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ABSTRACT 
 

Protein therapeutics are promising candidates for disease treatment due to their high 

specificity and minimal adverse side effects; however, targeted protein delivery to specific sites 

has proven challenging. Mesoporous silica nanoparticles (MSN) have demonstrated to be ideal 

candidates for this application, given their high loading capacity, biocompatibility, and ability to 

protect host molecules from degradation. These materials exhibit tunable pore sizes, shapes and 

volumes, and surfaces which can be easily functionalized. This serves to control the movement 

of molecules in and out of the pores, thus entrapping guest molecules until a specific stimulus 

triggers release. The benefits of using MSN as protein therapeutic carriers will be covered, 

demonstrating that there is great diversity in the ways MSN can be used to service proteins. 

Methods for controlling the physical dimensions of pores via synthetic conditions, applications 

of therapeutic protein loaded MSN materials in cancer therapies, delivering protein loaded MSN 

materials to plant cells using biolistic methods, and common stimuli-responsive functionalities 

will be discussed. New and exciting strategies for controlled release of proteins will also be 

covered.  

         Mesoporous silica nanoparticles (MSN) with enlarged pores were prepared and 

characterized, and reversibly dissociated subunits of large protein molecules such Concanavalin 

A were entrapped in the mesopores, as shown by multiple biochemical and material 

characterizations. When loaded in the MSN, we demonstrated protein stability from proteases 

and, upon release, the subunits re-associated into active proteins. We have demonstrated a 

versatile and facile method to load homomeric proteins into MSN with potential applications in 

enhancing the delivery of large therapeutic proteins.  
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Similarly dissociated Yeast alcohol dehydrogenase (ADH) can be loaded into MSN and 

regain activity upon release. This shows our method can be extended to multi-subunit enzymes 

as well as proteins. 

          Adjacent lanthanides are among the most challenging elements to separate, to the extent 

that current separations materials would benefit from transformative improvement. Ordered 

mesoporous carbon (OMC) materials are excellent candidates, owing to their small mesh size 

and uniform morphology. Herein, two OMC materials were physisorbed with bis-(2-ethylhexyl) 

phosphoric acid (HDEHP) and the relationships between surface areas, pore sizes, and recovery 

performance were explored using a 152/154Eu radiotracer. The HDEHP-OMC materials displayed 

higher distribution coefficients and loading capacities than current state-of-the-art materials. 
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CHAPTER 1 GENERAL INTRODUCTION 
 

Dissertation organization 

The Trewyn group at Colorado School of Mines researches on the synthesis of 

multifunctional high surface area, and porous inorganic and organic materials. The research is 

applied in development for electrocatalysis, heterogeneous catalysis, drug delivery and 

controlled release of proteins. One of the areas of focus is synthesis and characterization of 

Mesoporous Silica Nanoparticles (MSN). This thesis focuses on loading and release of large 

therapeutic proteins using MSN as delivery vehicle.  

Chapter 2 in this dissertation focuses on literature review of benefits of using MSN for 

protein delivery. The review provides guidance on the synthesis of MSN, the importance of 

functionalization, pore morphology and pore size for controlled release of proteins. This chapter 

also covers applications of therapeutic protein loaded MSN materials in cancer therapies, 

delivering protein loaded MSN to plant cells using biolistic methods, and common stimuli-

responsive functionalities. This chapter has been published in the Biotechnology journal in 

December 2017. I was the first author, while Marisa Adams, who is currently a graduate student 

at Colorado School of Mines Department of Chemistry, was the co-author for the publication. 

Dr. Trewyn was the corresponding author. 

Chapter 3 and Chapter 4 include synthesis of pore expanded MSN and its potential to 

deliver large molecular weight active proteins. These chapters further include loading and release 

of multi-subunit proteins using MSN. Dissociation of large proteins, loading of subunits onto 

MSN followed by their release and reconstitution into active form has been covered. 
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Specifically, Chapter 3 has been published in ACS Langmuir Journal, where I was the first 

author. Dr. Trewyn was the corresponding author.  

Chapter 5 focuses on synthesis and characterization of ordered mesoporous carbon 

materials (OMC) using for f-element separations. HDEHP physisorbed OMC materials has 

confirmed their potential as solid-phase sorbents for f-element recovery and separation. This 

report suggests OMC-based materials have the ability to complete chromatographic, intragroup 

lanthanide separations and, in some instances, could perform better than state-of-the-art 

materials. 
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CHAPTER 2 CONTROLLED RELEASE AND INTRACELLULAR PROTEIN DELIVERY 
FROM MESOPOROUS SILICA NANOPARTICLES 

 

Modified from a paper published in 

Biotechnology Journal 

Gauri Deodhar, Marisa Adams, Brian Trewyn 

2.1. Abstract 

Protein therapeutics are promising candidates for disease treatment due to their high 

specificity and minimal adverse side effects; however, targeted protein delivery to specific sites 

has proven challenging. Mesoporous silica nanoparticles (MSN) have been demonstrated to be 

ideal candidates for this application, given their high loading capacity, biocompatibility, and 

ability to protect host molecules from degradation. These materials exhibit tunable pore sizes, 

shapes and volumes, and surfaces which can be easily functionalized. This serves to control the 

movement of molecules in and out of the pores, thus entrapping guest molecules until a specific 

stimulus triggers release. In this review, we will cover the benefits of using MSN as protein 

therapeutic carriers, demonstrating that there is great diversity in the ways MSN can be used to 

service proteins. Methods for controlling the physical dimensions of pores via synthetic 

conditions, applications of therapeutic protein loaded MSN materials in cancer therapies, 

delivering protein loaded MSN materials to plant cells using biolistic methods, and common 

stimuli-responsive functionalities will be discussed. New and exciting strategies for controlled 

release and manipulation of proteins are also covered in this review. While research in this area 

has advanced substantially, we conclude this review with future challenges to be tackled by the 

scientific community. 
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2.2. Introduction  

Within biological systems, proteins play key roles in the development, growth, and 

regulation of most metabolic systems in the human body.1 Consequently, protein therapeutics, 

such as those used in the treatment of diabetes type I and II provided by insulin, are extremely 

beneficial treatments.2 There are many advantages of protein therapeutics over traditional low 

molecular weight pharmaceuticals. For instance, proteins do not interfere with normal biological 

processes at the same frequency as small molecule drugs due to the high reaction specificity of 

proteins. Proteins also possess a high intracellular activity compared to low molecular weight 

drugs, making them prime candidates for disease treatment. In the case of diseases caused by 

gene mutation or deletion, protein therapeutics are safer than gene therapy because detrimental 

side effects like random and permanent genetic changes are rarely observed with protein 

therapy.3 In spite of all these advantages, effective delivery of proteins to target sites is a 

monumental challenge.3-4 Proteins are rapidly cleared from the body and chemically fragile, 

unable to survive high and low pH environments or denaturing enzymes (proteases). Ideally, 

proteins escape from the delivery vehicle during early stages of the endolysosomal pathway after 

the target cell internalizes the carrier. This prevents degradation by low pH and denaturing 

enzymes in the lysosomes.3-5 Transporting drugs and molecules through cell membranes has 

recently been the topic of a substantial amount of research in the area of drug delivery and 

controlled release. Several different types of drug carriers or “vehicles” have been developed and 

investigated for this task including polymers, liposomes, dendrimers, and inorganic 

nanoparticles. One of the main functions of delivery vehicles in these systems is to protect 

proteins from premature degradation in a biological environment.  Protein-loaded vehicles enter 

the cell through endocytosis, during which the protein-vehicle composite enters early 

endosomes, which become late endosomes. Late endosomes further mature into lysosomes to 
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form endolysomes, which are characterized by low pH. Degradation of the protein-vehicle 

composite typically occurs here if it is unable to escape from the endolysosomal entrapment. 

Once it escapes, it travels through the cytoplasm where the proteins are released from the vehicle 

to interact with its specific target.3-4, 6-11 One type of inorganic nanoparticle that has been 

successfully applied as a controlled-release drug delivery system for intracellular protein 

delivery is mesoporous silica nanoparticle (MSN) materials.4, 12 MSN materials are particularly 

useful in a wide range of biological applications due to their biocompatibility and 

biodegradability.13 The silicon oxide matrix is stable under biological conditions and consists of 

a hexagonal array of mesopores of various sizes. These pores are able to take on host molecules, 

sheltering them from the external environment until such time as unloading conditions are met 

(Section 2.4). This functionality has proven particularly useful in the delivery of small drug 

molecules.11 Alternatively, the hosts can take up permanent residence within the pores, making 

the particles catalytically active, as was demonstrated by Wu and coworkers.14 Small proteins 

with hydrodynamic diameters less than the pore size can also be loaded and delivered;15 

however, the delivery of large molecular weight proteins remains an ongoing challenge. In this 

review, we will cover the benefits of utilizing MSN materials for protein therapeutic delivery, the 

methods by which MSN can be synthesized to accommodate proteins, strategies for controlled 

release of proteins, and cover instances where MSN were successfully used to deliver proteins, 

DNA, and enzymes. 

2.3. Mesoporous silica nanoparticles: Ideal candidates for protein delivery  

Protein delivery has been explored using a wide variety of materials. In 2005, delivery of a 

cell membrane-impermeable protein, cytochrome c (Cyt c), using single-walled carbon 

nanotubes 
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Figure 2.1 Transmission electron micrograph of MCM-41-type MSN materials. The 
honeycomb-like structure of the nanoparticles is visualized with the parallel stripes (black arrow) 
and the hexagonally packed pores visualized as light dots (white arrow) 

 

was demonstrated by Kam et al. Though the protein-nanotube composite successfully entered the 

cells, as determined by confocal microscopy, they observed that it failed to escape the 

endolysosomes.16 Thus, the protein was not delivered into the cytoplasm. The same year, Song et 

al. reported the controlled release of proteins using SBA-15 under non-physiological acidic 

conditions. Although these conditions are not applicable for intracellular delivery, this study 

demonstrated the potential of these mesoporous materials for protein delivery.17 Mesoporous 

silica nanoparticle (MSN) materials are formed by condensation of silica around organic 

micelles, creating an ordered array of hexagonally arranged mesoporous channels with a 

spherical morphology as shown in Fig.2.1.11, 18-22 The resulting structure makes them ideal 

nanovehicles for protein delivery and release because of their high surface area (>800m2g-1), 

large pore volume (≈1cm3g-1) and tunable pore diameters (2–10nm), which allows for the 
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loading of substantial amounts of protein.11, 15, 21-27 Additionally, MSN materials possess a strong 

inorganic oxide framework that is biocompatible and protects the protein molecules entrapped 

inside the pores from exposure to harmful denaturation chemicals and conditions. They have the 

potential for substantial loading, zero premature release of proteins, and highly efficient cellular 

uptake.10, 28-29 Finally, MSNs are able to aid in effective endosomal escape due to the pH 

buffering properties naturally found on silica nanomaterials which destabilizes the endosomal 

membrane (the proton sponge effect).15, 20, 30-31  

2.4. Tuning the pore size, shape, and surface of MSNs 

 
Within the MSN family, the two most commonly used in protein delivery are SBA-15 

and MCM-41. SBA-15 materials are characterized by larger pore sizes (5–30 nm), allowing them 

to accommodate and deliver large, therapeutic molecules.32 However, the particle sizes of SBA-

15 are generally in the range of 800 nm to 2 µm, and small particle size (<200 nm) is required for 

efficient cellular uptake [11, 12]. These large particle sizes lead to some limitations of SBA-15, 

namely, large molecular diffusion and adsorption capacity. Therefore, to enhance the cellular 

delivery of large molecules, the development of small sized SBA-15 materials has become 

necessary.33 On the other hand, MCM-41-type MSN materials possess tunable pore sizes (2–10 

nm), with an average distribution centered at less than 5 nm. For the effective delivery of 

proteins in particular, special attention must be paid to the pore size. Indeed, depending on the 

size of the protein to be loaded, it can be necessary to enlarge the MCM-41 pores beyond what is 

achieved in basic synthesis. In order to understand how this control is accomplished, it is 

necessary to review the basic syntheses of MSN materials. Pore templates (frequently ionic, such 

as CTAB, or nonionic surfactants, such as the Pluronic family) self-assemble into micelles 

during the preparation of mesoporous silica materials, creating voids in the silica matrix. 
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Electrostatic interactions between the silicate species and ionic surfactants lead to the formation 

of the mesoporous structure of MCM-41. Hydrogen bonding between the surfactants for 

nonionic surfactants like triblock copolymers (Pluronics) and the silicate is considered to be the 

main driving force in the formation of mesoporous silica materials, such as SBA-15. For 

intracellular purposes, it is desirable to control the size of the MSN such that endocytosis 

remains viable. The synthetic process has a strong influence on the resulting MSN particles, pH 

in particular, allowing for fine control of particle size, etc.34 Additionally, alcohols with long 

alkyl chains have been shown to affect MSN particle size by altering the tetraalkylsilicate 

hydrolysis kinetics.35 The ratio of silica precursor to surfactant is also crucial for soft templated 

MSN, with ratios lower than 0.13 preventing the pores from extending through the entire 

particle.36 Trialkylbenzenes have also proven effective reagents in controlling particle size and 

morphology.37 Further summary of methods used to prepare MSN for biological applications has 

been presented in previously published works.38-39 In all these cases, ordered structures with 

closely packed cylindrical pores result from templating surfactant agents, which can be 

employed to direct the pore size of MSN materials. These include: hydrothermal treatment, salt 

incorporation, utilizing pore expanding agents like mesitylene, co-surfactants, or tuning the 

reaction temperature.11, 15, 32, 40  For example, when non-polar chemicals enter the hydrophobic 

cores of the pore-forming micelles, the pore size of the final MSN product has been shown to 

increase.33 Slowing et al. demonstrated the synthesis and characterization of MCM-41 with a 

large average pore diameter (5.4 nm) and reported that the MSN with large pores were able to 

host Cyt c, then release the protein under physiological conditions.15 This work was the first to 

demonstrate loading of a model protein into mesopores, in vitro cellular uptake, and intra-

cellular release of proteins from the MSN. 
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2.5. Pore expanding agents 

Pore expansion is crucial for the successful use of MSN in protein therapeutics. This was 

most notably demonstrated via the immobilization of lysozyme into pore expanded MSN (5.6 

nm) and conventional MSN (2.5 nm). After comparing the results, it was observed that pore 

expanded MSN materials had larger adsorption capacity (420 mg lysozyme g-1 MSN) than the 

conventional MSN materials (340 mg lysozyme g-1 MSN).41 These results indicated that the pore 

expanded MSN materials would make superior nanovehicles for proteins. There are a wide 

variety of agents that can be useful in expanding the pore size. Kao and Mou reported synthetic 

methods for pore expanded MSN materials using different alkanes (hexane, octane, decane, 

dodecane and hexadecane) as pore expanding agents in ethanol. Decane proved to be the most 

effective, yielding MSN materials with enlarged pores (5.6 nm) and well-ordered mesostructure. 

