies. We hypothesized that a smaller mesoporous 

nanoparticle (smaller than first generation Fe-MSN which had 100 nm diameter) and 

increased amounts of biuret modified Fe-TAML loading (greater 0.05 mmol/g as in first 

generation Fe-MSN) would probably maximize peroxidase activity and will increase its 

ability to disperse well in aqueous solutions. Further presence of aminopropyl groups  
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exclusively on the outer surface would allow easy attachment of receptor molecules such as 

antibodies on Fe-MSN. Our synthetic strategy is therefore based on a bioorthogonal approach 

consisting of the following steps: (1) Synthesis of azido-functionalized MSN particles (N3-

MSN) with average diameter of 30-40 nm using a co-condensation approach so that most of 

the azidopropyl groups are present inside the MSN; (2) Grafting of amino propyl group on 

the as-synthesized MSN followed by template removal and (3) Attachment of biuret modified 

Fe-TAML to N3-MSN using CuAAC (Figure 3.2a). 

We attempted the synthesis of azide grafted spherical MSN
21, 31, 32

 having average 

diameter between 30 nm and 40 nm by the co-condensation method. This is likely to result in 

the organo azide group residing mostly inside the pores. The reasons for this can be attributed 

to the following: (i) Considering that the azidopropyl group is randomly distributed over the 

whole material, the higher internal to external surface area ratio (7:1) would lead to the 

azidopropyl group being located mostly inside the pore; (ii) During initial formation of the 

first layer of silica during our synthesis, the azidopropyl group (from AzPTES) will be 

located inside the surfactant as has been discussed before for the synthesis of a related 

material.
21b

 Condensation of TEOS to form silica walls will then subsequently occur over this 

first layer. We believe this model to be true for the synthesis of our material as > 95 % azides 

are available for subsequent conversion into the corresponding triazoles using CuAAC with 

small molecule alkynes as the substrate. This indirectly shows that the hydrophobic 

azidopropyl group was embedded inside the surfactant during initial silica condensation thus 

ending up mostly inside the pores. The amount of azide grafted was varied from 1 to 10 % to 

allow us to study the effect of biuret modified Fe-TAML loading on peroxidase activity. The 

resultant azide grafted MSN containing 1, 5, and 10 % azidopropyl groups (1-N3-MSN, 5-N3-

MSN and 10-N3-MSN, respectively) obtained after template removal was thoroughly 

characterized by several physical techniques such as TEM, XRD, SEM, N2 adsorption-

desorption, FT-IR and 
13

C CP MAS NMR (as discussed in section 3.5 and see Appendix II; 

Figures B3-B8). The material was found to be very stable in water (pH 4-9) and high ionic 

strength (phosphate buffer 100 mM). TGA analysis showed the amount of azidopropyl 

groups incorporated onto 1-N3-MSN, 5-N3-MSN and 10-N3-MSN to be 0.14, 0.51 and 0.90 

mmol/g respectively (Table 3.1, Figure 3.12). Biuret modified Fe-TAML containing an 

alkyne group was then attached to N3-MSN using a modified CuAAC procedure. The 

qualitative and quantitative incorporation of biuret modified Fe-TAML was studied using FT-

IR, electron paramagnetic resonance (EPR), and inductively coupled plasma (ICP) analysis  
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Figure 3.2 Synthesis of (a) biuret modified Fe-TAML functionalized MSN (Fe-MSN); (b) 

biotin conjugated Fe-MSN; (c) antihuman IgG conjugated Fe-MSN 

 

 

(as discussed in section 3.5, also see Appendix II; Figures B5, B6, and B9). From ICP 

analysis, the biuret modified Fe-TAML incorporation was estimated to be 0.15, 0.64 and 0.77 

mmol/g of Fe-MSN. The IR results show that the extent of CuAAC for the grafting of biuret 

modified Fe-TAML onto 1-N3-MSN and 5-N3-MSN was greater than 95%. In contrast, for 

10-N3-MSN the extent of CuAAC was found to be only 85% (Figure 3.14; see Appendix II; 

Figure B5, B6). In fact, the amount of biuret modified Fe-TAML did not increase much when 

the azide incorporation was increased from 5 to 10% (most likely for steric reasons). In lieu 

of this, only biuret modified Fe-TAML attached to 1-N3-MSN and 5-N3-MSN (1-Fe-MSN  
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Table 3.1 Physical Properties of x-N3-MSN 

 

x-N3-MSN N3Grafting Density 

(mmol/g) 

Surface area 

MBET (m
2
/g) 

Pore diameter 

(nm) 

Pore volume 

(cc/g) 

1-N3-MSN 0.14 947 3.54 0.925 

5-N3-MSN 0.51 851 3.30 0.779 

10-N3MSN 0.90 824 3.18 0.731 

 

 

and 5-Fe-MSN respectively) was further evaluated for their peroxidase activity (Table 3.2); 

for Kcat values of 10-Fe-MSN see Figure 3.4. Finally, the density of 1-N3-MSN and 5-N3-

MSN was estimated from the N2 adsorption-desorption data to evaluate the number of biuret 

modified Fe-TAMLs incorporated in each nanoparticle. It was estimated that around 25 000 

and 5 000 biuret modified Fe-TAMLs were covalently attached inside 5-Fe-MSN and 1-Fe-

MSN, respectively. 

 

3.4.2 Evaluation of Kinetic Parameters for TMB Oxidation by Fe-TAML Encapsulated 

in MSN.  

 

The peroxidase activity of 1-Fe-MSN, 5-Fe-MSN, and 10-Fe-MSN were evaluated by 

studying their efficiency for the H2O2 mediated oxidation of TMB to form colored oxidized 

products. The oxidation reaction was carried out at the physiological pH of 7.4 and the 

kinetic parameters Vmax, Kcat and Km were determined (Table 3.2). These three parameters 

were chosen so that the activity of the whole particle Fe-MSN can be compared with both 

HRP and other metal/metal oxide based NPs that have been reported.
7
 At pH 7.4 upon 

oxidation, TMB forms three products (TMB
2+

, oxidized TMB charge transfer complex and 

TMB
+
), which remain in equilibrium.

33
 However, when the pH of the solution is lowered 

below 2, the equilibrium is shifted towards the complete formation of TMB
2+

 (characteristic 

peak at 450 nm; ε = 59,000 M
-1

cm
-1

) together with the disappearance of oxidized TMB 

charge transfer complex and TMB
+
 (Figure 3.3). Therefore, for all kinetic runs the reactions 

were initiated at pH 7.4 but were quenched to pH < 2 by addition of HCl at different time 

intervals and the absorbance was measured at 450 nm. The plots of initial rate vs substrate  
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Figure 3.3 UV-vis spectra of quenched reaction mixture for TMB oxidation using 5-Fe-MSN 

and H2O2. The reaction was quenched at different time intervals’ using HCl and the UV-vis 

spectra was measured. The peak at 450 nm is only observed. Reaction condition: [TMB] = 

2.00 × 10
-4

 M, [H2O2] = 1.50 × 10
-4

 M, [5-Fe-MSN] = 12.5 × 10
-14

, PBS buffer (pH 7.4, 10 

mM). 

 

 

concentrations were fitted perfectly to a typical Michaelis–Menten curve (Figure 3.4) and the 

Km and Vmax values were determined (Table 3.2). The Kcat values of 5-Fe-MSN with TMB as 

the substrate was found to be 10-folds higher than 1-Fe-MSN. Similarly, the catalytic 

efficiency (Kcat/Km) of 5-Fe-MSN with TMB as the substrate was found to be 4-folds higher 

than 1-Fe-MSN. This demonstrated that increasing the loadings of biuret modified Fe-TAML 

inside MSN led to increased catalytic efficiency. In comparison to our first generation Fe-

MSN,
21

 5-Fe-MSN displayed a Kcat value 1000-fold higher. Hence, reduction of nanoparticle 

size (thereby increasing surface area and dispersibility) and increase in biuret modified Fe-

TAML content had a huge positive effect on the catalytic activity for our second generation 

Fe-MSN. The effect of pH on the catalytic efficiency of the reaction was also studied. It was 

determined that the amount of oxidized TMB formed at the end of the reaction (responsible 

for peaks at 450, 650 and 900 nm) was lower at pH 6 and pH 8.4 than at pH 7.4 (see 

Appendix II, Figure B10). This can be rationalized by careful understanding of the 

mechanism of Fe-TAML mediated oxidation reactions in water. It is well established that the  
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Figure 3.4 Michaelis-Menten fit for H2O2 and TMB variation; (a) and (b) for 1-Fe-MSN, (c) 

and (d) for 5-Fe-MSN, (e) and (f) for 10-Fe-MSN. The Kcat values for 10-Fe-MSN with H2O2 

and TMB as the substrate was found to be 1.00 × 10
7
 and 5.40 × 10

6 
respectively.

 
Kcat  value 

has been calculated  using formulae Kcat = Vmax/[E]. Where [E] = 5.40 × 10
-14 

and Vmax for 

H2O2 and TMB was found to be 5.60 × 10
-7

 and 2.93 × 10
-7

. Error bars shown represent the 

standard error derived from three repeated measurements.  

 

 

rate of substrate oxidation by Fe-TAML and H2O2 increases with increasing pH and hence 

the activity of 5-Fe-MSN gets reduced at pH 6.
34

 At pH 7.4 in the presence of peroxide, Fe- 

TAML forms a µ-O-Fe
IV

 dimer species that is responsible for the 2-electron oxidation of  
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Table 3.2 Comparison of the Kinetic Parameters of 1-Fe-MSN, 5-Fe-MSN, HRP, 30 nm 

Fe3O4 MNPs, and Au@Pt 0.25.  

 

 [E] (M)
a 

Substrate Km 

(mM) 

Vmax             

(Ms
-1

) 

Kcat                        

(s
-1

) 

Kcat/Km      

(s
-1

M
-1

) 

1-Fe-MSN 7.92 × 10
-13

 TMB 0.033 1.30 × 10
-7

 1.64 × 10
5
 4.97 × 10

9
 

1-Fe-MSN 7.92 × 10
-13

 H2O2 9.617 1.79 × 10
-7

 2.25 × 10
5
 2.30 × 10

7
 

5-Fe-MSN 1.25 × 10
-13

 TMB 0.122 3.32 × 10
-7

 2.65 × 10
6
 2.17 × 10

10
 

5-Fe-MSN 1.25 × 10
-13

 H2O2 6.670 3.27 × 10
-7

 2.60 × 10
6
 3.89 × 10

8
 

1
st
-Fe-MSN

21
 2.60 × 10

-11
 TMB 0.016 1.01 × 10

-8
 4.00 × 10

2
 2.47 × 10

7
 

HRP
7 

2.50 × 10
-13

 TMB 0.434 10.00 × 10
-8

 4.00 × 10
3
 9.22 × 10

6
 

30 nm Fe3O4 

MNPs
7 

11.40 × 10
-13

 TMB 0.098 3.44 × 10
-8

 3.02 × 10
4
 3.08 × 10

8
 

Au@Pt 0.25
12 

12.50 × 10
-12

 TMB 0.027 1.81 × 10
-7

 1.40 × 10
4
 5.18 × 10

8
 

  

[E] is the enzyme (Au@Pt 0.25 or Fe-MSN or MNPs) concentration, Km is the Michaelis-

Menten constant, Vmax is the maximal reaction velocity and Kcat is the catalytic constant, 

where Kcat = Vmax/[E]. 
a
Concentrations have been calculated for 1-Fe-MSN and 5-Fe-MSN 

from TEM, ICP and N2 adsorption-desorption data ( Figure 3.8, 3.9, and 3.13, see Appendix 

II , Figure B3, B5) 

 

 

TMB.
35 

However, with increasing pH, the µ-O-Fe
IV

 dimer species gets converted to Fe
IV

(O) 

which is far more active oxidant.
35

 Hence at pH 8.4, although oxidized TMB species is 

formed at faster rates, they undergo subsequent oxidation reactions to form degradation 

products which are colorless. Fe-TAML is very well-known to completely degrade 

recalcitrant organic compounds
36

 at higher pH. Hence, pH 7.4 was considered as the most 

optimal for obtaining the highest catalytic efficiency. 

On comparison of 5-Fe-MSN and 1-Fe-MSN to HRP, it can be seen that Kcat/Km 

values were 2300 times and 540 times higher than those of commercial HRP, respectively. 

Among the metal nanoparticles, the highest Kcat values have been observed for 30 nm Fe3O4 

and Au@Pt 0.25 NPs.
12

 The Kcat value of 5-Fe-MSN is around 100-fold higher than that of 

both 30 nm iron oxide and Au@Pt 0.25 NPs. This is expected because biuret modified Fe-

TAML has peroxidase activity that is far superior to that of the metal ions present on the 
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nanoparticle surface. This 2300-fold increased peroxidase activity of 5-Fe-MSN in 

comparison to HRP encouraged us to use this nanoparticle for ultrasensitive detection of 

proteins. 

 

3.4.3 Biotin conjugated Fe-MSN for detection of Streptavidin.  

 

The detection of streptavidin was attempted using biotin modified 5-Fe-MSN. 

Streptavidin is known to bind biotin with very high specificity (10
-14

 mol/L).
37 

We 

hypothesized that using 5-Fe-MSN that would have biotin displayed on its surface would 

help us to detect streptavidin in an conventional ELISA assay in which commercially used 

biotin-HRP would be replaced with our biotin conjugated 5-Fe-MSN. We therefore 

proceeded to synthesize 5-Fe-MSN having biotin displayed on its surface. This was achieved 

by first grafting 3-aminopropyl triethoxysilane onto the as synthesized 5-N3-MSN followed 

 

 

 

 

Figure 3.5 Application of biuret modified Fe-TAML MSN in direct immunosorbent assay (a) 

Calibration curve for the detection of streptavidin in various concentration from 1 pg/mL to 

10
6
 ng/mL using biotin conjugated Fe-MSN in a 96-well plate (b) Calibration curve of the 

immunosorbent assay for the detection of human IgG in various concentration from 1 pg/mL 

to 10
6
 ng/mL using antihuman IgG conjugated Fe-MSN. The error bars represent the standard 

deviation from triplicate measurements. 
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by template removal (Figure 3.2a). Biuret modified Fe-TAML was then “clicked” onto NH2-

N3-MSN using CuAAC and the resultant material NH2-Fe-MSN was characterized by FT-IR, 

thermogravimentric analysis (TGA), and ICP (Figure 3.14; see Appendix II, Figure B 8). The 

amount of amine groups grafted was estimated to be 1.04 mmol/g while the amount of biuret 

modified Fe-TAML grafted was determined to be 0.51 mmol/g. 

Additionally, ninhydrin test was done to confirm amine groups on the surface of 5-N3-

MSN and TEM image shows the absence of clustering in mesoporous silica nanoparticles 

after surface modification (Figure 3.10). Finally, NH2-Fe-MSN was reacted with biotin-NHS 

to yield biotin-Fe-MSN which was then used for the detection of streptavidin (Figure 3.2b). 

A 96-well plate was first coated with streptavidin (0.001 to 10
5
 ng/mL), then blocked 

with 1% BSA, and finally incubated with biotin conjugated 5-Fe-MSN for 1 h. After several 

washes, to remove nonspecific binding, the substrate TMB and H2O2 were added such that 

the biotin conjugated 5-Fe-MSN bound to the streptavidin can utilize H2O2 to catalyze the 

formation of colored oxidized TMB. The reaction was measured using an ELISA plate reader 

at 450 nm. A linear dependence of absorbance vs analyte concentration was obtained in the 

range of 1 pg/mL to 10
6
 ng/mL (log [absorbance] vs log [streptavidin]) with a limit of 

detection (LOD) of 19 fM (Figure 3.5a). Control experiments in which N3-MSN or Fe-MSN 

was used as the probe in place of biotin-Fe-MSN, showed no detectable signal. In the lowest 

detection limit, the signal was at least twice that was obtained when BSA was used instead of 

streptavidin as a control. These initial results encouraged us to explore the detection of 

human IgG in an ELISA format using antihuman IgG conjugated Fe-MSN as the probe. 

