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ABSTRACT 

The rapid development of nanoparticles (NPs) has impacted many fields including energy 

efficiency, material science, biosensing, and medical therapeutics. Recently, NPs have been 

utilized to immobilize enzymes. The so-formed enzyme- NP complex show great potential to 

increase the reusability of enzymes and catalytic efficiencies. Enzyme-NP complex can also 

advance enzyme delivery for therapeutics where NPs serve as the enzyme carrier. In all 

applications, the contact of NPs with biomacromolecules, especially proteins, is either necessary 

or inevitable, which can lead to alterations in adsorbed enzyme structure and function. In 

biocatalysis, such changes often reduce the desired catalytic activity; in living organisms these 

changes can even cause protein malfunction, raising concerns about public health and 

nanotoxicity. Therefore, understanding the correlation of enzyme structure and activity upon 

contact with NPs is essential.  

While enzyme activities can often be determined, the details of enzyme structural 

changes caused by NPs are underexplored for most enzyme-NP complexes. Obtaining the 

structural information is challenging due to the relatively large size of the complexes, high 

heterogeneity in enzyme binding, and complexities caused by the presence of NPs which limit 

most structure determination approaches. These challenges were overcome using a set of 

biophysical techniques especially site-directed spin labeling (SDSL) with Electron Paramagnetic 

Resonance (EPR). SDSL-EPR can measure site-specific structural information in the native state 

of enzyme/NP systems, regardless of the complexity, primarily due to its “penetrating” power 

which is only sensitive to the motion of the spin label.  

The focus of this dissertation was on T4 lysozyme (T4L), a representing model enzyme 

proven useful in many works. Gold Nanoparticles (AuNPs), Gold Nanorods (AuNRs), Silica 
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Nanoparticles (SiNPs), and Carbon Nanotubes (CNTs) were the studied NPs. The interaction of 

T4L with each NPs was unique. The local structural information and the orientation of T4L in 

each NP was revealed based on which the possible docking mechanism for each case was 

proposed. The ultimate goals to reveal the structure-function relationship of enzymes on NPs and 

utilize this information to fine-tune enzyme adsorption on various NPs to 1) avoid NPs 

aggregation and 2) optimize NPs as enzyme carriers were met. 
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CHAPTER 1. INTRODUCTION  

This dissertation is focused on using Site-directed Spin Labeling (SDSL) in combination 

with Electron Paramagnetic Resonance (EPR) to understand the interaction between enzymes 

and Nanomaterials (NMs), a new frontier of biomaterials. The rapid development of 

nanoparticles (NPs) has improved many fields including energy efficiency, material science, 

biosensing, and medical therapeutics.1 Recently, NPs have been utilized to immobilize enzymes . 

Such immobilization provides several advantages: 

• Stability and long-term storage: Enzyme rotational tumbling and translational motion 

are restricted upon immobilization, which enhances protein stability (pH and 

temperature) and advances long-term enzyme storage.  

• Economic convenience: As unique and biocompatible catalysts, enzymes 

immobilized on NPs enhance the cost-efficiency and often the catalytic efficiency.2 

• Targeted delivery: NPs are good enzymes carriers for targeted delivery of enzymes 

for nutrition or therapeutic purposes.3 

• Reusability: Enzymes in biocatalyst can be easily separated from the reaction mixture 

allowing reuse. This is useful in the food and pharmaceutical industries.1  

• Fundamental studies: Immobilization helps fundamental studies of protein structure 

and dynamics as it removes complications caused by protein rotational and 

translational motion.  

Therefore, enzyme-NP complexes have broader applications in food industry, biosensing, 

biocatalysis, drug delivery, biomedicine, biofuel, and many other areas. A major hurdle in this 

field is the activity loss of enzymes upon immobilization on Nanoparticles (NPs), which reduces 

the desired enzyme function. Due to the close structure-function relationships of enzymes, such 
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loss is presumably believed to be originated from enzyme structural perturbation caused by 

enzyme-NP interactions. The current knowledge gap is the understanding of such perturbation, 

which limits understanding of enzyme activity on NP surfaces and rational design of NPs with 

minimal activity loss. The main hurdle in understanding the interaction of enzyme and 

nanomaterial at the molecular level is the technical limitation. We need a technique that has 

minimal perturbation to the nanomaterial-enzyme system, can be useful in a heterogeneous 

system like the enzyme-Np interface, can give dynamic information, and does not have a size 

restriction.  SDSL-EPR fulfills all this requirement.   

Enzyme Immobilization 

Enzymes are biomolecules, usually proteins, that accelerate biochemical and chemical 

reactions with high specificity, selectivity, and efficiency.4 Enzymes are found ubiquitously in all 

plants, animals, and microorganisms where they catalyze biological processes necessary for life. 

The growth in technology for protein extraction and purification has led to industrial production 

of many enzymes for research and biotechnological applications. The advantages of purified 

industrial enzymes are that they permit high volumetric activity and prevent undesired side 

reactions by contaminant enzymes.5 Enzymes can be manufactured in a green way by reducing 

the consumption of energy and chemicals and reducing waste. Enzymes are biodegradable and 

are produced from renewable materials. Simple and controlled equipment can be used for the 

production of enzymes. 

Enzymes are used in various industries. In food industries, they are used in baking,6 dairy 

products,7,8 beverage processing (beer, wine, fruit, and vegetable juices), starch conversion.9 In 

textiles, pulp, paper, and detergent industries enzymes are used to get high-quality end poduct.10–

12 They are used in biosensors because of their specificity.13 Healthcare and pharmaceuticals,14 
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chemical manufacturing,15 biofuel,16 and waste treatment17–19 are other areas where enzymes are 

used. 

The industrial applications of enzymes are challenged by their lack of long-term 

operational stability, shelf-storage, and difficulty in recovery and re-use.  Despite many 

advantages of using enzymes, there are some limitations in industrial applications of enzymes 

compared to traditional catalyst. The cost of enzyme isolation and purification is higher than that 

of ordinary catalyst and they are sensitive to various denaturing conditions and process 

conditions (pH, temperature, trace amounts of substance/inhibitors) when isolated from their 

natural environments. These challenges can be overcome by enzyme immobilization to develop 

stable and robust biocatalysts.20 

Immobilization is a process of creating a heterogeneously immobilized enzyme system 

by fixing enzymes to or within the solid supports. In nature, enzymes are attached to the cellular 

cytoskeleton, membrane, and organelle structures; therefore, immobilizing enzymes can mimic 

the cellular conditions as well.  Structure and function of enzymes are related to each other. The 

solid support stabilizes the structure of the enzyme, makes enzyme robust to environmental 

changes and hence maintains their activities through multiple cycles. Immobilized enzyme 

systems allow for reuse and recovery of both enzymes and products as well as rapid termination 

of reactions. Immobilized enzymes commonly show lower activity and generally higher 

Michaelis constants because of difficulty in accessing the substrate.21 To efficiently use 

immobilized enzymes for industrial applications, the type of support used and the method of 

immobilization must be considered as they influence the activity and subsequent reuse of the 

biocatalyst.22,23 
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Modes of Enzyme Immobilization 

 There are four traditional methods of enzyme immobilization: i) Physical adsorption, ii) 

Covalent attachment, iii) Physical entrapment, and iv) Cross-linking (Figure 1.1). 

 

Figure 1.1. Traditional methods of enzyme immobilization.24 

i) Physical adsorption: This method involves electrostatic interaction with charged 

surfaces or passive adsorption onto hydrophobic surfaces. Physical adsorption is 

simple, low-cost, and effective. Since no modification of the enzyme is needed, 

there is no perturbation to the enzyme structure. Also, additional coupling 

reagents are not needed. The only disadvantage of this technique is that the 

interaction is weak and is often reversible. As a result, enzymes can leach out 

from the support causing a loss of activity over time.  Excessive crowding of 

enzymes on the support may result in loss of enzyme activity since there is often 

no control over the packing density of the immobilized enzymes. 

ii) Covalent attachment: This method involves the formation of a covalent bond with 

the functional groups present on the protein surface. The functional groups that 
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take part in the binding of the enzyme involve lysine (amino group), cysteine 

(thiol group), aspartic and glutamic acids (carboxylic group), imidazole and 

phenolic groups which are not essential for the catalytic activity of enzyme.25–27 It 

requires coupling reagents (e.g. NHS/EDC) for faster reactions and may require 

surface modification of enzyme causing structural perturbation.  This method is 

effective and durable. 

iii) Physical entrapment: Entrapment is the irreversible physical restriction of 

enzymes within a confined space or network like inside of fibers, the lattice 

structure of a material or in polymer membranes.28,29 Enzymes can be fragile and 

can be easily denatured by proteases. Encapsulation or entrapment helps minimize 

leaching, improve stability, and prevent aggression and denaturation by allowing 

substrates and products to pass through but retaining the enzyme.30  The 

encapsulating material is tunable to create an optimal microenvironment for the 

enzyme. Different materials used for entrapment are polymers, sol-gels, 

polymer/sol-gel composites, and other inorganic materials.30 Sol-gel chemistry 

method is one of the most common and established methods.1  The disadvantage 

of this method is that the kinetic properties of enzymes may be altered during 

entrapment resulting in changes in enzymes’ activity.14 

iv) Cross-linking: Cross-linking is a carrier-free irreversible enzyme immobilization 

technique. The enzyme itself acts as its carrier; hence the advantages and 

disadvantages associated with carriers can be eliminated.31,32  Bi-or 

multifunctional reagents are used to form intermolecular cross-linkages between 

the dissolved enzymes (Cross-linked enzymes, CLE), crystallized enzymes 
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(Cross-linked enzyme crystals, CLEC), and aggregated enzymes (Cross-linked 

enzyme aggregates, CLEA).30,33 CLE involves the formation of insoluble protein 

linkage while CLEC involves linkage between purified enzymes. The requirement 

of high purity enzyme renders CLEC very expensive. CLEA are prepared by 

aggregating the enzymes in precipitants such as salts, organic solvents or non-

ionic polymers.34,35 followed by a cross-linker and linked together by the non-

covalent binding. Glutaraldehyde is one of the most commonly used cross-linking 

reagents as it is economical and easily obtainable in large quantities.31,32,36 CLEC 

and CLEA offer better stability similar to carrier-immobilized enzymes, 

exhibiting 10 to 1000 times greater activity than the corresponding enzymes 

attached to a support.31,33,37,38 The disadvantages of cross-linking enzyme is that it 

is difficult to tune its size, flexibility, stability, selectivity, and activity.33 

Matrix for Enzyme Immobilization 

The components of an immobilized enzyme system are an enzyme, the matrix and the 

method of immobilization. Hence, the properties of matrix are an essential component to 

determine the effectiveness of the immobilized enzyme system. The interaction between the 

matrix and the enzyme provides the immobilized enzyme with specific mechanical, chemical, 

biochemical, and kinetic properties.31 An ideal matrix must provide an inert and biocompatible 

environment, provide resistance to microbial attack and compression, and be cost-effective and 

readily available.39,40 The matrix should not interfere in the native structure of the enzyme. There 

is no one size fits all when it comes to a suitable matrix, but the availability of reactive functional 

groups, an affinity for the enzyme of choice, mechanical stability, rigidity, the feasibility of 



 

7 

regeneration, non-toxicity, and biodegradability of the matrix must be considered while selecting 

a matrix.41  

To improve enzyme activity, different matrices with variable physical and chemical 

properties like pore size, hydrophilic/hydrophobic balance and surface chemistry are available.42 

Based on the chemical composition, solid supports can be classified into organic and inorganic 

and can be further subdivided into natural and synthetic polymers. Some of the available 

supports are carboxymethyl-cellulose, starch, collagen, sepharose, ion exchange resins, acrylic 

resins, active membranes, aluminum oxide, titanium, active charcoal, silica, clay, diatomaceous 

earth, hydroxyapatite, ceramic, celite, agarose, treated porous glass, nanomaterials, and certain 

polymers.30 The porous supports are usually preferred because of higher enzyme loading per unit 

mass from their high surface area. Silica-based carriers, acrylic and exchange resins, synthetic 

polymers, and active membranes which are among the most commonly used materials for 

enzyme immobilization have the disadvantage of increasing the cost of the biocatalyst. These 

materials are expensive to begin with and need technologies to apply fixation methods.30 

Nanomaterials are 1000 times smaller than the width of a human hair. Nanomaterials 

have one dimension less than or equal to 100 nm. Figure 1.2 compares the size of nanoparticles 

to the sizes of biologically relevant entities and everyday objects. Nanomaterials such as 

nanoparticles, nanofibers, nanotubes, and nanocomposites are preferred material for enzyme 

immobilization because they offer the ideal characteristics for balancing the key factors that 

determine biocatalysts efficiency. They offer a large surface to volume ratio, high mechanical 

properties that allow effective enzyme loading with minimum diffusion limitation and mass 

transfer resistance.43–46 Nanoparticles possess electronic, magnetic, optical, physical, and 

chemical properties that are completely different from both the bulk and that constituent atoms or 
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molecules.47 Immobilized enzymes on nanomaterials show high stability in a wide range of 

temperature and pH, compared to free enzymes.   

 

Figure 1.2. Comparison of the size of nanomaterials VS other objects. 

Nanomaterial based immobilization techniques shows three characteristics compared to 

the conventional immobilization technique, i) easy to synthesize without the use of toxic 

reagents, ii) homogenous coating of the enzyme with homogenous and well-defined core-shell 

nanoparticles, and iii) possible tailoring of nanoparticle size within effective working limits.48 

There are certain disadvantages of nano-immobilization such as cost of fabrication, large scale 

application, and separation of the reaction medium. The cost of nanoparticles depends on the 

materials involved, some possessing high costs such as nanogold and nanodiamonds while some 

are not expensive.49 Their ideal characteristics out balances the disadvantages which is why they 

are very popular for immobilization. 

Types of Nanomaterials 

Nanomaterials can be classified into six categories based on their chemical and physical 

properties.  
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• Carbon-based Nanomaterials: The two major classes of carbon-based materials are 

fullerenes and carbon tube nanotubes (CNTs).50 Fullerenes have sp2 hybridized 

pentagonal or hexagonal carbon units. CNTs are tubular in structure and resemble a 

rolled-up graphite sheet. Depending on the number of layers of rolled up graphite 

sheets they could be Single-walled (SWCNT), double-walled (DWCNT), and Multi-

walled (MWCNT). Electrical conductivity, high strength, structure, electron affinity, 

and versatility are some of the advantages of carbon-based nanomaterials. Some of 

the applications of carbon nanotubes are as biosensors, electrodes, and filling 

materials. 

• Metal Nanomaterials: As the name suggests, they are made up of metal precursors. 

For example, gold, silver, copper, titanium, zinc, cerium, iron, thallium, etc. They 

possess unique optoelectronic properties because of localized surface plasmon 

resonance. It is comparatively easy to control their size, shape and surface properties. 

They have applications in a wide range of areas such as imaging, drug delivery, and 

anticancer agents.51  

• Ceramic Nanomaterials: They are amorphous, polycrystalline, dense, porous or 

hollow inorganic material (silica, titania, alumina, zirconia, hydroxyapatite, etc.) with 

a solid core. The nanomaterial core could consist of metals, metal oxides, and metal 

sulfides.52  There are three categories of ceramic nanomaterials: ceramic 

nanoparticles, ceramic nano-scaffold, and ceramic nanoclays.50 They are used in 

different areas because of high heat resistance and chemical inertness. They find 

applications in catalysis, photocatalysis, photodegradation of dyes, carriers of drugs, 

genes, proteins, imaging agents, etc.  
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• Semiconductor Nanomaterials: They possess properties between metals and non-

metals and their properties are dependent on their size. These nanomaterials possess 

wide bandgaps. Thus, it allows for the tuning of nanomaterial property.50 They are 

found in the periodic table in groups II-VI, III-V or IV-VI. Photocatalysis, photo 

optics, and electronic devices are some of the areas that use semiconductor 

nanomaterials. Some examples of semiconductor nanomaterials are cadmium selenide 

(CdSe), Zinc sulfide (ZnS), cadmium telluride (CdTe), Zinc oxide (ZnO), mercuric 

selenide, Silica Nanoparticles, germanium nanoparticles, among others. 

• Polymeric Nanomaterials: Polymeric nanomaterials are organic nanomaterial. These 

could have a spherical shape or capsule shape. In nanosphere the overall mass is 

solid, and the other molecules are adsorbed at the outer boundary whereas in 

nanocapsules the other molecule is encapsulated. Because of the ease of 

functionalization, specific targeting, and controlled release, they find applications in 

various areas of drug delivery, drug release, and optoelectronics.50  

• Lipid-based Nanomaterials: Lipid-based nanomaterials possess a solid core made up 

of lipid and a matrix that contains soluble lipophilic molecules. Emulsifiers are often 

used to stabilize the external core of these NMs.50 These are used as drug carrier and 

delivery vehicles, as RNA releaser in cancer therapy, etc. They provide convenience 

in tuning and functionalization that is why they are very versatile. Some of the 

examples of lipid-based nanomaterials are liposomes, solid-core micelles, and hybrid 

lipid nanoparticle.53  

The four projects discussed in this dissertation use four different NPs. The focus is on 

metal nanoparticles (AuNPs and AuNRs), non-metal nanoparticles (CNTs) and metalloids 
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(SiNPs) to gain an understanding of enzyme immobilization on different types of materials. The 

main goals for all the projects were to probe the orientation of the enzyme on NPs and propose 

the mechanism of interaction of T4L with NPs. The first project used AuNPs (metals), T4L 

triggered AuNPs aggregation and the original goal of probing the orientation of enzyme on 

AuNPs could not be achieved. The findings in AuNP-T4L study portrayed the mechanism of 

T4L triggered AuNP aggregation which led to the second project, changing the charge and 

coating of AuNP/AuNR to prevent aggregation. The orientation of the enzyme could be probed 

after the coating on AuNP/AuNR was changed. Silica NPs represented the metalloid category 

and is well-known in literature for enzyme adsorption. We could probe the orientation of enzyme 

on SiNP and propose a mechanism. Finally, the understandings from the interactions of AuNP-

T4L, AuNR-T4L, and SiNP-T4L provided the basis for the fourth project to develop novel, 

effective approach to anchor large-substrate enzymes, T4L, and α-amylase on the surface of 

CNTs (non-metals) using ZIF and one-pot synthesis to reduce leaching and retain catalytic 

activity. Each of these nanoparticles and their properties are discussed below. 

Gold Nanoparticles 

The history of gold, its study and applications are estimated to be several thousand years 

old as it was one of the first metals discovered by humans. Colloidal gold was used for medical 

purposes as early as in the fifth and fourth century BC according to the tracts by Chinese, Arabic 

and Indian scientists.54 In the middle ages in Europe, colloidal gold was studied and employed in 

alchemists laboratory. The age of the use of gold particles in biological research began in 1971 

when W.P. Faulk and G.M. Taylor published an article titled “An immunocolloid method for the 

electron microscope.”55 From this point on the use of colloidal-gold biospecific conjugates in 

various fields of biology and medicine became very active. Currently, Gold nanoparticles 
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(AuNPs) are used in biomedicine, diagnostics and therapeutics area such as genomics, 

biosensors, immunoassay, clinical chemistry, targeted delivery of drugs, peptides, DNA, and 

antigens, optical bioimaging, detection and photothermolysis of microorganisms and cancer 

cells.54  

Spherical AuNPs are important tool in bionanotechnology because they possess useful 

attributes such as size-and shape-related optoelectronic properties,56,57 large surface-to-volume 

ratio, excellent biocompatibility, high thermal stability, ease of preparation and functionalization, 

and low toxicity.58,59 Surface plasmon resonance (SPR) and the ability to quench fluorescence 

are the important physical properties of AuNPs. Spherical AuNPs show a size relative absorption 

peak from 500 to 550 nm and exhibit a range of colors in aqueous solutions as the core size 

increases from 1 to 100 nm.60–62 This absorption band arises from the collective oscillation of the 

conduction electrons due to the resonant excitation by the incident photons called a surface 

plasmon band (Figure 1.3).63 This band is absent in both small nanoparticles (d < 2 nm) and the 

bulk material. 

 

Figure 1.3. Schematic representation of Surface Plasmon band.64 The absorption band arises 

from the collective oscillation of conduction electrons across nanoparticle in the electromagnetic 

field of the incident light. 

Immobilizing the surface of Nanoparticles with proteins can add biofunctionality and 

increase biocompatibility to enable their use in many biomedical fields and the development of 

biocompatible materials.65 Along with the exciting development and applications, concerns have 
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been raised about the effects of the biological environment on NP functions. All the effects 

originate from the molecular interaction of AuNPs and the highly diverse biomolecules, 

especially proteins. To minimize the aforementioned concerns, it becomes essential to reveal the 

mechanism of the NP-protein interaction and identify the pathways that cause these concerns at 

the molecular level. 

Gold Nanorods 

Gold nanorods have two distinct plasmon bands: one because of light being absorbed 

transversely (short axis) and the other due to longitudinal (long axis) absorption (Figure 1.4). As 

the rod length changes the plasmon frequency position changes too.59 AuNRs can be tailored to 

have strong absorptions spanning a wide range of wavelengths (visible to near-infrared), simply 

by changing rod length. This easy tunability property of AuNRs has gathered lots of interest. 

Also, controlled assembly of AuNRs is possible as particles having anisotropic shapes may 

possess different chemical affinities for different crystallographic faces.59,66–69 Under appropriate 

conditions, AuNRs have been shown to link preferably end-end.70 This leads to plasmonic 

coupling resulting in controlled frequency shifts. AuNRs are unique compared to spherical 

AuNPs in that AuNRS can enhance quantum yields of fluorescent molecules at specific distances 

from the rod surface. 
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Figure 1.4. Tunable optical absorptions of AuNRs at visible and Near-Infrared wavelengths.59 (a) 

Optical absorption spectra of AuNRs with different aspect ratios. (b) AuNRS labeled (a-e) ave 

reference to longitudinal and transverse resonance wavelength (λLR and λTR) in the colorwheel. 

AuNRs have applications in different fields such as chemical sensing and imaging,69 drug 

delivery,71 and photothermal therapy or lysis.67,72 All the applications are derived from the 

properties of the plasmon bands. In biological applications, the contact of AuNPs/AuNRs with 

proteins is inevitable, resulting in the formation of a “protein corona”, protein−particle 

agglomerates, or particle precipitation. While nonspecific adsorption or particle precipitation 

should be avoided, controllable protein adsorption and agglomerate formation via surface 

modification find applications in protein immobilization and therapeutics. Therefore, it becomes 

essential to understand the influences of particle surfaces on protein adsorption. 

Silica Nanoparticle 

Nanomedicine has been increasing rapidly. The goal of nanomedicine is to design and 

synthesize drug delivery vehicles that can carry sufficient drug loads, efficiently cross 

physiological barriers to reach target sites, and safely and sustainably cure diseases. There are 

numerous drug delivery platforms such as liposomes, drug-polymer conjugates, dendrimers, 

polymeric micelles, and nanoparticles (NPs). Each delivery platform has its advantages and 
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disadvantages. Silica Nanoparticles (SiNPs) have attracted significant interest because of their 

unique properties such as hydrophilic surface favoring protracted circulation, versatile silane 

chemistry for surface functionalization, excellent biocompatibility, ease of large-scale synthesis 

and low cost of NP production.73,74 In 2011, US Food and Drug Administration (FDA)  approved 

an Investigational New Drug Application for exploring an ultra-small nonporous silica NP for 

targeted molecular imaging of cancer for a first-in-human clinical trial. This highlights the 

progress of clinical translation of silica NP drug delivery platform.75,76 

Silica NPs used for biomedical applications are amorphous silica structure that can be 

mesoporous or nonporous (solid). Mesoporous and Nonporous silica are different in the way the 

cargos are loaded and released for delivery. Nonporous silica deliver cargos through 

encapsulation or conjugation and the release is controlled using chemical linker or by the 

degradation of silica matrix. The size, surface property, and shape of nonporous silica NPs can 

be excellently controlled by tuning the composition and concentration of surfactants during 

synthesis (Figure 1.5).77 Our focus is on Nonporous silica. Nonporous SiNPs are extensively 

used as drug carriers because of their biocompatibility and easy formulation with drugs; they are 

also used as a host material for other types of functional NPs. Active cargoes delivered by silica 

NPs are small molecule drugs, proteins, or photosensitizers, gene delivery, and molecular 

imaging for different contrast agents.77 SiNPs are used for biocatalysis or protein delivery 

because of the many advantages such as the ease of NPs formation, matrix degradability, 

stability, and tunability of physical properties.78 
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Figure 1.5. Schematic representation of tunable physicochemical properties of Silica 

Nanoparticles.77 

Immobilization of enzymes onto non-porous SiNPs is of interest because immobilization 

of enzymes helps increase the environmental tolerance of enzymes, prevents enzyme aggregation 

and/or unfolding and allows for the reuse of the host.79 Non-covalent attachment of enzymes is 

of more interest because structural perturbation of enzyme caused by covalently linking enzyme 

to the solid phase can be minimized. Also, it makes it possible to detach the enzyme from the 

solid phase when needed. One of the major concerns in utilizing these SiNPs to carry or host 

enzymes is the possible enzymatic activity loss caused by the molecular interaction between the 

SiNPs and the cargo enzymes and the interaction between the cargo enzyme and surrounding 

biomolecules.80,81 Therefore, understanding the structure-function relationship of cargo enzyme 

on SiNP surface in the biological environment becomes an essential task. 
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Carbon Nanotubes 

Carbon nanotube was first synthesized in 1976 as carbon filament.82 Some believe, if 

high powered microscope were available in 1950s, carbon nanotubes would have been observed 

by Roger Bacon in the 1950s.83 In 1990, Iijima produced CNTs using an arc-discharge 

evaporation method. He published detailed structural characterization of newly discovered multi-

walled carbon nanotube in Nature in 1991.84 That publication triggered the new beginnings of 

the use of Carbon nanotubes.  

Carbon nanotubes are graphene sheets which are wound into a seamless cylindrical 

shape. Their ends may be open or closed. The ends may be closed with caps containing 

pentagonal rings. In Multi-walled carbon nanotube (MWCNTs) there are multiple layers of 

CNTs each enclosing each other compared to only single layer of CNT in Single-walled carbon 

nanotube (SWCNT).85 Each carbon is covalently bound to its three adjacent neighbors resulting 

in a structure with hexagonal honeycomb lattices. Graphite is sp2  hybridized imparting unique 

properties like metallic or semi-conducting properties depending on the orientation of graphene 

lattice with respect to the tube axis (chirality) and amazing tensile strength around 50 times more 

than steel.86 The length of CNT could be hundreds of micron long while the SWCNT are 

approximately 1-2 nm in diameter and MWCNT are 2-50 nm in diameter with interlay distance 

of 0.34 nm.87 

CNTs have many of the same advantages of AuNPs. They are biocompatible and have a 

high surface-volume ratio, high electro-catalytic effect and fast electron transfer rate. CNTs are 

10 times stronger than any industrial fiber.88 This makes CNT very useful as a mechanical 

property enhancing filler material.  Individual MWCNTs have tensile strength of 100 GPa and 

elastic modulus approaching 1 TPa.89 MWCNTs are metallic and can carry current up to 100 
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times greater than that of Copper wire i.e. up to109 A cm-2.90  CNTs are chemically inert and 

thermally stable up to 2800o C under vacuum.91 Individual SWCNTs are twice as thermally 

conductive as diamond; the thermal conductivity is 3500 W m-1 K-1 at room temperature based 

on the wall area.92  CNTs have commercial applications in the fields of electrochemical 

biosensors, fluorescent and photoacoustic imaging, engineering plastics, polymers, anti-corrosion 

paints, thin films and coatings, transparent and non-transparent conducting electrodes, super 

hydrophobic coatings and anti-static packaging; MWCNTs are used in lithium ion batteries for 

notebook computers and mobile phones.88 CNTs are used in electrochemical biosensors because 

they tend to have higher sensitivities, lower detection limits, and faster response times compared 

to conventional carbon electrode sensors.93 CNT sensors have been used for gas and toxin 

detection in the food industry, military and environmental applications.94,95 Active research is 

ongoing in fields such as batteries, fuel cells, solar cells, advanced devices, optics, water 

desalination, shape recovery, dry adhesion, high damping, terahertz polarization, large-stroke 

actuation, near-ideal black-body absorption, thermoacoustic sound emission, and many others.96–

102 The worldwide CNT production capacity has increased at least 10-fold since 2006 and the 

CNT-related patents and journal publications continues to grow.  

Since CNTS are hollow structures, enzymes can be loaded to the inside and the outside of 

the tube, thus, increasing the loading capacity. This will also eliminate the enzyme active sites 

from becoming the limiting reagent in biocatalytic reaction. Surface functionalization of carbon 

nanotube is necessary for electrostatic interaction of enzymes onto CNTs. Oxidative pretreatment 

of CNTs introduces carboxylic groups on the ends of sidewalls, or defects.87 In CNTs without 

functionalization, the aromatic structure is quite hydrophobic and electrostatic bonding does not 

occur but hydrophobic interaction between aromatic residues make physical adsorption possible. 
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Covalent attachment of an enzyme onto CNT is possible via a linker molecule such as 

glutaraldehyde (Figure 1.6).87 The advantage of cross-linking is that it provides strong 

attachment and may increase catalytic activity. The disadvantage is that there is potential 

structure perturbation of enzyme. 

 

 

Figure 1.6. Covalently bound enzyme molecules to SWCNT.87 The linker molecule is 

glutaraldehyde. 

Carbon nanotubes are better support material for enzyme immobilization because they 

are more stable under harsh conditions, provide higher loading of enzyme and enhanced catalytic 

activity of enzyme as compared to flat support and even higher than native enzyme.103 Enzymes 

are more stable in carbon nanotubes as CNTs have highly curved surfaces that are unfavorable 

for enzyme denaturation in harsh conditions and suppress lateral interactions between adjacent 

adsorbed proteins.103,104 Enzymes can be non-covalently adsorbed to the surface of oxidized 

carbon nanotubes. However, the immobilized enzyme can be gradually lost through leaching 

during the use of CNT-enzyme complex. Additional steps of encapsulation may be needed to 
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overcome this problem. The novel approach of co-precipitating ZIF-8 with CNT-enzyme 

encapsulates CNT-Enzyme complex and provides stability.105 

Characterization of Enzyme-NP Complexes 

From the review presented above, it is clear that enzyme-NP complexes attract interest in 

a variety of different fields. A major hurdle in this field is the activity loss of enzymes upon 

immobilization on Nanoparticles (NPs), which reduces the desired enzyme function. Due to the 

close structure-function relationships of enzymes, such loss is presumably believed to be 

originated from enzyme structural perturbation caused by enzyme-NP interactions or orientation 

of enzymes on Nanoparticles. The current knowledge gap is the understanding of such 

perturbation, which limits the understanding of enzyme activity on NP surfaces and rational 

design of NPs with minimal activity loss. While the enzyme activity can often be determined, the 

details of residue-level backbone dynamics change caused by NPs, large-scale conformational 

flexibility, and orientation of enzyme on NMs are unknown for most enzyme-NM combinations. 

The study of these structural changes has many technical challenges. The main hurdle in 

understanding the interaction of enzyme and nanomaterial at the molecular level is the technique. 

One needs a technique that has minimal perturbation to the Nanomaterial-protein system, can be 

useful in a heterogeneous system like NM-enzyme interface, can give dynamic information, and 

does not have a size restriction.  

The protein-NMs complexes have been studied by different physico-chemical methods 

including UV-Vis, Fluorescence spectroscopy, NMR, Calorimetry, Electron microscopy, Atomic 

Force Microscopy, and Circular Dichroism (CD).106 The majority of these techniques, however, 

do not provide dynamic structural details. For example, NMR can probe the sites which are in 

contact with NMs but is limited to smaller proteins. NMR is also challenged by the slow-motion 
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upon protein adsorption to NMs (which can cause line broadening) and background signals from 

NPs. Optical approaches are complicated by NPs scattering light. Fluorescence spectroscopy is 

limited by the presence of multiple fluorescent amino acids (Tryptophan, Tyrosine, and 

Phenylalanine) which complicate the data analysis toward binding site detection.107 Structural 

determination based on fluorescence labeling suffers from the large label sizes too. Circular 

Dichroism can reveal changes in protein secondary structure, but it cannot tell the orientation of 

enzyme on nanoparticle and can be challenged by the background signals from nanoparticles. 

Electron microscopy (EM) has enough resolving power but cannot resolve to image organic or 

biological components of protein-NP complexes.108 Also, Electron microscopy and Atomic 

Force Microscopy cannot provide dynamic information. Lastly, the large size and high 

complexity/heterogeneity of protein-NM complex challenge the X-ray crystallography and cryo-

EM approaches. 

