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ABSTRACT OF THE DISSERTATION 

Nucleation and Growth of Protein-Metal-Organic Frameworks 

by 

Brooke Payne Carpenter 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2023 

Professor Joseph Patterson, Chair 

 
 

Protein-Metal-Organic Frameworks (MOFs) present a diverse array of building blocks for 

designing high-performance materials with applications spanning numerous industries including 

drug delivery, catalysis, and gas storage. However, the intricate crystallization mechanisms 

involving various pathways and intermediates complicate their understanding, stalling the 

implementation of the materials. Fundamental crystallization studies have been pivotal in 

advancing both biological and synthetic systems, and MOFs are no exception. This dissertation 

delves into how proteins exert control over the nucleation and growth of MOFs, influencing final 

crystal properties such as topology, morphology, and encapsulation efficiency. Advanced 

microscopy and scattering techniques, such as cryogenic transmission electron microscopy 

(cryoTEM) and powder x-ray diffraction (PXRD), are employed to conduct these studies. The 

investigation commences with zeolitic imidazolate framework-8 (ZIF-8) as a model MOF system 

and bovine serum albumin (BSA) as a model protein. Synthetic protocols are established to explore 

the impact of BSA concentration and ligand-to-metal ratios on ZIF-8 formation. Notably, the use 

of cryoTEM allows for the direct observation of MOFs, uncovering the role of transient amorphous 

phases in ZIF-8 nucleation and growth. Furthermore, it was discovered how protein folding 



 

xiv 
 

influences the stability of these amorphous phases, enabling modulation of key physical properties 

such as crystal size, morphology, and encapsulation efficiency. Moving beyond BSA, subsequent 

investigations aim to connect nucleation and growth mechanisms to the final enzymatic 

performance of MOFs using catalytically active proteins, namely glucose oxidase (GOx) and 

catalase (CAT). The results underscore the significance of protein folding in the initial complexes 

with MOF precursors, pivotal in designing active materials. To further tailor the extent of enzyme 

activity, the accessibility of the enzyme to substrates and its diffusion barrier can be controlled 

through final crystal properties, including size, topology, defects, and porosity. Generalizing these 

findings, the dissertation introduces two novel, catalytically active proteins into ZIF-8 for the first 

time, main protease (Mpro) of SARS-CoV-2 and Nanoluciferase (NanoLuc). In summary, this work 

provides valuable insights into how protein folding influences MOF nucleation and growth 

mechanisms and, consequently, their final crystal properties. The research contributes to the 

broader understanding of MOFs as versatile materials and paves the way for high-performance 

hybrid materials.  
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Chapter 1: Introduction 

 
A portion of this chapter is under review for publication in Chemical Society Reviews and has 
been adapted for this thesis:  

Brooke P. Carpenter, A. Rain Talosig, Ben Rose, Giuseppe Di Palma, and Joseph P. 
Patterson. “Nucleation and Growth of Metal-Organic Frameworks.” Under review with 
Chem. Soc. Rev.  
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Chapter 1: Introduction 

1.1 Metal-Organic Frameworks  

Metal-organic frameworks (MOFs) have become one of the largest and fastest growing 

research fields since the material was first introduced in the late 1990’s.1 Composed of metal nodes 

connected with organic ligands, MOFs have attracted popularity due to their incredibly high 

surface area, with some obtaining surface areas greater than the area of a football field per gram 

of material (~7800 m2/g).2  These high surface areas make MOFs perfect for storage of large 

amounts of gaseous guest species such as hydrogen,3 or carbon dioxide.4 MOFs also exhibit greater 

synthetic flexibility when compared to other porous materials like zeolites, which are currently 

used in many applications but have limited catalytic usage due to a narrow range of synthetic 

precursors.5  In contrast, MOF coordination networks can be synthesized from many different 

transition metals and linkers and can be easily tuned to obtain crystals with varying chemical 

functionality and porosity, allowing small molecules and biomolecules to be selectively adsorbed 

or encapsulated.6–8 Because of this synthetic diversity and ease of tunability, MOFs are now being 

studied for applications in almost every major industry, including catalysis,9 gas storage,10 

sensors,11 and drug delivery.12,13  

While high throughput screening methods can be credited for accelerating the synthesis of 

new MOFs (>90,000 recorded MOFs),14 currently only a limited number of MOFs are actually in 

industrial usage due to limited knowledge in how synthetic scaling and how high temperature and 

pressure processing techniques affect MOF formation and final structure.15 The zeolite community 

– which has exploded in catalysis applications in the past two decades – has demonstrated that 

mechanistic studies on how a material forms enables its advancement, even with the limited 

catalytic applications this material has when compared to MOFs.16–18 Additionally, the 
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commercialization of most pharmaceutical drugs can be largely credited to mechanistic studies of 

drug formation as the studies were used to tailor drugs with specific surface chemistries and 

properties.19,20 Extensive mechanistic studies have been performed only on a limited number of 

MOF systems, but through those limited studies, the general consensus is that MOFs formations 

are often complex, not fitting conventional crystallization models.21,22 Large-scale studies need to 

be performed to generalize these findings, which is challenging due to multiple intermediate 

phases occurring for each MOF synthetic condition. These phases need to be identified and 

characterized to better predict dominant MOF pathways. Additionally, how the reaction solution 

influences the formation and dynamics of the various intermediate phases has yet to be fully 

realized. Thus, a combination of ex-situ and in situ studies are essential to gain a holistic 

understanding of the reaction dynamics and mechanisms of MOF synthesis on both the molecular 

and bulk scale. Such mechanistic studies will enable tighter control of MOF synthetic conditions 

and provide translatable findings for other materials. Chapter 1 of this thesis encompasses how we 

currently understand, control, and monitor MOF crystallization mechanisms, specifically focusing 

on zeolitic imidazolate frameworks (ZIFs), a class of MOFs which are structurally like zeolites 

and are widely studied. 

 

1.2 Nucleation and Growth Theories and Models 

Crystallization studies have proven to be an important area of research in synthetic 

materials such as MOFs and across many natural systems occurring in biology and geology. 

Through these studies, scientists have extracted key thermodynamic and kinetic factors that unlock 

how atoms, ions, and molecules can pack to obtain final crystals with targeted properties. Since 

the early 20th century, classical nucleation theory (CNT) has served as a theoretical framework 
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for understanding the rates and mechanisms during crystallization.23–25 The theory breaks 

crystallization down into two main categories: nucleation and crystal growth. Nucleation describes 

the assembly of monomers (atoms, ions, or molecules) into the smallest thermodynamically stable 

structure which possesses a crystalline lattice, known as a crystal nucleus. The key principle for 

nucleation is that a significant energy barrier must be overcome to form a stable nucleus. This 

barrier is determined by two competing factors: Surface or interfacial energy and bulk energy.26 

The interfacial energy is always a positive term as it is the origin of the nucleation barrier since it 

requires energy to make an interface.  The bulk energy is always a negative term as it denotes a 

release in energy or stabilization of the nuclei. By utilizing enthalpic and entropic strategies, such 

as manipulating bond strengths and degrees of freedom of MOF precursors, the interfacial energy 

term can be minimized, and crystal growth can proceed.  Otherwise, if the interfacial energy is too 

high, a nucleus cannot be formed, and precursors remain in solution or bulk phase. Crystal growth 

then occurs on the downhill slope of the energy barrier and involves the addition of monomers to 

the surface of the growing crystal lattice. The key principle for crystal growth is that monomers 

will tend to add to different crystal faces at different rates, which controls the morphology of the 

crystal as it grows.27,28 This growth often occurs through Ostwald Ripening, which refers to a 

phenomenon in which smaller particles of MOF precursors dissolve and add onto the surface of 

the growing crystalline phase.29  

While CNT is essential to understanding how MOFs form, it has only been able to describe 

a few MOF systems.30–32 Most MOF crystallizations are categorized as non-classical, as they 

include intermediates and irregular final crystal structures and morphologies that cannot be 

explained with CNT. Additionally, MOF crystals often form metastable phases, which are a local 

energy minima in the MOF formation reaction (Figure 1.1).21,33 These metastable phases have 
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broad definitions as they can be characterized as molecular clusters,34 crystalline nanoparticles,32 

liquids,21 kinetic polymorphs (which later evolve to a more thermodynamically stable, often 

nonporous polymorph),35 and amorphous species.22 The behavior of this metastable phase has 

significant consequences of the final MOF’s characteristics, as it aids in establishing a degree of 

local supersaturation for the critical nucleus to form and start the nucleation process. Metastable 

phases have been observed to form when precursors concentrate, and phases separate from the 

bulk solution to form solute-rich and solvent-poor areas. The solute-rich area then condenses into 

species such as amorphous particles and/or dense-liquid phases,22 which serve as the metastable 

phase. Once the metastable phase is formed, an energy barrier must be overcome for the metastable 

phase to transition into a critical nucleus for the final crystalline phase. While this transition is 

challenging to probe, the critical nucleus can form through the aggregation of the metastable phase, 

which is based on attractive forces of phases at close distances. If the metastable phase is of 

amorphous character, this transition is often called the amorphous-to-crystalline (ATC) pathway, 

which is a common mechanism observed in zeolites,36 biomimetic polymers,37 and magnetite.38 In 

this case, nucleation occurs within the rearrangement of the previously disordered Metal-Ligand-

Metal bonds.  

Once a critical nucleus has been reached, MOFs have been observed to grow through 

particle attachment,22 where amorphous particles attach to the growing crystal in no orientated 

preference. Additionally, they can grow through oriented attachment (OA),32 where crystalline 

precursors attach to the critical nucleus through alignment of their lattices to the growing crystal.39 
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Figure 1.1: Free energy diagram comparing monomer addition (classical nucleation theory) 
and nucleation through metastable phase (nonclassical nucleation theory) mechanisms. 
 

The nucleation and growth of MOFs can also be described by the secondary building unit 

(SBU) approach.40–42 A SBU consists of building units, which are the “bricks” or smallest possible 

assembly of MOF precursors.43 SBUs arrange into larger complexes that form the basis of the 

network topology. The growth of SBUs into MOFs can be categorized similarly to polymerization 

where the SBUs can either undergo chain or step growth mechanisms.32 In chain growth 

mechanisms, single SBUs add like monomers to the growing ends of a crystal. In step growth 

mechanisms, SBU dimers, longer oligomers, and/or smaller crystals add to each other through 

oriented attachment. SBUs can arrange into a large library of rigid geometries, which have direct 

implications on the structural properties of a crystal.42 Thus, through the design of SBUs with 

appropriate geometries and sizes, the final network topology, and final physical properties, such 

as stability and porosity, can be predicted for MOF crystals. 
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1.3 Controlling MOF Nucleation and Growth  

The MOF nucleation and growth reaction can be controlled through manipulating phase 

changes during synthesis. Phase change of a system occurs when the total free energy of the 

proceeding phase is less than the total free energies of the prior phase. Intrinsic and extrinsic 

parameters can dictate whether a phase transformation is energetically favorable through 

increasing or decreasing the free energy barrier to nucleate a particular phase. Intrinsic factors refer 

to the internal properties within a MOF system, such as the chemical composition and 

concentration of the precursors, along with temperature and reaction medium. Extrinsic factors 

include the presence of foreign surfaces, small molecule modulators, and confinement, which can 

directly affect the surface energy barrier to nucleation. Extrinsic factors frequently control the rates 

and mechanisms of MOF by favoring a type of nucleation called heterogeneous nucleation, which 

occurs outside of the bulk solution such as on a foreign surface. Heterogeneous nucleation enables 

nucleation to occur at lower supersaturation conditions, resulting in increased rates of nucleation 

compared to nucleation occurring in the bulk solution (homogeneous nucleation).44 Much has been 

written about the effects of different synthetic conditions on final MOF size and quality. In this 

section, we use these final properties to extrapolate information about MOF nucleation and growth 

mechanisms. Some properties mentioned in this review which can be tied to nucleation and growth 

include metal-ligand bond strength (which can relate to nucleation probability and to growth),45 

crystal size (which can relate to crystal growth),46 crystalline defects (which indicate errors in SBU 

formation and/or arrested growth), and crystal polymorph (which can be used to tell whether a 

reaction is thermodynamically or kinetically controlled).22 Both intrinsic and extrinsic factors will 

be discussed in more detail in this subsection.  
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Chemical composition and medium 

Both MOF composition and solvent play significant roles in both the nucleation and growth 

of MOFs. The strength of the metal-ligand bond, which is essential to the assembly of stable SBUs, 

can be modulated based on electron sharing between the ligand and metal. When choosing a ligand, 

factors to consider are the electron- withdrawing and electron-donating effects. For example, ZIF-

8 has a stronger Zn-N coordination than ZIF-108, as the ligand in ZIF-108, 2-nitroimidazole, has 

a greater electron-withdrawing effect on the imidazole ring, and thus greater Zn-N bond length 

than the ligand in ZIF-8, 2-methylimidazole.47 The different strength of the Zn-N bond in different 

Zn-based imidazolate MOFs provides different applications for the materials; while stronger Zn-

N bonds are desired for storage applications, weaker bonds can facilitate reversible phase 

transformation, which broadens the material's applicability.48 Indeed, ZIF-108 undergoes metal 

substitution much easier than ZIF-8 does, the latter of which requires a base to prevent phase 

transformation during this process.47,49  This suggests that the rate of growth should be higher for 

ZIF-8, as hydrolysis-resistant metal-ligand bonds lead to higher crystal growth rates. When 

choosing a metal ion, the Irving-Williams series can be used to determine the strength of divalent 

metal complexes in water.50,51 This series is often explained based on the ionic radius of a divalent 

metal and the crystal field stabilization energy of a complex. For example, Cu2+ is expected to 

form a more stable metal complex than Zn2+ based on the smaller ionic radius of Cu2+.  

Of course, to measure MOF nucleation and growth, a given metal and linker must be able 

to form a MOF. While this may seem obvious, many metal-ligand combinations will not produce 

MOFs, meaning selection of a linker for a corresponding metal node must be done with care. When 

designing the metal-ligand combination for a MOF, Pearsons’s hard-soft acids and bases (HSAB) 

theory must be utilized, as the binding strength and stability of the metal and ligand bond drives 
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the self-assembly process and dictates the final performance of a MOF.52 Hard metal ions such as 

Zr4+ form strong metal-ligand complexes with strong bases such as carboxylate ligands, and soft 

metals such as Zn2+ form strong metal-ligand complexes with weak bases such as azolate ligands.53 

Borderline metal ions such as Cu2+ can interact with both strong and weak bases, examples being 

benzene-1,3,5-tricarboxylate, a strong base,  and 2,2’-dipyridyl, a weak base, in the case of 

HKUST-1 and [Cu(4,4′-DP)0.5Cl]n  respectively.54–56 Different linkers and metals will display 

different nucleation and growth kinetics, the understanding of which varies between MOF system.  

As metal-ligand bond strength cannot be discussed in a vacuum, the reaction solution, 

specifically the solvent, is critical for dictating the metal and ligand coordination environments.57 

Furthermore, MOF’s can only self-assemble into crystalline units if the metal-ligand bond 

formation is more energetically favorable than the solvent-ligand exchange rate. Solvent can play 

various roles in the self-assembly process. It can govern the rate and pathway of crystal formation, 

be incorporated into the MOF by coordinating with the metal ions, or both. In the case of water-

stable ZIFs, the ΔG of hydrolysis must be a positive value, meaning that metal-ligand binding is 

more energetically favorable than the metal or ligand binding with water.53 By modulating the 

hydrophobicity of the ligand, the rate of ligand/solvent binding can further be tuned, as 

hydrophobic ligands have a lower rate of binding with water molecules.  

The solubility of the ligand in the reaction medium plays an important role in the 

crystallization rate as a more soluble ligand facilitates increased nucleation and growth rate. For 

example, a study demonstrated this concept by using a ligand more soluble in DMF than in water 

and showed how the MOF crystallized much faster in DMF than water due to the ligand’s high 

solubility in DMF.58 The solubility of the ligand also can impact the network dimension of a MOF 

as it influences the binding affinity of the solvent molecules to the metal centers. For example, a 
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study showed that through increasing ligand solubility, the solvent-metal binding consequently 

decreased, which resulted in an increase of the crystal dimensionality (i.e. 1D, 2D, 3D).59  

The rate and extent of deprotonation of the ligand further affects the self-assembly and 

final MOF structure and size. A study by Kim et al. observed larger particles formed in more polar 

solvents as more polar solvents have higher proton acceptance power.60 As a result, the interfacial 

energy of the system decreases as the concentration of available ligands for metal coordination 

increases. With a higher concentration of available ligands, larger MOFs with high crystallinity 

can form.  

In addition to solvent polarity, the purity and ionic strength of a solvent affects the 

arrangement and size of the initial assembled clusters. For example, a pure aqueous solvent has 

been shown to facilitate fast nucleation and produce larger clusters compared to an aqueous 

solution with ions.34  Additionally, free ions, such as Na+ and F-, in solution can dictate the extent 

of defects in a crystal structure.61 This occurs as a result of the ions interacting with the MOF 

building units during growth, preventing ligands from rotating and consequently forming defects. 

Defect formation is most prominent at lower ion concentrations. As ion concentration increases, 

the probability of crystalline unit formation is decreased, due to an increased stability between the 

metal and counterion. Ions also can stabilize complexes during growth, raising the energy barrier 

to add more monomers or SBUs, which leads to defects and trapping of kinetic products.  Ions can 

also add themselves into the crystal lattice of a MOF, as is the case with ZIF-C–where carbonate 

ions incorporate themselves into the ZIF-8 lattice during formation–changing the nucleation and 

growth mechanism in a way that is still not understood. The concentration of precursors and ratio 

of ligand to metal is further key in MOF self-assembly mechanisms. Excess ligand drives 

nucleation in some ZIF systems through the deprotonation of building units, reducing the rate of 
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hydrolysis. Increasing the extent of excess ligands speeds up the reaction rate, producing smaller 

kinetic products with low dispersity.  

 

Surfaces 

Surface substrates have shown great potential for nanoscale control of crystal formation,64 

aiding in the discovery of new types of materials for CO2 separation,65 water splitting,66 and field-

effect transistors.67 Surfaces control the self-assembly pathway of crystal formation by modifying 

the interfacial free energy barrier and offering a site for crystals to nucleate (Figure 1.2).68  The 

effects of surfaces themselves on crystal growth are usually not as pronounced, although 

confinement by surfaces can noticeably affect growth of MOFs. The extent of which a surface can 

modify crystal nucleation is largely dependent on two factors: 1.)  atomic structure of the surface 

and 2.) the strength of the bonds formed by the MOF precursors and the surface. By matching the 

atomic structure of a surface to a desired lattice place of a crystal, surfaces can be used to control 

the orientation of the crystal lattice by minimizing the lattice strain in a desired orientation. Planar 

substrates include flat, smooth surfaces such as alumina69 and silica70,71 and provide a uniform 

surface for MOFs to grow. These substrates often include self-assembled monolayers (SAMs),72,73 

that can be functionalized with different terminating groups to dictate the orientation of the MOF 

crystal. In a study by Shekhah et al., the authors describe studying the formation of metal-organic 

frameworks (MOFs) in a sequential fashion on a functionalized SAMs.74 The surface of the SAMs 

was functionalized with mercaptohexadecanoic acid (MHDA) as the carboxylic acid groups 

matched with the (100) plane in the crystal lattice.  As a result, the orientation and growth of the 

crystal could be controlled, resulting in homogeneous crystalline films. Furthermore, SAMs can 

be functionalized with multiple different terminating groups which promotes nucleation of 
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different lattice orientations. Such control of the nucleation enables the engineering of novel MOF 

structures with finely tuned lattice patterns.75  

Another aspect to consider when choosing a surface is the chemical composition of the 

surface interface. The interfacial chemistry can be used to modulate the binding strength of the 

MOF precursors to the surface and consequently, the probability of nucleation. By the MOF 

precursors forming stronger bonds with the surface rather than with the solvent molecules, the 

interfacial energy barrier required for nucleation decreases.26 The available surface area for strong 

bonds to form can also impact the probability of nucleation. Non-planar substrates, which are 

surfaces that are more complex and have three-dimensional structures, provide a larger surface 

area for the  MOFs to grow on, leading to faster formation and higher yields.76–78 Examples of 

non-planar substrates include foams,79 fibers,80 nanowires,81 proteins,7,78,82,83 and porous 

metals.84,85  The ability for a  protein to drive crystal formation of ZIF-8 (sod) is strictly dependent 

on its negatively charged surface as studies have shown that biomolecules with high isoelectric 

points (>7) cannot promote crystal formation.78  With this insight, molecular modifications  were 

shown to be promising methods for tailoring the surface chemistry to promote nucleation and 

growth of a particular MOF phase. Furthermore, proteins are believed to add to the growing crystal 

through particle addition. Through addition, the proteins create defects in the crystal as they are 

too complex to match the lattice planes of the MOF.22,83 By controlling the size and concentration 

of protein particles, such defects can be tailored.  