 

3.4.4 Antihuman IgG Conjugated Fe-MSN for Detection of Human IgG in Cells.  

 

To evaluate the efficiency of this highly active peroxidase mimic, the ultrasensitive 

detection (fM) and quantification of human IgG protein was attempted. The amine groups on 

the surface of NH2-Fe-MSN were converted to maleimides onto which antihuman IgG was 

attached using the thiol-maleimide chemistry as shown in (Figure 3.2c, 3.6). Any unreacted 

maleimide on the surface of Fe-MSN was quenched by addition of cysteine. 

 For colorimetric immunoassay of human IgG, several concentrations of human IgG 

(0.001 to 10
5 

ng/mL) were captured on 96-well plate and then subsequently incubated with 

antihuman IgG-Fe-MSN for 1 h. After several washes to remove nonspecific binding of  
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Figure 3.6 Synthesis of antihuman IgG-Fe-MSN  

 

 

antihuman IgG-Fe-MSN, TMB and H2O2 were added. After 10 min, the reaction was 

quenched with addition of HCl and the absorbance at 450 nm was measured. Figure 3.5b 

shows the correlation between the signals generated at 450 nm vs human IgG concentration. 

The results show a linear relationship in the range of 10
-12

 to 10
-4

 g/mL and the limit of 

detection is 10
-12

 g/mL (6 × 10
-15

 M). Control experiments in which N3-MSN or Fe-MSN was 

used as the probe in place of antihuman IgG-Fe-MSN showed no detectable signal. In the 

lowest detection limit, the signal was at least twice that was obtained when BSA was used 

instead of human IgG as a control. In contrast, when the same assay was carried out with 

commercially used antihuman IgG-HRP conjugate, linearity was only observed in the range 

of 10
-8

 to 10
-4

 g/mL ( log [absorbance] vs log [human IgG] ) and the LOD was 10
-8

 g/mL (6.7 

× 10
-11 

M).
38

 In other words, the use of antihuman IgG-Fe-MSN allows us to probe a dynamic 

range of human IgG that is at least 4 orders of magnitude higher than that which can be 

probed with commercial antihuman IgG-HRP. Hence the ultrasensitive detection of human 

IgG at femtomolar concentrations can be achieved using our designed antihuman IgG-Fe-

MSN. In comparison, the LOD for metal NP based peroxidase mimic (eg. Au@Pt 0.25) for 

the detection of mouse interleukin 2 (IL-2) has been reported to be ~ 10
-11

 g/mL, which was 

10-fold higher than that has been achieved by our system. In another approach, MSN with 

antibody immobilized on the outer surface and the enzyme glucose oxidase (GO) 

immobilized inside was used for detection of proteins.
39

 The LOD for this system was 

observed to be 100 pg/mL. This is also100 times higher than our reported construct. The low 

detection limit for our antihuman IgG-Fe-MSN is results of 25 000 extremely efficient  
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Figure 3.7 Human IgG detection in CHO-S and CHO-IgG cells (a) Schematic representation 

of the proposed strategy for cell detection in a 96-well plate. (b) Specificity and sensitivity of 

antihuman IgG-Fe-MSN for CHO-S and CHO-IgG cells were evaluated by assaying 10
5
, 10

4 

and 10
3
 cells/mL in a 96-well plate format. The error bars represent the standard deviation 

from triplicate measurements.  

 

 

peroxidase mimic biuret modified Fe-TAML, which was immobilized inside MSN. 

 A major challenge in ultrasensitive detection of proteins in cells is the identification 

of specific proteins among a high background of interfering proteins that are present in real 

samples. To further evaluate if antihuman IgG-Fe-MSN could specifically detect human IgG 

from a high background of interfering proteins, we attempted the assay using two different 

cell lines of Chinese hamster ovary cells (CHO-S and CHO-IgG). CHO-IgG cell lines express 

human IgG while CHO-S cells do not express human IgG.
38

 Both CHO-S and CHO-IgG cells 

were grown in suspension under 10% CO2 atmosphere at 37 °C. Cells suspension was 

centrifuged and washed with an ice-cold PBS to remove the excess media. The cell pellet was 

lysed by suspension in ice-cold lysis buffer for 15 min and centrifuged, and the supernatant 

was collected for further assay. Supernatant containing CHO-S and CHO-IgG cells were 

diluted to 10
5
,10

4 
and 10

3
 cells/mL and were plated on 96 well plates by incubation at 4 

o
C 

for 24 h. The plates were further incubated with antihuman IgG-Fe-MSN for another 1 h and  
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then washed several times to remove unbound antihuman IgG-Fe-MSN. Finally, TMB and 

H2O2 were added, the reaction was subsequently quenched with HCl and the absorbance of 

the resultant solution measured at 450 nm. The presence of a signal was only absorbed for 

CHO-IgG cells while for CHO-S cells no signal was observed (Figure 3.7). The signal to 

noise ratio for 10
3
 cells is at-least 4 folds. This conclusively demonstrates that antihuman 

IgG-Fe-MSN was able to detect human IgG selectively from high background of other 

proteins present in CHO cells. 

 

 

3.5 CHARACTERISATIONS 

 

3.5.1 Scanning and Transmission Electron Microscopy 

 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

images of 1-N3-MSN, 5-N3-MSN and NH2-N3-MSN are presented in Figures 3.8, 3.9 and 

3.10 respectively. SEM and TEM showed formation of well-ordered two-dimensional 

hexagonal mesoporous particles with a spherical morphology having average particle size of 

~40 nm.   

 

Figure 3.8 (a) SEM and (b) TEM images of 1-N3-MSN  

 

Figure 3.9 (a) SEM and (b) TEM images of 5-N3-MSN  
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Figure 3.10 (a) TEM image of NH2-N3-MSN shows the absence of clustering in mesoporous 

silica nanoparticles after surface modification. (b) Ninhydrin test before and after amine 

grafting on MSN. Formation of dark violet color confirms the presence of amine groups on 

the surface of MSN 

 

3.5.2 Powder X-ray Diffraction 

 

Powder X-ray diffraction patterns of the obtained mesoporus silica materials are 

shown in the Figure 3.11.  All materials showed the characteristic high intensity (100) 

diffraction peak at 2θ~2.3
o
. The other significant peaks corresponding to (110) and (200) 

diffractions were also observed indicating that well-ordered one dimensional hexagonal 

mesoporous channels of MSN were formed and remained intact after functionalization. 

 

 

Figure 3.11 Powder XRD patterns of 1-N3-MSN, 5-N3-MSN and 5-Fe-MSN.  
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3.5.3 Thermogravimetric Analysis 

 

The TGA graphs of various MSNs materials are presented in the Figure 3.12. The 

amount of azido-propyl groups present in the N3-MSN were determined by the weight loss 

obtained in the thermogravimetric analysis (TGA). The samples were heated in air at 10 °C/ 

minute to 800 °C so that the azidopropyl groups were completely decomposed and removed 

from the samples. Figure 3.12 b, c, d shows the TGA thermographs of the x-N3-MSN sample 

with the weight loss between 150 – 750 °C. The calcined MSNs (CAL-MSN) show a weight 

loss of about 14.3 %, which can be attributed to the loss of water molecules strongly adsorbed 

to the silica surface as well as loss of water molecules due to condensation of silanol groups 

at high temperature. TGA analysis showed the amount of azidopropyl groups incorporated 

onto 1-N3-MSN, 5-N3-MSN and 10-N3-MSN for grafting of 1, 5 and 10% N3 on MSN to be 

0.14, 0.51 and 0.90 mmol/g respectively (Table 3.1, Figure 3.12). 

 

 

 

Figure 3.12 TGA for MSN before and after azide grafting. (a) As synthesized MSN, (b) 1-

N3-MSN (c) 5-N3-MSNand (d) 10-N3-MSN stand  
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3.5.4 Nitrogen Adsorption-Desorption studies 

 

The nitrogen adsorption-desorption isotherms of the 5-N3-MSN is presented in Figure 

3.13.  Nitrogen adsorption-desorption isotherm of 5-N3-MSN exhibit the characteristic type 

IV isotherm with slight increase in adsorption at P/Po 0.2-0.4 due to slight capillary 

condensation of the nitrogen in the mesopores. The BJH pore-size distribution (PSD) analysis 

shows very narrow PSD values in the range 3-4 nm. The pore diameter, BET surface area and 

pore volume are listed in Table 3.1.   

 

 

Figure 3.13 Nitrogen adsorption-desorption isotherms for 5-N3-MSN (inset shows pore size 

distribution) 

 

3.5.5 FT-IR Spectroscopy 

 

The FT-IR spectra of various materials are presented in the Figure 3.13. The spectra 

of the 5-N3-MSN display an absorbance at ~2100 cm
-1

, which is the characteristic stretching 

vibration of an organic azide (Figure. 3.14a). The presence of this peak in the materials shows 

that the azidopropyl groups were successfully incorporated into N3-MSN samples. The 

samples also showed absorbance peaks at 1230, 1080, 805 and 465 cm
-1

 respectively. These 

peaks are typical of Si-O-Si bands that are associated with the formation of the silica 

networks. Weak peaks associated with Si-OH groups in the 940-960 cm
-1

 range were also 
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observed for the functionalized mesoporous materials. The strong peak around 1658 cm
-1

 

might be attributed to the bending vibration of H2O. Thus, the FT-IR spectra indicate that the 

azido groups were efficiently incorporated in the matrix of the mesoporous silica 

nanoparticles by the one-pot condensation technique. IR spectroscopy shows about 95% 

decrease in the integrated intensity as (N3) at 2100 cm
-1

(Figure. 3.14b and 3,14c).  

 

 

 

Figure 3.14 FT-IR spectra of (a) 5-N3-MSN and (b) 5-Fe-MSN (c) NH2-Fe-MSN 

 

3.5.6 Solid State 
13

C CP-MAS NMR Spectroscopy 

 

The solid state 13C CP-MAS NMR spectrum of the functionalized mesoprorous 

materials has been represented in Figure 3.15. The spectrum of the as-synthesized azido-

functionalized mesoporous material (as-synthesized 1-N3-MSN, Figure 3.15a) synthesized 

using co-condensation technique displays signals for the surfactant CTAB group. The peaks 

at ~21 and 78 ppm correspond to the peaks for the surfactant while the three peaks C1 (8.68 

ppm), C2 (22 ppm), C3 (53 ppm) represent the three C-atoms of the azido-propyl chain in the  
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order as presented. 
13

C CPMAS-NMR for 1-N3-MSN.NMR spectrum of 1-N3-MSN (a, black) 

showed three distinct peaks corresponding to the C1, C2 and C3 carbon atoms which is 

similar to three peaks present in azido-propyl silane (b, red) C1 (8.68 ppm), C2 (22 ppm), C3 

(53 ppm). 

 

 

 

Figure 3.15 
13

C CPMAS-NMR for (a) as synthesized 1-N3-MSN.NMR (a, black) and  

(b) after template removal 1-N3-MSN (b, red).   

 

 

3.6 CONCLUSIONS 

 

In a biomimetic approach we have chemically attached ~25 000 highly active small 

molecule peroxidase mimic biuret modified Fe-TAML inside a 40 nm mesoporous 

nanoparticle. One of our constructs, 5-Fe-MSN, possess a Kcat/Km value that is ~2 300 fold 

higher in comparison to commercial HRP and 100-fold higher than metal/metal oxide NPs 

that have been reported. The presence of silanol groups in the outer surface of 5-Fe-MSN 
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allowed easy attachment of biotin and the antibody antihuman IgG. This surface modified 5-

Fe-MSN was used for the ultrasensitive detection of proteins. Using antihuman IgG modified 

5-Fe-MSN, we were able to detect femtomolar concentration of antihuman IgG. We were 

also able to quantify human IgG within a dynamic range of nanomolar to femtomolar 

concentrations. This represents a sensitivity that is 1000-fold higher than commercial 

antihuman IgG-HRP and 10-fold higher than any metal/metal oxide peroxidase mimic that 

has been reported to date. The understanding of the mechanism of the catalytic activity of 

biuret modified Fe-TAML will allow us to develop a new generation Fe-MSN, which will 

have increased catalytic efficiency. For example, Fe-TAML, which has a maximal activity at 

pH 7.4, can be used using design rules that have been developed by Collins.
17

 Such systems 

are currently under development in our laboratory. 
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Chapter 4 

Macroporous Scaffold from Transition Metal 

Nanoparticles for Continuous Flow 

Reactions 

 

 
 

In this chapter, large (centimeter-sized) self-standing macroporous scaffold monoliths from 

ferritin bionanoparticles has been synthesized using dynamic templating of surfactant H1 

domains. The iron oxide inside the ferritin scaffold can be easily replaced with catalytically 

active monodisperse zero valent transition metal nanoparticles. The monoliths containing 

active palladium or iron oxide nanoparticles inside apo-ferritin bio-nanoparticles were used 

as a recyclable heterogeneous catalyst. 

 

 

Part of the work discussed in this chapter has been published in 

“Large Centimeter-Sized Macroporous Ferritin Gels as Versatile Nanoreactors” S. Kumari, 

A. Kulkarni, G. Kumaraswamy, S. Sen Gupta, Chemistry of Materials, 2013, 25, 4813-4819. 
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4.1 INTRODUCTION 

In the last several years, bionanoparticles such as the iron storage protein ferritin and 

the tobacco mosaic virus have emerged as versatile building blocks for the formation of 

functional nanostructured assemblies.
1-3

 The nanoparticles have a layered structure comprised 

of a self-assembled protein shell surrounding a core that can contain nucleic acid, protein and 

inorganic material. Recent advances in protein engineering, allow incorporation of enzymes,
4
 

transition metal catalysts
5
 and zero valent late transition metal nanoparticles

6,7
 into these 

structures. Such modified bionanoparticles are well suited to perform chemical 

transformations due to the presence of the catalytically active core while the protein shell 

modulates the entrance and egress of substrate and products.
5-7

  

The iron-storage protein ferritin represents one of the smallest but most practical of 

these nanoparticles. Its 24 protein subunits self-assemble to form a 12 nm diameter cage with 

an interior cavity of 8 nm diameter containing a ≈5 nm iron oxidecore.
8
 Ferritin has been 

used for catalysis, biosensing, the template synthesis of nanomaterials, and biomedical 

applications.
5, 9, 10

  

Organized higher-order assemblies of nanoparticles provide templates that can be 

exploited for nano-technological applications and ferritin has proven popular in these 

endeavours due to its ready availability on large scale and the ease of its interior 

mineralization. Metal ion mediated self-assembled one-dimensional nanostrands of ferritin 

have shown applications as nanofiltration membranes for ultrafast water permeation.
11 

Ferritin readily assembles into two-dimensional lattices at the air-water interface
12

 and on 

solid substrates.
13

 Ferritin-polymer conjugates, including ferritin, has also been assembled in 

oil-in-water (o/w) and water-in-oil (w/o) pickering emulsions to form capsule like 

structures.
14

 Well-defined three-dimensional architectures are more challenging and have 

attracted considerable recent attention. The first report of chemically cross-linked clusters of 

ferritin in solution employed biotin-streptavidin linkages to create colloidal aggregates.
15

 

More recently, composite materials containing ferritin have been shown to have interesting 

properties.
16-18 

Electrospun fibers of polyvinyl alcohol-ferritin composites form nanofibrous 

hydrogels, that have been used as bioactuators.
19

 Vinylated ferritin has also been 

copolymerized with acrylamide to form a hydrogel.
20

 
 

The formation of large monolith gels from biomolecular nanoparticles has not been 

reported till date. Such materials would combine the advantages of cage-like nanoparticles 

(the ability to sequester a variety of cargo in monodisperse and robust protein cages), with 
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those afforded by a highly porous three-dimensional architecture, facilitating transport of 

substrate and products to and from the functional cages. An obvious application for such 

macroporous, three-dimensional materials is continuous flow biocatalytic chemistry.  