When it comes to probing the orientation of the enzyme on NP surface there are two 

strategies: 1) Identifying residues/regions of enzyme responsible for contacting NP surface based 

on backbone dynamics and 2) Measuring the angle between certain enzyme bonds or secondary 

structures (e.g. a helix) and the surface normal. 

 Identifying residues/regions of the enzyme responsible for contacting NP surface 

based on backbone dynamics: Residues/regions of an enzyme have different backbone 

dynamics, local polarity, and/or solvent accessibility based on whether they contact the NP 

surface or face towards the solvent. Detecting these differences can indirectly reveal enzyme 

orientation. One technique is Time-of-flight secondary ion mass spectrometry (TOF-SIMS), 

which determines protein portions located on the outer 1 nm of the protein-NP complexes. 

Castner and coworkers utilized TOF-SIMS to reveal the protein segments located in the 
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outermost layer of various GB1 mutants adsorbed to gold surfaces.109 Although TOF-SIMS is 

applicable to protein-NP surfaces the resolution of orientation may be less desirable. Usually 

other orientation probing methods are combined with TOF-SIMS. Another technique is Site-

directed fluorescent probing can report contact protein residues based on protein local polarity 

changes upon contact with NP surface. Carlsson and coworkers investigated the orientation of 

human carbonic anhydrase II on silica NPs by labelling different enzyme areas with fluorescent 

probes.110 This work demonstrates the feasibility of using site-directed fluorescent labelling for 

probing protein orientation on NP surface.  

H/D exchange heteronuclear single quantum coherence (HSQC) Nuclear Magnetic 

Resonance (NMR), is another approach with a residue-level resolution. This technique is 

sensitive to the chemical environment of each amino acid. The possible arrangement of protein 

on NPs can be deduced by comparing the chemical shifts. Rossi and coworkers employed this 

approach to probe the chemical shift perturbation of ubiquitin upon adsorption to gold 

nanoparticles and determined residues (2-3 and 15-18) likely responsible for the contact.111,112 

The higher resolution of NMR methods is advantageous to understand the nano-bio interface. 

The limitations may be the protein size usually <45 kDa. Also, in highly heterogeneous 

orientations due to the overlapped chemical environments peak assignment may be challenging. 

Measuring the angle between certain enzyme bonds or secondary structures (eg. a 

helix) and solid surfaces: An example is Dichroic or difference attenuated total reflection 

(ATR)-Fourier transform infrared (FTIR). By probing the difference between ATR spectra 

acquired with differently polarized beams, the relative orientation of a helix with respect to a 

solid surface can be probed.113,114 A beam polarized in parallel with the helix would generate a 

more intense amide I band than a perpendicularly polarized beam. A challenge of this approach 
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on NPs is that the angle between the incident beam and NP surface can be random which may 

wash off the orientation dependence of the ATR signal. Also, for proteins with differently 

oriented helices, it will be difficult to assign amide I and II bands to secondary structures and 

determine their relative orientations. Overall, ATR-FTIR is a powerful approach for probing 

enzyme orientation and may be applicable to the nanoscale surface if the barriers can be 

overcome. A similar approach is polarization modulation infrared reflection-absorption 

spectroscopy (PM-IRRAS), which also relies on differently polarized beams.  A major advantage 

of this approach is to identify characteristic bonds of specific secondary structures (ca. α-helices 

or β-sheet) and reveal their orientation. IRRAS/PM-IRRAS is mainly applicable in air-water or 

protein-membrane interfaces and may face similar challenges on the nano-bio interface as ATR-

FTIR.  

Sum Frequency Generation (SFG) is another approach free from background vibrations. 

Varying IR frequency can detect different vibrational motions, while by varying the polarization 

of the IR beam, the orientation of certain bonds (ca. amides) with respect to the solid surface can 

be determined. For example, the orientation of the methyl groups in odd layers of fatty acids 

adsorbed on gold nanoparticles was found to be different from that in even layers.115 This 

information is an important structural insight for nano-bio materials design. This work also 

indicates the possibility of using SFG on protein orientation studies on NPs. Combining SFG and 

ATR-FTIR may be applicable to reveal protein orientation on NP surfaces; however, there has 

been no report in the literature yet. 

For enzyme activity, residue-level backbone dynamics and large-scale conformational 

flexibility are more relevant to the protein function. The experimental techniques that can 

perform dynamic measurements are relatively limited. NMR based on paramagnetic relaxation 
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enhancement (PRE) of nuclei has been used to determine the global dynamics and exchange 

kinetics of the interaction between ubiquitin and nanoparticles.116 However, the scale of resolved 

dynamics is often limited to local backbone dynamics. FRET can probe large scale motions and 

is ultrasensitive (single molecule) but may face challenges of large fluoro-label size and 

hydrophobicity. CW EPR can probe local dynamics of protein on NP surfaces and even in 

between NPs crosslinked by proteins. 

Site-Directed Spin Labeling (SDSL) along with Electron Paramagnetic Resonance (EPR) 

offers an opportunity to overcome the challenges of other techniques. SDSL-EPR along with 

other spectroscopic and imaging techniques provides a better understanding of structure and 

orientation of enzyme immobilized on nanoparticles. 

Introduction to SDSL-EPR 

Site-Directed Spin Labeling (SDSL) along with Electron Paramagnetic Resonance (EPR) 

is a powerful technique to probe the structure and dynamics of an enzyme. EPR is sensitive to 

local structure and dynamics at the vicinity of the spin-label.117,118 In SDSL, a cysteine is 

generated at the protein site of interest via site-directed mutagenesis. A nitroxide moiety 

(methanethiosulfonate reagent) is then reacted with the cysteine to form a spin label side chain, 

R1 (Figure 1.7).119,120 The small size of R1 causes negligible changes to protein structure and 

stability, particularly for solvent-exposed sites like those used in this dissertation,119–121 an 

advantage in comparison to other labeling-techniques. A potential disadvantage of this spin 

labeling technique is that the native free cysteine(s) in the protein must be mutated to serine or 

alanine residues prior to SDSL. However, this operation often causes negligible influences for 

most proteins due to the low natural abundance of cysteine. For cysteine-rich proteins, the 

alternative strategies for site-specific labeling based on the incorporation of unnatural amino 
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acids with bio-orthogonal groups are available.122 The SDSL-EPR technique is highly sensitive 

and specific because many biological samples do not normally contain an unpaired electron, 

allowing a broad range of protein structural features to be investigated. 

 

Figure 1.7. The scheme of SDSL in protein. The nitroxide side chain “R1”, is the free electron 

that serves as the EPR detectable probe. 

EPR spectrum is highly sensitive to motion of R1 on the ns time scale and contains 

contributions from protein rotational tumbling, backbone dynamics, and intrinsic motion of the 

spin label.123 The work in this dissertation is primarily comprised of using SDSL-EPR to probe 

the orientation of enzyme T4 Lysozyme (T4L) when immobilized on the nanomaterials 

discussed above and how the orientation changes based on nanoparticles, and coatings. 

Therefore, our work makes use of EPR as a technique but is not the work on theory and science 

behind EPR itself. However, a general understanding of the theory behind EPR is important to 

understand our work and its significance and is briefly discussed below. 

EPR Signal 

The measurement and interpretation of the energy difference between atomic or 

molecular states is spectroscopy which can be carried out by supplying the right amount of 

electromagnetic radiation to excite the electrons from lower energy state to the higher energy 

state. According to Plank’s law, electromagnetic radiation will be absorbed following ∆E=hν. 
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Here ∆E is the energy difference between a lower energy state and a higher energy state, h is 

Plank’s constant and ν is the frequency of the radiation. In traditional spectroscopic techniques, 

sweeping through the frequency and observing frequencies which result in absorption provides 

the information on energy differences between two states. However, in EPR the frequency of 

radiation is held constant (in gigahertz, GHz) while the magnetic field is varied to obtain an 

absorption spectrum. 

  

Figure 1.8. The magnetic field dependent energy level splitting for an unpaired electron. 

Electrons are like tiny bar magnets and have associated magnetic moments. When an 

unpaired electron is put in a magnetic field, it can align its magnetic moment in the direction of 

the field (parallel/low field, -1/2) or against the field (anti-parallel/high field, +1/2). This creates 

two energy levels for the unpaired electrons (Figure 1.8) and allows us to measure the gap 

between them as the electron is driven between the two levels. The energy levels are magnetic 

field dependent and in the absence of the magnetic field there is no energy difference The energy 

difference between the two electron spin state is represented by the equation ∆E= gβH, where g 

is proportionality constant, β is the Bohr magneton (value of the intrinsic magnetic moment 

associated with the spin of a free electron), and H is the strength of the magnetic field. This 
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equation establishes that the difference in energy between electron spin states is linearly 

dependent on the external magnetic field. Absorption of electromagnetic radiation occurs when 

sweeping magnetic field tunes the spin states of electron such that their energy level gap matches 

that of the electromagnetic radiation. The spectrometer then detects the absorption. Radiation in 

the microwave range is required for electron spin transition to occur. A resonance cavity is 

needed to create standing waves of the microwaves used to induce electron spin transitions. The 

resonance cavity would have to be retuned every time the frequency changed if the frequency of 

the radiation was to be swept and magnetic field was held constant. Thus, keeping microwave 

frequency constant means tuning resonance cavity to one microwave frequency; this offers better 

experimental performance and precision. 

EPR Line Shape and Hyperfine Interaction 

Along with the applied magnetic field, unpaired electrons are also sensitive to their local 

environments. Nuclei of the atoms in a molecule also have a magnetic moment, which induces a 

local magnetic field at the electron resulting in either an increase or decrease in the external field 

strength required to excite a transition. The resulting interaction between the nuclear spin and 

electron spin is called hyperfine interaction. The hyperfine interaction causes the splitting of the 

EPR resonance absorption lines referred to as hyperfine splitting. This splitting depends on the 

nuclear spin number (I)s of nearby nuclei. The number of absorption peaks/splitting increases 

according to (2I+1) nuclear spin states. 
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Figure 1.9. The hyperfine interaction. The allowed transition for an electron spin bound to a spin 

=1 nucleus.124 

In our work, we have used the nitroxide spin label. In nitroxides the unpaired electron is 

bound to an 14N nucleus with nuclear spin angular momentum I = 1.125  The nuclear magnetic 

moment can have three possible orientations corresponding to the mI = +1, 0, and -1 state and an 

electron can have two possible quantum states in the presence of the field +1/2 and -1/2. Thus, 

each spin state of an electron is split into three energy levels. The selection rules of quantum 

mechanics dictate that ∆ms = ±1, and ∆ mI = 0, resulting in the three allowed transitions (Figure 

1.9) and hence the three lines in the EPR spectra discussed throughout this dissertation. The EPR 

signal coming from the cavity is weak due to the small differences in the relative populations of 

the +1/2 and -1/2 electronic states. To increase the signal-to-noise ratio it is necessary to 

selectively amplify the signal. The method known as magnetic field modulation with phase 

sensitive detection is used. If there is an EPR signal, the field modulation sweeps through part of 

the signal and the amplitude of the microwaves reflected from the cavity is modulated at the 

same frequency. The EPR signal will be linear over the set interval if the appropriate modulation 
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is used, and the EPR signal is transformed into a sine wave with an amplitude that is proportional 

to the slope of the signal. The phase sensitive detector filters out all signals other than the signal 

modulated at 100 KHz by comparing the modulated signal with a reference signal having the 

same frequency and phase as the field modulation. Hence, the EPR spectra is displayed as the 

first derivative of the actual absorption. 

Lineshape Analysis 

The mobility of the nitroxide spin label affects the CW EPR spectral lineshape.  

Protein rotational tumbling, backbone dynamics, and intrinsic motion of the spin label all 

contribute to the mobility of R1, hence the local protein dynamics is encoded in the spectral 

lineshape.126  The time range where the lineshape of X-band CW-EPR spectra is sensitive to 

molecular motion is 0.1-100 ns (Figure 1.10). The hyperfine interaction has an orientation 

independent component (isotropic) and an orientation dependent component (anisotropic). The 

frequency difference of the anisotropies determines the timescale of motion required to produce 

averaging of magnetic anisotropies. Simply, if a spin label in solution is not tumbling rapidly 

enough to average out anisotropic components in the time required to obtain spectral 

information, resonance occurs over a wide range of applied field, as different net fields are 

experienced by molecule in each of its various orientations. As a result, considerable broadening 

of the EPR lineshape with decreased amplitude is observed. When spin label tumbles rapidly the 

anisotropic component is averaged to zero (τ < 0.1 ns) as a result EPR spectra are orientation 

independent influenced only by the nuclear spin states of 14N consisting of three sharp lines of 

equivalent height and width. 
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Figure 1.10. The time scale at which EPR spectra is sensitive. τ = 0.1- 2 ns represents fast 

motion, τ > 2 – 10 ns represents weak and moderate immobilization, τ > 10 – 100 ns represents 

strong immobilization, and τ > 100 ns is the rigid limit.  

Another factor with anisotropy is the g -factor. It determines the point about which the 

spectrum is centered. This is dependent on the microwave frequency, therefore by operating at a 

different EPR frequency bands, the time window for motional sensitivity of the lineshape can be 

shifted. As discussed above ∆E = hν = gβH, rewriting this equation in terms of g = hν/βH shows 

that g, the spectroscopic splitting constant, is important in determining the magnetic field (H) 
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that corresponds to the resonance at a fixed frequency. Because of the anisotropic components 

that influence the magnetic field, value of g will vary with the orientation of a molecule with 

respect to the external magnetic field. If a spin label does not tumble sufficiently rapid to remove 

these anisotropic effects, the value of g, and thus the field for resonance will be slightly affected. 

The SDSL-EPR spectra with T4 Lysozyme are well studied.127,128. The spin labels on 

protein surfaces in α-helix show a high degree of mobility, reflected in the EPR lineshape by 

sharper lines, and less overall spectral broadening. On the other hand, the spin label that interacts 

with neighboring side chains or is placed in the subunit interface has lower mobility resulting in 

a broader spectrum. Mobility of side-chain can help monitor the conformational changes, as 

relative amounts of motional components indicate a change of protein conformation.  

In this work, we have attached spin label to various surface exposed sites of T4 

Lysozyme and monitored the EPR spectra after immobilization on NPs. For proteins with a 

molecular weight (MW) ≤ 45 kDa,120,129 these all three motions together narrow the spectral 

linewidth in buffer solutions (Figure 1.11, black) due to motional averaging. If any of the three 

motions slow down, the spectrum becomes broadened. For example, in solution, if the protein 

MW is increased (ca. by conjugating with polymers), the spectrum become broader than that in 

the buffer (Figure 1.11, blue) because the protein rotational tumbling rate is reduced. If such 

tumbling is completely restricted (ca. protein is immobilized or has MW > 45 kDa), then the 

spectrum only reflects the protein backbone and R1 intrinsic motions, resulting in an even 

broader line shape (Figure 1.11, green). On top of that, if the R1 intrinsic motion is restricted by 

“contact” with some species, the spectrum becomes the broadest (Figure 1.11, orange and star). 

This information is helpful for determining protein orientation on a surface. CW EPR can also 

detect local disordering/disturbances. For example, in solution, if the protein secondary structure 
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changes to a less ordered state, then the linewidth becomes sharp again (Figure 1.11, red VS blue 

or green). Most of our signals are broad due to the slowing of rotational tumbling because of 

immobilization, and some are even broader due to contact of spin label with NP or crowding. 

The site-specific broadening and the extent of broadening help one identify the orientation of the 

enzyme on NPs, which then allows one to propose the model of interaction and/or the 

mechanism of interaction. Furthermore, the broadening of spectra helps monitor the local 

conformational dynamics of the enzyme at the labeled site.  

 

Figure 1.11. The principle of CW EPR to probe local dynamics. 

CW EPR Spectrometer 

The CW EPR spectrometer has four main components: a magnet, a resonator, a 

microwave bridge, and the electronics in the console. The source and the detector are in the 

microwave bridge. Figure 1.12 is a block diagram of the major components of CW EPR 

spectrometer and key components of the microwave bridge. Vacuum tube called klystron is used 

to generate microwave radiation of approximately 9.5 GHz. The microwave radiation is then 

split into two paths, one towards the cavity and the other towards the reference arm. There are 

attenuators on both paths to control the microwave radiation used. The attenuated radiation 

towards the cavity is then fed into the circulator. The radiation is traveling along the waveguide. 
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Circulator directs the microwave radiation from the source to the resonator and directs the 

reflected microwave radiation (after absorption) by the sample to the detector without mixing the 

two. The resonator has a set of magnetic field modulation coils. The detector changes the 

reflected microwave radiation to electrical current, which is then sent to the console for 

recording and analysis. The signal going to the detector is first combined with a reference signal 

coming from the reference arm. The reference arm has a phase shifter that sets a defined phase to 

match that of the signal coming from sample resonator. Hence, permits the phase-sensitive 

detection and also amplifies only the signal modulated at 100 kHz in phase with the source. 

Reference arm has attenuator and phase shifter. The detector is a linear detector because 

at high power levels greater than 1 mW the diode current is proportional to the square root of the 

microwave power. The diode should be operating at a linear range for optimal sensitivity and 

quantitative output. Reference arm ensures that the detector is operating at an optimum level by 

providing a bias. The magnetic assembly includes the power supply as well as a field sensor or 

regulator. 

Resonator enhances the microwave magnetic field at the sample to induce EPR transition. 

It is a box that resonates with microwaves. The resonance of the cavity means that the amount of 

energy reflected from the cavity to the detector remains constant until magnetic resonance occurs 

within the sample. When resonance occurs, microwave radiation is absorbed by the sample 

which is detected as a ‘dip’ in the spectrometer’s detector current. Microwave reflection of a 

resonator is frequency- dependent. Iris is present in the resonator to control how much radiation 

is reflected to the detector. Adjustment of this quantity is called coupling. Coupling screw is used 

to adjust iris. 
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Figure 1.12. Block diagram of CW EPR instrument. The major components of CW EPR are 

Resonator, magnets, microwave bridge and console electronics. The source and the detector are 

part of microwave bridge. 

Resonator stores microwave energy; energy may be lost to the side walls of the cavity. 

The energy in the resonator has an electrical component and a magnetic component that are 

perpendicular. To avoid samples absorbing energy via the electric field, the samples are 

positioned such that they lie within the magnetic field maximum and the electric field minimum 

so that the signal is the largest. When absorption occurs, the coupling of the resonator changes 

and increases the intensity of the reflected microwaves sent back to the bridge which increases 

the signal sent from the detector to the console. 
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Field modulation coil is situated around the resonator to modulate the main field. 

Modulation coil produces a low amplitude oscillating field. Field modulation performed at 100 

kHz results in the direct detection of the 1st derivative of absorption. This allows the detection of 

typically weak signals in EPR spectra. 

The console has modules to control microwave frequency, phase, and attenuation. In 

addition, it has magnetic field control until to regulate and sweep the applied magnetic field. 

Electronics within the console digitizes the EPR signals into a recordable and analyzable format. 

The X-band EPR magnet is standard water-cooled copper electromagnet operating at 

approximately 3400 Gauss but can reach fields greater than 12,000 Gauss without overheating. 
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CHAPTER 2. PROBING THE AGGREGATION MECHANISM OF GOLD 

NANOPARTICLES TRIGGERED BY A GLOBULAR PROTEIN† 

Introduction 

The rapidly developing nanomaterials, especially the nanoparticles (NPs), are advancing 

a number of areas.80,130–135 Among the NPs, gold NPs (AuNPs) have found broad applications in 

optics, bio-sensing, drug delivery, genetics, medical science, and therapeutics,133,136–143 due to 

their small size, high volume-to-mass ratio, high thermal stability, ease of preparation and 

functionalization, relatively less toxicity, and convenience for detection.133,136–140 Meanwhile, 

along with the exciting development and applications, concerns have been raised about the 

impacts of AuNPs on public health and environment, as well as the effects of the biological 

environment on NP functions.58,136,144 Fundamentally, all effects originate from the molecular 

interaction of AuNPs and the highly diverse biomolecules, especially proteins. Therefore, in 

order to minimize the aforementioned concerns, it becomes essential to reveal the molecular 

mechanisms of the NP-protein interactions and identify the pathways that cause these concerns. 

Due to the large variety of proteins in the biological system, interaction of AuNPs and 

proteins is often a complex process. Generally, upon exposure to a biological environment (ca. 

serum), NPs are often coated by a dynamic layer of proteins, known as the protein corona.145,146 
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Such adsorption of protein is usually non-specific and but may assist in the dispersion of NPs in 

solution (Figure 2.1, case I); the desired NP functions might be disturbed as well.144,147,148 

Proteins and NPs could also form large agglomerates (Figure 2.1A, case II), which have found 

applications in medical research.149  Lastly, some proteins (i.e. lysozyme) are able to trigger the 

aggregation of AuNPs, forming both large agglomerates and protein aggregates.150,151 Therefore, 

to ensure NPs remain functioning as desired, it is essential to minimize the non-specific 

adsorption of proteins onto NPs, which can be achieved by identifying the pathways of the 

protein-AuNP adsorption and developing approaches to block these pathways. On the other 

hand, NPs are also able to induce proteins to undergo a complex, heterogeneous conformational 

change at the NP surface (Figures 2.1A, case I and 2.1B, case I). 130,147,152,153 One consequence of 

this process has been found to either inhibit or trigger the protein/peptide fibril formation (Figure 

2.1B, case II).154–156  Upon specific modification/functionalization, NPs may even be able to 

adsorb proteins uniformly on their surface (Figure 2.1B, case III), leading a change (often 

enhancement) in protein thermos-stability and enzymatic activity.157–159 Therefore, understanding 

the changes in protein structure and dynamics upon adsorption to AuNPs becomes essential in 

designing and optimizing the NP-based protein carriers.158,160,161  

 

Figure 2.1. Illustration of the influences of proteins on NPs (A) and the influences of NPs on 

proteins (B). A (I) Protein molecules coat the surface of NP and keep the NP-protein complexes 

stably dispersed. (II) The NP-protein complexes form larger agglomerates. (III) Protein triggers 

the aggregation of NPs while being unfolded and precipitated. B (I) NPs trigger conformational 

changes of proteins. (II) NPs stimulate or inhibit the formation of protein fibrils. (III) NPs induce 

conformational reorientation of adsorbed proteins. 
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Due to the aforementioned complexities, understanding the nano-protein interface should 

be approached in a case-by-case manner. Among the current attempts, the binding kinetics and 

thermodynamics have been probed for AuNPs and several proteins via various approaches (see 

recent reviews80,81,145,162). In spite of these exciting findings, the molecular level interaction 

mechanisms are largely unclear, mostly due to the lack of information on site-specific 

conformational dynamics and structure changes of proteins upon interaction with AuNPs. The 

major barriers preventing such efforts include the complexity caused by the molecular interaction 

as well as the large size and high heterogeneity of the protein-NP complexes. 

Our original intention of investigating the inter-molecular interaction of a globular 

protein, T4 lysozyme (T4L), and the AuNPs was to probe the molecular mechanisms of such an 

interaction in order to serve as the structural basis to design more biocompatible AuNPs. In 

addition, we intended to demonstrate the effectiveness and advantages of Electron Paramagnetic 

Resonance (EPR) spectroscopy in probing the conformational dynamics of the proteins at the 

residue level regardless of the system complexity and heterogeneity. Before this work, EPR has 

been applied to probe structural information in many (complex) biological and/or synthetic 

systems, such as globular proteins, nucleic acids, membrane proteins, protein-DNA complexes, 

and metalloproteins.148- 161 The special advantages of the EPR approach including probing 

structure and dynamics information of macromolecules in their native states, no size limitation, 

and no heterogeneity and complexity limitation, guaranteed the success of these studies.177 In 

addition, the EPR technique had been applied to study the lateral diffusion of thiol-ligand on the 

surface of AuNPs,178 radical formation on the surface of AuNPs,179 and detection of reactive 

oxygen species,180 indicating that the presence of the metallic nano-sized materials does not 

affect EPR signal. We selected T4L as the model protein for our studies because this hydrolytic 
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enzyme is an ideal model for several reasons. It has been demonstrated to cleave glyosidic 

linkages in the peptidoglycan of bacterial cell walls181 and its intrinsic flexibility is known to be 

closely correlated with its enzymatic activity.127,182,183 At physiological pH, T4L is positively 

charged making it possible to be adsorbed by the negatively charged AuNP surface. The 

relatively small size makes T4L a good candidate to create short-range molecular interactions.184 

Lastly, the EPR data interpretation of T4L have been documented in literature, making it a good 

reference protein.183  

Experimental Methods 

Apparatus and Reagents 

Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (A9306). The 

thrombin binding aptamer sequence was custom made by Integrated DNA Technologies, Inc 

(Coralville, IA). UV spectra were obtained with the NanoDrop UV-Vis Spectrophotometer 

(Thermo Scientific ND-2000 C) at the Core Biology Facility of Department of Chemistry and 

Biochemistry, North Dakota State University (NDSU). CD data were obtained with Jasco J-815 

spectropolarimeter at the core facility of Department of Pharmaceutical Sciences, NDSU. All 

CW EPR data were acquired with a Varian E109 and a cavity resonator. The DLS data were 

obtained by using the Zetasizer (NICOMP 380 ZLS Particle Sizer, Particle Sizing Systems, Inc. 

USA) at the Department of Coating and Polymeric Materials at NDSU. The Transmission 

Electron Microscopy (TEM) was conducted at the NDSU Electron Microscopy Center. 

Protein Expression, Purification, and Spin labeling 

Mutants of 44C, 65C, and 151C were prepared as described before.185 Briefly, the DNAs 

of these mutants were generated by QuikChange site-directed mutagenesis of the pET11a-T4L 

genetic construct containing the pseudo-wild-type mutations C54T and C97A,186,187 followed 
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with verification of each mutation by DNA sequencing.188 These mutants of T4L were 

expressed, purified, and then desalted (to remove DTT) into a buffer suitable for spin labeling 

(the “spin labeling buffer”, containing 50 mM MOPS and 25 mM NaCl at pH 6.8) using 

previously reported procedure.186 The desalted protein mutants were then reacted with a 10 fold 

molar excess of S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) 

methylmethanesulfonothioate (MTSL, Toronto Research Chemicals, Inc., Toronto) at 4°C 

overnight (yielding R1). Excess MTSL was removed using the Amicon spin concentrator 

(Millipore, 10,000 MWCO, 50 ml). The spin labeled protein mutants were stored in this spin 

buffer at -20 °C for further use.   

Continuous-Wave EPR Spectroscopy 

To confirm the conformational dynamics of the spin labeled T4L, the stored samples 

were concentrated to ~100 μM using the Amicon spin concentrator (Millipore, 10,000 MWCO, 

50 ml). This stock was diluted by half with a 60% w/w sucrose solution to yield a concentration 

of ~50 μM in 30% w/w sucrose solution. Approximately 20 μL of sample was loaded into a 

borosilicate capillary tube (0.70 mm i.d./1.25 mm o.d.; VitroGlass, Inc.), which was mounted in 

a Varian E-109 spectrometer fitted with a cavity resonator. All continuous wave (CW) EPR 

spectra were obtained with an observe power of 200 μW. All spectra were obtained with 

modulation frequency of 100 kHz and a modulation amplitude of 1.0 Gauss. 

Preparation of Gold Nanoparticles 

The gold nanoparticles (AuNPs) with an average diameter of 14+/-3.5 nm were prepared 

using the reported methods with minor modifications.189 In the first cleansing step, all the 

glassware were thoroughly cleaned with aqua regia (3 HCl: 1 HNO3) followed by rinsing with 

distilled water. In a 500 mL round bottomed flask, 100 mL of 0.01% HAuCl4 was boiled with 
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continuous heating and stirring. Rapid addition of 4 mL 1% sodium citrate changed the color of 

this solution from pale yellow to wine red. The heating was continued for another 10 min; the 

heating mantle was then removed to continue the stirring for additional 15 min. The resulting 

gold nanoparticle solution was stored at 4oC for future use. Larger AuNPs (40, 70, and 90 nm) 

were prepared similarly but with decreased sodium citrate addition (2, 0.75, and 0.35 mL, 

respectively). 

Preparation of the AuNP-Protein Mixture 

To prepare the protein-AuNP mixtures with different protein-to-AuNP ratio (1:1, 25:1, 

50:1, 100:1, and 250:1), the concentration of the AuNPs was first brought up by a factor of 10 

via centrifugation (12,000 rpm, 5 min) and resuspension with 1/10 of the original volume 

(referred as to the “10xAuNP” through the work). In order to generate the desired protein-to-

AuNP ratio, various amount of spin labeled T4L mutants were then added to 25 - 50 μL 

10xAuNP via solely pipetting (without extra stirring or turbulence). 

To estimate the amount of bound T4L protein, we quantified the protein in the 

supernatant of each mixture by measuring OD 280 nm. The supernatant in each mixture was 

obtained by allowing the mixture to settle down for at least 30 minutes (gravimetric separation) 

or gentle centrifugation (1,000 rpm, 2 min). There was no clear difference in the supernatant 

created via these two approaches. So, the gentle centrifugation approach was used for most of 

our studies. 

Dynamic Light Scattering 

The diameter of AuNPs in the absence and presence of bovine serum albumin (BSA) 

were determined via dynamic light scattering by using Zetasizer (NICOMP 380 ZLS Particle 

Sizer, Particle Sizing Systems, Inc. USA). For each measurement, 2 µL AuNPs solution (~ 0.01 
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µM), either with or without BSA, was mixed with 1 mL distilled-deionized (DD) water and 

transferred into a disposable flint glass tube with plain end. The intensity of the incident laser 

light was tuned closed to 250 KHz in order to measure the particle size. Details of operation 

followed the standard user’s guide provided by the manufacturer. 

Time-resolved UV-vis Spectra of AuNP upon Interaction with 44R1 and 65R1 Mutants 

The time-resolved UV-Vis absorption of samples was determined using NanoDrop UV-

Vis Spectrophotometer (Thermo Scientific ND-2000 C). To determine the effect of AuNPs 

concentration on the UV-Vis absorption, various volumes of original AuNPs (0.01 µM), 1, 5, 10, 

25 and 50 µL were mixed with 1000 µL DD water and immediately investigated using the UV-

Vis Spectrophotometer. To investigate the interaction of AuNPs and T4L, predetermined protein 

mutants, 44R1, 65R1 and 151R1 (nT4L: nAuNPs = 250:1), were added into 1050 µL AuNPs 

medium (1000 µL DD water and 50 µL original AuNPs), one at a time. For each mixture, the 

UV-Vis absorption was measured at 0, 10, 30, 50, 60 second, and 5, 10, 30 and 60 min. 

Estimation of the AuNP Diameter 

The sizes of the involved AuNPs were estimated using an established procedure.190 

Specifically, for the AuNPs in the absence of T4L, we obtained an absorbance peak (Aspr) at 518 

nm. The particle size thus follows: 

𝑑 = 𝑒𝑥𝑝(𝐵1 

𝐴𝑠𝑝𝑟

𝐴450
− 𝐵2) 

where the B1 and B2 is the slope and intercept of the linear fit, respectively. The A450 is the 

absorbance at 450 nm. 

Upon contact with T4L, the spectra were shift to larger wavelength indicating the 

formation of larger AuNPs. The particle size at each contact time was estimated with: 
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𝑑 =
Ln(  

𝜆𝑠𝑝𝑟 − 𝜆0

𝐿1
  )

𝐿2
 

where the λspr is the experimental peak positions whereas the λ0, L1 and L2 are equal to 512 nm, 

6.53 and 0.0216, respectively. 

Characterization of Protein Secondary Structure Using Circular Dichroism 

For the pseudo-wild type protein and the three involved mutants, 44R1, 65R1 and 151R1, 

the CD spectrum was obtained (Jasco J-815-15OS, Japan) from 260 to 200 nm using a 

cylindrical cuvette with 1 mm path length. Typical sample volume and concentration were 300 

µL and 10 mM, respectively. For the supernatant study, protein and AuNP mixture samples were 

prepared as described in the UV-Vis sample preparation section. The supernatant of each sample 

was obtained via gentle centrifugation (1,000 rpm, 2 min). A 300 µL volume was carefully taken 

and subjected to CD study. The baseline of each sample was corrected using DD water. Figure 

2.6A shows the CD spectra of protein mutants in the supernatant after triggering AuNP 

aggregation in water; the deviation between different mutants was caused by the uncertainty in 

estimation of protein concentration in the supernatant. These spectra are very close to those of 

protein mutants in water shown in Figure 2.6B. The errors in helical content between mutants as 

estimated based on the mean residue ellipticity at 208 and 222 nm are on the order of ~5 % (or 

~1 helical turn). 

