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Abstract 

The cold chain is a problem that affects the whole pharmaceutical industry: in 2019, 45% 

of new FDA approved drugs required refrigeration or freezing. It is estimated that biopharma loses 

around 35 billion dollars every year due to failures in temperature control logistics. Proteins, the 

main components of vaccines, enzymes and many pharmaceuticals, are sensitive to denaturing and 

losing their conformational structure when exposed to thermal stress. This is why most 

pharmaceutical products require a temperature-controlled supply chain to ensure that heat 

exposure does not disrupt the intermolecular interaction needed to maintain protein structure and 

activity.  

The aim of this study is to develop a more sustainable technology via protein adsorption 

onto mesoporous silica, in order to improve the protein’s thermal stability. Two proteins were 

investigated: Invasion Plasmid Antigen D (IpaD) and Lactoferrin (Lf). Circular dichroism (CD) 

confirmed that the adsorbed IpaD and Lf after the heat treatment maintained a native secondary 

structure rich in α-helical content. In contrast, the unprotected proteins after heat treatment lost 

their secondary structure. Isotherms modeled using Langmuir, Freundlich and Temkin models 

demonstrated that the adsorption of IpaD and Lf onto silicas is best fit by the Langmuir model. 

Silica pore size was determined to be a key factor in protein adsorption. If pores are less than 15 

nm, adsorption is negligible. If the pores are between 15-25 nm, then monolayer coverage is 

achieved and IpaD is protected from thermal denaturing. If pores are larger than 25 nm the 

adsorption is multilayer coverage and it is easier to remove the protein from the silica due to a less 

developed hydrogen bond network. 

In addition, this work investigates the protein release from silica using non-ionic detergents 

(Triton X-100, Tween 20, 40 and 80). Lactoferrin desorption tests with non-ionic detergents 
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showed a trend for increased Lf recovery with increased detergent hydrophobicity. Triton X-100 

and Tween 80 were the best detergents for Lf desorption, recovering over 80% of the initial protein. 

This research provides strong evidence that proteins can be thermally stabilized on mesoporous 

silica and efficiently released from the silica using non-ionic detergents.  
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Chapter 1: Introduction 

1.1 Importance of Protein Thermal Stabilization 

Combined, the global protein therapeutics and enzyme market are valued at $149 billion.1, 2 In 

2019, the global vaccine market was $46.88 billion, and it is projected to increase up to $104.87 

billion by 2027.3 The Covid-19 pandemic is one of the key reasons for the significant increase in 

the forecasted  vaccine market value since the Covid-19 vaccine market alone is estimated to be 

worth $25 billion by 2024.4 Protein therapeutics, enzymes, and vaccines are all made up of proteins 

and these three industries have a common problem: most proteins are subject to denaturing if 

exposed to high temperatures. The efficiency of protein therapeutics, enzymes, and vaccines is 

highly dependent on protein secondary and tertiary structure and heat exposure disrupts the 

intermolecular interactions needed to maintain structure. 

Every year, between 2 and 3 million lives are saved because of global immunization practices.5 

National immunization programs, however, face delivery challenges due to necessary cold chain 

storage requirements. According to the World Health Organization (WHO), the vaccine cold chain 

consists of transporting and storing vaccines at the correct temperature (generally 2-8 °C) from 

manufacturing to delivery site.6 Some of the primary issues that limit cold chain performance are: 

(1) inadequate cold chain capacity, (2) lack of functioning cold chain equipment, and (3) poor 

vaccine temperature monitoring and maintenance systems. In low-income and lower-middle 

income countries only 2% of all cold chain equipment is utilizing optimal technology. 

Furthermore, 14% of all cold chain equipment is completely non-functional and 41% is not 

operating properly.7 Even when the cold chain equipment is functional, the required maintenance 

is not always performed.8 
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One of the most important risks associated with poorly operating equipment is the possibility of 

freezing and damaging the stored vaccines. GAVI (Global Alliance for Vaccines and 

Immunizations) is a public-private global partnership that seeks to increase access to immunization 

by supporting the governments of low-income countries. In large part due to GAVI’s efforts, over 

80% of infants around the world receive at least three doses of routine infant vaccines.8 The total 

annual cost for immunization in GAVI-supported countries is estimated to reach $4 billion in 

2020.9 If a technique were available to thermally stabilize vaccines without substantially increasing 

the cost of manufacturing, the annual immunization cost could be reduced by $125-150 million.9 

More than 500 commercial products are synthesized using enzymes 10 because of their valuable 

properties such as low toxicity, high substrate specificity, and fast and effective activity at low 

concentrations.11  Enzymes are used in a wide range of processes, including detergent, agricultural, 

food, pharmaceutical, and cosmetic industries.11 Most animal-based enzymes denature at 

temperatures above 40 °C and must be stored at even lower temperatures than vaccines, between 

-20 °C to -80 °C.12 

Protein pharmaceuticals have become much more common in the past few decades. By the late 

1980s, only three protein therapeutics existed in the market (including human insulin). Currently, 

there are over 150 approved protein-based pharmaceuticals.13 Most small chemical drugs are taken 

orally; however, protein instability is one of the main reasons why protein pharmaceuticals are 

usually administered through injection.14 Protein therapeutics are sensitive to thermal denaturation 

since the loss of secondary and/or tertiary structure may cause a decrease in protein activity and 

elicit an undesired immune response. Furthermore, in most cases, thermal denaturation is 

irreversible since the unfolded proteins can rapidly aggregate.13 
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Lyophilization of proteins is currently the primary commercial method to maintain protein 

structure while reducing the need of a cold chain. The lyophilization process involves two main 

steps: freezing the protein in solution and then drying the frozen protein under vacuum.14 

Although, many proteins are able to retain their structure and activity during both freezing and 

drying, some proteins are unable to tolerate freezing and drying to different degrees. Many 

enzymes (lactate dehydrogenase, β-galactosidase, L-asparaginase, and phosphofructokinase), 

proteins (recombinant hemoglobin), and monoclonal antibodies lose some if not all of their activity 

during the lyophilization process.14 Furthermore, lyophilized vaccines are still sensitive to heat 

exposure. For example, measles vaccines can only tolerate exposure to 40 °C for 2 days and 

exposure to 37 °C for six days.15 In addition, lyophilized vaccines after reconstitution must be 

administered immediately. Because of all the limitations of lyophilization, the enzyme, protein-

therapeutics, and vaccine industries are interested in finding alternative ways to thermally stabilize 

proteins. 

Protein immobilization is an attractive alternative to lyophilization. Physical immobilization 

consists of adsorbing or encapsulating a protein within a support material to lock it in place (via 

hydrogen bonding, van der Waals interactions, and in some cases covalent bonding) in order to 

protect the protein’s structure from denaturing when exposed to thermal stress. Classification of 

porous materials for protein stabilization are shown in Figure 1.1. Two of the most common 

techniques for protein immobilization are sol-gel encapsulation and adsorption onto inorganic 

porous materials (e.g., silica, activated carbon, aluminum oxide, iron oxide, and metal organic 

frameworks). Similarly, porous polymers (natural and organic) can be used to covalently or 

ionically immobilize proteins. 
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Figure 1.1. Classification of porous materials for protein thermal stabilization 

Physical immobilization of enzymes has a key advantage in comparison to the immobilization of 

vaccines and protein pharmaceuticals. Once enzymes are bound to their support, there may be no 

need to desorb or separate them from said support. Enzymes can still catalyze reactions while 

adsorbed on porous materials. However, since vaccines and protein therapeutics are intended to be 

administered in vivo, the reagent may have to be desorbed, released, and separated from the 

stabilization support. Protein desorption is challenging and only a few groups have successfully 

reported releasing proteins from the stabilization supports without damaging the protein structure.  

1.2 Review of Inorganic Porous Materials for Protein Immobilization 

According to the IUPAC denomination, mesoporous materials are materials with pore sizes 

between 2-50 nm in diameter.16 Microporous materials have pores smaller than 2 nm in diameter, 

and macroporous materials have pores larger than 50 nm in diameter. Mesoporous materials have 

the optimal pore size range for protein adsorption; however, macroporous materials with larger 

pore sizes may be necessary for vaccine immobilization since vaccines are usually composed of 



5 
 

multiple proteins, surfactants, and additives. Some of the most common types of mesoporous 

materials for protein stabilization are mesoporous silicas, activated carbons, and aluminum oxides. 

Regarding mesoporous silicas, two routes are possible: sol-gel protein encapsulation and protein 

adsorption onto mesoporous silicas as shown in Figure 1.2. Sol-gel chemistry is the typical method 

to synthesize mesoporous silicas, using surfactant molecules as a template. The condensation of a 

hydrolyzed silica precursor around the surfactant molecules forms the mesoporous silica 

network.16 The surfactant is then removed, resulting in the desired mesoporous silica material. 

After the mesoporous silica has been synthesized protein is adsorbed (protein adsorption onto 

mesoporous silica). However, it is possible to use proteins instead of surfactants in the sol-gel 

process to create a silica network directly around the protein (silica sol-gel protein encapsulation).  

 

Figure 1.2. Sol-gel silica protein encapsulation (left) vs protein adsorption onto mesoporous silica (right) 

1.2.1 Sol-gel Silica 

Sol-gel silica is a porous and amorphous material that is synthesized at low temperatures and mild 

pHs.17 The sol-gel encapsulation process begins with hydrolysis and condensation reactions of a 

precursor to form an aqueous sol.18 The precursors usually involve tetraalkoxysilanes, tri-alkyl 

alkoxysilanes, di-alkyl alkoxysilanes, or mono-alkyl alkoxysilanes. Two of the most common sol 

precursors are tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS). Once the 

precursor is hydrolyzed, it is mixed with an aqueous protein solution that also contains additives, 
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catalysts, polymers, and templating agents. A polymerization reaction begins the gelation of the 

sol and consequently encapsulates the protein. 

It is possible to modify the surface structure in order to improve protein-sol interactions. A 

transesterification reaction with glycerol additives can follow the hydrolyzation reaction in order 

to produce poly(glyceryl silicates), a more biocompatible alternative in comparison to 

alkoxysilanes.19 To manipulate more extensive material characteristics, organically modified 

silanes can be added to TEOS or TMOS based precursors resulting in the ability to change ionic, 

hydrogen bonding, hydrophilic, and hydrophobic material properties.20  

The possibility of surface modification is just one of the major advantages to the sol-gel entrapment 

technique. Sol-gel derived silicate materials also have a tunable pore size, which can enable a range 

of different sized proteins to be ensilicated and thermally stabilized. Furthermore, the sol-gel 

encapsulated protein can be used to develop biosensors since the sol-gel silicates can be made 

optically transparent. 

The first attempt at a sol-gel protein entrapment procedure was published in 1955; 21 however, it 

was not until the 1990s when two groups (Avnir 22 and Zink 23) began widely using the procedure 

did the method become established. Over 50 different proteins and enzymes have been 

successfully immobilized using the sol-gel method.18 Table 1.1 summarizes the studies that have 

tested protein thermal stability in sol-gel materials.  

The studies shown in Table 1.1 achieve different degrees of thermal stability. In some cases, 

protein in sol-gel denatured at an average of 10-15°C higher than the unprotected protein, 17, 24, 25 

indicating an improvement in thermal stability, but not full stability at higher temperatures. One 

of the possible causes for loss of protein structure in gel-embedded proteins may be trace amounts 
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of alcohol in the sol-gel. Siloxane condensation forms alcohol and even though multiple washes 

are typically performed, it is possible trace amounts remain in the gel.17  

Table 1.1. Studies of protein thermal stability in sol-gel material  

Biomolecule Sol Precursor/ 

Desorbing Agent 

Thermal Stability Reference 

α-chymotrypsin TEOS + sarcosine or 

sorbitol / No desorption 

Thermal stability of encapsulated enzyme does not 

improve unless additives are added. 

Thermal stability (CD melt) increases only as 

concentration of sarcosine increases (sorbitol has no 

effect). 

25 

α-lactalbumin TMOS / No desorption Encapsulated α-lactalbumin did not denature after 

heating to 95 °C, unprotected protein denatured 

approximately at 70 °C (CD melt). 

24 

Ag85b antigen TEOS / NaF Some sign of degradation after heating to 95 °C for 2 h 

but ensilicated sample retained its structure better than 

free sample. 

26 

Avidin TMOS / natural release 

through diffusion and 

erosion 

Encapsulated avidin unfolds at a moderate less extent 

than unprotected protein (CD melt). 

17 

Bovine serum 

albumin (BSA) 

TMOS / natural release 

through diffusion and 

erosion 

Encapsulated BSA unfolds at a significantly less 

extent than unprotected protein (CD melt).  

17 

Hemoglobin TEOS / NaF Secondary structure (CD) is conserved after heating to 

100°C for 2 h. 

27 

Hemoglobin TMOS / PEG 95% of hemoglobin retained native structure at room 

temperature for 33 days (unprotected hemoglobin 

denatured).  

28 

Lysozyme TMOS / No desorption Encapsulated lysozyme unfolds at a less extent than 

unprotected protein (CD melt). 

24 

Lysozyme TEOS / NaF 75-100% activity was retained after heating to 100 °C 

for 5 hr (lysozyme activity assay). 

3-year storage at room temperature does not affect 

protein stability (ELISA). 

27 

 
29 

Sbi-III-IV-

Ag85b vaccine 

conjugate 

TEOS / NaF Majority of functional activity is retained after heating 

to 95 °C for 2 h. 

26 

Tetanus toxin C 

fragment 

(TTCF) 

TEOS / NaF Antigen binding capacity (ELISA) and secondary 

structure (CD) was unaffected after heating to 80 °C 

for 2 h. 

In vivo study: mice injected with ensilicated, heated 

and released TTCF showed same immune response as 

mice injected with native TTCF. 

27 

 

 
30 

Ribonuclease-A TMOS / natural release 

through diffusion and 

erosion 

Encapsulated ribonuclease-A unfolds at a slightly less 

extent than unprotected protein (CD melt).  

17 

RNAase T1 TEOS + sarcosine or 

sorbitol / No desorption 

Thermal stability of encapsulated enzyme does not 

improve unless additives are added. 

Thermal stability (CD melt) increases as concentration 

of sarcosine and sorbitol increases. 

25 
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It is important to note that these three studies were published in the early 2000s and more recent 

studies have shown continued success achieving an increased degree of thermal stability. The 

group of van den Elsen and coworkers have made the most contributions to the sol-gel biomolecule 

immobilization field in the past decade.26, 27, 29, 30 The group proved that lysozyme, hemoglobin, 

TTCF, and Sbi-III-IV-Ag85b vaccine conjugate are able to retain structural stability after exposure 

to extreme heat stress (100 °C for lysozyme and hemoglobin, 80 °C for TTCF, and 95 °C for Sbi-

III-IV-Ag85b vaccine conjugate). 

The group also was the first to conduct in vivo experiments, injecting mice with native TTCF, 

ensilicated and released TTCF, and ensilicated, heated (80 °C), and released TTCF.30 The results 

from this study are extremely promising: the anti-TTCF IgG immune response as (evidenced by 

ELISA) of mice injected with the ensilicated and released TTCF or the ensilicated, heated, and 

released TTCF was consistent with the immune response of the mice injected with native TTCF.30 

Dilute sodium fluoride was used by van den Elsen et al. to desorb the proteins from the sol-gel 

matrix. The optimal pH of 4.0 was determined where protein activity was still intact during the 

desorption process; however, alternative release protocols would be necessary for a biological 

application. A important issue is the fluoride in solution is toxic, resulting in gastrointestinal 

distress at doses between 100-150 mg.31 

Clearly, the release of proteins from sol-gels is a critical issue that makes the process difficult to 

adapt in clinical conditions. Most sol-gel procedures use a high concentration of silica precursor, 

between 30-50% that is the primary reason protein desorption is so complicated. Recently, Boylan 

and coworkers developed a new sol-gel route where a protein solution is exposed to TMOS 

vapors.28 The TMOS hydrolyzes and then diffuses into the aqueous protein solution, encapsulating 

the protein.28 This new sol-gel route allows for much lower concentrations of silica precursor 
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(TMOS) to be used. By using a 1% TMOS sol-gel it is possible to use polyethylene glycol (PEG) 

to recover up to 91% hemoglobin protein. However, in order to conserve hemoglobin’s native 

structure during heating protocols, a 5% concentration of TMOS is necessary. This method has 

great potential for clinical applications, but an optimal TMOS concentration has to be determined 

in order to maximize both protein recovery and thermal stability. 

1.2.2 Porous Silicas 

Porous silicas have demonstrated the ability to retain protein structure and functionality.27, 32 Some 

of the most relevant advantages of using silica for protein adsorption include: (1) high thermal 

stability, (2) useful porosity range for proteins, (3) simple chemistry, (4) mild pH, (5) tunable 

surface chemistry, and (6) encapsulated biomolecular samples that retain high activity. 

Furthermore, it is possible to create a customized mesoporous silica material for any desired 

protein by tuning the pore size, pore shape, and silica surface chemistry. 

Protein amino acids are able to attach to the surface of the silica via hydrogen bonding, van der 

Waals interactions, and electrostatic interactions;33 therefore, it is possible to adsorb biomolecules 

using silicas and lock the protein into place for increasing thermal stability. Even though silicas 

are “Generally Recognized as Safe” (GRAS) by the FDA,34 the silica-immobilized vaccines or 

protein therapeutics would be desorbed from the silica prior to patient administration using a drug 

delivery device. In some cases for orally administered vaccines, the mass of silica for each 

administered dose would be <5 mg and negligible in comparison to the reported toxic dose for 

silica of 500 mg/kg.35 

The first solid mesoporous silicas were first synthesized in 1992 by Mobil Research and 

Development Corporation and were named MCM-41 (Mobil Crystalline Materials or Mobil 
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Composition of Matter).16  MCM silicas have pore diameters ranging between 2.5 to 6 nm. The 

University of California, Santa Barbara was the second to synthesize a solid mesoporous silica, 

calling their material Santa Barbara Amorphous type material (SBA). SBA silicas have larger pore 

sizes, between 4.6 to 30 nm, and are extremely ordered with thicker silica walls.36 Another type of 

mesoporous silica is the folded sheet mesoporous material (FSM), which uses a quaternary 

ammonium surfactant for the template and layered polysilicate kanemite for its synthesis.16 MCM 

and SBA silica types are highly organized and have a fairly uniform pore size. However, many 

mesoporous silica materials (MPS) have a range of pore sizes, from micro to mesopores. For 

protein adsorption onto mesoporous silica research, it is possible to commercially purchase a wide 

array of mesoporous silicas or to synthesize it if there is not a silica commercially available for a 

specific protein. More than 30 proteins including small protein therapeutics and enzymes have 

been immobilized on mesoporous silicas.16 Table 1.2 summarizes only the studies that have tested 

protein thermal stability in mesoporous silica (MPS) materials. 