Kumarswamy et al. have recently demonstrated a general route to the preparation of 

macroscopic scaffolds by dynamic templating of surfactant hexagonal phase (H1) domains.
21, 

22
 On cooling, below the isotropic-H1 transition temperature (THI 44 °C), the particle 

dispersions in 1:1 mixtures of non-ionic surfactant C12E9 and water, forms networks of 

particles that are jammed at the H1 domain interfaces. Cross-linking the particles followed by 

removal of surfactant template by extensive water washing results in the formation of 

macroporous scaffolds. They have previously demonstrated that macropore dimensions can 

be varied over 2 orders of magnitude and that pores can be readily oriented by gentle 

shearing. Thus, dynamic templating is a powerful technique to produce macroporous 

scaffolds of a variety of nanoparticles.  

Previously use of glutaraldehyde cross-linked ferritin in this procedure gave small 

(∼several hundred micrometers in size), brittle and unstable structures in water. Here I am 

demonstrating a significantly improved protocol that allows the synthesis of large self-

standing macroporous monolith gel from ferritin for the first time. These three-dimensionally 

connected strands of ferritin are robust and demonstrate enhanced thermal stability and 

tolerance of organic solvents. Organization of ferritin into scaffolds dramatically simplifies 

the purification protocols associated with replacement of the iron oxide nanoparticle 

inclusion by catalytically active zerovalent transition metal nanoparticles. Further, I 

demonstrate heterogeneously catalyzed synthesis of organic compounds using monoliths of 

Fe2O3 or Pd-loaded ferritin. The scaffold macropores minimize pressure drop across the 

monolith while facilitating substrate and reagent transport. Finally, immobilization of 

Pd@apo-ferritin scaffolds inside a continuous flow hydrogenation reactor that allows fast 

hydrogenation of alkenes in quantitative yields has been demonstrated. 
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4.2 EXPERIMENTAL SECTION 

 

4.2.1 Materials  

 

Ferritin from equine spleen, apo-ferritin, nonionic surfactant, nonaethylene glycol 

monododecyl ether, C12E9, N, N'-Dimethyl-1, 3-propanediamine, N-(3-dimethyl-

aminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCl), Poly(ethylene glycol) 

diglycidyl ether (Mol. wt. 514), potassium tetrachloropallidate, potassium gold(III) chloride 

and sodium borohydride were used as received from Sigma Aldrich. Dialysis tubing (MWCO 

12 KDa) was purchased from Aldrich. All the other chemicals and solvents were purchased 

from Merck India.  

 

4.2.2 Synthesis 

 

4.2.2.1 Ferritin Modification 

 

Ferritin or apo-ferritin nanoparticles were functionalized with secondary amino groups by 

conjugation of N, N'-dimethyl-1, 3-propanediamine (DMPA) to aspartic and glutamic acid 

residues on the external surface of ferritin using carbodiimide activation. Typically, 2 mL of a 

2 M aqueous solution of DMPA was adjusted to pH 6 using 6 M HCl, and then added drop 

wise to a stirred solution of ferritin or apo-ferritin (50 mg/mL). Subsequently 224 mg of N-

(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCl) was added and pH 

was maintained using dilute HCl, and then the solution was stirred for further 6 h. After the 

completion of the reaction, solutions were then centrifuged to remove any precipitate and the 

supernatant was dialyzed at 4 °C against 1000 mL of 0.15 M NaCl for 24 h and then 

extensively against Milli-Q quality water to produce stable solutions of cationic DMPA 

functionalized ferritin or apo-ferritin. 

 

4.2.2.2 General Procedure for the Synthesis of Macroporous Hydrogel Using Ferritin 

Based Nanoparticles 

 

Typically, a 10% (by weight) 55 mg of aqueous dispersion of ferritin was added to surfactant  

C12E9 (45 mg, calculated such that the surfactant to water ratio was 1:1) and homogenized in  
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a water bath at 50 °C. To this poly(ethylene glycol) diglycidyl ether (4 mg) was added and 

the sample was then cooled to room temperature in a feedback controlled convective oven. 

The particle concentration in the overall composite is ∼10 wt%. The sample was then 

allowed to cross-link on standing at room temperature for 24 h. Finally, the scaffold was 

washed repeatedly with water (6-7 times) to remove the surfactant and afford the free-

standing three-dimensional macroporous material. 

 

4.2.2.3 Synthesis of Apo-ferritin Scaffold from Ferritin Scaffold 

 

An apo-ferritin scaffold was prepared by demineralization of ferritin scaffold by following 

the reported procedure.
23

 Ferritin scaffold was placed in 200 mL of sodium acetate buffer  

0.1 M, pH 4.5 and purged with nitrogen for 30 min. Then 100 μL of thioglycolic acid (TGA) 

was added while continuously purging with N2. After 2 h, further 100 μL of TGA was added, 

and the N2 purge was continued for another hour. Finally, fresh buffer was added and the N2 

purge was continued for another hour before the scaffold was taken in 500 mL of 0.15 M 

NaCl and dialyzed against saline water for a day at 4 °C. 

 

4.2.2.4 Synthesis of Palladium Nanoparticle Encapsulated Apo-ferritin Scaffold 

(Pd@apo-ferritin) 

 

An apo-ferritin scaffold was incubated with 5 mL of 0.1 M NaCl/H2O and then the pH was 

adjusted to 8.5 with 0.01 N NaOH, followed by the addition of aliquots of 500 μL of 30 mM 

K2PdCl4 solution for 2 h. Subsequently, the scaffold was washed with water, followed by 

immediate reduction with NaBH4 solution (100 μmol in water) and incubated for an 

additional 2 h. Finally, the scaffold was extensively washed with deionized water under 

sonication several times to remove physically adsorbed Pd nanoparticles.  

 

4.2.2.5 Control Experiment in Absence of Surfactant  

 

To an aqueous solution of 100 mg of 8% (by weight) of ferritin or apo-ferritin nanoparticles 

functionalized with secondary amino groups was added 8 mg of poly(ethyleneglycol)- 

diglycidyl ether and allowed to crosslink on standing at room temperature for 48 h. 
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4.2.2.6 General Procedure for Oxidation of 2, 3, 6-trimethylphenol to trimethyl-1, 4-

benzoquinone Using Ferritin Scaffold  

 

The oxidation of 2, 3, 6 trimethylphenol (TMP) was performed in a sealed tube containing 1 

mg of ferritin scaffold in 1 mL of MeCN at 70 °C for 24 h. The reaction was initiated by 

adding 0.14 mmol of H2O2 to the reaction mixture containing 0.05 mmol TMP. After 

completion of the reaction, the amount of TMP consumed and product formed was estimated 

by GC and GC-MS. The scaffold was reused for next cycle after pipetting out the reaction 

mixture.  

 

4.2.2.7 General Procedure for Suzuki-Miyaura Cross-Coupling Reaction Using 

Pd@apo-ferritin Scaffold 

 

 Suzuki-Miyaura cross-coupling reaction was investigated with Pd@apo-ferritin scaffold at 

75 °C for 18 h in water. The reaction was performed in an aqueous solution (1 mL), which 

contained aryl halide (0.023 mmol), phenylboronic acid (0.048 mmol), NaOH (0.092 mmol) 

as a base and Pd@apo-ferritin scaffold (3 mg) as a catalyst. The reaction mixture was 

pipetted out to a separate scaffold, and the product was extracted with chloroform. The 

amount of starting materials consumed and product formed was estimated by GC and GC-

MS. Scaffold was again incubated with fresh batch of reactants to carry out recyclability of 

the scaffold.  

 

4.2.2.8 Oxidation of TMB (3, 3', 5, 5'-Tetramethylbenzidine) Using Ferritin Scaffold in 

the Continuous Flow 

 

The scaffold was immobilized inside a glass capillary (2.5 mm i.d.). The porous volume 

inside the scaffold that was available for flow of liquid was found to be 47.5 µL. The value 

was obtained based on the area averaged dimensions of the pores from the SEM image. 

Phosphate buffer (1.5 mL, 50 mM, pH 5.2) containing TMB solution (100 µL of 50 mM), 

H2O2 solution (10 µL of 8 M) was passed through a scaffold having length of 1 cm at a flow 

rate of 0.5 mL min
-1

. Catalytic oxidation of TMB by ferritin scaffold in the presence of H2O2 

yields a blue colored solution 3, 3’, 5, 5’-Tetramethylbenzidine diimine.  
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4.2.2.9 Calculation 

 

(a) Mol% of Pd nanoparticles relative to substrate for Suzuki - Miyaura cross-coupling 

reaction  

 

              No of atoms in Pd nanoparticles = ( 
 

 
       

 / 
 

 
         

  ) × 0.75 

                                                                  = (1.35)
3
/ 0.137)

3 
× 0.75 

                                                                                        
= 717 atoms 

 

                                  1.17 µmol of Pd = 1.63 × 10
-3

 µmol of Pd nanoparticles                   

                                 (1.17 µmol Pd from ICP for 3 mg Pd@apo-ferritin scaffold) 

      

                                Substrate/ Catalyst = 23 µmol / 1.63 × 10
-3 

µmol 

                                   
                                     = 14110 

             For mol% of catalyst / substrate = (1/ 14110) × 100 = 0.007 mol% 

 

(b) Turnover for hydrogenation of cinnamyl alcohol with Pd@apo-ferritin 

 

                  Turnover of substrate per Pd nanoparticles = (597 µmol / 35.1 µmol) × 717 

                                                                                       =   12195  

            Cinnamyl alcohol = 597 µmol, Pd@apo-ferritin = 35.1 µmol        

 

 

4.3 CHARACTERISATION TECHNIQUES 

 

Ferritin and Pd@apo-ferritin scaffold were freeze-dried and imaged using a Quanta 

200 3D scanning electron microscope (SEM). TEM measurements were done at 100 kV on 

an FEI Technai F30. An LSM 710 Carl Zeiss laser scanning confocal microscope (LSCM) 

was used to image the fluorescent samples. FT-IR spectra were recorded on a Perkin-Elmer 

FT-IR spectrum GX instrument by making KBr pellets. Pellets were prepared by mixing 3 

mg of sample with 97 mg of KBr. 

Gas chromatography were performed on an Agilent 7890 instrument equipped with a 

hydrogen flame ionization detector and HP-5 capillary column (30 m × 0.32 mm × 0.25 µm, 
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J & W Scientific) and nitrogen was used as carrier gas at a flow rate of 1 mL/min. The 

injector and detector temperature were maintained at 250 
o
C and operated in splitless mode. 

GC-MS were performed on Agilent 5975 C mass selective detector interfaced with Agilent 

7890A GC in similar conditions using a HP-5-Ms capillary column (30 m × 0.32 mm × 0.25 

µm, J & W Scientific). Reaction mixtures were quantified from a standard calibration curve 

that was plot using pure reactants and products. 

ICP experiments were performed on a Thermo IRIS Intrepid spectrum apparatus. The 

typical procedure used was freeze-drying of sample (3 mg) followed by dissolving in 1 mL of 

aqua regia. The resultant solution was diluted to 50 mL, and the quantitative analysis of Fe 

and Pd in scaffold was performed using ICP.  

The continuous flow experimental setup for TMB (3, 3', 5, 5'-Tetramethylbenzidine) 

oxidation consisted of the capillary in which the scaffold was immobilized, syringe pump for 

pumping the fluid at constant flow rate, a digital manometer (AZ-Instruments), diffused light 

for back illumination and a high resolution camera (Sony α-37 with DT 18−55 mm lens). The 

inlet of the capillary had a Y-shape such that one segment was connected to the pump while 

the second segment was attached to an inline digital manometer. The pressure drop across the 

capillary was measured using a digital manometer and the reaction progress was monitored 

by visually tracking the color change. The capillary was held vertical and the flow was 

downward to facilitate sample collection.  

Continuous flow hydrogenation was carried out using H
3
 system of Thales Nano Ltd., 

where the catalyst (60 mg of Pd@apo-ferritin) was immobilized inside a stainless steel 

cylindrical cartridge. In a typical hydrogenation reaction, a continuous-flow of alkene 

cinnamyl alcohol (80 mg in 50 mL methanol) was combined with hydrogen (generated in-situ 

from the electrolysis of water) and was passed through the cartridge packed with Pd@apo-

ferritin at 30 
o
C and 29 bar pressure. The flow rate of the alkenes was maintained at 0.2 

mL/min and the product was collected continuously into a collection tube. The methanol was 

subsequently removed and the product was quantified using 
1
H NMR. 

Rheological measurements were made using the ARES, a rotary parallel plate 

controlled strain rheometer from TA Instruments. Ferritin gel samples were prepared as 8mm 

disks and were loaded on the rheometer for oscillatory measurements. Measurements were 

done on wet hydrogels at room temperature (25 
o
C), and care was taken to minimize the 

evaporation of water during the experiment. At first, a strain sweep was performed by 

increasing the strain from 0.5 to 100% at a frequency of 10 rad s
-1

 and then frequency sweep  
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from 1 to 100 rad s
-1

 at a strain amplitude of 0.75% has been performed. 

Small angle X-ray scattering was performed on a Bruker-Nanostar, equipped with a 

rotating anode (Cu Kα radiation), three pinhole collimation and a 2D multiwire (HiStar) 

detector (calibrated using silver behenate standards). Data was collected from the wet ferritin 

hydrogel loaded in a thin (10 µm) walled quartz capillary. The data was circularly averaged, 

and the 1D scattered intensity is presented after background subtraction, corrected for sample 

transmission. Small-angle X-ray scattering (SAXS) data was analyzed using SASFIT. 

 

 

4.4 RESULTS AND DISCUSSION 

 

4.4.1 Synthesis and Characterization of Large Centimeter-Sized Macroporous Ferritin 

Scaffold.  

 

Stable chemical linkages and high cross-linking density are required to make large scaffolds 

with the mechanical properties required for solid biocatalysts. Because the ferritin surface 

displays relatively few amine groups (the pI of the particle is 4.5), we hypothesized that the 

limited mechanical and aqueous stability of ferritin scaffolds prepared using glutaraldehyde 

followed by NaCNBH3 treatment was due to low cross-linking density between nanoparticles. 

We therefore converted the carboxylate groups of aspartic and glutamic acid residues on 

horse spleen ferritin to secondary amino groups by carbodiimide-mediated conjugation with 

N, N′-dimethyl-1, 3-propanediamine (DMPA).
24

 Using this methodology, about 240 

secondary amine groups were installed on the surface of the ferritin nanoparticle. The 

resulting amine functionalized particles (8 wt% aqueous dispersion) was assembled into a 

macroporous scaffold using dynamic templating by ring-opening of the terminal epoxide 

groups of a poly(ethylene glycol) diglycidyl ether cross-linker (Figure 4.1), as reported 

earlier.
22

  

Removal of the surfactant by extensive water washing gave self-standing 3-D 

macroporous ferritin scaffolds as soft gels, approximately 1 cm long (Figure 4.1A). No sign 

of gelation was observed in analogous reactions in which surfactant was omitted, suggesting 

that protein localization at the H1 domain boundaries is critical for efficient cross-linking and 

formation of macroporous materials.  