Activity Measurements 

The activity assay was conducted using the kit provided by Sigma-Aldrich (Micrococcus 

lysodeikticus cells, ATCC No. 4698, M3770) as described earlier.182,191 Briefly, 10 mg of the cell 

was suspended in 100 mL 66 mM potassium phosphate buffer (pH 6.2). The active protein 

degrades the amount of the cell membrane, which was reflected by the reduction of the optical 
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density at 450 nm. Such reduction in optical density was employed to monitor the amount of 

active protein.  

To prepare sample for the activity assay, predetermined pseudo-wild type protein and the 

three mutants, 44R1, 65R1 and 151R1 were mixed with 66 mM potassium phosphate buffer (pH 

6.24, at 25°C) to prepare 100 µL (1 µM) protein solution, one at a time. Then, 40 µL of the 

mixture was added into 1 mL of the Micrococcus suspension prepared as described above. The 

density at 450 nm was monitored immediately after the mixture formation for 300 s.  

For the supernatant study, the protein nanoparticle sample was prepared as in the UV-vis 

absorption study. The supernatant of each sample was obtained via centrifugation. 

Approximately 40 µL of the supernatant was added into the 1 mL Micrococcus suspension and 

subjected to the activity assay. 

Zeta Potential Measurements 

The zeta potential of the involved AuNPs were measured in water using a Nano ZS 

Zetasizer (Malvern Instrument Ltd.). Approximately 50 μL as-obtained AuNPs with different 

particles size were mixed with 1000 μL water. The mixture was then moved into a disposable 

folded capillary cell, one at a time, followed by data acquisition. All the experiments were 

conducted at 25 °C. Each sample was repeated three times. 

TEM Images 

Copper TEM grids (300-mesh, formvar-carbon coated, Electron Microscopy Sciences, 

Hatfield, Pennsylvania, USA) were prepared by applying a 5 mL drop of the sample and 

allowing it to stand for 30 seconds, wicking off the liquid with torn filter paper, then allowing the 

grids to air dry. Phosphotungstic acid 0.1%, pH adjusted to 7-8, was dropped onto the grid 

containing the sample, allowed to stand for 2 min, and wicked off.  After the grids were dry, 
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images were obtained using a JEOL JEM-2100 LaB6 transmission electron microscope (JEOL 

USA, Peabody, Massachusetts) running at 200 kV. For TEM images shown in Figures 2.4E, 

2.4F, 2.10C, and 2.10D, the AuNPs were mixed with T4L (protein-to-AuNP ratio of 250:1) for 

~2 min, immediately followed by the drying process mentioned above. 

Results and Discussion 

To employ EPR in our investigation, a paramagnetic spin label has to be attached to the 

desired site of the target protein. We employed site-directed spin labeling (SDSL) to do so, 

where a cysteine residue is generated using site-directed mutagenesis, followed by reaction with 

a methanethiosulfonate spin labeling (MTSL) reagent to form a disulfide bond with the 

cysteine.119,186 The so-generated protein side chain is often named as “R1”.119  It has been 

demonstrated that attaching an R1 sidechain at most sites of T4L did not alter the function or 

conformation of the protein.120,186,192,193 Since it is the first time we expressed this protein in our 

laboratory, we carried out a full characterization of the protein using the Circular Dichroism 

(CD) spectroscopy and an activity assay.182 The particle size of AuNPs plays an important role in 

their properties. Our studies therefore involve AuNPs with a few diameters.  

Characterization of T4L and AuNPs  

A total of three T4L mutants were spin labeled (Figure 2.2A, green spheres) for our 

study, the 44C, 65C, and 151C (the spin labeled mutants: 44R1, 65R1, and 151R1). These 

mutants essentially serve as the representatives of the three major regions of the protein, the N-

terminus, the inter-domain helix,194 and the C-terminus (Figure 2.2A). To confirm that each of 

the spin labeled proteins retain the native secondary structure and activity, we obtained CD data 

and performed an activity assay for the three mutants as well as the “pseudo-wild type” protein. 

The two native cysteine residues of the “pseudo-wild type” protein were mutated to serines.122  
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This protein will be referred as to the “wild-type” protein through the rest of this work. Note that 

such spin labeled pseudo-wild type proteins do not contain free cysteine. Thus, unlike some other 

proteins,195–197 the molecular interaction between our T4L and AuNPs is a non-bonding, 

electrostatic interaction. The CD data presented in Figure 2.2B clearly illustrate that the wild-

type and the spin-labeled T4L mutants expressed in our laboratory were in the native secondary 

structure.127 The activity assay of T4L was performed according to a published procedure.182 The 

principle is to monitor the optical density (OD) at 450 nm of the Micrococcus lysodeikticus cells 

as T4L is added. A decrease in OD450 is related to the amount of substrate being degraded by 

T4L and can be used to determine the T4L activity. Since a visual comparison of data from the 

wild-type and the mutant proteins is sufficient to demonstrate the protein activity, only 

qualitative analysis is presented here. As shown in Figure 2.2C, both the wild-type protein and 

the three mutants showed a rapid decay of the OD 450 nm within ~ 1 min, indicating the 

presence of active protein in the sample. The slope of the decay is comparable among the wild-

type protein and the mutants, indicating the mutation and spin labeling did not alter the protein 

enzymatic activity of T4L. A negative control assay, wherein only water was used to interact 

with the substrate, showed essentially no activity (Figure 2.2C, purple triangles). To confirm the 

backbone dynamics of the spin labeled sites, we have obtained the Continuous Wave (CW) EPR 

data in 30% (w/v) sucrose. The purpose of sucrose in each sample is to slow down the protein 

molecular tumbling, so that the CW EPR signal only originates from the local backbone 

dynamics of the labeled sites and the intrinsic motion of the spin label.186,192 As shown in Figure 

2.3, for each of the three studied sites, the resultant spectra were consistent with 

literature.186,192,193 
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To characterize the AuNP, we obtained the UV-vis absorption spectrum of the AuNPs 

dispersed in water. The absorption at 518 nm (Figure 2.2D) indicates the presence of AuNPs. 

Using a previously reported procedure (see Experimental Methods), the diameter of the AuNPs 

was estimated to be ~14 nm.190 This value was confirmed with the Dynamic Light Scattering 

(DLS), the Zeta potential measurements, as well as the Transmission Electron Microscopy 

(TEM) as shown in Figure 2.2E. TEM was also employed to characterize AuNPs with larger 

sizes involved in this work (Figure 2.2F for example). 

 

Figure 2.2. Characterization of T4L and AuNPs. (A) The three regions of T4 lysozyme 

highlighted with orange, grey, and purple. Each region is spin-labeled with one site (green 

spheres). (B) The CD spectra of the indicated T4L mutants in the “spin buffer”. (C) The activity 

assay for water, wild-type T4L, and the mutants of T4L as indicated in the figure inset. (D) The 

UV absorption spectra of various amount of the AuNP in 1000 μL water. The absorption at 518 

nm indicates the presence of the AuNPs with a diameter of ~ 14 nm. (E) The TEM image of the 

14-nm AuNPs. (F) The TEM image of the 40-nm AuNPs. 
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Figure 2.3. The CW-EPR spectra of spin labeled protein in buffer with 30% sucrose. These data 

are consistent with literature.186,192,193 The arrows labeled with “i” and “m” indicate the spectrum 

of 44R1 contains an immobile and a mobile component, respectively, also consistent with 

literature. The scan range is 3300-3400 G. 

T4L Triggers the Aggregation of AuNP 

To probe the interaction of the AuNPs and T4L, a series of protein-AuNPs mixtures were 

prepared for each of the three mutants, with a protein-to-AuNPs ratio of 1:1, 25:1, 50:1, 100:1, 

and 250:1, respectively. In each mixture, we observed two phenomena occurring simultaneously. 

First, the color of each mixture solution turned from pink to violet-purple within 1 to 20 min 

upon addition of protein, depending on the amount of added protein. The change in color, as 

shown in Figure 2.4A, has been attributed to the size increase of AuNPs due to aggregation.198  

Note that the color change is not caused by the protein storage buffer122 since AuNPs were well-

dispersed in the buffer. Meanwhile, we also observed the formation of visible, dark pellets 

precipitating out from the sample solutions. For simplicity in future discussions, from now on we 

will designate these two processes as pathway 1 and pathway 2: 

Immediate formation of pellets (Pathway 2)  T4L + AuNPs → size increase of dispersed AuNPs 

(Pathway 1) 

In pathway 1, the color change can be quantified via time-resolved UV-vis absorption. As 

shown in Figures 2.4B and 2.5, a clear shift of the absorption peak from 518 nm to 580 nm was 

observed for each of the three spin labeled mutants (T4L: AuNPs=250:1) within ~60 min, 
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indicating a time-dependent particle size increase. To quantify the kinetics, we estimated the 

diameter of the AuNPs at different contact times (Figure 2.4C).190 

 

Figure 2.4. (A) The color of AuNPs alone (left) and upon addition of 151R1 (right) 5 min after 

mixing. (B) The time resolved UV spectra after mixing the AuNPs with 151R1. The dotted curve 

indicates the UV spectrum of the AuNP in water with no protein. A clear shift to the longer 

wavelength can be observed, indicating a diameter change in AuNP upon interaction of T4L. (C) 

The estimated particle size and the maximum absorption (see main text) as a function of contact 

time for the three studied T4L mutants. (D) The estimated number of protein either bound or 

adsorbed to AuNP pellets as a function of protein-to-AuNP ratio. (E), (F) The TEM image of the 

14-nm AuNPs upon interaction with T4L at different resolution. 
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Figure 2.5. The time-resolved UV-vis spectra of 44R1 and 65R1 upon interaction with AuNPs. 

The data indicates a two-phase particle size change, a rapid increase from ~14 nm to ~90 

nm completed within ~5 min and a slow increase from ~90 nm to ~110 nm taking ~one hour. We 

speculated that such two-phase transition was due to two different aggregation processes: 1) a 

rapid aggregation of AuNPs triggered by T4L to form aggregates with a diameter of ~90 nm 

(named as “AuNP-90”) and 2) further aggregation of AuNP-90 to form larger aggregates (~110 

nm, named as “AuNP-110”). The possible mechanism of each process was probed with later 

experiments (see below). It has to be noted that, the AuNP-110 continued aggregating slowly 

(usually overnight) to eventually form the visible dark pellets which were also precipitated out 

from the solution. 

To estimate the amount of “bound” T4L protein in the pellets, we quantified the protein 

in the supernatant of each mixture for the protein-to-AuNP ratios, 25:1, 50:1, 100:1, and 250:1, 

were selected for such study. The amount of “bound” protein in the pellets was obtained by 

subtracting the amount of protein in the supernatant from the total protein added. The number of 

“bound” protein per AuNP was plotted as a function of protein-to-AuNP ratio and shown in 

Figure 2.4D. While at high ratios (>=100:1) ~25-26 protein per AuNP seemed to be “saturating” 

the AuNPs, as the ratio was decreased, less number of protein molecules were involved in 
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forming the pellets (e.g. at 25:1 protein-to-AuNP ratio, 18 protein molecules were bound to one 

AuNP and 7 proteins were released to the supernatant). This finding indicates that possibly only 

a small amount of free protein is sufficient to trigger the aggregation. This is supported by our 

finding wherein AuNP pellets were observed even with a 1:1 protein-to-AuNP ratio. The 

aggregation of the AuNPs was visualized by TEM (Figures 2.4E and 2.4F), wherein clustered 

particles were clearly observed upon interaction with T4L, in comparison to the isolated particles 

in the absence of T4L (Figure 2.2E), indicating T4L triggered the aggregation of the 14-nm 

AuNPs. In addition, since the TEM samples were taken during the color change (pink to purple) 

process, the TEM images confirmed that the color change is associated with nanoparticle 

aggregation. 

Characterization of Protein upon Aggregate Formation 

 

Figure 2.6. (A) The CD spectra of the three protein mutants in the supernatants after removing 

the aggregated AuNPs. (B) The CD spectra of the three protein mutants together with the wild-

type protein in water. 

To probe more details of the protein-NP interaction, we characterized three properties of 

T4L upon interaction with AuNPs: the secondary structure, the enzymatic activity, and the local 

backbone dynamics. In the supernatant of each mutant, the CD spectra and the activity assay 

were similar to those obtained in water (Figures 2.6A VS 2.6B), indicating proteins in the 
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supernatant have similar secondary structure and enzymatic activity as those in the native state 

(Figures 2.7A VS 2.7B). 

 

Figure 2.7. The activity assay data of the three protein mutants in the supernatant. 

To probe the protein local conformational dynamics, CW EPR spectra were acquired on 

the mixture of AuNPs and the three mutants, one at a time. The recorded data of each labeled site 

is almost identical to that of protein in water with no AuNPs (Figures 2.8A VS 2.8B), indicating 

the local dynamics of the protein in the mixture are close to that of the protein in water at the 

three labeled sites. The protein-to-AuNP ratio for each mutant/AuNP mixture studied by EPR 

was 250:1. Note the sharper line shape shown in Figure 2.8A (VS Figure 2.3) is caused by 

protein rotational tumbling which adds additional motion to the R1 side chain.120,186,192 The CW 

EPR data on the supernatant of each mixture after centrifugation was identical to that of the 

native protein (Figure 2.8C), indicating the protein in the supernatant is also in the native 

conformation. When proteins bound to the large visible AuNP pellets were tested, the signal 

intensity was very weak, meaning that there was only a small amount of proteins on the 

aggregates. However, the EPR signal of the pellets showed that the linewidth of the central peak 

for each studied mutant was close to that of the protein in water, indicating that the protein 

mutants were mostly in their native protein conformation (Figure 2.8D). Note that such local 
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structural information is not available from the CD spectroscopy and the activity assay. Also it is 

difficult to measure the secondary structure and the activity of protein in the pellets, due to the 

low solubility of these aggregates. This information is only available from EPR measurements. 

Lastly, washing the aggregates with water almost completely eliminated all EPR signal (Figure 

2.8E). It has to be noted that lowering the protein-to-AuNP ratio to 100:1 or even 50:1 did not 

alter the spectral line shape. Only the signal-to-noise ratio was decreased (data not shown). These 

EPR findings clearly indicated that there was a small amount of protein in the native 

conformation adsorbed to the surface of the aggregates. Such adsorption is likely to be weak, as 

the EPR signal was removed by washing the aggregates with water. 

 

Figure 2.8. The CW EPR spectra of the three labeled sites, 44R1, 65R1, and 151R1, in water (A), 

upon interaction with AuNP (B), in the supernatant of the protein/AuNP mixture (C) and on the 

pellets (D). The pellets were washed with water and the CW EPR spectrum were reacquired for 

one mutant (E). The adsorbed protein was almost completely removed by washing.  

Probing the Interaction Mechanism: Interaction with other Biomolecules 

To confirm T4L is really the cause of the AuNP aggregation, we went on to investigate 

the interaction of AuNPs with other biomolecules, a serum protein and a single strand DNA. We 

started with Bovine serum albumin (BSA) because it has been utilized to stabilize AuNPs.199,200  
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A mixture of BSA and AuNPs (BSA-to-AuNP ratio ~ 200:1) was prepared and subjected for 

study using time-resolved UV-vis spectroscopy. The spectra showed a noticeable shift in 

absorption occurring in ~10-20 min (Figure 2.9A), indicating that the introduction of BSA 

triggered the AuNPs to aggregate. The resulting particle size however, is much smaller (~30 nm 

as estimated with the published procedure,190  Figure 2.9E). This indicated that BSA formed a 

corona on AuNP surface which stabilized these AuNPs at a diameter of ~30 nm. We then added 

T4L to the premixed BSA-coated AuNPs and found a similar trend in the time-resolved UV-vis 

spectra as observed before (Figures 2.9A VS 2.9B), except that the aggregation kinetics were 

much slower (Figure 2.9E, squares). The AuNP aggregation stopped when the particle size 

reached a diameter of ~ 90 nm. A possible explanation of this observation is that T4L was able to 

access AuNP surface via an exchange with BSA (dynamic corona),130,146,201 initiating the AuNP 

aggregation in a similar fashion as in the case without BSA. The slower kinetics is possibly due 

to the BSA coating which reduced the efficiency for T4L to trigger AuNP aggregation (see “slow 

bridging mechanism” below). Such aggregation yielded the AuNP-90 (definition see above), 

which can most likely be stabilized by BSA. There were no visible pellets formed immediately 

or overnight during this experiment, indicating BSA was able to effectively block the pathway 2 

(rapid pellets formation). The EPR spectra of T4L in the BSA-coated AuNPs are identical to T4L 

in water. (data not shown), indicating T4L remains in its native conformation when interacting 

with the BSA/AuNP corona.  
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Figure 2.9. (A) The time-resolved UV-vis spectra after mixing the AuNPs with BSA. A 

substantial peak shift to longer wavelengths is visible, indicating a slight diameter increase in 

AuNPs upon interaction with BSA.  (B) The time-resolved UV-vis spectra after mixing the BSA-

coated AuNPs with T4L (151R1). A clear shift to longer wavelengths is observed, indicating an 

increase in the size of AuNPs upon interaction with T4L. (C) The time-resolved UV-vis spectra 

after mixing the AuNPs with the TBA aptamer. Almost no shift is observed, indicating no 

change in AuNP diameter upon interaction with aptamer. (D) The time-resolved UV-vis spectra 

after mixing the aptamer-coated AuNPs with T4L (151R1). Similar to (C), a shift to longer 

wavelengths is observed, indicating an increase in the size of AuNPs upon interaction with T4L. 

(E) The change in AuNP particle size in cases (A) to (D) as a function of contact time. 
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Another control experiment was to utilize the negatively charged, single-strand DNAs 

(also known as aptamers) to coat the AuNPs. We selected the Thrombin binding aptamer (TBA) 

sequence: GGT TGG TGT GGT TGG (the “TBA aptamer”), for our study.202,203 The TBA 

aptamers were mixed with AuNPs at room temperature. We found that the TBA aptamer can 

stabilize AuNPs for a few days at 4 C° (no color change; no UV spectrum change; example data 

shown in Figure 2.9C). We then mixed the aptamer-coated AuNPs with T4L mutants at room 

temperature. We again observed both pathways 1 and 2, except a smaller amount of visible 

pellets formed through pathway 2 were observed. Our time-resolved UV-vis spectra once again 

showed a shift in absorption (Figure 2.9D). Most likely T4L can also exchange with the bound 

aptamer to access the AuNP surface, triggering the AuNP aggregation. The aggregates thus 

formed also have a diameter of 90 nm similar to aggregates mentioned above. It was observed 

that the AuNP-90nm were only partially stable in aptamers, forming relatively less amount of 

pellets. Similar to the case of BSA coated AuNPs the aggregation rate is much slower, indicating 

the aptamer is also effective in slowing down the AuNP aggregation triggered by T4L (see “slow 

bridging” mechanism below). 

Probing the Interaction Mechanism: Interaction of T4L with Larger AuNPs 

To probe the effect of AuNP size on the interaction, we investigated the interaction of 

T4L and AuNPs with three different sizes: 40, 70, and 90 nm. Our selection of these three sizes 

was based on the fact that the particle size increase shown in Figure 2.4C reached a plateau at 90 

nm. We would like to investigate the effect of T4L on AuNPs with sizes on the pathway of the 

14-nm AuNP aggregation, which may serve as valuable information for probing the aggregation 

mechanism. The preparation of these AuNPs is described in the Experimental Methods. The UV-

vis spectroscopy, the Zeta potential measurements, and the TEM (Figures 2.2F, 2.10A, and 
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2.10B) were used to confirm the size. For AuNPs smaller than 90 nm (ca. the 40 and 70 nm 

AuNPs) we observed that T4L triggered AuNP aggregation via both pathways. For 90 nm, no 

pellets were immediately formed, meaning only pathway 1 took place. However, the visible 

pellets were again observed after being left overnight. These findings indicated that the 

aggregation of the 90-nm AuNPs triggered by T4L was most likely a slow and heterogeneous 

process. This speculation was consistent with the TEM images of the 90-nm AuNPs upon 

interaction with T4L (Figures 2.10C and 2.10D), wherein only partial aggregation (clustered 

particles) was observed (Figure 2.10C), while most particles remained isolated (Figure 2.10D). It 

has to be noted that the protein remained in their native conformation after interaction with these 

larger AuNPs as judged by EPR. The CW EPR spectra of a representative T4L mutant upon 

interaction with larger AuNPs were presented in Figure 2.11. The general conclusion is that after 

triggering the 40- and 70-nm AuNP aggregation, T4L remained in its native conformational 

dynamics. Since T4L triggered 90-nm AuNP aggregation is very slow, it is not surprising that 

the CW EPR spectrum is unchanged. 

 

Figure 2.10. The TEM images of the 70 nm(A) and 90 nm (B) AuNPs. The size is less 

homogeneous and the reported diameter for each case was the average diameter. (C), (D) The 

TEM images of the 90-nm AuNPs upon interaction with T4L. 
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Figure 2.11. The CW EPR spectra of 44R1 upon interaction with the 40-, 70-, and 90-nm 

AuNPs. The scan range of each spectrum is 100 G. The line shape of each case is identical for 

that of 44R1 in water (Figure 2.8A). 

Origins of the color change 

We attributed the color change and UV-Vis absorption shift to the aggregation of AuNPs 

caused by T4L. First, our control experiment wherein the protein storage buffer was used to 

disperse the AuNPs showed that that the ionic strength and pH of the solution is not the reason 

we observe AuNP aggregation (Figure 2.12). As shown in Figure 2.12, over a time period of ~1 

hr, there was almost no change in the spectra for each AuNPs. Next, the color change (from pink 

to purple) was found to be irreversible, indicating that most likely the color change is on the 

pathway to the final pellets of AuNPs. Lastly but most importantly, the TEM images (Figures 

2.4E and 2.4F) acquired during the color change/UV shift clearly demonstrated that the color 

change is associated with aggregation. 
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Figure 2.12. The time-resolved UV-Vis absorption spectra of the AuNPs at four difference sizes. 

The baseline was shifted for clarity. 

Possible Mechanistic Processes 

Proteins have been found to not only coat the surface of NPs by forming a protein corona, 

but also trigger NPs to aggregate.204,205 In the latter case proteins were often (partially or 

completely) unfolded, aggregated, or even co-aggregated with the NPs. Consequently, the NP 

function can be severely affected. We hereby observed a slightly different phenomenon: while 

triggering the AuNP aggregation, T4L remained mostly in their native conformation and 

functionally active. By combining several analytical techniques, we had an opportunity to 

speculate the T4L-AuNP interaction mechanism and probe the role(s) T4L plays based on our 

experimental findings summarized as follows. 1) T4L making direct contact with AuNPs seems 

to be critical in triggering the aggregation of AuNPs. 2) T4L is capable to rapidly trigger the 
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AuNP-90 formation but further aggregation is much slower. 3) During and after aggregating 

AuNPs, T4L either remained in their native conformation or underwent a conformational 

transition to “refold” to its native conformation.  4) T4L was able to be (loosely) adsorbed to the 

surface of the pellets. 5) The BSA and aptamer test indicated that the protein corona was 

dynamic and again direct contact of T4L with the surface of the AuNPs was critical for aggregate 

formation. 6) T4L was unable to trigger the rapid formation of the pellets if the particle sizes 

were larger than 90 nm. Combining all above, a possible mechanism accounting for all our 

findings are described as follows.   

It is known that AuNPs are only stable under surface protection (citrate ions in our case). 

De-protection or de-coating of the AuNP surface often leads to the formation of the visible black 

pellets. We, therefore, attribute pathway 2 to the decoating of the citrate ions on the AuNPs, most 

likely caused by the positive net charge of T4L under our pH. The unprotected AuNPs then 

become unstable and begin rapidly aggregating in solution, yielding the visible pellets (Figure 

2.13A, upper panel). The surface of these large aggregates is able to adsorb T4L, which can then 

be washed off, consistent with our EPR finding (Figure 2.8). Pathway 1 is attributed to the 

previously reported, “bridging mechanism”,204,205 wherein T4L serves as a bridge to bring two 

AuNPs into close proximity (Figure 2.13A, middle and lower panels). Specifically, one T4L 

molecule binds to one AuNP with a positively charged region, and another with a different 

region. Due to the relatively small size of T4L (3-4 nm), once such protein bridge is formed, the 

two AuNPs are brought together to form a dimer. After the dimer is formed, T4L is released to 

the liquid phase. The protein might undergo some conformational change when serving as the 

bridge but eventually refolds to its native conformation (Figure 2.13A). It has to be noted that, 

after bridging two AuNPs, one T4L may leave the newly formed dimer and trigger the 
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aggregation of another pair of AuNPs. The bridging mechanism helps save the amount of protein 

needed to trigger AuNP aggregation, which is consistent with our finding that only a small 

amount of T4L is needed to trigger the aggregation. 

 

Figure 2.13. Schematic illustration of the NP-T4L interaction mechanism. (A) Upon contact of 

T4L with AuNPs, a portion of AuNPs are decoated by T4L. Some of these decoated AuNPs 

rapidly form pellets (upper panel). The rest of the decoated AuNPs interact with T4L to rapidly 

form larger AuNPs dispersed in solution (middle panel). This process is defined as the “fast 

bridging” mechanism. The non-decoated AuNPs directly interact with T4L to form larger 

dispersed AuNPs in solution (lower panel). Due to the protection layer, this size increase process 

is slower than the case of the fast bridging process. We therefore define this process as the “slow 

bridging” mechanism. The larger AuNPs dispersed in solution are not stable and eventually form 

pellets over a longer time interval (overnight). During the whole process the protein either 

remains in the native conformation or refold to the native conformation. (B) In the presence of 

BSA, the decoating pathway is effectively blocked (upper panel). The bridging mechanism is 

also substantially slowed down since only the BSA-coated AuNPs are available for T4L to 

bridge (down panel). No pellets are formed in the presence of BSA. (C) For AuNPs that are large 

enough (ca. > 90 nm), the decoating pathway is not feasible (upper panel). The bridging 

mechanism is also slowed down since only the coated AuNPs are available for T4L to bridge 

(down panel). The larger AuNPs dispersed in solution are not stable and eventually form the 

pellets over a longer time interval (overnight). 
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We have discovered a clear difference in the kinetics of size increase in pathway 1(Figure 

2.13C), wherein the formation of AuNP-90 was much faster than further aggregation. Here we 

propose a “slow bridging mechanism” and a “fast bridging mechanism”. In the fast bridging 

mechanism, a T4L molecule bridges two decoated AuNPs together (Figure 2.13A middle panel), 

which would form AuNP dimers in a faster rate than one T4L bridging two coated AuNPs 

together (Figure 2.13A lower panel). This speculation is supported by further evedience (see 

below). In the presence of BSA, the overall surface charge of BSA is negative at our pH. 

Without T4L, BSA is able to coat the AuNPs and stabilize them in water due to charge repulsion 

and the good hydrophilicity of BSA. The large size of BSA may create long-range molecular 

interactions184 between AuNPs, which potentially result in aggregation of AuNP to ~30 nm (see 

Figure 2.9E). Upon interaction with T4L, pathway 2 is effectively blocked, possibly due to the 

fact that the moment an AuNP is decoated, one or a few BSA will quickly recoat it (Figure 2.13B 

upper panel). Only pathway 1 proceeds in the presence of BSA, wherein the process to form the 

AuNP-90 is similar, except the presence of BSA slows down the rate of size increase (kinetics 

see Figure 2.9E). Pathway 1 is possible because the positively charged T4L can be attracted to 

the BSA layer of AuNPs. The exchange of T4L with BSA is slower though, possibly due to the 

large size of BSA, in comparison with the exchange of T4L with citrate ions. This finding 

supports the proposed “slow bridging” mechanism—herein BSA serves as the coating and 

triggering coated AuNPs to aggregate. Once the aggregates were formed, BSA was able to 

stabilize the AuNP-90. During the whole process, T4L remains in their native conformation. 

Aptamers also have negative net charges. Without T4L, the charge, the good hydrophilicity, and 

the intrinsic flexibility of aptamers stabilize AuNPs. Similar to BSA, in the presence of T4L, 

pathway 2 is effectively blocked due to the high efficiency of the smaller aptamers in filling the 
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decoated surface area of AuNPs. Pathway 1 is slowed down too. The only difference is, once 

AuNP-90 is formed, aptamer cannot effectively stabilize AuNP-90, perhaps due to their small 

sizes. Our AuNP size study also supports the proposed slow and fast bridging mechanisms. For 

AuNPs smaller than 90 nm (ca. 14, 40, or 70 nm) T4L is able to decoat them and trigger the 

rapid formation of the visible pellets, as well as the rapid size increase of soluble NPs. For larger 

NPs (ca. AuNP-90), the NPs were too large for T4L to effectively decoat. The size of these 

AuNPs was increased very slowly though, possibly triggered by T4L as a bridge. The “bridging” 

rate however is much slower than decoated AuNPs (Figure 2.13C).  

Outlook 

As mentioned earlier, the “negative” impacts, especially the toxicity, of AuNPs on the 

surrounding environment have become one of the major concerns of AuNP application. The size 

of either the dispersed or the aggregated AuNPs has been realized to play an important role in the 

toxicity.206,207 However, there is no convincing evidence to definitively clarify a specific size of 

range of sizes wherein AuNPs are toxic. This is because there is no standard assessment to 

evaluate the toxicity of AuNPs, which seriously depends on factors like the cell line employed 

for the toxicity studies and the dose of AuNPs applied to the target system.208,209 Furthermore, a 

certain size of AuNPs may not affect the cell viability, but instead cause a serious deposition in a 

certain organ (ca. lung), which might lead to long term “toxicity”.209 A slightly larger aggregated 

AuNP might even be easier for cellular uptake than smaller ones.207 Nevertheless, the general 

consensus is that whenever the particle size is <400 nm, there is a toxicity concern. Particles 

larger than 400 nm often are believed to be less toxic.210,211 Therefore, our findings indicate that 

T4L might be potentially useful in some areas. T4L could be applied to remove the small sized 

AuNPs (ca. 14 nm) by forming the less-toxic, large-sized pellets. The key advantage for using 
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T4L is that no malfunctioned or unfolded proteins are generated during the whole process, 

causing minimal biological perturbation to the host. Accordingly, in mammalian cells lysozyme 

proteins, in addition to preventing bacterial infections, might help prevent infection caused by 

external, invading AuNPs, indicating lysozymes might have more immunological 

responsibilities.212–214 In addition, T4L might be used as a bio-sensor for detection of small 

AuNPs. 

Our results revealed the pathways for T4L to trigger AuNP aggregation. In the 

meanwhile, there are unknown areas that remain to be explored. For example, what is the 

physical nature governing the 90 nm as the “magic” particle size which prevents decoating of the 

protection layer by T4L? We had probed the surface charge of our AuNPs in four different sizes 

(14, 40, 70, and 90 nm) via Zeta potential measurement and found no major difference between 

AuNP-90 and other AuNPs. Exploring this area is one of our on-going research directions. In 

addition to reporting a new phenomenon on protein interaction with AuNPs, we intended to 

generate some excitement of using the EPR spectroscopy to probe the site-specific dynamics of 

proteins in complexes composed of biological and synthetic materials. Particular power of EPR 

lies on the fact that the EPR spectra can probe structural information even for the otherwise 

inaccessible aggregated NP precipitates. The methods presented here can be applied to 

investigate general protein-NP interaction systems. Such information is not only of fundamental 

importance in understanding the impact of the synthetic materials on public health and 

environment, but also can guide rational design of novel NPs with desirable biocompatibility. 