Table 1.2. Studies of protein thermal stability adsorbed onto mesoporous silica (MPS) materials  

Biomolecule Silica Type / Surface 

Modification  

Thermal Stability Reference  

α-L-

arabinofuranosidase 

MPS 

Organosilica (MPS / 

HPNO f) 

 

Thermal stability of adsorbed enzyme on MPS 

does not improve in comparison to unprotected 

enzyme.  

Thermal stability of adsorbed enzyme on 

organosilica moderately improves in 

comparison to unprotected enzyme. 

37 

β-galactosidase 

(from Bacillus 

circulans)  

MPS / CTAB a and 

GPTMS b 

 

 

Adsorbed enzyme on glyoxyl silica retained 

over 90% activity over 24 h and increased half-

life from 1 h (unprotected) to 18 h. 

38 

β-galactosidase 

(from Bacillus 

circulans) 

MPS / CTAB a and 

GPTMS b 

 

At 60 °C, half-life of adsorbed enzyme was 

about 11 h, half-life of unprotected enzyme was 

about 1 h. 

39 

β-galactosidase 

(from Aspergillus 

oryzae) 

MPS / CTAB a and 

GPTMS b 

 

At 55 °C, half-life of adsorbed enzyme was 

about 14 h, half-life of unprotected enzyme was 

about 2 h. 

39 

Alcalase 2T MPS / APTES c 

 

 

Adsorbed enzyme retains over 90% activity 

when heated to 50 °C for 2 h (unprotected 

enzyme retains about 55% activity). 

40 
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Adsorbed enzyme loses most of its activity 

when heated to 60 °C for 2 h (unprotected 

enzyme also lost most of its activity).  

Amylase MPS / agarose gel At 80°C, adsorbed enzyme retained 93% 

activity, unprotected enzyme retained 38% 

activity. 

41 

Cellulase Silica / polyamidoamine 

dendrimer 

After heating to 70 °C for 3 h, adsorbed 

enzyme retained 53% activity, unprotected 

enzyme retained 22% activity.  

42 

Cytochrome C + 

peroxidase 

Porous silicon 

microparticles (PSi) and 

biogenic porous silica 

(BSiO2) / No modification  

Adsorbed enzyme on Psi did not improve 

thermal stability after heating to 50 °C for 4 h. 

Adsorbed enzyme on BSiO2 showed an 

increase in thermal stability in comparison to 

unprotected enzyme after heating to 50°C for 4 

h. 

43 

Invasion Plasmid 

Antigen D (IpaD) 

MPS / No modification  Adsorbed IpaD retains α-helical structure while 

unprotected IpaD completely denatured (CD) 

after heating to 95 °C for 2 h. 

44 

Laccase (from 

Aspergillus)  

MPS / glutaraldehyde 

 

The half-life of adsorbed enzyme was slightly 

lower than that of unprotected enzyme at 

temperatures between 55-70 °C. 

45 

Lipase (from 

Alcaligenes) 

MPS / CTAB a and 

GPTMS b 

 

At 55 °C, half-life of adsorbed enzyme was 

about 12 h, half-life of unprotected enzyme was 

about 3 h. 

39 

Lipase (from 

Acaligenes) 

Glyoxyl silica (MPS / 

CTAB a and GPTMS d) 

Octyl silica (MPS / CTAB 
a and OTMS e) 

Octyl-Glyoxyl silica (MPS 

/ GTMS and OTMS) 

At 60 °C, half-life of adsorbed enzyme on 

glyoxyl silica was 566 h, half-life of 

unprotected enzyme was 0.97 h. 

At 60 °C, half-life of adsorbed enzyme on octyl 

silica was 7.9 h, half-life of unprotected 

enzyme was 0.97 h. 

At 60 °C, half-life of adsorbed enzyme on 

octyl-glyoxyl silica was 7.9 h, half-life of 

unprotected enzyme was 0.97 h. 

46 

Lipase (from 

Candida antarctica 

B)  

MPS / CTAB a and 

GPTMS b 

 

At 55 °C, half-life of adsorbed enzyme was 

about 9 h, half-life of unprotected enzyme was 

less than 1 h 

39 

Lipase B (from 

Candida 

antarctica)  

MPS / TCT e 

 

At 50 °C, half-life of adsorbed enzyme was 24 

h, half-life of unprotected enzyme was 0.5 h. 

47 

Lipase (from 

Candida 

antarctica) 

MPS / octyltriethoxysilane 

 

At 60 °C, half-life of adsorbed enzyme was 2 h, 

half-life of unprotected enzyme was about 0.5 

h. 

48 

Lipase (from 

Pseudomonas 

stutzeri) 

Glyoxyl silica (MPS / 

CTAB a and GPTMS d) 

Octyl silica (MPS/ CTAB a 

and OTMS e) 

Octyl-Glyoxyl silica (MPS 

/ CTAB, GTMS and 

OTMS) 

At 60 °C, half-life of adsorbed enzyme on 

glyoxyl silica was 12.6 h, half-life of 

unprotected enzyme was 0.8 h. 

At 60 °C, half-life of adsorbed enzyme on octyl 

silica was 13 h, half-life of unprotected enzyme 

was 0.8 h.  

At 60 °C, half-life of adsorbed enzyme on 

octyl-glyoxyl silica was 153 h, half-life of 

unprotected enzyme was 0.8 h. 

46 

Lipase (from 

Phycomyces nitens) 

FSM / CTAB a coating 

after adsorption 

 

Adsorbed lipase on FSM-CTAB retained full 

activity after thermal treatment at 58 °C for 120 

min. FSM only was not enough to stabilize 

protein. 

49 
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Methemoglobin FSM / Swelling Agent Adsorbed enzyme retained 73% absorbance 

intensity of Soret peak compared to 

unprotected enzyme that only retained 34% 

intensity (CD) at 75 °C. 

Adsorbed enzyme was stabilized while 

unprotected enzyme unfolded and denatured at 

85 °C. 

50 

a CTAB: cetyltrimethylammonium bromide, b GPTMS: glycidyloxypropyltrimethoxysilane, c APTES: 3-

aminopropyltriethoxysilane, d TCT: trichlorotriazine, e OTMS: trimethoxy(octyl) silane, f HPNO: 2-hydroxypyridine 

1-oxide 

Surface modification is crucial for protein stabilization as shown in Table 1.2. It is also important 

to note that all the proteins listed in Table 1.2 except for IpaD (which is a sub-unit protein) are all 

enzymes. For the most part, physical adsorption is not enough to thermally stabilize enzymes, and 

therefore covalent binding is necessary.51 For enzymes to bond covalently to mesoporous silica 

materials, the surface must be modified. This can be achieved by grafting different functional 

groups, such as amino or carboxyl groups, onto the surface of the silica. Another option is using a 

cross-linking agent, such as glutaraldehyde for derivatization.51 Table 1.2, the surface modification 

agents used to promote covalent bonding are CTAB, APTES, TCT, glutaraldehyde and HPNO.  

Another useful type of surface modification is to make the silica surface more hydrophilic or more 

hydrophobic. OTMS and octyltriethoxysilane can be used to add silane groups and lead to a more 

hydrophobic silica surface. For some enzymes, adsorption did not occur without OTMS 

treatment.48 On the other hand, GTMS is a solvent used to add more glyoxyl groups onto the silica 

and consequently the surface becomes more hydrophilic. Glyoxyl groups are very reactive with 

non-ionized amine groups, are extremely stable at alkaline pHs, and are highly reactive with non-

ionized amine groups and thus are a great functional group candidate to improve protein 

stabilization.52 The amine groups in the enzyme attach to a monolayer of moderately separated 

aldehyde groups on the surface of the silica (glyoxyl silica). It has been shown that as concentration 

of glyoxyl groups increases, the protein thermal stability increases.38 
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1.2.3 Porous Activated Carbons 

Activated carbon is a form of carbon that is porous, has a large internal surface area, and has 

relatively high mechanical strength.53 Porous activated carbons (AC) are widely used industrially 

as adsorbents, catalyst supports, and for chemical separation or purification processes.54 Activated 

carbon is an expensive material, and therefore alternative, cost effective raw materials for the 

production of AC are of great interest. Commercial AC is typically produced from coal and 

agricultural byproducts of lignocelluloses. Agricultural wastes and biomasses, including coconut 

shells, fruit stones, rice husk, peanuts, tamarind wood, bamboo, bagasse, oil palm waste, and 

agricultural residues from sugarcanes are excellent choices for carbon precursors.53 

Some raw agricultural biomasses can be used as adsorbents without the need for activation; 

however, the activation process is meant to improve the adsorption capacity. It is important to note 

that different activation conditions may be necessary for different biomass sources since the ash 

composition varies from source to source.55 Evidently, the nature of the carbon precursor (meaning 

the content of ash, moisture, lignin, cellulose, and hemicellulose) and the activation method have 

a significant influence on the pore structure and surface chemistry of the AC. 

There are two key steps in the production of AC, carbonization, and activation. There are two ways 

to go about the carbonization and activation processes: chemical activation and physical activation. 

In chemical activation, the precursor lignocellulosic material is impregnated with dehydrating 

agents at temperatures, between 400 °C and 900 °C. The carbonization and activation steps occur 

simultaneously. Some of the chemical agents used for the activation process include: ZnCl2, KOH, 

NaOH, H2PO4, and K2CO3.
54, 55 In physical activation, the carbonization and activation steps are 

performed separately. First, the precursor material is carbonized and then it is activated at high 
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temperatures, between 800 °C and 1100 °C using a gas flow of CO2 or H2O.54 Overall chemical 

activation is preferred due to the lower operating temperature. 

Table 1.3 Studies of protein thermal stability adsorbed onto porous activated carbon materials 

Biomolecule Carbon Material Thermal Stability Ref. 

Acidic 

Lipase (from 

Pseudomonas 

gessardii)  

Mesoporous activated carbon 

(MAC)  

After heating to 50 °C for 24 h, unprotected 

enzyme retained 52% activity, immobilized 

retained 79% activity.  

56 

Acidic 

Lipase (from 

Pseudomonas 

gessardii) 

Functionalized mesoporous 

activated carbon (FMAC) 1 

After heating to 50 °C for 24 h, unprotected 

enzyme retained 38% activity, enzyme 

immobilized on MAC retained 69% activity, 

enzyme immobilized on FMAC retained 92% 

activity.  

57 

Acid protease Highly porous activated carbon 

(HPAC) 

After heating to 80 °C, unprotected enzyme 

retained 40% activity, immobilized enzyme 

retained 64% activity. 

58 

Acid protease Functionalized mesoporous 

activated carbon (FMAC) 1 

After heating to 80 °C, unprotected enzyme 

retained 40% activity, immobilized enzyme 

retained 69% activity.  

59 

Catalase Porous activated carbon (AC) + 

gelatin (Gel) coating 

After heating to 60 °C for 2 h, unprotected enzyme 

retained 10% activity, enzyme immobilized on AC 

retained 44% activity and enzyme immobilized on 

AC + Gel retained 57% of activity.  

60 

Laccase 

(from 

Aspergillus)  

Activated carbon fibers (ACF) 

Activated carbon fibers 

functionalized with dopamine 

(DA-ACF)  

After heating to 70 °C for 5 h, unprotected enzyme 

retained 10% activity, enzyme immobilized on 

ACF retained 40% activity, enzyme immobilized 

on DA-ACF retained 50% activity.  

61 

Laccase 

(from 

Bacillus) 

Functionalized activated carbon 

nanotubes (ACNT) (with 

glutaraldehyde)  

After heating to 80 °C for 5 h, unprotected enzyme 

retained 50% of activity, immobilized enzyme 

retained 65% of activity. 

62 

Lipase (from 

Candida 

rugosa)  

Activated carbon  At 70°C, unprotected enzyme retained 45% 

activity, immobilized carbon retained 78% activity. 

63 

Lipase (from 

porcine 

pancreas)  

Activated carbon from yellow 

mombin fruit stones 

After heating to 50 °C for 180 min, immobilized 

enzyme retained 76% activity.  

54 

Lysozyme Biomass charcoal powder (BCP) 

from adzuki bean 

After heating to 90 °C for 30 min, immobilized 

enzyme retained 51% activity, unprotected enzyme 

lost all activity.  

64 

Papain Multi-walled carbon nanotubes 

(MWCNT) + silica coating 

(TMOS) 

After heating to 60 °C for 4 h, unprotected enzyme 

retained 30% activity, enzyme immobilized on 

MWCNT retained 70% activity and enzyme 

immobilized on silica coated MWCNT retained 

94% activity. 

65 

Pectinase 

(from 

Aspergillus 

ibericus) 

Functionalized nanoporous 

activated carbon (FNAC) 1 

After heating to 60 °C, unprotected enzyme 

retained 36% activity, immobilized enzyme 

retained 47% activity. 

66 

1 Functionalized using ethylenediamine (EDA) and glutaraldehyde 
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When comparing the thermal stability of lysozyme immobilized in mesoporous activated carbon 

and that of lysozyme encapsulated in silica sol-gel, it is evident that the sol-gel methodology has 

a far higher degree of stability (Table 1.3 vs Table 1.1). Over 75% of the enzyme’s activity is 

conserved while it is encapsulated in silica-sol gel and heated to 100 °C for 5h,27 while only 51% 

of the enzyme’s activity is retained when it is immobilized on BCP and heated to 90 °C for 30 

min.64 On the other hand, activated carbon provides much better thermal stability for laccase (from 

Aspergillus)  than mesoporous silica. Adsorption of laccase onto mesoporous silica does not 

improve thermal stability,45 but immobilization on functionalized activated carbon fibers 

significantly improves thermal stability.61 This may attributed in part to the dopamine surface 

modification of the activated carbon fibers, increasing the hydrophilicity of the support. The report 

goes on to show that there is not one superior material that will successfully thermally stabilize 

every single type of protein. 

As with mesoporous silica materials, functionalization is also important for porous activated 

carbon materials. Sekaran and coworkers have immobilized acidic lipase and acidic protease in 

both mesoporous activated carbon (MAC) and in functionalized activated mesoporous activated 

carbon (FMAC).56-59, 66 The enzymes adsorbed on MAC were stabilized via physical adsorption 

and those adsorbed on FMAC were stabilized through covalent interactions. The functionalization 

by Sekaran and coworkers is two-fold: first, ethylenediamine is used to add amino groups to the 

MAC surface, then second, glutaraldehyde is used to activate the amino groups on the support.57 

In every case, immobilization by enzyme covalent bonding to the activated carbon shows a 

significant increase in thermal stability in comparison to physical adsorption.  

Another reason covalent bonding is preferred to physical adsorption for the thermal stabilization 

of enzymes is that in industrial catalytic procedures, enzymes tend to leach from AC. Porous 
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activated carbon materials have also been coated with silica and gelatin through sol-gel procedures 

to promote covalent bonding over physical adsorption.60, 65 Catalase immobilized on gelatin coated 

AC showed a higher degree of thermal stability than immobilization in non-functionalized AC, 

since gelatin has carboxyl, amino, and hydroxyl functional groups that induce covalent bonding.60 

A two-step silica (TMOS) coating process provides one of the highest retained activities reported 

for enzyme immobilization on activated carbon materials. First, multiwalled carbon nanotubes 

were functionalized with amines, then, papain was adsorbed onto the MWCNT. TMOS was 

hydrolyzed and the papain-MWCNT conjugates were added to the TMOS solution and the gel 

consequently was formed. This double stabilization method (immobilization on AC followed by 

sol-gel encapsulation) results in approximately 94% activity retention of papain after heating to 

60° C for 4 h.65 

There has been remarkable success with protein thermal stabilization using carbon paste, a non-

porous carbon material. Polyphenol oxidase entrapped in carbon paste retained 95% activity after 

heating to 80 °C for 6 h, while the unprotected enzyme lost all activity after 30 min of heating.67 

Immobilization in carbon paste may be an attractive alternative for enzymes that cannot be 

stabilized in porous silica and carbon materials.  

1.2.4 Aluminum and Iron Oxides 

Silicon dioxides (silicas) are the most common class of metal oxide studied and applied to the 

stabilization of biomolecules. This is because silica is a benign and non-toxic oxide, and even 

though it is “Generally Recognized as Safe” by the FDA, it is not approved in injectable drugs. 

However, aluminum oxide (alumina) is already an FDA approved adjuvant in most high-volume 

vaccinations and injected both subcutaneously and intramuscularly.68 Furthermore, alumina is the 

most common metal oxide used industrially for catalyst immobilization.69 Iron oxide (magnetite) 
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is another attractive metal oxide for protein immobilization. Magnetite is approved in multiple 

parenteral administrations into the human body: as a component in magnetic resonance imaging 

and for the treatment of anemia and chronic liver failure.70 An important advantage of magnetite 

as a drug carrier is that due to the magnetic property, these materials can deliver drugs to any 

desired, targeted location if the patient is under an external magnetic field. 

The most common structure of crystalline alumina has oxygen ions in a closely packed, nearly 

hexagonal structure, and the aluminum ions occupy approximately two-thirds of the octahedral 

interstices. The crystal structure of aluminum oxide is thermally stable, making it an attractive 

support for enzymes. Also, the surface of alumina has both basic and acidic areas, which in turn 

help different basic and acidic amino acid residues anchor to the surface. Finally, the porosity is 

appropriate for enzymes, and is of nanometric scale, but still large enough for large substrates to 

fit. Even though the pore size of alumina is convenient for enzymes, it is possible larger and more 

complex molecules (i.e., vaccines and large proteins) will not fit into aluminum oxide’s nanopores. 

Table 1.4. Studies of protein thermal stability adsorbed onto porous aluminum oxide metals  

Biomolecule Metal Oxide Material Thermal Stability Reference 

Acid 

Phosphatase 

Sol-gel magnetite 

nanoparticles 

Denaturation temperature of the entrapped 

enzyme increases by 22 °C (DSC). 

70 

Acid 

Phosphatase 

Sol-gel boehmite 

nanoparticles 

Entrapped enzyme retained secondary structure 

up to 90 °C, unprotected enzyme lost structure 

starting at 40 °C (CD melt). 

68 

Asparaginase Sol-gel boehmite 

nanoparticles 

Entrapped enzyme retained secondary structure 

up to 90 °C, unprotected enzyme lost structure 

starting at 65 °C (CD melt). 

68 

Bovine 

Carbonic 

Anhydrase 

Sol-gel magnetite 

nanoparticles 

Denaturation temperature of the entrapped 

enzyme increases by 30 °C (DSC). 

70 

Bovine Serum 

Albumin 

Sol-gel boehmite 

nanoparticles 

Denaturation temperature of the entrapped 

enzyme increases by 50 °C (DSC). 