The ferritin-based gel material was characterized in several ways. Scanning electron  
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Figure 4.1 Synthesis of porous ferritin scaffold proceeds via ferritin cationisation using N, 

N'- dimethyl-1, 3-propanediamine followed by dynamic templating to assemble the ferritin 

nanoparticles into a three dimensional macroporous scaffold (A) Photograph of ferritin 

scaffold (B) SEM image of cross linked self-standing scaffold after template removal (C) 

Confocal micrograph image of self standing apo-ferritin scaffold (D) TEM image of a section 

of scaffold (phosphotungstic acid stained). 

 

 

microscopy (SEM) obtained after freeze-drying the ferritin scaffold revealed a network 

structure comprised of a dense mesh of strands, with an average strand thickness of about 4.0 

μm (Figure 4.1B). Image analysis of multiple representative SEM micrographs showed an 

average macropore diameter of ≈55 μm (Figure 4.1B, see appendix III; Figure C 1). To study 

the bulk three-dimensional structure of the ferritin network, the scaffold was made with apo-

ferritin and examined by confocal microscopy using the protein’s natural fluorescence. The 

resulting images showed the apo-ferritin scaffold as thick strands organized into networks 

with pore dimensions ≈55 μm (Figure 4.1C, Appendix III; Figure C 2).  

The organization of the ferritin in the scaffold was investigated using small-angle X-

ray scattering (SAXS) (Figure 4.2A). SAXS from a dilute dispersion of ferritin is shown next  

to that from the scaffold, for ease of comparison (Figure 4.2A). The scattered intensity from 

the ferritin dispersion was fitted to a model for monodisperse core shell particles with a core 

radius of 2.6 nm and a shell thickness of 2.8 nm. Details of the fit are provided in the 

Appendix III; Figure C 3). Scattering from the ferritin scaffolds showed a peak around 0.07  
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Figure 4.2 (A) SAX scattering curves for native ferritin 5 wt%, ferritin scaffold and apparent 

structure factor. At low q large increase in the scattering indicates that ferritin nanoparticles 

are aggregating. (B) Frequency sweep of Ferritin @0.75% strain. Rheology study was done 

using ferritin scaffold in water. 

 

 

 
−1

, that arises from the aggregation of individual ferritin units in the network (Figure 4.2A). 

An apparent structure factor was obtained by dividing the scattering from the scaffold by the 

scattering from the dilute ferritin dispersion. This apparent structure factor shows a power 

law decay at low q, with SA (q) ∼q
-3.3

, suggesting a surface fractal structure for the “walls” of 

the ferritin network. The correlation peak is modelled using an interference function similar 

to previous literature reports,
25

 which gives an interparticle distance of 7.1 nm (see appendix 

III; Figure C 4). This value is smaller than the ferritin size obtained from the dilute dispersion 

SAXS (10.3 nm), in accordance with a previous report on metal mediated assemblies of cage- 

like proteins.
26

 Transmission electron microscopy (TEM) showed the scaffold walls to be 

composed of ferritin assemblies, with the protein corona encapsulating dark 4-5 nm iron 

oxide cores (Figure 4.1D). Energy-dispersive X-ray spectroscopy (EDX) analysis of the 

ferritin scaffold showed the presence of Fe and P from the iron oxide/phosphate cores of the 

protein as well as S from the protein (see appendix III; Figure C 5). Dynamic rheological 

tests indicate the gel-like nature of the ferritin hydrogels. From frequency sweep 

measurements to characterize the mechanical response of the gel, we observe that the solid 

modulus (G′) exceeds the loss modulus (G″) by about an order of magnitude over the entire 

experimental frequency range 1-100 rad s
-1 

(Figure 4.2B). This indicates a largely elastic  
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Figure 4.3 FT-IR spectra of ferritin scaffold (1) and ferritin scaffold (2) after 24 h kept at  

80 
o
C in CH3CN   

 

 

response to small deformations, characteristic of the network structure of a gel. The solid 

modulus shows a weak frequency dependence (G′∼ ω0.08
), and tan δ = G″/G′ is approximately 

frequency independent, as expected for a gel. The solid modulus is around 3000 Pa, 

indicating that the ferritin network forms a soft hydrogel. The intact nature of the protein 

shells was suggested by FTIR, which showed peaks at 1650 cm
-1 

and 1550 cm
-1

 (amide I and 

amide II bands) consistent with the retention of ferritin’s characteristic α-helical secondary 

structure
16, 18

 (Figure 4.3). We have also evaluated the stability of this scaffold toward various 

solvents and elevated temperatures. The macroporous ferritin scaffold was found to be stable 

toward overnight storage at room temperature in acetonitrile, ethanol, and toluene, and 

toward incubation in acetonitrile at 80 °C for 24 h (Figure 4.3). 
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4.4.2 Synthesis of Pd Nanoparticle Embedded Apo-Ferritin Scaffold 

 

Apo-ferritin is known to function in solution as a nanoreactor for the synthesis of 

encapsulated monodisperse transition metal nanoparticles such as Pd and Au in its core.
7
 A 

variation of the published metalation procedure was used to install Pd nanoparticles in the 

macroscopic apo-ferritin gel. Instead of making the gel from the apo-protein, the regular 

ferritin monoliths were demineralized by incubation with thioglycolic acid.
23

 The 3D 

structure of the resulting colorless material was unchanged by SEM and confocal 

microscopy; EDX analysis showed complete removal of Fe (see appendix III, Figure C 6). 

Incubation of the apo-ferritin scaffold with Pd
2+

 salt followed by reduction with NaBH4 

solution led to the formation of encapsulated Pd(0) in the ferritin cages comprising the gel 

material, indicated by a change in color of the entire scaffold to black. Extensive washing 

 

 

 

Figure 4.4 (A) TEM image of Pd nanoparticles inside scaffold (B) TEM micrograph of Pd 

NPs (average size 2.70 ± 0.006 nm) according to image J software  
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with water and organic solvents was performed to remove metallic Pd formed by 

uncontrolled reduction on the outer surface of the particles. ICP data showed 0.12 mg Pd per 

mg of scaffold before washing and 0.047 mg per mg of scaffold after washing. TEM of this 

purified Pd@apo-ferritin composite material showed presence of relatively monodisperse Pd 

nanoparticles of 2-3 nm diameter inside the apo-ferritin corona (Figure 4.4). The ease and 

reproducibility of this procedure stands in marked contrast to the preparation of Pd-filled 

ferritin proteins insolution.
7
 In those cases, purification after Pd encapsulation is laborious 

and requires several chromatographic purification steps to separate the desired Pd@apo-

ferritin from Pd nanoparticles formed in solution.   

 

4.4.3 Catalytic Activity of Ferritin for Oxidation Reaction 

 

Stability of Ferritin scaffold toward various solvents and elevated temperatures, 

encouraged us to test the applicability of ferritin-encapsulated metal catalysts as 

heterogeneous catalysts in oxidation and C-C bond formation reactions, previously found to 

be performed by iron oxide nanoparticles.
27

 Most of these reactions have been limited to the 

use of water-soluble substrates since native ferritin protein denatures and precipitates in pure 

organic solvents. Also, examples of surface modified ferritin which displays stability in 

nonpolar organic solvent are rare and their catalytic activity has not been studied.
28

 The 

organic stability of the cross-linked materials allowed us to test the oxidation of the 

hydrophobic substrate 2, 3, 6-trimethyl phenol (TMP, only sparingly soluble in water at 

neutral pH) to its corresponding quinone, trimethyl-1, 4-benzoquinone (TMQ), a key 

intermediate for the industrial production of vitamin E (Figure 4.5). TMP (0.05 mmol) and 

H2O2 (3 equiv) were added to the ferritin scaffold (1 mg; 2.5 μmol Fe) in acetonitrile and the 

reaction mixture was heated at 80 °C. The formation of quinone was indicated by a change in 

solution color to dark yellow. GC and GC-MS analysis of the reaction mixture showed that 

approximately 80% of the starting TMP was consumed, approximately 72% of which was 

converted to the desired product TMQ (see Appendix III; Figure C 7, Table 4.1). No TMQ 

was observed in control reactions omitting either H2O2 or the ferritin scaffold. ICP analysis 

revealed no iron in solution, suggesting that the reaction was catalyzed by the iron oxide 

nanoparticles present in the scaffold and not by iron salts leached out during the reaction. FT-

IR analysis showed the same spectra before and after completion of reaction, showing no 

gross change in protein secondary structure during the first cycle. There covered ferritin  
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Figure 4.5 Synthesis of Pd@apo-ferritin scaffold via demineralization of ferritin scaffold 

followed by encapsulation of Pd nanoparticles inside the core of apo-ferritin. The scaffolds 

were used for the oxidation of 1(a) 2, 3, 6-trimethylphenol and for the Suzuki-Miyaura cross-

coupling reaction. 2a (R=NH2, R'=H, X=I), 3a (R=OCH3, R'=H, X=Br, 4a (R=OCH3, 

R'=OCH3, X=Br). 

 

 

scaffold was then used as a catalyst for two more cycles, with no change in product yield 

(Table 4.1). In contrast, the attempted oxidation of TMP to TMQ using the native ferritin 

protein and H2O2 (in water at 80 °C), gave rise to < 10% of the expected amount of TMQ. 

GC-MS analysis revealed the formation of 2,2′,3,3′,5,5′-hexamethyl-[1,1′-biphenyl]-4,4′-diol 

as a side product, indicative of radical based C−C coupling (see Appendix III; Figure C 7).  

Furthermore, ferritin protein precipitated during the course of the reaction, indicating 

denaturation under the reaction conditions. Taken together, these data suggest that the cross-

linked macroporous ferritin scaffold is a true reusable heterogeneous catalyst for the synthesis 

of TMQ with several advantages. It allows the reaction to be carried out in acetonitrile and at 

a high temperature while retaining the structural integrity of the scaffold. 
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4.4.4 Catalytic Activity Pd@apo-ferritinScaffold for Suzuki−Miyaura Cross Coupling 

Reaction 

Similarly, the Pd@apo-ferritin scaffold was evaluated in the Suzuki-Miyaura cross-

coupling reaction of p-substituted iodoaniline and phenylboronic acid in water (Figure 4.4), a 

process known to be catalyzed by other Pd nanoparticles.
7
 Incubation of iodoaniline (2a) with 

phenylboronic acid in water containing the Pd@apo-ferritin scaffold (1.17 μmol Pd, 0.007 

mol % of Pd nanoparticle relative to (2a) at 75 °C overnight gave rise to the product amino-

biphenyl (2b) in 87% yield. As in the case of the native ferritin scaffolds, neither leaching of 

Pd nor a change in the secondary structure of the ferritin coat protein was observed, and at 

least two addition cycles of catalysis could be performed without change (Table 4.1). As 

expected, TEM of the scaffold after the reaction showed no agglomeration of the Pd 

nanoparticles (see Appendix III; Figure C.8), which would otherwise occur if they were not 

shielded by the cage protein. The Suzuki-Miyaura cross-coupling reaction was also extended 

to the substituted anilines 3a and 4a with similar product yields (Figure 4.5). 

 

Table 4.1 Oxidation and Suzuki-Miyaura cross coupling reaction with ferritin and 

Pd@apo-ferritin
‡
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

†Yield was calculated based on % conversion. 
‡
For entry 1-3 Ferritin scaffold was used while 

for entry 4-8 Pd@apo-ferritin scaffold was used. 

 

Entry Reactant Product Cycle Conversion 

   (%) 

Yield
† 

(%) 

1 1a 1b 1
st
 79 72 

2 1a 1b 2
nd

 79 70 

3 1a 1b 3
rd

 75 70 

4 2a 2b 1
st
 78 87 

5 2a 2b 2
nd

 74 83 

6 2a 2b 3
rd

 72 83 

7 3a 3b 1
st
 75 81 

8 4a 4b 1
st
 71 80 
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4.4.5 Macroporous Scaffold for Continuous Flow Synthesis 

 

 In the pharmaceutical and fine chemicals industries, process intensification through 

conversion of traditional batch processes to continuous flow operation is receiving significant 

attention.
29

 As in many flow processes, we anticipated that our ferritin-based gels would 

allow enhanced heat and mass transfer, due to the hydrodynamics of flow through the random 

pore structure without significant back pressure restrictions, a consequence of the high 

porosity of the gel microstructure. To test this, oxidation of colorless TMB to its one-electron 

oxidized blue product was performed in the presence of H2O2,
30

 using the ferritin scaffold 

immobilized inside a glass capillary, as shown in Appendix III; Figure C 9. The reactant was 

passed through the capillary at different flow rates using a syringe pump. The pressure drop 

across the capillary was a modest ≈ 0.0039 atm for a monolith of 1 cm length. The reaction 

progress was monitored by visually tracking the color change. For the scaffold having >90% 

porous flow volume, the reaction was seen to proceed even for a residence time of 5.5 s. We 

were able to carry out these transformations for several hours in continuous flow mode 

without change in catalyst activity or scaffold structure.  

Having established that our ferritin gel monoliths can combine the advantages of 

continuous flow operation with low pressure drops, we employed Pd@apo-ferritin gels for an 

industrially important organic transformation, the continuous flow hydrogenation of alkenes 

(Figure 4.6). Using the H
3 

system (Thales Nano Ltd.) at 30 °C and 29 bar pressure (see 

Appendix III, Figure C 10) three substrates were hydrogenated as shown in Table 4.2 were 

characterised by 
1
H NMR (see Appendix III; Figure C 11-13). The use of 60 mg of monolith 

allowed the quantitative hydrogenation of 80 mg of each substrate in 50 mL methanol (flow 

rate 0.2 mL min
-1

), representing approximately 12195 turnovers of substrate per Pd 

nanoparticles (calculation shown in the section 4.2.2.9). 

For cinnamyl alcohol (Table 4.2, entry 2), the yield of the reaction remained 

unchanged (99%) for an additional 15 reaction cycles. Continuous flow transfer 

hydrogenation with palladium nanoparticle loaded microreactor monolithic glass/polymer 

composite has been demonstrated previously.
31

 However, upon progression of the reaction 

the Pd nanoparticles leached out and the rate of leaching was dependent on the polarity of the 

solvent and acidity. However, I have demonstrated that Pd nanoparticles inside the Pd@apo-

ferritin scaffold does not leach out under demanding reaction conditions and 15 catalytic 

cycles of hydrogenation, without any loss of reactivity.  
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Figure 4.6 Schematic representation for the continuous flow hydrogenation reaction of 

different substrates with immobilized Pd@apoferritin scaffold using H
3
 system (Thales Nano 

Ltd) 

 

Table 4.2 Hydrogenation of Alkenes Using Pd@apo-ferritin under Continuous Flow 

Reactions 

 

Entry Olefins Alkanes Yield     

(%) 

1 CH2=CHCONH2 CH3CH2CONH2 99 

2 PhCH=CHCH2OH Ph(CH2)3OH 99 

3 CH2=CH(CH2)7OH CH3(CH2)8OH 99 
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4.5 CONCLUSION 

 

In summary, I have demonstrated the synthesis of large (centimeter-sized) self 

standing macroporous scaffold monoliths from ferritin bionanoparticles. The monolith allows  

easy replacement of iron oxide nanoparticles with other catalytically active late transition 

metal nanoparticles such as Pd, facilitating the catalysis of several organic transformations 

both in batch and continuous mode. This demonstration illustrates several practical 

advantages to solution-phase nanoparticle-based catalysis, including (i) synthesis and metal-

swapping procedures performed without the need for tedious chromatographic purification; 

(ii) high stability of encapsulated metal nano-particles against leaching under the reaction 

conditions, enabling to use in continuous flow configuration. The methodology for monolith 

preparation is general and should allow the synthesis of macroporous scaffolds from polymer 

coated metal nanoparticles as well, although it will be interesting to see what differences may 

emerge when the component particles are not as monodisperse as the protein nanocages used 

here. 
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Chapter 5 

 

Soft Colloidal Macroporous Scaffolds by Ice 

Templating Method 

 

 

 

In this chapter, the preparation of a macroporous monolith, formed by crosslinking polymer-

coated colloids during ice templating is described. This process results in the formation of 

monoliths with remarkable ability to recover after large compressive strains.  Hybrid silica 

scaffolds, predominantly comprising colloidal particles (up to 90% by weight of inorganic) 

can be rendered elastic and, can recover their structure completely after compression to 15% 

of their original size. The link for videos provided in this chapter provides evidence for the 

elastic mechanical properties of these novel materials, that starkly contrast the brittle 

response observed for materials such as pumice or polystyrene foam. The mechanical 

response of the monoliths is also qualitatively independent of polymer type, molecular weight 

and even crosslinking chemistry.   