An alternate strategy for controlling the particle size, pore size, and pore structure is to tune the 

concentration of aqueous ammonia (NH4OH) in ethanol. This method generated multiple 

combinations of pore-expanded MSN.41 Gu et al. were able to synthesize large pore MSN (4.6 

nm) materials with particle diameter less than 150 nm using a pore size mediator DMHA (N, N-

dimethylhexadecylamine), the cationic surfactant CTAB (cetyltrimethylammonium bromide) 

acting as a templating agent, and the triblock copolymer Pluronic F127 as a particle growth 

inhibitor.42 One proposed mechanism of large pore MSN synthesis with tunable pore size is 

illustrated in Fig.2.2. Attractive hydrophobic forces hold the DMHA inside the cationic 

surfactant (CS) micelle, which self-assembles into an inverted cylindrical micelle. At the same 

time, well-ordered mesostructures are constructed under basic conditions. As illustrated in Fig. 2, 

the steady self-assembly of negatively charged silicates was observed and positively charged 

composite micelles of CS and DMHA led to well-ordered mesostructures. The pore size is 
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dependent on the amount of DMHA and the selection of CS. These large MSNs successfully 

delivered Cyt c into human cervical HeLa cancer cells.42  

 

Figure 2.2 Schematic illustration of the proposed synthetic mechanism for the monodispersed 
large-pore MSNs with tunable pore and controlled particle sizes where (A) shows the whole 
particle and (B) shows micelle expansion due to DMHA. Adapted and reproduced with 
permission from [42]. Copyright 2013, Elsevier 

 

Kim and coworkers synthesized MSN with enlarged pores by substituting CTAB with 

trioctylmethylammonium bromide (TOMAB), which acts as an auxiliary chemical for increasing 

the pore size from 2.6 nm to 17.4 nm. While micelle formation with the CTAB generates a 

nanoporous structure of silica nanoparticles, TOMAB molecules enter the interspaces of the 

micelles by means of ionic and hydrophobic interactions, causing micelles to enlarge due to 

outward expansion of the CTAB molecules. Cyt c was used as a model protein to investigate the 

feasibility of this system.43 TOMAB was also used by Lee et al. to achieve large pore (16 nm) 

MSN, which were used to deliver nerve growth factor into PC12 cells and showed sustained 
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release over a week. When these nerve growth factor loaded MSN were embedded within a 

collagen matrix, protein release was more sustained. The release pattern, however, remained 

constant with and without the collagen matrix. Successful delivery of the protein into cells was 

confirmed through the observed upregulation of growth-associated protein gene expression. 

When the cells were cultured directly in a nerve growth factor loaded MSN-collogen hydrogel 

matrix, they were stimulated to undergo neuritogenesis, indicating a potential utility for this 

material in tissue engineering.44  

2.6. Non-surfactant templates 

Pore expansion can be accomplished during MSN synthesis without surfactants. Gao and 

Zharov demonstrated a one-pot synthesis for MSN with large interconnected tunable mesopores 

using tannic acid (TA) acting as a non-surfactant template. Tannic acid is inexpensive and non-

toxic and TA-MSN materials had a high protein adsorption capacity of 77.1 mg for lysozyme 

(Lz) g-1 MSN, 397 mg for hemoglobin (BHb) g-1 MSN, and 130 mg for BSA g-1 MSN.45 Shin et 

al. demonstrated the synthesis of ultra-large pore MSNs from as-synthesized MSNs using 

divalent cation salts (Ca [NO3]2 ·  4H2O or Mg (NO3)2 ·  6H2O), which generated large mesopores 

(47.5 nm and 52.4 nm diameter, respectively) by selectively etching the silica. These were 

compared to calcined MSN (with a pore size of 3.5 nm) and it was observed that these ultra-large 

pore MSNs had superior absorption abilities for large proteins and antibodies such as bovine 

serum albumin (BSA) and immunoglobulin (IgG). Ca-MSN adsorbed 307 mg BSA g-1 MSN 

and 262 mg IgG g-1 MSN and Mg-MSN adsorbed 263 mg for BSA g-1 MSN and 115 mg for 

IgG g-1 MSN while calcined MSN adsorbed 250 mg for BSA and 162 mg for IgG g-1 MSN. In 

the case of IgG, it was found that Ca-MSN had a higher adsorption capacity than both Mg-MSN 

and calcined MSN.46    
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2.7. Non-spherical morphologies  

Frequently, MSN materials display a spherical morphology, but certain alterations to the 

synthetic conditions can enhance the morphology types available to include rods and sheets. 

Yang et al. demonstrated the synthesis of small SBA-15 rods (80–200 nm in length, 18 ± 8 nm in 

width) and large pore size (8.3 nm). Often, the size of the hydrophobic core of block copolymer 

templates dictate the pore size. In this system, the hydrophobic core is enlarged as a result of 

decreases in the protonation degree of the block copolymer as pH increases. Thus, controlling the 

pH range from 3.40–3.88 resulted in small SBA-15 rods with 8.3 nm diameter pores, which 

demonstrated large protein adsorption capacity towards BSA (438 mg g-1 MSN) and lysozyme 

(417 mg g-1 MSN) and improved cellular uptake performance compared to traditional SBA-15 

and MCM-41 silica materials.47 Hao et al. synthesized micrometer sized MCM-41 with ordered 

perpendicular nanochannels using water and petroleum ether co-solvents in the presence of 

CTAB acting as a template and TEOS as the silica source. The first step of synthesis was to form 

CTAB micelles in the water phase. This was followed by the addition of silica in a petroleum 

ether phase, which led to the formation of silica-coated micelles. These further self-assembled to 

form sheet-like structures with ordered pore channels at the water/oil interface. This material 

showed high loading capacity for bovine serum albumin (598 mg protein g-1 MCM-41) and a 

controllable, sustained protein release profile in which almost all protein was released at a pH of 

4.9 over 36 h.48 Using a soft-hard templating method, in which a carbon nanosphere serves as the 

hard template and CTAB as the soft template, Zhang et al. were able to create hollow MSNs with 

a rough surface that exhibited a high adsorption capacity of Cyt c. This was accomplished 

through the use of a carbon nanosphere core, which was double coated in mesoporous silica that 

was synthesized using CTAB as the pore template. The carbon core and surfactant were removed 
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via calcination and the adsorption capacities of the material depended on the pH of the solution, 

with a maximum absorbance of 260 mg Cyt c g-1 hollow MSN at a pH of 9.6. This is illustrated 

in Fig.2.3. This dropped to only 90 mg g-1 at a pH of 3.0, thus it was concluded that this material 

had a pH responsive release. In vitro tests with L02 cells showed minimal cytotoxicity.49  

A novel core-cone structure resembling the dahlia flower was successfully synthesized by Xu et 

al. These particles consisted of a spherical core with conical structures blooming off the surface. 

This unique morphology was created by synthesizing the materials in a chlorobenzene-water 

solvent emulsion using cetyltrimethylammonium chloride surfactant and triethanolamine base 

catalyst. Chlorobenzene diffused into the water phase with rapid, controlled stirring, generating 

closely packed silica lamellae encircling the core. This material exhibited a particle size of about 

200 nm, an ultra large pore size and volume (45 nm and 2.59 cm3g-1 MSN, respectively) and 

demonstrated the capacity to load two different high molecular weight proteins, IgG (150 kDa) 

and ß-galactosidase (119 kDa). A maximum of 560 mg IgG g-1 MSN and 190 mg ß-galactosidase 

g-1 MSN were loaded, and both retained their bioactivity upon delivery into mouse neuro-

blastoma cells.50  

 

Figure 2.3 Schematic representation of the formation of hollow MSNs (HMSNs) using both 
carbon nanosphere hard templating and CTAB soft templating methods. Adapted and reproduced 
with permission from [49]. Copyright 2015, Royal Society of Chemistry 



14 
 

2.8.  Surface functionalization of MSNs with stimuli-responsive tethers 

Once MSN materials have been successfully loaded with protein therapeutics, it is 

important to ensure that the release occurs in a controlled and directed manner. To this end, the 

pore surfaces of MSNs can be covalently modified (exterior and interior pore surfaces) with 

organic or inorganic groups, which serve as gating devices that can regulate the release of guest 

molecules with different external stimuli.40, 51 The removal of the gating device (cap) from the 

pores can be triggered either by an intracellular phenomenon, like enzymatic activity, or by 

external stimuli, such as a change in pH or temperature, ultra-sound, light, or an electromagnetic 

field. Additionally, in order to achieve cell or tissue specificity, the MSN surface can be 

decorated with cell directing moieties like peptides, antibodies or organic molecules. Recent 

studies on surface-functionalized MSNs have demonstrated controlled release of a variety of 

biogenic molecules like DNA, proteins, and pharmaceutical drugs.27, 52-53 In order to fine-tune the 

chemical properties of MSN, organic functionalization must be controlled. Generally, two well-

established methods, co-condensation and post-synthetic grafting, are applied. The external 

surface can be selectively functionalized via a post-synthetic grafting method.24, 54 Different 

factors such as temperature, reaction time, type of solvent, and type of organoalkoxysilane 

(OAS) precursor can all be used to control the properties of the grafted materials. However, this 

method often leads to heterogeneously distributed functional groups; achieving complete, 

uniform surface functionalization via post-synthesis grafting is challenging. Contrarily, an in-situ 

co-condensation synthesis method typically leads to homogeneous surface coverage and better 

control over the amount of OAS groups incorporated on the MSN surface. However, unlike the 

post-synthesis grafting, this method will not allow for selective functionalization of the external 
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surface. The independent functionalization of the exterior and/or interior surface of MSNs can be 

achieved by using a combination of both methods.40   

2.9. Magnetic and thermal stimuli responsive systems 

Vallet-Regí and coworkers were able to demonstrate the release of both proteins and small 

molecules in response to an alternating magnetic field and changes in temperature.55 Magnetic 

iron oxide nanocrystals were imbedded inside the silica matrix of MSN and the MSN surface 

was functionalized with the thermally responsive block copolymer poly(ethyleneimine)-b-

poly(N-isopropylacrylamide) (PEI/PNIPAM). The hydrodynamic size of NIPAM polymers is 

known to shrink or swell in response to temperature changes. This system has a dual purpose: to 

retain proteins in the polymer shell through hydrogen bonding and electrostatic interactions of 

the polymer chains and to act as a temperature-responsive gatekeeper for the drugs trapped inside 

the MSN framework. Branched polyethyleneimine (PEI) chains (MW≈10 kDa) were grafted to 

the end of each of the PNIPAM chains. The copolymer was then cross-linked using N, N′-

methylene-bis (acrylamide) (MBA), creating an extensive polymeric net-work that limited 

premature protein release via electrostatic interactions with entrapped proteins. When the 

temperature was maintained below the lower critical solution temperature (LCST), partial 

retention of macromolecules within the pores was achieved. As temperature increased above the 

LCST, the pores opened and a significant increase in protein release occurred due to polarity 

inversion (hydrophilic to hydrophobic transition) and three-dimensional polymeric changes in 

the network. Thus, the authors concluded that the phase transition of the polymer acted as the 

gatekeeper, allowing or preventing the release of macromolecules attached into the polymer 

branches.55 
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2.10. Photosensitive-responsive systems 

Huang et al. functionalized MSN materials using a reductively cleavable photoreactive 

disulfide phenylazide (SPA) linker. After functionalization of MSNs with SPA, phenyl azide was 

photolyzed into phenyl nitrene, which can react with biocompatible dextran polymers and 

proteins.28 The disulfide bridge present in SPA linker was cleaved upon exposure to glutathione 

(GSH) in the cytoplasm, thereby triggering the intracellular release of loaded proteins. The 

model protein, avidin, was success-fully loaded upon light irradiation and released when exposed 

to GSH, demonstrating the SPA-MSN to be an excellent nanocarrier. Liu and coworkers 

synthesized photo-degradable protein–polyelectrolyte complex (PPC)-coated MSNs to 

demonstrate co-release of proteins and model drugs such as rhodamine B.56 Random copolymers 

composed of oligo (ethylene glycol) monomethyl ether methacrylate (OEGMA) and 5-(2′-

(dimethylamino) ethoxy)-2-nitroben-zyl methacrylate (DENBMA) were synthesized, then 

anchored on MSN materials. The DENBMA included an o-nitrobenzyl containing monomer, 

which is unstable in the presence of light (330–420 nm). Further quaternary amination of tertiary 

amine moieties in DENBMA segments yielded positively charged polyelectrolyte P(OEGMA-

co-TENBMA), which interacted with BSA to form a decomposable protein-polyelectrolyte 

complex (PPC). The PPC exhibited photo-induced charge conversion characteristics; thus, when 

used as a capping agent for MSNs, UV irradiation of the resulting particles led to the co-release 

of BSA and rhodamine B due to electrostatic repulsion.56  

2.11. pH sensitive systems 

Effective drug delivery requires that guest molecules be released in the intracellular 

space. Thus, for high delivery efficiency, it is desirable to design MSN delivery vehicles that 

facilitate the protein release when stimulated by factors in the intracellular environments.15 That 
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is to say, to entrap proteins in the MSN pores and prevent premature protein release into the 

extracellular space. Park et al. demonstrated the synthesis of MSN with pore walls that convert 

from negatively to positively charged in endosomal environments. The surface of MSN was 

functionalized with citraconic amide, which has a pH responsive charge reversal property. At 

physiological pH, positively charged Cyt c can efficiently attach to the negatively charged 

citraconic amide functionalized MSN. Then, after endocytosis, the citraconic amide facilitates 

the protein release within the cells by responding to the intracellular endosomal pH.57 The 

surface of unfunctionalized MSN is composed of silicates and is negatively charged at neutral 

pH, thus positively charged objects such as lysozymes adsorb on both the external and interior 

pore surface of the nanochannels at physiological pH (7.4). Kao et al. devised a scheme to 

intentionally prevent this via opposing electrostatic interactions with site-selective surface 

functionalization, which allowed them to load lysozyme exclusively in the nanochannels.58 

Mesoporous silica nanoparticles were first functionalized with 3-aminopropyltriethoxysilane 

(APTES) such that the amines on the external surfaces became positively charged in a buffer 

solution at pH 3.2, giving the MSN surface a net positive charge. This caused a strong 

electrostatic repulsive force to be exerted on similarly charged lysozymes, leading to desorption 

from the aminopropyl-functionalized silica external surfaces. The isoelectric point of MSN can 

be tuned depending on the amount of APTES grafted, hence allowing for control of these 

electrostatic forces. It was observed that APTES could not perforate into the nanochannels of 

MSNs at low temperature (25°C) and therefore was only grafted on the external surfaces. As 

illustrated in Scheme 2, through electrostatic interactions or hydrogen bonding between peptides 

and MSN silanol groups (Si–OH), lysozymes inside or on the pore openings of MSNs were still 

adsorbed; the pore entrances of the MSN were not blocked by this post synthesis 
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functionalization method. The stability and activity of lysozyme immobilized in MSN of various 

pore sizes were studied and correlated to spectroscopic data. It was found that the confinement of 

lysozyme within 5.6 nm pores limited unfolding and hence increased the thermal stability of the 

protein. Additionally, this study showed superior catalytic activity by enzymes within the 

nanochannels as compared to those in the cytoplasm.58  

Alternatively, the MSN surface can be decorated with a pH responsive macromolecule that 

changes conformation in response to a decrease in pH, resulting in an opening of the pores. Gan 

et al. were able to generate this type of system using chitosan cross-linked by 

glycidoxypropyltrimethoxysilane. Dexamethasone was loaded into the pores, and then the 

particles were dispersed in a solution with 1% chitosan and cross-linking agent. The chitosan 

MSN showed superior dexamethasone loading to nonfunctionalized MSN (35 mg g-1 MSN vs. 