71 

Catalase (from 

Bacillus) 

Functionalized alumina 

pellets 

(silane + glutaraldehyde)  

At 70 °C entrapped enzyme retained 28% 

activity, unprotected enzyme retained 8% 

activity.  

72 

Chondroitinase 

ABCI 

Magnetite nanoparticles At 40 °C, immobilized enzyme retained 44% 

activity, unprotected enzyme retained 8% 

activity. 

73 
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Horseradish 

Peroxidase 

Sol-gel boehmite 

nanoparticles  

Entrapped enzyme retained secondary structure 

up to 90 °C, unprotected enzyme lost structure 

starting at 65 °C (CD melt).  

68 

Horseradish 

Peroxidase 

Sol-gel magnetite 

nanoparticles 

Denaturation temperature of the entrapped 

enzyme increases by 25 °C (DSC). 

70 

Human Serum 

Albumin 

Sol-gel boehmite 

nanoparticles 

Denaturation temperature of the entrapped 

enzyme increases by 26 °C (DSC). 

71 

Lipase (from 

Rhizomucor 

miehei) 

Nanoporous anodic aluminum 

oxide membranes 

At 60 °C, immobilized enzyme retained 95% 

activity, unprotected enzyme retained 78% 

activity. 

74 

Ovalbumin Sol-gel boehmite 

nanoparticles 

Denaturation temperature of the entrapped 

enzyme increases by 30 °C (DSC). 

71 

Ovalbumin Sol-gel magnetite 

nanoparticles 

Denaturation temperature of the entrapped 

enzyme increases by 10 °C (DSC). 

70 

Papain  Functionalized alumina  

(organic phosphates)  

Thermal stability of entrapped enzyme was 

slightly lower than that of the unprotected 

enzyme between 35 °C-90 °C.  

75 

Proteinase Sol-gel boehmite 

nanoparticles 

Entrapped enzyme retained secondary structure 

up to 90 °C, unprotected enzyme lost structure 

starting at 35 °C (CD melt). 

69 

Proteinase Sol-gel magnetite 

nanoparticles 

Denaturation temperature of the entrapped 

enzyme increases by 27 °C (DSC). 

70 

Xylanase Sol-gel boehmite 

nanoparticles 

Entrapped enzyme retained secondary structure 

up to 90 °C, unprotected enzyme lost structure 

starting at 51 °C (CD melt). 

69 

Xylanase Functionalized alumina 

pellets  

(glutaraldehyde)  

After heating to 75 °C for 2 h, entrapped enzyme 

retained 8% activity, unprotected enzyme lost all 

activity. 

76 

Xylanase Sol-gel magnetite 

nanoparticles 

Denaturation temperature of the entrapped 

enzyme increases by 21 °C (DSC). 

70 

 

As evidenced on Table 1.4, there has been little success achieving a high degree of thermal 

stabilization of enzymes onto mesoporous aluminum oxide materials. Even with glutaraldehyde 

and silane surface functionalization, there is only about a 20% increase in retained enzyme activity 

in the best of cases. However, Vinogradov and coworkers have had much better results when using 

the sol-gel encapsulation method. When comparing the results of xylanase entrapped in a sol-gel 

matrix and xylanase adsorbed onto functionalized alumina pellets, the former retained all of its 

secondary structure up to 90 °C and the latter was only able to conserve 8% activity at 75 °C.69, 76 

Vinogradov and coworkers used aluminum isopropoxide and ultrasonic energy to prepare the 

boehmite nanoparticles sol.69 The enzymes were then added to the alumina sol in glycine-NaOH 
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or glycine-HCl buffer solutions and placed under vacuum at room temperature for 24 hours to 

produce the gel.68 A similar process using iron (II) chloride tetrahydrate, iron (III) chloride 

hexahydrate, and ammonia was executed to produce the magnetite nanoparticles sol.70 In general, 

the thermal stability of ovalbumin, horseradish peroxidase, acid phosphatase, xylanase, and 

proteinase is better in alumina than in magnetite.68-71 Overall, the sol-gel alumina method for the 

thermal stability of proteins shows very promising results since this technology has been successful 

with at least eight different enzymes.68, 69, 71  Nonetheless, if the protein delivery benefits from 

magnetic maneuverability, magnetite may be the better support candidate over alumina. 

Vinogradov and coworkers have not published data on the protein release from the boehmite and 

magnetite nanoparticles, which is crucial for their technology to be used in a clinical setting. 

Alemzadeh and coworkers have proven the thermal stability and release of chondroitnase ABCI 

(cABCI) in magnetite particles. The enzyme was desorbed from the magnetite particles in 

phosphate buffer. After one hour, 52% of cABCI was released and a remaining 42% cABCI was 

released over the next six hours.73 

1.2.5 Metal Organic Framework  

A metal organic framework (MOF) is a three dimensional crystalline porous structure composed 

of metal or metal oxide vertices interconnected by organic ligands. It is analogous to a three- 

dimensional interconnected system of coordination compound. The preservation mechanism of a 

protein within a MOF is acreditted to the coordination interactions between the MOF and the 

protein, resulting in a tightly packed encapsulation.77 There are two main types of strategies for 

protein immobilization inside a MOF. In the presynthetic method, the biomolecule is soaked in a 

buffered solution with the mesoporous MOF, encapsulating the enzyme into the pores of the 

mesoporous MOF (much like protein adsorption onto mesoporous silica, see Figure 1.3). The de 
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novo approach consists of the enzymes co-precipitating with the MOF precursor to form a lattice 

structure around the enzyme (much like protein encapsulation in sol-gel silica).  

 

Figure 1.3. Protein adsorption onto MOF 

MOFs are ideal for a wide range of applications, including drug delivery, enzyme immobilization, 

chemical sensors, and catalysis. Some of the relevant properties include- tunable surface chemistry 

and porosity, large surface area, rich organic functionality, and of course, excellent thermal 

stability.78 In theory, a MOF can be customized to any desired size, shape symmetry, and chemical 

functionality by interchanging organic linkers and metal ions.79 Using MOFs for protein 

stabilization has only become popular within the past five years, but the promising results 

guarantee MOFs have a lot of potential in the field of biomolecule thermal stabilization and 

delivery. 

Table 1.5. Studies of protein thermal stability on Metal Organic Framework 

Biomolecule MOF / Desorbing agent Thermal Stability Reference 

α-amylase Functionalized ZIF-8 with 

glutaraldehyde 

At 70 °C, encapsulated enzyme retained 87% 

activity, unprotected enzyme retained 20% 

activity.  

80 

Alcohol 

Dehydrogenase 

PCN-333 After heating to 80 °C for 5 min, encapsulated 

enzyme retained 66% activity, unprotected 

enzyme retained 57% activity.  

79 

Alkaline 

phosphatase 

DNA functionalized magnetic 

particles + ZIF-8 

After heating to 55 °C for 90 min, encapsulated 

enzyme retained 83% activity. 

81 

Catalase Silica nanoflowers (SNF) + 

ZIF-8 

After heating to 65 °C for 3 h, encapsulated 

enzyme retained 68% activity, unprotected 

enzyme retained 7% activity. 

82 

Cutinase Isoreticularly expanded 

MOF-74 (IRMOF-74) 

At 227 °C, encapsulated enzyme conserved 50% 

α-helical content, unprotected enzyme 

conserved 30% α-helical content. 

83 

Cytochrome C DNA functionalized magnetic 

particles + ZIF-8 

After heating to 55 °C for 90 min, encapsulated 

enzyme retained 91% activity. 

81 

Cytochrome C ZIF-8 After heating to 70 °C for 6 h, encapsulated 

enzyme increased activity up to 450%. 

84 
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Hemoglobin ZIF-8 After heating to 153 °C for 1 h, encapsulated 

hemoglobin retained 80% activity, unprotected 

hemoglobin lost all activity.   

85 

Horseradish 

Peroxidase 

DNA functionalized magnetic 

particles + ZIF-8 

After heating to 60 °C for 90 min, encapsulated 

enzyme retained 92% activity, unprotected 

enzyme retained 18% activity.  

81 

Horseradish 

Peroxidase 

ZIF-8 After heating to 50 °C for 6 h, encapsulated 

enzyme retained 90% activity, unprotected 

enzyme retained 40% activity. 

84 

Insulin Zeolitic imidazolate 

framework-8 (ZIF-8)  

After one-week storage at 60 °C, encapsulated 

insulin retained 75% activity, unprotected 

insulin retained less than 30% activity. 

86 

Lipase (from 

Candida 

antarctica) 

ZIF-8 After heating to 40 °C for 6 h, encapsulated 

enzyme retained 90% activity, unprotected 

enzyme retained 63% activity. 

84 

Penicillin G 

acylase 

Silica nanoflowers (SNF) + 

ZIF-8 

After heating to 55 °C for 3 h, encapsulated 

enzyme retained 52% activity, unprotected 

enzyme retained 8% activity.  

82 

Trypsin DNA functionalized magnetic 

particles + ZIF-8 

After heating to 55 °C for 90 min, encapsulated 

enzyme retained 95% activity. 

81 

 

By far, zeolitic imidazolate framework-8 (ZIF-8) is the most widely studied MOF for protein 

thermal stabilization. ZIFs are a type of MOF with large pores and small apertures, and the same 

topology as inorganic zeolites with sodalite. 87 ZIF-8 is made up of 2-methylimidazole ligands and 

zinc- forming a framework that has high thermal and chemical stability and a uniform porosity. 

ZIF-8-protein complexes are produced by mixing enzyme, zinc nitrate hexahydrate, and 2-

methylimidazole water solutions and stirring at room temperature. It is not a surprise that so many 

proteins can be adsorbed and stabilized within ZIF-8. In comparison to other thermal stabilization 

methods discussed previously, MOFs have proven to be one of the most successful. Most of the 

experiments summarized in Table 1.5 show over 75% enzyme activity retention after exposure to 

heat stress. 

A few of the publications in Table 1.5 used a combination of stabilization materials along with 

MOFs. Yang and coworkers developed a multi-step pre-immobilization and post encapsulation 

method consisting of DNA-directed enzyme immobilization on magnetic particles followed by 

encapsulation on ZIF-8 of the DNA-enzyme-magnetic particle conjugates.81 DNA was used as a 
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cross-linker in a similar way amino and carboxyl functional groups are added to silicas and 

activated carbons to promote covalent bonding. Furthermore, the DNA’s phosphate groups can 

help the surface potential be more negative, which in turn can facilitate the formation of the ZIF-

8 network.81 Yang and coworkers achieved over 80% retention of activity at high temperatures for 

cytochrome c, horseradish peroxidase, alkaline phosphatase, and trypsin, demonstrating the 

versatility and efficiency of the multi-step process across a range of different enzymes. 

Yiang and coworkers also employed a multi-step system consisting of adsorption on nanoflower 

silica and encapsulation of ZIF-8 to thermally stabilize penicillin G acylase and catalase.82 Silica 

nanoflowers have relevant advantages, such as high surface area and high thermal stability, but the 

channel structure of the nanoflowers is too open and could result in enzyme leeching. ZIF-8 is 

used as a second level of protection to ensure the enzyme stays safely in place. Yiang and 

coworkers obtained promising results with penicillin G acylase and catalase; however, it may be 

possible to achieve an even higher level of thermal stability by using a more compact and 

functionalized mesoporous silica (for covalent bonding to avoid leeching) in combination with a 

MOF. 

Singamaneni and coworkers successfully thermally stabilized insulin in ZIF-8 and also released 

the protein from the ZIF-8 network in one minute.86 Ethylenediaminetetraacetic acid (EDTA) was 

used as the desorbing agent that works by breaking down the coordination bonds between zinc and 

2-methylimidazole to release the stabilized insulin. However, there is some risk for EDTA to 

damage the protein structure, so in the future different detergents may need to be tested to ensure 

safe protein desorption. 
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1.3 Review of Organic Polymer Materials for Protein Immobilization 

1.3.1 Natural Polymers 

Natural polymers are by far the materials that have been studied the most for proteins stabilization. 

They are excellent candidates for enzyme immobilization due to the abundance of functional 

groups on their surfaces that are able to form covalent bonds with the enzyme. In the case of natural 

polymers, immobilization is typically through covalent bonding instead of physical adsorption, but 

there are some cases of immobilization through reversible ionic bonding. Agarose is a linear 

polysaccharide isolated from seaweed that consists of alternating D-galactose and 3,6-anhydro-L-

galactopyranose units.88 The polymer forms flexible fibers that create a web of channels with 

diameters ranging between 30 nm and 200 nm. The pore size of the agarose gel is highly dependent 

on the agarose concentration. Agarose beads with 6% agarose have a pore size of about 30 nm, but 

agarose beads with 2% agarose have a pore size of about 150 nm.89 Agarose contains reactive 

hydroxyl groups that are able to form aldehydes when reacting with glutaraldehyde.90 These 

aldehydes groups on the surface of the polymer can form covalent bonds with the amine groups of 

the enzyme to immobilize it.  

Chitosan is another linear polysaccharide, which derived from the chitin shells of crustaceans such 

as shrimp. It is an attractive natural polymer for protein stabilization not only because of its 

biocompatible, biodegradable, hydrophilic and antibacterial features, but it is also derived from 

chitin, the second most abundant natural polymer after cellulose.91 Chitosan is made up of 

randomly alternating D-glucosamine and N-acetyl-D-glucosamine units. The pore size of chitosan 

matrices is larger than that of agarose, ranging between 50 to 200 μm. Chitosan is not only the 

most widely used polymer, but also the most widely used material for enzyme thermal 

stabilization, largely in part because it contains amino groups on its surface, greatly facilitating the 
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formation of covalent bonds between proteins and the chitosan surface. Besides agarose and 

chitosan, alginate (from seaweed extract), chitin (from crustacean shells), cellulose (from plant 

cell walls) and trehalose (synthesized by animals, bacteria, plants and fungi as a source of energy) 

are other natural polymers that have been studied for protein immobilization. 

Table 1.6. Studies of protein thermal stability on natural polymers 

Biomolecule Natural Polymeric Material Thermal Stability Ref. 

Agarose  

α-Chymotrypsin Glyoxyl-agarose After storing at 37 °C for 5 days, immobilized enzyme retained 

19% activity, unprotected enzyme lost all activity. 

92 

β-glucosidase Amine-epoxy agarose 

PEI agarose 

Glutaraldehyde agarose 

Amino-glutaraldehyde  

After heating to 65 °C for 2h, enzyme immobilized on PEI-

agarose retained 25% activity, enzyme immobilized on 

glutaraldehyde agarose retained 46% activity, enzyme 

immobilized on amino-glutaraldehyde agarose retained 47% 

activity, enzyme immobilized on amine-epoxy agarose retained 

95% activity. 

 

93 

β-glucosidase Amine agarose (EDA) After heating to 53 °C for 10 h, immobilized enzyme retained 

90% activity, unprotected enzyme retained 48% activity. 

94 

Alcalase Glyoxyl agarose 

Glutaraldehyde agarose 

After heating to 50 °C for 30 h, enzyme immobilized on glyoxyl-

agarose retained 90% activity, enzyme immobilized on 

glutaraldehyde agarose retained 20% activity, unprotected 

enzyme lost all activity. 

95 

Amylase (from 

Aspergillus 

carbonarius)  

Glutaraldehyde-agarose 

Polyglutaraldehyde-agarose 

Glycidol-agarose 

Non-activated agarose 

After heating to 60 °C for 2 h, enzyme immobilized on 

glutaraldehyde-agarose retained 82% activity, enzyme 

immobilized on polyglutaraldehyde-agarose retained 88% 

activity, enzyme immobilized on glyceryl-agarose retained 96% 

activity, enzyme immobilized on non-activated agarose retained 

97% activity.  

90 

Amylase (from 

sweet potato)  

Glutaraldehyde-agarose At 80 °C, immobilized enzyme retained 70% activity, 

unprotected enzyme retained 22% activity.  

96 

Angiotensin-

converting 

enzyme 

Glyoxyl agarose After heating to 60 °C for 2.5 h min, immobilized enzyme 

retained 40% activity, unprotected enzyme lost all activity. 

97 

Ficin extract Glutaraldehyde agarose After heating to 55 °C for 4 h, immobilized enzyme retained 50% 

activity, unprotected enzyme retained 40% activity.  

98 

Glucoamylase 

(aminated with 

EDA) 

Glyoxyl-agarose  After heating to 45 °C for 20 h, immobilized aminated enzyme 

retained 78% activity, immobilized non-aminated enzyme 

retained 36% activity, unprotected enzyme retained 14% activity. 

99 

Laccase Antibody linked Sepharose  At 90 °C, immobilized enzyme retained 45% activity, 

unprotected enzyme retained 20% activity.  

100 

Lipase (from 

Rhizomucor 

miehei) 

Octyl-glyoxyl agarose in 

CaCl2 buffer 

After heating to 60 °C for 2 h, immobilized enzyme in CaCl2 

retained 47% activity, immobilized enzyme retained 35% 

activity, unprotected enzyme lost all activity. 

101 

Lipase B (from 

Candida 

antarctica) 

Octyl agarose modified with 

polyethyleneimine (PEI) 

After heating to 80 °C for 5 h, enzyme immobilized on octyl 

agarose-PEI retained 50% activity, enzyme immobilized on octyl 

agarose retained 38% activity. 

102 

Lipase B (from 

Candida 

antarctica) 

Glycidol-agarose 

Glutaraldehyde-agarose 

Epichlorohydrin-agarose 

At 50 °C. half-life of enzyme on glycidol-agarose was 3.7 h, on 

glutaraldehyde-agarose was 4.3 h, on epichlorohydrin-agarose 

was 2.9 h. 

103 

Lipase (from 

Rhizomucor 

miehei)  

Octyl agarose coated with 

PEI  

After heating to 60 °C for 4 h, immobilized enzyme retained 93% 

activity, unprotected enzyme retained 8% activity.  

104 
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Lipase (from 

Pseudomonas 

fluorescens)  

Glyoxyl-octyl agarose  After heating to 75 °C for 2h, enzyme immobilized on glyoxyl-

octyl agarose retained 40% activity, enzyme immobilized on 

octyl agarose retained 19% activity. 

105 

Lipase (from 

Candida rugosa)  

Divinyl sulfone activated-

octyl agarose (DSAOC) 

Octyl agarose (OC)  

After heating to 70 °C for 6h, enzyme immobilized on DSAOC 

retained 75% activity, enzyme immobilized on OC retained 12% 

activity. 

106 

Lipase (from 

Thermomyces 

lanuginosus) 

Glyoxyl agarose  After heating to 70 °C for 20h, immobilized enzyme retained 

50% activity, unprotected enzyme lost all activity.  

107 

Penicillin G 

acylase 

Agarose (formaldehyde 

modification) 

At 25 °C for 4 h, immobilized and modified enzyme retained 

60% activity, immobilized (but not modified) enzyme and 

unprotected enzyme retained 10% activity.  