 

 

Part of the work discussed in this chapter has been published in 

 “Soft Colloidal Scaffolds Capable of Elastic Recovery after Large Compressive Strains” R. 

Rajamanickam⊥, S. Kumari⊥, D. Kumar, S. Ghosh, J. C. Kim, G. Tae, S. Sen Gupta, G. 

Kumaraswamy, Chemistry of Materials, 2014, 26, 5161 (⊥equal authorship). 
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5.1 Introduction 

 

Macroporous materials, both natural and man-made, are ubiquitous,
1
 because cellular 

structure affords the advantage of combining low densities with desirable mechanical, 

electrical, and thermal properties. Porous materials have been prepared from a wide variety of 

starting materials, such as polymers, inorganics, and metals.
1 

Assembling colloidal particles 

into
 

macroporous monoliths
2 

offers the exciting possibility of creating multifunctional 

assemblies that leverage the rapid advances made in particle synthesis. Such porous scaffolds 

have the potential to open the door for applications of particle-based scaffolds in 

technologically demanding areas ranging from aerospace
3 

to electronic materials and from 

sensors to biomedical implants. However, the utility of porous materials prepared from 

inorganic or glassy colloids is greatly restricted by their brittleness:
 1, 4

 such macroporous 

materials fail abruptly at low strains. For example, monolith scaffolds of bonded inorganic 

particles, such as macroporous pumice or mesoporous aerogels,
4 

fail abruptly when subjected 

to strains on the order of a few percent. Scaffolds of bonded glassy polymer particles, such as 

macroporous polystyrene foams, exhibit a plastic response beyond small strains. Recently, 

there has been exciting progress made in the design of ultralight micro-structured porous 

scaffolds that render them elastic to large compressive strains.
5
 However, the sophisticated 

fabrication techniques that are required to create such scaffolds are unsuitable for the 

preparation of scaffolds from colloidal starting materials. Flexible hybrid composites can be 

created by combining hard colloids with soft organic components. For example, flexible 

foams can be prepared from polymer nanocomposites
6
 that contain inorganic nanoparticles 

dispersed in a soft polymer matrix; however, these foams turn brittle when the filler loading 

exceeds a modest threshold (≈5 wt %).  

A general route to the preparation of macroscopic scaffolds by dynamic templating of 

surfactant hexagonal phase (H1) domains was reported by Sharma et. al.
2
 We extended this 

methodology to develop a one pot strategy for synthesis of hierarchically porous materials 

using surface functionalized mesoporous silica particles. In these hierarchically porous 

materials, we demonstrated independent control over nanoparticle mesoporosity and scaffold 

macroporosity.
2 

In addition, we extended the surfactant templating technique for the synthesis 

of large (centimeter-sized) self-standing macroporous scaffold monoliths from ferritin 

bionanoparticles, as shown in the previous chapter.
9
 However, macroporous monoliths 

prepared by dynamic templating of surfactant H1 phase by hard, inorganic or glassy colloids 

are brittle in nature and, this severely restricts their applications. 



Chapter 5: Soft Colloidal Macroporous Scaffolds by Ice Templating Method 

 

Ph.D. Thesis, AcSIR, June 2015  118 
 

 

 

Figure 5.1 One pot synthesis proceeds via MSN synthesis using structure directing agents 

(SDA); followed by dynamic templating to assemble the MSN particles into a macroporous 

scaffold. (A) SEM of the freestanding scaffold after surfactant removal (inset: photograph of 

a scaffold monolith; the bar represents 1 cm). (B) TEM of a section of the scaffold.  

 

Mechanical failure of colloidal assemblies is governed by the nature of interparticle 

linkages. Therefore, strategies to overcome brittle failure of colloidal assemblies have 

focused on modification of interparticle linkages. For example, silicate aerogels have been 

rendered elastic by covalent organic modification
7 

to strengthen interparticle links or by the 

use
 

of trifunctional alkoxysilanes
8 

in the sol-gel process. Elastic
 

single-layer thick 

nanoparticle membranes that rely on linkages
 
through organic capping molecules

9
 have been 

reported. However, three-dimensional assemblies of such nanoparticles show a plastic 

response.
10

 Flexible aerogels prepared by decorating networks of cellulose fibers with cobalt-

ferrite nanoparticles synthesized in situ have also been recently reported.
11

 However, this 

technique might not be generalizable to other nanoparticle systems. Therefore, a general 

strategy that can be used to organize a variety of colloidal starting materials into macroscopic 

porous assemblies that can recover from large compressions remains elusive at this time. 

Here, we demonstrate a route to the preparation of large, centimeter-size porous 

monoliths, primarily comprising rigid colloidal particles that are capable of elastic recovery 

after compression to nearly one-tenth their original size. This remarkable mechanical  
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response results from a special micro-structure that is developed in the hybrid colloidal 

scaffold while cross-linking the minority polymeric component during icetemplating.
12  

Large, centimeter-size cellular monoliths can be prepared using a variety of colloids and 

using different crosslinking chemistries. 

The interparticle linkages that characterize this monolith microstructure result in an 

entropic mechanism that characterizes the elastic recovery, in qualitative contrast with 

previous reports of macroscopic colloidal assemblies. Our understanding of the 

microstructural underpinnings of the colloidal scaffold’s elastic properties allows us to extend 

this strategy to a variety of colloids, using different polymers and even different cross-linking 

chemistries. 

 

5.2 Experimental Section  

 

5.2.1 Materials 

N-(3-(Dimethylamino) propyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCl) 98%, 

polyethylenimine (25 kDa), polyethylenimine (2 kDa) and poly (ethylene glycol) diglycidyl 

ether (Mn = 500) were used as received from Sigma-Aldrich. One micrometer “angstrom 

sphere” silica particles were obtained from Richen Industry Limited, Hong Kong.  

Fluorescent PS latex particles (PS-Fluo-Red; Ex = 530 nm, Em = 518 nm) and monodisperse 

300 nm silica particles were obtained from Microparticles GmbH, Germany, and were used 

as received. Glutaraldehyde, calcium nitrate tetrahydrate (Ca(NO3)2.4H2O), Ludox
TM

 

particles (26 nm silica particles) were obtained as an aqueous dispersion from Sigma-Aldrich 

and were used as received. We have previously reported detailed characterization of these 

particles.
13

 Zeta potential for 1 µm silica and 1 µm polystyrene particles before and after 

amine coating has been given in the Appendix IV; Figure D1 (a-d). Ammonium hydrogen 

phosphate ((NH4)2HPO4), and 30% ammonia solution in water were received from Merck 

and used without further purification. All the other chemicals and solvents were purchased 

from Merck India. 
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5.2.2 Synthetic Methods 

 

5.2.2.1 Synthesis of 10% silica scaffolds:  

Typically, 60 mg of 1 μm silica particles was dispersed in 530 μL of water by 

sonication and vortexing for 15 min (corresponding to a concentration of ϕ =10% w/v). Then, 

to this aqueous dispersion was added 3 mg (30 μL of 100 mg mL
−1 

stock solution) of PEI (25 

kDa), and the mixture was vortexed for 10 min. PEI adsorbs on the silica surface, and 

literature reports indicate a typical maximum coverage of ≈1 mg m
−2

 (corresponding to a 

condensed layer of polymer, approximately 1 nm thick, on the silica surface). On the basis of 

this estimate, 3 mg of PEI added to the 60 mg of 1 μm silica particles represents 

approximately a 15-fold excess over monolayer coverage. To this was added 4 mg (40 μL of 

100 mg mL
−1 

stock solution) of poly(ethylene glycol) diglycidyl ether, and then the sample 

was frozen at approximately −10 °C for 24 h. The particle concentration in the overall 

composite is ≈10 wt % of the volume of water. After 24 h, the scaffold was removed from the 

refrigerator and allowed to warm to room temperature. Finally, the scaffold was washed 

multiple times, with excess water, to remove unreacted polymer and poly(ethyleneglycol) 

diglycidyl ether cross-linker. 

 

5.2.2.2 Synthesis of 20% silica scaffolds:  

To 120 mg of 1 µm silica particles dispersed in 460 µL of water, 6 mg (60 µL stock 

solution) PEI (25 kDa) was added and vortexed for 10 min. To this, 8 mg (80 µL stock 

solution) of poly(ethyleneglycol) diglycidyl ether was added and then the sample was frozen 

at -10 
o
C for 24 h. Then the scaffold was taken out from refrigerator and allowed to reach the 

room temperature. Finally, the scaffold was washed multiple times with excess water to 

remove unreacted polymer and poly(ethyleneglycol) diglycidyl ether.  

 

5.2.2.3 Synthesis of 30% silica scaffolds:  

To 120 mg of 1 µm silica particles dispersed in 260 µL of water, 6 mg (60 µL stock 

solution) PEI (25 kDa) was added and vortexed for 10 minutes. To this, 8 mg (80 µL stock 

solution) of poly(ethyleneglycol) diglycidyl ether was added and then the sample was frozen 

at -10 
o
C for 24 h. Finally the scaffold was removed and washed with excessive water to 

remove unreacted polymer and poly(ethyleneglycol) diglycidyl ether.  
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5.2.2.4 Synthesis of 10% fluorescent polystyrene scaffold:  

To 10% (by weight) dispersion of 1 µm fluorescently labeled PS latex particles in 

aqueous medium was added 3 mg PEI (25 kDa) and was vortexed for 10 minutes to coat the 

particles with PEI. To this, 4 mg (40 µL stock solution) of poly(ethyleneglycol) diglycidyl 

ether was added and then the sample was frozen at -10 
o
C for 24 h. Then the scaffold was 

removed from refrigerator and allowed to reach the room temperature. Finally the scaffold 

was washed with excessive water to remove unreacted polymer and poly(ethyleneglycol) 

diglycidyl ether. 

 

5.2.2.5 Synthesis of scaffold from 300nm silica:  

To 60 mg of 10% (by weight) aqueous dispersion of 300 nm silica particles was 

added 3 mg PEI (25 kDa) and vortexed for 15 min. To this 4 mg of poly(ethyleneglycol) 

diglycidyl ether was added and vortex it to homogenize the sample and immediately frozen at 

-10 
o
C for 24 h. After 24 h, the scaffold was removed from refrigerator and allowed to reach 

the room temperature. Finally the scaffold was washed with excessive water to remove 

unreacted polymer and poly(ethyleneglycol) diglycidyl ether. 

 

5.2.2.6 Synthesis of 10% silica scaffolds from Ludox TM (26 nm silica nanoparticles) 

using poly(ethyleneglycol) diglycidyl ether as a crosslinker:  

Typically, to a 10% (by weight) dispersion of nanoparticles was added 10 mg PEI (25 

kDa) and was vortexed for 10 minutes to coat the particles with PEI. To this, 5 mg (50 µL 

stock solution) of poly(ethyleneglycol) diglycidyl ether was added and then the sample was 

frozen at -10 
o
C for 24 h. Then the scaffold was removed from refrigerator and allowed to 

reach the room temperature. Finally the scaffold was washed with excessive water to remove 

unreacted poly(ethyleneglycol) diglycidyl ether. 

 

5.2.2.7 Synthesis of hydrophobised scaffold:  

A scaffold prepared from a 10% dispersion of 1 µm silica particles with PEI and 

poly(ethyleneglycol) diglycidyl ether crosslinker, was dried in a vacuum oven at 80 
o
C for 24 

h. Then this scaffold was incubated with 10 mL of dry THF.  To this solution 50 µL of 

triethyl amine and 220 µL of dodecanoyl chloride was added in presence of argon 

atmosphere and stirred for 24 h at room temperature. After 24 h, the scaffold was washed 4-5 

times with THF. 
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5.2.2.8 Synthesis of scaffold by variation of crosslinker concentration:  

To a 10% (by weight) dispersion of silica nanoparticles was added 10 mg PEI (25 

kDa) and was vortexed for 10 minutes to coat the particles with PEI. To this, 5 mg (50 µL of 

100 mg/mL stock solution) of glutaraldehyde was added and then the sample was frozen at    

-10 
o
C for 24 h. Then the scaffold was removed from refrigerator and allowed to warm to 

room temperature. Subsequently, sodium cyanoborohydride was added to the gel to reduce 

the imine groups formed upon crosslinking of PEI and glutaraldehyde. Finally the scaffold 

was washed with excessive water to remove unreacted glutaraldehyde and sodium 

cyanoborohydride to afford a self-standing scaffold. 

 

5.2.2.9 Control experiment:  

No monolith scaffold was formed in control experiments where an aqueous PEI 

solution at the same concentration was ice templated, in the absence of colloidal particles.  

We also performed control experiments where no crosslinker was used during scaffold 

preparation. Again, no scaffold was observed to form, on thawing. 

 

5.2.2.10 Preparation of patchy particles on glass slide:  

Glass slide was first cleaned by treatment with piranha solution and then subsequently 

coated with 1% PEI solution 25 kDa. This PEI coated glass slide was incubated with a very 

dilute solution of PEI (25 kDa) coated 1 µm silica particles for few seconds and then frozen 

at -10 
o
C. PEI-coated particles that settled onto the PEI-coated glass slide were allowed to 

crosslink in the presence of ice. After 24 h, glass slide was removed and used for further 

characterization. 

 

 

5.3 Analytical and Characterization methods 

 

Scaffolds were imaged using a Quanta 200 3D scanning electron microscope (SEM) 

and FE-SEM (Hitachi S-4200). An LSM 710 Carl Zeiss laser scanning confocal microscope 

(LSCM) was used to image the fluorescent samples. We used a He−Ne laser (543 nm) and an 

argon-ion laser (488 and 514 nm) for our experiments. Thermogravimetric analysis (TGA) of 

the silica nanoparticles was carried out using a TA Instruments SDT Q600 analyzer between 

30 and 800 °C in air (flow 50 mL min
−1

) at a heating rate of 10 °C min
−1

. All samples were 

dried under vacuum at 80 °C overnight prior to TGA runs. 



Chapter 5: Soft Colloidal Macroporous Scaffolds by Ice Templating Method 

 

Ph.D. Thesis, AcSIR, June 2015  123 
 

 Rheological measurements were made using a TA-ARES controlled strain rheometer 

equipped with a normal force transducer. All measurements were repeated several times to 

confirm the irreproducibility. Ice-templated monoliths were prepared as 8.4 mm cylinders for 

compression and oscillatory shear measurements. All tests were performed using roughened 

parallel plates to prevent slippage of the sample. Measurements were done on wet scaffolds at 

room temperature (25 °C). Compression measurements to determine the increase in normal 

force with compression were performed using a force-gap test in the transient mode. Nominal  

compression stress was calculated on the basis of the original cylinder diameter (8.4 mm). 

We also performed frequency sweep measurements in dynamic mode on the monoliths 

(frequency range 1 to 100 rad s
−1

; strain amplitude of 0.25%, sample loaded with normal 

force = 1 g). Variable temperature measurements were performed using an ARES forced 

convection oven. We used a 25 mm bottom plate and excess solvent to prevent evaporation of 

the scaffold during the measurement. Scaffolds were always checked at the end of the 

measurement to ensure that they were still solvent-swollen.  