Conclusions 

We found that T4L was able to trigger AuNP aggregation while maintaining its native 

structure and activity. The interaction mechanism involves two pathways, a rapid pellet 
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formation and a size increase of soluble AuNPs facilitated by T4L. The particle size increase was 

found to be a two-phase process, which had been attributed to a fast and a slow bridging 

mechanism. In either pathway, the protein was able to somehow maintain its native structure and 

function. Our results indicate that to prevent NP aggregation caused by non-specific interaction 

with proteins, ca. T4L, one needs to avoid both decoating of AuNPs and the protein-NP non-

specific, short range interaction (both the fast and the slow bridging interaction). These findings 

serve as the fundamentals to develop novel AuNPs so that the AuNP aggregation can eventually 

be prevented. Although BSA might be a good choice to stabilize larger AuNPs (ca. 30 nm 

diameter), as demonstrated by our size studies, BSA itself is not sufficient to prevent AuNP 

aggregation caused by other proteins (e.g., T4L). Coating with aptamers might be good 

alternative approach, if an optimized sequence can be determined. Chemical modification is also 

a possible route. 
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CHAPTER 3. PROBING THE STRUCTURAL BASIS AND ADSORPTION 

MECHANISM OF AN ENZYME ON NANO-SIZED PROTEIN CARRIERS† 

Introduction 

Nanotechnology has advanced many areas of life over the past few decades. The involved 

nanomaterials, especially nanoparticles (NPs), often have unique chemical, electrical, optical, 

and magnetic properties, depending on the chemical composition, such as metals, inorganics, 

organic molecules, or block polymers, as well as their particle sizes and surface functional 

groups. An attractive area for the use of NPs, especially the nonporous silica nanoparticles 

(SiNPs), is to house enzymes for enhancing catalysis efficiency43,79,215 as well as to carry and 

deliver genes, and even prodrug molecules.77,216,217 Of particular interest is to immobilize 

enzymes onto the nonporous SiNPs. Immobilization of enzymes helps increase the 

environmental tolerance of enzymes, prevents enzyme aggregation and/or unfolding, and allows 

for the reuse of the host.79 Compared to other NP hosts/carriers, SiNPs have straightforward 

preparation, relatively low-cost, and good biocompatibility.218 While most enzyme 

immobilization were realized via covalent bonding of the enzyme to the nonporous SiNPs, it is 

also promising to attach enzymes via non-covalent interactions (ca. charge-charge interaction). 

In doing so, the potential enzyme structural restriction caused by covalently linking one site of 
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the enzyme to the solid phase can be minimized. It also makes it possible to detach the enzyme 

from the solid support. 

Another potential application of SiNPs is to serve as hosts to immobilize proteins to 

probe protein structure and dynamics information at the molecular level. This area has important 

potential to be explored because the complications caused by the protein rotational tumbling can 

be effectively removed.120,186 For example, the continuous wave (CW) electron paramagnetic 

resonance (EPR) in combination with Site-Directed Spin Labelling (SDSL)120 probes protein 

backbone dynamics in a site-specific manner. This approach relies on the close relationship 

between the EPR line shape and the spin label motion, which includes both protein rotational 

tumbling and backbone dynamics. For smaller proteins (<45 kDa), the rotational tumbling 

dominates the line shape and washes off its sensitivity to backbone motion. An effective 

approach to avoid protein rotational tumbling is to immobilize the target protein onto a solid 

support. A common approach to immobilize proteins is via the CNBr-activated sepharose 

beads,126,219 The surface charges of SiNPs are often tunable, making it possible to immobilize 

proteins via non-covalent bonding and the adsorption reversible. Taken together, SiNPs as hosts 

and/or carriers are important in both nanotechnology and protein science. 

One of the major concerns in utilizing these SiNPs to carry or host enzymes is the 

possible enzymatic activity loss caused by the molecular interaction between the SiNPs and the 

cargo enzymes. A common consequence when an enzyme is adsorbed to a carrier is the 

structural and/or conformational changes upon adsorption, the scale of which are often 

associated with the activity loss at various levels.130,146,147,220 In addition, the surrounding 

biomolecules may also reduce the enzymatic activity of the cargo enzyme, by either blocking the 

access of substrates or replacing the adsorbed enzyme molecules.80,81 Therefore, understanding 
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the structure-function relationship of cargo enzyme on SiNP surface in the biological 

environment becomes an essential task in nanobiotechnology.  

When adsorbed to the SiNP surface, the enzyme molecules usually form two layers of the 

well-known protein corona: the hard corona and the soft corona.81,144,145,221–224 While the soft 

corona contains protein loosely adsorbed, the hard corona is formed by proteins tightly adsorbed 

to the SiNP, which is, therefore, the corona layer where the enzymes function and the focus of 

most studies on enzyme-carrier complexes. While exciting progress has been made to help 

understand the hard corona, the structural basis of the enzymatic activity loss and the relative 

orientations of the enzymes upon adsorption to their SiNP carriers still need to be elucidated. 

Full understanding of these interactions are challenging to obtain, mainly due to the large size of 

and the difficulty to co-crystallize the protein/SiNP complexes as well as the high heterogeneity 

and dynamics of the protein-SiNP interaction (“dynamic corona”).  

Reported here is a comprehensive study to probe the structure, dynamics, and function of 

a model enzyme, T4 lysozyme (T4L), upon adsorption to a few surface-modified SiNPs using 

the EPR spectroscopy in combination with several other analytical techniques. Prior to this work, 

EPR has been mainly applied to probe structure information in complex biological and/or 

synthetic systems.148,149, 150-161 The technical advantage of EPR in these studies is the capability 

to probe structure and dynamics information of macromolecules in their native states, regardless 

of the size and complexity.177 Particular information EPR provides are long-range (a few nm) 

intra-macromolecular distance distributions225,226 and site-specific conformational dynamics in a 

broad time window (ns to ms).120,227 Comparing to other experimental techniques, EPR has some 

unique advantages which make it a good complimentary approach. For example, the size 

limitation of NMR-based structural determination can be removed by EPR. In comparison to the 
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large fluoro-labels, the small EPR spin label causes minimal structural perturbation to the target 

macromolecules and results in smaller uncertainties in distance measurements.177 EPR is able to 

probe macromolecules in their native states, which is particularly helpful for systems that are 

difficult to crystallize. Based on two EPR techniques, the CW120 and the Double Electron-

Electron Resonance (DEER)226 EPR, the dynamic and structural changes of T4L enzyme upon 

adsorption to these surface-modified SiNPs were characterized. The average number of adsorbed 

proteins per SiNP was estimated and the residues that are responsible for making contact with 

each SiNP surface and other enzymes (when the SiNPs were fully loaded) were identified via 

CW EPR. Then, the extent of structural changes was probed via DEER. Interestingly, it was 

found that the adsorbed enzyme can be released via pH adjustment, highlighting the possibility 

of using SiNPs with different surface modifications to perform controlled release of cargo 

enzymes. Lastly, possible structural models for enzyme adsorption to different SiNPs are 

proposed. 

Experimental Methods 

Protein Expression, Purification, Spin Labeling, and Characterization 

Eight T4L mutants, 44C, 65C, 72C, 89C, 115C, 118C, 131C, and 151C, were created via 

site-directed mutagenesis as described in the literature.185 These mutants were expressed, 

purified, and spin labeled using procedures described in our recent work.121 The spin-labeled 

mutants were confirmed to have the correct secondary structure and activity via CD spectroscopy 

and an activity assay, respectively, both of which were described in our recent work (also see 

chapter 2).121 A few representative sites were characterized via CW EPR to confirm the local 

conformational dynamics.  
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Continuous-Wave EPR Spectroscopy  

The typical sample concentration for our CW EPR studies was ~100 μM. Approximately 

20 μL of sample was utilized in each measurement. A Varian E-109 spectrometer fitted with a 

cavity resonator was used for all CW EPR studies. All continuous wave (CW) EPR spectra were 

obtained with an observe power of 200 μW. All spectra were obtained with a modulation 

frequency of 100 kHz and a modulation amplitude of 1.0 G.  

Preparation of the Hydroxylated Silica Nanoparticles (OH-SiNPs) 

The classic Stöber method was employed to prepare the OH-SiNPs.228  Particularly, ~7.5 

mL ammonia hydroxide (48 mmol) was mixed with 130 mL anhydrous ethanol in a 250 mL 

three-necked flask. The mixture was stirred vigorously at 50 oC for ~1 hr. Then 3.75 mL TEOS 

(16 mmol, tetraethyl orthosilicate, reagent grade, Sigma) was mixed with 30 mL anhydrous 

ethanol and dropped into a pre-heated (ammonia-ethanol) mixture with a stirring speed of 1500 

rpm. After reaction of ~24 hrs, the suspension solution was washed with anhydrous ethanol for at 

least three times via centrifugation at 13,000 rpm for 30 min to remove unreacted reagents. The 

obtained OH-SiNPs were then redistributed in 35 mL anhydrous ethanol and stored at 4 oC for 

further use. The original OH-SiNPs particle size was ~ 30 nm as judged by TEM (see below). 

Preparation of the Amine-coated Silica Nanoparticles (NH2-SiNPs) 

 The NH2-SiNPs were prepared based on the modification of the OH-SiNPs. 

Approximately 17.5 mL (~0.51 mmol) OH-SiNPs suspension and 100 µL ammonia hydroxide 

were charged into a dried 100 mL two-necked flask with magnetic stirring, followed by addition 

of 1.88 mL 3-(Trimethoxysilyl) propylamine (10.7 mmol, Sigma, 97%) into the suspension and 

reaction for 24 hrs at 60 oC. The suspension was washed with anhydrous ethanol for at least three 
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times to remove unreacted reagents and then redistributed in 17.5 mL anhydrous ethanol for 

further use. A severe aggregation was observed for NH2-SiNPs.  

Preparation of the Carboxyl-coated Silica Nanoparticles (COOH-SiNPs) 

The COOH-SiNPs were prepared via further modification of the NH2-SiNPs. Before 

modification, ~8.8 mL (~ 0.25 mmol) suspension of NH2-SiNPs was washed with anhydrous 

DMF for three times via centrifugation at 13,000 rpm for 15 mins to eliminate ethanol. The final 

volume of the NH2-SiNPs in DMF was 10 mL. Next, 1 g succinic hydride (9.9 mmol) and 0.5 

mL triethylamine were charged into the NH2-SiNPs suspension and stirred at room temperature 

for 24 hrs. The suspension was washed with anhydrous ethanol for at least three times and stored 

in ethanol at 4 oC for further use. The final COOH-SiNPs have better dispersity. 

Fourier Transformation Infrared (FTIR) Spectroscopy 

 FTIR spectra of the OH-SiNPs, the NH2-SiNPs, and the COOH-SiNPs were acquired 

with an FTIR spectrometer (Thermo Scientific Nicolet 8700) on potassium bromide (KBr) disk. 

The broad absorption peak at 3300-3600 cm-1 and the peak at 2980 cm-1 indicated the presence 

of the OH-SiNPs. The absorption peak at 1486 cm-1 indicates the existence of –NH2 group on 

NH2-SiNPs. The absorption peaks at 1557 cm-1 and 1722 cm-1 are consistent with the COOH 

groups on SiNPs.  

Zeta Potential Measurements 

All Zeta potential measurements were carried out with a Nano ZS Zetasizer (Malvern 

Instrument Ltd.). Typically, 5 μL 5 X SiNPs (~0.029 μM, suspended in ddH2O) was mixed with 

1000 μL solution at the desired pH value, one at a time, and then subjected to measurement. The 

pH of each medium solution was adjusted from 2.0 to 12.55 with 0.01M HCl and 0.01 M NaOH 

wherein the ionic strength was fixed at 0.01 M (final NaCl concentration). At pH 7.0, the OH-
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SiNPs and the COOH-SiNPs were found to have negative surface charges, while the NH2-SiNPs 

were found to have positive surface charges. 

TEM  

A drop of the sample was placed on a 300-mesh formvar-carbon coated copper TEM grid 

(Electron Microscopy Sciences, Hatfield, Pennsylvania, USA) for 30 seconds and wicked off. 

Phosphotungstic acid 0.1%, pH adjusted to 7-8, was dropped onto the grid, allowed to stand for 2 

minutes and then wicked off.  After the grids were dry, images were obtained using a JEOL 

JEM-2100 LaB6 transmission electron microscope (JEOL USA, Peabody, Massachusetts) 

running at 200 kV. Phosphotungstic acid is a negative stain that stains the outside of the 

particles.  This gives the particles contrast when subjected to the electron beam in the TEM.  

T4L Adsorption Profile on SiNPs 

The OH-SiNPs, the NH2-SiNPs, and the COOH-SiNPs were washed with water via 

centrifuging at 13000 rpm for 5 min (at least three times) to replace the ethanol with water. 

These samples were then re-suspended to 5-fold (5X SiNPs). To determine adsorption profile, a 

representative protein mutant, 44R1, was added to 50 μL 5X OH-SiNPs with various protein-to-

SiNP ratios. The amount of adsorbed protein was computed by subtraction of the amount of 

protein in the supernatant of each mixture from the total protein added (the initial protein/OH-

SiNP; c.f. Figure 3.4). The protein concentrations in stock and in the supernatant of each mixture 

were determined by measuring the protein optical density at 280 nm (OD280). 

To perform the EPR area analysis, the OH- or COOH-SiNPs with a concentration of ~ 

0.05 μM was mixed with T4L and incubated at room temperature under gentle nutation. The 

EPR spectrum did not change after the mixture was incubated for >30 min. We, therefore, 

performed all of our binding experiments following such timeline. When washing the samples, 
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after centrifugation and removal of the supernatant, we added ~0.5 mL water and varied the 

incubation time under gentle nutation at room temperature. The EPR spectra did not change after 

the mixture was incubated for > 5 min. We, therefore, performed all our unbinding experiments 

following such time line. Taken together, all our EPR measurements were performed on samples 

under equilibrium state, and the spectral area analysis could be considered as a close approach to 

estimate the amount of unbound protein. 

Activity  

The activity assay was tested using the kit purchased from Sigma-Aldrich (Micrococcus 

lysodeikticus cells, ATCC No. 4698, M3770) as described earlier in previous reports was used,121 

except that the protein-SiNPs mixtures were used to interact with the Micrococcus suspension. 

Typically, to prepare samples for the activity assay, the OH- and the COOH-SiNPs were mixed 

with a representative mutant, 44R1, at a protein-to-SiNP ratio of 250:1. The second set of 

samples were prepared by saturating each of the OH- and the COOH-SiNPs with 44R1. These 

enzyme adsorbed SiNPs were then mixed with 66 mM potassium phosphate buffer (pH = 6.24, at 

25°C) to prepare 100 µL (1 µM) protein solution, one at a time. Lastly, 40 µL of the 

SiNP/protein mixture was added into ~1 mL (960 µL, precisely) of the Micrococcus suspension 

prepared as described above. The final volume of SiNPs added to the substrate was ~1.4 µL. The 

OD at 450 nm was monitored immediately using Nanodrop after the mixture formation for 300 s. 

To eliminate the possibility of SiNPs affecting OD@450 nm, a series of control experiments 

were conducted.  

DEER EPR  

Four-pulse DEER data at 80K were obtained on an ELEXSYS 580 spectrometer operated 

at Q-band. Typical final protein concentration is <~ 200 μM, with a typical sample volume of ~ 
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20 μL in water in a glass capillary (1.4 i.d. × 1.7 o.d.; VitroCom, Inc.). All samples were flash 

frozen in liquid nitrogen. A 36-ns π-pump pulse was set at the maximum absorption spectra, and 

the observer π/2 (16 ns) and π (32 ns) pulses were positioned 50 MHz (17.8 G) upfield, which 

corresponds to the absorption maxima of the center-field line. Distance distributions were 

obtained from the raw dipolar evolution data using the program “LongDistances” 

(www.chemistry.ucla.edu/directory/hubbell-wayne-l).  

CD Spectroscopy 

To further probe the secondary structural changes of enzyme adsorption and to confirm 

the conformational perturbation indicated by DEER EPR, we conducted the Circular Dichroism 

spectroscopy for the protein attached to the OH- and the COOH-SiNPs. A doubly labeled mutant 

of T4L used for the DEER studies, the 109R1/131R1, was used in CD. Our positive control was 

the same sample dissolved in water.  

The CD spectra were obtained (Jasco J-815- 15OS, Japan) from 260 to 200 nm using a 

cylindrical cuvette with 1 mm path length. Typical sample volume and concentration were 300 

µL and 10 mM, respectively. The baseline of each sample was corrected using DD-water. 

Desorption 

Desorption experiments were conducted for both saturated OH- and COOH-SiNPs. A 

representative mutant, 151R1, was adsorbed to both SiNPs and washed with 2 × 200 μL HCl (pH 

= 3, 0.01 M NaCl) via centrifugation at 13,000 rpm for 5 min. The supernatants after each wash 

were combined and concentrated using the Amicon Ultra-0.5 mL Centrifugal Filters (10 K cut-

off).  
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AFM Imaging  

The four nanoparticle solutions (1. COOH-SiNPs, 2. OH-SiNPs, 3. T4L-COOH-SiNPs, 

4. T4L-OH-SiNPs) were prepared in a water solution (~5 uM). The samples were prepared by 

incubating 10-µL of each solution on silicon substrates (University Wafer) for 10 min in a sealed 

compartment to protect evaporation at room temperature. The samples were then washed with 

de-ionized water (Millipore), and dried under purified air flow. The imaging measurements were 

performed using a commercial atomic force microscope (NT-MDT NTEGRA AFM). The 

samples were imaged under ambient conditions in semi-contact mode with a resonant frequency 

of 190 kHz AFM probes (Budget sensors).  

DLS Measurement 

The hydrodynamic diameter of SiNPs in the absence and presence of T4L were 

determined via dynamic light scattering by using the Zetasizer (NICOMP 380 ZLS Particle 

Sizer, Particle Sizing Systems, Inc. USA). For each measurement, 2 µL solution (~ 0.05 µM), 

either with or without T4L, was mixed with 1 mL distilled-deionized (DD) water and transferred 

into a disposable flint glass tube with plain end. The intensity of the incident laser light was 

tuned closed to 250 KHz in order to measure the particle size. Details of operation followed the 

standard user’s guide provided by the manufacturer. 

Results and Discussion 

T4L is a good model enzyme for our study for several reasons. It cleaves glycosidic 

linkages in the peptidoglycan of bacterial cell walls.181 The intrinsic flexibility of T4L is closely 

correlated to its enzymatic activity, which serves as a good model to investigate the structure-

function relationship of enzymes.127,182 In addition, T4L has been investigated with EPR in 

solution and other medium with data well-interpreted in literature, making it a good reference 
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protein for EPR study.183 Due to its relatively small size (18.7 kDa), the CW EPR spectrum of 

spin-labeled T4L is dependent on the intrinsic motion of the spin label, the local backbone 

dynamics of the labeled site, and the rotational tumbling of the protein molecule.120,126,177  Upon 

adsorption onto the SiNPs, the rotational tumbling of the enzyme molecules is severely 

restricted, causing a significant change (broadening) in CW EPR line shape. This change can be 

used to indicate and monitor the behavior of the protein in the protein-SiNP complex.186 Lastly, 

T4L has a positive net charge at the pH 7, making it possible for SiNPs to adsorb T4L. To 

employ EPR, the SDSL is often employed to implant a paramagnetic spin label to the desired site 

of the target protein.170,229 In SDSL, a cysteine residue is generated via site-directed mutagenesis, 

followed by reaction with a methanethiosulfonate spin labeling (MTSL) reagent to form a 

disulfide bond with the cysteine.119,186 The so-generated protein side chain is often named as 

“R1”.119  It has been demonstrated that attaching an R1 sidechain at a number of sites in T4L 

does not alter the function or the secondary structure of the protein.120,186,192,193 In order to 

evaluate the effects of surface charge and functional groups on enzyme adsorption, three SiNPs 

were prepared, the amine-, the hydroxyl- and the carboxyl-coated SiNPs, the net charge of which 

is positive, negative, and negative at pH 7, respectively (from now on we designate them as NH2-

SiNPs, OH-SiNPs, and COOH-SiNPs, respectively, for simplicity). 

Characterization of the Model Protein and SiNPs  

A total of eight T4L mutants were spin labeled for study (the spin-labeled mutants were 

named as xR1 where x is the residue being mutated). These mutants essentially scan through the 

whole protein. The enzyme mutants expressed and spin-labeled in our laboratory were confirmed 

to have native secondary structure and activity using the Circular Dichroism (CD) spectroscopy 

and an activity assay, respectively.121 In addition, the CW-EPR spectra of the spin-labeled 
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mutants were acquired to confirm the local conformational dynamics of the labeled sites to be 

identical to those reported in the literature.121,186 The involved SiNPs were prepared as described 

in the Experimental Methods and characterized using the Fourier Transformation Infrared 

(FTIR) spectroscopy (Figure 3.1A), the Zeta potential measurements (Figure 3.1B), and the 

Transmission Electron Microscopy (TEM). As shown in Figure 3.1A, for the OH-SiNPs, the 

broad absorption peak at 3300-3600 cm-1 and the peak at 2980 cm-1 are attributed to the O–H 

stretching vibration on the SiNPs surface and C–H stretching vibrations of the alkyl groups, 

respectively. The absorption peaks at 1095, 952 and 801 cm-1 were attributed to the asymmetric 

vibration of Si–O, the asymmetric vibration of Si–OH, and the symmetric vibration of Si–O, 

respectively. On NH2-SiNPs, the appearance of a new peak at 1486 cm-1, which is attributed to 

the formation of -NH2, indicates the existence of –NH2 group on the surface of NH2-SiNPs. The 

COOH-SiNPs were confirmed by the appearance of new peaks at 1557 cm-1 and 1722 cm-1, 

which are attributed to the amide and carboxyl stretching vibration, respectively.  

 

Figure 3.1. (A) The FTIR spectra of the OH-SiNPs, the NH2-SiNPs, and the COOH-SiNPs 

(color-coding see inset); (B) Zeta potential changes of the NH2-SiNPs, and the COOH-SiNPs as 

a function of pH (color-coding see inset). 
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The surface charge of each SiNP was as expected as determined by the Zeta potential 

measurements (Figure 3.1B). Since the isoelectric point of the OH-SiNPs is close to a pH of 2.0, 

we observed a potential of zero at pH 2.0. As the pH was increased, the Zeta potential was 

decreased until reaching a plateau (~ -38 mV) when pH > 5.8 (Figure 3.1B black squares). This 

confirmed that at pH 7.0 the surface charge of the OH-SiNPs was negative. The NH2-SiNPs 

displayed a positive potential in a wide range of pH (~2 to ~10.5, Figure 3.1B red dots), 

confirming that the surface charge of the NH2-SiNPs at pH 7.0 was positive. This also confirmed 

our rationalization of the negligible adsorption of T4L onto NH2-SiNPs at pH 7.0 It has to be 

noted that we observed strong aggregation and therefore low dispensability of NH2-SiNPs at 

most pHs. The COOH-SiNPs with an isoelectric point at pH=2.7 showed a similar trend as the 

OH-SiNPs (Figure 3.1B triangles). This again confirmed that at pH 7.0 the surface charge of the 

COOH-SiNPs was negative. Taken together, the findings in zeta potential further confirmed the 

successful surface-modification of the three SiNPs. 

As shown in Figure 1, the TEM indicated that the average diameters of the OH-SiNPs 

and the COOH-SiNPs were ~30 nm. The NH2-SiNPs, however, were severely aggregated. 

Therefore, no TEM image was attempted for the NH2-SiNPs.  
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Figure 3.2. TEM images of the OH-SiNPs (A) and the COOH-SiNPs (B) in water. The 

approximate particles diameter is 30 nm in each case. Upon saturation of the OH-SiNPs (C) and 

the COOH-SiNPs (D) with the T4L 44R1 mutant, a clear black layer coating each SiNP is 

evident, indicating the adsorption of enzyme on SiNPs. 

TEM Images Depict the Adsorption of T4L onto SiNPs 

The best way to depict and confirm enzyme adsorption to SiNPs is to visualize the 

change in TEM upon enzyme adsorption. Therefore, the TEM images of T4L adsorbed to the 

OH- and the COOH-SiNPs (enzyme-to-SiNP ratio ~10,000:1) after incubation for ~30 min were 

acquired. The resultant mixtures were washed extensively to remove non-adsorbed enzymes (the 

SiNPs were “fully saturated” with T4L). The phosphotungstic acid was used to stain molecules 

outside of the nanoparticles. As shown in Figures 3.2C and 3.2D, the dark areas surrounding 

each particle clearly indicate the adsorption of T4L onto SiNPs. 

Atomic Force Microscopy (AFM) Images Confirm the Enzyme Adsorption  

AFM imaging provides direct visualization of enzyme adsorption with higher resolutions. 

The AFM images of the COOH- and the OH-SiNPs in the absence and presence of T4L 
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adsorption (enzyme-to-SiNP ratio ~10,000:1) were acquired. As shown in Figure 3.3A (images 

1, 2, 5, & 6), without enzyme the images of the two SiNPs are indistinguishable. Upon enzyme 

adsorption, the particle sizes are clearly increased (Figure 3.3A). Furthermore, the overall size of 

the COOH-SiNPs (Figure 3.3A, images 3&7) is larger than that of the OH-SiNPs (Figure 3.3A, 

images 4&8), indicating more enzymes were adsorbed to the COOH-SiNPs. The height image 

(Figure 3.3B) shows a better view, wherein protein adsorption increases the size of the particle, 

and there is apparently more proteins adsorbed to the COOH-SiNPs (Figure 3.3B, red VS blue). 

 

Figure 3.3. (A) AFM images for 1: COOH-SiNP, 2: OH-SiNP, 3: T4L-COOH-SiNP, 4: T4L-

OH-SiNP (10 μm x 10 μm).  The z scale for 1 and 2 images is 0-30 nm, 3 and 4 images is 0-120 

nm. Images 5,6,7,8 are the zoom of images 1,2,3,4, respectively (2 μm x 1.3 μm). The z scale for 

1, 2, 5, and 6 images is 0-30 nm; for 3, 4, 7, and 8 images is 0-90 nm. (B) The height image, 

blue-dotted = 5, red-dotted=6, blue=7, and red=8. 

Probing the Loading Capacity of the Hard Corona 

A key character of the SiNP-based enzyme carriers is the loading capacity. To probe this, 

we prepared a series of mixtures with increasing T4L-to-SiNP ratio for the OH- and the COOH-

SiNPs. After an incubation of at least 30 min, the supernatant of each sample was separated from 

the mixture via centrifugation (2,000 rpm, 5 min). The amount of adsorbed protein at each ratio 
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can be computed by subtracting the amount of protein in the supernatant from the total added 

protein. The adsorption profile was then obtained by plotting the amount of adsorbed protein as a 

function of added T4L-to-SiNP ratio. There was essentially no adsorption on the NH2-SiNPs, as 

most added proteins remained in the supernatant. This is expected since, at pH 7.0, T4L and 

NH2-SiNPs repel each other due to their positive surface charges. Both the OH- and the COOH-

SiNPs showed a clear indication of T4L adsorption. The adsorption profile of the OH-SiNPs, as 

shown in Figure 3.4, indicates that as the T4L-to-SiNP ratio is increased, the amount of bound 

protein is increased. A plateau is reached with ~ 3,500-4,000 protein per SiNP. Such adsorption 

is most likely due to the opposite surface charges of T4L and the OH-SiNPs. Interestingly, the 

COOH-SiNPs were so well-separated and dispersed that, our attempts to separate the supernatant 

from the mixture failed. The small amount of remaining COOH-SiNPs in the supernatant 

contributed to the UV absorption and complicated our measurements. We, therefore, did not 

obtain any reproducible, convincing adsorption profile for the COOH-SiNPs. A technique which 

is not so sensitive to the dispersed COOH-SiNPs should be used. 

 

Figure 3.4. The adsorption profile of 44R1 on the OH-SiNPs. Approximately 3,500-4,000 

proteins were found to be able to adsorb onto each OH-SiNP. Note there was no wash done on 

each protein/SiNP mixture with the protein-to-SiNP ratios indicated by the x-axis. 
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EPR Area Analysis to Estimate the SiNP-carrier Loading Capacity 

The principle of using EPR area analysis to probe the amount of adsorbed proteins is 

based on the fact that the amount of (spin-labeled) protein is proportional to the CW EPR 

spectral area. The CW EPR spectra of a mutant before and after washing with water can be 

compared. The percentage of the adsorbed proteins can be estimated by computing the loss in the 

spectral area due to washing. It is worth noting that the EPR samples were washed via the same 

procedure as in the previous section. However, the small amount of suspended COOH-SiNPs in 

the supernatant did not present to be a major problem because the majority of the COOH-SiNPs 

were settled to the pellet; the uncertainty in loading capacity estimation caused by these 

suspended particles is negligible. This EPR approach is less sensitive to the presence of SiNPs, 

therefore, providing a close estimation of the enzyme loading capacity. In addition, as mentioned 

above, the restriction of enzyme rotational tumbling due to adsorption on SiNPs results in a 

broadened EPR spectrum, while the unbound enzymes often show a relative sharper spectrum. 

The mutant we selected for such study was 44R1 since the “broad” spectral component of 

its spectrum is well-separated from its sharp component (see data below). We started with 

10,000:1 and 15,000:1 protein-to-NP ratio for the OH- and COOH-SiNPs, respectively. After 

mixing and incubation, ~20 μL sample was loaded to the EPR capillary. This volume is the 

effective volume of our cavity resonator. It is important to use this sample volume so that both 

the adsorbed and the unbound proteins are being detected. Loading a sample with a larger 

volume will result in missing the detection of the unbound enzyme since the SiNPs tend to settle 

down to the bottom of the capillary. As shown in Figure 3.5, both the 44R1/OH-SiNP and the 

44R1/COOH-SiNP sample showed a broad and a sharp peak in the low field region before wash 

(black curves). Upon washing, the unbound or loosely bound proteins were removed as judged 
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by the disappearance of the sharp peak in Figure 3.5. For the COOH-SiNPs, washing only 

removed the sharp component; both the intensity and the line shape of the broad component are 

almost unaffected (Figure 3.5A). This indicates that most likely washing did not remove the 

enzymes already adsorbed. The area loss due to wash is ~43 %, corresponding to ~6400 protein 

molecules adsorbed onto each COOH-SiNP. For the OH-SiNPs, the first round of wash not only 

removed the sharp spectral component but also reduced the intensity of the broad component by 

~50% (c.f. black rectangle of Figure 3.5B). This indicated that the adsorption of the enzyme to 

the OH-SiNPs was most likely labile and could be easily disturbed. Further wash, however, did 

not decrease the intensity of the broad component. The area analysis indicated that ~1750 

proteins were adsorbed onto each OH-SiNP. Note that this number is less than that estimated by 

the adsorption profile (Figure 3.4). The discrepancy is caused by the fact that there was no wash 

in the adsorption profile (Figure 3.4). In fact, given the 50% loss in the intensity of the broad 

peak, we anticipated ~3500 protein per OH-SiNP if no wash was carried out in the EPR study, 

which is close to that estimated by the adsorption profile (Figure 3.4). Given the relatively small 

diameter of SiNPs (~30 nm), the large number of bound enzymes indicates a multiplex 

adsorption scheme (see later discussions). The enzyme washed off during the experiments was 

found to be functionally active (data not shown). There was essentially no EPR signal from the 

NH2-SiNPs after washing, consistent with the fact that all proteins remained in the supernatant 

upon mixing with the NH2-SiNPs. 
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Figure 3.5. The CW EPR spectra of the 44R1 adsorbed to the COOH-SiNPs (A) and the OH-

SiNPs (B) with a protein-to-SiNP ratio of 15,000:1 and 10,000:1, respectively, before (black) 

and after wash (red) with water. The gray rectangle is to highlight the loss of the peak intensity. 

The dotted line is to illustrate the peak position shift between the spectra on different SiNPs. 

In principle, the relative population of the adsorbed protein can be estimated with EPR 

spectral analysis.120 However, we were not successful in such an attempt because the adsorbed 

protein might very likely be in a very heterogeneous conformation, and it is difficult to account 

for the broadened spectral component with theoretical models/simulations. Note that the line 

width of the 44R1 on OH-SiNPs is slightly broader than on the COOH-SiNPs (Figure 3.5 dotted 

vertical line). This indicates that the enzymes on the OH-SiNPs might have higher 

conformational heterogeneity than those on the COOH-SiNPs (more discussions see below). 

Caution is needed when measuring the adsorption capacity, given the low dispersity of 

the OH-SiNPs. In fact, partial aggregation of the SiNPs might lead to uncertainties in the 

estimated loading capacity. Specifically, the gaps between particles may trap enzyme molecules, 
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yielding a larger capacity. Meanwhile, the aggregation may decrease the surface area, leading to 

a lower capacity. Therefore, before loading enzyme, we sonicated the SiNPs to ensure 

dispersion. After adsorption, prior to EPR measurements, the samples were always mechanically 

vibrated. Even so, our dynamic light scattering (DLS) measurements still indicated a 

polydispersity in the hydrodynamic radii of SiNPs. In general, the hydrodynamic radii 

determined by DLS are larger than the radii determined by TEM. DLS offers an opportunity to 

probe the polydispersity of the COOH- and the OH-SiNPs. Specifically, for the COOH-SiNPs, 

DLS indicated a dominant diameter at 154 nm (70%) and a minor diameter at 572 nm (30%), the 

latter of which was possibly originated from minor/local aggregation of the particles. For the 

OH-SiNPs, the dominant diameter was 123 nm (74%) while the minor diameter was 480 nm 

(26%). Upon saturation with T4L enzyme, the COOH-SiNPs showed a dominant diameter at 903 

nm (90%) and a minor diameter at 282 nm (10%). Such enhancement in size is consistent to the 

multiple-layer protein adsorption. The OH-SiNPs show a dominant diameter at 711 nm (88%) 

and a minor diameter at 103 nm (12%). The smaller hydrodynamic radius of the OH-SiNPs is 

consistent with the findings that a COOH-SiNPs is able to adsorb more proteins that an OH-

SiNP. Therefore, the adsorption capacity reported here is only the average number of adsorbed 

proteins per SiNP. 