29 mg g-1 MSN). Bone morphogenetic protein-2 was incorporated into the chitosan network via 

stirring of the previously prepared nanoparticles in a solution containing the protein at a 1:5 

weight ratio. The chitosan-decorated particles again showed better loading than non-

functionalized MSN (248 µg g-1 MSN vs. 120 µg g-1 MSN, respectively). Uptake into rat bone 

marrow stromal cells was observed to occur in the first 4 h, thus the majority of bioactive protein 

was released into the extracellular space (over 80% released within 6 h). The released protein 

was able to bind to the cell surface and underwent endocytosis. When the pH dropped to 5.0–6.0, 

loaded dexamethasone was released from the uncapped pores. This dual-drug delivery system 

was shown to enhance osteoblast differentiation in vitro as well as bone formation in vivo.59 

2.12. Biolistic Method  

Biolistics is a technique of using a particle bombardment to deliver high-density particles 

coated with genomic material into cells. This technique is particularly useful for delivery into 
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plant cells since the particle in question is able to penetrate the cell wall. In 2012, Martin-

Ortigosa et al. reported the co-delivery of proteins and plasmid DNA to plant tissues (onion) 

using a biolistic particle delivery system based on a gold nanoparticle functionalized MSN (Au-

MSN) platform [60]. The Au-MSN materials were much denser than unfunctionalized MSN, 

allowing for MSN delivery into plant cells through the biolistic method. Fluorescently-labeled 

BSA and enhanced green fluorescent protein (eGFP) loaded Au-MSNs were coated with plasmid 

DNA and, passing through the plant cell wall upon bombardment, the in vitro uptake and release 

profiles were investigated. Au-MSN with large average pore diameters (10 nm) was shown to 

deliver and subsequently release proteins and plasmid DNA to the same cell.60 Later in 2014, the 

same team explored direct delivery of Cre recombinase protein into maize cells using MSN 

carriers.61 This study was of particular interest for genome editing since Cre recombinase can 

avoid DNA (transgene) integration into the genome and generate precise modifications without 

creating transgenic plants. The pores of gold-plated MSNs were loaded with Cre recombinase 

and delivered via the biolistic method to maize cells, which contained the loxP sites integrated 

into chromosomal DNA. Biochemical analysis of the resulting genome modifications was 

possible due to the successful delivery of the protein into plant cells. 

2.13. Applications 

Proteins have significant potential as therapeutic molecules; however, the size and/or 

charge of these macromolecules restrict cell membrane penetration, and once inside cells, the 

low pH environment in lysosomes easily degrades proteins. The biocompatibility, stability, and 

ability to undergo efficient endocytosis make MSN appealing protein carriers into cells. When 

proteins are sheltered in the pores of MSN, premature degradation of proteins within the 

biological environment can be minimized, and MSN materials with large pores have assisted in 
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the delivery of cell membrane impermeable proteins and polysaccharides.23, 62-63 The release of 

these cargos can be controlled, and if the system is properly designed, cargo release can be 

triggered remotely with nontoxic and penetrating stimuli like an alternating magnetic field. The 

synergic effect associated with chemotherapy and hyperthermia make MSNs promising 

candidates for oncology therapy.55 Below are several choice examples describing the potential of 

MSNs for therapeutic protein delivery. 

 

Figure 2.4 Schematic illustration of the immobilization of Cyt c-Lac4 into MSN-SH via redox-
sensitive smart bonds followed by its intracellular delivery into cancer cells. Adapted and 
reproduced with permission from [66]. Copyright 2014, American Chemical Society 

 

Mou and coworkers enhanced the transmembrane delivery of the key antioxidant enzyme 

Cu, Zn superoxide dismutase by embedding the protein in MSN. In this study, the superoxide 

dismutase was fused with human immunodeficiency virus 1 transactivator protein in E. coli 

using isopropyl ß-D-1 thiogalactopyranoside induction. This protein was then bound to MSN 

functionalized with both Ni-nitrilotriacetic acid and fluorescein isothiocyanate through a 

histidine tag. The protein was dissociated prior to delivery into HeLa cells and refolded upon 
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cellular uptake as determined via Western blot of the cell lysate. The enzyme was also found to 

be active within the cells.64 More recently, the same group was able to deliver superoxide 

dismutase and glutathione peroxidase at the same time using similarly functionalized MSN 

material. Dissociating the proteins prior to delivery into HeLa cells was found to increase the 

penetration efficiency and, once inside, both proteins were able to refold and regain their 

enzymatic activity. The transactivator protein conjugation leads to cellular uptake through a non-

endocytosis mechanism and escape from the endosomes, allowing the MSN material to line up 

along the cytoskeleton.65 Cyt c is an apoptosis-inducing, membrane impermeable protein that has 

been successfully delivered into HeLa cells by MSNs. Slowing et al. synthesized a MCM41-type 

MSN with a large pore diameter (5.4 nm), demonstrating MSNs can serve as efficient 

transmembrane carriers by escaping endosomal entrapment into the cytoplasm.15 Cyt c remained 

active even after its release from MSN and induced apoptosis in human cancer cells. Mendez et 

al. improved the use of MSN as a protein drug carrier by first covalently immobilizing the model 

protein carbonic anhydrase on a thiolated surface. In this system, protein discharge occurred 

under intracellular conditions through the cleavage of the redox-sensitive disulfide bond that 

linked the protein and MSN.53  

In 2013, Mendez et al. addressed the potential instability of Cyt c during encapsulation, 

storage and release. They generated a smart delivery system for intracellular drug delivery by 

covalently immobilizing Cyt c into MSNs. Cyt c was bio-conjugated with sulfosuccinimidyl-6- 

[3′-(2- pyridyldithio)-propionamido] hexanoate (SPDP) and covalently incorporated into SH-

functionalized MSN by a thiol–disulfide interchange reaction (Fig.2.4). Unfortunately, the study 

revealed that the delivery of Cyt c from the MSN was not sufficient for the induction of 

apoptosis in HeLa cells. They also carried out experiments to confirm whether glycosylation of 
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Cyt c could be useful in overcoming the efficacy problems. This improved the thermodynamic 

and kinetic stability of Cyt c and also reduced proteolytic degradation.66   

In order to take advantage of the low pH within lysosomes that accompanies endocytosis, 

aldehyde-displaying MSN materials (MSN-aldehyde) containing lysosome activated rhodamine-

lactams were implemented. An imine bond that formed between the aldehyde functionality and 

loaded proteins was cleaved by a drop in pH and thus considered a lysosome-responsive protein 

delivery system. Loaded proteins, like arginase and eGFP were internalized into HepG2, HeLa 

and L929 cancer cells. Arginase catalyzed the hydrolysis of L-arginine, which is an important 

amino acid for cell growth, and is used in enzyme replacement therapy for argininemia and 

cancer treatment. For this application, it is important that the arginase be delivered into cytosol. 

The eGFP allowed for tracking of the MSN-aldehyde particle in order to evaluate whether or not 

this system proved useful in this endeavor. Host cells experienced autophagy (self-destruction 

via delivery of cytoplasmic contents into lysosomes), indicating that the arginase was 

successfully translocated from lysosomes and retained its enzymatic activity.67 

Sullivan and coworkers investigated the incorporation of phosphate into the MSN matrix using 

dimethylphosphonatoethyltrimethoxysilane (DMPTMS) to form large pore phosphate 

mesoporous silica nanoparticles (PMSNs).68 Phosphates are biocompatible in nature, thus their 

incorporation into MSNs is advantageous. Additionally, as a result of the large pore size 

(11.6 nm) and high surface area, large quantities of model protein membrane impermeable BSA 

were immobilized by PMSNs. No apparent cytotoxic effects were observed as the PMSN 

particles were readily internalized, and the BSA retained its secondary structure at physiological 

pH. These results were confirmed by circular dichroism analysis. Large pore PMSNs were 

labeled with rhodamine and used to deliver BSA into HeLa cells. The confocal images clearly 
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showed the presence of BSA (green channel) inside the cell membrane, demonstrating particle 

transport of BSA across the cell membrane (control experiments with free BSA showed no 

protein uptake). Successful delivery was partially attributed to the overexpressed folic acid 

receptors on the HeLa cell surfaces, showing PMSNs have potential for targeted drug delivery in 

cancer treatment. 

2.14. Conclusions  

It is clear that MSN materials hold great promise as nanovehicles for intracellular 

delivery of therapeutic proteins. Their inorganic framework is robust, biocompatible, and able to 

undergo endocytosis into cells. Pore size can be tuned through an assortment of methods and the 

synthetic conditions can be altered to generate non-spherical morphologies if desired. This 

creates a variety of environments in which choice proteins can be sheltered from degradation in 

biological conditions. It is also possible to functionalize the MSN surface such that the pores are 

blocked after protein loading, allowing for controlled delivery. In spite of all this, there remains 

work to be done. Though the MSN pores can be expanded to accommodate larger host 

molecules, there still remains a size limit. Only small proteins can be successfully loaded, since 

larger ones do not fit in the pores. As such, it remains vital to find novel ways to address this 

issue. Additionally, it often is desirable to deliver therapeutic molecules orally; thus, the ability 

of MSN materials to protect their host molecules even in the stomach environment should be 

investigated. Along these lines, surface modifications that encourage intestinal absorption, facile 

transport in the blood, and tissue directly could be topics of further research. 
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CHAPTER 3 CONSERVED ACTIVITY OF RE-ASSOCIATED HOMOTETRAMERIC 
PROTEIN SUBUNITS RELEASED FROM MESOPOROUS SILICA NANOPARTICLES 

 

 Modified from a paper published in 

 ACS Langmuir 

Gauri Deodhar, Marisa Adams, Sutapa Joardar, Madhura Joglekar, Malcolm Davidson, William 
Smith, Maddie Mettler, Sydney Toler, Fiona Davis, Kim Williams, Brian Trewyn 

3.1. Abstract 

Mesoporous silica nanoparticles (MSN) with enlarged pores were prepared and 

characterized, and reversibly dissociated subunits of concanavalin A were entrapped in the 

mesopores, as shown by multiple biochemical and material characterizations. When loaded in the 

MSN, we demonstrated protein stability from proteases and, upon release, the subunits re-

associated into active proteins shown through mannose binding and o-phthalaldehyde 

fluorescence. We have demonstrated a versatile and facile method to load homomeric proteins 

into MSN with potential applications in enhancing the delivery of large therapeutic proteins. 

3.2. Introduction 

Within the human body, proteins perform numerous essential functions in the development, 

growth, and regulation of several key metabolic systems.1 Protein therapeutics exploit these 

functions in order to improve human health; i.e., certain diseases are treated directly through 

changes in the functions of intracellular proteins such as the use of insulin to treat diabetes I and 

II. When compared to small molecule drugs, protein therapeutics possess several major 

advantages. Proteins are highly specific, decreasing the probability of interference with normal 

biological processes, and have a high intracellular activity when compared with small molecule 

drugs. In cases where a gene mutation or deletion is responsible for causing a disease, protein 
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therapeutics are safer than gene therapy because side effects like random or permanent genetic 

changes are rarely observed.2 Still, the effective delivery of proteins to target sites poses a 

mammoth challenge. Proteins are rapidly cleared from the body and face degradation by low pH 

environments and certain enzymes, specifically within lysosomes. Once internalized by target 

cells, protein escape during early stages of the endolysosomal pathway is crucial.2-4 Hence, 

strategies to successfully deliver therapeutic proteins into their target cells with their activity still 

intact are essential. To this effect, nanovehicles have been extensively employed to transport and 

release proteins to intracellular targets.2, 5-12 Mesoporous silica nanoparticles (MSN) are able to 

not only carry more protein units than their nonporous counterparts, but if the protein is small 

enough to diffuse into the pores, it can also be sheltered from premature degradation in the 

biological environment.13 For example, cytochrome C, a small (12 kDa) membrane impermeable 

protein, has been successfully entrapped inside the pores of MSN and delivered into HeLa 

cells.14  A variety of other proteins have been immobilized in the pore network of MSN as well; 

however, those proteins are too large to fit into the pores (dimensions greater than the 4 nm pore 

size), only adsorbed onto the silica surface.15 This was demonstrated by Diaz and Balkus, who 

found that horseradish peroxidase was not immobilized into the pores of MCM-41 because its 

average spherical size of 4.6 nm was greater than the 4 nm pore diameter.16 On the particle 

surface, proteins would be exposed to harsh lysosomal conditions and degrade before achieving 

their intracellular therapeutic effect. Thus, delivering large molecular weight therapeutic proteins 

remains a challenge. Recently, research has focused on increasing the average pore size of MSN 

to accommodate larger proteins.17-23 Perhaps an equally intuitive solution is to make the large 

proteins small enough to fit into the MSN pores. For proteins with quaternary structure, this is 

not such a far-fetched proposition. Certain proteins, including ribonuclease, lysozyme, α-
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chymotrypsin, and β-lactoglobulin, can be reversibly dissociated through pH dependent 

mechanisms or upon exposure to a denaturant.24-28 In particular, aqueous solutions of 

concentrated urea have been shown to successfully dissociate proteins, such as αm-crystallin (a 

heteromeric protein found in the ocular lens) and pyruvate decarboxylase (a homotetrameric 

protein).24, 29 Upon dilution and a return to neutral pH, the urea diffuses out of the protein and 

allows the subunits to re-associate. This re-associated protein also regains its activity; hence, we 

can successfully make large proteins smaller. It should be noted that this is demonstrated on a 

homomeric protein and methods to dissociate, entrap, and release subunits from heteromeric 

proteins may be different. Herein, we use concanavalin A (Con A), a homotetrameric protein 

with a mass of 104 kDa, as a model therapeutic protein. Con A is a lectin, extracted from jack 

beans, that has been shown to possess a notable antihepatoma effect.30 The tetramers were 

dissociated into dimer and monomer units using a urea solution, and subsequently loaded into 

pore expanded MSN (PEMSN) pores. When released in appropriate physiological buffer, these 

subunits re-associated into their active form, thus demonstrating the utility of this method in the 

delivery of larger molecular weight proteins (Scheme 3.1).  

3.3.  Materials and methods 

3.3.1. Materials  

Concanavalin A (from jack beans), mesitylene, cetyltrimethylammonium bromide (CTAB), 98% 

tetraethyl orthosilicate (TEOS), 14.5 M NH4OH (28% w/w NH3), urea, and sodium acetate were 

purchased from Sigma-Aldrich and used as received.  

3.3.2. Pore Expanded MSN  

A solution of 2.08 mM cetyltrimethylammonium bromide (CTAB) in nanopure water (1 g of 

CTAB in 480 mL of nanopure water) was mixed with 3.5 mL of 2 M NaOH(aq) and 7.0 mL of 
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mesitylene. This mixture was stirred vigorously at 80 °C for 2 h before 5 mL of tetraethyl 

orthosilicate was added dropwise at approximately 1 mL min−1.  

 

 

 

Scheme 3.1 Illustration of the Dissociation, Loading of Con A Subunits into the Expanded Pores 
of MSN, Release, and Reassociation Process of Con A Tetramers 

 

The reaction was allowed to continue for another 2 h, and the resulting white precipitate 

was filtered, washed with abundant methanol, and dried for 12 h at 100 °C. Residual CTAB was 

removed via an acid extraction in which a suspension of 1g as-synthesized material was stirred at 

50 °C for 6 h in 100 mL of methanol with 0.75 mL of concentrated hydrochloric acid. The 

product was filtered again, rinsed with methanol, and dried under a vacuum for 12 h at room 

temperature. 
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3.3.3. Protein Dissociation, Loading, and Release 

Concanavalin A was dissociated and re-associated as reported previously [30]. 

Dissociation into dimer units was accomplished using 8 M urea in a sodium acetate buffer (2 μM 

protein in 20 mM buffer, pH 5.2, with 0.15 M NaCl, 1 mM Mn2+, and 1 mM Ca2+). This mixture 

was stirred at 25 °C with a constant pH of 4.8 for 18 h. The solution was then centrifuged, and 

the resulting pellet washed with phosphate buffer saline solution (10 mM with a pH of 7.4) and 

lyophilized. The dissociated protein was loaded into MSN by stirring the protein solution at a 

mass:volume ratio of 1:5 for 6 h at room temperature with PEMSN. Protein subunits were 

successfully released from the PEMSN, and the subunits were reconstituted by diluting the 

loaded particle solution with 10 mM PBS buffer at a pH of 7.4 until the concentration of urea 

was negligible. This solution was sampled every 4 h for 24 h, and the absorbance at 280 nm was 

measured. 