Compression stress-strain measurements were also performed on a TA Instruments 

DMA (RSA-III). We used the cylindrical compression geometry to perform tests at various 

compression rates on the 8.4 mm monoliths. Compression rates of 0.006 to 0.04 mm s
−1 

were 

used. Data obtained from the DMA were quantitatively similar to those from the ARES. 

Therefore, here, we report data obtained using the ARES. 

 

Procedure for estimation of porosity and density:  

A wet cylindrical scaffold of known radius, r, and height, h, is taken and the volume 

calculated as V = r
2
h. The mass of this scaffold is determined as mw. The scaffold is then 

dried completely in a vacuum oven and is then weighed to determine the scaffold weight, ms.  

The volume of water present in the wet scaffold is then determined as Vw = (mw – ms)/, 

where  is the density of water   (= 10
3
 kg.m

-3
).  The void fraction of the scaffold is estimated 

as Vw/V.  The bulk density of the scaffold is estimated as 
*
 = ms/V.   
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5.4 Results and Discussion  

 

5.4.1 Structural characterization of monolithic scaffolds 

 

Macroporous monolith were prepared by ice-templating
12

 an aqueous dispersion 

containing 10% (weight/volume) of 1 m silica particles and 0.5% (weight/volume) of  

 

 

 

Figure 5.2 Schematic of the ice-templating process. (a) Colloidal particles are dispersed in an 

aqueous solution containing a cross-linkable polymer, polyethylene imine (PEI; indicated in 

red) and a telechelic diepoxide cross-linker (indicated in blue). (b) Immediately after addition 

of the polymer and cross-linker, the dispersion is frozen. (c) Polymer-coated particles, excess 

polymer, and cross-linker are expelled by the growing ice domains (depicted in light blue) 

and aggregate where these domains impinge. Crosslinking of the PEI proceeds in the frozen 

matrix and yields a free standing scaffold on thawing. Large monolith scaffolds that are 

several centimeters in size can be readily prepared (d, inset). (d) SEM reveals the internal 

structure of freeze-dried scaffolds prepared using 1 μm silica colloids. (e) At higher 

magnification, SEM reveals that the cellular monolith is characterized by an open-pore 

structure with colloids packed together to form the walls. 
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polyethyleneimine (PEI, of molecular weight 25 000 g/mol) and a telechelic diepoxide 

crosslinker. In the ice templating process, an aqueous dispersion is frozen such that the 

growing ice crystals exclude particles and polymers and, consolidate them into the walls of a 

cellular solid (Figure 5.2a-c). After freezing, the PEI in the hybrid particle-polymer network 

was crosslinked in the frozen state (viz. at -18 
o
C), over about a day. A self-standing monolith 

scaffold was recovered by extensively washing with water after the completion of 

crosslinking. Several factors affect the amine epoxy cross-linking reaction as has been 

described before.
14

 These include the amine concentration on the particle surface, the 

chemical identity and concentration of the epoxide in the cross-linker, and finally the reaction 

temperature and time. In the case of our monoliths, cross-linking of the organic takes place at 

-10 
o
C. We anticipate that the low temperature slows down the reaction rates by an order of 

magnitude. However, this is offset by an increase in local concentration of the cross-linking 

agent and amine as amine-coated particles and cross-linker are expelled from the ice crystals 

and concentrated at their boundaries. Thus, this protocol achieves a high degree of cross-

linking between the particles. 

The monolith is characterized by a TGA weight loss ≈ 10% (Figure 5.3), pore volume 

≈ 0.9 cc/cc, and bulk density, ρ* ≈ 0.13 g/cc. SEM reveals a foam-like network with 

interconnected pores (average size ≈ 75 µm), having walls comprising primarily of colloidal 

silica particles (Figure 5.2d, e). The monolith is destroyed by immersion in HF; silica 

particles dissolve to leave behind a highly viscous material indicative of cross-linked PEI.  In 

a control experiment, where we ice templating a 0.5% PEI/cross-linker solution in the 

absence of silica particles, we obtain a viscous material, and no monolith is formed (see 

section 5.2.2.9). Thus, monolith scaffolds are formed only when colloidal particles, PEI and 

cross-linker are ice-templated and, only when crosslinking proceeds in the frozen state.  

Scaffolds do not form in the absence of the particles or without crosslinking. 
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Figure 5.3 TGA of a scaffold prepared from1m silica particles and a control scaffold 

prepared using the same 1 m silica particles according to procedure 5.2.2.1 and 5.2.2.9. The 

organic content in the scaffold is obtained as the difference between the weight loss for the 

scaffold and that for the neat particles.  

 

5.4.2 Mechanical response of monolith to compression  

 

The water-swollen particulate monolith was compressed at room temperature to 

strains up to ε = 85% (Figure 5.4a-d) in a rheometer and is able to completely recover its 

original size when the strain is released. The monolith showed no signs of failure during 

compression: stress developed during compression did not decay on holding, and remained 

constant over tens of minutes. During compression, the water contained within the gel was 

squeezed out, as in a sponge. When the rheometer plates were retracted, the sample rapidly 

re-absorbed the water that had been squeezed out and recovered its original size (Figure 5.4 

a-d; for video see  

https://docs.google.com/file/d/0B-D_pJdxFtKjRENldTJwZWNRTTA/edit). Interestingly, 

there is no measurable change in the diameter of the cylindrical sample during the initial 

https://docs.google.com/file/d/0B-D_pJdxFtKjRENldTJwZWNRTTA/edit
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stages of compression (when reliable measurements of the sample dimensions could be 

obtained from photographs), viz. the Poisson ratio,  0.   

The ice-templated silica monolith recovers its original size after being subjected to 

compressive strains up to 85%. There is no significant compression set (viz. residual 

compression, relative to the original size, after separation of the rheometer plates), and no 

change in the mechanical response, over multiple compression cycles for compressive strains 

up to 85% (Figure 5.4 e). The stress increases linearly with compressive strain at low strain 

values and, the Young’s modulus, E* ≈ 24 000 Pa, is obtained as the slope of the stress-strain 

curve (Figure 5.4 d). Thus, this monolith gel is very soft when compared with typical porous 

materials from inorganic materials or glassy polymers that have moduli ~O (10
1
 – 10

3
 MPa). 

The softness of the particle scaffolds, even at such high particle loadings (≈ 90% by weight of 

inorganic in the walls), indicates that the modulus is not determined by the silica particles 

alone but arises from the colloid/polymer hybrid microstructure. The stress-strain curve is 

independent of the compression rate (for almost 7-fold variation in compression rates; see 

Appendix IV, Figure D2), indicating that the calculated Young’s modulus reflects the 

response of the colloidal network to deformation, rather than the hydrodynamic force 

required to squeeze water out of the monolith.  

We also obtain the shear modulus, G' ≈ 12 000 Pa (Figure 5.4 f), for the monolith 

from small amplitude oscillatory measurements and observe that it is only very weakly 

frequency dependent over 0.1 – 100 rad.s
-1

, as expected for a cross-linked network. Thus, the 

Poisson ratio, ν = E*/2G′–1 ≈ 0. This is in accordance with photographic measurements of 

sample dimensions, which indicate no change in the diameter of the cylindrical sample during 

the initial stages of compression. Low values of ν are not unusual
15

 for porous foams, since 

dimensional changes due to compression are accommodated by deformation of the cell walls.  

While these particulate scaffolds are robust to large compression, they fail readily at low 

tensile strain. Asymmetry of failure behavior to compressive and tensile loads is well known 

for a variety of materials: compressive loads suppress fracture while cracks propagate 

catastrophically under tensile loads.
1
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Figure 5.4 Compression of an ice-templated monolith of 1 µm silica colloids. When the 

water-swollen monolith (a) is compressed to 15% of its original size, (b) water in the pores is 

squeezed out. However, when the compressive stress is released, (c) the water is reabsorbed 

as the scaffold regains its original size. (d) Nominal stress (calculated as the normal force, N1, 

by the original cross-sectional area of the scaffold) as a function of nominal strain,Ɛ 

(calculated as the change in sample dimension in the compression axis, normalized by the 

original dimension), during compression of an ice-templated monolith of 1 µm silica colloids.  

The compression test is performed in a rheometer using roughened parallel plates to prevent 

slippage of the sample. Compression is performed at a rate ≈ 2.3 x 10
-2

 s
-1

, and the normal 

force (N1) measured in the rheometer is used to calculate the nominal stress. (e) The 

dimensions of the crosslinked colloidal silica gel along the compression axis during cyclic 

compression to 15% of its original size. We performed 6 compression cycles and note that the 

scaffold regains its original size after each cycle. (f) The solid shear modulus (G′) for the 

silica scaffold is approximately frequency independent over a range of 10
-1

 to 10
2
 rad.s

-1
 and 

is significantly higher than the loss modulus (G′′).   
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As the compressive strain is increased beyond a few percent, the stress-strain 

relationship becomes non-linear (Figure 5.4 d). At moderate strains (< 10%), beyond the 

initial linear region, there is a slower increase in stress with strain. However, at higher strains 

(> 50%), the stress rapidly increases on compression. The stress-strain curve shows hysteresis 

in the compression/expansion cycle, indicating loss of energy to dissipative processes. The 

extent of the hysteresis increases with the imposed compressive strain. For a compressive 

strain of 25%, the area of the hysteresis loop is about 30% of the area under the stress-strain 

curve during compression, and this fraction increases to about 40% for a compressive strain 

of 90%. Remarkably, there is no measurable compression set even when the sample is 

compressed to a strain of 85%. Even for ε = 90%, the scaffold largely recovers its size on 

releasing the compressive stress; however, at these high strains, there is a small compression 

set of about 6% immediately after the stress is released. However, if the monolith is stored in 

water for a few hours after compression to ε = 90%, we observe that it completely recovers 

its original size and there is no compression set. 

 

 

 

 

Figure 5.5 Confocal microscopy of scaffolds prepared from 1 µm fluorescent polystyrene 

colloidal latex, ice-templated with PEI and diepoxide cross-linker. We image the scaffold 

during compression and present data in a plane normal to the uniaxial compression axis. We 

observe that the pore structure does not change on increasing the compressive strain from (a) 

ε = 0 to (b) ε = 40%. 
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Confocal microscopy on a monolith prepared from fluorescent 1 m polystyrene latex 

(ϕ = 10% w/v) allows us to examine the change in the pore structure on uniaxial 

compression. This monolith too exhibits an elastic response to compression, similar to that 

prepared using silica colloids. We observe no significant change in the pore structure in a 

plane normal to the uniaxial compression axis for strains up to 40%. Thus, the confocal data 

indicates that uniaxial compression of the monolith along the z-axis does not result in a 

change in pore size in the xy plane, consistent with our measurement of  = 0 (Figure 5.5). 

Microscopic measurements could not be made beyond ε ≈ 50% as the pore walls collapsed. 

Thus, the steep increase in stress beyond ε ≈ 50% correlates with densification associated 

with pore wall collapse. Again, remarkably, the scaffolds recover elastically even after such 

large compressive strains (Figures 5.6). 

 

 

 

 

Figure 5.6 Photographs that show the compression of scaffold prepared by ice templating a 

10% w/v dispersion of 1 µm fluorescent polystyrene latex, with 25 kDa PEI and 

poly(ethyleneglycol) diglycidyl ether as the cross-linker. The photographs show (a) the initial 

state (b) the compressed state (strain = 85%) and (c) recovery on release of stress. (d) 

Frequency sweep for 1 µm fluorescent polystyrene scaffold.  We observe that G′= 11 124 Pa 

at  = 1 rad/s. (e) Confocal microscopy of scaffold prepared from 1 µm fluorescent 

polystyrene latex colloids from a  = 10% w/v dispersion. (f) Stress versus strain for 

compression test on the same scaffold. The elastic modulus, E* = 22 000 Pa, is obtained as 

the slope of the initial linear region in the loading curve of the stress-strain data. 
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Figure 5.7 SEM micrographs of 1 micron silica scaffolds prepared by ice templating (a) ϕ = 

10%, (b) ϕ = 20% and (c) ϕ = 30% w/v aqueous dispersions.  (d) Nominal stress-nominal 

strain data for scaffolds prepared from 1 µm silica colloids by varying the colloid fraction (ϕ 

= 10%, 30% and 40% weight/volume) in the original dispersion.  (e) Young’s modulus (E*) 

and solid modulus (G′) for scaffolds from 1 µm silica colloids scale linearly with the 

monolith foam bulk density, ρ*. 

 

Further insights are obtained by investigation of scaffolds with varying bulk density, 

ρ*, prepared from 1 µm silica colloidal dispersions at different ϕ (Figure 5.7). The average 

pore size of the scaffolds, d, decreases when higher volume fraction () dispersions of the 1 

m silica colloids are ice templated (Figure 5.7a-c). SEM micrographs of scaffolds prepared 

at different  indicates that d ~ 
-1 

(Figures 5.7a-c). Confocal microscopy and SEM of 

samples imaged along different directions confirm that the pores in our monoliths are not 

anisotropic. Thus, the average number density of pores is n ~ d
-3 

and since, nd
2
t ~ , we 

anticipate that the average wall thickness of the pores, t, is independent of the volume 

fraction of the ice templated dispersion, as confirmed by SEM data (see Appendix, Figure 

D3). The onset of rapid increase in stress happens at lower ε for higher ϕ; however, the  
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Figure 5.8 Photographs that show the compression and recovery of scaffolds prepared by ice 

templating (a-c) 10% (d-f) 20 % and (g-i) 30% w/v dispersions of 1 µm silica particles, with 

25 kDa PEI and poly(ethyleneglycol) diglycidyl ether as the cross-linker. 

For video V1, see: https://docs.google.com/file/d/0B-D_pJdxFtKjRVpLR1JBX3ViRVk/edit 

For video V2, see: https://docs.google.com/file/d/0B-D_pJdxFtKjelB2X1NMY3RITWc/edit 

 

monoliths exhibit elastic recovery from compressive strains of at least 50% (Figure 5.8) and 

videos (V1 and V2). For the ice-templated scaffolds, we observe that E* ~ ρ* and G′ ~ ρ* 

(Figure 5.7 e). We note that the ratio of colloidal silica, PEI and cross-linker is held constant 

as we vary ϕ; therefore, we anticipate that the density of the monolith walls, formed by 

consolidation of the starting materials during ice-templating, will be constant (ρw), 

independent of ϕ. Therefore, the scaling of the mechanical moduli that we observe can be 

written as E* ~ (ρ*/ρw) and G′ ~ (ρ*/ρw).   

 

 

5.4.3 Entropic origin of monolith mechanical response: 

 

Colloid monoliths exhibit elastic mechanical recovery only when swollen with 

solvent. However, dry scaffolds do not fracture when compressed. Rather, they deform 

plastically but are able to rapidly recover their original size on immersion insolvent.  

https://docs.google.com/file/d/0B-D_pJdxFtKjRVpLR1JBX3ViRVk/edit
https://docs.google.com/file/d/0B-D_pJdxFtKjelB2X1NMY3RITWc/edit
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Figure 5.9 Temperature dependence of Young’s modulus (E*) and solid shear modulus (G’) 

of solvated scaffolds prepared by ice-templating 1 m silica colloids.   