 In summary, each type of surface has its own benefits for tailoring the nucleation and 

growth of MOF formation.  For example, if a planar substrate is being used, a fabrication method 

may be developed that takes advantage of the flat and smooth surface of the substrate to help 

control the growth and formation of the MOFs in a precise and uniform manner. On the other hand, 
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if a non-planar substrate is being used, a fabrication method may be developed that can adequately 

grow the MOFs on the more complex surface of the substrate, potentially leading to faster 

formation, higher yields, and trapping of kinetic products (Figure 1.2).  

 

Figure 1.2:  Comparison of free energy barrier in homogeneous (without surface) and 
heterogeneous crystallization (with surface). 

 
1.4 Monitoring MOF Nucleation and Growth  

The complexity of MOF nucleation and growth requires strategic experimental and 

instrumental methods to obtain a thorough understanding of the mechanisms and kinetics driving 

each intermediate and final phase. While no single instrumentation method can capture the broad 

spectrum of the crystallization process from initial building units to final bulk crystal, each 

instrument has its own strength as some instrumental techniques enable characterization of a 

specific, localized region and provide qualitative insight into individual crystal size and 
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morphology, while other techniques may provide ensemble information and quantitative insight 

into the crystallization kinetics. Thus, multiple complementary instrumentation methods are 

required to obtain a holistic overview of the crystallization by providing descriptions of each phase 

and phase transition. Each instrument will be discussed in more detail in this section, and examples 

of how each technique can be used to monitor MOF nucleation and growth will be provided.  

 

Mass Spectrometry  

Mass spectrometry (MS) provides compositional and structural information of the initial 

building units in solutions that occur prenucleation. Such studies enable a molecular understanding 

into the mechanisms and dynamics in which metastable phases such as particles form. Electrospray 

ionization (ESI) is a soft ionization technique that is frequently paired with MS (i.e. ESI-MS) to 

minimize damages, such as fragmentation, to the prenucleation species. In a study by Filez et al., 

ESI-MS was used to determine the composition of the prenucleation clusters in ZIF-67, which 

allowed for a greater understanding of the quantity and composition of the initial building units.87 

By taking measurements of sample aliquots, the mechanism in which these building units evolve 

to form a stable nucleus was determined to be through monomer-by-monomer addition. In a 

different study by Salionov et al., high resolution ESI-MS was used to monitor the growth of MIL-

53 (Al), which revealed how solvent byproducts play a role in the nuclei formation.88 The study 

further uncovered the crystallization mechanism to occur through nuclei aggregation.  

 

Spectroscopy Techniques 

Infrared (IR) and Raman spectroscopies both provide information on the molecular 

bindings occurring in solution and in various phases in MOF formation through measurement, by 
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means of either scattering or absorption of the vibrational modes of the chemical bonds. Thus, 

influences by intrinsic or extrinsic factors can be monitored through changes in the vibration mode. 

IR spectroscopy relies on atoms being free to vibrate to detect different functional groups with 

known absorptions. Atoms in MOFs are locked in a crystal lattice, having different IR absorption 

than the free atoms. Time-resolved fourier transform infrared spectroscopy (FTIR) has been used 

to measure the folding of enzymes within ZIF-8, specifically the amide I, II, and III peaks.89 FTIR 

measurements can be used to determine the presence of enzymes in a p-MOF, as well as presence 

of CO2, in the case of ZIF-C.89,90  

Whereas IR is based on absorption of IR light, Raman spectroscopy measures vibrational 

modes by means of photon scattering. Raman is particularly useful for studying MOF-guest 

interactions in aqueous solutions, as Raman is not sensitive to water vibration which could overlap 

the MOF-guest vibrations.91 In situ Raman has been used to study how temperature plays a role in 

molecular packing and, consequently, ability to integrate guest molecules. Furthermore, a study 

by Kumari et al. found that lower temperatures promoted greater gas adsorption in ZIF-8 due to 

larger windows between the methyl-imidazole rings in the MOF building blocks.92 Using a 

combination of both Raman and IR spectroscopies is most impactful, as each is sensitive to 

different vibrations, providing greater insight into the chemical reactions occurring in solution, 

and this is applicable to all MOFs. Embrechts et al. used in situ Raman and FTIR spectroscopies 

to study the nucleation and growth of MIL-53 (Al) in DMF through evolution in the vibrational 

bands.93 Through this study, the transformation of the atomic ordering in the metastable phase to 

the stable crystalline nucleus could be probed.  

 

 



 

16 
 

Scattering Techniques  

Scattering techniques can be performed on MOFs to obtain averaged ensemble data 

pertaining to the nucleation and growth kinetics of a crystallization as well as the evolution of 

particle size, morphology, and distribution. Data of a sample is obtained through collecting 

scattered radiation off a sample as a function of angle and/or time. Based on the radiation 

wavelength, different length scales can be obtained.  

Dynamic light scattering (DLS) and static light scattering (SLS) use light or photon 

radiation sources, allowing for nanometer resolution, of initial MOF species.94 DLS measures the 

scattering of light at a single angle to determine the hydrodynamic radius (Rh), which relates the 

diffusion of a particle in solution to the diameter of a sphere. SLS measures radiation at several 

angles to obtain the radius of gyration (Rg), or the radius based on a particle's center of mass. Rg 

allows the molecular weight of particles to be determined. Using a mathematical approximation, 

Saha and coworkers fit time-resolved SLS data from the growth of ZIF-71 nanoparticles to a 

nucleation and growth model.95,96 By determining the mass values of the intermediates, the NG 

model then provided information on how the mass of the nanoparticles evolve over time.  

Additionally, by using the ratio of Rg/Rh, particle morphology and shape evolution of MOF 

particles can be studied.96  

Light scattering techniques can further be used to measure solution turbidity by measuring 

the scattering intensity, enabling the rate of particle formation to be determined.22 Zeta potential, 

which measures the surface charge of particles, measurements can be performed with light 

scattering techniques. Surface charge measurements are particularly important to understanding 

the electrostatics driving heterogeneous nucleation on surfaces such as biomolecules78 and 

zeolites.97 It is important to note that light scattering techniques are limited in that they cannot 
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obtain accurate particle or intensity measurements in very heterogeneous and/or turbid MOF 

solutions. Thus, controls are needed for all lights scattering methods to determine the best working 

concentrations of MOF samples.  

X-ray scattering techniques use x-rays as radiation sources, enabling higher resolution than 

previously mentioned light scattering techniques due to the short wavelengths of X-rays compared 

to visible light. These methods can provide insight into the nucleation and growth mechanisms of 

MOFs through morphological and structural evolution studies of the amorphous and crystalline 

phases. X-ray diffraction is a subclass of X-ray scattering where the scattered radiation is elastic 

(i.e the same energy as the incident X-rays) and is limited to measuring crystalline structures. 

While the arrangement of amorphous species cannot be determined with XRD, the presence of the 

species can still be determined through broad peaks occurring in the spectra background. The rate 

of crystallinity can then be monitored through changes in peak intensities over time, as it gives 

insight into reaction pathways and observes intermediate crystalline and amorphous phases. A 

study by Katsensis and coworkers used in situ XRD to monitor the structural evolution of ZIF-8 

while applying a mechanical stress (i.e. mechanochemical synthesis).98 By monitoring the XRD 

peaks, they were able to discover new metastable phases and a deeper understanding of how 

structural density plays a role in polymorph transformation.   

Small angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) are both 

types of X-ray scattering techniques which can identify crystallographic information as well as 

information pertaining to particle shape and size. SAXS is extremely versatile and can monitor the 

size and shape of initial MOF phases during nucleation and growth of MOF in the 1-100 nm range. 

Samples can be amorphous, semi crystalline, or crystalline, allowing for information on the initial 

stages of nucleation and growth that are not typically observed in XRD to be collected. SAXS 
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applications are not limited to identification of crystalline size and shape; this technique can also 

be used to understand the shape and function of enzymes when they are encapsulated in  MOFs.99  

In a recent study, SAXS was used to track the microstructural changes of hollowed MOFs to hold 

different enzymes and showed that the microporous region would shrink, allowing for the 

macropores to expand to hold the enzymes.  

WAXS measurements are taken with the detector in a closer position than with SAXS, so 

larger diffraction angles can be monitored, which is used to look at crystalline phases.100,101 WAXS 

has been utilized to studying the change and formation of transitory MOF structures and monitor 

the kinetics of MOF crystallization and growth.  MOF synthesis reactions often absorb significant 

amounts of X-rays, limiting the amount and accuracy of data that can be collected via X-ray 

scattering techniques. Additionally, many laboratory X-ray sources lack the brilliance, beam 

coherence, and tunable wavelength ideal for studying material formation kinetics in situ. SAXS 

and WAXS also suffer from poor temporal resolution, as laboratory X-ray source measurements–

especially ones with low signal-to-noise–often take minutes to hours, during which important 

kinetic information can become lost. While synchrotron sources can and have mitigated these 

issues, obtaining experiment time at these sources is difficult, and consequently, few studies of 

this type have been conducted. WAXS has been used mainly to monitor the growth of 

characteristic crystalline peaks and measure the kinetic growth. For example, it has been used to 

understand the formation mechanisms of a multicomponent MOFs, revealing phase transitions 

throughout the synthesis.102 The kinetic information gained from these experiments are crucial in 

the development of scaled up reactions and optimization of the synthesis.   
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Electron Microscopy Techniques 

Microscopy methods provide images of localized regions of a sample enabling phases that 

occur simultaneously to be distinguished. Additionally, information on the dynamics and character 

of individual phases and crystals can be obtained. The resolution or viewing range of a sample is 

dependent on the wavelength of the beam source and the voltage at which the beam is emitted. For 

example, microscopes that use photons (a.k.a. visible light) rather than electrons for a beam source 

have lower resolution as photons have a longer de Broglie wavelength than electrons.  

Electron microscopes utilize beams of electrons to image samples, allowing atomic scale 

resolution. The two main categories of electron microscopes are transmission electron microscopes 

(TEM) and scanning electron microscopes (SEM). These microscopes are largely differentiated 

based on the energy of electrons emitted.  Transmission electron microscopy uses high energy 

electrons to pass through the sample and provide internal information such as pores and defects in 

the crystal structure. TEM is unique among all techniques because the lattice structure of individual 

phases and products can be imaged using high resolution TEM (HRTEM).103 This allows 

amorphous phases to be distinguished from crystalline phases and provide insight into the 

evolution of the system.22 While high resolution provides crystal structure in real-space imaging, 

micro electron diffraction (microED) images a sample in reciprocal space and obtains diffraction 

patterns, similar to that in x-ray diffraction, on selected phases of interest.  

MOFs can be a challenge to image with TEM, especially at high resolution, as the high 

electron energy can damage the crystal structure.104,105 To combat the beam sensitivity of MOFs, 

cryogenic TEM (cryoTEM) has been used to improve beam stability of the specimen. In this 

technique, aliquots of samples are brought to cryogenic temperatures, providing a snapshot of the 

reaction at certain time points.104  To provide further information into the kinetics and dynamics 
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of a crystallization in real-time, liquid phase TEM (LPTEM) can been used to visualize the growth 

of MOFs while in their native, solution.106 Using LPTEM, Liu et al. captured three key nucleation 

steps during the formation of MOF nanocrystals.21 The LPTEM videos display a homogeneous 

solution of MOF precursors that phase separate to form a dense liquid phase. The dense liquid 

phase then condenses into an amorphous cluster that then undergoes crystallization. The direct 

observation in this study provides insight into how to better control crystallization and should be 

generalizable to many other MOF systems.  

Scanning electron microscopy (SEM) uses lower energy electrons compared to TEM, 

allowing external features such as the surface morphology of the MOF crystals to be imaged, with 

resolution as low as 1 nm.107 SEM has proved to be particularly useful for studying how the size, 

shape, and morphology of metastable and stable phases evolve over time. A study by Jian et al. 

demonstrated that by modulating the rate of nucleation through precursor concentration, the shape 

and size of ZIF-8 crystals could be controlled.108 At a set concentration, the authors monitored the 

morphological evolution over the course of 24 hours and observed crystal growth through Ostwald 

ripening as small ZIF-8 crystals disappeared overtime while larger crystals appeared. Because 

MOFs are not conductive materials, electrons often build up on the surface of the crystals, called 

“charging”, producing blurry images.109 To reduce charging, thin coatings of conductive elements 

such as iridium or gold are coated onto the sample using a plasma sputter coater.110  

 

1.5 Dissertation Overview 

In this dissertation, the nucleation and growth mechanisms of MOFs are probed with a 

particular focus on how proteins control the kinetics and thermodynamics of the crystal formation. 

Such studies are essential to the prediction and development of biocomposites with finely tuned 
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sizes, morphologies, topologies, and surface chemistries. In each chapter, electron microscopy and 

X-ray diffraction are used as complementary techniques to characterize intermediate phases and/or 

final crystal topologies. Products from this dissertation work have resulted in two research 

chapters, Chapter 2 and Chapter 3, being published in peer-reviewed journals. Additionally, 

Chapter 1 has been submitted for peer-review and awaiting acceptance. Chapter 4 is in 

preparation for peer-review and anticipated to be submitted during the Fall of 2023. Chapter 5 is 

intended as a stand-alone chapter for this dissertation.  

Chapter 1 introduces the field of MOFs and provides an overview of the current theories 

and fundamental chemistry used to decipher MOF crystallization. The discussion explores using 

intrinsic and extrinsic synthetic parameters as tools to modulate the crystallization pathway for 

creating MOF crystals with precisely customized physical and chemical properties. Experimental 

and computational methods are provided to guide the probing of MOF crystal formation on the 

molecular and bulk scale. 

Chapter 2 describes the initial screening of synthetic conditions for protein-MOFs. 

Furthermore, the structural evolution of p-MOFs was probed, revealing nonclassical pathways via 

dissolution–recrystallization of highly hydrated amorphous particles and solid-state transformation 

of a protein-rich amorphous phase. With this data, we propose a general description of protein-

MOF crystallization which is best characterized by particle aggregation and colloidal theory for 

future synthetic strategies. 

Chapter 3 investigates how a molecular modification of proteins can affect the folding of 

a protein. Protein folding was further found to have a direct effect on the MOF formation 

mechanism, and consequently, the final crystal properties, including size, morphology, topology, 

and encapsulation efficiency.   
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Chapter 4 continues to build onto the concepts obtained from the previous chapters with 

introduction of catalytically active proteins, enzymes. Here, a guide is presented to designing high-

performance enzyme-MOFs. This guide encourages others in the field to give specific attention 

towards both the initial enzyme folding with MOF precursors as well as the defects and extent of 

crystallinity in the final crystals.  

Chapter 5 introduces two novel proteins, SARS-CoV-2 main protease (Mpro) and 

Nanoluciferase (Nanoluc), into ZIF-8 for the first time. Here, structure/function relationships are 

extrapolated from the data based on concepts learned from previous chapters in this dissertation.  

Chapter 6 summarizes the major findings from this dissertation and provides an outlook 

on the exciting future of protein-MOF crystallization.  
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Chapter 2. Investigating Synthetic Parameters and Protein Interactions in Protein-Metal-

Organic Frameworks.  

2.1 Introduction 

In biological systems, crystal formation is precisely controlled through the process of 

biomineralization, whereby macromolecules direct nucleation and growth mechanisms to create 

highly ordered and optimized structures.1 Analogous to biomineralization, biomolecules can be 

incorporated into synthetic crystals such as metal–organic frameworks (MOFs), forming a new 

class of synthetic biological nanomaterials.2–7 During protein–MOF (p-MOF) crystallization, 

proteins are encapsulated into the MOF framework and exhibit enhanced bioactivity and stability8–

10 that is desired for the development of next-generation materials in drug delivery,2,11–13 chemical 

and biological sensing,11,14–16 and catalysis.17,18 Synthetic conditions largely affect the performance 

of the final p-MOF product, as a result of various nucleation rates (rapid19 vs unchanged20), crystal 

morphologies (protein dependent8 vs MOF dependent21), and protein loading mechanisms 

(homogeneous encapsulation8 vs surface encapsulation22). Synthetic parameters such as 

ligand:metal ratio, ZIF-8 precursor concentrations, and choice of biomolecule offer a large 

landscape from which to design p-MOFs with desired properties. However, the large p-MOF 

parameter space has resulted in a wide range of reported synthesis conditions and final crystal 

products.4,8,9,17,21,22  

Despite the heterogeneity in p-MOF products, a compelling argument for studying p-MOF 

systems is the simplicity with which the materials can be synthesized. Mixing the metal, ligand, 

and protein precursors in water at room temperature will induce crystallization over a period of 24 

hr. It is hypothesized that proteins with negatively charged surfaces can concentrate positively 

charged metal ions and ligands to a local region, resulting in a localized supersaturation that 



 

33 
 

promotes MOF nucleation and crystallization.2,4,8,19,23 This hypothesized mechanism is analogous 

to biomineralization processes, where biomolecules alter the energy barriers to nucleation and 

promote crystal growth pathways.24 Progress in predictive models for p-MOF synthesis has been 

demonstrated by controlling the surface charge of proteins25 or hydrophilicity26 of MOFs, 

indicating that the formation of p-MOFs is highly dependent on interactions between biomolecules 

and MOF precursors. However, direct observations of the underlying p-MOF crystallization 

mechanisms have not been reported, likely due to the difficulties associated with characterizing 

the transient, nanoscale hybrid precursors present in solution. 