108 

Ribonuclease A Antibody linked Sepharose At 80 °C, immobilized enzyme retained 50% activity, 

unprotected enzyme retained 24% activity. 

109 

Xylanase Glyoxyl-agarose 

Agarose-glutaraldehyde 

Agarose-amino-epoxy 

Thermal stability of enzyme immobilized in all three supports 

was inferior to that of the unprotected enzyme. 

110 

Chitosan 

α-Amylase 

(soybean) 

Glutaraldehyde-chitosan At 80 °C, immobilized enzyme retained 65% activity, 

unprotected enzyme retained 35% activity. 

111 

α-Amylase (mung 

bean) 

Glutaraldehyde-chitosan At 85 °C, immobilized enzyme retained 68% activity, 

unprotected enzyme retained 36% activity. 

91 

α-galactosidase Glutaraldehyde-chitosan At 80 °C, immobilized enzyme retained 80% activity, 

unprotected enzyme retained 28% activity. 

112 

β-galactosidase Glutaraldehyde-chitosan At 80 °C, immobilized enzyme retained 80% activity, 

unprotected enzyme retained 24% activity. 

112 

β-galactosidase Glutaraldehyde-chitosan 

macroparticles 

Glutaraldehyde-chitosan 

nanoparticles  

After heating to 50 °C for 2 h enzyme immobilized on 

macroparticles retained 62% activity, enzyme immobilized on 

nanoparticles retained 21% activity. 

113 

β-galactosidase Chitosan-coated magnetic 

nanoparticles 

At 75 °C, immobilized enzyme retained 53% activity, 

unprotected enzyme retained 8% activity. 

114 

β-glucosidase 

(from Aspergillus 

oryzae)  

Glutaraldehyde-chitosan  

Epichlorohydrin-chitosan 

(EC) 

After heating to 60 °C for 100 min, GC immobilized enzyme 

retained 17% activity, EC immobilized enzyme retained 25% 

activity, unprotected enzyme retained 10% activity. 

115 

Alcalase  Glutaraldehyde-chitosan 

(GC) 

Glyoxyl-chitosan (GlyC) 

Divinyl sulfone-chitosan 

(DVSC) 

After heating to 60 °C for 2.5 h, DVSC immobilized enzyme 

retained 39% activity, GlyC and GC immobilized enzyme 

retained 31% activity.  

116 

Alcalase Glutaraldehyde-chitosan-

coated magnetic 

nanoparticles 

After heating to 50 °C for 2.5 h, immobilized enzyme retained 

90% activity, unprotected enzyme retained 44% activity. 

117 

Alcohol 

dehydrogenase 

Glutaraldehyde-chitosan-

coated magnetic 

nanoparticles 

At 50 °C, immobilized enzyme retained 68% activity, 

unprotected enzyme retained 45% activity. 

118 

Alliinase N-succinyl-chitosan At 50 °C, immobilized enzyme retained 90% activity, 

unprotected enzyme retained 52% activity. 

119 

Xylanase Glutaraldehyde-chitosan 

(GC) 

Glyoxyl-chitosan 

Epoxy-chitosan 

Enzymes immobilized on GC and epoxy-chitosan have a slightly 

better thermal stability than the unprotected enzyme. 

110 

Catalase (from 

bovine liver) 

Chitosan After heating to 40 °C for 2 h, immobilized enzyme retained 60% 

activity, unprotected enzyme retained 40% activity.  

120 

Catalase (from 

bovine liver) 

Glutaraldehyde-chitosan 

with copper 

Thermal stability was not improved by immobilizing enzyme. 121 

Catalase (from 

bovine liver) 

Chitosan At 60 °C, immobilized enzyme retained 53% activity, 

unprotected enzyme retained 40% activity. 

122 

Catalase (from 

bovine liver) 

Chitosan-poly(itaconic acid)-

Fe(III) polymer 

After heating to 55 °C for 2h, immobilized enzyme retained 88% 

activity, unprotected enzyme retained 67% activity. 

123 
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Catalase (from 

bovine liver) 

Glutaraldehyde-chitosan At 65 °C, immobilized enzyme retained 73% activity, 

unprotected enzyme retained 28% activity. 

124 

Catalase (from 

bovine liver) 

Chitosan-2-hydroxyethyl 

methacrylate (HEMA)-

Cu(II) 

After heating to 45 °C for 6 h, immobilized enzyme retained 67% 

activity, unprotected enzyme retained 50% activity.  

125 

Catalase (from 

bovine liver) 

Chitosan 

Cibacron blue F3GA-

chitosan 

Thermal stability was not significantly improved by 

immobilizing enzyme. 

126 

Cellulase Glutaraldehyde-chitosan-

coated magnetic 

nanoparticles 

After heating to 60 °C for 2h, immobilized enzyme retained 66% 

activity, unprotected enzyme retained 61% activity.  

127 

Glucoamylase Glutaraldehyde-chitosan-

coated magnetic 

nanoparticles 

After heating to 65 °C for 2 h, immobilized enzyme retained 89% 

activity, unprotected enzyme retained 63% activity. 

128 

Invertase (from 

yeast) 

Glutaraldehyde-chitosan At 70 °C, immobilized enzyme retained 78% activity, 

unprotected enzyme retained 7% activity. 

129 

Invertase (from 

yeast) 

Glutaraldehyde-chitosan Thermal stability was not significantly improved by 

immobilizing enzyme. 

130 

Keratinase (from 

Bacillus 

licheniformis) 

β-Cyclodextrin (β-CD) 

chitosan 

Chitosan 

After heating to 60 °C for 2 h, enzyme immobilized on chitosan 

retained 90% activity, enzyme immobilized on β-CD chitosan 

retained 87% activity, unprotected enzyme retained 70% activity.  

131 

Laccase (from 

Trametes 

versicolor) 

Glutaraldehyde-

Chitosan/PVA nanofibrous 

membranes 

At 55 °C. immobilized enzyme retained 58% activity, 

unprotected enzyme retained 45% activity. 

100 

Laccase (from 

Trametes 

versicolor) 

Chitosan/CeO2 microspheres After heating to 50 °C for 2.5h, immobilized enzyme retained 

77% activity, unprotected enzyme retained 45% activity. 

132 

Laccase  Glutaraldehyde-chitosan-

coated magnetic 

nanoparticles 

At 70 °C, immobilized enzyme retained 100% activity, 

unprotected enzyme retained 73% activity. 

133 

Lipase (from 

Candida rugosa)  

Glutaraldehyde +carboxyl 

groups chitosan 

At 60 °C, immobilized enzyme retained 23% activity, 

unprotected enzyme retained 12% activity. 

134 

Lipase (from 

Candida rugosa)  

Carbodiimide hydrochloride 

(EDC) activated chitosan  

At 60 °C, immobilized enzyme retained 56% activity, 

unprotected enzyme retained 21% activity. 

135 

Lipase (from 

Candida rugosa)  

EDC activated chitosan-

poly(acrytonitrile-co-maleic 

acid) (PANCMA) 

At 55 °C, immobilized enzyme retained 80% activity, 

unprotected enzyme retained 55% activity. 

136 

Lipase B (from 

Candida 

antarctica) 

Butyl-chitosan (BC) 

Octyl-chitosan (OC) 

Dodecyl-chitosan (DC) 

After heating to 35 °C for 50 h, BC and OC immobilized 

enzymes retained 80% activity, DC enzyme retained 100% 

activity, unprotected enzyme retained 93% activity. 

137 

Lipase (from 

Rhizomucor 

miehei) 

Butyl-chitosan (BC) 

Octyl-chitosan (OC) 

Dodecyl-chitosan (DC) 

After heating to 35 °C for 100 h, BC immobilized enzyme 

retained 37% activity, OC immobilized enzyme retained 59% 

activity, DC enzyme retained 90% activity, unprotected enzyme 

retained 42% activity. 

137 

Lipase B (from 

Candida 

antarctica) 

Glycidol-EDA-

glutaraldehyde chitosan  

Glutaraldehyde-chitosan 

(GC) 

Glutaraldehyde-chitosan-

alginate (GCA) 

After heating to 60 °C for 3 h, Gly-EDA-GC immobilized 

enzyme retained 53% activity, GC immobilized enzyme retained 

38% activity, GCA immobilized enzyme retained 32% activity, 

unprotected enzyme retained 2% activity. 

138 

Lipase B (from 

Candida 

antarctica) 

Glycidol-chitosan 

Glutaraldehyde-chitosan 

Epichlorohydrin-chitosan 

At 50 °C. half-life of enzyme on glycidol chitosan was 1.8 h, on 

glutaraldehyde-chitosan was 4.9h, on epichlorohydrin-chitosan 

was 0.4 h. 

103 

Lipase (from 

Candida rugosa) 

Chitosan/poly(vinyl alcohol) 

(PVA) nanofibrous 

membranes 

At 50 °C, immobilized enzyme retained 82% activity, 

unprotected enzyme retained 46% activity. 

139 

Lipase (from 

Candida rugosa) 

EDC-chitosan-coated 

magnetic nanoparticles 

At 60 °C, immobilized enzyme retained 77% activity, 

unprotected enzyme retained 21% activity. 

140 

Pepsin (porcine)  Chitosan At 50 °C, immobilized enzyme retained 100% activity, 

unprotected enzyme retained 60% activity. 

141 

Procerain B Glutaraldehyde-chitosan At 70 °C, immobilized protein retained 88% activity. 142 
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Trypsin Glutaraldehyde-chitosan At 60 °C, immobilized enzyme retained 80% activity, 

unprotected enzyme retained 10% activity.  

143 

Trypsin Glutaraldehyde-chitosan 

(GC) 

Epoxy-chitosan (EC) 

After heating to 70 °C for 20 min, enzyme immobilized on GC 

retained 45% activity, enzyme immobilized on EC retained 83% 

activity. 

144 

Urease (from 

pigeonpea) 

Glutaraldehyde-chitosan At 77 °C, immobilized enzyme retained 99% activity, 

immobilized enzyme retained 50% activity. 

145 

Urease (from 

soybean) 

Chitosan At 85 °C, immobilized enzyme retained 30% activity, 

unprotected enzyme retained 10% activity.  

146 

Alginate 

β-galactosidase Alginate-carboxymethyl 

cellulose gel 

After heating to 60 °C for 1 h, immobilized enzyme retained 43% 

activity, unprotected enzyme retained 8% activity. 

147 

γ-

glutamyltranspept

idase 

Calcium alginate-k-

carrageenan  

At 60 °C, immobilized enzyme retained 62% activity, 

unprotected enzyme retained 40% activity. 

148 

Araujiain Calcium alginate After heating to 70 °C for 2 h, immobilized enzyme retained 53% 

activity, unprotected enzyme retained 12% activity. 

149 

Neutrase Glutaraldehyde-alginate After heating to 60 °C for 1 h, immobilized enzyme retained 50% 

activity, unprotected enzyme retained 2% activity. 

150 

Urease (from 

soybean) 

Alginate At 85 °C, immobilized enzyme retained 57% activity, 

unprotected enzyme retained 10% activity. 

146 

Alginate-Chitosan  

β-galactosidase Calcium alginate-chitosan 

Barium alginate-chitosan 

After heating to 37 °C for 24h, enzyme immobilized in Ca 

alginate-chitosan retained 32% activity, enzyme immobilized on 

Ba alginate chitosan retained 44% activity, unprotected enzyme 

retained 28% activity. 

151 

Alcohol 

dehydrogenase 

Glutaraldehyde-alginate-

chitosan  

At 70 °C, immobilized enzyme retained 50% activity, 

unprotected enzyme lost all activity.  

152 

Trehalose 

β-glucanase Trehalose hydrogel At 90 °C, immobilized enzyme retained 99% activity, 

unprotected enzyme retained 44% activity. 

153 

Insulin Trehalose-polyethylene 

glycol (PEG)-boronic acid 

hydrogel 

After heating to 90 °C for 30 min, immobilized insulin retained 

74% activity, unprotected enzyme retained 2% activity. 

154 

Phytase Trehalose hydrogel At 90 °C, immobilized enzyme retained 100% activity, 

unprotected enzyme retained 39% activity. 

155 

Xylanase Trehalose hydrogel At 90 °C, immobilized enzyme retained 107% activity, 

unprotected enzyme retained 15% activity. 

153 

Chitin 

Invertase 

(modified with 

chitosan) 

Sodium alginate coated-

chitin 

After heating to 65 °C for 10 min, immobilized enzyme retained 

95% activity, unprotected enzyme lost all activity. 

156 

Invertase 

(modified with 

chitosan)  

Pectin coated-chitin After heating to 65 °C for 30 min, immobilized enzyme retained 

92% activity, unprotected enzyme retained 5% activity. 

157 

Cellulose 

Insulin Cellulose hydrogel After incubating at 37 °C for 28 days, the immobilized enzyme 

retained secondary protein structure (CD). 

158 

Lipase (from 

Candida rugosa) 

Cellulose-PEG hydrogel At 60 °C, immobilized enzyme retained 100% activity, 

unprotected enzyme retained 40% activity. 

159 

 

As shown in Table 1.6, for almost every protein immobilization case, the surface of the natural 

polymer must be modified. In most industrial catalysis applications, once the enzyme is stabilized, 

it should stay in place so that the production process can run uninterrupted for an extended period 
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of time. Therefore, protein release or leeching is never desired, and immobilization via covalent 

bonding is preferred. Most agarose, chitosan, and alginate polymers use glutaraldehyde due to its 

many advantages. Glutaraldehyde is a crosslinking agent, but it can also be used to activate amino 

groups and when added to agarose it reacts with the hydroxyl groups to form aldehyde groups 

(glyoxyl groups).91, 98 Glyoxyl groups can also be added to natural polymers using an epoxide 

reactant, such as glycidol, that similarly to glutaraldehyde, react with the hydroxyl groups to 

produce aldehyde groups.144 Epichlorohydrin works like glycidol, but it is more reactive, causing 

a higher concentration of glyoxyl activation.103 Formaldehyde and polyglutaraldehyde are other 

crosslinking agents that have been used in place of glutaraldehyde.108 The addition of amino, 

hydroxyl, dodecyl, butyl, octyl, and vinyl sulfone groups and antibodies have also been shown to 

improve thermal stability. Ethylenediamine adds amino groups to improve covalent bonding. 

Carbodiimide hydrochloride activates hydroxyl groups to increase hydrophilicity.135 On the other 

hand, dodecyl, butyl, and octyl groups are added as hydrophobic ligands on polymeric support.137 

Divinyl sulfone adds vinyl sulfone groups that are able to form bonds with amino, hydroxy, 

imidazole, and thiol groups on the protein.106 Antibodies add cysteine amino acids that covalently 

bond to the labile region of the enzyme and protects this sensitive region from unfolding and 

denaturing.109 

Although covalent protein stabilization is effective, it is mostly irreversible. For biomedical 

vaccine and drug delivery applications, reversible immobilization is necessary. Ion-exchangers, 

hydrophobic polymer gels, and metal chelated supports can be used to promote reversible protein 

immobilization.123 Reversible immobilization relies on strong, multipoint ionic attachment as a 

result of high protein adsorption onto the support surface. The most commonly used ionic 

exchange group is polyethyleneimine, but poly(itaconic acid), CeO2, and HEMA-Cu(II) have also 
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been used in combination with chitosan.123, 125, 132 The addition of other  synthetic polymers, such 

as β-CD, PVA, PANCMA, and N-succinyl typically have the purpose of increasing mechanical 

strength and thermal stability of the organic polymers. 100, 119, 136 Regarding protein desorption, 

Fernandez-LaFuente and coworkers designed a octyl-agarose with PEI polymer capable of 

desorbing stabilized lipases using low concentrations of Triton X-100.102 Maynard and coworkers 

developed a trehalose-PEG-boronic acid hydrogel for the thermal stabilization and smart release 

of insulin. Glucose breaks down the boronate ester bonds that hold the trehalose and boronic acid 

bonds together, in turn releasing insulin.160 

1.3.2 Synthetic Polymers 

Protein immobilization on a polymer depends on chemical (covalent or ionic) bonds between the 

protein’s amino acid residues and functional groups on polymers. Natural polymers are attractive 

options because of the hydroxyl (agarose) and amino (chitosan) groups on their surfaces. However, 

synthetic polymers are rarely used for protein stabilization because of the lack of functional groups. 

Nonetheless, there are many advantages to synthetic polymers, especially the biocompatibility, 

inertness to microbial attack, and molecular tailorability.161 Overall, there has been some success 

to thermally stabilize proteins on synthetic polymers, but natural polymers have been investigated 

more extensively for this purpose. Table 1.7 summarizes studies that have used synthetic polymers 

for protein thermal stability. 

Table 1.7. Studies of thermal stability on synthetic polymers 

Biomolecule Polymer Thermal Stability Ref 

β-galactosidase Poly (ethylene glycol) After incubating at 60 °C for 2 weeks, immobilized 

enzyme retained 72% activity, unprotected enzyme 

retained 3% activity 

162 

β-glucosidase Polystyrene based diazonium 

salt (PS-DAS) - Polyethylene 

After heating to 60 °C for 40 min, immobilized enzyme 

retained 72% activity, unprotected retained 22% activity  

161 

Alkaline 

Phosphatase 

Poly (ethylene glycol) After heating to 85 °C for 1 h, immobilized enzyme 

retained 58% activity, unprotected enzyme retained 10% 

activity 

162 
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Lipase (from 

Candida 

rugosa)  

Poly(N-methololacrylamide) After heating to 50 °C for 1 h, immobilized enzyme 

retained 70% activity, unprotected enzyme retained 12% 

activity 

163 

Lysozyme Poly (ethylene oxide) After heating to 85 °C for 70 min, secondary structure 

was conserved (CD) 

164 

Pullulanase Butylacrylate-acrylic acid At 40 °C, immobilized enzyme retained 40% activity, 

unprotected enzyme lost all activity  

165 

 

1.4 Primary Objectives  

The main objectives of this research thesis are:  

• To establish a porous silica material “toolbox” with respective property database for 

detailed correlation between the physico-chemical properties of porous silica supports and 

protein adsorption (Chapter 3), 

• To develop a robust and reproducible method to thermally stabilize IpaD and Lf in porous 

silica (Chapters 3 and 4), 

• To model protein adsorption on porous silica using the Langmuir, Temkin and Freundlich 

isotherm models (Chapters 3 and 4), 

• To determine the ideal non-ionic detergent to safely and effectively release protein from 

silica support (Chapter 4).  
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Chapter 2: Experimental Methods 

2.1 Materials  

The mesoporous silicas were obtained commercially: Sample 1 (SA1), Silica Gel 100-200 Mesh 

(Nominal), was acquired from EMD Millipore. Sample 2 (SA2) is the Silica Alumina Harshaw 

AL-1602 1/8” Pellet, silica-alumina (6%SiO2/94%Al2O3) from Harshaw. Sample 3 (SA3) was 

acquired from Grace Chemical and is referred to as Davicat 57. Sample 4 (SA4) is Davison Silica 

Gel Grade 57 from Davison Chemical. Sample 5 (SA5) is a Silica Gel Catalyst from Davison 

Chemical. Samples 6-7 (SA6-SA7) are from PQ Corporation and are MS-3040 and MS-3030 

Silica Support, respectively. Sample 8 (SA8) is Syloid 63 Micron Size Silica Gel from Grace 

Chemical. Sample 9 (SA9) is Silica Gel 100-200 Mesh from Fischer Scientific. Sample 10 (SA10) 

was obtained from Alfa Products and is known as Silica Gel Large Pore 58 Micron. 