3.3.4. Fluorescence Studies  

Fluorescence measurements were recorded on a Horiba Jobin Yvon NanoLog using an 

excitation wavelength of 280 nm and a scanning range of 290−400 nm. The native protein was 

found to have an emission wavelength of 337 nm, while the dissociated protein emission peak 

was red-shifted to 352 nm. 

3.3.5. Gel Electrophoresis 

Gel electrophoresis was run in Tris buffer (pH 8) at 160 V for approximately 45 min 

using Bio Rad precast gels. The gel was soaked in Coomassie Brilliant Blue R250 staining 

solution for 2 h, then transferred to a 50:40:10 water methanol:acetic acid by volume destaining 

solution, and left overnight to visualize protein bands. 
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3.3.6. Activity Quantification of Released Con A  

The activity of re-associated Con A was tested, as has been previously reported.31-32 A 

Sephadex G-100 column with a 2 mL bed volume was equilibrated overnight with 20 mM 

sodium acetate buffer (pH 5.2 with 0.15 M NaCl, 1 mM Mn2+, and 1 mM Ca2+) and then loaded 

with a 1 mL aliquot of released protein (before and after the particles were exposed to pepsin). 

Unbound protein was collected within 2 min, and the bound protein was eluted using a 0.2 M 

glucose solution in the 20 mM sodium acetate buffer. The amount of protein in each fraction was 

quantified using an o-phthalaldehyde fluorescent method. 

3.3.7. Stöber Silica (Nonporous Silica Particles)  

Stöber silica was synthesized by measuring out 150 mL of ethanol and 50 mL of 14.5 M 

NH4OH (28% w/w NH3) in a 250 mL round-bottom flask. To this mixture, 12.5 mL of TEOS 

was added. The reaction mixture was stirred overnight at room temperature. Solutions were then 

centrifuged, washed with copious amounts of ethanol, and stored in ethanol. Silica particles were 

collected as needed for use and dried in a vacuum oven at 550 °C for 5 h. 

3.3.8. Nitrogen Physisorption Analysis  

Nitrogen adsorption−desorption measurements were carried out on a Micrometrics 

TriStar II surface area and porosity analyzer. Samples (60−100 mg) were dried under nitrogen at 

100 °C for 6 h before analysis. BET surface area, pore volume, and pore diameter measurements 

were recorded at −196 °C using nitrogen gas, and the BJH model was used to calculate pore 

volume and diameter values from the adsorption−desorption isotherms. 
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3.3.9. Small Angle X-ray Scattering  

Small angle X-ray scattering (SAXS) measurements were acquired using a PANalytical 

X-ray generator with a Cu target and an Anton-Paar SAXSess system, which is an updated 

model of the Kratky camera.33 The signal was acquired by exposing a phosphor image plate 

detector, which was digitized using a PerkinElmer Cyclone readout system and Anton-Parr 

SAXSquant software. The latter was used to perform the desmearing operation (15 iterations) to 

correct for the slit geometry of the SAXSess system and also to perform some particle size 

analyses. Data analysis was conducted on SAXSquant1D and the Irena SAXS package for Igor 

Pro.34 For absolute intensities (cross section per unit volume, cm−1), methods were developed to 

measure the transmission of the Cu Kα X-rays and thickness of each sample. Transmission 

values for samples were acquired on a Siemens D500 X-ray diffractometer using Cu Kα X-rays 

diffracted from a LaB6 standard. The attenuation of the (110) peak from the LaB6 was measured 

with and without the sample placed in the beam on the diffracted side. Samples were prepared by 

taking a finely divided and homogenized powder consisting of PEMSN and placing it on a 

commercial acetate adhesive tape. After mounting the sample film onto an aluminum plate with 

a 3 mm × 30 mm slot, excess powder was gently tapped from the holder assembly. Data 

processing was performed by extracting the corrected absolute intensity data with 

SAXSQuant1D. A density of 0.34 g·cm−3 was assigned to the PEMSN sample based on 

commercial data from Sigma-Aldrich. SAXS measurements were made on the commercial 

acetate tape (which exhibited some scattering, albeit much weaker than sample) and used to 

correct the intensity. 
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3.3.10. Batch Dynamic Light Scattering (DLS) 

A DAWN HELEOS II (Wyatt Technology Corporation, Santa Barbara, CA) was used for 

determination of diffusion coefficients in batch mode. The light scattering setup is equipped with 

a 60-mW laser with an emission wavelength of 658 nm. The DLS detector attachment was 

connected by replacing detector 8 at an angle of 61.1°. The sample compartment is kept at an 

operating temperature of 25.0 ± 0.2 °C. Native and dissociated Con A samples were prepared in 

10 mM PBS buffer and 8 M urea, respectively (as above), at a concentration of 2 μM in 5 mL. 

Re-associated Con A samples were prepared in reassociation buffer (as described) which was 

assumed to be both isorefractive and isoviscous with 10 mM PBS. Each sample was then passed 

through a 0.2 μm Nylon filter into a dust free scintillation vial. A 5 min batch mode DLS 

experiment was then performed for each sample. One correlation function per second is averaged 

over a collection interval of 5 s for a total of 60 independent measurements. For each 

measurement, the average correlation function is fit with an exponential decay using ASTRA 6.1 

analysis software to determine a translational diffusion coefficient. Solution refractive indices 

used in the fitting process were 1.330 for 10 mM PBS and 1.470 for 8 M urea. The mean 

hydrodynamic radius of the analytes (Rh) is then calculated from the translational diffusion 

coefficient (D) via the Stokes−Einstein equation for Brownian motion 

𝐷 =  𝑘B 𝑇6𝜋𝜂𝑅h 

where kB is the Boltzmann constant, η is the viscosity of the medium, and T is the temperature. 

The viscosities of 10 mM PBS and 8 M urea are 0.8945 and 1.5124 cP, respectively, at 25 °C. 
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3.4. Results and discussion 

3.4.1. Pore Expanded MSN  

To accommodate the 52 kDa protein dimer and 26 kDa protein monomer subunits formed 

from the dissociation of Con A, PEMSN was synthesized using mesitylene as a pore expanding 

agent.14   

 

Figure 3.1 a) Nitrogen sorption isotherm of PEMSN synthesized using mesitylene pore 
expanding agent using BET calculation, b) BJH pore size distribution of PEMSN showing two 
pore size distributions centered on 5.8 nm (major peak) and 15.9 nm (minor peak) 

 

Nitrogen sorption analysis shows a type IV isotherm with high surface area (726 m2 g−1) 

and a pore volume of 1.34 cm3 g−1. The double plateau shape of the isotherm is consistent with 

previously reported isotherms of PEMSN and is indicative of heterogeneous pore expansion.14 

Barrett−Joyner−Halenda (BJH) pore width distributions calculated from the desorption isotherm 

of nitrogen sorption data show a bimodal pore size distribution: a major peak at 5.8 nm and a 

minor peak at 15.9 nm, also consistent with previously reported materials13 Small angle X-ray 

scattering (SAXS) was used to further characterize the particles (Figure 3.2).  
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Figure 3.2 Diffraction peaks present in SAXS data acquired for MCM-41 prepared with (red) 
and without mesitylene (black) 

 

 

Figure 3.3 TEM images of the PEMSN. The right images are a magnification of the inset 
depicted on the box outlined in the image on the left. d (100) was measured by imageJ as 4.4 nm 

 

We observed diffraction from the (100) plane of hexagonally ordered pores common to 

MCM-41.35 The d (100) was measured to be 4.4 nm by TEM (Figure 3.3).  
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Figure 3.4 Dynamic light scattering measurement of particle size distribution of PEMSN 
suspended in 10mM PBS pH 7.4 showing an average size of 300 nm  

 

For MSN prepared with and without mesitylene, the magnitude of Q at the (100) peak 

yields an interplanar spacing of 7.3 and 13.5 nm, respectively.36 The particle size of the PEMSN 

was determined to be 300 ± 60 nm by dynamic light scattering (DLS) in a PBS suspension 

(Figure 3.4). 

  

 

Figure 3.5 Transmission electron micrographs of (a) pore-expanded MSN and (b) Con A subunit 
loaded PEMSN (protein stained with 2% uranyl acetate) 



41 
 

The characteristic TEM image shows the characteristic ordered hexagonal packing of the 

pore channels in PEMSN. Additional TEM images of protein loaded PEMSN before staining 

with uranyl acetate are located in the Supporting Information (Figure 3.6) 

 

 

Figure 3.6 TEM images of PEMSN before (a) and after (b) and Con A loading  

3.4.2. Protein Dissociation and Loading 

Protein dissociation was accomplished using 8 M urea in a sodium acetate buffer (2 μM 

protein in 20 mM buffer) and confirmed through fluorescence studies using an excitation 

wavelength of 280 nm.  

Dissociated protein shows a red shift from 337 nm to 352 nm. Re-associated Con A after 

diffusing out of the mesopores of MSN showing a blue shift from 352 nm back to the 337 nm 

characteristic of the native Con A (Figure 3.7). Fluorescence intensity of the re-associated Con A 

is very low because this sample was diluted until the urea concentration was negligible such that  
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Figure 3.7 Fluorescence measurements at an excitation wavelength of 280 nm of native Con A 
(dotted line), dissociated Con A (dashed line), and re-associated Con A (solid line) 

 

the protein concentration was 0.7 µM. Measurements were taken on samples that had not been 

exposed to pepsin. The native protein was found to have an emission wavelength (λmax) of 337 

nm, while the dissociated protein emission peak was red-shifted to 352 nm, which is consistent 

with previously reported fluorescence studies of Con A.26 Successful dissociation was also 

confirmed using gel electrophoresis. A band corresponding to the dimer unit was observed at ∼50 kDa vs the ∼100 kDa band from the native protein. These data fit well with the known 

masses of 52 and 104 kDa for the dimer and native protein, respectively (Figure 3.9). Batch DLS 

studies corroborate dissociation to dimer, with measured hydrodynamic radii (Rh) of 4.5 ± 0.6 

nm for native and 2.2 ± 0.3 nm for dissociated, in their respective buffers (Figure 3.8).  
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Figure 3.8 Con A size measurements from dynamic light scattering in respective buffers. The 
figures are a) correlation functions for native Con A (circles), dissociated Con A (squares), re-
associated Con a post pepsin digestion (diamonds), and re-associated Con A without exposure to 
pepsin (triangles) and b) dynamic light scattering size measurements for Con A showing 
dissociation and reassociation to approximate size of native protein  

 

The solid line represents data for native Con A, the alternating dots and dashed line for 

dissociated Con A, the dashed line for re-associated Con A, and the fine dotted line for 

reassociated Con A post pepsin digestion. For similarly sized particles the y-intercept, the initial 

ratio of scattering intensity, is proportional to the concentration of analytes, though not 

quantitatively, a decrease is shown for the post pepsin digest sample. Reassociation of subunits is 

also validated by batch DLS, as seen in Figure 8b, with Rh for the reassociated Con A of 4.7 ± 

0.5 and 4.8 ± 0.4 nm with and without the pepsin digestion procedure, respectively. 

Hydrodynamic sizes show no statistical difference between native and reassociated Con A. 

These values are in agreement with hydrodynamic sizes of tetrameric and dissociated Con A as 

reported in the literature.37  
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Figure 3.9 Gel electrophoresis of native, dissociated, and reassociated Con A released from 
PEMSN not exposed to pepsin 

 

The dissociated protein was stirred with the PEMSN at a mass:solution volume ratio of 

1:5 for 6 h at room temperature and then centrifuged. The pellet was washed with 10 mM PBS to 

remove weakly adsorbed protein subunits from the surface, and lypholized.  

 

 

Figure 3.10 Thermogravimetric analysis (TGA) of buffer loaded (dotted line) indicating a 39.8 
wt% loss and buffer with Con A loaded (solid line) PEMSN indicating a 42 wt% loss by 800℃ 
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The weight percent difference between the buffer loaded blank final mass and the 

protein loaded PEMSN final mass was taken to determine how many milligrams of protein were 

loaded per gram (22 mg g-1 PEMSN). The weight loss due to silanol condensation is accounted 

for in the blank. From this and the molecular weight of Con A (54,000 g/mol), a loading in 

micromoles protein per gram PEMSN can be determined (0.407 µmol/g PEMSN). This was then 

compared to the original concentration to which the particles were exposed to determine what 

percentage was loaded (50.9%). This was further verified using thermogravimetric analysis 

relative to a blank in which PEMSN was treated in the same manner without any protein (Figure 

3.10, calculation methodology is discussed), which indicated a loading of 0.4 μmol g−1 PEMSN 

(50.9% of the protein to which the PEMSN was exposed). In contrast, control experiments using 

nonporous Stöber silica particles (TEM, Figure 3.11) and MCM 41 with comparable surface area 

to the PEMSN showed only 6% of  the protein solution was adsorbed onto the surface of 

nonporous silica and 27.5% onto MCM-41 (Figure 3.12). 

 

 

Figure 3.11 TEM images of nonporous silica nanoparticles (Stöber process) 
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Figure 3.12 Thermogravimetric analysis (TGA) of nonporous silica (Stöber silica), Con A 
loading on nonporous silica nanoparticles, MCM-41 type mesoporous silica, and Con A loading 
onto MCM-41  

 

The weight loss before 200℃ is attributed to water loss/silanol condensation and 

accounted for in the blanks. Calculations were done as described in Figure 3.10.  These data 

show a loading of 6% onto nonporous silica and 27.5% onto the MCM-41. 

The low loading onto MCM-41 specifically suggests that the primary factor in achieving high 

protein loading is the expanded pore size of the PEMSN, not the surface area. That is to say, 

protein loading is more effective when the subunits have access to the pore volume through 

larger pore openings. To visualize the protein units, a 2% uranyl acetate negative staining 

solution was used. The uranyl cation binds biological material, specifically staining carboxylic 

acid and phosphate groups, which makes it an ideal stain for proteins and DNA in TEM 

imaging.38 Con A possesses several carboxylic acid containing residues, including aspartic acid 

residues coordinated to the Ca2+ and Mn2+ ions in the active site. Thus, the dark areas in the 
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PEMSN shown in Figure 6B can be attributed to protein ionically bound to UO2 2+.39 

Additionally, the spotting pattern indicates that the proteins are localized around the pores. 

  

 

Figure 3.13 TEM images of PEMSN without protein loading stained with uranyl acetate 

 

Staining of the bare PEMSN by the uranyl cation was not observed (Figure 3.13). To 

further illustrate the pores of the PEMSN protect the protein subunits from environmental 

factors, the loaded PEMSN were incubated in a 1:0.5 protein:pepsin solution for 1 h at 37 °C. 

Pepsin is a common digestive enzyme (protease) that breaks down exposed proteins into smaller 

peptides via hydrolysis of the amide bonds. Hence, decreases in pore volume relative to the 

unloaded MSN and darkened areas in the TEM can be attributed to protein subunits which were 

sheltered from pepsin digestion within the PEMSN pores. Nitrogen sorption analysis of these 

particles showed a small increase in pore volume (0.14 to 0.2 cm3 g−1) and surface area (53.7 to 

118 m2 g−1), suggesting most of the protein subunits remained in the pore framework (Figure 

3.14).  
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Figure 3.14 BET of a) PEMSN after loading Con A subunits and b) pore expanded, Con A 
loaded PEMSN after pepsin digestion.  