In this study, synthetic and instrumental protocols are established for studying p-MOFs, 

specifically the model system ZIF-8 and bovine serum albumin (BSA), that are vital for future 

studies in this thesis. Additionally, light scattering, zeta potential, and FTIR studies were 

performed to understand the crystallization kinetics, electrostatic interactions between the protein 

and MOF precursors, and incorporation of biomolecule in the MOF. Cryogenic transmission 

electron microscopy studies by Dr. Alana Ogata demonstrated that amorphous phases are vital in 

determining local supersaturation and, therefore, controlling the crystallization mechanism. We 

identify two key amorphous phases: (1) 2-methylimidazole/zinc (HmIm/Zn) amorphous particles 

and (2) protein/HmIm/Zn particles. We also identify two distinct mechanisms dependent on the 

HmIm:Zn precursor ratios. At high ligand:metal ratios (∼35:1), ZIF-8 crystals nucleate from the 

HmIm/Zn amorphous phase and the protein/HmIm/Zn particles undergo a solid-state 

transformation at the growing ZIF-8 crystal surface through heterogeneous crystallization. At low 

ligand:metal ratios (∼4:1), the HmIm/Zn amorphous phase is unable to crystallize, and the 

protein/HmIm/Zn phase promotes ZIF-8 nucleation directly.  
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2.2 Experimental methods 

Materials  

Chemical reagents for ZIF-8 and BSA-ZIF-8 syntheses were obtained from Sigma-Aldrich 

and used as received unless otherwise stated. 2-Methylimidazole (HmIm), zinc acetate dihydrate, 

bovine serum albumin, and bovine serum albumin fluorescein isothiocyanate conjugate. Milli-Q 

water (ρ > 18 MΩ cm) was used as the solvent for all aqueous solutions. 

ZIF-8 and BSA/ZIF-8 Synthesis 

Separate aqueous solutions of 2-methylimidazole (1400 mM, 1 mL) and zinc acetate (40 

mM, 1 mL) were prepared for a final concentration of HmIm:Zn = 700:20 mM upon mixing. These 

two solutions were combined and aged for 24 h without stirring. The resulting precipitate was 

recovered by centrifugation at 6000 rpm for 5 min, washed with water, and centrifuged twice more. 

For synthesis of BSA/ZIF-8, BSA was added into a solution of HmIm for a final concentration of 

5 mg/mL BSA in a HmIm aqueous solution (1400 mL, 1 mL) and subsequently mixed with a 

separate solution of zinc acetate (40 mM, 1 mL). Solutions were aged for 24 h without stirring, 

and a precipitate was obtained as described for ZIF-8. All samples described here were synthesized 

by adding BSA (5 mg/mL) to aqueous solutions of HmIm (1400 mM) and subsequently mixing 

with zinc acetate (40 mM). However, we determined that adding BSA to either zinc acetate or 2-

methylimidazole solutions produced the same final product upon mixing (Figure 2.1). 
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Figure 2.1: TEM micrographs of final crystal products for BSA-ZIF-8 synthesis. BSA was 
added to aqueous solutions of 2-methylimidizole for a final solution of (a) 1.25 mg/mL BSA 
and (b) 5 mg/mL BSA in 1 mL of 1400 mM HmIm and mixed with a separate solution of zinc 
acetate ( 40 mM, 1 mL). As a comparative synthesis, BSA was added to aqueous solutions of 
zinc acetate for a final solution of (c) 1.25 mg/mL BSA and (d) 5 mg/mL BSA in 1 mL of 40 
mM Zn and mixed with a separate solution of 2-methylimidazole (1400 mM, 1 mL). All 
solutions were aged for 24 hrs and washed twice by centrifugation. 

 
TEM 

Lacey Carbon grids were purchased from Electron Microscopy Sciences and used as 

received. Precipitates were adsorbed from 10x diluted ZIF-8 solutions for 5 min and blotted with 

Kimwipe paper. Transmission electron micrographs were obtained on a JEOL-2100F TEM using 

a Schottky type field emission gun operating at 200 kV. Images were recorded using Serial EM 

software and collected using Gatan Oneview, Gatan K2 and Gatan K3 cameras. 
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CryoTEM 

CryoTEM Quantifoil R2/2 Holey Carbon Films were purchased from Electron Microscopy 

Sciences. Grids were glow discharged for 70 s to increase hydrophilicity prior to sample 

preparation. Samples were taken from reaction solutions at time points ranging 4 s to 4 h. 

Vitrification was carried out by an Automatic Plunge Freezer ME GP2 (Leica Microsystems) 

where sample preparation onto cryoTEM grids was carried out at 95% humidity to prevent 

evaporation and blotted for 4 s before autoplunging into liquid propane. Vitrified samples were 

studied on a JEOL-2100F TEM using a Schottky type field emission gun operating at 200 kV. 

Images were recorded using Serial EM software and a Gatan OneView CMOS camera at 4k × 4k 

resolution. BSA-ZIF-8 reaction solutions taken at >1 min were centrifuged for 5 s immediately 

prior to vitrification and samples were taken from the supernatant to minimize the material build 

up on cryoTEM grids. Analysis times of 4 s were achieved by placing two separate drops of 2-

methylimidazolate solution and zinc acetate solution on the grid and initiating mixing upon contact 

with blotting paper for 4 s. 

 

Structural Characterization 

Samples analyzed by SEM were sputter-coated with ∼5 nm of iridium (Quorum Q150T) 

and imaged by a FEI Magellan 400 XHR system. Secondary electron images were acquired with 

an accelerating voltage of 10 kV, using a through lens detector operating in immersion mode. 

PXRD patterns were acquired using a Rigaku SmartLab X-ray diffractometer utilizing X-rays 

generated at 40 kV and 44 mA with Cu Kα irradiation. 

 

 



 

37 
 

Fluorescence Imaging 

All-optical transmission and single photon fluorescence imaging was performed using an 

Olympus FluoView 1000 laser scanning microscopy system based on an Olympus IX81 inverted 

microscope frame. A femtosecond oscillator (MaiTai HP, SpectraPhysics) was tuned to produce 

960 nm pulses (80 fs, 80 MHz) that were then converted to 480 nm pulses via second harmonic 

generation in 0.5 mm β-barium borate crystal. Excitation pulses at 480 nm were focused on to the 

sample with 60× NA = 1.41 oil-immersion objective lens (Olympus). Transmitted light was 

collected via an optical condenser in the forward channel to produce an all-optical image for 

correlation with TEM images. Fluorescence signal was collected in backscattering geometry, and 

fundamental light was filtered with a dichroic beam splitter and set of bandpass filters optimized 

for fluorescence emission. Both forward and backward detection channels were equipped with 

photomultiplier tubes (Hamamatsu). Imaging was performed at various fields of view with 

resolution 800 × 800 and 2048 × 2048 pixels while keeping galvanometric mirror scanning speed 

at 2 μs/pixel. All images were acquired using a Kalman filter utilizing two images. 

 

Zeta Potential and Light Scattering Turbidity Measurements  

Measurements were taken with a Malvern Zetasizer ZS Nano dynamic light scattering 

instrument. Zeta potential samples were measured in a disposable capillary cell from Malvern 

Panalytical. For each sample measurement, the instrument was set to automatic runs (ranging from 

10 to 100) to ensure the instrument achieved sufficient signal, and averages of three measurements 

were taken. Turbidity measurements were made using the SOP Player window and set to automatic 

runs (ranging from 10 to 100) with 60 s pauses for over the course of 12 h. 
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2.3 Results  

Crystallization of ZIF-8  

ZIF-8 is a MOF widely employed for the encapsulation of various biomolecules, as 

summarized in Table A1. Major advances in in situ analytical techniques have enabled direct 

observation of ZIF-8 formation in methanol,27–32 revealing intermediate states such as amorphous 

particles,28 gel phases,33 and amorphous phases.29 Studies of MOF formation in aqueous systems 

are limited.34–36 but crucial for understanding p-MOF systems which are typically synthesized in 

water. The synthesis of ZIF-8 under aqueous conditions can produce a wide range of ZIF-8 crystal 

polymorphs from sodalite (sod) to diamondoid (dia) topologies.20 Studies provide evidence of 

nonclassical phases such as nanocrystals, stable clusters, and an amorphous intermediate in the 

ZIF-8 formation in aqueous systems.29 However, the morphology, interactions, and nature of these 

phases (amorphous or crystalline) has yet to be directly probed.  

TEM enables direct observation of morphological changes with atomic scale resolution to 

probe crystal growth.37 Although MOF crystals are stable under the high vacuum conditions of an 

electron microscope, the precursor phases to all crystalline structures synthesized in solution 

involve the formation of hydrated transient species. These hydrated species are incompatible with 

standard TEM experiments, and we consequently utilized cryoTEM to monitor ZIF-8 formation 

in the absence and presence of BSA. BSA serves as an inexpensive model protein that rapidly 

promotes the biomineralization of ZIF-8 and is widely studied for understanding p-MOF 

nucleation and growth.19,22,38 CryoTEM preparation enables high control of synthetic conditions, 

an advantage utilized here by initiation of ZIF-8 reactions upon mixing Zn and HmIm aqueous 

solutions, followed by vitrification of the resulting crystallization solutions at various time points 

(>4 s). Based on previous literature,8,20 we screened several ligand:metal ratios (HmIm:Zn) for the 
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synthesis of ZIF-8 and observed a wide range of crystal structures and sizes (Figure 2.2).  

 

 

Figure 2.2: Final crystal products for ZIF synthesis carried out at various HmIm:Zn ratios. 
SEM micrographs and corresponding PXRD patterns (below) characterized for ZIF crystal 
synthesized from HmIm:Zn ratios (a) 4:1, (b) 10:1, (c) 35:1, (d) 100:1, and e) 270:1. Zinc 
acetate concentrations were kept constant at 20 mM for all reactions. 

 
In agreement with previous reports,22 low ZIF-8 precursor concentrations or low HmIm:Zn 

molar ratio conditions favor the formation of ZIF-8 (dia) topology or an amorphous material.38 In 

contrast, sufficiently high ratios of ZIF-8 precursors result in the formation of ZIF-8 (sod) crystals. 

ZIF-8 (sod) is extensively studied in p-MOF literature, and therefore, we chose to focus our initial 
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analysis on the HmIm:Zn ratio of 35:1 which spontaneously produces ZIF-8 (sod) with good 

reproducibility and crystal purity. HmIm:Zn ratios above 35:1, which also produce ZIF-8 (sod), 

formed too rapidly for the early stages to be captured by cryoTEM. To probe the kinetics of ZIF-

8 formation, we performed static light scattering measurements at one angle (Figure 2.3) to 

measure the change in solution turbidity with time.         

 

Figure 2.3: (a) Turbidity measurements over 6 hours of ZIF-8 solutions at HmIm:Zn ratio 
of 4:1 in the (green) presence and (grey) absence of BSA. Photos of (b) 80 mM HmIm : 20 
mM Zn (c) 80 mM HmIm: 20 mM Zn with 5 mg/ml BSA solutions after 6 hours. (d) Turbidity 
measurements over 6 hours of ZIF-8 solutions at HmIm:Zn ratio of 35:1 in the (blue) 
presence and (red) absence of BSA. Photos of (e) 700 mM HmIm : 20 mM Zn and (f) 700 
mM HmIm : 20 mM Zn with 5 mg/ml BSA solutions after 6 hours. 

 

ZIF-8 solutions at a HmIm:Zn ratio of 4:1 showed no signal without BSA and a very noisy 
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signal with BSA. ZIF-8 solutions at a HmIm:Zn ratio of 35:1 showed an increase in turbidity 

without BSA within the first 100 min of the reaction followed by a decrease in turbidity. With 

BSA, the ZIF-8 solutions at a HmIm:Zn ratio of 35:1 showed initial noisy data that gradually 

increased, followed by a plateau. We hypothesize that ZIF-8 crystals at 35:1 nucleate and grow 

during increase in turbidity and precipitate out either above (with BSA) or below (without BSA) 

the area of detection upon reaching large crystal sizes. 

We aim to elucidate this mechanism by cryoTEM. MOFs are notoriously sensitive to the 

electron beam,25,27,39 and consequently, cryoTEM images were recorded with a 5 s exposure time 

and a low electron dose rate of 1e−Å−2s −1 to minimize beam damage on ZIF-8 crystals. These 

conditions yielded a total dose below the recently cited thresholds of 25 and 90 e− Å−2 for ZIF-8 

at room temperature25 and dry-cryo conditions,39 respectively. Despite the low dose constraints, 

lattice-resolution images were readily obtained (Figure A1) in both dry- and cryo-state conditions, 

enabling a direct view of p-MOF crystal growth mechanisms. Figure 2.4 shows a time series of 

ZIF-8 synthesis imaged by cryoTEM. Within 4 s of the reaction, we observe the formation of ∼7 

nm amorphous particles with a narrow size distribution of 7 ±1 nm (Figure 2.4a, c and 2.5). 

 



 

42 
 

 

Figure 2.4: Representative cryoTEM images of nucleation and growth processes of ZIF-8 in 
water. Scale bars are 200 nm unless otherwise noted. (a, b, e) Time series of amorphous 
particles at (left) low and (right) high magnification during ZIF-8 crystal formation after (a) 
4 s, (b) 1 min, and (e) 4 h. Yellow boxes indicate regions imaged at higher magnification. (c, 
d) Images of aligned and stacked micrographs for particles at (c) 4 s and (d) 1 min at 5 μm 
defocus used for line profile analysis. Overlaid are the corresponding averaged line profile 
analyses from 93 (4 s) and 45 (1 min) particles. (e) CryoTEM images of ZIF-8 crystal 
formation after 4 h reaction time. Yellow boxes indicate regions imaged at higher 
magnification with inset of fast Fourier transform. (f) Lattice-resolution cryoTEM image of 
a ZIF-8 crystal found in (e) after 4 h reaction time. Yellow boxes indicate four regions with 
corresponding fast Fourier transform. Scale bar, 10 nm. (g) PXRD patterns for ZIF-8 
precipitate isolated after 4 h (blue) and 24 h (red) reaction time. 

 

Formation of nanometer-sized particles was previously observed by small angle X-ray 

scattering28 and dynamic light scattering studies,31 although it was unclear whether these particles 
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were amorphous or crystalline. Here, we observe amorphous particles, defined by the lack of 

crystallinity observed in real space imaging, and hypothesize that each particle is composed of 

both the zinc and imidazole precursors. After 1 min, the amorphous particles aggregate and begin 

to lose definition as a second amorphous phase appears exclusively in regions containing a high 

density of aggregated particles (Figure 2.4b). This amorphous phase was not observed in isolation, 

suggesting that it originates from the amorphous particles. Images recorded under similar 

recording conditions were compared for particles at 4 s and 1 min to assess the observed 

morphological changes. Averaging >40 images of individual particles (see Appendix A.1 and 

Figure A.5) and measuring the line profiles provide a high signal-to-noise average structure of 

each species. Line profiles of the particles at 4 s show a sharp contrast between the particle and 

background (Figure 2.4c) with a diameter ∼7 nm. In comparison, particles analyzed at 1 min 

(Figure 2.4d) exhibit lower contrast and a diameter ∼15 nm. We hypothesize that particles become 

solvated at 1 min, resulting in a highly hydrated amorphous phase. The bright halo around particles 

found at 4 s are Fresnel fringes which occur at particle/compositional phase boundaries when 

images are recorded with significant defocus values (in this case, approximately −5 μm). The 

absence of these Fresnel fringes in particles found at 1 min is evidence that the compositional 

difference between the particles and the background has decreased, as the region becomes a 

homogeneous amorphous phase. Previous studies of ZIF-8 reporting multiple amorphous phases 

posed the question as to how these phases interacted.28,29 Here, we propose that amorphous 

particles dissolve to form an amorphous phase of highly concentrated precursors. This is similar 

to dissolution−recrystallization mechanisms observed in calcium carbonate formation which can 

result in more than one crystal polymorph.40 We note the presence of 2D sheet-like structures 

found in Figure 2.3b (indicated by yellow arrow) that were observed in several cryoTEM images 
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for ZIF-8 synthesis times 1 min to 4 h (Figure A2). These 2D structures are indicative of a second 

crystallization pathway and can be attributed to mechanisms described by Katsenis et al., who 

demonstrated that the transformation of ZIF-8 (sod) to other ZIF-8 polymorphs proceeds through 

an intermediate amorphous phase.41 Under conditions reported here, the 2D structures exist as a 

transient species and do not appear to be directly involved in the ZIF-8 formation. After 4 h of 

ZIF-8 reaction time, we observe hexagonally shaped particles ∼100 nm in diameter (Figure 2.4e) 

that exhibit lattice fringes that extend uniformly throughout the crystal with spacings (1.3 nm) in 

agreement with ZIF-8 (sod) crystalline structure.42 These early stage ZIF-8 crystals were 

exclusively found within the amorphous phase and suggest that crystal nucleation originates from 

the amorphous phase by one of the following pathways: (1) Classical nucleation from within the 

amorphous phase, (2) Solid-state transformation of the particles within the amorphous phase, (3) 

Heterogeneous nucleation on the surface of the amorphous particle or amorphous phases. We 

acquired lattice-resolution cryoTEM images of early stage ZIF-8 crystals in the presence of the 

amorphous phase (Figure 4f) showing that crystallinity is confined to the ∼100 nm particles. 

Amorphous particles found in proximity and on the ZIF-8 crystal surfaces show no lattice fringes, 

suggesting that crystal growth by particle aggregation is unlikely. This is in accordance with in 

situ TEM studies of ZIF-8 growth in methanol, which showed no evidence of particle 

aggregation.27 Ensemble analysis was carried out by ex situ PXRD, where precipitate from the 

same 4 h aged ZIF-8 solutions were collected by centrifugation (Figure 2.4g). We observe 

diffraction peaks at a 2θ of 7°, 10.3°, and 12.7° attributable to ZIF-8 (sod) and identify the 1.3 nm 

d-spacing found in cryoTEM as the (011) plane.42 Three additional peaks at a 2θ 17°, 26°, and 36° 

are not in agreement with ZIF8 (sod) diffraction patterns and indicate a second transient crystal 

structure present in the crystallization solution at 4 h reaction time. These additional peaks are not 
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identified as other ZIF-8 polymorphs, and we hypothesize that they are related to the 2D sheets 

observed by cryoTEM (Figure A2). The PXRD pattern showed no amorphous peak, indicating 

that amorphous phases observed by cryoTEM are highly solvated and remain in solution during 

centrifugation. One limitation of cryoTEM is that particles >500 nm in diameter are often removed 

during the blotting step or obscured by thick ice layers.43 Time-resolved dry state TEM analysis 

on samples synthesized <4 h showed that ZIF-8 crystals are observed as early as 30 min into the 

reaction with average diameters of 580 ± 130 nm (Figure 2.5). The large crystal size distribution 

suggests slow nucleation and fast growth mechanisms that are further supported by our observation 

of ZIF-8 crystals and amorphous phases coexisting at multiple time points. Final ZIF-8 products, 

aged for 24 h, show fully resolved ZIF-8 (sod) peaks in PXRD (Figure 2.4g) and continue to exhibit 

a broad size distribution (average diameter ∼2 μm) consistent with our proposed mechanism of 

slow nucleation and fast growth (Figure 2.5).  

 

Figure 2.5: Size distribution plots for (a) amorphous particles found at 4 s synthesis time and 
(b) ZIF-8 crystals found at (blue) 30 min, (green) 4 hr, and (red) 24 hr synthesis time. Average 
crystal diameters for 30 min, 4 hr, and 24 hr synthesis times. Average crystal diameters for 
30 min, 4 hr, and 24 hr synthesis times were 580 nm ± 130 nm, 1290 nm ± 350 nm, and 1750 
nm ± 580 nm, respectively. 