Enzymatic Activity Loss upon Adsorption to SiNPs 

To probe the enzymatic activity of T4L upon adsorption, we selected the 44R1 to be 

consistent with the previous adsorption capacity studies. Only the OH- and the COOH-SiNPs 

were involved since the NH2-SiNPs showed no adsorption. The T4L-to-SiNP ratios were 

selected with some extra caution. Due to the high loading capacity of enzymes on both SiNPs 

(see above), it is very likely the enzymes pack to form multiple layers of enzymes on the SiNP 
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surface (calculations see below). The enzymes in the inner layer(s) are likely to lose activity due 

to the shielding of substrates caused by the outer layer enzymes. In addition, even if only a single 

layer of enzymes is coated on SiNP surface, the contact of T4L with the surface might induce 

conformational changes of the enzyme, possibly causing activity loss. Therefore, it was decided 

to investigate these two extreme conditions for both the OH- and the COOH-SiNPs. Given the 

average diameter of ~30 nm, the surface area of a SiNP was estimated to be ~2800 nm2. 

Considering the average area that a T4L molecule could occupy (~10-12 nm2), ~250 proteins 

adsorbed to the SiNP should form a single layer of protein. Therefore, we selected 250:1 as the 

protein-to-SiNP ratio for all our single layer studies. Another case was the multiple layer studies 

wherein the SiNPs were saturated with T4L. The positive control was to determine the activity of 

44R1 in water with no SiNPs. Our negative control experiments were to measure the interaction 

of the substrates with solely SiNPs.  

 

 

Figure 3.6. The control experiments for the activity assay. The value of 1.4 uL was selected 

because that volume of SiNPs was identical to the SiNPs we used for the protein activity test. 
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First it was confirmed that presence of either SiNPs did not affect the OD at 450 nm as 

shown by our negative controls (See Experimental Methods and Figure 3.6). To quantitatively 

evaluate T4L activity upon adsorption to SiNPs, we followed the procedure reported by Bower et 

al., wherein the activity was characterized by the slope of the initial decay of OD at 450 nm 

(Figure 3.7).182 In our case, we performed a linear fit to the beginning 40 s of each data set (and 

converted the slope unit to mA/min as indicated by Bower et al.). When the T4L-to-SiNP ratio 

was 250:1 and the final protein concentration was adjusted to be the same as in the positive 

control experiments (Figures 3.7A and 3.7B black curves) for the COOH-SiNPs, the slope of the 

decrease of OD at 450 nm (green; 90 +/- 6 mA/min; the value after the “+/-“ represents the 

standard deviation from the fitting) is significantly slower than that of protein in water (black; 

204 +/- 66 mA/min), indicating when the enzyme formed a single layer on COOH-SiNPs, there 

was a significant activity loss. This indicated the single-layer adsorption very likely caused a 

structural change in T4L. On the OH-SiNPs with the same ratio, the activity loss (blue triangles 

of Figure 3.7B) was even higher, possibly indicating an even larger extent of structural changes. 

When both SiNPs were saturated with T4L, the concentration of the SiNPs was adjusted to be 

the same as that in the case of 250:1, meaning the adsorbed, final protein concentration was ~6 

and ~17 times higher on the OH- and the COOH-SiNPs, respectively. Interestingly, for both 

SiNPs, we did not observe a decrease in OD at 450 nm (102 +/- 6 mA/min for COOH-SiNPs and 

186+/-6 mA/min for OH-SiNPs) that was consistent with the protein concentration increase. This 

indicated that when multiple layers of enzymes were formed on SiNPs, the enzymes in the inner 

layer(s) were inactive, most likely due to the conformational change caused by adsorption/ 

crowding and/or the limited access to the substrates. However, it is unclear why for the enzyme 

saturated COOH-SiNPs (Figure 3.7A, red), the enhancement in activity was only slightly higher 
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than in the case of the single layer protein (and the activity is less than the positive control). A 

higher mixture viscosity when T4L saturated the COOH-SiNPs was observed, which severely 

limited the access of substrates. Nevertheless, it is clear that adsorption to SiNPs caused a loss in 

T4L enzymatic activity.  

 

Figure 3.7. The activity assay of the 44R1 adsorbed to the COOH-SiNPs (A) and the OH-SiNPs 

(B) with a protein-to-SiNP ratio of 250:1 (green) and when the SiNPs were saturated (red) with 

the enzyme. The black curve indicates the activity of 44R1 in water without any SiNPs and is 

reproduced in both figures for comparison. 

Probing the Origins of the Activity Loss: Site-specific Conformational Dynamics of the 

Adsorbed Enzyme 

Due to the close correlation of structure, dynamics, and activity of enzymes, it is 

speculated that the loss in activity was related to structural and conformational changes. To 

probe the conformational dynamics of T4L on SiNPs, the EPR spin label was introduced onto 

eight sites of T4L (including 44R1; c.f. Figure 3.8A). The CW EPR spectra of these eight 

mutants upon adsorption to SiNPs were found to be broadened in comparison to the same 

mutants in solution (Figures 3.8B-3.8I VS Figure 2.3), for both the single-layer enzyme coated 

and saturated SiNPs. Since the CW EPR line shape is known to be sensitive to motion of the spin 

label, probing the origins of such broadening on each site might lead to important structural 

information of enzyme adsorption.  
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When an enzyme is adsorbed onto the SiNP surface, three factors are anticipated to cause 

CW EPR line broadening: 1) contact of the enzyme with the SiNP surface, 2) crowding caused 

by nearby adsorbed enzymes when multiple layers are formed, and 3) restriction of protein 

rotational tumbling caused by adsorption and/or crowding. To evaluate the contribution of each 

factor, a series of control experiments are included wherein T4L mutants were immobilized onto 

the CNBr-activated sepharose beads. Such attachment completely restricted the protein rotational 

tumbling due to the formation of covalent bonds between the -CN groups on the sepharose 

surface and the protein amines (lysines). In this case, if there were any line broadening, it must 

be contributed by the factor 3 (see above). Contributions from factors 1 and/or 2 were removed.  
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Figure 3.8. (A) The crystal structure of the T4L (pdb: 3lzm) and the Cα of the residues that were 

mutated and spin labeled (red spheres) viewed at two angles. (B) – (I) The CW EPR spectra of 

each spin labeled mutant when attached to the CNBr-activated sepharose beads (dotted black) 

and when adsorbed to the OH-SiNPs (black and green) and the COOH-SiNPs (red and blue). The 

black and red curves indicate the spectra taken from samples when the T4L-to-SiNP ratio was 

250:1, while the green and blue curves indicate the spectra of 44R1 when the corresponding 

SiNPs were saturated. The rectangle in each figure is to highlight the spectral region where the 

spectral line shape changes are the most evident between different solid supports. The arrows are 

to help guide the identification of the spectral changes. Specifically, the arrow in (B) indicates 

that the pointed low field peak was populated on other solids; arrows in (F), and (G) indicate the 

reduction in peak intensity; arrows in other figures indicate an increase in peak intensity. 
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When a single enzyme layer was formed on SiNPs, by comparing the spectra of T4L 

mutants on SiNPs with those of the same sites on the sepharose, all sites were identified that 

show additional broadening. Sites showing additional broadening must be those making contact 

with the SiNP surface since factor 3 did not exist in this case. As shown in Figure 3.8 (B-I), a 

comparison of the black and the dotted curves in the low field region (rectangle) of each mutant 

yields that almost every studied site shows an additional peak (e.g. arrows in Figures 3.8C and 

3.8H), with 151R1 exhibiting the least low-field peak intensity (as comparing to arrows in Figure 

3.8I). This indicates that when forming a single layer on the OH-SiNPs, T4L are adsorbed to the 

SiNP in a random orientation wherein any residues with positive surface charges could be 

contacting the SiNPs. In contrast, on the COOH-SiNPs (red curves in Figures 3.8B-3.8I), there is 

almost no additional peak shown in the spectra of 65R1 and 151R1 (solid red VS dotted black). 

The broadening in 72R1, 89R1, and 131R1 are also much less in extent as compared to the cases 

when the same mutants are adsorbed to the OH-SiNPs. The spectra of 44R1, 115R1, and 118R1 

show strong broadening, which indicates that likely on the COOH-SiNPs T4L has a preference 

to contact SiNP surface via regions close to residues 44 and 115/118 and via regions close to 

residues 72, 89, and 131 with a lower preference. When both SiNPs were saturated with T4L, a 

comparison was conducted of the CW EPR spectra of spin-labeled mutants with those when a 

single protein layer was formed on the same SiNPs. Sites showing additional broadening indicate 

regions of T4L that are facing more restriction in motion, most likely due to crowding. For the 

OH-SiNPs, we found almost no additional broadening (green VS black curves in Figure 3.8) for 

all studied sites, meaning the crowding effects on the OH-SiNPs were not significant. This 

means the interaction between multiple protein layers is not strong enough to cause additional 

restriction to the motion of the spin labeled sites. This is a reasonable finding because proteins in 
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the first layer are randomly orientated so adsorption of proteins to the next layers is also expected 

to be non-specific. Such non-specific adsorption is often not enough to create strong inter-

enzyme interactions (to generate additional crowding effects). For the COOH-SiNPs, when 

comparing the red and the green curves (Figures 3.8B-3.8I), additional broadening is observed 

on sites 44R1, 65R1, 89R1, 131R1, and 151R1, indicating that these sites are affected by strong 

crowding effects when multiple layers of proteins are formed. This finding indicates that, since 

proteins in the first layer are adsorbed with certain preferred orientations, the adsorption of 

proteins to the next layers is also likely to have a preference in terms of contact sites and 

orientation. These specific intermolecular interactions are possibly strong enough to create 

additional packing/crowding between proteins in the multiple enzyme layers. The stronger inter-

enzyme interaction also helps increase the loading capacity of the enzyme on the COOH-SiNPs 

(see above discussions of Figure 3.5). 

Probing the Origins of the Activity Loss: Intra-protein Structural Changes upon 

Adsorption to SiNPs 

 In addition to the local conformational dynamics of T4L upon adsorption, the DEER 

experiments were also conducted to probe the intra-protein structural changes. DEER EPR 

spectroscopy is a pulsed EPR technique which relies on probing the magnetic dipolar interaction 

between two electron spin centers and extracting the distance distribution probability between 

the two centers.230 A great advantage of such pulsed dipolar spectroscopy225,231 is that the 

distance distribution profile not only reflects the average intra-protein distance but also the 

conformational ensemble of the studied protein. In our case, the more conformations the protein 

spans, the broader the distance distribution is detected. To conduct DEER measurement, we 

created two cysteine mutations on one protein and spin labeled both. A total of three cysteine 
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pairs (Figure 6A) were selected to probe the effects of adsorption to SiNPs on the global 

structure of T4L. For all DEER samples, both SiNPs were saturated by T4L. As shown in 

Figures 3.9B-3.9D, for each spin pair, the distance distribution of protein on SiNPs (Figure 3.9, 

black and red curves) is much broader than that of the same pair in buffer (see grey shades of 

Figure 3.9).232 This indicates a significant amount of extra protein conformations are induced by 

adsorption. This is not surprising since the crowding is very likely to change the protein 

conformation when SiNPs are saturated with T4L. A more careful look at the differences 

between the black and the red curves leads to the trend that proteins on OH-SiNPs have slightly 

broader distribution, and therefore, slightly more conformations than proteins on the COOH-

SiNPs. This is consistent with the CW EPR results wherein the low field peak of 44R1 on the 

OH-SiNPs is broader than that of 44R1 on the COOH-SiNPs (Figure 3.5, dotted line).  

The structural perturbation caused by adsorption to the SiNPs was also observed from the 

Circular Dichroism (CD) measurement, wherein the secondary structure of the enzyme upon 

adsorption to the SiNPs was found to be perturbed as well. As shown in Figure 3.10, the data of 

the enzymes adsorbed to the SiNPs are relatively noisier, even though the final protein 

concentration for all of the three involved samples was adjusted to be identical (50 μM). We 

rationalized the higher noise level to the scattering effects of particles. Nevertheless, a significant 

reduction in the peak of 208 nm, which is the characteristic peak for helical structures, for 

protein adsorbed to the OH- and the COOH-SiNPs indicate a significant secondary structural 

change in the protein upon adsorption. This conclusion is consistent with findings from DEER. 
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Figure 3.9. (A) The crystal structure of the T4L (pdb: 3lzm) and the Cα of the three residue pairs 

that were mutated, and spin labeled (green spheres). Dotted lines indicate the intra-protein 

distances measured in each DEER experiment. (B) – (D) The distance distribution of each spin-

labeled cysteine pair when adsorbed to the COOH-SiNPs (black) and the OH-SiNPs (red). DEER 

data analysis is provided in the main text and the ESI. The gray areas indicate the distance 

distribution of the corresponding pair when protein is in the spin buffer. There is a clear 

broadening upon adsorption to the SiNPs, indicating an increase in protein conformational states. 

 

Figure 3.10. The CD spectra of T4L mutant 109R1/131R1 in water (black) and adsorbed to the 

OH- (red) and the COOH- (blue) SiNPs. 
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Differences in the Structural Basis of Enzyme Adsorption between the two SiNPs  

The discussion above indicates T4L has a broader range of conformation caused by 

contacting with the OH-SiNP surface and/or crowding, while on the COOH-SiNPs T4L has 

relatively more uniform conformation. Such finding can be rationalized to the fact that, in 

addition to the electrostatic interaction between COOH-SiNP and T4L, the additional C=O bonds 

may serve as proton acceptors to help establish and stabilize hydrogen bonding, which helps 

stabilize the protein and regulate the protein conformation alignment on the surface of the 

COOH-SiNPs. The longer linker between the COOH and SiNP surface (see Experimental 

Methods for SiNP preparation) also possibly provides additional flexibilities to regulate protein 

conformation. 

Desorption of Enzyme: Reversible Adsorption  

Since the adsorption of T4L enzyme on these SiNPs was due to the charge-charge 

interaction, it must be possible to desorb the enzyme from the SiNPs via adjusting the SiNP 

surface charge. Based on the Zeta potential measurements at various pH (See Figure 3.1B), the 

wash solution was selected to have a pH of 3.0 in 0.01 M NaCl. Under this condition, the surface 

charge of the OH- and the COOH-SiNPs were ~ zero and slightly positive, respectively, which 

should cause desorption of enzyme. Indeed, for both SiNPs, we found almost all adsorbed 

proteins were detached, as judged by the complete loss in CW EPR intensity and the enzymatic 

activity when the SiNPs were studied after wash. The eluted enzymes after switching to water 

medium were found to have identical CW EPR spectra as the same mutants in water (Figure 

3.11). The eluted enzymes were also found to be functionally active as judged by the activity 

assay. The recovery rate was close to 100% after two rounds of wash. Lastly, the washed SiNPs 
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were able to be “reloaded” with fresh T4L; the conformation and activity of the reloaded protein 

were found to be identical as those discussed before, indicating the SiNPs can be reused. 

 

 

Figure 3.11. The EPR spectra of T4L mutant 151R1 in water (A), supernatants after T4L 

desorption from the OH-SiNPs (B) and the COOH-SiNPs (D), and those of the OH-SiNPs (C) 

and the COOH-SiNPs (E) after desorption. 

Possible Docking Models  

At pH 7.0, the surface charge of T4L was estimated via the APBS function of PyMOL 

and shown in Figure 3.12. As expected, positive surface charges dominate the protein (see blue 

VS red). For the OH-SiNPs, although the spin labeled sites (Figure 3.12) are close to either 

negatively or positively charged areas, the local charges of the protein most likely did not form 

strong electrostatic interactions with the surface of the OH-SiNP, since no specific sites were 

found to make contact with the SiNP (Figure 3.8 and discussion above). This might be due to the 

relatively less negative surface charge and relatively short linker length (comparing to the 

COOH-SiNPs) between the –OH groups and the Si on the surface, the latter of which may 

present some hindrance for protein adsorption. It is also possible that other molecular 

interactions (e.g. the van der Waals force) contribute to the adsorption. Nevertheless, we propose 

the docking model of a single protein layer on the OH-SiNPs to be as shown in Figure 3.13A, 

wherein the relative orientation of the protein and the SiNP surface is random. When multiple 
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layers of proteins are formed, since there is no additional broadening detected in the EPR spectra 

of all studies sites, a random orientation of proteins loosely adsorbed to the first protein layer of 

the OH-SiNP surface (Figure 3.13B) is again proposed. 

 

Figure 3.12. The surface charge of T4L estimated using PyMOL’s APBF function. Three views 

from different angles were presented to show the location of each studies mutant. Blue: 

positively charged surface. Red: negatively charged surface. 

For the COOH-SiNPs, at pH 7.0, the surface charge is more negative than that of the OH-

SiNPs. The charge-charge interaction might be the dominant driving force for protein adsorption 

(and the associated EPR spectral broadening). For example, we observed strong broadening in 

the CW EPR spectra of 44R1, 115R1, and 118R1 because these residues are close to positively 

charged regions with large areas (Figure 3.12A). The 72R1, 89R1, and 131R1 are also in close 

proximity to positively charged regions (Figures 3.12B and 3.12C) and therefore, showed some 

broadening. The site of 65R1 is surrounded by negatively charged residues (Figure 3.12B), and 

therefore, showed the least possibility to make contact with COOH-SiNP surface (and the least 
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broadening). The 151R1 is close to the C-terminus of the protein, wherein the mobility is 

intrinsically higher. It is likely that when single enzyme layers are formed on the COOH-SiNPs, 

T4L tends to make contact with the regions close to residues 44 and 115/118 (Figure 3.13C, 

green spheres). It is also possible for a small amount of T4L to interact with COOH-SiNPs via 

the other few residues (Figure 3.13C, magenta spheres). When multiple layers of proteins are 

formed on the COOH-SiNPs, it is more likely for sites 44R1, 65R1, 89R1, 131R1, and 151R1 to 

face crowding (cyan spheres of Figure 3.13D), meaning these regions are more likely to make 

contact with other proteins. 

The multiplex adsorption scheme is possible because of the special surface charge 

distribution of T4L (Figure 3.12). For example, upon adsorption to the SiNP surface with the 

positively charged N-terminus (Figure 3.12C) to form the first adsorption layer, a T4L molecule 

likely positions its regionally negatively charged C-terminus away from the particle, forming a 

secondary negatively charged surface. This surface facilitates adsorption of the next layer of 

enzymes. 
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Figure 3.13. The proposed adsorption model for the SiNPs. (A) On the OH-SiNPs when a single 

layer of T4L is adsorbed. The green dots highlight the preferred contact point, while the magenta 

ones show the less favored contact point, as judged by CW EPR. (B) When the OH-SiNPs were 

saturated with T4L, the orientation of each protein is random, and the packing between protein 

layers is relatively loose. (C) On the COOH-SiNPs, when a single layer of T4L is formed, three 

sites are favored (green) while another three (magenta) are less favored but still possible to 

contact the nanoparticle surface. Two sites (65R1 and 151R1) were found to be unlikely to make 

the contact. The model shows certain preferences in protein orientation relative to the particle 

surface. (D) When the COOH-SiNPs are saturated with T4L, three sites locating near the N- and 

the C-terminus were found to face more crowding due to packing (cyan). 
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Influence of Ionic Strength  

The charge-charge interaction is expected to be influenced by the ionic strength of the 

medium. To probe such influence, we prepared water medium with different NaCl 

concentrations (300, 100, and 25 mM; see Figure 3.14). First, we confirmed via CW EPR that, 

for the site of 44R1, the conformational dynamics in water with no salt remains unchanged as 

compared to that in 100 and 300 mM NaCl (Figure 3.14A).121 This is reasonable given the 

stability of the protein.  

Next, prior to loading enzymes under different ionic strength, ~20 µL of each SiNP was 

washed with ~500 µL of the corresponding solution for at least three times, in order to ensure 

complete medium-switch. The protein was also switched to the corresponding medium before 

loading. Then, the protein-to-SiNP ratios of 10,000:1 and 15,000:1 was loaded for the OH- and 

the COOH-SiNPs, respectively, for each ionic strength. After incubation for at least 30 mins, the 

CW EPR spectrum for each sample were acquired (Figure 3.14. For the COOH-SiNPs, at higher 

salt concentrations (100 and 300 mM), there was almost no adsorption since there was no 

additional broadening observed (Figures 3.14A VS 3.14B). Washing with the corresponding 

solution resulted in almost no EPR signal, indicating complete desorption (Figure 3.14C). At 25 

mM NaCl, the additional broadening (arrow of Figure 3.14B) is noticeable, indicating adsorption 

occurs. Washing with the same solution resulted in a small amount of broadened EPR signal 

(arrow of Figure 3.14C), indicating that at this low salt concentration, the adsorption of enzyme 

to the COOH-SiNP surface is effective, although the loading capacity is low. 

Lastly, for the OH-SiNPs, even at 100 mM salt concentration, noticeable broadening 

(arrows of Figure 3.14D) can be observed, and washing did not completely diminish the 
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adsorption. As the salt concentration was decreased to 25 mM, the amount of enzyme adsorption 

was increased. 

The overall findings are that increasing the ionic strength decreases the adsorption and 

the ionic strength has a bigger impact on the adsorption of T4L enzyme on the COOH-SiNPs 

than on the OH-SiNPs. The latter is rationalized to the fact that at pH of 7, the surface of the OH-

SiNPs is relatively more neutral than that of the COOH-SiNPs. 

 

Figure 3.14. The EPR spectra of 44R1 in different NaCl concentrations (A), 44R1 upon 

adsorption to the COOH-SiNPs (B) and the OH-SiNPs (D) at different NaCl concentrations. 

After washing with the corresponding solutions, the EPR signal of the COOH-SiNPs (C) and the 

OH-SiNPs (E) at different NaCl concentrations were also acquired. 



 

102 

Conclusions 

A comprehensive study of the structure, dynamics, and activity of a model enzyme upon 

adsorption to a few surface-modified SiNPs using EPR spectroscopy in combination with several 

other experimental techniques is reported here. The TEM demonstrated the adsorption of T4L 

onto two of the prepared SiNPs. The activity assay indicated a significant loss in enzyme 

activity. To probe the structural basis of such activity loss, the EPR spectroscopy was employed, 

which overcomes the challenges in probing structural information at the complex and dynamic 

nano-bio interface. It was found possible to estimate the amount of proteins in the hard corona of 

the SiNPs via the CW EPR area analysis. The COOH-SiNPs have a higher loading capacity of 

T4L enzyme than that of the OH-SiNPs. By comparing the CW EPR spectra of eight studied 

sites when the mutants were adsorbed to larger sepharose beads and when different protein-to-

SiNP ratios were adsorbed to different SiNPs, the residues responsible for making contact with 

SiNPs and/or facing more crowding under various protein-to-SiNP ratios were identified. Based 

on this a structural model to depict the docking of T4L onto the SiNPs with different surfaces 

was proposed. Also, the global structural changes caused by adsorption via DEER EPR was 

probed, which served as a second view of the structural basis of the activity loss. Lastly, it was 

found that the adsorbed enzyme could be desorbed via pH adjustment, which showed the 

potential to use SiNPs for enzyme/protein delivery or storage due to the high capacity. Future 

work will be directed to tune the properties of SiNPs so that the activity loss can be minimized 

and SiNPs can be used as enzyme hosts. Our results also highlight the use of EPR in probing 

structural information on the complex and dynamic inorganic/nano and biological interface. 
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CHAPTER 4. ENGINEERING PROTEIN-GOLD NANOPARTICLE/NANOROD 

COMPLEXATION VIA SURFACE MODIFICATION FOR PROTEIN 

IMMOBILIZATION AND POTENTIAL THERAPEUTIC APPLICATIONS† 

Introduction 

Gold nanoparticles (AuNPs) and nanorods (AuNRs) have been applied to advance many 

fields such as biosensing, biomedical therapeutics, and catalysis, due to their unique 

optical/chemical properties and thermo-stability.55,58,219–229 The possibility of controlling particle 

size, shape, and surface properties makes AuNPs/AuNRs popular nanostructures.244,245 In spite of 

these exciting features, a concern in biosensing and biomedicine246–253 is the inevitable contact of 

AuNPs/AuNRs with biomacromolecules, especially proteins. Such contact may yield various and 

often uncontrollable outcomes. For example, in most cases, the AuNPs/AuNRs are rapidly 

coated with a “protein corona” upon contact.146,207,254–257 The protein corona often suppresses or 

reduces the original functionalities of the particles and should be avoided in most biosensing  

applications.258,259 However, if the protein adsorption can be controlled, then AuNPs/AuNRs 

may serve as protein immobilizers or delivery vehicles for biocatalysis or molecule/drug delivery 

applications.239,260–263 Recently, proteins have been utilized as the media to crosslink 

AuNPs/AuNRs and form larger aggregates (also referred as to “agglomerates”).246,256,264–269 
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These agglomerates find applications in photothermal therapy,250,256 bio-imaging,258 drug 

delivery,246,249 and biosensing.270–273 A troubling outcome is that certain proteins trigger the 

precipitation of AuNPs, which completely demolishes AuNPs’ functions and should be 

avoided.121,150,151 Taken together, protein adsorption should be avoided (no adsorption; no 

aggregation) in biosensing/biomedical applications, while fine-tuned in biocatalysis, delivery, 

and therapeutic applications. This requires a deeper understanding of the nano-bio interface for 

improved engineering of protein-nanoparticle complexation. Since the nature of adsorption 

depends on the protein as well as the particle’s surface, protein adsorption studies are often done 

in a case-by-case manner. 

Most protein corona studies are focused on the adsorption of plasma proteins to 

AuNPs/AuNRs. The corona composition and thermodynamics of the adsorption has been 

investigated using various experimental tools.80,81,145,162 To reduce nonspecific protein 

adsorption, a common approach is to replace the original protectants, citrate ions,274,275 with 

hydrophilic thiol-containing molecules, such as mercaptoacetic acid,276,277 mercaptocarboxylic 

acids,278,279 and  mercaptosuccinic acid.280 Herein the strong thiol-gold coordination substitutes 

the citrate-gold network and creates stable coatings. Prion protein,281 bovine serum albumin 

(BSA),282 and transferrin283 were found to have a reduced adsorption upon these coating changes. 

Polymers containing thiol groups also help enhance the AuNP stability and reduce nonspecific 

protein adsorption,207,237,245,284 as demonstrated in serum protein adsorption studies.254,285,286 

Protein immobilization on and/or delivery via AuNPs were shown on chitosan-stabilized 

AuNPs,287 nanogold-polyurethane composites,288 and nanoparticles embedded in cellulose 

nanocrystals,289 wherein AuNPs served as a high-density solid support. Strategies for controlling 

the agglomerate size via protein adsorption were also reported, wherein inter-particle bio-
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reorganization forces were found to play a key role.241,264,267,268,270 In regard to the applications of 

AuNR-protein complexation, herceptin immobilized on AuNRs can effectively recognize the 

antigens related to breast tumors.269 AuNRs conjugated with antibody against alpha-fetoprotein 

has been recognized as an effective sensor of the protein.273 Protein conformational changes 

induced by AuNRs have been reported as well.290 Lastly, several groups have probed the protein-

triggered AuNP precipitation mechanisms at the molecular and/or cellular level.121,150,151 The 

consensus by far is that the involved proteins approach the AuNPs via electrostatic interactions 

and/or Au-cysteine coordination and serve as a bridge to bring two AuNPs to a close proximity. 

A globular protein, T4 lysozyme (T4L), is one of these “problematic” proteins. Our recent work 

revealed that even the cysteine-free T4L protein could trigger the precipitation of AuNPs. 

Furthermore, we demonstrated that the removal of the AuNP coating by T4L was essential for 

the bridging process and highlighted the importance of AuNP coating.121 

In this work, we investigated the effects of surface charge and thickness on the adsorption 

of T4L. Our original purpose was to avoid the T4L-triggered AuNP precipitation by engineering 

AuNPs/AuNRs with different surface properties. Coatings with positive or neutral charges and/or 

steric repulsions were found to be effective. In addition, on negatively coated AuNPs, we 

observed T4L forming protein corona as well as the protein-AuNP agglomerates, depending on 

the composition of the coating. On AuNRs, we observed that positive coatings prevent the 

aggregation of AuNRs while the negative surfaces resulted in protein coronas regardless of 

coating thickness. Using a combination of Transmission Electron Microscopy (TEM), Zeta 

potential measurements, Ultraviolet-visible (UV-Vis) absorption spectroscopy, and Electron 

Paramagnetic Resonance (EPR) spectroscopy, we depicted the molecular model for each 

adsorption case. Our investigations demonstrated the importance of surface properties on 
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AuNP/AuNR stability and function in biological environments and we discovered effective 

approaches to control the T4L adsorption behavior on gold nanostructures. Our findings also 

suggested that the “problematic” T4L could complex with AuNPs/AuNRs and find good 

potential applications (as protein carriers or thermotherapeutic targets) if properly coated. Our 

work is generally informative for AuNP/AuNR functionalization for applications in biosensing, 

therapeutics, and protein immobilization. 

Experimental Methods 

Protein Expression, Purification, and Spin Labeling 

Mutants of 44C, 65C, and 151C were prepared as described before.291 Briefly, the DNAs 

of these mutants were generated by QuikChange site-directed mutagenesis of the pET11a-T4L 

genetic construct containing the pseudo-wild-type mutations C54T and C97A,186,188 followed 

with verification of each mutation by DNA sequencing. These mutants of T4L were expressed, 

purified, and then desalted (to remove DTT) into a buffer suitable for spin labeling (the “spin 

buffer”, containing 50 mM MOPS and 25 mM NaCl at pH 6.8). The desalted protein mutants 

were then reacted with a 10-fold molar excess of S-(2,2,5,5-tetramethyl-2,5-dihydro -1-Hpyrrol-

3-yl) methyl methanesulfonothioate (MTSL, Toronto Research Chemicals, Inc., Toronto) at 4 °C 

overnight (yielding R1). Excess MTSL was removed using the Amicon spin concentrator 

(Millipore, 10,000 MWCO, 50 mL). The spin-labeled protein mutants were stored in the spin 

buffer at -20 °C for further use. 

The spin-labeled mutants were confirmed to have the correct secondary structure and 

activity via CD spectroscopy and an activity assay, respectively, both of which were described in 

our recent work.121 A few representative sites were characterized via CW EPR to confirm the 

local conformational dynamics. 
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Preparation of Gold Nanoparticles (AuNPs) and Gold Nanorods (AuNRs) 

1-Hexadecyltrimethylammoniumbromide (CTAB) (98%) was purchased from Alfa 

Aesar(A15235). L-Ascorbic acid (99%) (A92902), Sodium borohydride (NaBH4) (99%) 

(213462), and Gold III chloride trihydrate (HAuCl4) (99.9% metal basis) (520918) were 

purchased from Sigma-Aldrich. Silver Nitrate (AgNO3) was purchased from VWR (VW6030). 

The typical AuNP preparation procedure reported in our previous work was employed.121 

In detail, 100 ml of 0.01% HAuCl4 was heated to boil under vigorously stirring for 10 mins. 

Sodium citrate was added to the HAuCl4 solution and stirred at boiling temperature for another 

15 mins. The obtained AuNPs were stored at 4 oC for further use. In this work, two particle sizes 

(~14 nm and 56 nm) were prepared by adjusting the amount of added sodium citrate. 

The AuNRs were prepared using a known seed mediated procedure with minor 

modifications.292 In detail, CTAB solution (5 mL, 0.20 M) was mixed with 25 µL of 0.1 M 

HAuCl4. Ice-cold NaBH4(600 µL, 10 mM) was added to the mixture and was stirred vigorously 

for 2 minutes. The solution was kept at 27oC. To AgNO3 (300 µL,0.01M) solution, CTAB 

solution (5mL, 0.20 M) was added at room temperature. The solution was gently mixed after 

addition of HAuCl4 (500 µL, 0.01 M). Ascorbic acid (55 µL, 0.1 M) was added to the solution 

and the growth solution turned from yellow to colorless. The growth solution was kept at room 

temperature and 6 µL of seed was added to it. AuNRs were characterized using TEM and UV-

Vis. 