 

The pore volume (0.14cm3g-1 to 0.2cm3g-1) and surface area (53.7m2g-1 to 118m2g-1) are 

relatively unchanged between the two, which indicated Con A within the PEMSN pores were not 

digested by pepsin 

However, it should be noted that peptide fragments from digested protein would produce 

similar results. Therefore, the activity of protein released from the PEMSN that underwent 

digestion was tested and is addressed later. The TEM image (Figure 3.15) of protein subunit 

loaded PEMSN post pepsin exposure suggests protein persists within the pores. These data 

indicate that the protein subunits which were loaded into the PEMSN pores were protected from 

the pepsin digestion. Gel electrophoresis of the proteins unloaded from these digested particles 

showed clear bands corresponding to Con A dimers (data not shown), indicating that the proteins 

were additionally undamaged by the digestion. Thus, it can be concluded that dissociated protein 

was successfully loaded into the PEMSN pores.  
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Figure 3.15 Transmission electron micrographs of protein loaded PEMSN after pepsin digestion 
(protein stained with 2% uranyl acetate) 

 

3.4.3. Protein Release and Reassociation  

Protein subunits were released, and the proteins were reconstituted by suspending the 

protein subunit loaded PEMSN in a solution of 10 mM PBS, pH 7.4 buffer (1 mg of MSN:15 mL 

of buffer). This solution was sampled every 4 h for 24 h, and the absorbance at 280 nm was 

measured. After one full 24 h cycle, 60% of the protein successfully diffused from the mesopores 

(Figure 3.16).   
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Figure 3.16 Protein release profile of Con A at pH 7.4 in PBS buffer. Error bars correspond to 
±5% of the measured value. Experiments were done on protein released from PEMSN without 
pepsin digestion 

 

Fluorescence measurements showed a blue shift of the 352 nm peak back to 337 nm 

(Figure 3.7), indicating that the subunits successfully reassociated with the tetramer. This was 

confirmed via gel electrophoresis, which showed the disappearance of the ∼50 kDa band and 

reemergence of the ∼100 kDa band (Figure 3.9).  The activity was tested by binding the 

reassociated protein to a nylon membrane and adding horseradish peroxidase (HRP).40 Con A 

binds to the mannose group in HRP without affecting enzymatic activity; thus, the activity of the 

protein can be visualized through the colored product created when HRP and Con A bind and 

react with ABTS substrate on the membrane. These binding experiments with the reassociated 

protein produced a characteristic pink spot (Figure 3.17), indicating that the Con A remains 

active after it is released from the PEMSN and reassociated. This experiment was done with 

protein released from PEMSN that had not been exposed to pepsin. 
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Figure 3.17 Binding activity of (a) native, (b) dissociated, and (c) reassociated Con A bound to a 
nylon membrane. The color is the product of active Con A bound horseradish peroxidase 
reacting with ABTS 

 

The amount of active Con A after release from PEMSN and PEMSN exposed to pepsin 

was quantified using o-phthalaldehyde fluorescence, which has been shown to detect as little as 

100 ng of protein. This was done relative to a calibration curve constructed using native Con A 

(Figure 3.18).  

 

Figure 3.18 Native Con A calibration curve for the o-phthalaldehyde fluorescence quantification 
of released Con A activity showing: 3% unbound protein and 97% bound protein for the Con A 

released from PEMSN, and negligible unbound protein and nearly 100% bound protein for the 
Con A released from PEMSN that was exposed to pepsin  
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One milliliter of Con A solution was added to a 2 mL Sephadex G- 100 column, the 

inactive protein was collected over 2 min, and the bound protein was collected in 2 min 

increments for 20 min where each fraction consisted of 4 mL. The excitation wavelength was 

340 nm and emission was monitored at 430 nm. First, the protein solution was run through a 

Sephadex G-100 column, which consists of cross-linked dextrose. Any active Con A would bind 

to the sugars on the column, while inactive protein would pass through. The active Con A was 

then eluted with a glucose solution. It was determined that 97% of the released protein (99% in 

the case of the sample digested with pepsin) was bound to the column and thus active. It is 

possible that the protein released from pepsin digested PEMSN shows higher activity because 

the pepsin removed any improperly reassociated or otherwise inactive Con A from the silica 

surface. None of the free, dissociated Con A showed activity after exposure to pepsin, and Con A 

on nonporous silica did not survive the digestion. This shows that the vast majority of Con A 

released from PEMSN reassociates properly, even after the PEMSN was digested with pepsin. 

Additionally, the inactivity of the free protein and that released from nonporous silica indicates 

that loading into the PEMSN pores is indeed necessary to preserve the Con A. 

3.5. Conclusion 

We have demonstrated the successful synthesis of pore enlarged MSN and its potential to 

deliver large molecular weight, active therapeutic proteins. Con A was shown to dissociate into 

smaller subunit groups which were successfully loaded into the expanded pores of MSN. These 

loaded subunits were sheltered from pepsin degradation and, upon a controlled, diffusion-based 

release, re-associated into the active protein. This was demonstrated through both gel 

electrophoresis and mannose binding experiments. This method of therapeutic protein delivery 

may be expanded to include heteromeric proteins and larger, multi-subunit enzymes in the 
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future. Heteromeric proteins could prove challenging due to variable adsorption and desorption 

rates between different subunits from the silica surface; however, it may still be possible to 

recover active protein. Further experimentation is necessary. 
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CHAPTER 4 CONTROLLED RELEASE OF YEAST ALCOHOL DEHYDROGENASE 
SUBUNITS FROM LARGE PORE MESOPOROUS SILICA NANOPARTICLE 

 

4.1 Introduction 

After proving the successful loading and release of multi-subunits of concanavalin A 

(Con A) using pore expanded MSN,1 controlled release of yeast alcohol dehydrogenase (ADH) 

was demonstrated at two different pH. Alcohol dehydrogenase is part of oxidoreductase family 

which catalyzes the oxidation of alcohols using NAD+ as the electron acceptor.2 ADH is a 

homotetramer with a single zinc atom on each subunit, which is responsible for enzymatic 

activity, ADH has a molecular mass of 150 kDa.3-8 Alcohol dehydrogenase plays a key role in 

alcohol metabolism involving two separate, subsequent steps. First, in a reversible reaction, 

ADH oxidizes alcohol to acetaldehyde and in a second step, acetaldehyde is further oxidized into 

acetate in the liver. The oxidation of acetate is completed by converting to carbon dioxide and 

water. Step 2 is catalyzed by the enzyme aldehyde dehydrogenase (ALDH). Acetaldehyde is 

oxidized to acetate; NAD+ is the enzymatic cofactor and is reduced to NADH. The ALDH 

reaction is essentially irreversible. Much of the acetaldehyde produced from the oxidation of 

alcohol is oxidized in the liver to acetate; leading to low levels of circulating acetaldehyde under 

normal conditions.2, 6, 9-11 Most internalized and bio-produced alcohol is oxidized in the liver, 

which makes an oral delivery of an enzyme the size of ADH quite a difficult task. Unprotected, 

the enzyme will quickly be protonated in the acidic pH of the stomach, as well as degraded by 

proteases. Therefore, ADH needs to be protected for oral deliver, one technology to protect 

enzymes is by impregnating into mesoporous silica nanoparticles.12-13 The molecular size of the 

intact, homotetramer of ADH is too large to fit into the pores of traditional MSN (mesopore size 

~2-3.5 nm) or pore-expanded MSN (mesopores size ~5-6 nm). However, large proteins that 



57 
 

consist of quaternary structures of multiple smaller components can be chemically or physically 

dissociated in individual subunits to produce particles appropriately sized for loading into 

mesopores of pore-expanded MSN.1 Chemical reagents that have been demonstrated to 

reversibly dissociate ADH include urea, guanidine hydrochloride (GnHCl ) and dithiothreitol 

(DTT).14-17 

Herein, we report the reversible dissociation of ADH in presence of guanidine 

hydrochloride. ADH has been dissociated into smaller subunits in presence of 6 M guanidine 

hydrochloride (GnHCl) and 0.5 mM dithiothreitol (DTT) which can be loaded inside the pores of 

pore expanded MSN. Release of ADH subunits was carried out at two different pH 5.5 and 7.4.  

Several studies have been demonstrated on pH responsive release of protein or drug molecules 

using mesoporous silica nanoparticles. In 2007, I. Slowing and coworkers successfully 

demonstrated release of cytochrome c from MSN at acidic (5.2) and physiological (7.4) pH.18 

Yang and coworkers studied release of DOX using pH responsive system of poly (glutamic acid) 

grafted MSN (MSN-PGLA). The release behavior was studied at different pH values (5.5, 6.8 

and 7.4).  Decreasing pH attributed to the protonation of poly (glutamic acid), which facilitated 

release of positively charged DOX from mesoporous material.19  

            Synthesis of pore expanded MCM-41 and amine functionalized MSN has been 

demonstrated and characterized. The amount of loading of dissociated ADH on PEMCM-41, 

positively charged NH2-MSN  and stober silica particles  acting as a control was determined 

using thermogravimetric analysis. Higher loading was observed on PEMCM-41 compared to 

NH2-MSN and stober silica material. The dissociation and re-association were verified using 

fluorescence, dynamic light scattering (DLS) and field flow fractionation (FFF)studies. More 

amount of ADH was released from PEMCM-41 at acidic conditions than at physiological pH due 
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to electrostatic repulsion between MSN and dissociated ADH. After release and reconstitution of 

ADH subunits, the activity of re-associated enzyme was studied using UV spectroscopy at 

wavelength 340 nm which monitors reduction of NAD+ to NADH.  

4.2 Materials, Instrumentation and Methods 

4.2.1 Materials and Instrumentation 

Alcohol dehydrogenase (ADH) from yeast, mesitylene, 98% tetraethyl orthosilicate, 

cetyltrimethylammonium bromide (CTAB), Guanidine hydrochloride (GnHCl), dithiothreitol 

(DTT), 14.5 M NH4OH (28% w/w NH3) and β-NAD hydrate were purchased from Sigma-

Aldrich. All other chemicals and materials were used as received.  

4.2.2 Nitrogen sorption analysis  

Nitrogen sorption analysis was conducted on a Micrometrics TriStar II surface area and 

porosity analyzer. Before analysis all the samples (80-100 mg) were degassed under nitrogen at 

100 °C for 6 h. In presence of nitrogen gas (-196 ℃), all measurements were recorded. From the 

adsorption-desorption isotherms, pore volume and diameter of samples were calculated using 

BJH model. Fluorescence studies were done using Horiba Jobin Yvon NanoLog. The 

measurements were taken with an excitation wavelength at 280 nm and emission wavelength 

ranging from 290 – 450 nm.  

4.2.3 Synthesis of pore enlarged MSN 

A solution of 1 g CTAB in 480 mL nanopure water was mixed with 3.5 mL of 2 M 

NaOH(aq) and 7.0 mL of mesitylene. This mixture was stirred vigorously at 80 °C for 2 h before 

5 mL of tetraethyl orthosilicate was added dropwise at approximately 1 mL min−1. The reaction 

was allowed to continue at the same temperature and stir rate for another 2 h, and the resulting 

white precipitate was filtered, washed with abundant methanol, and dried for 12 h at 100 °C. 
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Residual CTAB was removed via an acid extraction in which a suspension of 1 g of as-

synthesized material was stirred at 50 °C for 6 h in 100 mL of methanol with 0.75 mL of 

concentrated hydrochloric acid. The product was filtered again, rinsed with methanol, and dried 

under a vacuum for 12 h at room temperature.18 

4.2.4 Synthesis of amine functionalized MSN (NH2-MSN) 

NH2-MSN was synthesized by co-condensation method.CTAB (1.0 g) was dissolved in 

480 mL of nanopure water. NaOH (aq) (2.0 M, 3.5 ml) and 7.0 mL mesitylene was introduced to 

the CTAB solution at 80 °C. Tetraethyl orthosilicate (TEOS, 5.0 ml, 22.4 mmol) and 3-

aminopropyltrimethoxysilane (APTMS, 1.0 ml) was added dropwise to the CTAB solution under 

vigorous stirring. The mixture was allowed to continue at the same temperature and stir rate for 2 

h to generate a white precipitate. This solid crude product was filtered, washed with nanopure 

water and methanol, and dried under high vacuum to yield the as-synthesized NH2-MSN. 

Surfactant was then removed by acid extraction as previously described.20 Amino groups were 

quantified to be 12 wt % by thermogravimetric analysis (TGA). 

4.2.5 Synthesis of Stöber Silica (Nonporous Silica Particles) 

In a 250 mL round-bottom flask, mixture of ethanol (150 mL, 95%), 14.5 M NH4OH (50 

mL, 28% w/w NH3 ) and TEOS (12.5 mL) was taken. The reaction mixture was stirred for 24 

hours at room temperature followed by centrifugation and washings with abundant amounts of 

ethanol. The silica particles were stored in ethanol and collected as required by drying in a 

vacuum oven for 5 h at at 550 °C.21  
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4.2.6 Enzymatic activity of ADH 

The enzymatic reactivity of alcohol dehydrogenase catalyzed conversion of ethanol to 

acetaldehyde was determined based on a method developed and published by Vallee and Hoch.21 

Typically, an alcohol dehydrogenase enzyme stock solution was prepared by dissolving the 

enzyme in a phosphate buffer (10 mM, pH 7.4) to reach an enzyme concentration of 1 mg ml-1. 

The enzyme stock solution was further diluted to the enzyme working solution, with an enzyme 

concentration of 0.2 mg ml-1 in sodium phosphate buffer (10 mM with 0.1 % w/v Bovine Serum 

Albumin). A 15 mM solution of β-nicotinamide adenine dinucleotide (NAD+) was prepared by 

dissolving NAD+ (0.5 g) in deionized water (50 ml). In a cuvette, 3.2% (v/v)ethanol, 7.5 

mMNAD+ solution and 0.1 mL enzyme working solution was pipetted and sodium 

pyrophosphate buffer solution (50 mM, pH 8.8) was added until a total volume of 3 mL was 

reached. The mixture was immediately measured for UV-Vis absorbance at 340 nm for 6 min 

Beckmann Coulter DU800 spectrophotometer.22-24  

4.2.7 ADH dissociation, loading and release 

Native enzyme (1 mg mL-1) was dissolved in 0.1 M phosphate buffer, pH 7.5. Dissociation 

of native ADH (4 µM) was accomplished in 0.1 M phosphate buffer, pH 7.4 in the presence of 6 

M guanidine hydrochloride and 0.5 mM DTT.15 The reaction mixture was stirred at room 

temperature for 18 h. The loading of dissociated enzyme subunits into the mesopores was 

accomplished by stirring enzyme solution with pore expanded MSN (mass: volume ratio of 1:5) 

at room temperature for 6 h.18 The mixture was then centrifuged at 75000 rpm and washed with 

0.1 M phosphate buffer (pH 7.4) and lyophilized. The release profile of ADH subunits from 

mesoporous material was studied at two different pH 7.4 and 5.5. Successful release of enzyme 

subunits was carried out by suspending enzyme subunit loaded MSN in 0.1 M phosphate buffer 
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in presence of 1 mM ZnCl2 (20-fold dilution) at pH 7.4 and 5.0. The mixture was centrifuged 

(6000 rpm) and the solution was sampled every 4 h for one full 24 h cycle. The absorbance of all 

the aliquots was recorded at 280 nm.  

MCM-41 with enlarged pores synthesized by using a pore-expanding agent (mesitylene) was 

comprised of regular parallel mesoporous channels as shown in the transmission electron 

micrographs (TEM) image (Figure 4.1). 

4.3 Results and Discussion             

4.3.1 MSN characterization 

 

Figure 4.1 Transmission electron micrograph of pore expanded MCM-41 

 

The surface area was calculated by the Brunauer-Emmett-Teller (BET) method. The pore 

size distribution was calculated by the Barrett-Joyner-Halenda (BJH) method using the 

desorption branch of isotherm Figure 4.2.  
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Figure 4.2 Nitrogen sorption analysis of pore expanded MCM-41 (PEMCM-41) 

 

The nitrogen sorption analysis of the material exhibited a type IV isotherm characteristic 

of mesoporous material with a BET surface area of 726 m2 g-1 and a pore volume of 1.0 cm3 g-1 

as shown in Table 4.1 The BJH method gave two pore size distributions centered on 5.6 nm 

(major peak) and 15.5 nm (minor). 