Phosphate Buffered Saline (PBS, 10X) solution was purchased from Fisher Scientific, and then 

diluted to 1X PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4) with a pH of 

7.4. N-N-dimethyldodecylamine N-oxide solution (LDAO, 30% in water) was purchased from 

Millipore Sigma, and it was diluted to 10% LDAO concentration with DI water. Tween 20, 40, 

and 80 and Triton X-100 were purchased from Sigma Aldrich and were diluted to either 3 vol%, 

2 vol%, 1 vol%, or 0.5 vol% using DI water. 

IpaD with a 6His tag was prepared essentially as described using standard immobilized metal 

affinity chromatography (IMAC).166 Buffer exchange was carried out to prepare IpaD in 1×PBS 

solution, and SDS-PAGE gel was performed to assess protein purity. Bovine lactoferrin was 

obtained from Sigma Aldrich as a lyophilized powder and was diluted to 1-1.5 mg/mL in PBS. 
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2.2 IpaD Protein Expression and Purification 

A single colony of E. coli expression cells Tuner (DE3) (Novagen) harboring the plasmid pET15b-

His-IpaD was inoculated in 50 mL conical tubes containing 10 mL LB (lysogeny broth) media + 

100 ug/mL ampicillin and grew overnight at 37 °C with shaking at 250 rpm. The overnight culture 

was transferred to a shaker flask containing 2 liters of TB (Terrific Broth) media + 100 g/mL 

ampicillin and shook at 200 rpm at 37 °C until OD 600 nm reached about 0.7. The protein 

translation was induced with 0.4 mM IPTG at 37 °C for 3 hours. Cells were pelleted at 3500 relative 

centrifugal force (rcf) for 10 min and resuspended in Buffer A containing 50 mM Tris-HCl (pH 

8.0) and 500 mM NaCl. Resuspended cells were frozen at -80 °C. 

Frozen cells were thawed at room temperature and sonicated until resuspension was no longer 

viscous using the following cycle parameters: amplitude: 50%, pulse length: 30 sec, number of 

pulses: 12, while incubated on ice for >1 min between pulses. A soluble fraction was obtained by 

centrifuging the cell lysate at 45450 rcf 30 minutes at 4 °C.  The soluble lysate was loaded to a 5 

ml HisTrap™ High Performance pre-packed column from GE HealthCare on an AKTA Xpress 

chromatography system. Protein was eluted with a gradient of Buffer B (Buffer A+ 500 mM 

imidazole) from 10% to 100%. Elution peak fractions were pooled and applied to a Superdex S75 

Increase10/300 GL column equilibrated with PBS on an AKTA Pure. Protein concentration was 

determined either by Bradford assay or using the extinction coefficient of 0.95 g/L for each unit of 

absorbance at 280 nm. The yield of 10 to 20 mg of protein was obtained for each protein 

preparation. The purified protein was concentrated to 1.0 to 1.5 mg/mL, flash frozen in liquid 

nitrogen, and stored in a -80 °C freezer. 
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2.3 Physical Characterization  

A Micromeritics ASAP 2020 Plus instrument was used to measure the accessible specific surface 

area (SSA), pore volume (PV), and the pore size distribution (PSD) of samples SA8 to SA10 (vide 

infra) via N2 adsorption at -196 °C.  Samples were degassed under vacuum for 12 hours at 150 °C 

prior to analysis. The sample assembly was composed of the sample tube, filler rod, and for 

analysis, an isothermal jacket that controlled liquid N2 level. Forty-six, equally spaced, adsorption 

and desorption measurements were taken between 0.05 < P/P0 < 0.994 to define the full isotherm. 

Adsorption data were analyzed using the Barrett-Joyner-Halenda (BJH) method.167  The BJH 

method used the Kelvin equation with a cylindrical pore model assumption and the Harkins and 

Jura thickness equation. The average pore diameter was computed using a weighted average. The 

accessible PV and SSA data exclude contributions from pores below 50 Å that are not accessible 

by IpaD and Lf for adsorption. 

2.4 Adsorption  

Silica particles were crushed and sieved to a particle size of 90 to 150 µm. A 0.7 mL sample of Lf 

or IpaD (1.5 mg/mL in 1×PBS buffer) was added to 30.0 mg of mesoporous silica in a round 

bottom, 2 mL microcentrifuge tube. The solution was mixed on a ThermoMixer® at 950 rpm and 

25 C for 20 hours. The samples were centrifuged at 14,800 rpm for 4 minutes at ambient 

temperature (20-21 C) to separate the silica-protein complex from the supernatant. The solution 

depletion method was utilized to determine the amount of protein transferred from the solution to 

the mesoporous silica so that the supernatant concentration could be used to determine the amount 

of protein adsorbed. The concentration of the supernatant was measured using a Nanodrop™ 2000 

UV-Vis spectrophotometer at a wavelength of 280 nm with an extinction coefficient of 36900 M-
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1cm-1 and 99415 M-1cm-1 for IpaD and Lf, respectively.168 The difference in initial and supernatant 

concentrations of Lf were used to quantify the percent adsorption using Equation 2.1: 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =  (1 −
𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝐼𝑝𝑎𝐷 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑎𝑙 𝐼𝑝𝑎𝐷 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
) ∗ 100  (2.1) 

2.5 Heating  

The silica samples with adsorbed protein were placed on a ThermoMixer® at 95 C for 2 hours. A 

sample of native protein in 1X PBS was heated at the same temperature for 2 hours for a denatured 

control. The samples were allowed to cool to room temperature (20-21 C) for at least 30 minutes 

before desorption was initiated. 

2.6 Desorption 

To detach the proteins from the silica, 0.6 mL of a desorbing agent was added to each sample. The 

desorbing agent consisted of different percentages, between 0.5-3 vol %, of Tween 20, Tween 40, 

Tween 80, and Triton X-100 or 10% LDAO in DI water. The volume percent (vol %) was defined 

as the volume of detergent divided by the total volume of solution (detergent + water). When 

diluting the detergents to the desired concentrations, the detergents and DI water were filtered 

using a 250 μm sterile filter. Next, the samples were mixed at 950 rpm and 25 C for 24 hours. 

Finally, the samples were centrifuged at 14,800 rpm for 1 minute and the percent protein recovery 

was calculated using Equation 2.2: 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  (
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑 𝐿𝑓

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐿𝑓
) ∗ 100                            (2.2)  

2.7 TEM Imaging  

A TECNAI FT20 Field Emission Transmission Electron Microscope (TEM) equipped with a 200 

kV electron source and a charge-coupled device (CCD) was used to image the silica. An energy 
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dispersive X-ray spectroscopy (EDX) detector was used to investigate the IpaD adsorption on 

mesoporous silica materials. Before analysis, IpaD was immobilized on either a mesoporous silica 

sample or on gold nanoparticles (AuNP), which were subsequently deposited on to a silica sample 

and dried under vacuum. The AuNP were synthesized via the procedures described in the 

literature.169  All controls were treated under the same conditions. Samples were cast on carbon-

coated copper grids from aqueous suspensions and analyzed on a cryogenic stage. 

2.8 Circular Dichroism Spectropolarimetry  

A Jasco J-1500 Circular Dichroism Spectrophotometer instrument was used to evaluate the 

secondary structure of chiral protein samples at a temperature of 15 C over a wavelength range of 

190-260 nm. Before CD measurements were performed, the samples desorbed from silica were 

diluted to 0.2-0.5 mg/mL in the respective detergent, which is within the required concentration 

range. The denatured protein sample was analyzed in CD using 1X PBS, while the native protein 

and samples removed from silica were analyzed in the detergent solution. The nitrogen flowrate 

was set at 30 standard cubic feet per hour (scfh). A 1.0 cm path length quartz cuvette was cleaned 

using 2% Hellmanex® II solution to remove any remaining biological specimen from previous 

runs. The cuvettes were thoroughly washed with milli-Q® water before purging with nitrogen to 

remove any remaining moisture. The cuvettes were filled with 250 µL of sample and placed in the 

instrument. The raw data from CD was reported in 𝑄 (mdeg). This was converted to molar 

ellipticity to account for the concentration of the sample and protein properties using Equation 2.3 

 
θ =

𝑄 ∙ 100 ∙ 𝑀𝑊

𝐶 ∙ 𝑙 ∙ 𝑛 ∙ 1000
 (2.3) 

   

MW is the molecular weight of the protein sample and n is the number of amino acids. For IpaD, 

these values are 38825.29 Da and 352, respectively. For bovine Lf, these values are 75181.79 Da 
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and 681, respectively. The concentration (C) of the sample in mg/mL was measured at 280 nm 

using UV-Vis absorbance spectrophotometry. The length (l) of the quartz cuvette is 1.0 cm for the 

J-1500 instrument.  
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Chapter 3: Case Study 1-Invasion Plasmid Antigen D (IpaD) Adsorption and Thermal 

Stabilization 

3.1 Introduction 

Shigellosis (bacillary dysentery) is a gastrointestinal disease that causes over a million deaths 

annually,170 especially in developing countries and among children.171 Shigella flexneri, the 

bacteria that causes Shigellosis, is spread through the fecal-oral route and only a very low dose is 

required for infection.172 S. flexneri is acid-tolerant, and once it reaches the large intestine, it is 

transcytosed through M cells.170,173 At this point, the bacteria induces apoptosis in macrophages 

and invades epithelial cells using a type-III secretion system (T3SS).174 Invasion plasmid antigen 

D (IpaD) has a crucial role in T3SS, as it controls the secretion of IpaB and IpaC. All three Ipa 

proteins must be released for epithelial cell invasion.175 Currently, there is no existing vaccine for 

shigellosis176 despite extensive attempts to formulate a vaccine177,178,179 and previously developed 

vaccines have shown high reactogenicity in human trials.180 IpaD is a promising target for 

shigellosis vaccine development since it has already been demonstrated that IpaD antibodies are 

present in serum from infected patients.181,182 

IpaD has 352 residues and a molecular weight of 38825.29 Da.168 Circular dichroism (CD) and 

Fourier transform infrared (FTIR) spectroscopy have shown that IpaD is predominantly an α-

helical protein and this was later confirmed from its crystal structure.174,183 IpaD has a high thermal 

stability with denaturing occurring above 80 C.  

Approximately 13% of IpaD is made up of serine amino acids as the most abundant residue,33 

which are able to form hydrogen bonds via their hydroxymethyl groups at the surface of the silica 

as shown in Figure 3.1. Furthermore, 9.1% of IpaD is composed of asparagine and 7.7% is 

threonine. Asparagine can accept or donate two hydrogen bonds with its amide group, and 

threonine can form one hydrogen bond with its hydroxyl group. Due to the negative surface of 
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silica at neutral pH, it is expected that the arginine and lysine positively charged residues will 

further stabilize IpaD in the pores and surface of the silica with electrostatic interactions. Our 

working hypothesis is that amino acids with hydrogen bonding capability are primarily responsible 

for the adsorption interactions of IpaD within mesoporous silica and prevent the protein from 

denaturing. 

 

Figure 3.1. Proposed hydrogen bonds between IpaD residues and mesoporous silica surface 

3.2 Physiochemical Characterization 

The physicochemical properties of seven mesoporous silica materials were characterized to 

generate a “tool box” with a range of physicochemical properties. The material selection criteria 

for the immobilization of IpaD was based on the physico-chemical properties of the support 

(average pore diameter, accessible pore volume and surface area, and surface chemistry (i.e. 

functional groups)) with those of the IpaD protein. The physico-chemical properties of selected 

mesoporous silica materials used as supports for the protein thermal-stabilization studies are 

provided in Table 3.1. The thermogravimetric analysis curves for each silica and FTIR spectra for 

IpaD are provided in Appendix A. The most relevant results can be observed between 190-400 C, 

where the results are consistent with a decrease in the level of surface hydroxylation, while the 

isolated singles, geminals, and vicinal silanol groups are still present. Silicas with higher percent 

weight loss during have a higher degree of hydroxylation at room temperature; therefore, these 
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silicas have a higher affinity for hydrogen bonding and hydrophilic interactions during the 

adsorption process. 

Table 3.1. BJH physicochemical characterization of selected mesoporous silica materials (Samples SA1- SA10). 

Pore size distributions can be found in Appendix B. 

Silica Sample 
Average Pore 

Diameter (nm) 

Pore Volume 

(cm3/g) 
Surface Area (m2/g) 

Silica Sample 1 (SA1) 3.9 ± 1.5 0.07 ± 0.01 67.4 ± 3.3 

Silica Sample 3 (SA3) 15.0 ± 1.5 1.28 ± 0.01 333.2 ± 3.3 

Silica Sample 4 (SA4) 17.7 ± 1.5 1.41 ± 0.01 319.3 ± 3.3 

Silica Sample 5 (SA5) 24.2 ± 1.5 2.18 ± 0.01 370.7 ± 3.3 

Silica Sample 6 (SA6) 30.2 ± 1.5 3.78 ± 0.01 300.0 ± 3.3 

Silica Sample 7 (SA7) 36.3 ± 1.5 2.87 ± 0.01 286.1 ± 3.3 

Silica Sample 8 (SA8)  2.34 ± 1.5 1.18 ± 0.01 911.1 ± 3.3 

Silica Sample 9 (SA9) 5.29 ± 1.5 3.03 ± 0.01 2673 ± 3.3 

Silica Sample 10 (SA10) 8.21 ± 1.5 1.42 ± 0.01 672.7 ± 3.3 

 

3.3 Effect of silica pore diameter on IpaD adsorption 

After improving the protocol to adsorb IpaD onto various silica materials, the material properties 

with the most impact on the adsorption efficiency of IpaD were investigated. Our results show that 

the successful adsorption of IpaD protein is strongly influenced by the pore diameter of the silica 

material (Figure 3.2). The dimensions of IpaD are ~3 nm in diameter and ~8 nm in length;173 

therefore, accessible pores were defined to be just larger than the diameter of IpaD at ≥5 nm to 

allow for the possibility of IpaD travelling into silica pores lengthwise. The percent IpaD adsorbed 
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is defined as the amount of IpaD that was adsorbed onto the silica over the total IpaD added in 

solution. 

Average Pore Diameter (nm) 
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Figure 3.2. Average percent of IpaD adsorbed to mesoporous silica materials (SA1 to SA7) as a function of 

average pore diameter (nm) 

 

The adsorption process is governed by electrostatic interactions and hydrogen bonding between 

the hydroxyls on the silica surface and the functional groups of the amino acid side chains on 

IpaD.33 The most abundant amino acid in IpaD is serine, which makes up 13% of the structure. 

This creates the potential for a high level of hydrogen bonding between serine residues and the 

silica surface. There is a strong correlation between the average pore diameter of the silica to the 

percent of IpaD adsorbed (Figure 3.2). For example, silica sample SA3 has a pore diameter of 15 

nm and adsorbs an average of 91.6% IpaD, while silica sample SA1 has a pore diameter of 3.9 nm 

and adsorbs an average of 9.7% IpaD. Silicas with a pore diameter greater than 15 nm are expected 
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to adsorb more than 90% IpaD (Figure 3.2). The pore volume of the silica materials followed a 

similar trend to the average pore diameter as shown in Figure 3.3.  
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Figure 3.3 Percent of IpaD adsorbed to silica samples as a function of silica pore volume 

Therefore, silicas with larger pore diameters and pore volumes tend to adsorb more IpaD. This 

indicates that the proteins are not only adhering to the external surface of the silica, but also being 

adsorbed into the interior of the larger silica pores. The enhanced thermostability of IpaD when it 

is attached to silica during heating further supports the hypothesis that IpaD is confined within the 

pores during adsorption. 

3.4 Langmuir Model Derivation 

The Langmuir adsorption isotherm assumes that all surface sites are the same, that all adsorption 

occurs on vacant sites, that the adsorbate-adsorbate interactions are negligible, and that all sites 

are either vacant or occupied.184 Furthermore, the Langmuir adsorption model assumes 
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monolayer chemisorption. To derive the Langmuir model, the adsorption equation is written out 

in Equation 3.1: 

𝐼𝑝𝑎𝐷 + 𝑆 ↔ 𝐼𝑝𝑎𝐷 − 𝑆     (3.1) 

S refers to an empty site and IpaD-S refers to the adsorbed IpaD. The rate of adsorption is as 

follows in Equation 3.2: 

𝑅𝑎𝑑𝑠 = 𝑘𝑎𝑑𝑠𝐶𝐼𝑝𝑎𝐷,𝑓𝑟𝑒𝑒𝐶𝑠 − 𝑘𝑑𝑒𝑠𝐶𝐼𝑝𝑎𝐷,𝑎𝑑𝑠    (3.2) 

If K is defined by Equation 3.3 and equilibrium is assumed (Equation 3.4): 

𝐾 =
𝑘𝑎𝑑𝑠

𝑘𝑑𝑒𝑠
      (3.3) 

0 = 𝑘𝑎𝑑𝑠𝐶𝐼𝑝𝑎𝐷,𝑓𝑟𝑒𝑒𝐶𝑠 − 𝑘𝑑𝑒𝑠𝐶𝐼𝑝𝑎𝐷,𝑎𝑑𝑠    (3.4) 

𝐾𝐶𝐼𝑝𝑎𝐷,𝑓𝑟𝑒𝑒𝐶𝑠 = 𝐶𝐼𝑝𝑎𝐷,𝑎𝑑𝑠     (3.5) 

A site balance is performed to determine an expression for Cs. 

𝐶𝑚 = 𝐶𝑠 + 𝐶𝐼𝑝𝑎𝐷,𝑎𝑑𝑠      (3.6) 

Cm is the total number of sites, or the maximum monolayer coverage. Solving for Cs: 

𝐶𝑠 = 𝐶𝑚 − 𝐶𝐼𝑝𝑎𝐷,𝑎𝑑𝑠      (3.7) 

Substituting CIpaD,ads from Equation 3.5 into Equation 3.7: 

𝐶𝑠 =  𝐶𝑚 − 𝐾𝐶𝐼𝑝𝑎𝐷,𝑓𝑟𝑒𝑒𝐶𝑠     (3.8) 

Solving for Cs: 

𝐶𝑠 =
𝐶𝑚

1+𝐾𝐶𝐼𝑝𝑎𝐷,𝑓𝑟𝑒𝑒
      (3.9) 

Plugging in Cs from Equation 3.9 into Equation 3.5 results in the Langmuir adsorption equation. 