 
Single-crystalline ZIF-8 is observed at early stages (Figure A3a) and throughout synthesis 
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up to 24 h (Figure A3b). We therefore propose crystal growth by monomer addition, where the 

amorphous phase serves as a reservoir for Zn and HmIm precursors. Classical growth is further 

supported by the surface morphology of final ZIF-8 crystals, which exhibit well-defined crystal 

facets (Figure 2.2c). Such features are indicative of monomer addition, which enables single units 

to rearrange on the crystal surface and produce morphologies with the most thermodynamically 

favored surface energy, which for ZIF-8 is the rhombic dodecahedron.44 

 

Crystallization of BSA-ZIF-8  

With an initial understanding of ZIF-8 formation in aqueous systems, we next monitored 

the influence of BSA on ZIF-8 crystallization and the protein interactions with the amorphous 

phases described above. We explored a range of BSA concentrations for BSA-ZIF-8 synthesis 

based on previous literature (0.05−5 mg/mL, Figure 2.6 and Tables A1 and A2,) and selected to 

study ZIF-8 with 5 mg/mL of BSA.  



 

47 
 

 

Figure 2.6: TEM analysis of BSA-ZIF-8 crystal morphology dependence on BSA 
concentration. (a) 0.05 mg/mL, (b) 0.5 mg/mL, (c) 1.25 mg/mL, (d) 5 mg/mL, and (e) 10 
mg/mL BSA was added to HmIm solutions for a final ZIF-8 synthesis at HmIm : Zn ratio = 
35 : 1 ( 1400 mM : 40 mM ), aged for 24 hrs, and washed by centrifugation for TEM samples. 

 
BSA-ZIF-8 crystals synthesized with 5 mg/mL BSA displayed a significantly different 

morphology to ZIF-8 alone, enabling identification of the role of BSA in the crystallization 

process. Fourier transform infrared spectroscopic analysis for BSA-ZIF-8 crystals confirms the 

encapsulation of protein into the ZIF-8 framework, in agreement with previous studies (Figure 

2.7).
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Figure 2.7: FTIR spectra of (green) BSA, (red) BSA@ZIF-8, and (black) ZIF-8. ZIF-8 and 
BSA-ZIF-8 samples were centrifuged for 10 minutes at 10,000 rpm. The precipitant was 
washed 3x with nanopure water and once with 1x SDS buffer. Washed precipitant was then 
analyzed with Jasco V-670 spectrometer. Peaks characteristic to BSA include the C=O 
stretch at 1,660 cm-1 and C=N stretch mode at 1,582 cm-1 corresponding to the amide bond.8 

 

Static light scattering measurements of BSA-ZIF-8 solutions show an increase in the rate 

of particle formation within the first 100 min compared to the ZIF-8 only samples (Figure 2.3). 

Additionally, the turbid phase remains in solution for the entirety of the measurement, indicating 

the formation of smaller particles. CryoTEM images reveal that within 4 s, amorphous particles 

and an amorphous phase appear as observed for ZIF-8 formation (Figure A4). More notably, an 

additional amorphous phase composed of ∼8 nm sized particles attributable to BSA molecules 
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(∼7 nm molecular diameter, Figure 2.8a) forms simultaneously. This protein amorphous phase 

aggregates into branched networks composed of many BSA particles (Figure 2.8b) after 1 min and 

shows no spatial preference for the ZIF-8 amorphous phase.  

 

 

Figure 2.8: Representative CryoTEM images of nucleation and growth process of BSA-ZIF-
8 in water at (left) low and (right) high magnification. Scale bars are 200 nm unless otherwise 
noted. (a, b, d) Time series of formation BSA-induced amorphous phases throughout BSA-
ZIF-8 evolution after (a) 4 s, (b) 1 min, and (c) 30 min. Yellow boxes indicate regions imaged 
at higher magnification. Insets are high magnification images revealing 8 nm particles 
attributed to BSA molecules. (c) Averaged line profile analysis of BSA particles in (b) 
overlaid on corresponding aligned and stacked images from 59 particles used for line profile 
analysis. (d) CryoTEM image of BSA-ZIF-8 at 30 min reaction time. (e) Lattice-resolution 
cryoTEM of a 100 nm particle within protein-aggregated networks after 30 min reaction. 
Scale bar, 10 nm. Yellow boxes indicate three regions with corresponding unfiltered fast 
Fourier transform. This image is processed using an average background subtraction filter 
(f) PXRD patterns for BSA-ZIF-8 precipitate isolated after 30 min (blue) and 24 h (red) 
aging. 
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As a control experiment, we prepared solutions of BSA-Zn and BSA-HmIm. CryoTEM of 

BSA-Zn and BSA-HmIm solutions showed two distinct aggregated networks with both amorphous 

and crystalline features (Figure 2.9). 

 

 

Figure 2.9: CryoTEM micrographs of (a) BSA-HmIm and (b) BSA-Zn solutions as described 
in the full methods. Structures observed are unique to each solution and suggests that BSA 
can complex and form a secondary structure with both Zn and HmIm alone. 

 

However, the structures are markedly different from the protein-branched networks in 

Figure 2.8b, indicating that during the BSA-ZIF-8 synthesis, BSA forms an amorphous network 

with both Zn and HmIm. Line-profile analysis of the BSA network shows that each particle, ∼13 

nm in diameter, has a core−shell structure (Figure 2.8c). The core diameter (∼7 nm) is consistent 

with the diameter of a single BSA molecule, resulting in an estimated ∼3 nm HmIm/Zn shell that 

surrounds each BSA molecule. After 30 min of the BSA-ZIF-8 reaction, ZIF-8 crystals ∼100 nm 

in diameter are found exclusively within the protein aggregated networks (Figure 2.8d), and no 

crystals were observed in isolation. Lattice-resolution cryoTEM shows that ZIF-8 particles exhibit 
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lattice fringes which extend past the 100 nm particle boundary overlapping protein particles from 

the aggregated networks (Figure 2.8e). Fast Fourier transforms of the image areas where BSA 

particles are in the center or at the surface of the ZIF-8 crystal show long-range crystal structure. 

In comparison, a fast Fourier transform of the image area where the protein aggregated networks 

are at a 10−20 nm distance from the crystal surface shows no crystalline structure. We therefore 

hypothesize that crystallization of the protein aggregated networks occurs through a solid-state 

transformation process on the ZIF-8 surface. Further evidence of the amorphous nature of the 

protein-aggregated networks was provided by PXRD. Ex situ PXRD confirms that there is ZIF-8 

(sod) crystallinity at 30 min synthesis time and, in contrast to ZIF-8 formation without BSA, a 

broad diffraction peak is observed at high 2θ, indicating the presence of a highly amorphous 

material (Figure 2.8f). Therefore, precipitate collected by centrifugation at 30 min reaction time 

was a mixture of crystalline and amorphous solid material, suggesting that BSA stabilizes an 

amorphous phase that can crash out upon centrifugation. This conclusion is further supported by 

observation of an amorphous solid product obtained after 24 h of reaction time when BSA-ZIF-8 

was synthesized with a high (10 mg/mL) BSA concentration (Figure 2.6e). Interestingly, a second 

transient crystal phase was not observed during the formation of BSA-ZIF-8 in cryoTEM images 

or in PXRD. CryoTEM images of BSA-ZIF-8 formed after 24 h no longer show protein-aggregated 

networks. Final BSA-ZIF-8 crystals grow to ∼250 nm in diameter with rough, spherical 

morphologies (Figure 2.10a). 
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Figure 2.10: Characterization of final BSA-ZIF-8 crystals. (a) CryoTEM of BSA-ZIF-8 
crystals after 24 h. Scale bar, 500 nm. (b) Dry-state TEM micrograph of final ZIF-8 product 
with inset of unfiltered fast Fourier transform indicating single crystalline lattice fringes. 
Scale bar, 20 nm. This image is processed using an average background subtraction filter. 
(c) SEM of final BSA-ZIF-8 products. Scale bar, 500 nm. (d–g) Correlative TEM and 
fluorescence microscopy of FITC-BSA-ZIF-8. (d) TEM (left) and fluorescence micrograph 
(right) of single FITC-BSA-ZIF-8 crystal at low magnification. All scale bars are 2 μm unless 
otherwise noted. (e) High magnification TEM (left) and fluorescence micrograph (right) of 
single crystal outlined in panel a. Scale bar, 500 nm. (f) TEM at low magnification of FITC-
BSA-ZIF-8 crystals. (g) Crystals in panel f observed by fluorescence imaging showing 
subsurface protein encapsulation. 

 

Each particle exhibits single crystal lattice fringes (Figure 2.10b) with ZIF-8 (sod) crystal 

structure as characterized by PXRD (Figure 2.8f). The single crystalline structure of BSA-ZIF-8 

provides further evidence that amorphous protein clusters crystallize upon contact with the ZIF-8 

crystal surface to form a single crystal. SEM images reveal a rough surface morphology (Figure 

2.10c) that no longer resembles the equilibrium shape of a rhombic dodecahedron for pure ZIF-8 

crystals (Figure A3c), supporting aggregate mediated crystal growth originating from the protein 

aggregated networks. To probe the location of protein molecules encapsulated within ZIF-8 
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crystals, we performed ZIF-8 synthesis with fluorescein-tagged BSA (FITC-BSA) and imaged 

FITC-BSA-ZIF-8 crystals by single photon fluorescence microscopy. Correlative TEM and 

fluorescent micrographs (Figure 2.10d) of a FITC-BSA-ZIF-8 crystal demonstrate a hollow 

morphology by fluorescence microscopy in contrast to a homogeneous single crystal by TEM. At 

higher magnification (Figure 2.10e), fluorescence signals overlay the surface regions of the single 

particle. The hollow morphology shown by fluorescence microscopy is consistent across all 

FBSA-ZIF-8 crystals (Figure 2.10f, g). The observation that FITC-BSA molecules are 

predominantly encapsulated in the outer shell of ZIF-8 crystals agrees with protein incorporation 

after the initial formation of ZIF-8 alone, as observed by cryoTEM. Control experiments 

performed by incubating fully formed ZIF-8 crystals in FBSA show no fluorescence (Figure A5) 

and discount FITC-BSA adsorption to the crystal surface as a source of fluorescence. These data 

support previously reported BSA-ZIF-8 structures which exhibited subsurface encapsulation of 

FITC- BSA into ZIF-8 crystals resulting in (ZIF-8)−core−(BSA/ZIF-8)−shell morphologies.22   

 

Crystallization of BSA-ZIF-8 at Low HmIm:Zn Conditions 

We next explored the scope of amorphous phases in p-MOF nucleation by studying the 

crystallization of ZIF-8 at a low HmIm:Zn ratio of 4:1. Synthesis at a HmIm:Zn ratio of 4:1 does 

not spontaneously form ZIF-8 (sod) and results in the formation of flat-spiralized plate structures 

(Figure 2.11) identified as ZIF-8 (dia) by PXRD (Figure 2.12a).38 
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Figure 2.11: (a) SEM and (b) TEM of ZIF-8 at a HmIm:Zn ratio of 4:1 after 24 hrs reaction 
time (c) Size distribution plots for amorphous particles found at 1 hr synthesis time for ZIF-
8 synthesis at HmIm:Zn ratio of 4:1. 

 
Nucleation and growth kinetics at HmIm:Zn = 4:1 conditions are significantly slower 

compared to HmIm:Zn = 35:1 conditions as probed by static light scattering measurements (Figure 

2.3). CryoTEM images of crystallization solutions at a HmIm:Zn ratio of 4:1 imaged after 1 min 

(Figure 2.5b) and 1 h (Figure 2.5c) show amorphous particles with an average size of 10 ± 2 nm 

(Figure 2.11 and Figure 2.12a).  
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Figure 2.12. Characterization of ZIF-8 and BSA-ZIF-8 at low HmIm:Zn ratios. (a) PXRD 
patterns for BSA-ZIF-8 precipitate isolated after 24 h reaction time for the addition of 
(purple) 5.0 mg/mL, (yellow) 0.50 mg/mL, (green) 0.05 mg/mL, and (red) 0.0 mg/ mL BSA. 
(b, c) CryoTEM images of ZIF-8 (HmIm:Zn = 4:1) after (b) 1 min and (c) 1 h synthesis time 
at left (low) and (right) high magnification. Scale bars are 200 nm unless otherwise noted. 
Yellow box indicates region imaged at higher magnification. (d, e) CryoTEM images of BSA-
ZIF-8 (HmIm:Znm BSA = 4:1, 5.0 mg/mL) after (d) 1 min and (e) 1 h reaction time at (left) 
low (left) and (right) high magnification. Scale bars are 200 nm unless otherwise noted. The 
yellow box indicates the region imaged at higher magnification. 

 
The particles are like those observed at 1 s in the HmIm:Zn ratio of 35:1; however, they 

appear to be stable and do not show evidence of aggregation and dissolution. The absence of 
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particle aggregation at early reaction times can explain the slow crystallization kinetics observed 

by bulk scattering techniques. This provides further evidence that the formation of amorphous 

precursors is a key step in the crystallization of ZIF-8. Future work will focus on the mechanism 

by which these stable amorphous particles convert into the ZIF-8 (dia) crystals. Here, we focus on 

the influence of BSA on amorphous particles. The addition of BSA (5 mg/mL) to the HmIm:Zn 

ratio of 4:1 solution results in the formation of ZIF-8 (sod) crystals with ∼68 nm pores (Figure 

A6), consistent with previously reported cytochrome-c-ZIF-8 biocomposites.17 This shows that at 

low HmIm:Zn ratios, BSA directly influences the nucleation of ZIF-8 crystals and provides control 

over the ZIF-8 polymorph. Due to the rapid nucleation in these samples, it was challenging to 

capture the prenucleation state by cryoTEM. Addition of 0.5 mg/mL BSA shows a slower 

nucleation rate and results in a mixture of ZIF8 (dia) and ZIF-8 (sod) (Figure 2.12c). Resulting 

ZIF-8 (sod) crystals show ∼25 nm pores (Figure A6) like 5 mg/mL BSA-ZIF-8 crystals. Static 

light scattering measurements show increased formation of precipitate compared to ZIF-8 only at 

HmIm:Zn = 4:1 (Figure 2.3), and suggest that BSA directly influences the formation of a second 

phase. CryoTEM analysis of the 0.5 mg/ mL BSA-ZIF-8 sample after 1 min (Figure 2.12d) shows 

a mixture of ∼10 nm spherical particles and larger irregularly shaped amorphous particles that 

appear to result from aggregation of the spheres. The amorphous phase grows and quantity after 1 

h. As the presence of this amorphous phase was not found in the absence of BSA, we hypothesize 

that the biomolecule is interacting with amorphous HmIm/Zn particles, promoting their 

aggregation and the formation of a protein-induced amorphous phase that results in nucleation of 

ZIF-8 (sod). We also hypothesize that the pores in the final BSA-ZIF-8 crystals are related to the 

aggregation and crystallization of the irregularly shaped amorphous phase; however, more work 

is needed to confirm this. 
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2.4 Discussion 

These data demonstrate the importance of amorphous phases and particle−particle 

interactions in the formation of ZIF-8 and BSA-ZIF-8 composites. Aggregation of colloidal 

particles, such as the observed amorphous particles during ZIF-8 formation, is largely dependent 

on the electrostatic interactions between particles. Therefore, differences in nucleation and growth 

mechanisms can be explained by changes in interactions between the two types of amorphous 

particles: (1) the HmIm/Zn amorphous particles and (2) the protein/ HmIm/Zn particles. The main 

challenges here are that both particles form transiently in solution and that at any single time point 

a crystallization sample can contain a mixture of the different species present. Consequently, 

interpretation of bulk data based on scattering or zeta potential measurements is challenging. 

Nonetheless, we further investigated the interactions between particles by cryoTEM in 

combination with light scattering methods. We propose that a key step in ZIF-8 formation is the 

aggregation of amorphous particles in driving the dissolution− recrystallization process. To test 

this hypothesis, we studied amorphous particles formed under low ZIF-8 precursor concentration 

conditions, as decreasing concentrations is expected to reduce the aggregation kinetics. CryoTEM 

images of serially diluted ZIF-8 precursor solutions (700:20, 350:10, 140:4, and 70:2 mM) show 

that higher dilution conditions increase particle size from 7 ± 1 nm to 15 ± 1, 47 ± 6, and 106 ± 14 

nm (Figure 2.13 and Figure A7). 
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Figure 2.13: Size distribution plots for amorphous particles found at 1 min synthesis time for 
ZIF-8 synthesis at HmIm:Zn ratio of (purple) 700 mM : 20 mM, (blue) 350 mM : 10 mM, 
(green) 140 mM : 4 mM, (red) 70 mM : 2 mM. 

 

The HmIm/Zn solution diluted 10-fold from the ZIF-8 synthesis forms stable 106 ± 14 nm 

amorphous particles with a zeta potential value of 34.6 ± 7.0 mV. Interestingly, the 10-fold diluted 

HmIm/Zn solutions show no evidence of aggregation or crystallization after 24 h. The stability of 

these particles is attributed to a high electrical potential at the particle surface that enhances 

repulsion forces and prevents aggregation. These data support our hypothesis that aggregation of 

amorphous particles is key to the dissolution−recrystallization mechanism that results in ZIF-8 

formation. The incorporation of biomolecules into ZIF-8 crystals also occurs through a particle 

aggregation-mediated process. This can occur either at the surface of a growing ZIF-8 crystal or 

through the aggregation of amorphous precursor particles. To provide further evidence for the 

formation of the transient particle specifies and the role of zeta potential in controlling particle 
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aggregation we studied mixtures of BSA with either HmIm or Zn. The zeta potential measurement 

for BSA is −18.8 ± 9.6 mV (pH 7.2). When BSA is added to imidazolate solutions, the zeta 

potential becomes even higher in magnitude at −27.5 ± 4.8 mV (pH 10.7). Structures observed by 

cryoTEM (Figure 2.9) are likely driven by hydrogen bonding but do not aggregate into larger 

networks due to electrostatic repulsion. In contrast, BSA-Zn solutions show a small zeta potential 

of 2.2 ± 4.1 mV (pH 6.7) and result in a highly aggregated phase due to the shielding effects of 

positively charged zinc ions on the negatively charged BSA surface. This is further supported by 

BSA-Zn solutions becoming turbid (Figure A8) and the observation of large, aggregated structures 

in cryoTEM micrographs (Figure 2.9).  

Although these data do not allow us to probe the transient BSA/Zn/HmIm amorphous 

particles seen in Figures 2.4a and 2.12e directly, they demonstrate that the electrostatics and 

aggregation state of the BSA/Zn/HmIm amorphous particles will be dependent on the relative 

ratios of the precursors. To provide evidence of the generality of transient biomolecule/Zn/HmIm 

intermediates, we performed the same precursor studies on alternative proteins that enable 

formation of ZIF-8 biocomposites:19 pepsin and lipase (Table 2.1). 

Table 2.1: Zeta potential values for protein-ZIF precursor solutions. 5mg/mL of protein was 
mixed with 700 mM HmIm solutions or 20 mM Zn solutions. 

 

 



 

60 
 

Each protein shows changes in zeta potential upon mixing with either Zn or HmIm, 

indicating interaction between the protein and ZIF precursors. Furthermore, the pepsin/Zn and 

lipase/Zn samples show a low zeta potential and become significantly turbid, forming large, 

aggregated structures observed by cryoTEM (Figure A9). CryoTEM images of 

biomolecule/HmIm and biomolecule/Zn solutions show that interactions between the biomolecule 

and precursors manifest into unique aggregated structures. Therefore, we propose that the 

formation of transient protein/HmIm/Zn precursors will be a general phenomenon in the formation 

of p-MOFs for low isoelectric-point (PI < 7) proteins, which make up most reported p-MOF 

systems. The size and charge of these prenucleated species will be dependent on the specific 

protein, the concentrations of the protein and ZIF-8 precursors, and the time after mixing.  