Table 4.2 Nitrogen sorption analysis of before and after loading of dissociated ADH on pore 
expanded MCM-41  

Material BET Surface Area (m2/g) Pore volume (cm3/g) 

Pore expanded MCM-41 726 1.0 

ADH loaded-MCM-41 119 0.2 

4.3.2 Dissociation ADH and loading ADH into the pores of MSN 

The dissociation and re-association of the enzyme was confirmed through fluorescence 

studies using an excitation wavelength of 280 nm and emission wavelength range of 290 – 450 

nm. The native enzyme emission peak was observed at 337 nm while an emission peak for 

0

200

400

600

800

1000

0 0.2 0.4 0.6 0.8 1

Q
u

a
n

ti
ty

 A
d

so
rb

e
d

 (
cm

3
g

-

1
 
S

T
P

Relative Pressure (P/P0)

0

1

2

3

4

5

10 210 410 610 810

dV
/d

lo
g(

w
) 

Po
re

 V
ol

um
e 

(c
m

³/
g·

Å
)

Pore Width (A⁰)



63 
 

dissociated enzyme was red-shifted to 354 nm (shown in Figure 4.3) indicating complete 

exposure of the buried tryptophan residues to the solvent. 

 

 

Figure 4.3 Fluorescence measurements at an excitation wavelength of 280 nm of native ADH 
(blue), dissociated ADH (red), and re-associated ADH (green) 

 

Upon re-association, the dissociated enzyme emission peak at 354 nm was blue shifted 

back to 339 nm which was in accordance with the native enzyme emission wavelength peak.25  
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Figure 4.4 AF4 fractogram of native and dissociated ADH 

 

The molecular weight and size were determined using asymmetrical flow field-flow 

fractionation with multiangle and dynamic light scattering (AF4-MALS-DLS). As is seen in 

Figure 4.4, the native ADH protein elutes at 10 min corresponding to hydrodynamic radius of 4.5 

nm with a molecular weight of 143 kDa. Dissociated ADH co-elutes with the void peak in these 

flow conditions corresponding to a size approximately 1 nm. From monitoring of the cross-flow 

the dissociated ADH also appears to be passing through the AF4 regenerated cellulose 

membrane. The membrane molecular weight cut-off is nominally 30 kDa as determined by the 

manufacturer using globular protein standards. To confirm hydrodynamic radius, batch DLS was 

conducted on native and dissociated ADH in 0.1 M phosphate buffer with 8 M guanidine 

hydrochloride added to the dissociated experiment set-up The hydrodynamic radius of 

dissociated ADH is 1.25 nm while that of native is 4.7 nm.  



65 
 

 

Figure 4.5 Thermogravimetric analysis (TGA) of ADH loading on NH2-MSN, Pore expanded 
MCM-41 and stöber silica. 

 

The amount of dissociated ADH loaded into the pores of PEMCM-41 was determined by 

thermogravimetric analysis (Figure 4.5). Controlled experiments were carried out using non-

porous silica. It was observed that 40% of the enzyme was loaded on pore expanded MCM-41 

and 24% on NH2-MSN while only 8% of the enzyme was adsorbed on Stöber non-porous silica. 

This result suggests that loading of dissociated ADH subunits is more effective on negatively 

charged PEMCM-41 as compared to positively charged NH2-MSN and nonporous silica. The 

loading of ADH on MSN was also confirmed by nitrogen sorption analysis. The BET surface 

area decreased from 726 to 118 m2/g and pore volume from 1.0 to 0.2 cm3/g upon ADH loading. 
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4.4 Enzyme release profile 

  

Figure 4.6 Release profile of dissociated ADH from pore expanded MCM-41 at different pH 7.4 
and 5.5 

 

 The release of ADH subunits from the MSN material was studied by measuring UV 

absorption at 280 nm wavelength. ADH subunits were released from MSN material via diffusion 

in 0.1 M phosphate buffer at two different pH values. The release profiles were measured at 

cytoplasmic pH (pH 7.4) and at an endosomal pH (pH 5.5). The total percent of loaded proteins 

that were released was 52% and 67% at pH 7.4 and pH 5.5, respectively. The dissociated ADH is 

expected to be positively charged, whereas the MSN (pKa around 3) would be negatively 

charged at both pH values. At neutral pH, MSN will have more negative charges on the pore 

surface due to a greater number of deprotonated silanols than it would at acidic pH. Therefore, 

due electrostatic repulsion the percent release of dissociated ADH is greater at acidic medium.18 

(Figure 4.6). 
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Table 4.3 Zeta potential of MSN and dissociated ADH at pH 7.4 and 5.5 

 Zeta potential (mV) 

pH 7.4 5.5 

Pore expanded MCM-41 -20.1 -2.02 

Dissociated ADH +1.14 +1.96 

 

The observed difference in the rates of release at these two pH values could be attributed 

to the different amount of negative charges on the MSN surface. It was confirmed by measuring 

zeta potential of dissociated and MSN as a function of pH. The zeta potential of dissociated 

ADH was observed at between +1 mV and +2 mV at neutral and acidic pH, while the zeta 

potential of MSN dropped from -20 mV at pH 7.4 to -2 mV at pH 5.5 (Table 4.4). This 

confirmed the surface charge property of MSN was affected by the change in pH. 

4.5 Enzymatic activity of re-associated ADH  

The enzymatic activity of re-associated ADH was measured by means of ADH enzyme 

assay tests as described in the experimental section. The enzyme assay test is based on the 

different UV-Vis absorption behaviors of NAD+ and its reduced form, NADH. The strong 

absorption of NADH is observed at wavelength of 340 nm due to nicotinamide moiety but only 

when it is in reduced form. In an ADH enzyme catalyzed alcohol oxidation reaction, the 

production of NADH is proportional to the consumption of NAD+ and the generation of 

aldehyde. Therefore, we can monitor the reaction kinetics by measuring the UV-vis light 

absorbance values. At zero time, add 0.1 ml of appropriately diluted enzyme to the cuvette and 

record the A340 for 3-4 minutes. The enzymatic activity of native and re-associated ADH 
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calculated from the ΔA340/minute from the initial linear portion of the curve was 320 and 272 

mg/units respectively. 

  

Figure 4.7 Enzymatic activity of native and re-associated ADH using UV-Vis spectroscopy 

 

4.6 Conclusion 

In summary we have demonstrated the loading and controlled release of ADH using MSN 

with enlarged pores. Successful dissociation and re-association of ADH was confirmed through 

fluorescence studies, FFF and DLS. The higher amount of enzyme loading (40 %) was observed 

on pore expanded MCM-41 as compared to positively charged APMSN and non-porous silica. 

Controlled release of ADH from mesoporous material was carried out at neutral and acidic pH 

and was further re-associated back into active form. The enzymatic activity of re-associated 

ADH was investigated by calculating the rate of absorbance at 340 nm resulting from the 

reduction of NAD + using UV-vis spectroscopy. 

ADH breaks down alcohol to acetaldehyde, a highly toxic substance. Acetaldehyde can be 

further metabolized to acetate by another enzyme aldehyde hydrogenase (ALDH). Thus, further 
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experimentation is necessary in order to complete the cycle of alcohol metabolism. It can be 

achieved by controlled release of multiple enzymes from mesoporous materials.  
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CHAPTER 5 MICRO-COLUMN RARE EARTH SEPARATION USING HDEHP/ORDERED 
MESOPOROUS CARBON MATERIALS 

5.1 Abstract 

Adjacent lanthanides are among the most challenging element to separate, to the extent that 

current separations materials would benefit from transformative improvement. Ordered 

mesoporous carbon (OMC) materials are excellent candidates, owing to their small mesh size 

and uniform morphology. Herein, OMC materials were physisorbed with bis-(2-ethylhexyl) 

phosphoric acid (HDEHP) and sorption of Eu3+ was investigated under static and dynamic 

conditions. The HDEHP-OMC materials displayed higher distribution coefficients and loading 

capacities than current state-of-the materials. Using a small, unpressurized column, a separation 

between Eu3+ and Nd3+ was achieved. Based on these experimental results, HDEHP-OMC have 

shown potential as a solid phase sorbent for chromatographic intragroup, lanthanide separations.  

5.2 Introduction 

The most difficult elemental separations on the periodic table center on separating trivalent 

f-elements from each other. The separation of f-elements by a variety of solid sorbents has been 

broadly considered in the literature.1-5 Both pristine and functionalized mesoporous carbon (MC) 

materials are a subcategory of solid sorbents that have been investigated for f-elements 

recovery.4, 6-15 Ordered MC (OMC) materials are an attractive alternative to conventionally used 

polymeric resins due to their high surface areas, regular ordered mesopores, tunable pore size 

and morphology, large pore volumes, low reactivity, thermal and mechanical stability, and the 

potential for surface functionalization. The ability to utilize OMC materials for metal ion 

separations could have significant benefits since the smaller particle size should limit 

longitudinal diffusion of a given analyte and increase the number of theoretical plates in a given 
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column based on such materials ultimately improving the resolution of a given separation. The 

high surface area of the OMCs could allow for a higher ligand loading capacity as well. 

Considering the ongoing challenge of intragroup, trivalent f-element separations, and the 

potential improvements in resolution and loading capacity associated with OMC materials, the 

use of OMC materials to complete f-element separations is a logical step. 

Despite all the potential benefits of using MC materials in a chromatographic configuration, 

all studies considering f-element separations to date have examined the batch mode (i.e. single 

separation stage) separation capability of f-element separation or recovery by MCs.  Perrault et 

al. recently demonstrated that a column could be prepared from CMK-8 type MCs functionalized 

with diglycolamide-based ligand for the recovery of lanthanides.16 However, no studies have 

demonstrated the ability to use MCs in a chromatographic, f-element separation. This is an 

important question to address since backpressure issues arising from the tight packing of 

submicron particles could prevent the application of a chromatographically-based approach for 

metal ion separation. To test these hypotheses, ordered mesoporous carbon nanomaterials 

physiorbed with bis-(2-ethylhexyl) phosphoric acid (HDEHP) have been prepared to complete 

intragroup, trivalent lanthanide separations.  

While the general principles of completing chromatographic separations using a smaller 

footprint has broad applicability, one area that could significantly benefit from this advance is 

the nuclear forensics. Broadly, nuclear forensics is the term used to describe the analysis of 

material collected in pre- or post-detonation events. Frequently, the separation of post-detonation 

debris is necessary to assess the elemental or isotopic signatures of a sample. The relative 

presence of lanthanides, produced in significant quantities during the fission of either 235U or 

239Pu, can give insight into the type of fuel used in the device, the age and history of the nuclear 
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material, and the device design.17-18 Due to their predominant trivalent oxidation states and 

similar chemical properties, the separation of adjacent lanthanides presents a unique challenge. 

Typically, the separation of lanthanides is achieved by exploiting the decreasing atomic or ionic 

radii across the series and subsequent subtle changes in their binding strengths.19 The 

organophosphorus extractant HDEHP has shown a high selectivity of five orders of magnitude 

across the lanthanide series in solvent extraction systems.20 As such, the HDEHP physisorbed 

polyacrylic ester-based resin (LN Resin) from Eichrom is commonly used for the separation of 

lanthanides.21-24 The separations efficacy of HDEHP-physisorbed OMC materials is compared to 

the commercially available LN resin. 

 Herein, OMC materials were synthesized and characterized for f-element separations. 

Two OMC materials, OMC-l-MSN and CMK-3 type OMC, were considered initially. The two 

OMC materials were then physisorbed with HDEHP and their recovery and separation 

performance were compared against LN Resin. Batch distribution studies were completed using 

a 152/154Eu3+ radiotracer. While the HDEHP-CMK-3 type OMC provided the highest uptake of 

Eu3+, particularly at higher acid concentrations, it was not further studied due to having a more 

irregular morphology that would be undesirable for chromatographic applications. Batch Eu3+ 

Langmuir adsorption isotherms show the HDEHP-OMC-l-MSN provides a greater maximum 

adsorption capacity, 0.35 ± 0.06 mmol Eu3+ g-1 adsorbent, relative to the LN Resin, 0.17 ± 0.07 

mmol Eu3+ g-1 adsorbent.  In contrast to the LN resin, the HDEHP-OMC-l-MSN maximum Eu3+ 

loading in the batch mode also agrees with the maximum adsorption capacity of 

0.32 ± 0.04 mmol Eu3+ g-1 adsorbent obtained by column breakthrough analysis. Improved 

separation was also observed for the HDEHP-OMC-l-MSN materials, where the resolution for 

the chromatographic separation of Nd3+ and Eu3+ by the HDEHP-OMC-l-MSN is 0.58 ± 0.02 
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whereas the LN Resin provided no separation. This report suggests OMC-based materials have 

the ability to complete chromatographic, intragroup lanthanide separations and, in some 

instances, could perform better than state-of-the-art materials. 

5.3 Experimental 

5.3.1 Materials and Instrumentation 

OMC materials were synthesized using tetramethylorthosilicate (TMOS, Sigma-Aldrich, 

98%), Pluronic P104 (BASF), Pluronic P123 (BASF), ACS grade hydrochloric acid (MACRON 

Fine Chemicals), ACS grade methanol (MACRON Fine Chemicals), ACS grade hexane (Fisher 

Scientific), sucrose (Sigma-Aldrich, BioXtra ≥99.5% GC), and ACS grade sulfuric acid (EMD). 

These materials were used as received. The HDEHP was obtained from Sigma-Aldrich with 97% 

purity and was subsequently purified using the copper purification method.16 Aqueous solutions 

were prepared using ultrapure (18 MΩ) deionized water, ACS grade nitric acid (MACRON Fine 

Chemicals), and sodium nitrate (Fisher Scientific).  

A Philips CM200 with a 200 kV LaB6 cathode and a JOEL JSM-700F Field Emission SEM 

were used for TEM and SEM imaging, respectively. Nitrogen sorption data was collected using a 

Micrometrics TriStar II. A TA TGA Q500 was used for TGA measurements. For XRD data, a 

PANalytical Empyrean XRD was utilized.  

LN Resin (20-50 μm bulk mesh) was obtained from Eichrom and 0.2 μm syringe filters were 

purchased from Thermo Scientific. Batch Eu3+ sorption and isotherm studies were conducted 

using a Labnet AccuTherm for all contacts and a BD Clay Adams Compact II Centrifuge was 

used for centrifugation. Gross 152/154Eu3+ gamma activity for batch studies and breakthrough 

curves was monitored using a Packard Cobra II NaI(Tl) solid scintillation auto-gamma counter.  
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Column studies were done using a Mobicol “F” column with a 35 μm filter, a Pump II Elite 

syringe pump from Harvard Apparatus, and a Model 2110 Fraction Collector (Bio-Rad), 1.6 mm 

diameter tygon tubing (Bio-Rad), and BD 3 mL syringes. The activities of 147Nd3+ and 152Eu3+ 

for chromatographic separations were monitored using a Canberra HPGe well detector for 

column separation studies. 

5.3.2 Synthetic procedures 

Synthesis of l-MSN. The synthesis of large-pore mesoporous silica nanoparticles (l-MSN) 

was conducted according to a previously reported method.25-26 The nonionic surfactant Pluronic 

P104 (7 g) was added to 1.6 M HCl (273.0 g) in an Erlenmeyer flask and stirred at 55 °C for 1 h, 

at which point TMOS (10.6 g) was added. This mixture was stirred at 55 °C for an additional 

24 h, followed by a hydrothermal treatment at 150 °C for 24 h in a Teflon-lined autoclave. 

Finally, the mixture was cooled rapidly, filtered, and washed with water and methanol to obtain a 

white powder. This powder was lyophilized overnight and calcined at 550 °C for 6 h at a ramp 

rate of 1.5 °C min-1 to remove the surfactant. 