𝐶𝐼𝑝𝑎𝐷,𝑎𝑑𝑠 =
𝐾𝐶𝑚𝐶𝐼𝑝𝑎𝐷, 𝑓𝑟𝑒𝑒

1+𝐾𝐶𝐼𝑝𝑎𝐷, 𝑓𝑟𝑒𝑒
     (3.10) 

 

3.5 Langmuir Adsorption Isotherm Modeling 

The experimentally determined adsorption capacity for silica sample SA3 was found using  
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𝑞 =
(𝐶𝑖−𝐶𝑓)

𝑆
𝑥 𝑉      (3.11) 

where q (mg/g) is the adsorption capacity of silica with respect to IpaD at equilibrium, 𝐶𝑖 and 𝐶𝑒 

are the initial and final concentration (mg/mL) of IpaD in PBS solution, respectively, S is the mass 

silica absorbent used (g), and V is the volume of solution (mL). To determine the maximum IpaD 

adsorption on a mesoporous silica, the IpaD adsorption isotherm was fit using the Langmuir 

adsorption model. The experimental data and Langmuir model were plotted (Figure 3.4) using 

Equation 3.10. Appendix C includes details on the error calculation for all adsorption isotherms.   
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Figure 3.4. Adsorption isotherm for silica sample SA3 using the Langmuir model 
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Figure 3.5. Adsorption isotherms using the Langmuir model for silica gel SA4 (top left), SA5 (top right), SA6 

(bottom left) and SA7 (bottom right) 

Linearizing Equation 3.10, to obtain Equation 3.12: 

𝐶𝐼𝑝𝑎𝐷,𝑎𝑑𝑠

𝐶𝐼𝑝𝑎𝐷, 𝑓𝑟𝑒𝑒
=

1

𝐾𝐶𝑚
+

𝐶𝐼𝑝𝑎𝐷, 𝑓𝑟𝑒𝑒

𝐶𝑚
      (3.12) 

 

The linearized form of the Langmuir model was plotted (Figure 3.6), and the maximum 

monolayer coverage was determined to be 181 mg/g and the equilibrium rate constant was 

determined to be 18 mL/mg. 
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Figure 3.6. Linearized adsorption isotherm for silica sample SA3 using the Langmuir model (R2=0.994) 

From the close fit of the experimental data to the Langmuir model, it is possible to deduce that the 

adsorption of IpaD onto mesoporous silicas is occurring as a monolayer adsorption mechanism 

(Figure 3.6). Using a unit surface area for IpaD of 112.8 nm2/protein (based on using the largest 

two-unit cell parameters of 10.07 and 11.28 nm)185 and a molecular weight of 39 kDa it is possible 

to convert the maximum monolayer coverage from mg IpaD/g silica to m2 IpaD/g silica. 

181 𝑚𝑔 𝐼𝑝𝑎𝐷

𝑔 𝑠𝑖𝑙𝑖𝑐𝑎
𝑥

𝑚𝑜𝑙 𝐼𝑝𝑎𝐷

3.9𝑥107𝑚𝑔
𝑥

6.02𝑥1023 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠

1 𝑚𝑜𝑙
𝑥

112.8 𝑛𝑚2

𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠
𝑥

(1 𝑚)2

(1𝑥109 𝑛𝑚)2 =
316 𝑚2 𝐼𝑝𝑎𝐷

𝑔 𝑠𝑖𝑙𝑖𝑐𝑎
   (3.13) 

The maximum monolayer coverage value of 316.3 ± 8.9 m2/g calculated from the Langmuir 

modeling to the accessible surface area of 333.2 ± 3.3 m2/g (Table 3.1) obtained from BJH 

measurements are in good agreement, as are the values for silica samples SA4 and SA5 (Table 

3.2). 

Table 3.2. Comparing nitrogen BJH surface area and Langmuir modeling IpaD surface area for silica samples SA3-

SA5. 

Silica Sample N2 Surface Area (m2/g) IpaD Surface Area (m2/g) 

SA3 333.2 ± 3.3 316.3 ± 8.9 

SA4 319.2 ± 3.3 316.6 ± 11.4 

SA5 370.2 ± 3.3 371.9 ± 20.2 
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For silicas with larger pore diameters (SA6 and SA7) the maximum monolayer coverage calculated 

from the Langmuir model is significantly different than the BJH accessible surface area (Table 

3.3). However, if the IpaD unit cell volume is used instead of the IpaD unit cell surface area in 

Equation 3.13, it is possible to calculate the maximum coverage in terms of volume.  

294 𝑚𝑔 𝐼𝑝𝑎𝐷

𝑔 𝑠𝑖𝑙𝑖𝑐𝑎
𝑥

𝑚𝑜𝑙 𝐼𝑝𝑎𝐷

3.9𝑥107𝑚𝑔
𝑥

6.02𝑥1023 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠

1 𝑚𝑜𝑙
𝑥

630.0 𝑛𝑚3

𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠
𝑥

(1 𝑐𝑚)3

(1𝑥107 𝑛𝑚)3 =
2.87 𝑐𝑚3 𝐼𝑝𝑎𝐷

𝑔 𝑠𝑖𝑙𝑖𝑐𝑎
  (3.14) 

 

Table 3.3. Comparing nitrogen BJH surface area and pore volume to Langmuir modeling IpaD surface area and 

pore volume for silica samples SA6 and SA7. Langmuir plots for silica samples SA6 and SA7 are provided in 

Appendix D. 

Silica 

Sample 

N2 Accessible 

Surface Area (m2/g) 

IpaD Surface Area N2 Volume 

(cm3/g) 

IpaD Volume 

(cm3/g) 

SA6 300.0 ± 3.3 603.4 ± 43.5 m2/g 3.78 ± 0.01 3.49 ± 0.23 

SA7 286.1 ± 3.3 514.2 ± 46.8 m2/g 2.87 ± 0.01 2.87 ± 0.26 

 

The IpaD surface area for these two silicas is greater than the nitrogen surface area, suggesting 

that multilayer adsorption may be occurring rather than monolayer adsorption. IpaD volume 

measurements are in good agreement with the nitrogen BJH volume measurements, supporting the 

hypothesis that adsorption is multilayer (i.e. bilayer) in the silicas with pore sizes larger than 25 

nm.  When performing the washing step on silica samples SA6 and SA7, the IpaD concentration 

in the supernatant varied considerably (Figure 3.7). This behavior is not observed with silicas with 

smaller pore sizes (SA3, SA4, and SA5), where the IpaD concentration in the wash supernatant is 

negligible. The hypothesis is multiple IpaD molecules are adsorbed in the larger pores and there 

are fewer hydrogen bonds between the silica and IpaD; therefore, the interaction is weaker and the 

IpaD is removed by washing. 
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Figure 3.7. IpaD concentration after subsequent washes for sample 1 (triangles), sample 2 (diamonds), sample 3 

(squares) and sample 4 (circles). Initial silica masses of samples 1-4 are 8.3 mg, 7.0 mg, 6.3 mg and 3.0 mg, 

respectively. Initial IpaD concentration is 1.95 mg/mL for all samples, silica is SA7.  

 

The solution depletion method measures the adsorbed IpaD concentration by subtracting the 

amount of IpaD in the supernatant (i.e. wash) from the original IpaD concentration. Comparing 

the Langmuir isotherm of silica sample SA3 to the corresponding isotherm for silica sample SA1 

(pore diameter of 3.9 nm), it is evident that the adsorbed IpaD concentration for SA1 is essentially 

negligible in comparison to the adsorbed IpaD concentration for SA3 (Figure 3.8). The behavior 

displayed by SA1 is expected, since its pore diameter is smaller (3.9 nm) than IpaD’s external 

dimensions (largest two-unit cell parameters of 10.07 and 11.28 nm), which limits IpaD 

adsorption. If IpaD was adhering to the surface of SA1 then the adsorbed IpaD (mg IpaD/g sample) 

would be significantly higher than shown in Figure 3.8. This confirms that the IpaD is primarily 

adsorbed (99+%) in the pores and not on the surface of the silica. Silica sample SA2 (pore diameter 

of 8.1 nm) followed the same behavior as silica sample SA1 and the adsorption isotherm for silica 

sample SA2 is shown in Figure 3.9. 
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Figure 3.8. Comparison of the adsorption isotherm for silica sample SA1 (black) and the adsorption isotherm for 

silica sample SA3 (red). Inset is expanded view of silica sample SA1. 
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Figure 3.9. Adsorption isotherm for silica sample SA2 

Overall, if the average pore size is less than about 15 nm, the IpaD cannot physically fit inside the 

pore and the adsorption is negligible (SA1 and SA2).  If the average pore sizes are approximately 

15 to 25 nm then monolayer coverage is achieved and the IpaD cannot be removed via washing 

with PBS due to the hydrogen bond network formed with the silica surface (SA3, SA4, and SA5).  

If the average pore size is larger than about 25 nm the adsorption is multilayer coverage and the 

IpaD can be easily removed via washing with PBS due to a less developed hydrogen bond network 

(SA6 and SA7).  Figure 3.10 provides a schematic of the three types of pore interactions with 

IpaD. 
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Figure 3.10. Comparison of the three types of pores interactions with IpaD, (A) pore size less than 

15 nm (e.g. SA1 and SA2), IpaD does not fit into pore, (B) pore size between 15 to 25 nm (e.g. 

SA3, SA4, and SA5), monolayer coverage, hydrogen bonds depicted by solid red line, (C) pore 

size larger than 25 nm (e.g. SA6 and SA7), multilayer coverage, protein-protein interactions 

depicted by dotted green line. 

3.6 Comparing the Langmuir Model to Freundlich and Temkin Models 

The adsorption data were also compared to both Freundlich and Temkin adsorption models. The 

Freundlich model assumes multilayer adsorption, interactions among adsorbed molecules, and 

reversible adsorption. The linearized form of the Freundlich model is as follows: 

log 𝐶𝐼𝑝𝑎𝐷,𝑎𝑑𝑠 = log 𝐾𝐹 +
1

𝑛
log 𝐶𝐼𝑝𝑎𝐷,𝑓𝑟𝑒𝑒    (3.15) 

where KF is the adsorption capacity (L/mg) and 1/n is the adsorption intensity. 
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Figure 3.11. Freundlich adsorption isotherm (left); linearized isotherm for silica sample SA3 using the Freundlich 

Model (R2=0.622) (right) 

The Freundlich and Temkin models assume multilayer adsorption and considers the effects of 

adsorbate interactions. The Temkin model also assumes that the heat of adsorption of molecules 

in a layer has a linear decrease as surface coverage increases. The linearized form of the Temkin 

model is as follows: 

𝐶𝐼𝑝𝑎𝐷,𝑎𝑑𝑠 =
𝑅𝑡

𝑏
ln 𝐾𝑇 +

𝑅𝑇

𝑏
ln 𝐶𝐼𝑝𝑎𝐷,𝑓𝑟𝑒𝑒    (3.16) 

where b and KT are Temkin constants. 
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Figure 3.12. Temkin adsorption isotherm (left); linearized isotherm for silica sample SA3 using the Temkin Model 

(R2=0.856) (right) 

Based on the Langmuir, Freundlich, and Temkin models (Figures 3.4, 3.5, 3.6, 3.11 and 3.12), it 

is evident that the Langmuir model is the best fit of the experimental data. The R2 value for the 

Langmuir model is 0.994, almost a perfect fit, while the R2 values for the Freundlich and Temkin 

models are 0.622 and 0.856, respectively. From the evaluation and comparison of the different 

models, it is possible to conclude that adsorption is indeed monolayer, irreversible adsorption. 

Freundlich and Temkin plots for silica samples SA4-SA7 are provided in Appendix D. 

3.7 TEM Characterization 

The distribution of IpaD on silica sample SA4 was characterized using TEM/EDX. A TEM image 

of the silica control (Figure 3.13A), revealed a random structure and evidence of Si, O, C, and Cu, 

from the porous silica and the C-Cu grid. Furthermore, there was no detectable sulfur content in 

the silica control, such that any sulfur detected in the IpaD-silica complex comes from the single 

cysteine and methionine residues in IpaD. 

IpaD was conjugated to AuNP in a 1:1 ratio before adsorbing IpaD-AuNP on silica sample SA4. 

The cysteine residue in IpaD has a high affinity towards gold, which makes it an ideal location for 

gold nanoparticle attachment.186 AuNPs possess adjuvant properties that reduce toxicity, enhance 
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the immunogenic activity, and provide stability during storage.187 In addition, gold is a heavy metal 

that easily deflects electron beams in TEM, making IpaD attached to gold simpler to locate in a 

silica sample. The average AuNP size was determined to be ca. 19.5 nm (Figure 3.13B). The 

AuNP-IpaD complex adsorbed on silica sample SA4 is shown in a STEM image (Figure 3.13C). 

The blue area was characterized using EDX elemental scans for sulfur (Figure 3.13D) and gold 

(Figure 3.13E). Significant overlap in the EDX S and Au maps is consistent with the 1:1 S-Au 

linkage. 

A STEM was also performed without gold nanoparticle attachment for the adsorbed IpaD in silica 

sample SA4.  The lighter imaged material may be evidence of IpaD on the surface and in the pores. 

To verify this hypothesis, an EDX elemental scan was obtained for sulfur (Figure 3.13G). The 

molecular formula of IpaD is C1686H2682N474O557S10. The EDX sulfur content in this sample area 

was consistent with the atomic composition of sulfur in IpaD, which confirms the presence of IpaD 

on the surface of the silica, even in the absence of AuNP. The even distribution of sulfur in the 

EDX (Figure 3.13H) is evidence that IpaD is evenly distributed in the adsorption process. 

Langmuir modeling also suggests that an even monolayer distribution of IpaD is present across 

the surface and in the pores. Figure 3.14 and Figure 3.15 include EDX data for the control silica 

(without IpaD) and the silica-IpaD complex to confirm the sulfur count comes solely from the 

IpaD and there is no sulfur content in the silica.  
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Figure 3.13 A) TEM image for silica sample SA4 as a control to monitor IpaD adsorption; B) TEM image of 

AuNP average size; C) STEM image of IpaD-AuNP adsorbed in silica sample SA4, blue box is EDX scan 

location; D) EDX S-K spectral scan of Figure 9C; E) EDX Au-L spectral scan of Figure 9C; F) STEM image of 

IpaD adsorbed in silica sample SA4; G) STEM image of IpaD in silica sample SA4, blue box is EDX scan 

location; H) EDX S- K spectral scan of Figure 9G. 

A) B) 

C) D) E) 

F) G) H) 
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Figure 3.14. EDX scan of silica control (SA4) 

 

 

Figure 3.15. EDX scan of IpaD adsorbed on silica SA4 

 

3.8 Desorption 

For each of the characterized silica samples, the amount of IpaD desorbed in LDAO solution was 

compared with the original IpaD adsorbed (Figure 3.16). 
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Figure 3.16. Comparison of adsorption capacity (mg/g) to IpaD released from silica samples during desorption 

(mg/g) for silica samples SA1-SA7 

 

In general, silicas that had a larger pore diameter and pore volume tended to release more of the 

adsorbed proteins upon the desorption process. However, silica sample SA6 does not follow this 

trend. This could be due to SA6 having the largest accessible pore volume of 3.78  0.01 cm3/g 

with a high surface area of 300.0  3.3 m2/g, which could be linked to increased hydrogen bonding, 

resulting in less IpaD removal with LDAO. While strong binding affinity is important for protein 

immobilization during transportation of a vaccine, the protein must also be easy to release in 

solution for a high vaccine delivery. For this reason, silica samples SA4, SA5, and SA7 make 

desirable candidates for vaccine transportation and delivery due to these desorption studies.  

LDAO is a strong surfactant with a dodecyl alkyl tail and a zwitterionic tail. It is highly hydrophilic 

and forms hydrogen bonds with water molecules that are stronger than hydrogen bonding of water 

molecules themselves with an energy of 50 kJ/mol.188 Due to these properties, LDAO can easily 
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break the hydrogen bonds that attach IpaD to the surface of a silica. It is possible that LDAO could 

form micelles around IpaD during the desorption process with its zwitterionic head. 

3.9 IpaD secondary structure 

To assess whether the adsorption into silica-based supports protects the protein against high 

temperatures, the IpaD adsorbed onto the silica sample SA4 was heated to 95 ºC for 2 h, desorbed 

from the support, and then analyzed by CD. Non-adsorbed (native) IpaD that was not heated was 

used as control. The CD analyses demonstrate that the adsorbed IpaD after the heat treatment 

displays similar double minima (208 and 222 nm) in the CD spectrum as seen in the native 

unheated IpaD and is indicative of a substantial α-helical component.  

The purpose of this study was to demonstrate that mesoporous silica materials improve the 

thermostability of IpaD. It is evident (Figure 3.17) that the presence of silica during heating enables 

IpaD to maintain its -helical structure as shown by the characteristic double minima in its CD 

spectrum. The IpaD in solution completely denatures during heating, and the IpaD heated on silica 

has a small decrease in molar ellipticity from that of the native IpaD. This small decrease in molar 

ellipticity should not reduce IpaD’s efficacy in a vaccine. CD spectra for silica sample SA3 can be 

found in Figure 3.18. Figure 3.19 shows that the addition of LDAO is not responsible for the 

refolding of the protein, as the CD spectra for denatured IpaD, and denatured IpaD after LDAO 

addition are both flat lines.  
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Figure 3.17. CD spectra for native unheated IpaD (green), native heated IpaD (red), IpaD removed from silica 

sample SA4 unheated (black), and IpaD removed from silica sample SA4 (blue) heated to 95 C for 2 hours. 
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Figure 3.18. CD spectra for heated IpaD on SA3 (blue) and unheated IpaD on SA3 (black) 
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Figure 3.19. CD spectra for denatured IpaD before (black) and after (red) LDAO addition. LDAO addition does not 

induce protein refolding 

The source of the loss in structure for the IpaD heated on silica is not necessarily due to heating. 