 

2.5 Conclusions 

By employing cryoTEM analysis to BSA-ZIF-8 crystal formation, we show the role of 

transient amorphous phases and their interactions with proteins that is reminiscent of 

biomineralization processes. ZIF-8 crystallization is described in two categories for formation at 

(1) high HmIm:Zn ratios and (2) low HmIm:Zn ratios. At high HmIm:Zn ratios, ZIF-8 

crystallization is driven by the formation of amorphous particles that undergo a dissolution–

recrystallization mechanism. Dissolution of amorphous particles forms an amorphous phase with 

local regions of high supersaturation, enabling ZIF-8 (sod) nucleation. Characterization of ZIF-8 

formation in the presence of BSA reveals that the dissolution–recrystallization mechanism occurs 

simultaneously with the formation of a protein-induced amorphous phase. Large, aggregated 

networks of BSA-Zn-HmIm particles interact with the ZIF-8 crystals and undergo heterogeneous 

crystallization to form the final BSA-ZIF-8 (sod) composite. At low HmIm:Zn ratios, amorphous 
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particles form and do not proceed through dissolution–recrystallization. An alternative nucleation 

and growth mechanism results in the formation of ZIF-8 (dia). Upon addition of BSA, 

complexation of ZIF-8 precursor ions to the protein surface drives local supersaturation that favors 

ZIF-8 (sod) formation around protein particles. Crystal growth incorporates BSA particles, 

resulting in a final BSA-ZIF-8 (sod) crystal with nanometer-sized pores. A schematic of the 

crystallization of ZIF-8 and BSA-ZIF-8 according to the four pathways described is given in 

Figure 2.14. Based on these data, we believe that controlling how proteins are encapsulated into 

p-MOFs may be most successful when approached from a colloidal organization perspective, 

emphasizing the electrostatic interactions that occur between precursor particles in solution.45,46 
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Figure 2.14: Proposed schematic of ZIF-8 formation with and without BSA. At high 
HmIm:Zn ratios, ZIF-8 crystal growth follows steps 1a–3a and reaches completion through 
4a. In the presence of BSA, steps 1a–3a occur in parallel with a second process outlined in 
1b–3b. At low HmIm:Zn ratios, ZIF-8 (dia) forms in the absence of BSA through the 
formation of amorphous particles outline in 1c–2c. Upon addition of BSA, HmIm and Zn 
ions complex at the protein surface and form a protein-induced amorphous phase that 
promotes ZIF-8 (sod) nucleation and growth outlined in 1d–4d. 
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Chapter 3. The Role of Molecular Modification and Protein Folding in the Nucleation and 

Growth of Protein-Metal-Organic Frameworks  

3.1 Introduction 

Living systems have evolved enzymes to have remarkable catalytic efficiency and 

stereoselectivity.1 However, most enzymes evolved in specific environments that did not promote 

enzymes with high thermal or chemical stability. Consequently, the implementation of enzymes 

into industrial applications, which are typically performed in non-physiological environments, has 

been limited by enzyme stability.2,3  Enormous efforts have been devoted to enhancing stability 

and recyclability of enzymes by immobilizing them onto supported structures to significantly 

reduce the energy and economic cost of the chemical industry.4,5  One promising support strategy 

utilizes metal-organic frameworks (MOFs) due to their large surface area, simplistic synthetic 

conditions, and tunable pore and crystal sizes.5–9 MOFs consist of coordinated metal ions and 

organic ligands building blocks that form protective frameworks for biomolecules.10–12  

Enzymes can be integrated into MOF systems through in situ approaches in which the 

crystal forms in the presence of a protein,6,7 or post synthetic approaches, where the protein is 

incorporated after crystallization by surface attachment,13 pore entrapment,14 or covalent 

linkage.15,16 In situ approaches are advantageous due to their mild synthetic conditions, simplistic 

synthetic procedures, and typically higher encapsulation efficiencies (EE%).7,17 The primary 

challenge with the in situ approach is understanding how the biomolecules affect the nucleation 

and growth of the MOF crystals and become incorporated into frameworks. Low isoelectric point 

(pI) (< 7) proteins have been shown to effectively initiate the nucleation of zeolitic imidazole 

framework-8 (ZIF-8) when precursors are below supersaturation conditions.18  High pI (>7) 

proteins cannot initiate nucleation, but molecular modifications of proteins can be used to lower 
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the pI and promote nucleation.18 However, the role molecular modification and protein folding 

plays in controlling crystal properties such as size and morphology has not been established. These 

properties are essential for catalytic performance of protein@MOFs as they determine accessibility 

of enzymes to substrates. For example, when an enzyme is located throughout the crystal, smaller 

crystal sizes are desired to reduce the diffusion barrier and allow the substrate to reach the internal 

enzymes.19 Furthermore, a recent study demonstrated that variation in protein@MOF crystal 

structure directly affects enzymatic activity, which supports the need for understanding nucleation 

and growth mechanisms to optimize protein@MOFs properties.20  

Here, we demonstrate how molecular modification of a protein affects encapsulation 

efficiency, crystal size, and morphology of protein@MOFs. One of the most common molecular 

modifications for proteins in MOF systems is a fluorescent tag such as fluorescein isothiocyanate 

(FITC), which aids in determining the encapsulation efficiency and location of protein in 

crystal.6,17 In our studies, bovine serum albumin (BSA) and FITC-BSA are used as model proteins 

as they have been well studied and are inexpensive.21–23 Biophysical characterization of the 

proteins were performed using electrospray ionization mass spectrometry (ESI-MS), circular 

dichroism, and zeta potential measurements. To compare final protein@MOF crystals, scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), fluorescent microscopy, 

powder X-ray diffraction (PXRD) and fluorescence spectroscopy are used. Encapsulation 

efficiencies of BSA and FITC-BSA are determined using a developed procedure to measure 

intrinsic tryptophan fluorescence by accounting for potential interaction between protein and MOF 

precursors. To evaluate how the FITC modification affects the nucleation and growth mechanism, 

cryogenic TEM (cryoTEM) and in situ XRD are performed. 
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3.2 Results 

BSA@ZIF-8 and FITC-BSA@ZIF-8 synthesis 

Stock solutions of 2-methylimidazole (HmIm)(5600 mm, 2800 mM, 1400 mM, 700 mM, 

and 320 mM, 0.5 mL), zinc acetate (40 mM, 1 ml) and protein (10 mg/ml, 5 mg/ml, and 2.5 mg/ml, 

0.5 mL) were prepared with Milli-Q water (18 MΩ). Stock solutions were used to prepare a series 

of MOF crystallization experiments with variation in HmIm:Zn ratio (70:1, 35:1, 17.5:1, 4:1), and 

protein concentration (2.5 mg/ml 1.25 mg/ml, and 0.625 mg/ml) (Table 3.1). Protein solutions 

were added to 2-methylimidazole solutions, and crystallization was initiated by addition of zinc 

acetate solution. Solutions were aged for 24 hours without stirring. Precipitate was obtained via 

centrifugation at 10,000 rpm for 10 min where the supernatant was kept for EE% 

measurements.6,24,25 Precipitates were then washed with water three times prior to electron 

microscopy and PXRD analysis. 

 

Protein Characterization 

 BSA and FITC-BSA underwent biophysical characterization using mass spectrometry 

techniques, circular dichroism, and zeta potential measurements. Mass spectra of FITC-BSA 

indicates heterogeneous FITC tagging as by the poor signal-to-noise in the raw spectra and the 

multiple peaks found in the deconvoluted spectra (Figure 3.1a). Charge state deconvolution was 

performed on the data and determined the center of mass for BSA to be 66,955 g/mol, which aligns 

with the reported mass in literature,26 and the center of mass for FITC-BSA to be 72,433 g/mol. 

FITC-BSA was found to have 12-18 FITC tags per biomolecule. To determine how FITC affects 

surface charge, zeta potential measurements were performed on BSA and FITC-BSA at pH ranges 

from 2-11 (Figure 3.1b). Measurements revealed that both proteins have similar isoelectric points 
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(~4-4.5) and that both were highly negatively charged in the pH conditions that occur during MOF 

synthesis.  Circular dichroism was used to measure the secondary protein structure of the tagged 

and untagged protein in the absence and presence of zinc acetate to understand how ZIF-8 

precursors affect the protein structures (Figure 3.1c). All samples were performed at the same 

protein concentration of 1 mg/ml. Studies were attempted in the presence of HmIm, but the 

quantum yield of HmIm was too high for the instrument detector as HmIm absorbs in the UV 

wavelength range. However, HmIm is believed to also affect protein folding.27 BSA is a globular 

protein that consists of predominantly α-helical content.  The CD band for α-helical proteins has 

characteristic peak dips at ~210 nm and ~220 nm.28 A reduction of ellipticity (Δε) at these peak 

dips is representative of protein unfolding. It was found that the α-helical character of BSA was 

reduced when modified with FITC or when in the presence of zinc acetate. When FITC-BSA is in 

the presence of zinc acetate, the α-helical character significantly decreases compared to all other 

samples. Intrinsic tryptophan fluorescence further confirms the unfolding of BSA when tagged 

with FITC (Figure B1). A blueshift can be observed for FITC-BSA compared to BSA as the center 

of mass changes from 345 nm to 310 nm. While we also see a blueshift (~5-10 nm) for BSA@ZIF-

8, the shift is more significant for FITC-BSA where the center of mass shifts from 310 to 380 nm. 

We can associate these changes with structural changes of protein molecules that influence the 

position of energy states as well as transition probability.29 While protein unfolding has been 

shown to occur in the presence of zinc acetate and when encapsulated in ZIF-8, refolding of the 

protein upon release from ZIF-8 is possible.30  
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Figure 3.1: Biophysical characterization of FITC-BSA (blue) and BSA (orange) using (a.) 
ESI-MS where the black arrows are indicative of FITC-tag spacing, (b.) zeta potential, and 
(c.) circular dichroism in the absence (solid line) and presence (dashed line) of zinc. 
 

Crystal Structure 

 ZIF-8 crystals can form various polymorphs with diamondoid (dia) and sodalite (sod) 

being the most widely studied.31,32 Polymorph control can be obtained by altering the HmIm:Zn 

ratio, changing the precursor concentrations, or by integrating a nucleation and growth driving 

agent (i.e. surfaces or biomolecules).33,34  PXRD was used to analyze isolated ZIF-8, BSA@ZIF-

8 and FITC-BSA@ZIF-8 crystals.  At low HmIm:Zn ratios (4:1), ZIF-8 crystals form the 

diamondoid (dia) structure (Figure B2a).35 As HmIm:Zn ratio gradually increases (17.5:1), a 

mixture of dia and sod can be obtained (Figure B2b) followed by exclusively sod formation at 35:1 

and 70:1 (Figure B2c, B2d).  The sod polymorph is also formed exclusively for all HmIm:Zn ratios 

except 4:1 in the presence of BSA and FITC-BSA (Figure 3.2, B3, B4).21 For 1.25 mg/ml and 

0.625 mg/ml at 4:1, a mixture of sod and ZIF-CO3-1 (ZIF-C) can be observed for both 

protein@MOFs (B3a, B4a), This is not surprising as it has been recently found that ZIF-C forms 

as the weight percent of BSA is decreased.22 
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Figure 3.2: (a.) PXRD patterns of protein@MOFs at varying HmIm:Zn ratios. SEM images 
of (b.) 4:1 BSA@ZIF-8, (c.) 4:1 FITC-BSA@ZIF-8, (d.), 17.5:1 BSA@ZIF-8, (e.) 17.5:1 
FITC-BSA@ZIF-8, (f.) 35:1 BSA@ZIF-8, (g.) 35:1 FITC-BSA@ZIF-8 (h.) 70:1 BSA@ZIF-
8, (i.) 70:1 FITC-BSA@ZIF-8, at final protein concentrations of 2.5 mg/ml. Scale bar is 1 μm.  
 

Crystal Size 

ZIF-8 (sod) crystals form large crystals with a large particle size distribution. For example, 

with 35:1, crystal sizes range from 710 nm to 3.7 µm with an average mean diameter of 2.1 µm 

and average standard deviation of ~800 nm (Figure 3.3). By integrating BSA into a ZIF-8 system, 

the crystal size and standard deviation decrease with an average crystal size of 245 nm and average 

standard deviation of 50 nm. At all HmIm:Zn conditions, the crystal size gradually decreases as 

the BSA concentration increases (Figure 3.3c, B6a). For example, with 4:1, the average crystal 
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size with 0.625 mg/ml BSA is 229 nm, and the average crystal size with 2.5 mg/ml BSA is 184 

nm. For all synthetic conditions with FITC-BSA, the average mean size of crystals (1.3 µm) is 

larger than BSA@ZIF-8 crystals (245 nm) but smaller than ZIF-8 crystals (1.4 µm) (Table 3.1). In 

addition, the average standard deviation for FITC-BSA is 194 nm, which is greater than the 

average standard deviation of BSA@ZIF-8 (50 nm) but smaller than that of ZIF-8 (800 nm). 

Except for the 4:1 condition (Figure B6b), size trends related to protein concentration or HmIm:Zn 

cannot be observed for FITC-BSA@ZIF-8 (Figure 3.3b, 3.3d). 

 

 

Figure 3.3: Size distribution histograms of (a) BSA@ZIF-8 and (b) FITC-BSA@ZIF-8 at 
constant protein concentrations of 2.5 mg/ml and HmIm:Zinc ratios of 4:1 (green), 17.5:1 
(orange), 35:1 (blue) and 70:1 (grey) and (c) BSA@ZIF-8 and (d) FITC-BSA at a constant 
HmIm:Zinc ratio of 35:1 with final protein concentrations of 2.5 mg/ml (blue), 1.25 mg/ml 
(green), 0.625 mg/ml (grey), and 0 mg/ml (orange).  
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Table 3.1: Summary of crystal sizes for BSA@ZIF-8 and FITC-BSA@ZIF-8 at four different 
HmIm:Zn ratios (4:1, 17.5:1, 35:1, 70:1) with final protein concentrations of 2.5 mg/ml, 1.25 
mg/ml, and 0.625 mg/ml.  
 

 

 

Crystal Morphology 

In the absence of protein, ZIF-8 crystals exhibit smooth surfaces for both sod and dia 

polymorphs (Figure B2). Introduction of BSA at all HmIm:Zn ratios results in the formation of 

spheroid crystals with rough surfaces (Figure 3.2b, 3.2d, 3.2f, 3.2h). As the ratio of HmIm:Zn 

increases, BSA@ZIF-8 crystals become more faceted and have smoother surfaces (Figure B3). In 

the presence of FITC-BSA, crystals retain truncated rhombic dodecahedral morphology, 

displaying rough surfaces at low HmIm:Zn ratios (Figure 3.2c, 3.2e) and smoother surfaces at high 

ratios (Figure 3.2g, 3.2i). The 70:1 FITC-BSA@ZIF-8 crystals form three different types of 
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crystals that can be described as large smooth surfaced crystals, mid-sized crystals with rougher 

surfaces, and small spheroid crystals with rough surfaces (Figure 3.2i). All MOF crystals were 

washed three times with water to remove excess precursors, yet significant amorphous peaks in 

PXRD patterns can be observed in the 17.5:1 with 1.25 mg/ml of BSA as well as with 17.5:1 and 

35:1 with 2.5 mg/ml FITC (Figure 3.2a). A comparison of BSA@ZIF-8 and FITC-BSA@ZIF-8 

crystals (35:1, 2.5 mg/ml) by TEM indicates that the FITC-BSA@ZIF-8 sample contains large 

regions of undefined material (Figure B8). We hypothesize this undefined material contributes to 

the amorphous peak seen in PXRD.   

 

Encapsulation Efficiency  

Protein incorporation into BSA@ZIF-8 and FITC-BSA@ZIF-8 was confirmed with FTIR 

as amide I peaks at 1654 cm-1 can be observed in both MOF samples (Figure B9).36,37 Additionally, 

intrinsic tryptophan fluorescence was performed on the protein@MOFs (Figure B1). For both 

protein@MOFs, samples were excited at 280 nm and emission peaks can be observed between 

310-380 nm which can be linked to tryptophan amino acids, and thus protein, being incorporated 

into the MOFs. The encapsulation efficiency for FITC-BSA@ZIF-8 and BSA@ZIF-8 was 

determined by measuring the concentration of protein in the supernatant,6,17,18 which is the liquid 

obtained after the first centrifugation cycle prior to washes. EE% is calculated by quantifying 

remaining protein concentration in supernatant to calculate protein concentration in MOF 

precipitate. EE% was measured using fluorescence spectroscopy where the emission intensity of 

fluorescein (~520 nm) and tryptophan (~340 nm) was measured for FITC-BSA@ZIF-8 and 

BSA@ZIF-8, respectively (Figure 3.4). Tryptophan fluorescence intensity is sensitive to solution 

pH and metal binding; thus, supernatants for BSA@ZIF-8 and FITC-BSA@ZIF-8 were diluted in 
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a phosphate buffer (~pH 6.7) containing excess tetrasodium ethylenediaminetetraacetic acid 

(EDTA) to ensure the protein conformation remained a constant.  (Figure B11). 

 

Figure 3.4: Encapsulation efficiency of protein@MOFs at final protein concentrations of (a.) 
2.5 mg/ml, (b.) 1.25 mg/ml, and (c.) 0.625 mg/ml. (e,f) Correlative TEM (left) and 
Fluorescence microscopy (right) images of FITC-BSA@ZIF-8 crystals at a 35:1 with 2.5 
mg/ml FITC-BSA. (e.) and (f.) show two different regions of the same sample.  Scale bars are 
10 μm. A strong, uniform signal can be viewed around the outside edges of some crystals 
(blue box) whereas a weak, nonuniform signal can be seen in other crystals (orange box). 
Green arrows denote amorphous phase with clear fluorescent signal whereas the yellow 
arrow denotes amorphous region that has little to no fluorescence. 
 

Protein EE% measurements of BSA@ZIF-8 systems were also measured using the 

Bradford assay, which validated results from the fluorescent measurements (Figure B14). When 

HmIm:Zn ratios of 4:1 or 17.5:1 are used, both BSA@ZIF-8 and FITC-BSA@ZIF-8 have ~100% 

encapsulation for all protein concentrations studied. The most significant difference was observed 

in the 35:1 samples at protein concentrations of 2.5 mg/ml and 1.25 mg/ml where the EE% of 

FITC-BSA@ZIF-8 was ~90% and the BSA@ZIF-8 was ~40%. These EE% method for these 

results is notable because EE% is measured through protein quantification of the supernatant; 
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therefore, the protein concentration in the MOF precipitate, which could potentially contain both 

MOF crystals and MOF amorphous phases, is the calculated EE% value. The 35:1 crystals were 

then imaged with fluorescent microscopy, which revealed that FITC-BSA is located in both 

crystals and in the amorphous material (Figure 3.4e, 3.4f). Crystals with little to no fluorescence 

can also be observed in the fluorescent microscopy data. Thus, samples that contain a significant 

amorphous background, based on PXRD patterns, are indicated with a star. Future work will focus 

on methods to distinguish between proteins that are encapsulated into crystals and that are 

precipitated into an amorphous phase. 