Synthesis of SBA-15. In a 250 mL polypropylene bottle, Pluronic P123 (4 g) was dissolved 

in 30 mL of nanopore water at 40 °C for 3 h, after which 70 mL of 0.286 M HCl (in nanopore 

water) were added. The mixture was stirred for an additional hour before the dropwise addition 

of TMOS (9.89 g). This mixture was stirred for 24 h at 40 °C before undergoing a hydrothermal 

treatment at 100 °C for 48 h. Finally, the sample was filtered, washed extensively with water and 

methanol, and calcined at 550 °C in air for 8 h.27-28 

Synthesis of OMC-l-MSN/CMK-3 type OMC material. Approximately 1 g of l-MSN (or 

SBA-15 for the CMK-3 type OMC materials) with a pore volume of 1 cm3 g-1 was mixed with 
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sucrose (1.07 g), 2 drops of H2SO4 (0.12 g) and 5 mL of water (4.23 g) in a ceramic dish, adding 

the water slowly and mixing for 7 min such that the mixture remains homogeneous. The mixture 

was heated for 6 h at 100 °C, after which the temperature was raised to 160 °C and heated for an 

additional 6 h. This process was repeated three more times such that the amount of sugar was 

changed to 0.68 g, 0.10 g, and 0.18 g each time. This mixture was then transferred to a quartz 

boat and pyrolized in a tube furnace under nitrogen at 900 °C for 6 h. A HF digestion was 

employed to remove the silica hard template. Approximately half a gram of the silica-carbon 

material was added to 30 mL of a 10% HF solution and allowed to sit for 24 h. The mixture was 

then centrifuged and washed with copious amounts of ethanol. 

HDEHP physisorption. HDEHP was physisorbed on the OMC material using a simple 

diffusion method. Generally, 0.5 mL of HDEHP in hexanes was added to 62.5 mg of OMC 

material in a microcentrifuge tube and allowed to sit for 18 h. Different HDEHP loading 

concentrations were examined by altering the HDEHP to hexane ratio, resulting in solutions 

containing 6.7% and 20% (v/v) HDEHP in hexanes. The loading behavior was also examined 

using multiple additions of the 20% (v/v) HDEHP solution. Here, the previously described 

loading method was applied three times with only a third of volume added each time and the 

hexanes removed between each addition. The material was then washed once with water, 

centrifuged, and freeze dried overnight to drive physisorption to the carbon surface. 

5.4 Characterization of OMC materials 

Nitrogen adsorption and desorption isotherms for the OMC materials were measured in air at 

100 °C for 6 h prior to HDEHP physisorption. Surface areas were calculated using the Brunauer-

Emmett-Teller (BET) method, while pore size distributions were obtained using the Barrett-
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Joyner-Halenda (BJH) method. X-ray diffraction (XRD) patterns were used to determine the 

success of the templating procedure. 

Transmission and scanning electron microscopy (TEM and SEM) were emplyed to observe 

the structure and porosity of OMC-l-MSN and CMK-3 materials before HDEHP physisorption. 

Samples for TEM were sonicated for 10 min in ethanol prior to drop-casting a single drop onto 

carbon-coated, 300 mesh copper grids. SEM samples were mounted on an aluminium stub with 

conductive carbon tape adhesive. 

Quantification of HDEHP loading was measured using thermogravimetric analysis (TGA) to 

determine the mass percent content of the ligand. Data was obtained both before and after 

HDEHP physisorption to obtain the wt% HDEHP adsorbed to the OMC materials. 

5.5 Radiochemical analyses 

Batch distribution experiments. All aqueous solutions for batch and column studies were 

prepared at 1 M ionic strength using NaNO3. An aliquot of 0.495 mL of the appropriate acid 

solution, ranging from about 0.1 to 0.8 M HNO3, was added to approximately 5 mg of LN Resin 

or OMC material. A 5 μL spike of an approximately 3.2 mM 152/154Eu3+ radiotracer in 0.001 M 

HNO3, prepared as previously described by Drader, et al.,29 was added to the aqueous phase, 

bringing the total volume to 0.5 mL. Contacts were done at 25 °C and shaken at 1500 rpm for 

30 min. After contacting, the samples were centrifuged at 1163 xg for 15 min. The phase 

separation from the LN Resin was acccomplished by using transfer pipettes to collect the 

aqueous phases while 0.2 μm syringe filters were used to separate the aqueous phase from the 

OMC materials. A 200 μL aliquot of each aqueous phase was taken for gross gamma counting. 

The activity of the solid material was determined by difference. Triplicate samples were taken 
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for LN Resin and HDEHP-CMK-3 type OMC materials and errors denote a ±3σ of the triplicate 

analysis. Due to the limited quantity of HDEHP-OMC-l-MSN material available at that time, 

contacts were completed once at each acid concentration. Errors presented for the HDEHP-

OMC-l-MSN represent ±3σ using propagation of error in the counting statistics. 

Distribution coefficients for each sample were calculated using: 

 𝐾𝑑 = (𝐴0−𝐴𝐴 ) (𝑉𝑚) (5.1) 

where A0 and A are the activities (cpm) of the aqueous phase before and after equilibrium, 

respectively, V is the volume of the aqueous phase (mL), and m is the mass of the solid phase (g). 

For the batch distribution studies, the mass was normalized for the wt% HDEHP the material 

contained.  

Europium adsorption isotherms. Isotherm studies were completed to determine the 

maximum Eu3+ loading capacity, qmax, of the extraction material. Aqueous solutions were 

prepared using Eu(NO3)3 and 0.5 M HNO3. The Eu(NO3)3 concentrations ranged from 0.5 μM to 

40 mM. The aqueous solutions were spiked with the 152/154Eu3+ radiotracer so that 0.5 mL of 

solution contained 4.95 μL of the radiotracer. Approximately 5 mg of LN Resin or OMC 

material were contacted with 0.5 mL of the approprate aqueous phase. All contacts and activity 

determinations were done as in the batch sorption experiments and were completed in triplicate.  

The concentration of analyte extracted was plotted against the analyte concentration 

remaining in the aqueous phase at equilibrium using the following equations: 

 𝐶 = ( 𝐴𝐴0) 𝐶0 (5.2) 
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 𝑞𝑒 = (𝐴0−𝐴𝐴0 ) (𝑉𝑚) 𝐶0  (5.3) 

where C0 and C are the molar concentrations of analyte in the aqueous phase before and after 

equilibrium, respectively, qe is moles of analyte sorbed per gram of material at equilibrium, V is 

the volume of the aqueous phase (L), and m is the mass of the chromatographic material (g). 

Using QtiPlot,30 the data was then fit using the Langmuir isotherm equation: 

 𝑞𝑒 = 𝑞𝑚𝑎𝑥(𝑎𝐿𝐶)1+(𝑎𝐿𝐶)   (5.4) 

where qmax is the maxiumum adsorption capacity (mol g-1) and aL is the Langmuir constant (L 

mol-1). Errors reported are ±3σ from the triplicate analysis. 

Europium breakthrough curves. The maximum adsorption capacity under dynamic 

conditions was found using: 

 𝑄(𝑚) = 𝑉(50)−𝑉0𝑚𝑠 × 𝐶0 (5.5) 

where Q(m) is the maximum adsorption capacity (mol g-1), V(50) is the elution volume at 50% 

breakthrough, and V0 is the free column volume. If the batch and dynamic systems are under 

equilibrium, the maximum adsorption capacity values should be the same within error.31 The 

breakthrough curves were obtained using 0.5 M HNO3 containing 30 mM Eu3+. The full column 

height (~1.5 cm) was used for the LN Resin, while half column height (~0.75 cm) for the 

OMC-l-MSN material was used. The chromatographic materials were dry packed to enable 

determination of chromatographic material mass and the free column volume (FCV). The dry 

packing also ensured that backpressure would not be an issue with the nanoparticle material. The 

FCV was determined gravimetrically using water. Each column was preconditioned with 10 

FCVs of 0.5 M HNO3. Approximately 10 FCVs of the Eu3+ solution was eluted from the 



81 
 

columns at a flow rate of 50 μL min-1. Fractions were collected every two minutes so that about 

100 μL were contained in each fraction. The breakthrough curves were completed in duplicate 

and the error in Q(m) reflects the relative difference between the two. 

Europium/neodymium separations. LN Resin and HDEHP-OMC-l-MSN colums were 

prepared at half column height (~0.75 cm) for Eu3+ and Nd3+ separations. The LN Resin was 

packed via the slurry method. Because of the hydrophobicity of the HDEHP-OMC-l-MSN 

material, the slurry method did not produce a well-packed column. To obtain sufficient packing, 

the OMC material was dampened with just enough water to form a paste-like substance. 

Approximately one-fourth of the column height was filled with the OMC paste. With the 

stopcock open, the column was then placed into a microcentrifuge tube and centrifuged for two 

minutes at 1163 xg. The process was completed once more to fill the column half full. The LN 

Resin and HDEHP-OMC-l-MSN materials were both topped with a frit to prevent material 

distruption. 

 Each column was preconditioned with 2 mL of 0.001 M HNO3. A loading solution was 

prepared as to initially contain approximately 100,000 cpm for both 147Nd3+ (91 keV monitored 

gamma ray emission) and 154Eu3+ (123 keV monitored gamma ray emission). Aliquots of 

Nd(NO3)3 and Eu(NO3)3 stock solutions were added to obtain a final concentration of 2 mM for 

each metal. The final loading solution contained 0.001 M HNO3. Each column was loaded with 

1.5 mL of the resulting solution. After loading, the columns were washed with 1.5 mL of 

0.001 M HNO3. Complete metal stripping from the columns was done using 1.5 mL of 2 M 

HNO3. The flow rate for each step was 50 μL min-1. Bulk loading and washing fractions were 

collected and counted to monitor metal breakthrough during load and wash steps. Stripping 
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fractions were collected every one minute and counted for 5 min on an HPGe well detector. The 

resolution of the separations was calculated using: 

 Resolution = 0.589×∆𝑉𝑟0.5×(𝑤ℎ/2,1+𝑤ℎ/2,2) (5.6) 

where ΔVr is the difference in retention volume at the peak height maximums and wh/2,n is the 

width of the peak at half the peak manimum height. 

 After eluting the metals, the columns were dried to determine the mass of material each 

contained. The FCV was found gravimetrically using water. 

Neodymium irradiations. A 0.01 M HNO3 solution containing 0.110 M Nd3+ was 

irradiated for 3 hours in the Lazy Susan position at the U.S. Geological Survey TRIGA Reactor 

at the Denver Federal Center with a neutron flux of 4 × 1012 cm-1. The irradiated solution was 

used directly as a 147Nd source for separation studies. 

5.6 Results and Discussion 

5.6.1 OMC surface and material properties 

Nitrogren physisorption isotherms and BJH pore width distributions. Nitrogen 

physisorption isotherms and BJH pore width distributions of the OMC materials are shown in 

Figure 1. The OMC-l-MSN isotherm is of type IV with H2 hysteresis, typical of ordered 

mesoporous materials,26-27 and a BET surface area of 980 m2 g-1. However, there are two distinct 

inflection points attributed to the phenomenon of capilary condensation. This bimodal adsorption 

behavior is confirmed in the pore width distribution with averages of 7.1 nm and 45 nm. The 

CMK-3 type OMC material is characterized as having a pseudo type II isotherm with H4 

hysteresis, yielding a BET surface area of 630 m2 g-1 and pore diameters of 3.5 nm based on the 
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BJH distribution. In the case of CMK-3 type OMC, H4 hysteresis is common among activated 

carbons and often arises from low pore-curvature. This suggests that the majority of porosity 

arises from relatively rectangular inter pore regions and not the larger and more radial vertices 

where three pores arrayed within the p6mm space group intersect.32 Based on the OMC-l-MSN 

isotherm, the material likely consists of cylindrical pores of a variety of widths. A summary of 

the surface area and pore diameters of OMC-l-MSN and CMK-3 type OMC can be found in 

Table 5.1 

 

Figure 5.1 N2 physisorption isotherm and BJH pore width distributions (inset) of prepared OMC 
materials: OMC-l-MSN (solid lines) and CMK-3 type OMC (dotted lines) 
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Table 5.1 BET and BJH data of OMC samples 

Carbon Sample BET surface area (m2 g-1) BJH pore diameter (nm) 

OMC-l-MSN 980 7.1 

CMK-3 type OMC 630 3.5 

 

TEM and SEM surface analysis. TEM and SEM images show the mesoporous carbon 

synthesis from silica hard-templating techniques yielded OMC-l-MSN and CMK-3 type OMC 

materials with consistent pore and particle morphology (Figure 2). OMC materials synthesized 

from l-MSN templates exhibited uniform particle structure with regular, parallel pores (Figure 

5.2). In contrast CMK-3 type OMC materials exhibit a rope-like morphology typical of such 

carbons,27, 33-34 with pores running parallel along the particle length (Figure 5.2). In both cases, 

the carbon material mimicked the morphology of the silica template. A greater polydispersity 

also exists in the CMK-3 morphologies as compared with OMC-l-MSN. Particle sizes typically 

varied between 500-1000 nm in diameter for OMC-l-MSN and 1-5 μm for CMK-3 type OMC 

materials. OMC materials synthesized from l-MSN templates exhibited uniform particle 

structure with regular, parallel pores. The carbon material mimicked the morphology of the silica 

template. A greater polydispersity also exists in the CMK-3 morphologies as compared with 

OMC-l-MSN. The mesoporous carbon synthesis from silica hard-templating techniques yielded 

OMC-l-MSN and CMK-3 type OMC materials with consistent pore and particle morphology. 
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Figure 5.2 Representative TEM and SEM images of OMC materials synthesized using l-MSN (a 
and b) and SBA-15 (c and d) mesoporous silica templates 

 

Low angle XRD. Low angle XRD patterns were obtained from 0.5 to 5 degrees (2θ) 

operating in transmission mode (Figure 5.3). Both materials show diffraction from the (100) 

plane of the hexagonally arrayed pores. The amount of long range order is low due to the lack of 

the (110) and (200) peaks. This is reasonable for the prepared OMC materials since the template 

is not always perfectly transcribed during the carbonization process. CMK-3 type OMC (dotted 

line, Figure 3) has d(100) of 8.68 nm while OMC-l-MSN (solid line, Figure 5.3) has a slightly 

condensed pore spacing along [100] at 8.56 nm. 
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Figure 5.3 Low angle XRD patterns of OMC-l-MSN (solid lines) and CMK-3 type OMC (dotted 
line) 

 

Thermogravimetric analysis. The TGA results for five OMC samples are shown in 

Figure 4 and Table 2. For the four OMC-l-MSN samples shown, the HDEHP was loaded in 

either a single addition (OMC-a, OMC-c, and OMC-d, Figure 5.4) or in three instalments (OMC-

b, Figure 4a) This was done to investigate the effect of loading methodology. The OMC-a was 

loaded with 6.6% (v/v) HDEHP in hexanes. All other OMC-l-MSN samples were loaded using 

20% (v/v) HDEHP in hexanes. CMK-3 type OMC (red dotted line, Figure 5.4) was loaded in a 

single addition using 20% (v/v) HDEHP in hexanes, allowing for a comparison between the two 

different OMC materials. Loading ranged between 33 and 63 wt% or 1.5 to 4.7 mmol HDEHP g-

1 OMC as compared to 2.1 mmol HDEHP g-1 LN Resin Table 5.2 

As expected, using a more dilute HDEHP solution (6.7% (v/v) in hexanes) resulted in a 

lower ligand loading (33 wt%) than the 20% (v/v) HDEHP in hexanes loading solution (46-63 
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wt%). Adding the HDEHP to the OMC material in multiple additions also resulted in a higher 

loading of 63 wt% HDEHP than the single ligand additions (46-55 wt%). However, it should be 

noted that the samples OMC-b and OMC-d were not washed, resulting in additional, loosely 

physisorbed HDEHP.  