It has been commonly reported that proteins lose some of their conformational structure upon 

adsorption to a solid surface.189,190,191,192 Another possible explanation for this decrease in signal 

strength is the effects of LDAO on IpaD. This zwitterionic detergent is used at a high concentration 

to remove IpaD from the silica in these studies. One potential problem is that LDAO increases the 

high tension (HT) voltage due to the high detergent concentration (10% LDAO). During CD 

analyses, it was been observed that the HT voltage is above the recommended value of 600 V at 

wavelengths below 200 nm. This indicates that the sample is absorbing too much light, which 

means it is over concentrated. This effect creates noise in the CD wavelength range of 190-200 

nm, which eliminates the expected Cotton effect peak at 195 nm that is seen in the native IpaD 

sample in 1X PBS (Figure 3.20). Decreasing the LDAO concentration does not necessarily reduce 

this noise, as IpaD in 3% LDAO exhibited even a greater difference in molar ellipticity to IpaD in 

PBS than the IpaD in 10% LDAO (Figure 3.21).  Furthermore, the drop in molar ellipticity is 
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potentially due to the buffer concentration interference with the CD signal for the protein. LDAO 

can also have adverse effects such as forming micelles around IpaD, which can affect the intensity 

of IpaD’s natural CD spectra. While it is difficult to isolate the effect of LDAO on the CD signal 

from the physical effect of LDAO interactions with IpaD, additional studies have indicated that 

LDAO is partially denaturing IpaD during the desorption process. IpaD in 1X PBS exhibits a lower 

molar ellipticity than that of IpaD in 10% LDAO (Figure 3.20), where the characteristic 208 nm 

minimum peak appears at -2.0 and -1.6, respectively.  
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Figure 3.20. Comparison of IpaD structure in PBS (blue) and 10% LDAO (green) 
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Figure 3.21. CD spectra for native IpaD in PBS (green), 10% LDAO (blue), 0.5% LDAO (black) and 3% LDAO 

(gray) 

The CD samples for the blue and black spectra as shown in Figure 3.17 underwent the entire 

experimental process of adsorption onto silica sample SA4, washing, and desorption with 10% 

LDAO. The only difference was the sample shown in blue was heated before desorption and the 

sample shown in black was not heated. Both IpaD samples were exposed to potential structural 

changes from adsorption onto a solid surface and the unfavorable effects of LDAO. The significant 

overlay of the blue and black curve indicates that there was negligible secondary structure change 

due to heating IpaD on silica, which is evidence that silica sample SA4 successfully thermally 

stabilized IpaD during heating. The elimination of heating as a structural change while IpaD is 

attached to silica makes a strong case that adsorbed IpaD will maintain its secondary α-helical 

structure during vaccine transport under high temperature conditions. CD spectra for IpaD 
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adsorbed at room temperature for 6 days is provided in Figure 3.22, and it is evident that IpaD 

secondary structure is maintained even in a longer-term study.  
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Figure 3.22. CD spectra for native IpaD in LDAO (black) and IpaD adsorbed in silica at room temperature for 6 

days (blue) 
 

To determine the effect of pore size on thermal stability, IpaD was adsorbed onto a larger pore 

sized silica (SA7) and heated as shown in Figure 3.23 . For silica SA7, multilayer adsorption is 

dominant. It is evident that in this case, the protein does not conserve its secondary structure to the 

same degree it does when adsorbed to SA4. Therefore, it is possible to conclude that the silica-

protein bonds are stronger than protein-protein interactions and monolayer adsorption is preferable 

to achieve the highest degree of thermal stabilization.  
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Figure 3.23. CD spectra for native unheated IpaD (green), native heated IpaD (red), IpaD removed from silica 

sample SA7 heated to 95 C for 2 hours (black), and IpaD removed from silica sample SA4 (blue) heated to 95 C 

for 2 hours 

3.10 Effect of Silica Size on Equilibrium Constants 

As shown in Table 3.4, pore size has a significant effect on the equilibrium constant values. For 

silicas between 15 to 25 nm (SA3-SA5) the K value is very large, indicating that the rate constant 

of adsorption is much greater than the rate constant of desorption. However, as the pore size 

increases, becoming significantly larger than size of the protein, the equilibrium constant drops. 

This is indication that adsorption in silicas with larger pores in comparison to the “just right” pore 

size range. These results are in good agreement with the results in Figure 3.23 whereas the pore 

size increases, protein thermal stability in adsorbed silica decreases.  
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Table 3.4. Effect of pore size on protein adsorption equilibrium constant 

Silica Average pore size (nm) K value 

SA3 15.0 18.44 

SA4 17.7 30.94 

SA5 24.2 33.21 

SA6 30.2 2.45 

SA7 36.6 3.83 
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Chapter 4: Case Study 2-Lactoferrin Thermal Stabilization via Adsorption and Desorption 

using Non-ionic Detergents 

4.1 Introduction 

Lactoferrin (Lf) is an iron-binding glycoprotein prominent in milk and other external fluids.193 In 

addition to regulating iron adsorption and modulating immune responses, Lf has valuable 

antioxidant, anti-bacterial, anti-microbial, anti-viral, anti-inflammatory, and anti-cancer 

properties.194 One of Lf’s most popular applications is as a supplement for infant milk formula 

because non-iron-saturated Lf can deplete iron from bacteria, which reduces bacteria growth and 

decreases diarrhea and other intestinal issues in infants.194  

The unique properties of Lf can also be used as an adjuvant therapy for a range of metabolic and 

viral diseases. There is evidence that Lf plays a role in glucose metabolism and the regulation of 

intestinal glucose adsorption, so it may be beneficial to restore glucose transport in type 2 diabetes 

patients.195 Lactoferrin may be used as an adjuvant therapeutic for gastrointestinal diseases, such 

as rotavirus, by regulating intestinal flora and decreasing both vomiting and diarrhea in infants and 

children.196-198 Lactoferrin can also be used to increase levels of T and B cells in 

immunocompromised patients.199 The anti-bacterial and anti-viral activity of Lf has demonstrated 

positive results when used in combination with anti-bacterial drugs such as zidovudine for HIV,200 

ribavirin for hepatitis C,201 and cidofovir for cytomegalovirus.202  

Lactoferrin has a molecular weight of 80 kDa and is composed of a single polypeptide chain of 

680-700 amino acids folded into two symmetrical lobes.193, 203 Each lobe is made up of two α/β 

domains, consisting of a parallel β-sheet surrounded by α-helices.203 The two symmetrical lobes 

are connected by a short α-helical chain as shown in Figure 4.1. Compared with many proteins, Lf 

has a high thermal stability with a denaturing temperature above 75 °C.  
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Figure 4.1. Three-dimensional structure of bovine lactoferrin185 

Over 20% of Lf is composed of glutamic acid and aspartic acid amino acids as the most abundant 

residues.204  These amino acids are able to form a hydrogen bond with its amine group, and two 

hydrogen bonds with the two carboxylic groups. In addition, 9% of Lf is made up of glutamine 

and asparagine amino acids and 7% is serine amino acid. Glutamine and asparagine can form two 

hydrogen bonds with the amide groups and serine can form hydrogen bonds via the hydroxymethyl 

groups. Since Lf is positively charged and the silica surface is negatively charged, electrostatic 

interactions will further stabilize the protein within the silica pores. Our working hypothesis is that 

hydrogen bonding between protein amino acid groups and the silica surface is the primary 

adsorption mechanism that stabilizes the protein structure and prevents denaturation (Figure 4.2).  
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Figure 4.2. Proposed hydrogen bonds between Lf residues and mesoporous silica surface 

One of the greatest challenges with protein adsorption onto silica for adaptation to clinical 

conditions is to desorb, release, and separate the protein from the stabilization support. Protein 

desorption is challenging, and only a few groups have successfully reported releasing proteins 

from the stabilization supports without damaging the protein structure.  

The first case study demonstrated the proof-of-principle for adsorption onto mesoporous silica 

with Invasion Plasmid Antigen D (IpaD).44 The research confirmed retention of IpaD’s secondary 

structure when subjected to thermal stress. Ten percent N,N-dimethyldodecylamine N-oxide 

(LDAO) was used to desorb IpaD from the silica gel. LDAO is a strong surfactant with a dodecyl 

alkyl head and a zwitterionic tail that can effectively break the hydrogen bonds that attached IpaD 

to the silica surface. However, LDAO is a strong zwitterionic detergent and when used at high 

concentrations, it can lead to a loss in protein structure that was observed by Circular Dichroism 

(CD).44 In order to transfer this methodology of biomolecule stabilization for clinical application, 

it is necessary to discover alternative desorbing agents. In this case study the thermal stability of 

Lf adsorbed onto silica was evaluated using clinically acceptable desorbing reagents including 
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polyoxyethylene sorbitol esters (e.g. Tween 20, Tween 40, Tween 80) and a poly(ethylene glycol) 

derivative (e.g. Triton X-100).  

4.2 Adsorption Modeling 

Lactoferrin adsorption onto porous silica is strongly influenced by the pore diameter of the silica 

(Figure 4.3). Lactoferrin’s unit cell dimensions are 13.8 nm, 8.7 nm and 7.3 nm.185 Therefore, there 

is very little adsorption observed for pore sizes less than 15 nm. Silicas with a pore diameter greater 

than 15 nm adsorb over 95% Lf.  

 

Figure 4.3. Percent of Lf adsorbed to mesoporous silica materials as a function of average pore diameter (nm) 

The experimentally determined adsorption capacity for lactoferrin on the mesoporous silica was 

found using Equation 3.11. The Lf adsorption isotherm (Figure 4.4) was fit using the Langmuir 

adsorption model (Equation 3.10) in order to determine the maximum Lf adsorption onto the silica.  
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Figure 4.4. Adsorption isotherm of Lf on silica SA5 using the Langmuir model. A decreasing mass of the silica 

sample results in larger error bars at the highest Lf concentration. 

Using the linearized form of the Langmuir model plot (Equation 3.12), the maximum monolayer 

coverage and equilibrium rate constant were determined to be 447 mg Lf/g silica and 9.3 mL/mg, 

respectively, as shown in Figure 4.5. In comparison to IpaD, the equilibrium rate constant for Lf 

on SA5 is significantly smaller than that of IpaD (9.3 mL/mg vs 33.21 mL/mg). This may be 

indication that protein size has an important effect on the strength of adsorption.  
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Figure 4.5. Linearized adsorption isotherm for Lf on silica SA5 using the Langmuir model (R2=0.99) 

 

The close fit (R2 = 0.99) of the experimental adsorption data for Lf on the mesoporous silica 

(Figure 4.4 and Figure 4.5) using the Langmuir model suggests a monolayer adsorption 

mechanism. The maximum monolayer coverage (mg Lf/g silica) was converted to surface area (m2 

Lf/g silica) using a surface area for Lf of 120.06 nm2/Lf molecule (based on the two largest unit 

cell parameters of 8.7 and 13.8 nm) and a molecular weight of 80 kDa.  

447 𝑚𝑔 𝐿𝑓

𝑔 𝑠𝑖𝑙𝑖𝑐𝑎
𝑥

𝑚𝑜𝑙 𝐿𝑓

8.0𝑥107𝑚𝑔
𝑥

6.02𝑥1023 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠

1 𝑚𝑜𝑙
𝑥

120 𝑛𝑚2

𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠
𝑥

(1 𝑚)2

(1𝑥109 𝑛𝑚)2
=

404 𝑚2 𝐿𝑓

𝑔 𝑠𝑖𝑙𝑖𝑐𝑎
   (4.1) 

The maximum monolayer coverage (404 ± 33.9 m2/g) calculated using the Langmuir model is in 

good agreement with the accessible surface area (SA = 370.7 ± 3.3 m2/g) measured using the 

nitrogen BJH method.44  

For a silica such as SA7, with a larger pore diameter (PD = 36.3 ± 1.5 nm), the maximum 

monolayer coverage calculated using the Langmuir model is significantly different than the BJH 

accessible surface area (Table 2). However, if the Lf unit cell volume is used instead of the Lf unit 
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cell surface area in Equation 4.1, it is possible to calculate the maximum coverage in terms of 

volume.  

442 𝑚𝑔 𝐼𝑝𝑎𝐷

𝑔 𝑠𝑖𝑙𝑖𝑐𝑎
𝑥

𝑚𝑜𝑙 𝐼𝑝𝑎𝐷

8.0𝑥107𝑚𝑔
𝑥

6.02𝑥1023 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠

1 𝑚𝑜𝑙
𝑥

876.4 𝑛𝑚3

𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠
𝑥

(1 𝑐𝑚)3

(1𝑥107 𝑛𝑚)3 =
2.91 𝑐𝑚3 𝐼𝑝𝑎𝐷

𝑔 𝑠𝑖𝑙𝑖𝑐𝑎
  (4.2) 

Since Lf and nitrogen BJH volume measurements are in good agreement, the adsorption is likely 

multilayer (i.e. bilayer) instead of monolayer in silicas with larger pore sizes.  

 

Table 4.1. Nitrogen BJH surface area (N2-SA) and pore volume (N2-PV) compared with Lf surface area (Lf-SA) and 

pore volume (Lf-PV) calculated using the Langmuir model for silica sample SA7. Langmuir plots for SA6 are 

provided in Appendix E.  

Silica 

Sample 

N2-SA(m2/g) Lf-SA 

(m2/g) 

N2-PV (cm3/g) Lf-PV (cm3/g) 

SA7 286.1 ± 3.3 211.3 ± 46.8 2.87 ± 0.01 2.92 ± 0.18 

 

The Langmuir isotherm of silica sample SA5 (PD = 24.2 ± 1.5 nm) was compared to the 

corresponding isotherm for silica sample SA1 (PD = 3.9 ± 1.5 nm). The adsorbed Lf concentration 

in SA1 is negligible in comparison to the adsorbed Lf concentration in SA5 (Figure 4.6). These 

results are expected, since the pore diameter of SA1 is smaller than Lf’s external dimensions 

(largest two-unit cell parameters of 8.7 and 14.8 nm), preventing adsorption of Lf in SA1. It is 

important to note that if Lf was adhering to the surface of SA1, the adsorbed amount of Lf would 

be significantly higher. This is confirmation that Lf is primarily adsorbed (99+%) in the silica 

pores and not on the silica surface.  
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Figure 4.6. Adsorption isotherm for Lf on silica sample SA5 using Langmuir model. Inset is expanded view of 

silica sample SA1 for comparison. 

Overall, the size of the silica pore relative to the size of the protein determines the kind of protein 

adsorption. For pore sizes smaller than the Lf’s external dimensions (SA1), the protein cannot 

physically fit inside the silica pore, resulting in negligible adsorption. When the pore size is just 

right (i.e., Goldilocks Effect), monolayer protein coverage is achieved (SA5). Finally, for pore 

sizes significantly larger than Lf’s dimensions, multilayer adsorption occurs. Figure 4.7 provides 

a schematic of the three types of protein-pore interactions.  
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Figure 4.7. Comparison of the three types of pore interactions with Lf, (A) pore size is too small and Lf does not fit 

into the pore, (B) pore size is just right “Goldilocks Effect”, monolayer coverage, hydrogen bonds depicted by solid 

lines, (C) pore size is too large, multilayer coverage, van der Waals forces depicted by dotted lines. 

The adsorption data (free protein concentration vs adsorbed protein concentration) was also fit to 

both the Freundlich and Temkin models. Comparing the Langmuir, Freundlich, and Temkin 

models (Figure 4.5, Figure 4.6, Figure 4.8 and Figure 4.9), it is evident that the Langmuir model 

is the best fit of the experimental data. The R2 value for the Langmuir model is almost a perfect fit 

at R2 = 0.99 compared with the Freundlich model (R2 = 0.93). In the case of the Temkin model 

with a R2 = 0.98 it is difficult to determine if adsorption is monolayer or multilayer; however, 

considering the good agreement in the calculated surface area using the linearized Langmuir model 

with the nitrogen BJH accessible surface area leads to the conclusion that the adsorption is 

monolayer.  
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Figure 4.8. Freundlich adsorption isotherm (left); linearized isotherm for silica sample SA5 using the Freundlich 

Model (R2=0.93) (right) 

 

 

Figure 4.9 Temkin adsorption isotherm (left); linearized isotherm for silica SA5 using the Temkin Model (R2=0.98) 

(right). 

4.3 Lactoferrin Thermal Stability 

To evaluate if adsorption onto mesoporous silica will protect the Lf protein from denaturing, 

samples were heated to 90 °C for 90 minutes and the protein desorbed from the silica using 3 vol% 

Tween 20. The Lf protein’s secondary structure was analyzed using CD. A native, non-adsorbed 

Lf sample was used as a control. The CD results demonstrate that the secondary structure of the 

Lf adsorbed to the mesoporous silica was protected against heating and exhibits the same double 
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minima at 208 and 218 nm relative to the native, unheated Lf. This double minima with a “W” like 

shape indicates protein samples contain a substantial amount of α-helical chains.  

Heated Lf adsorbed onto silica is able to retain its secondary α-helical structure while native Lf 

that was not adsorbed to silica denatured after heating and completely lost its secondary structure 

(Figure 4.10). The adsorption of the Lf onto mesoporous silica protected the protein from 

denaturing at elevated temperatures compared with the control.  In addition, the Tween-20 was 

effective at desorbing the Lf protein, and the slight difference in molar ellipticity compared with 

the native Lf may be a result of adding the detergent resulting in a small concentration difference.   
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Figure 4.10. CD spectra for native unheated Lf (solid), native heated Lf (dotted), unheated Lf desorbed from silica 

SA5 (dashed-dotted), and heated Lf desorbed from silica SA5 (dashed). Heat treatment was at 90 °C for 90 min. 

The small decrease in molar ellipticity at a wavelength of 195 nm in the Lf heated on silica versus 

the native Lf samples is most likely due to protein conformational changes during the adsorption 
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process rather than protein denaturing due to heating. The same trend was found for the Lf 

desorbed from silica without heating. It is well known that proteins may lose some of their 

secondary structure when adsorbed to a solid surface.189,190,191,192 The CD results for unheated Lf 

desorbed from silica (Figure 4.10, dashed-dotted line) and heated Lf desorbed from silica (Figure 

4.10, dashed line) confirm that heating is not responsible for a significant loss of structure.  The 

spectra for both these samples are nearly identical, demonstrating that the mesoporous silica can 

thermally stabilize Lf. In addition, the heat exposure is not responsible for the very small decrease 

in molar ellipticity and is likely a result of the adsorption and desorption process.  

4.4 Desorption Detergents  

A goal when selecting a detergent for protein desorption was to find candidates that were clinical 

viable and did not affect the protein structure. For this purpose, nonionic detergents were selected 

since the head groups are uncharged making them less harsh than ionic and zwitterionic detergents. 

Polyoxyethylene sorbitol esters (e.g. Tween 20, Tween 40, Tween 80) and a poly(ethylene glycol) 

derivative (e.g. Triton X-100) were evaluated as Lf desorption agents. A concentration of 3 vol% 

Tween 20 had the lowest Lf recovery (e.g. 66 wt%) and Tween 80 had the highest Lf recovery 

(e.g. 87 wt%) as shown in Figure 4.11. Triton X-100 can also be used at lower concentrations in 

clinical applications, and even at a concentration of 2 vol% it had the highest Lf recovery (e.g. 94 

wt%) of all the desorbing agents studied. In addition, at lower concentrations such as at 1 vol% 

Tween 80 was consistently the best performing detergent. This is important to note in case a 

specific clinical application requires the choice of different detergents with lower concentrations 

to meet safety protocols. 
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Figure 4.11. Recovery (wt%) of Lf from SA5 at various concentrations (0 to 3 vol%) for Tween 20 (circles), Tween 

40 (triangles), Tween 80 (diamonds) and Triton X-100 (squares). 