 

Remarkably, the monolith mechanical response is independent of the solvent used to 

swell the colloidal gel. This enabled us to make measurements G′ and E* for 1 μm silica 

monoliths (ϕ = 10%, PEI, diepoxide) over temperatures from −20 °C to +120 °C. Because we 

cannot use water as the solvent over this entire temperature range, we performed 

measurements between -20 °C and +30 °C using methanol-swollen monoliths, from 10 to    

70 °C in water and from 60 to 120 °C in DMSO. The same monolith was used for all 

experiments and was squeezed dry and resolvated (several times) to switch solvents. In 

qualitative contrast to the reported temperature dependence for inorganic and hybrid 

scaffolds,
1,16

 we observe an approximately linear increase in modulus with temperature over 

the entire 140 °C range of measurement (Figure 5.9). For temperatures above 120 °C, the 

scaffold exhibited discoloration, probably from oxidative degradation of the organic in the 

hybrid (despite performing measurements in a nitrogen atmosphere). Also, it was difficult to 

perform measurements at temperatures lower than -20 °C due to excessive condensation on 

the rheometer oven. Extrapolating the trends in moduli to lower temperatures suggests that 

the moduli vanish at temperatures near 200 K. We believe that such extrapolation is invalid 
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and that the mechanical properties of the scaffold might be governed by different physics at 

temperatures significantly lower than those of our experimental range.  

An increase in modulus with temperature is indicative of an entropic origin for 

mechanical response. Such behavior is well-known for polymericrubbers.
17

 In polymeric 

rubbers, the flexible polymer strands between cross-links can access a large number of 

conformational states. Macroscopic deformation of the rubber translates to a corresponding 

affine deformation of these network strands. Thus, deformation of the rubber changes the 

equilibrium end-to-end distance of the network strands. This generates a restoring force, 

because fewer conformations are available to the strands. A natural corollary of this is that 

the entropic restoring force increases when the rubber is deformed at higher temperatures. 

Therefore, one possibility is that the entropic elasticity that characterizes the mechanical 

response arises entirely from the cross-linked polymer in the hybrid. However, our 

experiments suggest that this is not the case. We observe that the modulus (G′) measured for 

the monolith is largely independent of the solvent that swells it. For example, for the scaffold 

prepared using 1 μm silica colloids (ϕ = 10%, PEI, diepoxide), G′ ≈12 000 Pa when the 

monolith is swollen in water or methanol (which are good solvents for PEI) or in acetone 

(which is a bad solvent for PEI). The ability of the monolith to recover elastically from large 

compression is also independent of the solvent. We have also made measurements on the 

same monolith in aqueous solutions at high ionic strength (see Appendix IV; Figure D.4), in 

acidic pH (Appendix IV; Figure D.5), and in basic pH (Appendix IV; Figure D.6), and we 

find that the mechanical response is quantitatively similar in all cases. This independence of 

the mechanical response to solvent quality for the polymer
18

 suggests that the response is 

characteristic of the hybrid colloid/polymer architecture of the monolith rather than being 

merely from the cross-linked PEI. Imaging the details of this microstructure is challenging. 

We used FE-SEM to observe the microstructure and interparticle connections in the scaffold. 

Our data (Figure 5.10) reveals that the particles in the scaffold are connected through a thin 

sheath that we believe is the cross-linked PEI.  
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Figure 5.10 (a) FE-SEM image of scaffold prepared from a  = 10% w/v dispersion of 1µm 

silica colloids. (b) Magnified section of the cross-linked scaffold showing interconnected 

particles.  

 

Entropic elasticity has also been observed for biological gels,
19 

where it results from 

thermal exploration of conformational phase space. Nanoparticle chain-like assemblies, 

formed by thermal decomposition of precursors, have also been reported to exhibit entropic 

elasticity
20

 based on electron microscopy studies. However, these studies were limited to 

TEM observations of small submicrometer chains, and although a polymer-like entropic 

origin for this elasticity was speculated, this was not established.  

We rationalize that cross linking while ice-templating results in a microstructure that 

allows several conformational micro-states for the particles comprising the walls. The 

presence of a solvent appears to be essential for thermalization, enabling exploration of this 

conformational space. Furthermore, conformational states in these monoliths must arise from 

relative motion between “bonded” colloids such that compression does not break the links 

connecting the particles, in contrast to brittle colloidal assemblies that fail when small strains 

break interparticle links (as indicated earlier). Direct observation of colloid dynamics within 

ice-templated scaffolds is rendered challenging by strong scattering. Therefore, to model the 

cross-linked particle/PEI hybrid structure, we suspend 1 μm silica colloids in an aqueous PEI 

solution and allow them to gravitationally settle onto a PEI-coated glass slide. This assembly 

is then frozen, after addition of the same diepoxide cross-linker (see section 5.2.2.10), and 

cross-linking is allowed to proceed in the frozen state. After a day of cross-linking, the  



Chapter 5: Soft Colloidal Macroporous Scaffolds by Ice Templating Method 

 

Ph.D. Thesis, AcSIR, June 2015  136 
 

 

 

Figure 5.11 Trajectory of motion for a single 1 μm silica colloid cross-linked through its PEI 

coating to a glass slide. The spatial extent of particle motion is indicated by the scale bar. The 

time axis (in seconds) is color-coded so that the punctuated dynamics of the colloidal particle 

is evident. 

 

system is thawed and washed so that the silica particles bonded to the glass slide can be 

investigated. We use a highly sensitive particle tracking technique
21

. To investigate in-plane 

motions of the bonded silica particles in an aqueous medium at room temperature. We 

observe significant center-of-mass motion over a large lateral area, on the order of several 

hundred nanometers (Figure 5.11). Interestingly, the colloids exhibit punctuated dynamics, 

viz., and the particle transitions between several spatial locations (“patches, characterized by 

size, S, and a finite residence time). The typical bonding stiffness associated with the colloid-

slide contact at each patch is estimated as κ = kBT/l
2 

≈ 0.5 μNm
-1

. These patches represent 

discrete spatially separated metastable states, and the punctuated dynamics represent the 

exploration of the energy landscape by the system in a discrete manner. We hypothesize that 

the microscopic origin of this patchiness relates to spatial heterogeneity in the polymeric 

mesh structure enveloping the colloids that develops on cross-linking during ice templating.  
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Particles hop between these patchy regions, without breaking any chemical bonds. Thus, the 

macroscopic hybrid manifests an entropic response and remains elastic to large deformations. 

In cross-linked monoliths, particles are multiply bonded within scaffold walls, and their 

motion is likely to be more restricted than on a glass slide. However, we believe qualitatively 

similar colloidal motions in the scaffold could give rise to compression of the walls, resulting 

in the linear scaling of modulus on bulk density as well as entropic elasticity. 

 

5.4.4 Elastic mechanical response of ice-templated monoliths is chemistry independent:  

Elastic recovery after large compression is observed for monoliths prepared for 

colloids with varying size and chemistry and, is independent both of the molecular  

 

 

Figure 5.12 Mechanical response of scaffolds (a and c) in shear and (b and d) in 

compression, prepared by ice-templating 10% w/v aqueous dispersions of silica particles.  In 

the top panels, we show data for scaffolds crosslinked with PEG-diepoxide and comprising 1 

micron silica particles/25 kDa PEI; 300 nm silica particles/25 kDa PEI and 1 micron silica 

particles/2 kDa PEI.  In the bottom panels, we show data for scaffolds comprising 26 nm 

Ludox
TM

 particles, 25 kDa PEI and crosslinked with either gluteraldehyde or PEG-diepoxide.  
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characteristics of the cross-linkable polymer and of the specific crosslinking chemistry. 

Macroporous hybrids prepared by ice-templating dispersions of 300 nm silica nanoparticles 

and PEI, and that are cross-linked with the PEG-diepoxide have essentially the same 

mechanical properties (Figure 5.12) as scaffolds prepared from 1 m particles, at the same .  

Scaffolds prepared from 26 nm silica nanoparticle/PEI dispersions using the same technique 

also yield monoliths that recover from compression. However, due to the high specific area of 

these nanoparticles, we observe that the elastic modulus is marginally higher than scaffolds 

from 1 m particles, and the compressive strain for complete recovery is lower ( 60%). 

Changing the molecular weight of the PEI used in preparing the macroporous network from 

25 000 g.mol
-1

 to 2 000 g.mol
-1

 also yields scaffolds with quantitatively identical mechanical 

response for equivalent scaffolds of 1 m silica colloids (Figure 5.12).  We have also 

substituted the PEG-diepoxide crosslinker with gluteraldehyde that forms a Schiff base with 

the primary amine groups on the PEI.  After crosslinking using gluteraldehyde during ice-

templating, the sample was thawed and NaBH4 was used to reduce the unstable imines 

formed by the amine-aldehyde coupling to amines. These water-swollen colloidal scaffolds 

too recovered from large compressive strains; however, gluteraldehyde cross-linking results 

in lower values of moduli (Figure 5.12).  

Remarkably, for ice-templated scaffolds that are rendered hydrophobic by chemical 

modification of residual amines from the PEI in the network walls, we observe recovery from 

compression in apolar solvents such as toluene, in a manner similar to the water-swollen 

networks (Figure 5.13). Thus, the elastic recovery of the monoliths is independent, even of 

the characteristics of the fluid used to swell the colloidal gel. Thus, the elastic response of the 

ice-templated and cross-linked monoliths appears to be inherent to the preparation protocol 

and is independent of the specific chemistry involved.  
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Figure 5.13 Photographs that show the compression of scaffold prepared by ice templating a 

10% w/v dispersion of 1 µm silica particles, with 25 kDa PEI and poly(ethyleneglycol) 

diglycidyl ether (PEG-diepoxide) as the crosslinker.  The scaffold is subsequently 

hydrophobized by chemical modification and the compression/recovery test is done in 

toluene. The photographs show (a) the initial state (b) the compressed state (strain = 85%) 

and (c) recovery on release of stress. (d) Frequency sweep for these scaffolds.  We observe 

that G′= 13700 Pa at  = 1 rad/s. (e) Stress versus strain for compression test on the same 

scaffold. The elastic modulus, E* = 28300 Pa, is obtained as the slope of the initial linear 

region of the stress-strain data.  

 

5.5 Conclusions 

 

 In summary, ice-templating a colloidal dispersion containing a small fraction of cross-

linkable polymer followed by cross-linking in the frozen state results in soft monoliths with a 

novel microstructure that allows the scaffolds to recover elastically
5
 from large compressive 

deformations. The microstructure within the colloidal walls enables relative motion between 

the colloids, creating several conformational states. Recovery happens through an entropic 

response to the deformation-induced restriction of accessible conformational states. This 

understanding allows us to create elastic scaffolds from a variety of starting materials, 

independent of specific chemistry. This opens a route to robust-to-compression “designer” 

monoliths based on functional colloids for applications in several technological areas. 

Furthermore, ice freezing during cross-linking could also have implications for the 

preparation of colloidal models for flexible polymer chains,
25

 and the monoliths could also  



Chapter 5: Soft Colloidal Macroporous Scaffolds by Ice Templating Method 

 

Ph.D. Thesis, AcSIR, June 2015  140 
 

serve as colloidal models for rubber. Combining such colloidal models with the power of 

confocal microscopy could yield exciting new insights into the structure, dynamics, and 

phase transitions of flexible polymer systems. 
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6.1 Summary and Conclusions 

 This dissertation describes the synthesis and characterization of various porous hybrid 

mesoporous and macroporous materials for their application in catalysis. It includes 

development of synthetic methodology for generation of novel functional mesoporous hybrid 

materials using “click chemistry” reactions such as “activated thiol-ene” and “CuAAC ”. This 

thesis also describes the synthesis of hybrid macroporous material using dynamic templating 

of surfactant H1 domains and ice templating method. The application of these porous hybrid 

materials as catalysts in continuous flow reaction has also been evaluated. This chapter 

presents the summary and conclusions of all the previous chapters. It also discusses the future 

scope based on the work reported in this thesis. 

 

Chapter 1 provides a brief review on the literature of porous organic inorganic hybrid 

materials including synthetic strategies for mesoporous and macroporous materials. This 

chapter discusses click chemistry based approaches for the synthesis of hybrid organic-

inorganic mesoporous materials by incorporation of functional organic groups onto porous 

materials using thiol-ene and Cu(I) catalyzed azide-alkyne cycloaddition. The top down and 

bottom up approaches for the synthesis of macroporous materials along with the application 

of porous organic-inorganic hybrid materials has been discussed in this chapter. The various 

analytical techniques used for the characterization of mesoporous and macroporous hybrid 

materials are also described. Finally, the motivation for the development of porous hybrid 

materials is discussed. 

 

Chapter 2 describes the synthesis of a methacrylate labeled SBA-15 material that undergoes 

very efficient “thiol-ene click reaction” with a variety of both thiol and disulphide containing 

substrates in aqueous and organic media. These materials were well characterized by using a 

variety of analytical techniques including SAXS, SEM, TEM, multinuclear (
13

C, 
29

Si) solid-

state NMR, BET analysis, TGA, ICP, cyclic voltammetry (CV), and confocal microscopy. 

For example, the incorporation of the organic functionality was confirmed by DRIFT-IR 

spectroscopy, where carbonyl stretching vibrations of methacrylate moiety shifted from 1700 

to 1720 cm
-1

. A highlight of the reaction was the use of disulphide containing substrates in 

which the disulphide bond was reduced to the corresponding thiol and subsequently added to 

the methacrylate group in “one-pot”. This “thiol-ene click reaction” was used to synthesize 

silica-protein hybrid material and an electrochemically active material. The ease of synthesis 
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for the methacrylate labeled SBA-15 material together with its ability to undergo very 

efficient chemoselective thiol-ene reaction would make it a very attractive platform for the 

development of covalently anchored enzymes and sensors. This methodology is general and 

can also be extended to the synthesis of other functional inorganic materials. 

 

Chapter 3 describes a peroxidase mimicking hybrid material in which small molecule 

peroxidase mimic Fe-TAML was chemically conjugated inside a 40 nm mesoporous silica 

nanoparticle (MSN). Biuret-modified Fe-TAML’s represent one of the best small molecule 

functional mimics of the enzyme HRP with reaction rates in water close to the native enzyme 

and operational stability (pH, ionic strength) far exceeding the natural enzyme. Using 

antibody conjugates of this hybrid material, it is possible to detect and most importantly 

quantify femtomolar quantities of proteins colorimetrically in an ELISA type assay. In a 

biomimetic approach, ~25 000 biuret modified Fe-TAML were attached inside MSN 

(possible because of the small size of the mimic). This resulted in a hybrid material with 

catalytic activity that is 1 000 folds higher than natural HRP and 100 folds higher than most 

metal/metal oxide nanoparticle based HRP mimics developed till date. This represents an 

example of one of the most effective peroxidase mimic which allows ultra-sensitive protein 

detection (fM and lower) and quantification using a colorimetric assay.  

 

Chapter 4 describes the synthesis of large (centimeter-sized) self-standing macroporous 

scaffold monoliths from ferritin bionanoparticles using dynamic templating of surfactant H1 

domains. These scaffolds represent the first example of macroscopic gels comprised 

predominantly of bionanoparticles. Such materials combine the advantages of cage-like 

nanoparticles (namely, the ability to sequester a variety of cargo in monodisperse protein 

cages), with those afforded by a highly porous three-dimensional architecture (that would 

facilitate access to the “cargo” in the nanocages, and allow easy transport of substrate and 

products). The catalytically active metal nanoparticles embedded inside macroporous three-

dimensional ferritin gel can be used for both batch and continuous flow chemistry. The 

presence of macropores allow the ferritin scaffold to act as catalytic monolith for continuous 

flow reactions having rapid reaction rates, while offering a low pressure drop. The iron oxide 

nanoparticles inside the scaffold were exchanged with Pd nanoparticles to afford Pd@apo-

ferritin scaffold. The Pd@apo-ferritin scaffold was immobilized inside a steel cartridge and 

used for the continuous flow hydrogenation of alkenes to alkane with a turnover number of 
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over 12 000 per Pd nanoparticle for each catalytic cycle. The catalytic activity remained 

unchanged for an additional 14 cycles for the hydrogenation reaction.   