 

Figure 5.4 TGA data for the physisorption of HDEHP onto (a) OMC-l-MSN and (b) CMK-3 
type OMC.  

 

          The sharp decrease in mass around 250 °C is due to combustion of HDEHP on the OMC 

surface. Shown from top to bottom at 400 °C are: (a) blank OMC-l-MSN (black solid line), 33 

wt% HDEHP-OMC-a (red dotted line), 49 wt% HDEHP-OMC-c (green dash-dotted line), 55 

wt% HDEHP-OMC-d (gold dash-double-dotted line), 63 wt% HDEHP-OMC-b (blue dashed 

line) (b) blank CMK-3 type OMC (black solid line) and 46 wt% HDEHP-CMK-3 type OMC. 

The OMC-a was loaded with 6.6% (v/v) HDEHP in hexanes. All other OMC-l-MSN samples 

were loaded using 20% (v/v) HDEHP in hexanes. CMK-3 type OMC was loaded in a single 

addition using 20% (v/v) HDEHP in hexanes, allowing for a comparison between the two 

different OMC materials 
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Table 5.2 HDEHP loading of OMC samples determined by TGA 

  HDEHP loading 

Carbon 

sample 

Sample 

identifier 

Loading 

additions 

(v/v) % 

HDEHP 

in 

hexanes 

HDEH

P wt% 

g 

HDE

HP/ g 

OMC 

mmol 

HDEHP/ 

g OMC 

OMC-l-

MSNa 
OMC-a 

1 6.7 
33 0.49 1.5 

OMC-l-

MSNb 
OMC-b 

3 20 
63 1.5 4.7 

OMC-l-

MSNc 
OMV-c 

1 20 
49 0.96 3.0 

OMC-l-

MSNd 
OMC-d 

1 20 
55 1.2 3.8 

CMK-3 type 

OMC 
- 

1 20 
46 0.85 2.6 

 

5.6.2 Radiochemical analyses 

Batch distribution experiments. The batch sorption experiments were done using 

HDEHP-OMC-b, HDEHP-CMK-3 type OMC, and LN Resin (40 wt% HDEHP). Higher Kd 

values represent a greater adsorption of Eu3+ by the sorbent material. As the HNO3 concentration 
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is increased, the Kd value decreases for all materials reported (Table 5.5). Both HDEHP-OMC 

materials have larger Kd values than the LN Resin across all HNO3 concentrations, even after the 

Kd values were corrected for the wt% HDEHP the materials contained. The higher distribution 

coefficients may imply that the increased surface area of the OMC materials plays a role in the 

uptake of Eu3+. 

Based on the distribution slope, the number of ligands required to extract the metal ion can 

be deduced.35 This analysis suggests three ligands were involved in the uptake of each Eu3+ 

cation and is consistent with previous reports on trivalent metal recovery by HDEHP.36-37 

Despite both HDEHP-OMC materials providing higher Kd values, the CMK-3 type OMC wasn’t 

further studied due to its irregular morphology. The Langmuir isotherm studies were completed 

using HDEHP-OMC-a and LN Resin (Figure 5.6). The HDEHP-OMC-a materials have a larger 

qmax value of 0.35 ± 0.06 mmol g-1 than that of LN Resin (0.17 ± 0.07 mmol g-1, Table 3). The 

slopes of both materials are comparable, which is to be expected since both materials use 

HDEHP as an extractant. No corrections were made for the HDEHP content. The batch sorption 

experiments were done using HDEHP-OMC-b, HDEHP-CMK-3 type OMC, and LN Resin (40 

wt% HDEHP). Both HDEHP-OMC materials have larger Kd values than the LN Resin across all 

HNO3 concentrations, even after the Kd values were corrected for the wt% HDEHP the materials 

contained. The higher distribution coefficients may imply that the increased surface area of the 

OMC materials plays a role in the uptake of Eu3+. This analysis suggests three ligands were 

involved in the uptake of each Eu3+ cation and is consistent with previous reports on trivalent 

metal recovery by HDEHP. 
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Figure 5.5 Uptake of Eu3+ as a function of HNO3 concentration by LN Resin (black circles, 
bottom), HDEHP-OMC-b (red squares, middle), and HDEHP-CMK-3 type OMC (blue triangles, 
top). The slopes for the LN Resin, HDEHP-OMC-b, and HDEHP-CMK-3 type OMC are -2.91 ± 
0.06, -3.0 ± 0.1, and -2.66 ± 0.03, respectively 

 

Europium adsorption isotherms. The Langmuir isotherm studies were completed using 

HDEHP-OMC-a and LN Resin (Figure 5.6). The HDEHP-OMC-a materials have a larger qmax 

value of 0.35 ± 0.06 mmol g-1 than that of LN Resin (0.17 ± 0.07 mmol g-1, Table 3). The slopes 

of both materials are comparable, which is to be expected since both materials use HDEHP as an 

extractant. No corrections were made for the HDEHP content. Although the OMC material 

contained less HDEHP than the LN Resin it provided twice the maximum adsorption capacity of 

its analogue. Data for the isotherms can be found in Tables S1 and S2. The maximum adsorption 

capacities for Eu3+ by other carbonaceous materials are presented in Table 5.4 for comparision 
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Figure 5.6 Langmuir adsorption isotherms for LN Resin (black circles) and OMC-l-MSN 
materials (red squares) 

 

           Breakthrough curves were used to find the maximum adsorption capacity of the 

chromatographic material under dynamic conditions using HDEHP-OMC-c and LN Resin. The 

Q(m) values were  0.11 ± 0.01mmol g-1 and 0.32 ± 0.04 mmol g-1 for LN Resin and HDEHP-

OMC-c, respectively. Each breakthrough curve was done twice and V(50) was found by using a 

best fit line between approximately 10% and 90% breakthrough. Errors reported are the relative 

difference between the two measurements of Q(m). Representative breakthrough curves are 

shown in Figure 5.7  
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Table 5.3 Maximum Eu3+ adsorption capacity comparison of selected functionalized and pristine 
carbonaceous materials 

Carbon Sample qmax (mmol g-1) 
Ionic strength 

(M) 
Reference 

HDEHP-OMC-l-MSN 0.35(6)   
1 This 

work 

Oxidized MWCNTs 2.87 × 10-8 0.1 38 

C-CS-type OMCs 0.910  0.1 14 

N,N-dihexyl amide MWCNTs 0.536  - 39 

1st generation poly(amidoamine) dendrimer 

CNTs 
0.544 

- 
40 

2nd generation poly(amidoamine) dendrimer 

CNTs 
0.976 

- 
40 

 

5.6.3 Europium breakthrough curves  

Breakthrough curves were used to find the maximum adsorption capacity of the 

chromatographic material under dynamic conditions using HDEHP-OMC-c and LN Resin. The 

Q(m) values were  0.11 ± 0.01mmol g-1 and 0.32 ± 0.04 mmol g-1 for LN Resin and HDEHP-

OMC-c, respectively. Each breakthrough curve was done twice and V(50) was found by using a 

best fit line between approximately 10% and 90% breakthrough. Errors reported are the relative 

difference between the two measurements of Q(m). Representative breakthrough curves are 

shown in Figure 7. Additional breakthrough curves and data can be found in Table S3 and Figure 
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S1. Because the qmax and Q(m) values for both the LN Resin and HDEHP-OMC-c agree within 

error, Table 5.4 

It was assumed that equilibrium was reached. It should be noted that the HDEHP-OMC 

materials used for the breakthrough curve and adsorption isotherm had different ligand loadings. 

The agreement in qmax and Q(m) between the samples containing different HDEHP loadings may 

imply that there is a limit in ligand loading capacity where additional loading does not aid the in 

adsorption capacity. This could be a result of HDEHP being loaded into regions of the OMC 

material that limits the accessibility for the metal ions.   

 

 

Figure 5.7 Europium breakthrough curves for LN Resin (black circles) and HDEHP-OMC-c 
(red squares). The plots show the ratio of the concentration of Eu3+ with in fraction, C, to the 
initial concentration of Eu3+ in the loading solution, C0, as a function of the effluent volume (μL) 
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Table 5.4 Maximum adsorption capacities for LN Resin and OMC-l-MSN under static and 
dynamic conditions 

 qmax (mmol g-1) Q(m) (mmol g-1) 

LN Resin 0.17 ± 0.07 0.11 ± 0.01 

OMC-l-MSN 0.35 ± 0.06 0.32 ± 0.04 

 

Europium/nedymium separations. To investigate the f-element separation capability 

of HDEHP-OMC-l-MSN, the separation of Nd3+ and Eu3+ was attempted using HDEHP-OMC-d 

and compared to LN Resin. Although both columns were prepared to approximately half column 

height, the mass of the LN Resin was considerably lower than the HDEHP-OMC-d; however, the 

FCV were quite similar (Table 5.5). Well-packed particles with smaller diameters should 

diminish the free volume within the column. While the density of the OMC particles is greater, 

likely owing to the better packing of smaller particles, the FCV stayed nearly the same as the LN 

Resin. This could be due to the availability of the pore volumes within the OMC material.  

 

Table 5.5 The mass and FCV for half columns used in Eu and Nd separations 

 Mass (g) FCV (μL)  

LN Resin 0.1059(1) 135.2(1) 

OMC-l-MSN 0.1669(1) 134.9(1) 
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 No metal breakthrough was observed during the loading and washing steps. The activites of 

147Nd3+ and 154Eu3+ were corrected to reflect the varying volumes contained in each of the 

fractions. No separation was observed using LN Resin, while separation was achieved using the 

OMC material (Figure 5.8 and Figure 5.9). Additional presentations of the separations can be 

found in Figures S2 and S3. A resolution of 0.58 ± 0.02 was obtained for the HDEHP-OMC-d 

column and was determined using the volume corrected elution curves. Gaussian curves were 

generated in QtiPlot for each peak to determine the width at half the peak height maximum. The 

error in the resolution represents ±1σ through propagation of error in the resolution calculation. 

Approximately 56% of the Nd3+ can be recovered with less than 6% contamination from the 

Eu3+. Conversely, about 50% of the Eu3+ can be recovered with less than a 7% Nd3+ 

contamination.  

 

 

Figure 5.8 Separation of 147Nd3+ (blue circles) and 154Eu3+ (red squares) by LN Resin. Activities 
have been normalized to the volume the fraction contained 
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Figure 5.9 Separation of 147Nd3+ (blue circles) and 154Eu3+ (red squares) by HDEHP-OMC-l-
MSN. Activities have been normalized to the volume the fraction contained 

 

5.7 Conclusions 

Two OMC materials with different morphologies, OMC-l-MSN and CMK-3 type OMC, 

were synthesized and modified with HDEHP for Eu3+ and Nd3+ recovery. HDEHP loadings 

varied depending on the concentration, number of HDEHP additions and the material being 

loaded.  higher loading of the OMC-l-MSN material was accomplished through multiple 

HDEHP additions. 

The Eu3+ uptake by these materials was compared against the industry standard lanthanide 

extraction chromatographic material, LN Resin. Both HDEHP-OMC materials showed higher 

distribution values than the LN Resin. Furthermore, HDEHP-CMK-3 type OMC showed 

improvement in performance over HDEHP-OMC-l-MSN and LN Resin at the higher acid 

concentrations, but displayed a less ordered morphology. The batch Langmuir isotherm and 

breakthrough column studies of the LN Resin and HDEHP-OMC-l-MSN demonstrated that the 

OMC materials have at least double the maximum adsorption capacity. 
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This study is the first to report a separation of the f-elements Nd and Eu using MCs as a  

chromatographic material. The HDEHP-OMC-l-MSN material successfully separated trivalent 

Nd and Eu using an unpressurized system and a small compact column. This preliminary 

examination of the HDEHP physisorbed OMC materials has confirmed their potential as solid-

phase sorbents for f-element recovery and separation. Additional studies need to be completed to 

determine the maximum amount of HDEHP-OMC material that can be packed into a column 

before back-pressure issues arise. This would allow for resolution optimization of the HDEHP-

OMC-l-MSN columns. Furthermore, studies utilizing OMC materials functionalized with other 

ligands have begun.  
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CHAPTER 6 SUMMARY AND OUTLOOK FOR THE FUTURE 
 

6.1 Summary  

 Therapeutic proteins have been a significant promise for the treatment of diseases like 

cancer and diabetes. Proteins are highly specific in their action and cause minimal adverse side 

effect compared to low molecular weight drugs. Delivery of proteins have been demonstrated 

using various delivery systems such as polymers, liposomes and carbon nanotubes. As compared 

to these delivery systems, MSN have been demonstrated as an ideal candidate for the effective 

delivery of proteins to its target site under physiological conditions and protection from proteases 

and denaturation chemicals. MSN exhibit high loading capacity, tunable pore size and 

morphology as well as biocompatibility. The surface of MSN can be decorated by a variety of 

functional groups which serves to control the movement of molecules in and out of the pores. 

Thus, the entrapping guest molecules can be released upon exposure to a specific stimulus.      

MCM-41 type MSN have successfully loaded and delivered only small proteins due to the 

synthetic limitation of its pore size. Therefore, the delivery of large multi-subunit proteins still 

remains a substantial challenge.  

A versatile and facile method have been manifested to load homomeric proteins into MSN 

with potential applications in enhancing the delivery of large therapeutic proteins. Concanavalin 

A (Con A) and Yeast alcohol dehydrogenase, with a mass of 104 kDa and 145 kDa, were chosen 

as a model homomeric proteins. Mesoporous silica nanoparticles (MSN) with enlarged pores 

were successfully synthesized and characterized, and reversibly dissociated subunits of model 

large homomeric protein molecules were entrapped in the mesopores. This was confirmed by 

multiple biochemical and material characterization. When loaded in the MSN, protein stability 
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from proteases and, upon release, the subunits reconstituted into active proteins was 

demonstrated.  

     In Chapter 5,  synthesis of two OMC materials using different silica template, OMC-l-

MSN and CMK-3 type OMC, was succesfully demonstrated.  OMC materials were physisorbed 

with HDEHP for Eu3+ and Nd3+ recovery. Depending on the concentration and number of 

HDEHP additions, loading on the marterial was varied. Higher loading of the OMC-l-MSN 

material was accomplished through multiple HDEHP additions comapred to single addition. The 

uptake of  Eu3+ by these materials was compared against commercially available polyacrylic 

ester-based LN Resin. HDEHP-OMC materials showed high loading capacities and distribution 

coefficients than the LN Resin. The batch Langmuir isotherm and breakthrough column studies 

showed greater maximum adsorption capacity for HDEHP-OMC-l-MSN comapred to the LN 

Resin. The OMC materials have at least double the maximum adsorption capacity. 

6.2 Future work 

       The studies described herein, demonstrated in-vitro release of protein from MSN. To 

execute effective intracellular delivery, in-vivo studies must be conducted. The method of 

therapeutic protein delivery may be expanded to include heteromeric proteins and larger, multi-

subunit enzymes in the future. Due to different multiple subunits in heteromeric protein, its 

adsorption and desorption rates can vary and therefore could be more challenging; however, re-

association of dissociated heteromeric proteins may still be possible to recover active protein.  

 In Chapter 5, separation of the f-elements Nd and Eu using HDEHP physisorbed OMC as a  

chromatographic material was successfully demonstrated. The separation of elements was 

carried out using an unpressurized system and a small comact column. Further research is needed 

to find the maximum amount of HDEHP-OMC material that can accommodate into a column 
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before back-pressure issues arise which would lead toresolution optimization of the HDEHP-

OMC-l-MSN columns. The preliminary studies of the HDEHP physisorbed OMC materials 

indicates that they are prime candidates as solid-phase sorbents for f-element recovery and 

separation. Hence, further studies with covalent attachment of other ligands using OMC 

materials can be studied for lanthanides separation. 
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