Preparation of Thiol-terminated mPEG (mPEG-SH) 

The 3-mercaptopropionic acid (MPA, Sigma-Aldrich; 4.1 ml, 47.2 mmol) was mixed 

with 50 mL DMSO and stirred at 80 oC for 12 hours. The mixture was precipitated in excess cold 

water and filtered using a cold Buchner funnel. The solids were then washed with the cold water 
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for at least three times and dried in vacuum oven at 50 oC for 24 hours. 1H NMR (400 MHz, 

DMSO-d6) 2.89 (t, 2H), 2.62 (t, 2H). 

The prepared bis(2-carboxylethyl) disulfide (0.4 g, 1.9 mmol) was mixed with oxalyl 

chloride (1.37 ml, ~8 mmol) in 5 mL anhydrous CH2Cl2 and reacted at room temperature for 6 

hours. Excess oxalyl chloride was removed via vacuum pumping (the product is a brown oil). 

Approximately 1.9 ml (11 mmol) of the “brown oil” was dissolved in 20 ml anhydrous CH2Cl2 

and mixed with the commercial mPEG-OH (Sigma-Aldrich; Mn = 5000, 5 g, 1 mmol). The 

mixture was stirred at ambient temperature for 12 hours and precipitated with 200 ml ether for 

three times. This step prepared the PEG-(CO)-(CH2)2-S-S-(CH2)2-COCl which was dried under 

vacuum at ambient temperature. 1H NMR (400 MHz, DMSO-d6) δ 3.58 (s, 456H, –CH2CH2O-), 

δ 2.87 (t, 2H), 2.60 (t, 1H). 

Next, the PEG-(CO)-(CH2)2-S-S-(CH2)2-Cl (1 g, ~0.2 mmol) was dissolved in a DDT 

solution (0.308 g, 2 mmol) and vibrated overnight. The excess DTT was removed via dialysis 

(cut-off = 1 kDa) against 3×1000 ml of ddH2O for 48 hr. The solution was extracted with 3×30 

ml CH2Cl2 and concentrated to 10 ml, which was then precipitated in 150 ml ether. The final 

mixture was dried under vacuum at ambient temperature for 24 h. 1H NMR (400 MHz, 

Chloroform-d) δ 3.58 (s, 456H, –CH2CH2O-), 2.88 (d, 2H, -CH2CH2-SH). 

 

Figure 4.1. The synthetic routes of the 3, 3'- disulfanediyldipropanoyl chloride (A) and PEG-SH 

(B). 
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Preparation of Thiolated Polyacrylic Acid (PAA) 

MPA (65 μL, 0.75 mmoL), tert-Butyl acrylate (t-BA, 5.5 mL, 38 mmol), and 

azobisisobutyronitrile (AIBN, 14 mg, 0.085 mmol) was dissolved in 20 ml dimethylformamide 

(DMF). The mixture was degassed with nitrogen under stirring for 30 mins. After that, the 

mixture was sealed and reacted at 70 oC for 24 hr. The prepared P(t-BA) was precipitated with 

500 ml methanol/water mixture (30/70) for at least three times and dried in vacuum oven at 50 

oC for 24 hr. 

Next, HOOC-P-t-BA (1 g, 13.8 mmol) was dissolved in 20 ml dichloromethane (DCM), 

followed by addition of trifluoroacetic acid (TFA, 2 mL, ~26 mmol) dropwise into the mixture 

under vigorously stirring at room temperature for 24 hr. The DCM and residual TFA were 

removed via rotary evaporation. The solids were then dissolved in ddH2O and dialyzed (cut-off = 

1 kDa) against 5×1000 ml of ddH2O for 48 h. This hydrolyzed P(t-BA), or, PAA (~0.017 mmol), 

was mixed with cysteamine (0.05 g, 0.69 mmol), EDC (0.11 g, 0.69 mmol) and N-

hydroxysuccinimide (NHS, 0.079g, 0.69 mmol). The mixture was vibrated (160 rpm) overnight 

and dialyzed (cut-off = 1 kDa) against 3×1000 ml of ddH2O for 48 h. A white solid, PAA-(SH)n, 

was obtained after lyophilization which was stored for further use. 1H NMR (400 MHz, 

Deuterium Oxide) δ 2.75 (s, 2H, -CH2CH2-SH), 2.64 (s, 2H, -CH2CH2-SH), 2.33 (s, 50H, -

CH2CH-), 1.69 (d, 97H, -CH2CH-). 

For preparation PAA-SH, cysteamine (20.3 mg, 0.26 mmoL), t-butyl alcohol (t-BA, 5.5 

mL, 38 mmol), and azobisisobutyronitrile (AIBN, 2.8 mg, 0.017 mmol) were dissolved in 10 ml 

dimethylformamide (DMF). The mixture was degassed with nitrogen under stirring for 30 mins. 

After that, the mixture was sealed and reacted at 70 oC for 24 hr. The prepared P(t-BA) was 
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precipitated with 500 ml methanol/water mixture (30/70) for at least three times and dried in 

vacuum oven at 50 oC for 24 hr. 

The prepared NH2-P-t-BA (1 g), 3, 3'- disulfanediyldipropanoyl chloride (0.5 mL, 2.9 

mmol), and 1 drop of DMF was dissolved in 10 mL CH2Cl2. After stirring at room temperature 

for 24 hr, the mixture was deposited in the methanol/water mixture and dried in vacuum oven at 

50 oC for 24 hr. This sample was hydrolyzed in TFA (2 mL, ~26 mmol) at room temperature for 

24 hr under vigorous stirring, reduced to cleave the disulfide bonds, and dialyzed via 

aforementioned procedures. 1H NMR (400 MHz, Deuterium Oxide) δ 2.76 (s, 2H, -CH2CH2-

SH), 2.20 (s, 265H, -CH2CH-), 1.65 (d, 490H, -CH2CH-). 

 

Figure 4.2. The synthetic routes of PAA-(SH)n (A) and PAA-SH (B). 



 

111 

Preparation of Thiolated Polyethylenimine (PEI-(SH)n) 

The commercial PEI (Sigma-Aldrich; 1 g, 0.1 mmol) was mixed with the 3-

mercaptopropionic acid (MPA, 0.059 mL, 0.69 mmol), EDC (0.11 g, 0.69 mmol) and NHS 

(0.079g, 0.69 mmol). The mixture was vibrated (160 rpm) overnight and further dialyzed (cut-off 

= 1 kDa) against 3×1000 ml of ddH2O for 48 hr. A white solid was obtained after lyophilization 

and stored for further application. The characteristic peaks of -CH2CH2SH were overlapped with 

the N(H)-CH2CH2-N(H)-. 

 

Figure 4.3. The synthetic route of PEI-(SH)n. 

Small Molecular Coating via Ligand Exchange 

The MPA and MSA coating at 1.0 M concentration were neutralized with NaOH and 

diluted to 0.25 M as the stock solution. The neutralized MPA and MSA were named as MPNa 

and MSNa. The ligand-to-AuNP ratio of 5,000,000:1 was applied for each size of AuNPs. 

Practically, 200 μL MSNa were added into 1 mL AuNPs and sonicated for 30 mins. Next, the 

mixture was vibrated (160 rpm) at ambient temperature for >12 hr. Then, each coated AuNPs 

was washed with ddH2O for 3 times to remove free unreacted coating species. 

Polymer Coating via Ligand Exchange 

All involved polymers were dissolved in ddH2O and diluted to 20 mM as the stock 

solution. The typical ratio of polymer to AuNPs is 10,000 to 1. Specifically, PAA-(SH)n (5 μL) 

were added into AuNPs (1 mL, 0.01 µM) and vibrated at ambient temperature for >12 hr. The 
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mixture was then washed via centrifugation at 10,000 rpm for 3 times to remove the unreacted 

PAA-(SH)n. Similar methods were applied to conduct the ligand exchange for other polymers.  

All involved polymers were dissolved in miliQ water and diluted to 1 mM as the stock 

solution. The typical ratio of polymer to AuNRs is 14,000 to 1. Specifically, PAA-(SH)n (200 

μL) were added into AuNRs (1 mL, 0.014 µM) and vibrated at ambient temperature for >12 hr. 

The mixture was then washed via centrifugation at 14,000 rpm to remove the unreacted PAA-

(SH)n. Similar methods were applied to conduct the ligand exchange for other polymers.  

Incubation of Protein and AuNPs 

Typically ~1 nmol of protein mutants was mixed with the ligand-coated AuNPs 

(mutants/AuNPs = 100/1) and incubated at ambient temperature for 0.5 hr. The unattached 

protein was removed via centrifugation. Continuous Wave (CW) Electron Paramagnetic 

Resonance (EPR) was conducted (see below) on samples before and after the removal of 

unattached protein. 

UV-vis Spectra of AuNP upon Ligand Exchange and Interaction with the Protein 

All UV-Vis absorption spectra were measured using a NanoDrop UV-Vis 

Spectrophotometer (Thermo Scientific ND-2000 C). Typically, AuNPs (50 µL, 0.01 µM), before 

and after the ligand exchange, were diluted to 1000 µL with ddH2O for the measurements. 

TEM Sample Preparation  

A drop of the sample was placed on a 300-mesh formvar-carbon coated copper TEM grid 

(Electron Microscopy Sciences, Hatfield, Pennsylvania, USA) for 30 seconds and wicked off 

with filter paper.  protein-containing samples were stained by adding 1% phosphotungstic acid, 

adjusted to pH 7-8, to the grid for 2 minutes, then wicked off and allowed to air dry. Images were 
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obtained using a JEOL JEM-2100 LaB6 transmission electron microscope (JEOL USA, Peabody, 

Massachusetts) running at 200 kV. 

Zeta Potential Measurements 

The zeta potential measurements were carried out with a Nano ZS Zetasizer (Malvern 

Instrument Ltd.). Typically, 10 μL AuNPs/AuNRs (~0.01 μM, suspended in ddH2O) was diluted 

to 1000 μL then subjected to measurement. 

Gel Permeation Chromatography (GPC) Measurements 

All Samples were analyzed using a Waters GPC system (515 HPLC Pump) with a 

differential refractometer (2410) detector. Separations were performed using two connected 

Ultrahydrogel Columns (500 and 120; 7.8 mm ID × 30 cm) with an eluent flow rate of 0.5 

mL/min. The columns and detectors were thermostated at 35 oC. The eluent used is 0.1M sodium 

nitrate solution. Samples were prepared at nominally 2 mg/mL in an aliquot of the eluent and 

allowed to dissolve at ambient temperature for several hours and the injection volume was 200 

µL for each sample. Calibration was conducted using Polyethylene oxide (Agilent PL2080-0101) 

and Polyethylene glycol (Agilent PL2070-0100) standards. 

EPR Measurements 

Approximately 20 µL of sample was loaded into a borosilicate capillary tube (0.70 mm 

i.d./1.25 mm o.d.; VitroGlass, Inc.), which was mounted in a Varian E-109 spectrometer fitted 

with a cavity resonator. All continuous wave (CW) EPR spectra were obtained with an observe 

power of 12.5 mW. All spectra were obtained with a modulation frequency of 100 kHz and a 

modulation amplitude of 1.0 G. 
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EPR Spectral Simulation 

The CW EPR spectra were fit using the software developed by Dr. Altenbach and Prof. 

Hubbell at UCLA (http://www.biochemistry.ucla.edu/biochem/Faculty/Hubbell/). This program 

was essentially the MOMD model of the NSLS program established by Freed and co-workers.293 

See Appendix for details. 

Activity of the Protein Adsorbed AuNPs and AuNRs. 

For all our activity assays, the amount of adsorbed protein on a particle = the total 

amount of added protein – the protein amount in the supernatant once the adsorption was 

completed (both determined by UV absorption and volume). We then strived our best to adjust 

the loading volume of the protein-particle complex to add the same amount of protein for all 

samples. Activity assay was performed as previously reported.121,291 

Dynamic Light Scattering (DLS) Measurements. 

The DLS measurements were conducted on a Nano ZS Zetasizer (Malvern Instrument 

Ltd.). The intensity of scattered light was detected at 90° to an incident beam. Typically, AuNPs 

(10 µL, 0.01 µM) were diluted to 1000 µL with ddH2O for the measurements. Details of 

operation followed the standard user’s guide provided by the manufacture. All data analysis was 

based on intensity calculations. 

Results and Discussions 

Materials and Methods Selection  

We only focus on the stable, –SH based Au coatings in this work. To understand the 

impacts of AuNP surface charge and thickness on T4L adsorption, we employed coating 

molecules with different charge and flexibility (see below). AuNP size was also varied to probe 

its effect. The involved coatings were implanted on the AuNPs or AuNRs by replacing the 
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original coating via ligand exchange.244,294,295 For conciseness, we only focus on the ligand 

exchange approach to switch coatings; other coating approaches will be explored in our future 

work.  

For each coated AuNP/AuNR, TEM, UV-vis absorption, Dynamic Light Scattering 

(DLS) and Zeta potential measurements were employed to characterize the particle morphology, 

size/shape, and surface charge, in the absence and presence of T4L. All T4L-particle TEM, DLS 

and Zeta potential measurements were acquired by incubating the particles with excess T4L and 

washing off the unattached protein. The obtained information, however, is not sufficient to depict 

the state of the protein at the molecular level. Therefore, we employed Site-Directed Spin 

Labeling (SDSL) and Electron Paramagnetic Resonance (EPR) spectroscopy. SDSL-EPR is 

especially powerful in probing protein dynamics at the residue level, wherein the site of interest 

is mutated to a cysteine residue followed by reaction with a methanethiosulfonate nitroxyl 

radical derivative to create a spin label sidechain (designated as R1).119,120 Once labeled, the 

Continuous Wave (CW) EPR spectrum reflects the net effect of three motions, the protein 

rotational tumbling, protein backbone fluctuation, and the internal flexibility of the R1. Knowing 

these three motions of a protein at a specific site of interest is informative in two folds. First, CW 

EPR can sense whether protein adsorption occurs on particles because adsorption restricts 

protein rotational tumbling and yields a broadened linewidth.291 Second, if a specific site of 

protein is in contact with the particle surface or adjacent proteins, the backbone fluctuation 

and/or R1 internal flexibility are restricted, leading to an even broader spectrum. This fact has 

been used to characterize protein orientation and crowding conditions on the surface of 

nanoparticles.291 Combining information from TEM, Zeta potential measurements, UV-vis 
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absorption, and EPR leads to a molecular level understanding of the adsorption behavior of T4L 

on AuNPs/AuNRs. 

AuNP/AuNR Characterization 

AuNPs with diameters of 14 and 56 nm with the citrate coating were prepared as 

described in our recent work.121 The morphology and size of each particle were confirmed by 

TEM (Figures 4.4A-4.4B). UV-vis spectra (Figure 4.4C) revealed a dominant peak at 518 and 

526 nm for each particle. A rough estimation of particle size using these values yielded 

consistent findings with TEM.190 The surface charge was determined via Zeta potential 

measurements as -26.7+/-1.9 and -22.3+/-0.3 mV for the 14 and 56 nm AuNPs, respectively. 

These values are close to expectation for the negative citrate coatings. AuNRs were prepared 

according to the literature292 and confirmed with TEM and UV-Vis (Figure 4.5). TEM image was 

used to calculate aspect ratio of Gold Nanorods to yield an aspect Ratio (Length/Width)= 

2.76±0.273.296 

 

Figure 4.4. The Transmission Electron Microscopy (TEM) images (A, B) and UV-vis spectra (C) 

of AuNPs prepared in two sizes in citrates. (D) The Fourier Transformation Infrared (FT-IR) of 

the involved polymer coatings in the main text. (inset) The characteristic –SH peak of FT-IR is 

visible after zooming-in. 
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Figure 4.5. The Transmission Electron Microscopy (TEM) images (A) and UV-vis spectra (B) of 

AuNRs prepared with CTAB coating. 

Protein Mutants and Spin Labeling 

A total three T4L mutants were spin labeled for our study: 44C, 65C, and 151C (the 

yielded sidechains are 44R1, 65R1, and 151R1, respectively). These mutants essentially 

represent the three major regions of the protein, the N-terminus, the inter-domain helix, and the 

C-terminus. The mutants expressed and spin-labeled in our laboratory were confirmed to have 

the native secondary structure and activity based on Circular Dichroism (CD) and an activity 

assay.121 The purity of the expressed protein mutants was determined to be > 98% using gel-

electrophoresis for the studied mutants. The labeling efficiency of the studied mutants was 

determined to be >95% using previously reported approach.122 The CW-EPR spectra of the 

mutants were also consistent with those reported in the literature.186,192,193 

Coating Compounds  

The neutral polyethylene glycol (PEG)-SH was generated by reacting the –OH of the 

commercial PEG-OH with excess 3, 3'- disulfanediyldipropanoyl chloride (Figure 4.1A) 

followed by cleaving the disulfide bond with Dithiothreitol (DTT; Figure 4.1B).297 The 

negatively charged polyacrylic acid (PAA) was prepared by the polymerization of tert-butyl 

acrylate (t-(BA)) followed by hydrolysis using TFA (Figure 4.2A). Partial (and random) reaction 

of the –COOH with cysteamine yielded PAA-(SH)n, wherein the “n” indicates multiple –SH 
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groups per PAA chain. PAA-SH was prepared via scheme in Figure 4.2B wherein the end -NH2 

group of PAA was connected with excess 3, 3'- disulfanediyldipropanoyl chloride followed by 

cleavage of the disulfide bond to form –SH. The –NH2 groups of the positive polyethylenimine 

(PEI) were partially substituted with –SH groups by reaction with MPA under the catalysis of 

EDC/NHS (Figure 4.3). The polymers were coordinated to AuNPs via Figure 4.7 pathways B or 

C. In general, the polymer-to-protein ratio was 10,000:1 and the vibration time was ~12 hrs. The 

PEI-(SH)n, PEG-SH, and PAA-(SH)n were characterized using Fourier Transformation Infrared 

(FTIR) (Figure 4.4D), wherein the three new peaks at ~ 2530- 2560 cm-1 demonstrate the 

presence of thiol groups. The peak intensities of PEI-(SH)n and PAA-(SH)n are higher than that 

of PEG-SH, in line with the number of –SH groups in these polymers. The molecular weight of 

PAA-SH and PAA-(SH)n were characterized with the Gel Permeation Chromatography (GPC; 

Figure 4.6). Similarly, the CTAB coating of AuNRs was exchanged to PAA-SH and PAA-(SH)n. 

The chemical shifts at 2.6-2.8 ppm corresponding to the methylene protons (–CH2CH2-SH) next 

to the thiol group confirm the presence of thiols. Integrated intensity of these peaks indicates that 

75-85 % of PAA was modified with one thiol group in PAA-SH (only an estimated range is 

given because of the presence of the broad polymer peaks). For PAA-(SH)n, NMR indicates that 

for every PAA ~17.7 thiols were attached. According to GPC, for PAA-SH, the Mn is 58.1 kDa, 

the Mw is 107.7 kDa, and the PDI is 1.86. For PAA-(SH)n, the Mn is 16.6 kDa, the Mw is 31.2 

kDa, and the PDI is 1.88. 
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Figure 4.6. The GPC data for PAA-(SH)n and PAA-SH. 
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Figure 4.7. Schematic illustration of our coating strategies: pathways to implant small molecular 

coatings (A) and polymer coatings (B, C). 
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Positive and Neutral Coatings Prevent T4L Adsorption and Particle Precipitation  

In principle, replacing the citrate with a layer of positively charged compounds should 

prevent the T4L-triggered AuNP precipitation since T4L has a positive net charge at neutral pH 

(pI 9.2). However, our attempts with cysteamine, which is often used as a positive coating in 

AuNP studies, produced a clear precipitation in the absence of T4L. Time-resolved UV-vis 

spectra also showed a rapid decrease in particle concentration regardless. We rationalized this to 

the electrostatic interaction between the citrates and the positive cysteamine during ligand 

exchange. This interaction must disrupt the original citrate coating and lead to particle 

aggregation. Meanwhile, the citrates may cap the –NH3
+ end of the cysteamine (Figure 4.7) and 

create the steric hindrance for S-Au coordination, which prevents the effective coating of AuNPs 

with cysteamine, leading to particle precipitation. Indeed, current reports on cysteamine coating 

of AuNPs were directly prepared by reducing the HAuCl4 with NaBH4 in the presence of 

cysteamine, instead of through ligand exchange.298–300 Note that most of our observations in this 

work are independent of AuNP sizes (14 and 56 nm). Therefore, for conciseness, our discussion 

will not specify AuNP size unless particularly stated. 

To create effective S-Au coordination, we switched to the –NH2 based polymer coating, 

the PEI-(SH)n (positively charged at pH 7) and conducted ligand exchange. Although the citrates 

were still able to cap the amines of PEI, the relatively large molecular size of PEI allowed for the 

spatial availability of –SH groups and ensured the successful S-Au coordination on the surface. 

The resultant Zeta potential was on the order of ~+40 mV (see Table 4.1), proving the success of 

coating exchange. TEM also confirmed the presence of stably dispersed AuNPs (Figure 4.8A). 

The UV-vis spectrum showed the characteristic absorption at 526 nm for the 56 nm AuNPs 

(Figure 4.8B), indicating that the AuNP size was retained upon PEI coating. DLS measurements 



 

122 

show a slight increase in the hydrodynamic radius compared to the original AuNPs (from 50 to 

75 nm;). This may be caused by the crosslink between PEI molecules which formed multiple 

layers of PEI coating. Upon incubating with T4L for ~30 min, we acquired CW EPR spectra. As 

shown in Figure 4.8C, the spectrum of 151R1 (Figure 4.8 inset) on the PEI-(SH)n coated AuNPs 

was identical to that in solution, indicating no protein adsorption (because of no change in 

protein rotational tumbling rates; see above). After removal of the protein via washing, the Zeta 

potential, TEM, and UV-vis spectra remained; there was no EPR signal retained. Other mutants 

yielded the same outcomes. PEI, therefore, can serve as a stable AuNP coating to prevent T4L-

triggered aggregation. 

 

Figure 4.8. The TEM (A), UV-Vis spectrum (B), and CW EPR (C) of the AuNPs coated with a 

positively charged polymer, PEI. The black trace in (C) indicates the CW EPR spectrum of a 

representative protein site, 151R1, in water. The red and green traces were the same site on 

AuNPs before and after wash. The same set of data are also acquired for the PEG coated AuNPs 

(D=TEM; E=UV-Vis spectrum; F= CW EPR spectra). (Inset) The three labeled sites for site-

specific protein backbone dynamics (crowding environment) studies. 
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Table 4.1. The Zeta potentials of the involved AuNPs in this study, in the absence and presence 

of T4L. a: T4L triggered the precipitation of AuNPs; no Zeta potential was measured. b: There 

was no protein adsorption; the Zeta potentials remained unchanged as in the absence of T4L. 

Particle Name - T4L (mV) +T4L (mV) 

14 nm AuNPs -26.7+/-1.9 N/Aa 

56 nm AuNPs -22.3+/-0.3 N/Aa 

PEI-(SH)n 14 nm +40.8+/-3.8 Unchangedb 

PEI-(SH)n 56 nm +37.8+/-3.1 Unchangedb 

PEG-SH 14 nm  -30.8+/-3.1 Unchangedb 

PEG-SH 56 nm -29.9+/-2.6 Unchangedb 

MSNa 14 nm -24.2+/-2.7 4.9+/-1.8 

MSNa 56 nm -21.5+/-1.2 3.6+/-1.6 

PAA-(SH)n 14 nm -26.2+/-3.6 -18.2+/-2.2 

PAA-(SH)n 56 nm -34.1+/-2.9 6.0+/-0.6 

PAA-SH 14 nm -39.1+/-3.6 -22.1+/-1.0 

PAA-SH 56 nm -38.7+/-3.7 9.6+/-0.3 

 

We also probed the effect of neutral polymers on T4L-AuNP complexation. We selected 

the end-modified PEG-SH to conduct this study because the –SH can anchor PEG to the AuNP 

surface and the PEG chain can effectively create steric hindrance/shielding to prevent AuNPs 

aggregation.301 The TEM and UV-vis spectrum shown in Figures 4.8D and 4.8E confirmed the 

size and morphology of the PEG-SH coated AuNPs. CW EPR confirmed no protein adsorption 

(representative data see Figure 4.8F). DLS measurements with and without protein show similar 

hydrodynamic radii, indicating PEG places no influence on AuNP size (Table 4.2). Particle size 

stability was judged based on UV-Vis spectra and DLS. The UV-Vis spectra were stable after 

mixing with protein over time (Figure 4.9), indicating that the particle number was unchanged. 

Similar finding was true from DLS results. PEG, therefore, can serve as a stable AuNP coating 

but does not bring extra charges into the system. Indeed, PEG can prevent the adsorption of most 

proteins with either positive or negative net surface charges due to the steric hindrance.301 
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Table 4.2. The hydrodynamic radius of particles with various coatings in the absence and 

presence of protein. 

Particle Name - T4L (nm) +T4L (nm) 

AuNPs 50.2+/-16.3 N/Aa 

PEI-(SH)n 76.9+/-15.3 82.4+/-26.8 

PEG-SH 57.8+/-17.4 57.5+/-14.5 

PAA-(SH)n 94.7+/-25.6 307.6+/-58.6 

PAA-SH 58.0+/-23.1 282.1+/-44.9 
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Figure 4.9. The UV-Vis spectra of AuNPs and various coatings. The red curves in (B) and (C) 

were acquired 30 min after mixing the protein with the associated particles. The UV-Vis spectra 

do not change much over time. The results show almost no change in particle numbers upon 

addition of the protein. 
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T4L Induces Agglomeration of Negatively Coated AuNPs 

We have shown that the weak citrate-Au coordination could be disrupted by T4L 

resulting in precipitation.121 In this section, we intend to probe the effects of stronger negative 

coatings on T4L adsorption. We again started with small molecular coatings, MSNa and MPNa. 

Since our findings are identical for both, our discussion will only be focused on MSNa. Upon 

ligand exchange, the Zeta potentials were on the order of -20 mV (Table 4.1). There was no 

precipitation or pellets as judged by visual observation and TEM (Figure 4.10A). The particles 

tended to settle down to the bottom of the test tube if left static for a few days. However, these 

particles could be re-dispersed via sonication. 

  

Figure 4.10. The TEM images of AuNPs coated with the negatively charged MSNa in the 

absence (A) and presence (B) of T4L. The “cloud-like” network indicates particle crosslink by 

T4L. (C) The CW EPR spectra of a representative site (151R1) before and after wash indicate a 

very low amount of protein adsorption. The same set of data for the PAA-(SH)n coated AuNPs 

are also shown. The TEM images in the absence (D) and presence (E) of T4L indicate the 

formation of interparticle crosslink. (F) The CW EPR of the same representative site after wash 

indicates a substantial broadening in the protein network in comparison to the “control” (red VS 

green). Proteins were dyed before TEM test. The “*” indicates the background signal of our 

resonator. 
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Upon addition of T4L, there was no precipitation either. The Zeta potential also became 

positive (3-5 mV, see Table 4.1), confirming the adsorption of protein. The TEM of the stained 

protein adsorbed to AuNPs showed agglomeration of particles (Figure 4.10B), wherein the 

particle sizes were retained but the protein becomes the medium to crosslink AuNPs. This is not 

a complete surprise because T4L can bridge negatively surfaced particles and the stable, strong 

coatings prevent the previously observed “decoating” by T4L.121 Our EPR test, however, did not 

show indication of protein adsorption (see above). As shown in Figure 4.10C, upon mixing with 

T4L, the spectrum was identical to that in solution. After washing off the unattached proteins, the 

remaining EPR spectrum showed almost no signal. This may be caused by the low amount of 

protein adsorption (ca. lower than our EPR detection limit, ~5-10 µM). It is also possible that 

T4L adsorption to the MSNa coated AuNPs was labile and the adsorbed proteins were in 

constant exchange with those in solution. An evidence supporting the possibility of labile 

interaction between proteins and AuNPs is the fact that the more rounds of washes we carried 

out, the more the EPR signal reduced. Nevertheless, the TEM and Zeta potential proved the 

presence of T4L.  

Next, we coated AuNPs with PAA-(SH)n in order to create a higher amount of negative 

charges for T4L adsorption. Here the index “n” stands for multiple –SH groups per PAA. The 

Zeta potential became slightly more negative (~ -30 mV; see Table 4.1) indicating the successful 

replacement of citrate with PAA-(SH)n. The TEM (Figure 4.10D) confirmed that the core size of 

AuNPs was unchanged upon the PAA-(SH)n coating. DLS measurements, however, indicated an 

increase in the hydrodynamic radius (50 to 95 nm). This could be caused by the inter-PAA 

molecular crosslinks between thiols which may generate multiple layers of PAAs and/or create 

AuNP aggregation (to yield a larger hydrodynamic radius). Upon mixing with T4L, the TEM 
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indicates a more intense inter-particle crosslink between AuNPs (Figure 4.10E), while DLS 

indicates a significantly increased particle size. We also added excess proteins in order to 

saturate the AuNPs. The resultant spectrum (Figure 4.10F black) shows the free protein signal 

(the sharper lines) and some broadened signal, indicating that only a portion of the protein was 

adsorbed to AuNPs and sensed the local environment change. This change was clearer after 

removal of the unattached protein (Figure 4.10F after wash), which showed a significantly 

increased spectral linewidth. The broadening observed in Figure 4.10F (red) is wider than the 

same protein site immobilized on a solid sepharose surface but with no additional restriction at 

the labeled site (see “control”, Figure 4.10F green).291 We rationalize this finding to the fact that 

the inter-particle crosslink was so intense that the protein backbone fluctuation and the spin 

label’s internal motion were both restricted. Same findings held for two other labeled sites (data 

see below and Figure 4.11). EPR spectral simulations resolve two major contributions to the 

spectra, a highly restricted component and a less restricted one, indicating some proteins make 

direct contact with others at the labeled site while others do not. The relative population of the 

restricted component is 10-20% depending on mutants (see Appendix Tables A1 and A2).  The 

data shown in Figure 4.10F (before wash, black trace) was obtained with a protein-to-particle 

ratio of 100:1, and the adsorbed protein (the broader component of the spectrum) is ~40-50 % 

which means each AuNP can adsorb 40-50 proteins on average. Given the AuNP concentration 

of 0.1 μM, the adsorbed protein concentration is ~5 μM. EPR results, therefore, suggest that the 

inter-particle crosslink by T4L protein was indeed an intensely crowded protein network. Also, 

T4L might be a good medium to crosslink negatively charged AuNPs and create gold nano-

agglomerates.264–266 
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Figure 4.11. Supporting CW EPR data for 44R1 adsorbed to the PAA-(SH)n and PAA-SH coated 

AuNPs and AuNRs. The “control” stands for data acquired from the same protein site 

immobilized to the CNBr-activated sepharose beads, wherein the protein rotational tumbling is 

known to be restricted but proteins retain the native conformation. Broadening in the low field 

region indicates “contact” of 44R1 sidechain with other protein molecules or nanoparticle 

coatings. The asterisk indicates the background signal from our resonator; the blue triangles 

indicate proteins detached into the solution. 

T4L Forms a Stable Corona on the Negative “Shell” of AuNPs  

One reason the PAA-(SH)n coating was able to form the agglomerates is the strong 

coordination of the multiple thiol groups of PAA-(SH)n with the AuNP surface as well as the 

potential crosslinks between PAAs. This strong interaction not only prevented the “decoating” of 

AuNPs by T4L but also helped the formation of the relatively stable, crosslinked protein 

network. If the strong crosslinks between thiol groups can be reduced and some steric shielding 

can be introduced, it is possible to create protein adsorption without aggregation or precipitation. 

To test this hypothesis, we utilized the PAA-SH to coat the AuNP surface wherein the –SH was 

anchored on the surface while the rest of PAA was extended to the solution to form a “shell”. 