A trend for Lf desorption from mesoporous silica is the detergent with the highest hydrophobicity 

has the highest Lf recovery. The hydrophile-lipophile balance (HLB) is a measure of the 

hydrophobicity of a detergent. As the HLB decreases, the detergent’s hydrophobicity increases. 

Triton X-100 is the most hydrophobic of the detergents (lowest HLB), while Tween 20 is the least 

hydrophobic of the detergents (highest HLB), Tween 80 is also more hydrophobic than Tween 40 

which is more hydrophobic than Tween 20 as shown in Table 4.2. During desorption, the detergent 

monomers likely bind to the hydrophobic part of the protein, forming hydrophobic detergent-

protein interactions; therefore, if the detergent is more hydrophobic, the hydrophobic interactions 

with the protein are stronger and desorption is more effective. This trend is consistent with the 

Tween detergent results shown in Figure 4.11 and for Triton X-100 concentrations at 2 vol%.   
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Table 4.2. Detergent hydrophile-lipophile balance values205, 206  

 

Detergent HLB 

Tween 20 16.7 

Tween 40 15.7 

Tween 80 15 

Triton X-100 13.5 

 

4.5 Lactoferrin Stability in Detergent Solutions 

In order to select the optimal detergent for Lf desorption, it is necessary to ensure that the protein 

retains its secondary structure in the detergent solution. Lactoferrin was tested in 3 vol% Tween 

20 and 3 vol% Tween 80 and maintains the same characteristic double minima as native Lf at 208 

and 218 nm as shown in Figure 4.12. This indicates that Lf does not lose its conformational 

structure in 3 vol% Tween 20 and Tween 80.  However, the double minima spectrum for Lf in 1 

vol% Triton X-100 was not found as shown in Figure 4.12.  
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Figure 4.12. CD Spectra for native Lf in 1XPBS (solid), Lf in 3% Tween 80 (dashed), Lf in 3% Tween 20 (dotted), 

and Lf in 1% Triton X-100 (dashed-dotted). 

It is unlikely that the Lf is unfolding in 1 vol% Triton X-100, and this result is likely due to issues 

in the CD spectrum that arise from strong UV absorbance of the detergent at the same wavelength 

range where Lf’s UV absorbance is observed (Figure 4.13). Even though Triton X-100 yields an 

excellent protein recovery (94 wt%), interference in measuring the absorbance with Lf and the 

lack of another analytical technique to accurately measure Lf secondary structure in the presence 

of Triton X-100 led to the choice of Tween 80 as the optimal detergent.   Tween 80 has almost as 

high of a protein recovery (87 wt% at 3 vol%) as Triton X-100 (94 wt% at 2 vol%), but it does not 

exhibit strong UV absorbance in the same range as Lf (Figure 4.13).  
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Figure 4.13. UV-Vis spectra for lactoferrin (black), Triton X-100 (red) and Tween 80 (blue) 

4.6 Silica and Detergent Interactions 

To develop an understanding of the desorption mechanism, it is necessary to study the silica-

detergent interactions that play a role in the Lf protein removal from silica. The strong UV spectra 

for Triton X-100 made it a good choice for measuring its adsorption on silica samples of different 

pore sizes (i.e., no protein, just detergent adsorption). A concentration of 1 vol% Triton X-100 was 

chosen, since it is higher than the critical micelle concentration (0.22 mM207 or 0.005 vol%). As 

expected, as the pore size increased the adsorption increased as shown in Figure 4.14.  At 

concentrations above the critical micelle concentration, detergent monomers and micelles are in 

equilibrium and adsorption in silica pores is limited by the size of the micelle (e.g. Triton X-100 

micelle is approximately 10.5 nm at 20 °C).208 
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Figure 4.14. Triton X-100 (1.0 vol%) adsorption (wt%) on silicas SA1, SA3-SA5, SA8-10 

Silicas with an average pore size/diameter smaller than 5 nm (SA1 and SA8) had an adsorption 

below 65 wt%. The adsorption is believed to be the result of detergent monomer, which is on the 

scale of a few nanometers, that can still fit into the silica pores as well as micelles that adhere to 

the surface. Silicas with a pore size between 5 and 10 nm (SA9 and SA10) show a higher degree 

of Triton X-100 adsorption, even though the pores are smaller than the size of the micelle. 

However, the pore size shown in Figure 4.14 is the average pore size and each silica sample has a 

pore size distribution. Silica samples SA9 and SA10 have an average pore size less than the micelle 

size, but they do have some pores that are large enough for micelle adsorption, which can account 

for the higher adsorption in these samples. The samples with pore sizes larger than 10 nm (SA3-

SA5) achieve 98-100 wt% adsorption with pores large enough to adsorb the Triton X-100 micelles. 
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Hydrogen bonds are formed between the Triton X-100 and the silica surface due to the hydrophilic 

detergent heads of the monomers and exterior of the micelles. The strength of these bonds is likely 

greater than those of the Lf protein-silica hydrogen bonds that leads to the desorption of the protein. 

Similar to the hydrophilic interactions of the detergent with the silica, the monomer hydrophobic 

tails can also interact with the hydrophobic protein amino acids resulting in the release of the Lf 

from the silica.  

To compare the strength of detergent-silica bonds with protein-silica bonds, a silica sample was 

pre-treated with 3% Tween 80 (for 24h) before adsorbing Lf. In this case, only 48% of Lf was 

adsorbed onto the SA5 in comparison to 96% adsorption when the silica is not pre-treated with 

detergent. This is further evidence that the detergent-silica bonds compete with the protein-silica 

bonds during the desorption process.  
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Chapter 5: Conclusions and Recommendations 

5.1 Case Study 1 – IpaD sorption and thermal stabilization on mesoporous silica 

In this case study, silicas have been found to thermally stabilize the IpaD protein. A strong 

correlation between the physiochemical properties (i.e. pore diameter, accessible surface area and 

pore volume) for seven silica samples with the adsorption uptake of IpaD has been shown. Silica 

samples with pore diameters greater than 5 nm were effective at adsorbing IpaD.  The excellent fit 

of the Langmuir model to the experimental adsorption isotherm for silica samples SA3, SA4, and 

SA5 compared to the Freundlich and Temkin models indicates that IpaD adsorption is likely a 

monolayer adsorption mechanism. The surface areas of silica samples SA3, SA4, and SA5 were 

calculated from the maximum monolayer coverage from Langmuir isotherm modeling. The 

nitrogen surface areas calculated using BJH accessible surface area were 333.2  3.3, 319.3  3.3, 

and 370.7  3.3 m2/g. The surface areas based on IpaD coverage were found to be 316.3  8.9, 

316.6  11.4, and 371.9  20.2 m2/g for SA3, SA4, SA5, respectively.  The nitrogen accessible 

surface area and surface area calculated from the IpaD isotherm are significantly close for silica 

sample SA3, and identical for silica samples SA4 and SA5 within error. This provides further 

evidence of monolayer coverage of IpaD on these silicas. The adsorption modeling of larger pore 

sized silicas, SA6 and SA7, indicates multilayer adsorption. Furthermore, silica sample SA1 has 

an average pore diameter of 3.9 nm which is smaller than the external dimensions of IpaD, and 

SA1 exhibited low adsorption capacity compared to silica samples with a diameter larger than the 

dimensions of IpaD. From this observation, it is hypothesized that the interaction of IpaD with the 

silica is mostly inside the pores with minimal external surface interaction. The TEM 

characterization with gold nanoparticles demonstrated a nearly 1:1 expected ratio between sulfur 

in the cysteine amino acid of IpaD and AuNP. An EDX spectral scan for sulfur shows IpaD is 
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evenly distributed over the surface and pores of the silica. IpaD can be easily removed via washing 

from silicas with pores larger than 25 nm due to a weaker hydrogen bond network. CD 

spectroscopy results showed that IpaD adsorbed into mesoporous silica sample SA4 with a pore 

diameter of about 18 nm had remarkably high thermal stability, which was not the case for IpaD 

in the absence of silica. Therefore, silicas with the proper pore size have the capacity to protect an 

α-helical protein such as IpaD from thermal denaturation and could be used for replacing a cold-

chain vaccine storage method.  

5.2 Case Study 2 - Lf sorption and thermal stabilization on mesoporous silica 

Mesoporous silicas have successfully been demonstrated to thermally stabilize lactoferrin and 

nonionic detergents have been found to effectively desorb the protein from the silica surface. An 

excellent correlation between the experimental adsorption isotherm and the Langmuir model for a 

mesoporous silica sample with pore size (24.2 ± 1.5 nm) suggests monolayer adsorption of Lf with 

unit cell dimensions of 8.7 x 14.8 nm. The surface area of the mesoporous silica calculated from 

the maximum monolayer coverage using the Langmuir modeling was 404 ± 33.9 m2/g and in good 

agreement with nitrogen BET surface area measurements of 370.7  3.3 m2/g. This supports the 

claim of monolayer coverage for Lf on mesoporous silica with the proper pore size. The adsorption 

isotherms for mesoporous silica with pore size larger than 25 nm using the Freundlich and Temkin 

models suggests multilayer adsorption is occurring. In addition, for silica with a pore size smaller 

than 15 nm, significantly lower adsorption was observed in comparison to mesoporous silicas with 

a diameter larger than the dimensions of Lf. This suggests that Lf is adsorbed in the silica pores 

with minimal surface interaction. CD spectroscopy indicates that Lf adsorbed into mesoporous 

silica with just the right pore size (24.2 ± 1.5 nm) to achieve monolayer coverage had remarkably 

high thermal stability, which was not the case for native Lf in the absence of silica or larger pores 
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with multilayer coverage. In other words, mesoporous silica with just the right pore size, not too 

small and not too large (i.e., “Goldilocks Effect”), can protect the α-helices and β-sheets that make 

up Lf’s secondary structure from thermal denaturation. Lf desorption from mesoporous silica using 

different non-ionic detergents found that the higher the hydrophobicity the more effective the 

removal of Lf from the silica surface. Tween 80 and Triton X-100 were found to be good non-

ionic detergents for recovering Lf at low concentrations. Tween 80 had no effect on the Lf 

secondary or tertiary structure, but Triton X-100 was inconclusive due to strong absorbance in the 

same UV range as Lf. The desorption mechanism is believed to be a result of disruption of 

hydrogen bonds between the Lf protein and silica pore wall.  

5.3 Recommendations 

It is recommended that additional protein characterization techniques be employed to better 

understand the effects of heating on the molecular interactions. Fluorescence studies can provide 

information on changes in tryptophan environment, nuclear magnetic resonance (NMR) can 

measure chemical shifts to provide useful information for protein structure and solid-state NMR 

can be exceptionally useful since it may be used when protein is still attached to silica (no need to 

desorb). Dynamic light scattering can be used to determine the protein hydrodynamic radius, which 

can be a useful parameter for correlating percent adsorption. Furthermore, it would be very 

valuable to quantify the CD data and obtain numerical values for the alpha-helical and beta-sheet 

content in each protein sample. It would also be recommended to perform adsorption isotherms 

for lactoferrin on all silicas and calculate equilibrium constants similar to Table 3.4.  

Future studies should aim to also measure protein activity (i.e. iron binding activity for lactoferrin) 

before and after heating treatments in conjunction to secondary structure measurements. Finally, 
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the next step in this research would be to adsorb a vaccine (Flublok® Quadrivalent Vaccine) onto 

silica to improve its thermal stability.   

The final goal in this research project is to design a syringe-like device where the silica-stabilized 

vaccine and desorbing agent can be transported safely in the same container. This device will use 

membranes to separate the different components and will be designed so that a doctor or nurse can 

administer the vaccines without any complicated training (Figure 5.1). 

 

Figure 5.1. Proposed final product concept 
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Appendix A: TGA Curves of Silica Samples and FTIR of Native IpaD in PBS 

 

Figure A.1. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA1 

 

 
Figure A.2. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA2 
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Figure A.3. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA3 

 

 

Figure A.4. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA4 
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Figure A.5. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA5 

 

 

Figure A.6. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA6 
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Figure A.7. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA7 

 

 

 

Figure A.8. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA8 
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Figure A.9. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA9 

 

 

 
Figure A.10. TGA curves of weight % (black) and derivative weight (blue) for silica sample SA10 
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Figure A.11. FTIR spectra for IpaD dissolved in PBS (black) and PBS (blue). The most notable peak can be 

observed at 1653 cm-1 corresponding to the alpha helix content in the protein. 
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Appendix B: Pore size distributions of silica samples 
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Figure B.1. Pore size distribution for silica sample SA1 

 

0 100 200 300 400 500

0.000

0.001

0.002

0.003

0.004

0.005

Pore Diameter (Å)  

P
o
re

 V
o
lu

m
e
 (

cm
³/

g
·Å

)

 

Figure B.2. Pore size distribution for silica sample SA2 
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Figure B.3. Pore size distribution for silica sample SA3 
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Figure B.4. Pore size distribution for silica sample SA4 
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Figure B.5. Pore size distribution for silica sample SA5 
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Figure B.6. Pore size distribution for silica sample SA6 
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Figure B.7. Pore size distribution for silica sample SA7 
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Figure B.8. Pore size distribution for silica sample SA8  
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Figure B.9. Pore size distribution for silica sample SA9 
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Figure B.10. Pore size distribution for silica sample SA10 
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Appendix C: Error Calculation on Adsorption Isotherms 

The equation for adsorption capacity (q) can be written as: 

𝑞 =  
𝐶𝑖𝑉(1−

𝐶𝑓

𝐶𝑖
)

𝑆
       (C.1) 

Where  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = (1 −
𝐶𝑓

𝐶𝑖
) × 100    (C.2) 

Propagating the uncertainty for q: 

𝑈𝑞 = √(
𝛿𝑞

𝛿𝑆
𝑈𝑠)

2

+ (
𝛿𝑞

𝛿𝐶𝑖
𝑈𝐶𝑖

)
2

+ (
𝛿𝑞

𝛿𝑉
𝑈𝑉)

2

+ (
𝛿𝑞

𝛿𝐶𝑓
𝑈𝐶𝑓

)
2

   (C.3) 

The partial derivatives are calculated as follows: 

𝛿𝑞

𝛿𝑆
=

−𝐶𝑖𝑉(1−𝐶𝑓)

𝑆2       (C.4) 

 
𝛿𝑞

𝛿𝐶𝑖
=

𝑉(1−𝐶𝑓)

𝑆
       (C.5) 

 
𝛿𝑞

𝛿𝑉
=

𝐶𝑖(1−𝐶𝑓)

𝑆
       (C.6) 

 
𝛿𝑞

𝛿𝐶𝑓
= −

𝐶𝑖𝑉

𝑆
       (C.7) 

 

The errors for Us and Uv  are due exclusively to instrumental error of the Mettler Toledo scale 

which is equal to ± 0.0001 g. However, for UCi and UCf both random and systematic error are 

accounted for, including the random and systematic error in the blanks for these measurements. 

Let 𝑈𝑥 represent the random error, and 𝑈𝑦 represent the systematic error. By definition of random 

error:  

𝑈𝑥 =  
𝑘𝑐𝑆𝑆𝐷

√𝑛
       (C.8) 
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Where SSD is the sample standard deviation and n is the number of points. The coverage factor kc 

is calculated in excel:  

𝑘𝑐 = T.INV.2T(0.05, DOF) for 95% confidence    (C.9) 

Where 

𝐷𝑂𝐹 = 𝑛 − #𝑜𝑓 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠     (C.10) 

The nanodrop has a systemic error of: 

𝑈𝑦 = 0.02𝐶       (C.11) 

Where C refers to either Ci, Cf or CB (blank). Ux and Uy were calculated for Ci, Cf and CB.  

𝑈𝑐𝑜𝑛𝑐,𝐶𝑖
=  √𝑈𝑥

2 + 𝑈𝑦
2      (C.12) 

𝑈𝑐𝑜𝑛𝑐,𝐶𝑓
=  √𝑈𝑥

2 + 𝑈𝑦
2      (C.13) 

𝑈𝑐𝑜𝑛𝑐,𝐶𝐵
=  √𝑈𝑥

2 + 𝑈𝑦
2      (C.14) 

Finally,  

𝑈𝐶𝑖
= √𝑈𝑐𝑜𝑛𝑐,𝐶𝑖

2 + 𝑈𝑐𝑜𝑛𝑐,𝐶𝐵

2     (C.15) 

𝑈𝐶𝑓
= √𝑈𝑐𝑜𝑛𝑐,𝐶𝑓

2 + 𝑈𝑐𝑜𝑛𝑐,𝐶𝐵

2     (C.16) 
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Appendix D: IpaD Adsorption Isotherms 
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Figure D.1. Linearized adsorption isotherm for silica sample SA4 using the Langmuir model (R2=0.992) 
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Figure D.2. Linearized isotherm for silica sample SA4 using the Freundlich Model (R2=0.365) 
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Figure D.3. Linearized isotherm for silica sample SA4 using the Temkin Model (R2=0.297) 
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Figure D.4. Linearized adsorption isotherm for silica sample SA5 using the Langmuir model (R2=0.991) 
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Figure D.5. Linearized isotherm for silica sample SA5 using the Freundlich Model (R2=0.908) 
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Figure D.6. Linearized isotherm for silica sample SA5 using the Temkin Model (R2=0.845) 
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Figure D.7. Linearized adsorption isotherm for silica sample SA6 using the Langmuir model (R2=0.982) 

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

2.0

2.1

2.2

2.3

2.4

2.5

2.6

log Free IpaD Concentration (mg/mL)

lo
g
 A

d
so

rb
e
d
 I

p
a

D
 C

o
n
ce

n
tr

a
ti

o
n
 (

m
g

/m
L

)

 

Figure D.8. Linearized isotherm for silica sample SA6 using the Freundlich Model (R2=0.975) 
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Figure D.9. Linearized isotherm for silica sample SA6 using the Temkin Model (R2=0.973) 
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Figure D.10. Linearized adsorption isotherm for silica sample SA7 using the Langmuir model (R2=0.824) 
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Figure D.11. Linearized isotherm for silica sample SA7 using the Freundlich Model (R2=0.821) 
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Figure D. 12. Linearized isotherm for silica sample SA7 using the Temkin Model (R2=0.750) 
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Appendix E: Lf Adsorption Isotherms 
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Figure E.1. Adsorption isotherm of Lf on silica SA7 using the Langmuir model 
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Figure E.2. Linearized adsorption isotherm for silica sample SA7 using the Langmuir model (R2=0.98) 

 