 

Mechanistic studies 

In situ measurements were performed on the crystallization of FITC-BSA@ZIF-8 using 

XRD and cryoTEM. Based on the data in the previous sections, the 35:1 BSA@ZIF8 and FITC-

BSA@ZIF-8 with protein concentrations of 2.5 mg/ml were chosen to study as the systems have 

the largest variance in crystal size, morphology, and encapsulation efficiency. In situ XRD data 

was analyzed by measuring the area under the (011) peak over 8 hours to measure the extent of 

crystallinity (Figure 3.5a). As the reaction progresses, more amorphous species crystallize which 

can be quantified by an increase in area under the (011) peak (Figure B15). Distinct differences 

between the growth of BSA@ZIF-8 and FITC-BSA@ZIF-8 can be observed between 10 minutes 

to 110 minutes. During this time, BSA@ZIF-8 is observed to have a greater extent of crystallinity 

and to grow at a greater crystallization rate. ZIF-8 in the absence of protein was also measured and 

crystallized at a similar rate as FITC-BSA@ZIF-8. Time point measurements for cryoTEM were 

chosen based on differences in the in situ XRD data. At initial timepoints (~1 min) all cryoTEM 

images of FITC-BSA@ZIF-8 reveal similar Zn/HmIm amorphous and protein/Zn/HmIm 
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amorphous phases (Figure 3.5b). Particle picking and averaging of individual particles was used 

to determine average particle diameters (see Appendix B.2 for details). The full width at half 

maximum (FWHM) of BSA@ZIF8 particles line profile was 6.8 +/- 1 nm (Figure 3.5c) and the 

FITC-BSA@ZIF8 particles line profile was 12.0 +/- 0.55 nm (Figure 3.5b). Note: the data used 

for Figure 5a were collected in our previous paper.21 After 1 hour, the particulate amorphous phase 

disappears for BSA@ZIF-8 and is replaced with predominantly BSA@ZIF-8 crystals (Figure 

3.5d). Meanwhile, at 1 hour, the FITC-BSA@ZIF-8 sample still contains the particulate 

amorphous phase, which is observed both isolated or in the presence of crystals (Figure 3.5e). 

Particle picking and averaging was attempted for the FITC-BSA@ZIF-8 amorphous particles at 1 

hour. However, the resulting image did not reveal a well-defined particle, which we believe is due 

to the heterogeneity of the particles within the amorphous phase (Figure B16). After 24 hours, the 

BSA@ZIF-8 sample solely consists of crystals, whereas particulate amorphous phases can still be 

observed in the FITC-BSA@ZIF-8 samples (Figure B8b).    
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Figure 3.5: In situ measurements of protein@MOFs. (a.) Insitu XRD of BSA@ZIF-8 
(orange), FITC-BSA@ZIF-8(blue), and ZIF-8(black). The data is displayed as extent of 
crystallinity (α) over time.  (b.) CryoTEM image of FITC-BSA@ZIF-8 at 1 minute (scale bar 
100 nm). (c.) CryoTEM image of BSA@ZIF-8 at 1 min. Low magnification image (scale bar 
100 nm)(left) and averaged particles (right) Note: the data used for Figure 5a were collected 
in our previous paper.21 (d.) Low magnification cryoTEM image (scale bar 1 μm) (left) and 
high magnification image (scale bar 100 nm)(right) of BSA@ZIF-8 at 1 hour. (e.) CryoTEM 
of FITC-BSA@ZIF-8 at 1 hour showing appearance of crystal (left) and amorphous particles 
(right). Scale bar is 100 nm.  
 

3.3 Discussion 

Previous research has demonstrated that BSA can be incorporated into ZIF-8 crystals via 

two different mechanisms that are dependent on HmIm:Zn ratios.21 At low ratios, BSA binds with 

Zn and HmIm, forming an amorphous precursor phase, which increases local supersaturation and 

promotes nucleation of ZIF-8 (sod). At high ratios, ZIF-8 crystals can form independently, and 
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BSA is incorporated when amorphous particles of BSA/HmIm/Zn attach to the surface of growing 

crystals and undergo crystallization by particle attachment. The mechanism of particle attachment 

results in rough surfaces observed for BSA@ZIF-8 crystals. Although these are described as 

separate mechanisms, both mechanisms likely occur simultaneously under certain conditions.  

With this understanding, this chapter aims to determine how molecular modifications affect the 

mechanisms through observation of in situ experiments and final crystal sizes and morphologies.  

In the case where proteins directly promote nucleation (low HmIm:Zn ratios), large mean crystal 

sizes and large size distributions indicate that nucleation from the protein/HmIm/Zn amorphous 

phase is slower with FITC-BSA@ZIF-8 than BSA@ZIF-8 (Figure 3.3, Table 3.1).  When proteins 

are incorporated by particle attachment (high HmIm:Zn ratios), the collective data indicate that 

FITC-BSA can readily form an amorphous phase with HmIm and Zn (Figure 3.6.2a-3.6.2b). 

Moreover, the larger FITC-BSA@ZIF-8 crystals (Table 3.1) indicate a slower rate of particle 

nucleation on the surface of growing ZIF-8 crystals (Figure 3.6.2c). The SEM images further 

support this as FITC-BSA@ZIF-8 crystals have smoother surfaces compared to the BSA@ZIF-8 

crystals (Figure 3.2).  

EE% provides information on how efficiently particular growth mechanisms incorporate 

biomolecules into the final MOF products. At low HmIm:Zn ratios EE% measurements suggest 

both FITC-BSA and BSA are successful in promoting ZIF-8 (sod) growth as both are fully 

incorporated into the MOF crystals. At high HmIm:Zn ratios (70:1 and 35:1), the EE% 

measurements suggest FITC modification can increase the encapsulation of BSA into ZIF-8.  

However, the XRD and fluorescent microscopy data show FITC-BSA@ZIF-8 products consist of 

both amorphous and crystalline phases, in contrast to BSA@ZIF-8 products, which almost 
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exclusively consist of crystalline phases (Figure 3.2 and 3.4). This also supports our hypothesis 

that nucleation from the amorphous phase is inhibited by FITC-BSA.  

To further test this hypothesis, in situ XRD and cryoTEM measurements on the 35:1 

protein@MOF at 2.5 mg/ml protein concentration were performed to understand how FITC-BSA 

mechanistically alters the final MOF crystal properties and phases. The cryoTEM data shows that 

particulate amorphous phase form for both BSA@ZIF-8 and FITC-BSA within one minute. Some 

of the particles within the phases appear to consist of a protein core and HmIm/Zn shell (Figure 

5a). We further believe that HmIm and Zn are bound throughout the protein cores and that the zinc 

bound atoms are responsible for the dark contrast of the particles. These FITC-BSA/HmIm/Zn 

particles persist for the remaining duration of the FITC-BSA@ZIF-8 synthesis, as supported by 

the cryoTEM, whereas the BSA/HmIm/Zn particles adsorb and crystallize onto a growing ZIF-8 

crystal. In addition, the rate of crystallinity development for FITC-BSA@ZIF-8 in the 10-100 min 

is slow compared to BSA@ZIF-8. This provides direct evidence for the inability for the FITC-

BSA/HmIm/Zn particles to grow by particle attachment. Instead, this suggests a monomer addition 

mechanism is favored.21  

The collective data strongly supports that FITC-BSA has a different nucleation and growth 

mechanism compared to BSA. Despite the size of fluorescent dyes being relatively small in 

comparison to proteins, research has found that fluorescent tags such as FITC can affect 

physicochemical characteristics of biomolecules such as size, secondary protein structure, and 

surface charge.31,32 Our initial hypothesis was that protein charge would be the main factor 

enabling particle addition crystallization.18,38 However, zeta potential measurements revealed 

similar pI (+/- 0.5) for FITC-BSA and BSA (Figure 3.1b). Instead, circular dichroism studies 

suggest variation in protein folding, especially within the amorphous precursor phase, to be the 
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cause of the deviation in protein@MOF formation mechanisms. In general, protein unfolding 

causes hydrophobic amino acid groups to become exposed and protein aggregation to occur.39 In 

the case of FITC-BSA@ZIF-8 and BSA@ZIF-8, we hypothesize that unfolding is caused by the 

high binding affinity of the zinc ion to the electrophilic groups on the amino acids and FITC tag. 

While unfolding of BSA is minimal in the presence of zinc, as supported by recent literature,40 

FITC tagging increases the extent of unfolding of BSA with zinc (Figure 3.1c). Unfolding of FITC-

BSA in the amorphous phase explains the large heterogeneity of amorphous particles at 1 hour 

(Figure B16).  To further validate the effect of protein unfolding in the growth mechanisms, 

BSA@ZIF-8 crystals were synthesized using a partially unfolded BSA (Figure B17). Crystals 

produced with partially-unfolded BSA had a similar morphology as FITC-BSA@ZIF-8 crystals 

(Figure B17b) and were ~800 nm – much larger than BSA@ZIF-8 crystals (Figure B18). This 

supports that protein folding is the dominant factor behind the differences observed between BSA 

and FITC-BSA@ZIF-8 crystals.  
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Figure 3.6: Proposed schematic of the formation mechanism of BSA@ZIF-8 at high 
HmIm:Zn ratios when BSA is (1a.-1c.) Folded vs (2a.-2c.) Unfolded. Both mechanisms 
initially form particulate amorphous intermediates consisting of protein/HmIm/Zn (a.-b.). 
The folded BSA/HmIm/Zn intermediate are then able to adsorb and crystallize onto the 
growing ZIF-8 surface (1c) whereas the unfolded BSA/HmIm/Zn intermediate cannot (2c.).  
 

3.4 Conclusion 

In conclusion, we have demonstrated that modification of BSA with FITC molecules 

significantly alters the crystal growth mechanism affecting the encapsulation efficiency, crystal 

size and crystal morphology. Circular dichroism studies indicate this is predominantly driven by 

protein folding within the amorphous precursor phase, and fluorescent spectroscopy studies 

confirm that proteins remain unfolded in the final MOF crystals.   The data also show that different 

HmIm:Zn ratios will modulate how molecular modification can affect these properties. For 

example, the effect of modification on the 35:1, 1.25 mg/ml system is that EE% increases from 

~40% to 90%, and mean crystal diameter increases from 270 nm +/- 50 nm to 580 nm +/-189 nm. 
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However, the effect of modification for the 4:1, 1.25 mg/ml system is that EE% remains the same 

(~100%) while mean crystal diameter increases from 187 nm to 1317 nm. These data show that 

the mechanisms that govern protein EE% and crystal size are at least partially decoupled, which 

presents a challenge as the role of a protein during crystallization processes is complex. However, 

these results also present an opportunity to use molecular modifications of proteins to 

independently tune the structural features and properties of protein@MOFs. Tuning of 

protein@MOFs requires a deep understanding of non-classical nucleation pathways and protein 

folding and aggregation in these pathways. Although each biomolecule will behave differently, we 

believe the general mechanisms and tunability with molecular modifications and protein folding 

should be generalizable to all biomolecules. Future work with other proteins and molecular 

modifications is needed to confirm this generalizability.  

  

3.5 Experimental  

Materials 

  All chemical reagents used for FITC-BSA@ZIF-8 and BSA@ZIF-8 were obtained from 

Sigma Aldrich unless stated otherwise. FITC-BSA was purchased from Sigma Aldrich post-

tagging and purification. Stock solutions of bovine serum albumin, bovine serum albumin 

fluorescein isothiocyanate, 2-methylimidazole (HmIm), and zinc acetate (Zn) were made using 

Milli-Q water (ρ > 18MΩ cm). 

 

TEM 

 TEM samples were prepared by pipetting 10x diluted solutions onto TEM grids for ~5-10 

min and were then blotted with Kimwipe paper. 400 Mesh Carbon grids were used and purchased 
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from TedPella. Images were obtained using a JOEL-2800 TEM with a Schottky field type field 

emission gun at 200 kV in convergent beam mode using a Gatan OneView Camera. 

 

CryoTEM 

CryoTEM samples were prepared using Quantifoil R2/2 Holey Carbon Films from 

Electron Microscopy Sciences or 400 Mesh Carbon grids from TedPella. Prior to sample 

application, glow discharge was applied to the grids for 70 seconds. Reaction solutions at various 

time points were centrifuged for ~2 seconds, and 3 µL of each sample was taken from the reaction 

solutions and underwent vitrification using an Automatic Plunge Freezer ME GP2 (Leica 

Microsystems). Vitrification was performed at ~95% humidity with blot times of 4 seconds, and 

samples were plunged into liquid propane. Samples were then analyzed using the JOEL-2100 TEM 

with a Schottky field type emission gun set to 200 kV. Images were obtained using Serial EM 

software or Gatan OneView Camera. 

 

SEM 

  Samples were prepared by pipetting 10 uL of sample onto 1mm thick glass slides which 

were then coated with 5 nm Iridium (Quorum Q150T) to reduce charging.  Samples were imaged 

with a Magellan 400 XRH system with secondary electron images taken at an accelerating voltage 

ranging from 2-3 keV. 

 

PXRD 

After removing all liquid from the top of centrifuged crystal precipitates and allowing 

samples to air dry, a Rigaku SmartLab X-ray diffractometer was used to obtain PXRD patterns at 
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40 kV and 44 mA while in Bragg-Brentano mode. Results were plotted with background 

subtraction using IGOR software. 

 

In Situ XRD 

Samples were initially mixed in glass vials and immediately transferred into 10 mm glass 

capillaries. Samples were scanned every 10 minutes for 8 hours using a Rigaku Smartlab. The 

instrument was set to 40 kV and 44 mA and measured in parallel beam/ parallel slit analyzer mode. 

Results were plotted with background subtraction using IGOR software.    

 

Fluorescence Microscopy   

Fluorescence imaging and microscopy were performed as described in previous 

manuscript.18 Second harmonic of 960 nm femtosecond pulse radiation (480 nm, 76 MHz, 5 mW) 

has been coupled into Olympus FluoView 1000 laser scanning microscopy system based on an 

Olympus IX81 inverted microscope frame. Fluorescence has been collected using 60× NA = 1.41 

oil-immersion objective lens (Olympus) in epi geometry. Transmitted light has been used for 

simple morphology mapping and correlation with TEM images. Imaging was performed at various 

fields of view with resolution 800 × 800 and 2048 × 2048 pixels with scanning speed 2 μs/pixel. 

All images were processed to be displayed in RGB (100,0,0) coordinates.  

 

Mass Spectrometry 

 MALDI-TOF-MS measurements were performed using a Brûker Ultra Flex Extreme in 

linear positive mode. Samples were spotted in water and ran in saturated sinapic acid in a 50:50 

water/acetonitrile with 0.1% TFA (trifluoracetic acid). Intact mass measurements were also 

https://www.zotero.org/google-docs/?broken=Wxh3TK
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performed using a Xevo G2-XS Qtof after desalting thru Phenyl-Hexyl Column BEH guard 

column.  The measurements were performed in positive mode from 400-4,000 da. The charge state 

series were deconvoluted using Waters’ Masslynx MaxEnt1 algorithm with ranges of 

50,000:80,000 g/mol. Baseline subtraction was then performed. 

Circular Dichroism: Circular dichroism samples were diluted to 1 mg/ml using water and were 

analyzed between 200 nm and 240 nm in a 10 mm quartz cuvette. Five accumulations for each 

sample was performed. 

 

Zeta Potential  

Zeta potential measurements of samples were performed with a Malvern Zetasizer ZS 

Nano dynamic light scattering instrument. The instrument was set to automatic runs (ranging from 

10-100), and triplicate measurements were averaged for each sample. Measurements were 

performed with samples in a disposable capillary cell from Malvern Panalytical. 
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4.1 Introduction  

Enzymes are highly efficient and selective biological catalysts that hold immense potential 

in various industries, including drug delivery,1,2 bioremediation,3 and CO2 reduction.4 However, 

the widespread application of these biomolecules is limited due to susceptibility to denaturation 

and inability to withstand harsh industrial conditions. Metal-organic frameworks (MOFs), 

consisting of metal nodes and organic linkers, offer a promising solution by protecting and 

immobilizing enzymes in their active conformations.5–7 Unlike other protein immobilization 

methods, MOFs provide a wide range of metal and ligand building units, allowing customization 

of crystal size, structure, and porosity, enabling optimization for different enzymes and 

applications.8 MOFs enable one-pot integration of enzymes in aqueous synthetic conditions that 

favor protein stability and retained activity in the composite.6,7 While little is known related to the 

enzyme environment and its conformation during MOF formation, other studies have shown that 

factors such as the tertiary structure, location, and orientation of the enzyme within the crystal play 

a key role in whether an enzyme remains active in an enzyme@MOF.9–11 In previous research, we 

demonstrated that the folding of the enzyme, when synthesized in situ, affects the crystallization 

mechanism and kinetics, which determine final structural properties.12  This study also found that 

the initial protein folding can be influenced by the MOF precursors, specifically zinc. Other studies 

have shown that the hydrophilicity of the ligand further plays a role in the folding, and thus activity, 

of the enzyme in the MOF.13 

Furthermore, the structural factors of the crystal such as network topology,14 morphology, 

defects,15 and size16 play an important role in designing high performance biocomposites.17,18 

Zeolitic Imidazolate Framework-8 (ZIF-8) has emerged as a widely studied MOF for enzyme 

encapsulation due to its precursor availability, ease of synthesis, and environmentally friendly 
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characteristics. ZIF-8 forms a sodalite (sod) topology consisting of zinc metal nodes connected by 

2-methylimidazole (HmIm) ligands. Variations in its synthetic conditions, particularly the ligand 

to metal ratio (ligand:metal), have commonly been used to tune crystal formation and final crystal 

porosity to achieve high enzyme activity and encapsulation efficiency.15 At low ratios of 

HmIm:Zn, enzymes with low isoelectric points (<7)  drive nucleation through attraction of the 

positively charged metal ions to the negatively charged enzyme surface. 7,19,20 This mechanism has 

been coined biomimetic mineralization and yields high enzyme encapsulation. The biomimetic 

mineralization approach has yielded the formation of other ZIF-8 topologies and crystal 

structures–the combination of which is known as a polymorph–such as ZIF-C and ZIF-L,14 but 

also the sodalite topology found in most synthesized ZIF-8 composites.7 Often, mixtures of 

different ZIF-8 polymorphs can be obtained in the same sample through the biomimetic 

mineralization process, and the exact polymorphs obtained vary enzyme to enzyme, suggesting 

the biomolecule aids in polymorph determination. ZIF-8 polymorphism is important for enzyme 

activity, as amorphous MOFs have been found to have the highest enzyme activity in the case of 

glucose oxidase (GOx) ZIF-8 composites, which has been proposed to be due to interconnected 

mesopores found within the amorphous crystal structure.17   

In this study, we demonstrate that the enzymatic interactions with both initial building 

blocks and the final MOF crystal are two main key components in designing a successful 

biocomposite system. More specifically, the enzyme interactions with MOF precursors, 

particularly upon formation of prenucleation clusters consisting of enzymes and MOF precursors, 

are shown to influence the folding, encapsulation efficiency, and activity of the enzymes GOx and 

catalase (CAT) within the ZIF-8 system. To exhibit enzyme activity, we show that building units 

must form with minimal enzyme denaturation. If this requirement is met, the physical properties 
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of the crystal must still be optimized for high activity, as crystallinity and structure influence the 

diffusion and accessibility of the substrate to the immobilized enzyme. To study the formation 

process of active biocomposites, we use time-resolved cryogenic-transmission electron 

microscopy (cryoTEM) to elucidate two distinct mechanisms resulting in either highly or poorly 

active enzyme@ZIF-8 biocomposites. 