 

Chapter 5 describes the synthesis of macroporous assemblies predominantly comprising 

colloidal particles (up to 90% by weight of inorganic) that can be rendered elastic and, 

recovers their structure completely after compression to 15% of their original size. These 

elastically compressible monoliths can be prepared starting from inorganic colloids, such as 

silica and hydroxyapatite and glassy polymer colloids, such as polystyrene lattices. The 

preparation technique is facile: an aqueous dispersion of colloids and a polymer, capable of 

coating the colloids, is frozen and the polymer is cross-linked in the frozen state. The ice 

crystals template particles and polymers which are subsequently organized into a 

macroporous material. Remarkably, the elastic mechanical properties are independent of the 

specific polymer used in this process and the crosslinking chemistry. Importantly, the route 

that we have outlined is not limited to a specific class of particles and thus appears to be 

generally applicable to a wide variety of materials. Therefore, materials prepared using this 

route is likely to have widespread utility in several applications ranging from aerospace to 

biomaterials. Further studies provided clear evidence for the mechanistic origin of the 

observed elasticity. The elastic modulus of the macroporous scaffolds increases 

approximately linearly with temperature, rather than decreasing as has been shown in all 

previous reports for inorganic or glassy scaffolds. This indicates that the elastic recovery 

from compression is entropic in origin. Such elastic scaffolds open a route to robust-to-

compression “designer” monoliths based on functional colloids for applications in several 

technological areas. 

 

 

6.2 Scope of future work  

The work described in the dissertation opens up several new opportunities. Some of them are 

listed below. 

 

1) Tissue engineering scaffold: 

 

Tissue engineering applications require the development of porous biomaterials that 

facilitate cell growth by matching the bulk mechanical and structural properties of the target 
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tissue. Mimicking these properties will enable interactions between the scaffolds and cells to 

promote tissue healing. Materials based on spider silk are non-immunogenic and 

cytocompatible, exhibit good mechanical properties, and are thus expected to be well-suited 

scaffolds for tissue engineering.  

In this dissertation, I have prepared macroporous scaffolds from an aqueous 

dispersion of colloidal particles with > 90 wt % that can recover elastically after compression 

to about one-tenth their original size.
 
Usually spider silk scaffolds are mechanically strong; 

the ice templating method will allow to generate soft and flexible macroporous scaffolds in 

the proposed research as shown in Figure 6.1. Silk-silica composite scaffolds will be prepared 

by ice templating of an aqueous dispersion of silk coated porous silica particles. MSN have 

well-defined silanol-containing surface properties that allow an easy functionalization for an 

effective combination with drugs or growth factors. 

Here, I propose to prepare composite scaffold materials made of spider silk proteins 

and porous inorganic nanoparticles that are bioactive and sponge-type with a three-

dimensional (3-D) macroporosity. The preparation of such scaffolds by ice-templating should 

lead to a soft spongy material containing > 90 wt% of inorganic particles with controllable 

pore sizes, pore interconnectivity, and the inherent biocompatible properties of silk, all of 

which are key requirements for soft-tissue engineering. Additionally, the high content of 

porous inorganic material (exemplary mesoporous silica) within a spider silk 3-D matrix 

could act as a reservoir for the encapsulation of bioactive molecules like growth factors. The 

aim is to facilitate cell adhesion, proliferation, and migration over a period of time which is 

the crucial requirement for the regeneration of tissues. Encapsulating the mesoporous 

nanoparticles within spider silk should effectively prolong the release of growth factors over 

weeks to months, providing a nano-carrier platform for a sustained release of growth factors. 

The biological activity of the scaffold will be investigated by analyzing the proliferation of 

cells on and within the spider silk-silica composite scaffolds. For application of these 

materials in tissue engineering, the cytotoxicity, cell proliferation rates and degradability of 

these scaffolds have to be studied in details.   

These composite scaffolds will have various attributes, including: (1) biocompatibility 

and good biodegradability, (2) lack of immunogenicity and allergenicity, (3) good 

mechanical properties, (4) adjusted porosities and morphologies for transportation of cells, 

gases, metabolites, nutrients and signal molecules both within the scaffold and into the 

scaffold from the local environment, (5) potential growth factors like IGF-1, bFGF, VEGF,  
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and EGF will be encapsulated inside MSN for proper cell proliferation and growth. 

Encapsulation of growth factors inside the MSN will also prevent their degradation. Scaffolds 

made of spider silk and MSN encapsulated growth factors will be studied for soft tissue 

regeneration.   

 

 

 

Figure 6.1. (a) Ice templating process for the preparation of a spider silk-silica composite 

scaffold (b) Properties of a hybrid scaffold based on silk and silica for biomedical 

applications. 

 

. 
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Appendix I 

 

 

 

 
 

Figure A 1. Nitrogen adsorption-desorption isotherms for various SBA-15 materials (inset) 

pore size distribution of these various materials 
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Figure A 2.  
13

C CP MAS NMR spectra of SBA- SR-2 and SBA-SR-3 
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Figure A 3. 
13

C CP MAS NMR spectra of SBA- SR-2 and SBA-SR-3
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Figure A 4. Mass spectrum of Biotin-NHS-Cystine 
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Figure B 1: 
1
H NMR spectrum of 3-azidopropyltriethoxysilane 
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Figure B 2: 
13

C NMR spectrum of 3-azidopropyltriethoxysilane 
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Figure B 3. Nitrogen adsorption-desorption isotherms for1-N3-MSN (inset shows pore size 

distribution) 
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Figure B 4. Nitrogen adsorption-desorption isotherms for 10-N3-MSN (inset shows pore size 

distribution) 
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Figure B 5. FT-IR spectra of (a) 1-N3-MSN and (b) 1-Fe-MSN: IR spectroscopy shows about 

98% decrease in the integrated intensity of νN3at 2100 cm
-1

.  
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Figure B 6. FT-IR spectra of (a) 10-N3-MSN and (b) 10-Fe-MSN: IR spectroscopy shows about 

80% decrease in the integrated intensity of νN3at 2100 cm
-1

.  
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Figure B 7. 
13

C CPMAS-NMR for 1-N3-MSN.NMR spectrum of 1-N3-MSN (a, black) showed 

three distinct peaks corresponding to the C1, C2 and C3 carbon atoms which is similar to three 

peaks present in azido-propyl silane (b, red) C1 (8.68 ppm), C2 (22 ppm), C3 (53 ppm). 
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Figure B 8. TGA for NH2-N3-MSN and maleimide-N3-MSN. 
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Table B. 1. Grafting density of functional moiety for 5-N3-MSN  

 

Sample Grafting Density 

(mmol/g) 

5-N3-MSN 0.51 

NH2-N3-MSN 1.04 

Maleimide-N3-MSN 0.45 
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Figure B 9. X-band EPR spectrum of 1-Fe-MSN Solid at 94 K 
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Figure B 10. Absorbance of the three different peaks (450, 650 and 900 nm) generated for TMB 

oxidation by 5-Fe-MSN and H2O2 at pH 6, 7.4 and 8.4. All the absorbance was measured after 

60 seconds of the reaction. Reaction condition: [TMB] = 3× 10
-4

 M, [H2O2] = 1.2 × 10
-4

 M, [5-

Fe-MSN] = 12.5 × 10
-14

, PBS buffer of 10mM (pH 6, 7.4 and 8.4). 
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Appendix III 

 

                 

 

 

 

 

Figure C1. (A) Scanning electron microscope image of ferritin scaffold (B) Pore size 

distribution of ferritin scaffold (average size 54.25 ± 0.338 µm was estimated using image J 

software)  
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Figure C 2. SEM and Confocal image of scaffold after demineralization 
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Figure C 3. SAXS data for dispersions of ferritin was obtained, after appropriately 

subtracting the background scattering.  We were unable to fit this data to a model for 

monodisperse spheres.  Introducing polydispersity to this model allowed us to significantly 

improve the quality of the fit – however, the polydispersity required to achieve this was very 

large (≈26%, with a mean particle radius of 3.4 nm).  As such a large polydispersity is 

inconsistent with our expectations for protein dispersion, we looked for alternate models.
1
 We 

attempted a core shell model for the protein dispersion, as follows: 

   [ (        )   (            )]
   

 

where, [ (        )]   
 

 
   

    ( 
                 

    
 ),    and    are the radii of the shell and 

the core, respectively and     and     represent the difference in electron densities between 

the shell and water, and between the core and water, respectively.   

Since there are a large number of fit parameters, we constrain the ratio of     to     

using data for the electron densities of water (0.27 e/A
3
), the protein coat of the ferritin

1
 (0.41 

e/A
3
) and the core (≈ 1 e/A

3
).  This yields a good fit to the data, with a core radius of 2.56 nm 

and a shell thickness of 2.79 nm (see Appendix III, Figure C-4). 

                                                           
1
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Figure C 4. We obtain an apparent structure factor, SA(q), by dividing the scattered intensity 

from the ferritin hydrogel scaffold, by that from the dilute ferritin dispersion.  As we do not 

have an accurate estimate of ferritin concentration in the scaffold, we focus only on the shape 

of SA(q), rather than quantitative values.  At low q (< around 0.02 A
-1

), we observe a power 

law decay in SA(q), that is fitted as A1q
-3.3

, where A1 is a constant.  This suggests that the 

surface of the hydrogel walls are not smooth, possibly due to the particulate nature of the 

ferritin, and can be described using a surface fractal.  At intermediate q, we observe a peak in 

SA(q), indicative of the aggregation of ferritin.  We model this using as interference function 

for dense packing, as follows: 

 

  ( )    [    ( )]
   

where, A2 is a constant, k is a packing factor, and     
              

    
, where d is the 

interparticle distance.  This yields a reasonable fit to the intermediate q range, and yields k = 

4 and d = 7.1 nm. 
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Figure C 5. EDX data for ferritin Scaffold 
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Figure C 6. EDX data for Pd@ apoferritin scaffold 
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Figure C7. GC-MS Data of various products 

 

 

(A) GC-MS Data of 2,3,6 Trimethyl 1,4 benzoquinone 

 

 

 

 

 

 

 

 

(B) GC-MS Data of  2,2',3,3',5,5'-hexamethyl-[1,1'-biphenyl]-4,4'-diol 
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(C) GC-MS Data of 4-methoxy-1,1'-biphenyl 

 

 

 

 

 

 (D) GC-MS Data of [1,1’-biphenyl]-4-amine 
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Figure C 8. TEM image of Pd@apoferritin scaffold after Suzuki - Miyaura coupling reaction   
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Continuous Flow for TMB (3, 3', 5, 5'-Tetramethylbenzidine) Oxidation Using Ferritin 

Scaffold 

 

 

(A) Set -Up for continuous flow  

(1) Syringe pump (2) Monometer (3) Capillary embedded with scaffold 

 

 

 

 

 

Figure C 9. (A) Set-up for continuous flow reaction (B) Before TMB oxidation reaction (C) 

Product formed after TMB  oxidation reaction (3, 3', 5, 5'-Tetramethylbenzidine diimine) 

 

A B 

(B) Before reaction                                  (C) After reaction 
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Figure C 10. Continuous flow hydrogenation set - up H
3
 system 

(1) Cartridge with Pd@apoferritin scaffold (2) heating unit (3) water reservoir (4) product 

collector 
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Figure C 11. 
1
H NMR of 1-(λ

2
 azanyl) propan-1-one 

 

 

 

 

 

 

Yield (99%); 
1
H NMR (200.13 MHz, CDCl3): δ 1.03-1.10 (t, 3H), 2.11-2.23 (m, 2H), 6.01-

6.32 (d, 2H) 
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Figure C 12. 
1
H NMR of 3-phenylpropan-1-ol 

 

 

 

 
 

 

 

Yield (99%); 
1
H NMR (200.13 MHz, CDCl3): δ 1.88-2.02 (m, 3H), 2.73-2.80 (t, 2H), 3.69-

3.75 (t, 2H), 7.24-7.39 (m, 5H) 
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Figure C 13. 
1
H NMR of undecan-1-ol 

 

 

 

 

Yield (99%); 
1
H NMR (200.13 MHz, CDCl3): δ 0.87-0.94 (t, 3H), 1.29 (s, 16H), 1.56-1.62 

(m, 2H), 1.78 (s, 1H), 3.62-3.69 (t, 2H) 
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Appendix IV 

 

 

 

Figure D.1 (a) Zeta potential for 1µm silica with peak at -71.1 mV. 

 

 

 

 

Figure D.1(b) Zeta potential for 1µm silica with 25kDa PEI coated showing peak at 38.1mV. 
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Figure D.1(c) Zeta potential for 1µm polystyrene particles with peak at -14.6mV. 

 

 

 

 

 

Figure D 1 (d) Zeta potential for 1µm polystyrene with 25kDa PEI coated showing peak at  

                      28.0mV. 
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Figure D 2.  Compression rate dependence of the compression test on scaffolds prepared 

using 1 µm silica colloids ice templated from a  = 10% w/v dispersion (with 25 kDa PEI and 

polyethylene-glycoldiglycidyl ether). The compression rates (in mm.s
-1

) are given in the 

legend. These measurements were made on a TA Instruments DMA (RSA-III) in the 

controlled rate mode. We calculate moduli during loading and unloading cycles, and varied 

the compression rate by about 7-fold. We note that there is no systematic trend for the moduli 

with compression rate. The average value of the modulus obtained during loading is 23 200 

Pa and that during unloading is 22 800 Pa. Therefore, there is no experimentally significant 

difference in the values of E* obtained for loading and unloading, and these compare well 

with that obtained using the TA Instruments ARES rheometer during loading (24 000 Pa).  

Therefore, in this work, all values reported are from loading curves on the scaffolds, 

performed using the TA ARES rheometer. 
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Figure D 3. SEM images of scaffolds prepared by ice templating (a) 10%, (b) 20% 

and (c) 30% w/v aqueous dispersions.   
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Figure D 4. Photographs that show the compression of scaffold prepared by ice templating a 

10% w/v dispersion of 1 µm silica particles, with 25 kDa PEI and polyethylene-

glycoldiglycidyl ether as the cross-linker. The compression/recovery test is done in 1 M NaCl 

solution. The photographs show (a) the initial state (b) the compressed state (strain = 85%) 

and (c) recovery on release of stress. (d) Frequency sweep for these scaffolds. We observe 

that G′= 12 198 Pa at  = 1 rad/s. (e) Stress versus strain for compression test on the same 

scaffold. The elastic modulus, E* = 21 071 Pa, is obtained as the slope of the initial linear 

region of the stress-strain data. 
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Figure D 5. Photographs that show the compression of scaffold prepared by ice templating a 

10% w/v dispersion of 1 µm silica particles, with 25 kDa PEI and polyethylene-

glycoldiglycidyl ether as the cross-linker. The compression/recovery test is done in water at 

pH = 4 solution. The photographs show (a) the initial state (b) the compressed state (strain = 

85%) and (c) recovery on release of stress. (d) Frequency sweep for these scaffolds. We 

observe that G′= 11 447 Pa at  = 1 rad/s (e) Stress versus strain for compression test (70%) 

on the same scaffold. The elastic modulus, E* = 18 220 Pa, is obtained as the slope of the 

initial linear region of the stress-strain data. 
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Figure D 6. Photographs that show the compression of scaffold prepared by ice templating a 

10% w/v dispersion of 1 µm silica particles, with 25 kDa PEI and polyethylene-

glycoldiglycidyl ether as the cross-linker. The compression/recovery test is done in water at 

pH = 10. The photographs show (a) the initial state (b) the compressed state (strain = 85%) 

and (c) recovery on release of stress. (d) Frequency sweep for these scaffolds. We observe 

that G′= 11 935 Pa at  = 1 rad/s. (e) Stress versus strain for compression test (70%) on the 

same scaffold. The elastic modulus, E* = 17 738 Pa, is obtained as the slope of the initial 

linear region of the stress-strain data. 
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