The Zeta potential was dropped to ~-40 mV. The TEM shown in Figure 4.12A indicates good 

dispersity of the PAA-SH coated particle. DLS results indicate a small but noticeable increase in 
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the hydrodynamic radius (50 to 58 nm). Upon mixing with T4L, instead of the “cloud-like” 

protein crosslink networks shown in Figure 4.10E, we observed the pattern shown in Figure 

4.10B wherein each AuNP was surrounded by a number of (stained) proteins. This indicates that 

the single point attachment effectively prevents the formation of inter-particle crosslinks and 

creates a T4L corona. DLS also indicates a significantly increased particle size. A closer look at 

the EPR data on the three labeled sites indicates that additional “contacts” or broadening are 

present in comparison to the “control” (described before; red VS black curves of Figures 4.12C 

and 4.12D).291 As discussed in our recent work, such broadening indicates the contact of T4L 

and the shell. Interestingly, the broadening extent in the CW spectra of both 65R1 and 151R1 

adsorbed on the PAA-SH coated AuNPs was not as high as that on the PAA-(SH)n coated 

AuNPs (green VS red curves of Figures 4.12C and 4.12D). This indicates that the local 

crowding/restriction at the labeled sites in the protein-mediated agglomerates is higher than that 

in the protein corona. This finding is reasonable because to prevent the disassembly of the 

agglomerates, stronger protein-protein interaction is needed. EPR spectral simulations using two 

components show similar findings, a highly restricted component and a less restricted one. The 

relative population of the restricted component, however, drops to 5-10 % (see Appendix Tables 

A1 and A2), consistent with our argument above.   

Our further tests indicated that the adsorbed proteins can be desorbed via washing with 

higher ionic strength buffers. Therefore, the PAA-SH coated AuNPs can be used for protein 

storage. In order to retain the function of T4L on these AuNPs, however, the “additional” 

protein-surface contact should be avoided. This could be done by introducing some hydrophobic 

interactions in the shell, which will be explored in our future work. Once achieved, the PAA-SH 
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coated AuNPs could be used as protein carriers for biocatalysis, protein delivery, enzyme 

storage, and fundamental protein structure/dynamics studies. 

 

Figure 4.12. The TEM images of AuNPs coated with PAA-SH in the absence (A) and presence 

(B) of T4L. Stable protein adsorption is evident as shown by the coronas around the particles. (C, 

D) The CW EPR spectra of 65R1 (C) and 151R1 (D) show a medium extent of spectral 

broadening (red) for these two mutants on the PAA-SH coated particles comparing to the control 

(black) and the PAA-(SH)n coated ones (green). Proteins were dyed before TEM test. The “*” 

indicates the background signal of our cavity. The blue triangles could originate from unattached 

proteins or unfolded proteins adsorbed on the particles. 

T4L Adsorption Behavior on AuNRs  

To probe the influence of geometry on protein adsorption behavior, we went on to 

investigate the mixture of T4L and AuNRs. With CTAB coating, the addition of T4L did not 

change the morphology of AuNRs due to the charge repulsion. Next, we utilized the PAA-SH 

and PAA-(SH)n to coat the AuNRs and the resultant AuNRs were found to retain their shapes 

(TEM images shown in Figures 4.13A and 4.13B). Upon addition of T4L, interestingly, we 

observed a layer of protein corona on both AuNRs, regardless of the coating (Figures 4.13C and 

4.13D). The EPR measurements of protein backbone dynamics (Figures 4.13E-4.13H) indicate 

crowded local environments at the three labeled sites for both PAA coats. In particular, for PAA-
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SH coating, the extent of crowding in the AuNRs coronas is higher than that in the AuNPs 

coronas (see Figures 4.13E and 4.13G, arrows). This may be caused by the flat portion of the 

AuNR surface which creates additional tension in order to adsorb the protein. For PAA-(SH)n 

coating, it is a bit surprise that we did not observe the agglomerates as in the case of AuNPs. The 

extent of broadening (crowding) is similar in both AuNPs and AuNRs for all studied sites 

(Figures 4.13F and 4.13H). EPR spectral simulations (see Appendix) using two-component 

fitting result in similar rates and order of motions, although the populations of the restricted 

components are slightly higher than those on AuNPs (see Appendix Tables A1 and A2). This 

may also be rationalized to the flat portion of the AuNR surface, so that although no protein 

crosslink is formed, the strong interaction between the highly intensive negative charges on the 

AuNR surface in combination with the flat surface creates the additional crowding. 

 

Figure 4.13. The TEM images of AuNRs coated with PAA-SH and PAA-(SH)n in the absence 

(A, B) and presence (C,D) of T4L. Stable protein adsorption is evident as shown by the coronas 

around the particles. (E-H) The CW EPR spectra of 65R1 (E, F) and 151R1 (G, H) on AuNRs 

with different coatings and their comparison to the spectra on AuNPs and the “control”.  
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Molecular Models of T4L Adsorption  

Combining findings from several biophysical and analytical techniques, we propose the 

following molecular models. As shown in Figure 4.14A, with positive or neutral coatings, T4L 

was either repulsed or spatially shielded from the particle surface, preventing their capability of 

bridging particles and triggering particle aggregation/precipitation. With negative coatings, if the 

coating is stable enough to prevent “decoating”, AuNP precipitation was also prevented. 

However, depending on the charge distribution and thickness of the coating, the outcomes of 

T4L adsorption are different. Upon adsorption to the AuNP surface with strong crosslinks 

between polymers (ca. PAA-(SH)n coating; Figure 4.14B, left and middle panels), a T4L 

molecule is able to attract the second one via electrostatic interactions (Figure 4.14B, right panel) 

to form a protein network. Furthermore, the outer layer of PAAs could crosslink inner layer ones 

to help form the T4L-PAA (outer)-PAA (inner) network. The so-formed coating layers are thick 

and stable, which facilitate the formation of the agglomerates. If the number of –SH is reduced 

(ca. PAA-SH coated AuNPs/AuNRs; Figure 4.14C), the charges are distributed along the shell 

(with no crosslink). T4L is still able to adsorb to the network of the PAA. However, the 

relatively low charge density and the intrinsic PAA flexibility as well as the steric shielding (due 

to the thickness of the shell) together reduces the chance of forming agglomerates. Instead, only 

protein coronas are formed on AuNPs with good dispersity. Same is true for PAA-SH coated 

AuNRs. The puzzle here is why AuNRs with PAA-(SH)n coating does not form the 

agglomerates. We speculated that this is related to particle geometry and protein size. To form 

agglomerates, the protein has to serve as the bridge or “cross-linker” to adhere the particles 

together. Adhering AuNRs with heterogeneous orientation is unstable especially for a small 
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protein like T4L (Figure 4.14D). A potential direction of generating AuNR based agglomerates 

using T4L is to orient all AuNRs (Figure 4.14D). 

 

Figure 4.14. The schematic models of T4L adsorption to AuNPs with various surface charges 

(green=neutral, red=positive, blue=negative). (A) Positive/neutral coatings create isolation of 

protein and AuNPs. (B) Strong negative coatings based on PAA crosslinks facilitate 

agglomerates formation. The protein surface charge might be the key for the crosslinked protein 

network (right). (C) PAA-SH shells adsorb proteins with no aggregation formation. (D) Negative 

PAA-(SH)n coatings does not form agglomerates with T4L. 

Coordination of Coating Molecules with Gold Surface  

Most AuNPs were prepared by reducing the HAuCl4 to AuNPs in the presence of citrate 

sodium as the reducing agent;302 the resultant citrates were anchored on the GNPs surface 

through the coordination of η-COO- to gold atoms.207,253 The coordination was not so stable 

(bonding energies are 33.4 -41.8 kJ/mol), creating serious stability issues of AuNPs in biological 
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and medical applications. The coordination of –SH to gold atoms, on the other hand, has a 

bonding energy of 184 kJ//mol.274,303,304 Such enhanced coordination is essential for the 

formation of stronger coatings.  

Polymer Coatings  

In comparison to the small molecular coatings, polymers are able to create a layer of 

steric shielding to separate AuNPs from aggregation or precipitation. PEG-SH is perhaps the best 

in this context wherein no new charges are brought to the system. The biocompatibility of PEG 

coating is also excellent. In addition, the polymer conformation affects the protein adsorption. 

For example, in PAA-(SH)n coated AuNPs, the multiple –SH coordination sites likely overcome 

the charge-charge repulsion between PAA chains, resulting in a PAA conformation which wraps 

the AuNPs surface. This facilitates the formation of a multi-layer PAA coating stabilized by 

extensive crosslinking, which helps the inter-particle crosslink mediated by T4L. On the other 

hand, the conformation of PAA-SH on AuNPs must be extending away from the particle surface 

toward the solution. This creates steric shielding which weakens the crosslink significantly. The 

protein is only adsorbed, creating neither inter-particle crosslinks and nor agglomeration. An 

interesting phenomenon is the PAA-(SH)n coated AuNPs agglomerates do not continue 

aggregation or precipitate out. This is likely because the protein becomes the coating of the 

agglomerates once reached to at a certain size. Of course, we stayed below the 10x concentration 

of AuNPs (0.01 µM); the agglomerates would be unstable at higher concentrations. 

Applications of Engineering Protein-Nanoparticle Complexation 

Our negative coating studies are particularly interesting because they imply the potential 

use of T4L in AuNP/AuNR-based materials design. For example, T4L may be used as the media 

to crosslink AuNPs/AuNRs to form agglomerates to facilitate therapeutics. The use of T4L may 
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provide antibacterial functions to the agglomerates as well.305–307 One of our future directions is 

to fine-tune the amount of –SH groups on PAA-(SH)n, polymer-to-AuNP/AuNR ratio, PAA 

length, and buffer conditions to control the size and morphology of the T4L-induced AuNPs 

agglomeration. For the PAA-SH coated AuNPs/AuNRs, the PAA shell can be used to 

immobilize T4L or other positively charged proteins/enzymes. The major advantage of the PAA 

shell is the intrinsic flexibility of the polymer chain which creates “soft” contact of the shell with 

the target protein. It is also possible to co-polymerize other functional polymers with PAA to 

bring diverse functions to the shell. Immobilization of proteins is important for enzyme storage, 

biocatalysis, and protein delivery. Indeed, proteins adsorbed to AuNPs or AuNRs showed 

potential activity as compared to free protein in solution (see Figure 4.15), indicating that both 

particles can retain some protein function. In comparison to other solid phase immobilizers, 

AuNPs/AuNRs have the characteristics of high thermal stability, bioinert nature, and higher 

contrast (for imaging applications). 

  

Figure 4.15. The activity assays of T4L coated on various negatively charged AuNPs and 

AuNRs. Positive control (black triangles) = T4L; negative control (black squares) = AuNP. 
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EPR as a Sensitive Tool to Probe the Local Environment of Proteins in Complex with 

Nanoparticles  

Knowing the local environment of protein at the nano-bio interface is important for 

preparation of agglomerates because the strength of inter-protein crosslink (or the crowing) is 

closely related to the stability of the formed agglomerates. In addition, if the protein biological 

function is needed in the agglomerates (ca. the antimicrobial function of T4L), the crowding 

should be reduced in order to retain protein function. The local environment of proteins in 

coronas is also important when AuNPs/AuNRs are applied in protein immobilization and 

delivery. This is because if the crowding suppresses the protein biological function, then it 

becomes meaningless to immobilize or deliver a dysfunctional protein. Determining protein 

environment at the nano-bio interface is challenging for most techniques due to the complexities 

caused by the presence of gold and the molecular interaction between protein and the particles. 

EPR is a unique technique to probe the protein adsorption behavior on nanoparticles, due to its 

sensitivity to protein rotational tumbling and local spatial restrictions (see before).120,291 The 

“penetrating power” of magnetic resonance allows for structure and dynamics measurements in 

complex systems regardless of the presence of AuNPs/AuNRs. In this work, we relied on EPR to 

rapidly sense the presence of protein adsorption by simply checking if there is any line 

broadening. In addition, we utilized EPR lineshapes to evaluate the relative crowding effects of 

T4L at three representative sites on various particle surfaces. Lastly, EPR offers an opportunity 

to probe the relative orientation of proteins on nanoparticles (see “Materials and Methods 

Selection”). In the PAA-(SH)n coated AuNPs, our results showed that all sites were able to make 

the contact, indicating a random protein orientation in the crosslinked network. Similar findings 

hold for the PAA-SH coated AuNPs and AuNRs. 
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DLS traces are important in revealing the fine details of the particle size distribution upon 

coating. For example, in the absence of protein, the PAA-(SH)n coating shows a dominant mono-

modal size distribution at 95 nm (Figure 4.16). However, the relatively large standard deviation 

(~25.6 nm) may indicate some extent of aggregation, consistent with the findings from UV. In 

addition, upon adsorption of protein, the average particle size becomes much larger (307 nm). 

However, the size distribution is still mono-modal according to DLS traces (Figure 4.17). This 

indicates that relatively uniform agglomerates were generated when T4L was a medium to 

crosslink AuNPs with PAA-(SH)n. Note that in some traces, there exists a minor peak (<25%) 

consistent with small particles (<20 nm). These particles may be caused by irregularities in the 

synthesis of AuNPs or polymer aggregation. 

 

Figure 4.16. The size distribution from DLS for the AuNPs coated with PAA-(SH)n. The 

dominant peak at ~95 nm contains 91 % population and a standard deviation of 25.6 nm. 
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Figure 4.17. The size distribution from DLS for the AuNPs coated with PAA-(SH)n in the 

presence of protein. The dominant peak at ~307 nm contains 100 % population and a standard 

deviation of 58.6 nm. 

Conclusions 

Reported here is a systematic investigation of the effects of charge and thickness of the 

AuNP coating on the adsorption behavior of a “problematic” globular protein, T4L. These 

findings are in line with the literature where polymers were used to avoid protein adsorption. 

Furthermore, we discovered that negative coatings with stronger coordination to the AuNP 

surface were also able to avoid the T4L-triggered AuNP precipitation.  However, T4L was 

clearly adsorbed to these AuNPs. Interestingly, depending on the charge distribution and layer 

thickness, the resultant complexes have different morphology. On AuNPs with strong negative 

coatings, substantial T4L adsorption was observed which led to particle aggregation to form the 

agglomerates. With PAA-SH shells, the AuNPs were able to adsorb T4L to form the protein 

corona which showed good dispersity in solution. This result suggests that AuNPs with proper 

coatings can be used as protein immobilizers or carriers if the coating can help retain the 

structure and activity of the protein. When mixed with AuNRs, only protein corona is formed. 
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Lastly, we proposed molecular models to account for each case of T4L adsorption. Our findings 

demonstrated/highlighted the importance of surface properties on AuNP functions and effective 

approaches to control T4L adsorption behavior on AuNPs. With negative coatings, 

AuNPs/AuNRs can serve as immobilizers for carrying positively charged proteins. On the other 

hand, with proper coating T4L can be potentially a good biocompatible candidate to facilitate the 

formation of AuNP-based agglomerates which find thermotherapeutic applications. 
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CHAPTER 5. ENHANCING ENZYME IMMOBILIZATION ON CARBON 

NANOTUBES (CNTS) VIA METAL-ORGANIC FRAMEWORKS (MOFS) FOR LARGE 

SUBSTRATE BIOCATALYSIS† 

Introduction 

Large-substrate biocatalysis finds wide applications in the food industry, antimicrobial 

materials, as well as biomedicine, and, therefore, attracts great attention.308–310 Immobilizing the 

needed enzymes on solid supports improves biocatalysis by enhancing enzyme stability and cost-

efficiency.4,311,312 It also improves enzyme storage and delivery, biosensing, and biomedicine.313–

317 Nanoparticulates (NPs) are promising immobilization platforms due to the increased effective 

surface area which enhances the enzyme-substrate contact.161,318 The nanoscale size also makes 

NPs effective enzyme delivery vehicles317,319–321 to artificially bring in enzyme physiological 

functions or activate prodrugs in targeted tissues.322 A unique NP, Carbon Nanotube (CNT), has 

also been applied in biocatalysis,323–326 molecular delivery, and biosensors.327,328 In addition, the 

weak lateral interaction between adjacent CNTs suppresses the contact of the immobilized 

enzymes, further enhancing enzyme stability (especially when protease enzymes are 

immobilized).103,104 Therefore, CNTs are attractive platforms for enzyme immobilization.  

Anchoring enzymes to CNTs, however, faces many challenges. While most works rely 

on covalent bonding to provide stable attachment, this approach is challenged by the enzyme 

chemical modification which can perturb enzyme function.35,329,330 It can also be difficult to 
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release the attached enzyme, limiting delivery applications and enzyme reuse/reloading for 

biocatalysis.35,329,330 Physical adsorption relying on the electrostatic, π-π stacking, and/or other 

hydrophobic interactions avoids chemical modifications and allows enzyme release.331–334 

However, the weak interactions cannot prevent leaching.32,335  

Metal-Organic Frameworks (MOFs) offer promising potentials to immobilize enzymes 

without chemical modifications.315–317,336–341 Additional advantages include enhanced stability, 

reduced leaching, and retained enzyme activity.342–345 Thus far, most enzyme-MOF works are 

focused on relatively small enzymes that can fit into MOF cages; the substrate size is also small 

due to the small pore/window sizes of MOFs (nm). Recently, we found that large-substrate 

enzymes can be immobilized on the surface of a special MOF, Zeolitic Imidazolate Framework 

(ZIF), via “one-pot synthesis”. 346 The immobilized enzymes were able to catalyze the 

degradation of bacterial cell walls (µm).346 However, a large number of enzymes were buried 

under ZIF surfaces which cannot participate in catalysis, reducing the cost-efficiency.346 In 

addition, since ZIF is pH-sensitive,347 it is challenging to use this approach for biocatalysis under 

acidic conditions. An approach which can simultaneously avoid leaching/chemical modification, 

enable biocatalysis under varied conditions (including acidic cases), and localize enzymes at the 

surface of the immobilization platform is needed. 

In this work, we show an effective approach to meet all aforementioned requirements 

using ZIFs and one-pot synthesis. We demonstrate this approach on anchoring two model 

enzymes (one large and one small in size), α-amylase (typical substrate: starch) and lysozyme 

(typical substrate: bacterial cell walls) on CNT surfaces. By optimizing experimental conditions 

to form enzyme-ZIF composites on CNT surfaces (CNT-enzyme-ZIF composites), we obtained 

composites with negligible leaching and substantial catalytic activity using native enzymes 
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without any chemical modification. Both composites are stable under acidic conditions. To 

evaluate the amount of enzymes on CNT-ZIF surfaces and better understand the catalytic 

behavior of enzymes, we characterized enzyme orientation on CNTs and the exposed area of 

enzymes on CNT-ZIF using site-directed spin labeling (SDSL)- Electron Paramagnetic 

Resonance (EPR). In comparison to other biophysical techniques, SDSL-EPR is immune to the 

complexities caused by CNT and ZIF background signals as well as the enzyme-matrix 

interactions. 177,291,346,348 SDSL-EPR reports site-specific backbone dynamics of the 

enzyme,170,177 which can depict enzyme areas that contact CNT surfaces and those exposed 

above or buried under the ZIF surface. This information can help assess the effectiveness of 

using CNT-ZIF to localize enzymes on composite surfaces which has shown an enhanced 

amount of enzyme on the surface comparing to pure ZIF; orientation of enzymes itself is 

important because it is directly related to substrate accessibility and catalytic efficiency.  

To the best of our knowledge, this is the first time ZIF and one-pot synthesis are 

employed to anchor large-substrate enzymes on CNTs for biocatalysis. In comparison to loading 

enzymes to the pores of or adsorbing to the surface of pre-formed MOF-CNT composites,349 our 

approach is advantageous for stably immobilizing enzymes with arbitrary sizes. It is also the first 

report of enzyme orientation and structural insights on CNT and CNT-ZIF surfaces. This 

information is important for understanding the structure-function relationship of immobilized 

enzymes and guiding the rational design of CNT-ZIF composites to improve the stability, 

loading capacity, and catalytic efficiency of the immobilized enzymes. Our approach can be 

generalized to other large-substrate enzymes with arbitrary sizes and can potentially improve 

many fields such as antimicrobial materials’ development and food processing. 
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Experimental Methods 

Acidification of Carbon Nanotube 

Multi-Walled Carbon Nanotube (MW-CNTs, 0.05 Wt/Vol %) purchased from Sigma-

Aldrich (No. 755125) was mixed with 1:3 HNO3/H2SO4 under sonication for a few minutes, 

followed by refluxing for up to 2 hr. An equal volume of mixture was taken out every hr to 

obtain CNTs with different acidification degrees. The acidified CNTs were then dialyzed in dd-

water until the pH reached 7. These CNTs were poured into a glass plate to dry in the hood for 2 

days to obtain CNTs in the powder form. 

CNT Characterization 

Fourier Transformation Infrared (FTIR) spectroscopy  

To confirm the acidification of CNTs, FTIR spectra of the acidified CNT treated for 1 

and 2 hr as well as the as-purchased CNTs were acquired with an FTIR spectrometer (Thermo 

Scientific Nicolet is-10) equipped with Attenuated Total Reflection (ATR) element of Smart iTX 

AR Diamond and an Omnic 5.1 software. CNTs were pressed tightly against the crystal plate. 

Both the acidified and the non-acidified CNT samples were analyzed, with each spectrum 

averaged for 32 scans collected from 400 to 4000 cm-1. Air was run as the background for each 

sample and no baseline or ATR corrections were applied.   

TEM sample preparation  

A drop of sample was placed on a 300-mesh formvar-carbon coated copper TEM grid or 

lacey carbon grid (Electron Microscopy Sciences, Hatfield, Pennsylvania, USA) for 30 s and 

wicked off with a filter paper.  Enzyme-containing samples were stained by adding 1% 

phosphotungstic acid (pH 7-8) to the grid for 2 minutes, then wicked off and allowed for air dry. 
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Images were obtained using a JEOL JEM-2100 LaB6 transmission electron microscope (JEOL 

USA, Peabody, Massachusetts) running at 200 kV.  

Protein Expression, Purification, and Spin Labeling 

Mutants of 44C, 65C, 72C, 118C and 151C were prepared as described before.291 Briefly, 

the DNAs of these mutants were generated by QuikChange site-directed mutagenesis of the 

pET11a-T4L genetic construct containing the pseudo-wild-type mutations C54T and C97A186,188 

followed with verification of each mutation by DNA sequencing. These mutants of T4L were 

expressed, purified, and then desalted (to remove DTT) into a buffer suitable for spin labeling 

(the “spin buffer”, containing 50 mM MOPS and 25 mM NaCl at pH 6.8). The desalted protein 

mutants were then reacted with a 10-fold molar excess of S-(2,2,5,5-tetramethyl-2,5-dihydro -1-

Hpyrrol-3-yl) methyl methanesulfonothioate (MTSL, Toronto Research Chemicals, Inc., 

Toronto) at 4 °C overnight (yielding R1). Excess MTSL was removed using the Amicon spin 

concentrator (Millipore, 10,000 MWCO, 50 mL). The spin-labeled protein mutants were stored 

in the spin buffer at -20 °C for further use. 

The spin-labeled mutants were confirmed to have the correct secondary structure and 

activity via CD spectroscopy and an activity assay, both of which were described in chapter 2 

and our recent work.121 A few representative sites were characterized via CW EPR to confirm the 

local conformational dynamics. 

CNT-T4L Complex Preparation 

Typically, ~2.5 nmol of protein mutants was mixed with the acidified CNT (1mg/mL) 

(mutants/MWCNTs = 1.2/1) and incubated at ambient temperature in a shaker for 0.5 hr (Figure 

5.1).  The unattached protein was removed via centrifugation. CW EPR was conducted on the 

samples before and after the removal of unattached protein.  
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Figure 5.1. Scheme for CNT-T4L complex formation. 

EPR Spectroscopy 

Approximately 20 µL of the complex/composite sample was loaded into a borosilicate 

capillary tube (0.70 mm i.d./1.25 mm o.d.; VitroGlass, Inc.), which was mounted in a Varian E-

109 spectrometer fitted with a cavity resonator. An observe power of 200 µW, modulation 

frequency of 100 kHz and a modulation amplitude of 1.0 G was used for the collection of all CW 

EPR spectra. 

CNT-T4L-ZIF Composite Preparation 

Dry acidified MWCNT was dispersed in 67% Methanol and 33% ddH2O to get 0.067% 

CNT solution. In one-pot synthesis (Figure 5.2), 5μL of T4L (23.5 mg/mL) was mixed with 5.5 

μL Polyvinylpyrrolidone (PVP, 15 mg/mL in water) to prepare the PVP protected T4L. The 

complex was added to the CNT solution (100 μL, 0.067% w/v) and gently mixed. 2-

methylimidazole (2.5 mL, 25 mM) and Zn(NO3)2 (2.5 mL, 25 mM) in methanol (MeOH) were 

added to the CNT solution. The mixture was vigorously stirred for 1 min, sonicated for another 

minute, and placed at ambient temperature for 24 hr. The opaque mixture was washed with PBS 

buffer (pH 7.4) for three times via centrifugation (14500 rpm for 4 min each time); the obtained 

pellets were dispersed in 70 μL PBS buffer and stored at 4 oC. 
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Figure 5.2. Scheme for CNT-T4L-ZIF composite formation. 

Powder X-ray Diffraction (PXRD) 

Single Crystal Bruker’s Diffractometer, Apex II Duo with Cu IμS X-ray source was used 

for Powder XRD experiment. Detector resolution was set to 1024 x 1024 pixels. Data collection 

strategy is shown in the table below. Apex3 v. 2017.3-0 was used to unwrap, convert and 

integrate the images. The final phase analysis was done on Panalytical X’Pert HighScore 

software. 

Activity for T4L in the Complex and the Composite 

The activity assay was tested using the kit purchased from Sigma-Aldrich (Micrococcus 

lysodeikticus cells, ATCC No. 4698, M3770) as described earlier.348 Briefly, 10 mg of the cell 

was suspended in 100 mL 66 mM potassium phosphate Buffer (pH = 6.2) to obtain Micrococcus 

suspension (0.01% “substrate”). Reduction in OD at 450 nm was employed to monitor the 

amount of active protein. Both enzyme-CNT and CNT-enzyme-ZIF samples were mixed with 66 

mM potassium phosphate buffer (pH = 6.24, at 25 °C) to prepare 100 μL (1 μM) protein 

solution, one at a time. Lastly, 40 μL of the sample mixture was added into ~1 mL of the 

Micrococcus suspension prepared as described above. The OD at 450 nm was monitored 

immediately using Nanodrop after the mixture formation for up to 2 hr. 

Activity for α-Amylase 

The activity of α-Amylase (EC 3.2.1.1) was determined using the established protocol.350 

Soluble Starch solution (1.0% w/v) was prepared using a PBS buffer containing 20 mM sodium 

phosphate and 6.7 mM NaCl (pH 6.9). Color reagent solution was prepared by mixing potassium 



 

148 

sodium tartrate tetrahydrate solution (5.3 M) and 3,5-dinitrosalicylic acid solution (96 mM) with 

12.0 mL warm water. CNT-Amylase mixture was mixed with a representative mutant at a 

protein-to-CNT ratio of 1.2:1. The CNT-Amylase-ZIF composite was prepared as discussed 

above. Both sets of samples were then diluted with ultrapure water so that protein concentration 

was 0.1 mg/mL in each sample.  Eight samples were prepared. To 1 mL of starch solution (1.0% 

w/v), 1mL of diluted CNT-Amylase or CNT-Amylase-ZIF was added and incubated for 10 min, 

30 min, 1 hr, 2 hr, 3hr, 4 hr, 5 hr, and 6 hr. The color reagent solution was then added to stop the 

reaction at the desired time and the sample tubes were placed in boiling water bath for 15 mins. 

The tubes were then cooled on ice to room temperature. Ultrapure water was added to get the 

final volume of each sample solution to 12 mL. Absorbance of each sample was measured using 

NanoDrop UV-Vis Spectrophotometer (Thermo Scientific ND-2000 C) with absorbance set to 

540 nm. The blank sample was prepared in the same way without adding α-Amylase.  

The amount of maltose released was calculated by using the standard curve, which was 

prepared using the established protocol. Specifically, 1.0 mL of color reagent was added to 

different volumes of maltose (0.2% w/v) and water to prepare a 3 mL solution. The solution was 

then boiled for 15 mins and cooled on ice to room temperature. Ultrapure water (9.0 mL) was 

added to each solution. Absorbance of each sample was measured using NanoDrop UV-Vis 

Spectrophotometer (Thermo Scientific ND-2000 C) with absorbance set to 540 nm. 

The amount of maltose was calculated as follow: 

∆A540 (Standard) = A540 (Standard) - A540 (Standard Blank) 

∆A540 (Sample) = A540 (Sample) - A540 (Sample) 
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The amount of maltose (µg/mL) released from the starch for each sample was calculated 

using the standard curve. Equation from the standard curve is y = 0.00224x - 0.0148, where y is 

the ∆A540 (Sample) and x is the concentration of maltose. 

EPR Spectral Simulation 

The CW EPR spectra were fit using the software developed by Dr. Altenbach and Prof. 

Hubbell at UCLA (http://www.biochemistry.ucla.edu/biochem/Faculty/Hubbell/). See Appendix 

for details. 

Calibration of Enzyme Concentration 

To perform the external standard calibration, we carried out EPR measurements on a 

standard TEMPO radical with three concentrations, 25, 50, and 100 µM and conducted a double-

integration to each spectrum. This value is proportional to spin concentration. We then plotted 

the double-integration as a function of initial protein concentration and established a linear 

calibration curve (R2 ~ 0.99976). The equation of the curve was y= 14.37914x -43.21. The 

concentration of each hybrid sample was then estimated based on this curve. 

Results and Discussions 

CNT Preparation: The commercial multi-walled Carbon Nanotubes (MWCNTs) do not 

disperse well in water. We, therefore, acidified MWCNTs via refluxing with HNO3 and H2SO4 

for ~ 2 hr (see experimental methods section). Such acidification introduces carboxyl (-COOH) 

groups on CNT surfaces thus, making its surface negatively charged under neutral pH. Direct 

lysozyme adsorption on the acidified CNT is possible via electrostatic interactions due to the 

high protein isoelectric point (pI of 9.2) which makes T4L positively charged on the surface 

under neutral pH. Acidification of CNTs was confirmed via Fourier Transformation Infrared 

(FTIR) spectroscopy. The FTIR of as-purchased MWCNTs (Figure 5.3A) shows peaks at 1690 
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cm-1, 1033 cm-1, and 3790cm-1, which are assigned to the C= O, C-O, and O-H stretching, 

respectively.351 The acidified CNTs show increased intensity in the O-H stretching (3678 cm−1; 

Figure 5.3B,C). The broad peak at 2894 cm−1 – 2994 cm-1 belongs to the O–H stretching from 

carboxyl groups (O=C−OH). The peak at 2317 cm−1 originates from the O−H stretching from 

strongly hydrogen-bonded −COOH. The peaks at 1730 cm−1 and 1044 cm−1 are related to C= O 

and C-O stretching. These data confirmed the acidification of MWCNTs. The estimated average 

CNT diameter is 7.2 ± 1.5 nm as judged by the Transmission Electron Microscopy (TEM) image 

(Figure 5.3D) using ImageJ software.352  

 

Figure 5.3. Characterization of CNTs. FTIR spectra of CNTs with (A) no acidification, (B) 1 

hour acidification, and (C) 2 hour acidification. (D) TEM image of 1 hour acidified CNT. 
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Enzyme Immobilization on CNTs  

T4 Lysozyme (T4L) is selected as a model enzyme because of its widely studied 

structure-function relationship using various techniques including SDSL-EPR.127,183,291,348 In 

addition, the substrate of T4L is bacterial cell walls, making T4L a good pilot enzyme for 

developing immobilization platforms for large-substrate enzymes.291 The driving forces of T4L 

adsorption on CNT include electrostatic interaction, π-π interactions, and hydrophobic 

interactions.331,353,354 

 

Figure 5.4. TEM images of CNTs (A) and lysozyme adsorbed to CNTs (B). The layer covering 

the tubes of (B) originates from the stained enzyme. 

T4L mutants were prepared and characterized using established procedures. We then 

mixed T4L with the acidified CNTs in water at room temperature for 0.5 hrs. Upon extensive 

wash, the TEM image of CNT-T4L complex is shown in Figure 5.4B, wherein the presence of a 

dark fuzzy layer on the outside of the tube indicates the presence of the stained proteins. The 

diameter of the CNT-T4L complex is estimated to be 20.4 ± 0.7 nm from TEM using ImageJ 

software,352 indicating a layer of enzymes was coated on CNTs (diameter of 7.2 nm). The 

activity of the enzymes adsorbed on the CNTs was measured using the commercial lysozyme 

activity kit (Micrococcus lysodeikticus, ATCC No. 4698, Sigma-Aldrich; see Experimental 

Section). The principle is to monitor the optical density (OD) at 450 nm of the Micrococcus 

lysodeikticus cells as T4L is added.355,356 A decrease in OD450 is related to the amount of 



 

152 

substrate being degraded by T4L and can be used to assess T4L activity. To ensure that the same 

enzyme concentration was used in all activity test, we determined enzyme concentration on CNT 

based on the spin density determined from the EPR spectrum after a standard calibration and 

adjusted the final concentration of enzyme to be ~5 μM for all activity assays. Our activity 

results (Figure 5.5) show that the complex is active (CNTs only as shown in Figure 5.5 blue 

triangles do not show a drop in OD at 450 nm). Although the best attempt was made to match the 

protein concentrations, the CNT-T4L complex still shows a lower activity. Presumably, such 

difference (Figure 5.5 red spheres VS black squares) is attributed to enzyme structural 

perturbation due to the physical contact and/or the improper orientation which blocks bacterial 

cell walls access to T4L active site (which will be probed below). It is also possible that 

nonspecific leaching occurs during sample handling in activity measurements because of the 

weak and nonspecific interactions between T4L and CNTs. 