 
4.2 Results  

Enzyme@MOF synthesis and structural characterization 

Glucose oxidase and catalase were each encapsulated into ZIF-8 by varying the HmIm: Zn 

ratio to achieve two different mechanistic pathways: biomimetic mineralization and solid-state 

transformation.19   To synthesize the biocomposites, separate stock solutions of the enzymes (5 

mg/ml, 0.75 mL), 2-methylimidazole (HmIm) (320 mM and 2800 mM, 0.75 mL), and zinc acetate 

(40 mM, 1.50 mL) were prepared in nanopure water. The different concentrations of HmIm were 

combined with each of the enzymes and zinc acetate solutions to produce systems with 

ligand:metal ratios of 4:1 (biomineralization approach) and 35:1 (solid-state transformation 

approach) with final enzyme concentrations of 1.25 mg/ml. After solutions were combined and 

aged for 24 hours without mixing, the samples were centrifuged and washed 3x with either water 

or methanol.  Fourier transform-infrared spectroscopy (FTIR) confirmed the encapsulation of each 

enzyme for all CAT and GOx biocomposites through the presence of the amide carbonyl (amide 

I) stretch at 1,660 cm-1 (Figure C1).7 

At 4:1 GOx@ZIF-8 synthesis conditions with water washes, crystals have an encapsulation 

efficiency (EE%) of ~100% (Figure C22). Powder X-Ray Diffraction (P-XRD) verifies the product 

to be a heterogeneous mixture of both an amorphous phase, which can be observed in the broad 

peak around 14˚, and crystalline ZIF-CO3-1 (ZIF-C). ZIF-C is a ZIF-8 polymorph which 
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incorporates CO2 into its crystal structure as carbonate ion.14,21 Dry state TEM shows small, ~20 

nm, spherical particles along with sheets for 4:1 GOx@ZIF-8 (Figure 4.1b). At 4:1 GOx@ZIF-8 

synthesis conditions with methanol washes, P-XRD verifies phase transformation of the ZIF-C 

crystals to ZIF-8 (sod) with no obvious amorphous phase present in the pattern. Dry state TEM 

images indicate multiple phases in the final product, as rhombic dodecahedron morphology and 

amorphous spherical particles are present (Figure 4.1b). We believe that this phase transformation 

occurs as a result of methanol being a stronger coordinating solvent and displacing the carbonate 

ligands in ZIF-C.21,22 As the carbonate ligands are displaced, the coordination environment around 

the metal nodes changes, causing the structural rearrangement to sodalite topology with very little 

coordination defects. At 35:1 GOx@ZIF-8 synthesis conditions, crystals have a low EE% of 30%. 

P-XRD verifies no amorphous phase present and only sodalite (sod) crystal structure with 

coordination defects; this is seen in the lower relative intensity of the first peak (visible around 7˚) 

compared to the higher angle peaks. This contrasts with pure sod, where the first peak is 

significantly more intense than all subsequent peaks. (Figure 4.1a). Dry-state TEM images show 

biocomposites with rhombic dodecahedron morphology, which is characteristic of sod, while also 

indicating the presence of both defects and polycrystallinity (Figure 4.1d, Figure C8), 

At 4:1 CAT@ZIF-8 conditions with water washes, crystals have an EE% of 100%. P-XRD 

verifies the product to be ZIF-C with a slight amorphous peak present. Dry-state TEM images 

show a continuous film for CAT@ZIF-8 along with stacked sheets found throughout the film 

(Figure 4.1e). At 4:1 CAT@ZIF-8 with methanol washes, P-XRD verifies phase transformation 

of ZIF-C crystals to ZIF-8 (sod) with no obvious amorphous phase present in the pattern. Dry-state 

TEM shows multiple phases with concentrated regions of amorphous particles surrounding 

crystals with rhombic dodecahedron morphology. (Figure 4.1f). At 35:1 CAT@ZIF-8, crystals 
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have an EE% of 100%. P-XRD confirms no amorphous phase present and only sodalite (sod) 

crystal structure. Dry-state TEM images show biocomposites with rhombic dodecahedron 

morphology, and confirm the presence of coordination defects (Figure 4.1g).  

In summary, both CAT and GOx drive similar final crystal structures when varying the 

HmIm:Zn ratios. Both enzymes have low isoelectric points (<7); thus, the ability for each enzyme 

to drive the formation of a kinetic product when below the normal supersaturation conditions for 

ZIF-8 is expected. However, each enzyme, at 4:1 conditions with water washes, drives the 

formation of kinetic products with different morphologies. Additionally, only CAT consistently 

becomes encapsulated into ZIF-8 at any HmIm:Zn ratio whereas the EE% for GOx decreases with 

increasing HmIm:Zn.  

 

 

Figure 4.1: (a.) P-XRD patterns of CAT@MOFs and GOx@MOFs at 4:1 HmIm:Zn ratios 
with either water or methanol washes and at 35:1 HmIm:Zn. Dry-state TEM images of (b.) 
4:1 GOx@ZIF-8 with 3x water washes, (c) 4:1 GOx@ZIF-8 with 3x methanol washes, (d.) 
35:1 GOx@ZIF-8, (e.) 4:1 CAT@ZIF-8 with 3x water only washes, (f) 4:1 CAT@ZIF-8 with 
3x methanol washes, (g.) 35:1 CAT@ZIF-8. Scale bars are 500 nm.  
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Enzyme activity in MOFs 

Enzymatic activity assays were performed on GOx@ZIF-8 systems. The 4:1 GOx@ZIF-8 

was observed to have a slightly lower activity compared to the free enzyme (Figure 3.2a), and the 

activity of GOx decreased even further when synthesized at 35:1 synthetic conditions. These 

results are supported by literature, which have found either amorphous MOFs or MOFs with large 

defects to have greater activity than highly crystalline sod crystals.15,17  To investigate how phase 

transformation affects activity, activity measurements were then performed on the 4:1 GOx@ZIF-

8 with methanol washes; however, no activity was observed. Enzymatic activity assays were then 

performed on CAT@ZIF-8 systems. No enzymatic activity could be observed in any of the 

experimented synthetic conditions for CAT@ZIF-8 (Figure 3.2b, Figure C4).   

Figure 4.2: Enzyme activity assays of (a.) GOx@ZIF-8 and (b.) Catalase@ZIF-8 at a 
variety of synthetic conditions. Standard deviations are shown as highlighted sections. 
 
 

Enzyme folding and activity relationship 

To gain insight into the lack of enzymatic activity in CAT@ZIF-8 systems, protein folding 

studies were undertaken. Characterization of the protein folding within MOF prenucleation 

clusters is challenging, as the species are transient and advanced spectroscopic techniques often 

require long scan times, which often surpass the lifespan of a given transient species, to achieve 
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sufficient resolution. Additionally, imidazole rings absorb light at 280 nm, at the same wavelength 

as proteins, making it impossible to utilize light absorption techniques like UV-Visible 

spectroscopy and Circular Dichroism (CD) to probe protein folding in the presence of HmIm. 

Here, using CD, we examine enzyme folding when enzymes are incubated with zinc, as previous 

studies have found that proteins can form stable complexes with each of the precursors.19 When 

CD was performed on GOx/Zn solutions, a slight reduction on the alpha helical character was 

observed (Figure 4.3a). In contrast, when CD was performed on CAT/Zn solutions, a dramatic 

decrease in alpha helical character was observed, indicating general denaturation of the 

biomolecule (Figure 4.3b).  

To support that stability of catalase was dependent on the specific metal cation and not the 

presence of any counterion, potassium acetate was employed as a control. Potassium is a common 

biological cation found in high concentrations in most living systems, unlike zinc which is usually 

found in small amounts; potassium is expected to facilitate little denaturation.23 Furthermore, 

activity of catalase has been reported in a potassium based MOF system.24 Indeed, the folding of 

catalase was examined when incubated with zinc acetate and potassium acetate via CD, and it was 

found that potassium acetate altered the secondary structure of catalase minimally compared to 

zinc acetate (Figure 4.3b). Based on these results, we propose that it is the metal cation itself, and 

not the counterion, that causes unfolding in prenucleation clusters.  

While circular dichroism studies are insightful to determine transitions in specific 

enzymatic secondary structural elements, these structural changes do not necessarily correspond 

to changes in activity. To gain a better understanding of the effects of MOF precursors on catalase 

activity, enzymatic assays were performed with CAT incubated with HmIm or zinc acetate, with 

potassium acetate used as a control. CAT incubated with potassium acetate had the best activity, 



 

100 
 

followed by CAT incubated with HmIm, then finally zinc acetate (Figure 4.3c). While we note 

that these studies only involve clusters and not the whole MOF, our findings support previous 

studies which have shown that catalase exhibits excellent activity when confined in a potassium-

based MOF.24 Furthermore, the activity and folding of catalase with MAF-7 – which shares the 

zinc metal ion and sodalite topology of ZIF-8, but uses a more hydrophilic linker, 3-methyl-1H-

1,2,4 triazole (HmTz) – precursors were also investigated. 13 MAF-7 was investigated specifically 

because it shares many features with ZIF-8, yet encapsulated catalase shows activity (Figure C9). 

While MAF-7 and ZIF-8 share zinc metal ions, in our synthesis, the metal salts used are different, 

with ZIF-8 being commonly made with zinc acetate and MAF-7 being commonly made with zinc 

nitrate. Activity assays confirmed catalase incubated with either salt to have similar activity 

(Figure 4.3c). Catalase was then incubated with either ligand, HmIm or HmTz, and the activity of 

catalase was also similar with each ligand. 
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Figure 4.3: (a.) Circular Dichroism spectroscopy performed of glucose oxidase both alone 
and in the presence of zinc, (b.) and catalase alone, in the presence of zinc, and in the presence 
of potassium. (c.) Catalase activity in the presence of MOF precursors and various ions. 
 
 

Mechanistic and structural relationships to enzyme activity  

To gain a deeper understanding of the evolution of each enzyme@metal-organic 

framework (MOF) and to eventually customize their properties, time-resolved cryoTEM analysis 

was conducted on the GOx@ZIF-8 system during the initial hour of crystallization. The choice of 

GOx@ZIF-8 systems was motivated by the fact that each synthetic condition yields a distinct 

enzymatic outcome, unlike CAT@ZIF-8, which exhibits no activity at any synthetic condition. In 

situ time-resolved cryoTEM was utilized to image the crystal formation reaction and found small 

irregular amorphous aggregate networks at 1 minute (Figure 4.4a). The aggregates then evolved 
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into larger particulates by 30 minutes (Figure 4.4b). The particles appear to be stable at 1 hour 

(Figure 4.4c) and remain in the sample after 24 hours (Figure 4.4d,g). Through particle size 

analysis, the particles at 1 min averaged ~10 +/- 7 nm while the particles at 30 min, 1 hour, and 24 

hours averaged ~20 +/- 10 nm (Figure 4.4d, Figure C6). While these particles are hypothesized to 

be amorphous based on the large amorphous backbone in the P-XRD, the ZIF-C region is believed 

to be the dense sheet-like region surrounded by the amorphous particles.14 

 

 

Figure 4.4: Time resolved cryoTEM of 4:1 GOx@ZIF-8 at a.) 1 min, b.) 30 min, and c.) 1 
hour. d.) Dry-state TEM of 4:1 GOx@ZIF-8 after washes with water. (e.) Particle size 
analysis at 1 min (blue), 30 min (purple), 1 hour (pink), and 24 hours (orange). SEM of 4:1 
GOx@ZIF-8 after washes with water. 
 

To understand how the mechanistic and structural properties of the 35:1 GOx@ZIF-8 

differentiated from the previous system, we performed similar in situ time-resolved cryoTEM 

studies. CryoTEM images reveal that at 1 minute, aggregates like the structure found in the 4:1 

system form and are surrounded by individual particles that are 12 +/- 2 nm (Figure 4.5a). These 
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particles continue to grow and double in size (21 +/- 4 nm) by 10 min (Figure 4.5b). At 10 minutes, 

these particles are localized and surround a highly concentrated region. The amorphous phases 

continue to aggregate and condense to form dense phases surrounded by a cloud, which is 

hypothesized to serve as a rich reservoir of MOF precursors for the growing dense phase (Figure 

4.5c). Outlines of irregular crystals can be observed within these clouds and closer inspection into 

the regions with high-resolution TEM reveals crystallinity as indicated by the lattice spacing 

(Figure 4.5e) and the Fast Fourier Transform (FFT) (Figure 4.5f). The crystal appears poorly 

crystalline at 30 min with lattices appearing in multiple directions along with gaps of lattices 

(Figure 4.5g). These gaps in the lattice are believed to be coordination defects containing enzymes. 

By 1-hour, well-defined rhombic dodecahedron crystals that are believed to be monocrystalline 

can be observed along with branched networks of aggregates dispersed throughout the sample 

(Figure 4.5d, Figure C7). As commonly observed with this system, amorphous phases contributing 

to the crystal growth undergo solid-state transformation to achieve a monocrystalline structure. 

While topological and structural characteristics of ZIF-8 (sod) are observed after 24 hours, 

indentions and pores can also be observed on the surface of the crystals (Figure 4.5h). Highly 

porous, irregular crystals can also be observed after 24 hours in addition to the lesser porous, 

regular crystals (Figure C8).  
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Figure 4.5: Time resolved cryoTEM of 35:1 GOx@ZIF-8 at a.) 1 min, b.) 10 min, c.) 30 min 
and d.) 1 hour. e.) Lattice resolution cryoTEM image of 35:1 and corresponding selective 
area fourier transform of f.) pink region and g.) orange region from image. h.) SEM of 35:1 
GOx@ZIF-8 after water washes.   
 
4.3 Discussion  

Enzyme folding and activities studies emphasize the importance of the biological 

relationship between structure and function when designing a successful biocomposite. As GOx is 

resistant to unfolding by zinc, it can remain in an active conformation and exhibit activity in ZIF-

8 (Figure 4.3a). CAT, however, is not resistant to unfolding by zinc, and therefore, no active 

CAT@ZIF-8 complex can be formed. Considering these results, we hypothesize that enzymes 

must be resistant to unfolding in prenucleation clusters to be active in MOF biocomposites.  

One way to prevent metal-induced unfolding from occurring is by using a hydrophilic 

ligand. Previous studies and our own work have shown CAT to remain active in MAF-7 (Figure 

C9),13 which we believe is attributed to the ability of the more hydrophilic ligand to stabilize an 
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active protein conformation. While CAT exhibited activity when incubated with both HmTz or 

HmIM, we hypothesize that HmTz, with an additional nitrogen group, will exhibit enhanced 

binding strength to the protein complex, while the two nitrogen groups in HmIm are more likely 

to bind to zinc. Supporting this hypothesis, the solution of HmTz and catalase becomes turbid 

rapidly, indicating large aggregates, whereas the solution of HmIm and catalase remains clear 

(Figure C5). Importantly, these CAT/HmTz complexes still retain activity, meaning that 

significant catalase denaturation is not occurring like in the presence of zinc (Figure 2c). We 

suggest that these strong protein/HmTz complexes stabilize catalase in a more active conformation 

and protect it against denaturation by zinc. Additionally, previous studies have demonstrated that 

the addition of hydrophilic groups to organic ligands can influence the restoration of the active 

protein conformation. These studies have shown that hydrophilic groups facilitate hydration 

effects within MOF pores, which reduce chelation interactions between the metal and the protein, 

thereby preventing unfolding.26 

The understanding of how each individual MOF precursor affects enzyme folding and 

orientation in initial complexes is indeed crucial when initially designing a biocomposite. This 

knowledge helps in determining the appropriate enzyme/MOF precursor pairing for a specific 

application. By studying the interactions between the enzyme and different MOF precursors, 

researchers can identify compatible combinations that promote favorable enzyme folding and 

orientation within the MOF framework. However, in some cases, a desired enzyme/MOF precursor 

pairing may be inherently incompatible. In such situations, extra steps can be employed to induce 

an active enzyme conformation. One such method involves the use of ultrasound. Ultrasound 

waves can be applied to the enzyme prior to immobilization, effectively facilitating the attainment 

of the active enzyme conformation. This temporary conformational change induced by ultrasound 
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can be "locked" into place by subsequently adding MOF precursors.27 Whatever the case, all 

techniques and enzyme@MOF synthesis processes must consider the effect of MOF precursors on 

the stability of the enzyme in prenucleation clusters. However, this is only the first step in ensuring 

enzyme@MOF activity. 

In a recent study that encapsulated GOx in amorphous MOFs (aMOFs), the authors found 

the aMOFs facilitates high enzymatic activity based on the large defects and interconnected 

mesopores, allowing access to substrate by enzymes inside of the composite.17 While defects are 

present in all aMOFs in this study, the particles are 5x smaller (~20 nm) than the aMOFs in the 

previously mentioned study (100 nm). As GOx has an average length of ~6 nm and the aMOFs 

are only ~20 nm, a large surface of the enzyme is likely to be exposed to the particle surface and 

accessible to substrate.28 Furthermore, even if the enzyme is located within the interior of the 

aMOF, the substrate would have a lower diffusion barrier to overcome the short path to the 

enzyme.16 Although it is not quite clear how ZIF-C forms through the in situ cryoTEM studies, it 

is believed that it is formed through aggregation and then rearrangement of the amorphous 

particles. While the inclusion of ZIF-C, a polymorph that has mostly been reported in solvothermal 

synthesis,20 in biomimetically mineralized catalase and glucose oxidase ZIF-8 composites is a 

novel result, we hypothesize that the ZIF-C composites are not active, and activity comes from 

aMOFs present in the sample.  Previous studies have shown that ZIF-C is not porous to N2, making 

it unlikely that the composite is porous to glucose, the substrate of GOx, which is larger and more 

polar.13 Thus, we believe the smaller size of the aMOFs, coupled with the disordered structure, to 

be major factors in driving the high activity for this system, and the ZIF-C samples to be much 

less relevant in conferring activity. 
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We believe such amorphous characteristics to also influence the activity of the 35:1 

GOx@ZIF-8 biocomposite. Irregular crystals observed through TEM are hypothesized to have 

remained polycrystalline with coordination defects within them. As the size of glucose (~10 Å) is 

much larger than the 3.4 Å window typically observed in ZIF-8 (sod),15,25,29 such defects are 

required for accessibility of enzymes to substrate. Furthermore, it is expected that while some 

enzymes will be located on the crystal surface either within or near the defects, that other enzymes 

will be located within the interior of the highly crystalline crystals and inaccessible to substrate. 

By increasing the enzyme loading concentration, we can expect to have an increase in amorphous 

character and defects in the crystal resulting in greater activity.15,19 Furthermore, such a system is 

expected to have some enzymatic activity because of the defects, but not as high as the free enzyme 

or at 4:1 GOx@ZIF-8 biocomposites. This is supported by our enzymatic assay results, which 

show low but present activity for the 35:1 GOx@ZIF-8 sample (Figure 4.2a). 

While outside of the scope of this study, another factor that could influence the activity of 

35:1 GOx@ZIF-8 is the orientation of the enzymes located within or near the defects. A study by 

Pan et al used electron paramagnetic resonance spectroscopy to investigate the orientation of 

enzymes within MOF surfaces.9 While these enzymes were not immobilized on to the MOF in a 

similar mechanism, the idea of being able to control the orientation and exposure of enzymes to 

substrates would allow enhanced selectivity of substrates of varying sizes.  
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Figure 4.6: Proposed guide of the steps facilitating biocomposites with varying enzymatic 
activity. Initial protein folding in prenucleation clusters is the first step in determining 
whether a system will have enzymatic activity. From there, final physical properties such as 
extent of crystallinity and defects in the MOF will determine the catalytic performance of 
the system. 
 