  

Figure 5.5. Activity assay of free lysozyme (black), lysozyme adsorbed on CNT (red), and CNT 

alone as a negative control (blue). Uncertainties are indicated by the error bars. 

Another evidence of the weak CNT-T4L interaction is that T4L can be easily leached 

under “harsh” conditions. For examples, we washed CNT-T4L complex with high salt buffer 
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(PBS buffer with 1 M NaCl) and observed a negligible amount of adsorbed enzyme as evidenced 

by the low signal in CW EPR spectra (Figure 5.6 black trace) and non-detectable activity (data 

not shown). Herein, a representative site of T4L, 44, was spin labeled and studied using CW 

EPR. This result indicates that CNT-T4L complex is prone to enzyme leaching when subjected 

to harsh conditions. 

 

Figure 5.6. EPR spectra of CNT-T4L complex in PBS Buffer (magenta) and a high salt buffer 

(black). 

ZIF Enhances Enzyme Loading Stability and Reduces Leaching  

To enhance the stability of enzyme adsorption, we attempted the ZIF-based “one-pot” 

synthesis to co-crystallize T4L on CNTs with ZIF as the protection layer. The classic ZIF-8 was 

used in all the samples in this investigation.338,345,357–359 The traditional one-pot synthesis 

procedure,345 however, failed our initial attempts. For example, in MeOH, we found poor 

dispersity of the acidified CNTs which prevented the formation of any co-crystals, whereas in 

water, the amount of co-crystal formation was low. We, therefore, decided to mix water and 

MeOH with various ratios to improve the yield of co-crystals. A series of solvents with different 

water/MeOH ratios as listed in Table 5.1 were prepared. A T4L site spin-labeled with R1 (44R1) 
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was incubated with linear polyvinylpyrrolidone (PVP; Mw = 10000) to protect the protein from 

MeOH and then the enzyme/PVP was co-crystallized in each solvent. The relative loading 

capacity was estimated based on the signal-to-noise ratio (SNR) of the CW EPR spectrum. The 

principle is that the SNR of the EPR spectrum of a spin labeled CNT-enzyme-ZIF composite 

(after removing the unreacted enzyme) is proportional to the amount of trapped enzyme and, 

therefore, the loading capacity. As is evident from Table 5.1, the composites prepared in (20 - 

33%) H2O showed the highest EPR signal and loading capacity. We, therefore, utilized 33% 

water in the mixed solvent for all our composite sample preparation. 

Table 5.1. Conditions used to optimize loading capacity of CNT-T4L-ZIF composite. 

% H2O to disperse CNT % MeOH to disperse CNT S/N ratio 

100% 0 4 

70% 30% 6 

50% 50% 3 

33% 67% 18 

25% 75% 18 

20% 80% 18 

  

The TEM image of the CNT-T4L-ZIF composite is shown in Figure 5.7A.  The enzyme 

was not stained because it would be difficult to differentiate ZIF from enzyme; so, the layer 

encapsulating CNT is ZIF. The diameter of CNT-T4L-ZIF is estimated to be 51.1 ± 28 nm from 

TEM using ImageJ software.352 The CNT-ZIF composite without protein is shown in Figure 

5.7B, wherein the layer encapsulating CNT is ZIF. The estimated average diameter for CNT-ZIF 

composite is 16.3 ± 1.6 nm. As the diameter of CNT-T4L-ZIF is much larger than that of CNT-

ZIF only and CNT-T4L (20.4 ± 0.7 nm) only, we infer that the ZIF has encapsulated the CNT-

T4L complex. EPR and later activity assay also confirmed this (see below). Powder X-ray 

diffraction (XRD) (Figure 5.8) results indicate that the presence of enzyme did not influence the 

crystal scaffold for ZIF coated on the CNT-enzyme. The diffraction patterns of the CNT-T4L-
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ZIF-8 composite (red) is in agreement with that of pure ZIF-8 (blue), indicating the existence of 

the well-defined framework units in the synthesized composite.  This confirms that CNT-T4L 

incorporation does not affect the formation of the ZIF-8 crystal scaffold. Also, no obvious peak 

of CNTs in the composite can be observed. 

 

Figure 5.7. TEM images of CNT-T4L-ZIF composite (A) and CNT-ZIF without any enzyme (B). 

 

Figure 5.8. Powder XRD data of CNT (black), ZIF-8 (blue) and CNT-T4L encapsulated ZIF-8 

(red) indicate that CNT-lysozyme encapsulation does not affect the crystal scaffold. 

The CNT-T4L-ZIF composite is stable under harsh conditions. For example, the EPR 

signal of spin-labeled T4L in the composite was retained in a high salt buffer (1M NaCl) and an 
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organic solvent (MeOH; see Figure 5.9). The CW EPR spectrum of the composite in MeOH 

(Figure 5.9 cyan trace) is slightly different from that in the PBS buffer. This indicates that the 

spin-labeled site encounters a slightly different microenvironment upon switching the solvent to 

100 % MeOH. Nevertheless, the ZIF stabilized adsorbed enzymes on CNTs in harsh conditions. 

  

Figure 5.9. CW EPR spectra of the CNT-T4L-ZIF composite in PBS Buffer (magenta), in a high 

salt buffer (black), and in methanol (cyan). 

To evaluate the stability of the CNT-T4L-ZIF composite under acidic conditions, we 

lowered the pH of the CNT-T4L-ZIF composite using acetate buffer. Interestingly, as shown in 

the TEM image (Figure 5.10 A and B), in low pH buffers (pH 5.5 and 3.8) only a small portion 

of ZIF was disassembled. CW EPR data under low pHs also showed negligible EPR signal loss 

(data not shown). This could be caused by the strong π-π stacking interactions between CNT and 



 

157 

ZIF network, which essentially enhance the stability of the ZIF network. Therefore, 

immobilizing enzymes on CNTs with the ZIF can overcome the weak stability of ZIF crystals 

under acidic conditions, which is exciting to observe and can greatly expand the applications of 

ZIFs to immobilize enzymes for biocatalysis applications. This property limits the release of the 

immobilized enzymes from CNTs, which leads to our on-going research direction of enzyme 

release from CNT-ZIF composites (see below discussions).  

 

Figure 5.10. TEM images of the CNT-T4L-ZIF composite in (A) PBS Buffer at pH 5.8 and (B) 

Acetate Buffer at pH 3.8. 

Activity of Lysozyme in CNT-T4L-ZIF Composite  

Lysozyme in the CNT-T4L-ZIF composite has activity (Figure 5.11) as depicted by the 

decline in optical density @ 450 nm in ~ 2 hr in comparison to the CNT-ZIF composite alone 

(Figure 5.11 green squares) which does not show such decline. In comparison to T4L in a buffer, 

the significantly reduced activity is possibly because only a small portion of active sites were 

exposed to the surface of CNT-ZIF (with the rest buried under the surface). This is essentially 

why it took ~ 2 hr for T4L to break the cell walls compared to 5 mins for T4L alone. The activity 

of the CNT-T4L-ZIF composites shows a concentration dependence, wherein more composites 

showed more OD 450 drop (see Figures 5.11 and 5.12; magenta = 6X concentration; blue = 
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1.5X; red =1X; 1X= ~1 µM enzyme concentration). Our attempts to further increase the 

composite concentration failed because high CNT concentrations caused strong scattering effects 

in our OD measurements. Nevertheless, our results show that the CNT-enzyme-ZIF composites 

are functionally active. 

 

Figure 5.11. Activity assay of CNT- ZIF as a negative control (blue), free lysozyme (black), and 

lysozyme on CNT-ZIF composites (red). Uncertainties are indicated by the error bars. 
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Figure 5.12. The activity assay of T4L free (blue), on CNT-T4L-ZIF composite high 

concentration (magenta), medium concentration (black), and low concentration (red). 

Application to Amylase on Starch Degradation 

 

 Figure 5.13. TEM images of CNT-amylase complex (A) and CNT-amylase-ZIF composite (B). 

(C) The activity assay of amylase on CNTs (black squares) and in CNT-amylase-ZIF composites 

(red circles). The controls for the activity assay are CNT only (blue triangles) and CNT-ZIF 

(purple triangles). Uncertainties are indicated by the error bars. (D) Direct visualization of starch 

digestion using the protocol described in the main text. Free amylase generates more maltose 

(middle) comparing to amylase in CNT-ZIF composites (right). 
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Upon successful encapsulation of T4L on CNT with ZIF, we intended to generalize this 

approach to a different enzyme (still with large substrates). To do so, we formed the CNT- α-

amylase-ZIF composite. α-Amylase (51 kDa; pI ~5.25) was selected because of its opposite 

surface charge (compared to T4L) and a wide range of application in food, fermentation, and 

pharmaceutical industries.360–363 The TEM image of the CNT- α-amylase complex (with enzyme 

stained) shows the fuzzy layer (Figure 5.13A), indicating enzyme adsorption on CNTs. On CNT- 

α-Amylase -ZIF composites, spots of ZIF formation are visible (Figure 5.13B) indicating the 

success in coating CNT with ZIF. Here, the enzyme was not stained due to the reasons discussed 

above. The CNT-amylase-ZIF composite was stable under high-salt and low-pH conditions as 

judged by TEM images (data not shown), further confirming the effectiveness of using ZIF to 

stabilize enzymes on CNTs.  The presence of α-amylase was also confirmed with the activity 

assay. 

For the activity assay, we utilized the commercial α-amylase activity kit following the 

principles reported earlier.350 In brief, α-Amylase degrades starch to maltose and dextrin. 3,5-

dinitrosalicylic acid (DNS) was then used to react with the formed maltose which reduces the 

pale-yellow colored alkaline DNS to the orange-red colored, 3-Amino-5-nitrosalicylic acid, the 

latter of which has an absorbance at 540 nm. By monitoring the intensity of the 540 nm 

absorption over time, one is able to probe the amount of active α-amylase in a sample. We found 

active α-amylase in the both CNT-amylase complex and the CNT-amylase-ZIF over a 6 hr 

period (Figure 5.13C). The amount of maltose produced in CNT-amylase-ZIF (red trace Figure 

5.13C) is less than that of CNT-amylase complex (black trace Figure 5.13C), likely because only 

a portion of α-amylase can be exposed on the surface of the CNT-ZIF while the rest is buried 

under the ZIF surface. In the absence of amylase, no activity can be detected for CNT and CNT-
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ZIF (blue and magenta trace Figure 5.13C). An interesting finding is that the CNT-amylase 

complexes precipitate overtime but no such precipitation for the CNT-ZIF composites was 

observed. The same is true for lysozyme complexes. This may indicate that ZIF can help 

improve the dispersity of the composites, which can help practical applications wherein 

precipitation needs to be avoided.  

Structural Basis of Large-substrate Enzyme Activity in ZIF Scaffolds 

To probe site-specific enzyme dynamics and obtain molecular-level information on the 

behavior of enzyme on the CNT and in the CNT-ZIF composites, we created 6 cysteine mutants 

on T4L scanning most of its solvent accessible surfaces (Figure 5.14A) and confirmed that all 

mutants were functionally active and have the native secondary structure after spin-labeling. 

Then, the CNT-T4L complex and CNT-T4L-ZIF composite for each mutant were prepared as 

described and characterized before. Continuous Wave (CW) EPR measurements on each 

complex and composite in PBS buffer at pH 7.4 were carried out and the results are shown in 

Figure 5.14. For all sites, we see three major regions in the first derivative format, the low-, mid-, 

and high-field spectrum, due to the hyperfine splitting. The high-field peaks are too wide with a 

low signal-to-noise ratio (SNR), while the mid-field peaks lose fine details of splitting due to its 

narrow linewidth. We, therefore, focus our discussion on the low-field region, wherein we 

categorize the peak into two components, the mobile and the immobile component (see “m” and 

“im” shades of Figure 5.14). Each component reports the net effect of three motions, protein 

rotational tumbling, backbone dynamics, and intrinsic motion of the spin label.120,177 Both the 

medium (temperature, buffer pH, viscosity) and the surrounding environment (nearby residues, 

synthetic materials) can influence these three factors, leading to useful structural insights. In 

detail, the “im” component, which is often consistent with a highly restricted spin label motion, 
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originates from a label in contact with surrounding species (ca. CNT surfaces or ZIF scaffolds). 

The “m” component, on the other hand, often results from the labeled site not in contact with any 

species. Therefore, measuring the relative contribution of each component in a spectrum can 

detect the chance for each labeled site to make contact with CNT surfaces, which can be used to 

derive enzyme orientation on CNTs, or the possibility for each labeled site not in contact with 

any species (exposed to the solvent), which can report regions of enzyme exposed to reaction 

medium. 
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Figure 5.14. (A) Representative surface sites of T4L spin-labeled with R1. (B) Example spectral 

simulations of the mobile and immobile components of a labeled site in two matrices. (C−H) 

CW EPR spectra of six labeled sites in different matrices. 
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The EPR spectra of all mutants (44R1, 65R1, 72R1, 118R1, 131R1, and 151R1) upon 

adsorption to CNT are shown in blue curves of Figure 5.14C-H. In comparison to the same 

mutants in buffer (Figure 5.14 green traces), all mutants on CNTs show broadening, consistent 

with the restriction of the rotational tumbling due to physical adsorption. In comparison to the 

same mutants attached to a solid surface (but no direct enzyme-surface contact; Figure 5.14 

dotted traces), the mutants on CNTs also show various extents of broadening, indicating the 

presence of additional contact of the labeled sites with the surface of CNTs, as indicated by the 

“im” peaks. The “im” may also be caused by crowding, although we believe this possibility is 

low due to the low sample concentrations as judged by the low SNR of most spectra. In 

comparison to the dotted curves, 44R1, 72R1, and 131R1 (blue VS dots) show additional 

broadening, indicating that these sites are responsible for making contact with CNT surfaces. 

Therefore, the orientation of the enzyme on CNTs is proposed as shown in Figure 5.16A. These 

orientations are likely caused by π−π stacking and other hydrophobic interactions as well as 

electrostatic interactions (herein, the CNT surface is negatively charged). Specifically, 131R1 is 

located near the C-terminus, where more aromatic rings exist which tend to form more π−π 

stacking interactions with CNT (Figure 5.15).332–334 44R1 and 72R1 have less number of 

aromatic rings nearby but are surrounded by some positively charged residues (see Figure 

3.12).291 All signals can be washed off with the high salt buffer, consistent with the weak 

physical adsorption of the enzyme to CNTs.  

To quantify the relative population of the “im” component, or the amount of enzyme 

making contact with CNT surfaces, we attempted spectral simulations based on algorithms 

established by Freed and coworkers (for details see Appendix).293 Our best attempts showed that 

the two-component fitting (“im” and “m”, corresponding to the labeled site in contact or hanging 
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in solution, respectively) were successful for only four sites (44R1, 72R1, 118R1, and 131R1). 

The other two sites (65R1 and 151R1) showed heterogeneous spectra, indicating these two sites 

can contact the CNT in multiple ways. This is reasonable since the contact of the enzyme with 

CNTs is mostly non-specific. The best-fit parameters are provided in Table A3 in Appendix. 

 

Figure 5.15. Aromatic residues of T4L from two views. There are more solvent exposable 

aromatic residues (blue sticks) in the C-terminus than in the N-terminus. Buried aromatic 

residues are shown in light pink sticks. 

In the case of CNT-T4L-ZIF composite, we found that 44R1, 65R1, and 118R1 showed a 

high mobile component as judged by spectral simulations (see Table A4 of the Appendix), 

indicating these sites have a higher chance to be exposed to the solvent while other sites are more 

preferred to be buried under ZIF surfaces. The proposed orientation model is shown in Figure 

5.16B. The higher chance of exposure of 44R1, 65R1, and 118R1 is consistent with our recent 

findings on enzyme trapped on ZIF-8 surfaces.346 The rationalization of our finding is also 

similar, wherein steric hindrance and π−π stacking interactions play a major role in orientation 

preference. 151R1 and 131R1 are located near the C-terminus, where more aromatic rings exist 
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which tend to form more π−π stacking interactions with ZIF imidazole rings and bury the nearby 

regions. 44R1 is located near the N-terminus and tends to be exposed more to the solvent. 118R1 

is also exposed more to the solvent; this orientation preference tends to bury more aromatic 

residues. Remarkably, in comparison to the 30-40% chance of exposing the same three sites 

(44R1, 65R1, and 118R1) on pure ZIF crystal surfaces,346 encapsulating the same enzyme 

mutants on CNT-ZIF exposes ~60 % of the three sites. Furthermore, the rest of the labeled sites 

also showed an enhanced chance of exposure (from 12-30% to ~40%; see Table 5.2). These 

findings indicate that CNTs can serve as effective seeds on which ZIF crystals can grow so that 

enzymes are more likely to be localized on materials surfaces. This approach reduces the number 

of enzymes buried inside of pure ZIF crystals,346 and has, therefore, promising potential to 

optimize enzyme positions in solid supports for active site exposure, which is especially useful 

for large-substrate biocatalysis. 

Table 5.2. Relative probability of each labeled site to be exposed to the solvent in ZIF crystals 

and CNT-enzyme-ZIF composites. *=data from reference.346 Grey=sites with a high chance to be 

exposed to the solvent. 

 44R1 65R1 72R1 118R1 131R1 151R1 

ZIF* 35% 41% 29% 44% 25% 12% 

CNT-ZIF 61.3% 59.4% 37.9% 57.3% 44.8% 45.2% 
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Figure 5.16. (A) Three sites (44, 72, 131) show a higher chance to make contact with CNT 

surface, based on which the preferred orientations of enzymes on CNTs are proposed. (B) 

Proposed enzyme orientations on CNT-ZIF surface. Orientations I and II are more preferred than 

III. 

Future Directions 

In principle, encapsulating enzymes on the surface of other NPs can also help increase 

the number of enzymes exposed to solid support surfaces. However, most NPs do not have the 

extensive aromatic ring network to help stabilize ZIF scaffolds under acidic conditions. 

Therefore, we will focus our future work mostly on CNTs. While our findings provide evidence 

that combining ZIF and CNT is effective in simultaneously enhancing enzyme stability under 

harsh conditions (high salt and acidic conditions), reducing leaching, reducing enzyme waste 

(when buried below solid surfaces), and retaining activity, there are still a few more steps 

required to broaden the application of this approach. For example, although enzyme leaching can 
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be prevented even under acidic conditions, if the enzyme needs to be released for reloading/reuse 

or delivery applications, it is necessary to modify the ZIF composition so that controlled release 

of enzymes can be achieved. This is one of our on-going research directions. In addition, the 

loading capacity at this preliminary stage is relatively low. As judged by the spin density of the 

spectra of the same mutant on the two platforms, the enzyme concentration was reduced from 

~45 μM on CNT to ~29 μM in CNT-ZIF, confirming the low loading capacity. Approaches to 

improve the amount of encapsulated enzymes are needed. Lastly, being able to reveal the 

enzyme orientation is not the end of the story. Knowing this information is the first step to 

optimize enzyme orientation so that more trapped enzyme molecules can expose their active sites 

to the CNT-ZIF surfaces, in order to improve the catalytic activity. The system can be applied to 

encapsulate small-substrate enzyme as well since the one-pot synthesis can be applied to 

enzymes regardless of their size, surface charge, and substrate size. In fact, the catalytic 

efficiency may be higher for small-substrate enzymes encapsulated on our CNT-ZIF system as 

the enzymes partially buried below ZIF surface can participate in interaction with the small 

substrates which can diffuse into the ZIF pores. The advantage of having CNT is to stably host 

small-substrate enzymes even under acidic conditions 

Conclusions 

In this work, we show an effective approach to anchor large-substrate enzymes on the 

surface of CNTs using ZIF and one-pot synthesis. This method was proved using two model 

enzymes, T4L and α-amylase, both of which showed enhanced stability, reduced leaching, and 

retained catalytic activity. This effort essentially solves the leaching problem of physically 

adsorbing enzymes to CNTs. The CNT-enzyme-ZIF is stable even under acidic pHs, which 

overcomes the low pH-stability of ZIF alone. Both enzymes on CNT-ZIF composites were 
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catalytically active, indicating that a portion of the enzyme is exposed to the solvent as both 

enzymes have large substrates. To better depict the enzyme structural basis of activity and 

enzyme orientation, we employed SDSL-EPR to probe the enzyme-exposed area and site-

specific backbone dynamics on CNT-T4L complexes and CNT-T4L-ZIF composites. Our results 

show that on CNT-ZIF, three sites, 44R1, 65R1, and 118R1, were more likely to be exposed to 

the solvent above the surface of ZIF. In comparison to the ZIF crystal alone, all labeled enzyme 

sites on our CNT-ZIF composites show a higher chance of exposure to the solvent, indicating 

that encapsulating enzymes on CNTs via ZIF is an effective approach to localize enzymes on 

crystal surfaces to improve large-substrate contact and, therefore, catalytic efficiency. Based on 

this, a few preferred enzyme orientations on the CNT-ZIF surface were proposed. Our enzyme 

immobilization method can be generalized to other enzymes with arbitrary sizes. Our approach 

to probe enzyme orientation and key structural insights of CNT-enzyme-ZIF composites 

regardless of the complexities of the matrices will guide the rational design of CNT/ZIF 

combinations to improve enzyme stabilization, loading capacity, and catalytic efficiency. 

 

 

 

 

 

 

 

 

 

  



 

170 

CHAPTER 6. CONCLUSION 

This dissertation aims to use SDSL-EPR to reveal the structure-function relationship of 

enzymes immobilized on NPs. This information can be utilized to fine-tune enzyme-NP 

complexes s as the enzyme carrier for biocatalysis, therapeutics, and industrial uses. EPR was 

successfully used to probe the structure and orientation of enzyme in different nanoparticle-

enzyme complex and in the nanoparticle-enzyme-ZIF composite. The study of the interaction of 

enzyme, T4L, with different nanoparticles, showed that the nanoparticle-enzyme interaction is 

nanoparticle/enzymes dependent and varies with nanoparticles and enzymes. The goals of 

understanding the structure-function relationship of the enzymes to 1) avoid NP aggregation and 

2) optimize NPs as enzyme carrier were met. 

The findings in AuNP-T4L study portrayed the mechanism of T4L triggered AuNP 

aggregation which led to changing the charge and coating of AuNP/AuNR to prevent 

aggregation. This change in coating demonstrated that AuNPs with proper coatings can be used 

as protein immobilizer or carriers if the coating can help retain the structure and the activity of 

the protein. In addition, the SiNP-T4L study elucidated the structural basis of activity loss of 

T4L on SiNPs. The enzyme activity loss upon adsorption to SiNPs needs to be reduced to use 

SiNPs as the enzyme hosts; the obtained structural information helps guide the process of 

optimizing SiNPs as the enzyme carrier. Finally, all these findings provided the basis to develop 

novel, effective approach to anchor large-substrate enzymes, T4L, and α-amylase on the surface 

of CNTs using ZIF and one-pot synthesis. Both enzymes showed, reduced leaching and retained 

catalytic activity. CNT was successfully optimized as an enzyme carrier.  

Overall the results and fundamental studies discussed in this dissertation demonstrate the 

usefulness of the EPR spectroscopy in probing the complexes formed by nanomaterials and 
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macromolecules, emphasizing an approach to probe the nano-bio interface in the native state. 

Also, the methods and approaches discussed here can be applied to other enzymes and 

nanomaterials. Likewise, the results in this dissertation will guide the rational development of 

enzyme-NP complexes to improve catalytic efficiency, cost efficiency, loading capacity, enzyme 

reusability, and enzyme stability. Enzyme-NP complexes have broader applications in food 

industry, biosensing, biocatalysis, drug delivery, biomedicine, biodesel, and many other areas.  
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APPENDIX. EPR SPECTRAL SIMULATION 

The CW EPR spectra were fit using the software developed by Dr. Altenbach and Prof. 

Hubbell at UCLA (http://www.biochemistry.ucla.edu/biochem/Faculty/Hubbell/). This program 

was essentially the MOMD model of the NSLS program established by Freed and co-workers.293 

In our case, the MOMD model includes three coordinate frames to describe the internal motion 

of the nitroxide spin label in a hybrid. First, the molecular frame which is consistent with the 

magnetic tensor (g- and hyperfine-tensor) frame (xM, yM, zM). The zM is defined as to be along 

with the nitroxide p orbital; the xM is parallel with the NO bond axis; the yM follows a right-

handed coordinate system. Second, the principle frame of the rotational diffusion tensor (xR, yR, 

zR), which usually deviate from the molecular frame. Although in principle three Euler angles are 

required to correlate the two frames, experiences from spectral simulations indicated that only 

the βD, the angle between zR and zM (Figure A1), is important for simulations. Third, the 

coordinate frame describing the diffusion of the spin label on the attached hybrid, the director 

frame, (xD, yD, zD). A good approximation/simplification is to allow the spin label to rotate/move 

freely within a cone (Figure A1). This also leads to simplifying the rotational diffusion tensor R, 

wherein the axial symmetry can be assumed. The angle between zD and zR is defined as θ.  

According to Budil et al, a restoring (ordering) potential (U) is appropriate to describe the 

extent of spatial constrains of the spin label within the “cone”.  The restoring potential U(θ) = -

1/2kBTc0
2 (3cos2θ - 1) + H.O.T., where c0

2 is a scaling coefficient and H.O.T. represents higher 

order terms as defined in the literature.293 In our simulations, only the dominant term and the first 

H.O.T. term was involved, the coefficients of which are C20 and C22 in our simulations, 

respectively.  
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For describing the nitroxide side chains on a hybrid subject to the above ordering 

potential, the director frame is fixed. The existence of the restoring potential results in an 

anisotropic motion and can be characterized by the order parameter S = -1/2〈 (3cos2θ - 1) 〉, 

where the brackets indicate spatial average. For an individual hybrid molecule, zD forms an angle 

ψ with respect to the external magnetic field. To obtain the final spectrum corresponding to an 

isotropic distribution of protein orientations, the spectra are summed over ψ. 

 

Figure A1. Definition of the three coordinate systems (ZD, ZR, and ZM) related to the MOMD 

model used in our simulations. 

The starting values for the diagonal values of the g and hyperfine (A) tensors were: gxx = 

2.0078, gyy = 2.0058, gzz = 2.0022 and Axx = 6.2 G, Ayy = 5.9 G, Azz = 37.0 G.364 The rotational 

correlation rates were described by the rotational diffusion tensor. For simplicity, symmetric 

motion is assumed, and this assumption was found to provide reasonably good fit to the data. 

The mean rotational diffusion constant is defined as R.293 The average effective correlation time 

is computed as τc = 1/(6<R>). Spatial ordering of the diffusion tensor is accounted for by the 

order parameters, S20 and S22, computed from the C20 and C22 coefficients of the ordering 
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potential which was varied in fitting.293 The tilt of the diffusion tensor with respect to the 

molecular axis of the nitroxide is specified by the Euler angles (αD, βD, γD). For axially 

symmetric motion (Rx = Ry), only βD and γD need be specified. For z-axis anisotropic motion, the 

diffusion tilt was fixed at βD = 36°, γD = 0°.117   

The Rs, C20, and C22 parameters were varied in the simulations to fit the selected data. 

During fitting, the center peak area was weighted as 50% of the rest of the spectrum, in order to 

better fit the low and high field regions, which are more sensitive to the rate and order. After a 

good fit was obtained, the diagonal elements of the A and g tensors were varied slightly to obtain 

the best fit shown in Figure A2. The fitting parameters are listed in Tables A1 -A4. 
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Figure A2. Simulations of key spectra discussed in Chapter 4. 
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Table A1. The fitting parameters for 151R1 on PAA-SH and PAA-(SH)n coated AuNPs and 

AuNRs. The restricted component is indicated by “res”; the less restricted component is 

indicated by “m”. The uncertainties in population is +/-2-4 %. 

Mutant AuNP PAA-SH AuNP PAA-

(SH)n 

AuNR PAA-SH AuNR PAA-

(SH)n 

Rz, res 

τC (ns) 

5.8 

260 ns 

5.8 

260 ns 

5.8 

260 ns 

5.8 

260 ns 

Rz, m 

τC (ns) 

7.92 

2 ns 

8.0 

1.6 ns 

8.1 

1.3 ns 

8.11 

1.3 ns 

R2, res 1.29 1.3 -2.32 -1.6 

R2, m 0.21 0.16 -1.56 -1.13 

C20, res 

S20 

32 

0.9 

32 

0.9 

32 

0.9 

35 

0.9 

C22, res 

S22 

-34 -33 -35 -38 

C20, m 

S20 

-11 

-0.4 

-30 

-0.5 

-21 

-0.45 

-22 

-0.45 

C22, m 

S22 

0.36 0.75 0.68 0.54 

Populationres 5 % 11 % 12 % 9 % 

 χ2 9e-5 7e-5 4.3e-5 3.4e-5 
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Table A2. The fitting parameters for 65R1 on PAA-SH and PAA-(SH)n coated AuNPs and 

AuNRs. The restricted component is indicated by “res”; the less restricted component is 

indicated by “m”. The uncertainties in population is +/-2-4 %. 

Mutant AuNP PAA-SH AuNP PAA-

(SH)n 

AuNR PAA-SH AuNR PAA-

(SH)n 

Rz, res 

τC 

5.8 

260 ns 

5.8 

260 ns 

5.68 

260 ns 

5.8 

260 ns 

Rz, m 

τC 

8.11 

1.3 ns 

8.31 

0.8 ns 

8.1 

1.3 ns 

7.98 

2 ns 

R2, res -0.45 -1 -1.16 -0.44 

R2, m -1 -0.47 -1.23 -0.82 

C20, res 

S20 

32 

0.9 

27 

0.9 

32 

0.9 

39 

0.9 

C22, res 

S22 

-37 -34 -37 -42 

C20, m 

S20 

-22 

-0.45 

-25 

-0.45 

-21 

-0.45 

-24 

-0.45 

C22, m 

S22 

0.58 1.22 0.51 0.46 

Populationres 4 % 20 % 9 % 21 % 

 χ2 7e-5 9e-5 3e-5 3e-6 

 

Table A3. EPR fitting parameters for 4 spin labeled mutants adsorbed to CNTs. Note that 65R1 

and 151R1 did not yield converged fitting results due to the high heterogeneity of enzyme 

binding mode on these two sites. 

Mutant 44R1 72R1 118R1 131R1 

Rz, im 5.97 5.87 5.95 5.83 

Rz, m 7.88 7.86 7.9 7.9 

R2, im 1.15 0.72 1.22 1.42 

R2, m -0.64 -0.38 -0.39 -0.44 

C20, im 42.7 38.9 31.7 43.3 

C22, im -43.2 -43.3 -43 -43.7 

C20, m -16 -16 -17 -17.4 

C22, m 5.04 4.69 4.82 5.00 

Populationim 29.9% 37.1% 30.0% 22.4% 

Populationm 70.1% 62.9% 70.0% 77.6% 

 χ2 2.7e-5 2.6e-5 3.6e-5 6.93e-5 
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Table A4. EPR fitting parameters for the 6 spin labeled mutants adsorbed to CNT-ZIF. Grey 

indicates mutants that have more mobile component and are more exposable to the solvent. 

Mutant 44R1 65R1 72R1 118R1 131R1 151R1 

Rz, im 5.97 5.95 5.93 5.84 5.88 6.03 

Rz, m 7.93 7.91 7.82 7.81 7.85 7.82 

R2, im 1.13 0.92 0.62 1.10 0.98 0.66 

R2, m -0.51 -0.71 -0.7 -0.8 -0.57 -0.57 

C20, im 45.3 42.3 41.6 42 42.7 43.7 

C22, im -45.6 -45.3 -46 -47 -47.4 -46.1 

C20, m -17.8 -18.7 -17.5 -19.7 -20.5 -22.4 

C22, m 4.51 4.61 4.98 4.91 5.45 5.3 

Populationi

m 

38.7% 40.6% 62.1% 42.6% 55.2% 54.8% 

Population

m 

61.3% 59.4% 37.9% 57.3% 44.8% 45.2% 

 χ2 2.51e-5 1.09e-5 1.7e-5 2.0e-5 3.27e-5 6.47e-5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