4.4 Conclusions 

 This work provides insight into a guide that should be followed when designing high 

performance biocomposites (Figure 4.6). While no one MOF is suitable to immobilize every 

enzyme, we have shown that studying the folding and activity of the enzymes in stable clusters 

with each MOF precursor could be a key initial screening towards pairing of metal ions and ligands 

to a given enzyme. Once precursors pass the initial screening with MOF precursors, the MOF 

design can then be redirected towards manipulating the crystal formation mechanism so that the 

final physical properties of the crystal align with the desired applications. We aim that providing 
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this step-by-step guide and relating our findings to other supported studies will lead to exponential 

growth in the design and use of high-performance protein-MOFs composites. However, to 

synthesize enzyme@MOFs, more should be known about the biomolecule and the effects of 

different precursors on enzyme folding. Future studies should take a more enzyme-oriented 

approach to enzyme@MOF synthesis, focusing on the real-time folding of biomolecules in 

prenucleation clusters and the structural changes that take place once an enzyme is encapsulated 

into a MOF. 

 
4.5 Experimental 

Materials  

2-methylimidazole, zinc acetate dihydrate, tetrasodium ethylenediaminetetraacetic acid, 

and bovine liver catalase were purchased from Sigma Aldrich. Glucose oxidase from A.Niger, 

concentrated sulfuric acid, and potassium acetate were purchased from VWR International. 

Horseradish peroxidase, methanol, dimethyl sulfoxide, and 30% hydrogen peroxide were obtained 

from ThermoFisher. 3-Methyl-1H-1,2,4-triazole and 3,3’,5,5’ tetramethylbenzidine were 

purchased from TCI chemicals. Zinc nitrate dihydrate, xylenol orange, sodium phosphate dibasic 

anhydrous, phosphate buffered saline 10x, and ferrous ammonium sulfate were purchased from 

Strem Chemicals, Abcam, Chem-Impex International, Boston Bioproducts, and EMD Serono 

respectively.  

 
GOx@ZIF-8 and Cat@ZIF-8 Synthesis 

Individual solutions of 2-methylimidazole (HMIM) (2800 mM and 320 mM, 0.750 mL), 

zinc acetate (Zn) (40 mM), and enzyme (5 mg/ml, variable volume) were prepared in Milli-Q water 

(18 MΩ). For the high HmIm:Zn conditions (35:1), the more concentrated solution of HmIm was 
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used to achieve a final HmIm: Zn concentration ratio of 700:20 mM. For low HmIm: Zn conditions 

(4:1), the less concentrated solution of HmIm was used to achieve a final HmIm: Zn concentration 

ratio of 160:20 mM. The final enzyme concentration in each solution was 1.25 mg/ml. To 

synthesize the bio-MOF composite, 750 μL of HmIm solution was added to 750μL of enzyme 

solution, after which 1.5 mL of zinc solution was added in a glass vial, and the reaction was aged 

for 24 hours without stirring. After 24 hours, the precipitate was retrieved by centrifuging the 

reaction at 10,000 rpm. While the supernatant was separated and stored for EE% measurements, 

the precipitates were washed 3x with either water or methanol prior to further characterization.  

 
Enzymatic activity of Catalase 

 The Ferrous Oxidation-Xylenol Orange (FOX) assay was used to measure the enzymatic 

activity of both Catalase and CAT@ZIF-8 systems. The FOX reagent was made using a solution 

of  methanol (180 mL), Milli-Q water (20 mL), and Sulfuric acid 98% (278 μL). After stirring to 

ensure the solution was homogeneous, ferrous ammonium sulfate (19.6 mg) and then xylenol 

orange (15.2 mg) were added in their solid forms to the solution and allowed to stir for one hour 

to ensure complete dissolution. Solutions of Catalase and CAT@ZIF-8 systems were diluted to 

0.01 mg/ml in 1x phosphate buffered saline (PBS), to a final volume of 2 mL. To initiate the 

reaction, 10 μL of 30% hydrogen peroxide was added to 2 mL of CAT or CAT@ZIF-8 system 

while stirring (320 rpm). Aliquots of the reaction mixture (50 uL) were taken, first at 15 seconds 

after the beginning of the reaction, then every 30 seconds, and added to 950 μL of FOX reagent. 

The absorbance of the samples were then measured at 560 nm using a Nanodrop absorption 

spectrophotometer, and plotted using the matplotlib, pandas,  scipy, and numpy python libraries in 

an author-written python script. 
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Enzymatic activity of Glucose Oxidase 

 An enzymatic assay based on the oxidation of tetramethylbenzidine (TMB) by horseradish 

peroxidase (HRP) was employed to measure the activity of Glucose Oxidase (GOx). First, a 

phosphate-citrate buffer was prepared by dissolving sodium phosphate dibasic anhydrous (8.15 

mg/mL) and citric acid monohydrate (9.60 mg/mL) into nanopure water under vigorous stirring to 

ensure complete dissolution. Then, a solution of TMB (0.1 mg/mL) was prepared in this buffer by 

first dissolving TMB (10 mg) into dimethyl sulfoxide (10 mL), stirring to fully dissolve the 

indicator. This solution was then diluted 10x in the previously synthesized phosphate-citrate 

buffer. A solution of HRP (5 mg/mL) was then prepared in this TMB buffer, and diluted 100x with 

more TMB buffer to a final concentration of 0.05 mg/mL. EE% measurements were used to dilute 

each bio-MOF composite to 2 mL of 0.015 mg/ml GOx in PBS, based on the assumption that all 

GOx not present in the supernatant was present in the final bio-MOF composite. 200 μL of this 

bio-MOF PBS solution were added to 400 μL of the HRP/TMB solution in a plastic cuvette, and 

then 200 μL of a 10 mM aqueous glucose solution were added to start the reaction. The reaction 

was measured at 650 nm every 15 seconds over 300 seconds in a Nanodrop UV-Visible 

spectrophotometer using the “kinetics” mode. Results were plotted using the pandas and 

matplotlib.pyplot python libraries in an author-written python script. 

 
Circular dichroism 

 Solutions of enzymes and enzymes with MOF precursors were made at a concentration of 

0.25 mg/mL, and placed into a 1 mL quartz cuvette. For the catalase measurements, three separate 

measurements were made on a Chirascan Circular Dichroism Spectrometer. Glucose Oxidase 

Circular Dichroism data was collected using a Jasco J-810 circular dichroism spectrometer. Results 
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were smoothed and plotted using the pandas, numpy, scipy and matplotlib python modules 

respectively in an author-written python script. 

 
TEM 

 Dry-state TEM samples were prepared by diluting each sample 10X in nanopure water. 

Samples were then pipetted onto either 400 Mesh Carbon grids from TedPella or Quantifoil R2/2 

Holey Carbon from Electron Microscopy Sciences. A Joel-2100 TEM equipped with a Schottyky 

type field emission gun was used to image samples. Serial EM software was used to obtain samples 

using a Gatan Oneview camera.  

 
CryoTEM 

 CryoTEM samples were pipetted onto 400 Mesh Carbon grids from TedPella or Quantifoil 

R2/2 Holey Carbon from Electron Microscopy Sciences. Prior to sample application, the grids 

underwent glow discharge for 70 seconds to enhance grid hydrophilicity and spreading of sample. 

Time-resolved samples were taken at 1 minute, 30 minutes, and 1 hour were samples and 

centrifuged for 5 seconds where the supernatants were then vitrified using an Automatic Plunge 

Freezer ME GP2 (Leica Microsystems) at each timepoint. The plunger was set to 95% humidity 

in the sample chamber and blotted for 2.5 s prior to auto-plunging into liquid propane.  A Joel-

2100 TEM equipped with a Schottyky type field emission gun was used to image samples. Serial 

EM software was used to obtain samples using Gatan Oneview and Gatan K3 cameras.  

 
SEM 

 Samples (10 uL) were pipetted onto 1 mm glass slides. Prior imaging, samples were coated 

with 5-10 nm Iridium (Quorum Q150T) to combat charging effects. A Magellan 400 XRH system 

was used to obtain secondary electrons images while operating at an accelerating voltage of 5 kV.  
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Intrinsic Tryptophan Fluorescence 

 Intrinsic Tryptophan Fluorescence was performed on the MOF washing supernatant–in a 

manner similar to earlier published works on protein-MOFs–to determine encapsulation efficiency 

(EE%).10, 11 First, supernatants were diluted 10x in EDTA-PBS, which was prepared by making a 

16.88 mg/mL solution of ethylenediaminetetraacetate tetrasodium salt (EDTA) in phosphate 

buffered saline (PBS). This diluted supernatant was measured using a Cary-60 UV-Visible 

Fluorimeter, exciting at 280 nm and measuring the fluorescence at 340 nm. The EE% was 

determined by referencing measured values to the slope of a previously prepared calibration curve 

(SI plot). To determine the red-shifting or blue-shifting of the tryptophan residues of the protein 

within the MOF, the MOFs were first dissolved in water, and diluted to a variable concentration 

which would not overload the fluorometer detector. A Cary-60 UV-Visible Fluorometer was used 

to excite the MOF composite at 280 nm, and the fluorescence values from 300-400 nm were 

measured, with the λmax being used to establish either a red or blue shift. 

 
Powder X-ray Diffraction 

 Samples were first dried in a vacuum oven with heating turned off to ensure proper 

dehydration of the bio-MOF composite. Depending on the specific sample being run, 3.9 mg of a 

Zirconium (IV) oxide standard was added to each sample before grinding. These samples were 

crushed into a fine powder using a mortar and pestle, then placed on a zero-background crystal 

attachment and diffracted using a Rigaku Ultima III X-ray diffractometer in Bragg-Brentano mode, 

measuring from 5-50 2θ at variable scan speeds. The data was plotted using the matplotlib, numpy, 

and pandas python libraries in an author-written python script. 
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Chapter 5. 

Incorporation of Novel Proteins into Metal-Organic 

Frameworks 
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5.1 Introduction  

Metal-organic frameworks (MOFs) have become a highly versatile class of materials 

with enhanced properties, making them a popular choice for a large scope of applications such as 

drug delivery and catalysis.1–4 This versatility emerges as a result of the tunable chemical 

compositions and structural topologies, which further enables the integration of different guest 

molecules such as proteins.5–7 Furthermore, MOFs can serve as a method for protein 

immobilization as the structural parameters can modify the protein loading efficiency, protection 

properties, and substrates selectivity.6,8–10 Using the mechanistic and structural insight of 

protein@MOFs obtained from previous chapters in this thesis, two novel proteins, SARS-CoV-2 

main protease (Mpro) and Nanoluciferase (Nanoluc), are integrated into a MOF, zeolitic 

imidazolate framework-8 (ZIF-8) systems for the first time.  

During the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) Pandemic,11 

the science community made extensive efforts in designing clinical drugs to alleviate the virus. 

One avenue is focusing on the inhibition of a protease key to the virus’s life cycle and replication, 

Mpro. Through inhibition of Mpro, replication and symptoms of the virus could be minimized.12 For 

such an approach to be successful, insight into the inhibition mechanisms of the protease with 

proposed drugs is required.13 Encapsulation of Mpro into MOFs could enhance the stability and 

recyclability of a protease, enabling more efficient studies of the structure and inhibition 

mechanisms of the protease.  

Additionally, Nanoluc is an engineered luciferase that reacts with a substrate to produce 

light.14 Such an enzyme has high demands in the biomedical field as it has been engineered to 

exhibit even greater luminescence than the wild type, making it a desirable enzyme for applications 

in molecular imaging and cellular assays. While NanoLuc has greater stability than the wild type, 
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it still has limited shelf life and recyclability.  Here, we immobilize NanoLuc into ZIF-8 as 

immobilization could potentially provide the protein enhanced stability and lead to next-generation 

imaging probes with longer lifetimes. 

 The incorporation of Mpro and NanoLuc into ZIF-8 is investigated with Fourier transform-

infrared (FTIR) spectroscopy and fluorescence spectroscopy. Preliminary activity measurements 

of NanoLuc biocomposites were also performed. Additionally, the morphology and topology of 

the biocomposites were examined with transmission electron microscopy (TEM), scanning 

electron microscopy (SEM) and powder x-ray diffraction (PXRD). Such studies provide insight 

into how novel proteins affect the formation of ZIF-8 crystals and how to tailor the synthetic 

parameters to create optimized biocomposites.  

 

5.2 Results and Discussion  

Protein Incorporation and Activity Studies  

Mpro biocomposites were synthesized through a combination separate stock solutions of 

protein (1 mg/ml), 2-methylimidazole (HmIm)(320 mM, 1400 mM, and 2800 mM), and zinc 

acetate (40 mM) in nanopure water. The stock solutions were combined to result in final composite 

systems with HmIm:Zn ratios of 2:1, 9:1, and 35:1. Biocomposite solutions were aged for 24 hours 

where they were then centrifuged at 10,000 rpm and washed 3x with nanopure water. Fourier 

transform-infrared spectroscopy (FTIR) was utilized to confirm the incorporation of protein using 

the C=O stretch at 1,660 cm-1 (Amide I)(Figure 5.1a). Additionally, peaks attributed to ZIF 

polymorphs can be observed in the spectra of all biocomposites at 1145, 1175, 1308, 1419, 1458, 

and 1580 cm-1.15 Intrinsic tryptophan fluorescence was performed on 2:1 and 9:1 Mpro@ZIF-8 and 

show a shift in 𝛌max from ~330 nm with Mpro to ~340 nm when encapsulated (Figure 5.1b). A red 
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shift, or increase in wavelength, indicates outward unfolding of the protein, indicating potential 

activity inhibition. Following these findings, difficulties with protease expression occurred 

preventing activity assays. 

 

 

Figure 5.1: a.) FTIR spectra of Mpro@ZIF-8 biocomposites. b.) Intrinsic tryptophan 
fluorescence of Mpro and select Mpro composites.  
 
 

NanoLuc biocomposites were synthesized through a combination of separate stock 

solutions of protein (48 ug/mL), 2-methylimidazole (HmIm)(320 mM, 1400 mM, and 2800 mM), 

and zinc acetate (40 mM) in nanopure water. The stock solutions were combined to result in final 

composite systems with HmIm:Zn ratios of 4:1, 17.5:1, and 35:1. Biocomposite solutions were 

aged for 24 hours where they were then centrifuged at 10,000 rpm and washed 3x with nanopure 

water. At 4:1, no precipitation was observed within 48 hours of aging. While ZIF-8 crystal 

formation is not favorable at 4:1 conditions without biomolecules, such a result is surprising as 

NanoLuc has an isoelectric point of 4.9, so it was expected to concentrate MOF precursors and 

enable crystal formation.6,16,17 However, as only very low concentrations of protein are used during 
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the synthesis due to limited yield of protein during expression, we believe that higher 

concentrations of protein are required for NanoLuc to enable crystallization of ZIF-8 (sod).18  

Fourier transform-infrared spectroscopy (FTIR) was utilized to confirm the incorporation 

of the protein in the remaining biocomposites using the C=O stretch at 1,660 cm-1 (Amide I)(Figure 

5.2a). Additionally, peaks attributed to ZIF polymorphs can be observed in the spectra of all 

biocomposites at 1145, 1175, 1308, 1419, 1458, and 1580 cm-1.15 In preparation for activity assays, 

the encapsulation efficiency was determined for each MOF where it was found that 17.5:1 

synthetic conditions facilitate an EE% of 100%  whereas 35:1 synthetic conditions averaged an 

EE% of 60% (Figure 5.2b). Such a result is expected as biomolecules have shown to play a greater 

role in crystal formation at lower HmIm:Zn conditions resulting in greater EE%.8,18,19  NanoLuc 

and the biocomposites were diluted to a normalized concentration where the substrate, furimazine, 

was added to initiate a reaction. While free NanoLuc exhibited activity, no signs of activity were 

observed for the biocomposites (Figure 5.2c). Further inspection on the total luminescence 

throughout the reaction revealed the biocomposites to have similar, but slightly higher, activity 

than the buffer background (Figure 5.2d).   
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Figure 5.2: a.) FTIR spectra of NanoLuc@ZIF-8 composites. b.) Encapsulation efficiency of 
NanoLuc@ZIF-8 biocomposites. c.) Activity profiles of NanoLuc (green), PBS (black), 17.5:1 
NanoLuc@ZIF-8 (turquoise), and 35:1 (violet). d) Total luminescence (counts/s) of NanoLuc, 
PBS, 17.5:1, and 35:1 NanoLuc@ZIF-8 from duration of activity measurements.  
 

Morphological studies 

Mpro was integrated into ZIF-8 biocomposites at HmIM:Zn ratios of 2:1, 9:1, and 35:1 to 

provide insight into the formation and final morphology when synthetic conditions are varied. 

Differences in the final size and shape of each biocomposite could be observed. At 2:1 synthetic 

conditions, spherical composites (> 500 nm) consisting of smaller aggregated particles (~10-20 

nm) could be observed along with large polygons with some of the polygons appearing to consist 

of 2D layers (Figure 5.3a). At 9:1, well-defined, 2D structures are observed to be stacked in some 

regions and to be disordered in other regions (Figure 5.3b). These 2D structures aggregate to form 
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large, irregular 3D decussations (Figure D2b). Small particles (~10-20 nm) are also present 

throughout the structures with the largest concentration around the edges of the 2D structures. At 

35:1, irregular structures are observed in addition to large flower-like structures consisting of 2D 

stacked sheets (Figure 5.3c, Figure D2c). Small particles (~10-20 nm) are dispersed throughout 

the sample. While such biocomposite structures with Mpro had not previously been observed at 

these synthetic conditions in the Patterson lab, a study by Chen et al reported crystals with similar 

decussation morphology as the 9:1 Mpro@ZIF-8 through addition of γ-poly-L-glutamic acid 

(PLGA) into a ZIF-8 system.20 As PLGA is able to drive such architectures through modification 

of the surface charge of the biomolecule, it is hypothesized that components within the buffer of 

Mpro, including Tween-20, dithiothretol, and glycerol, are modifying the surface of Mpro similarly. 

To prove this theory, future experiments are needed where Mpro undergoes a buffer exchange in 

pure water to ensure the surface of Mpro is not modified.  
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Figure 5.3: TEM (left) and SEM (right) images of Mpro@ZIF-8 biocomposites at HmIm:Zn 
ratios of a)2:1, b) 9:1, and c) 35:1.  
 

Nanoluc 

NanoLuc was integrated into ZIF-8 biocomposites at HmIM:Zn ratios of 4:1, 17.5:1, and 

35:1 to provide insight into the formation and final morphology of NanoLuc biocomposites when 
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synthetic conditions are varied. At 17.5:1 and 35:1 synthetic conditions (Figure 5.4), precipitation 

occurred where TEM revealed each condition to share crystals (2 μm) with rhombic dodecahedral 

morphology. The crystals appear highly crystalline without obvious signs of pore or defect 

formation. As supported by Chapter 4 in this thesis and in other reportings,8 such a finding is 

notable due to defects being essential for substrates to access immobilized proteins. Thus, the lack 

of activity within the biocomposites is hypothesized to be because of the lack of defects in the 

biocomposites. Additionally, both crystals also share small particles (~10-20 nm) which can be 

observed along the edges of each crystal. If proteins are located within the small particles, it is 

hypothesized that they are not in an active conformation to perform catalysis. Typically, at 17.5:1 

synthetic conditions without biomolecule, a mixture of rhombic dodecahedron and flat sheets can 

be observed,19 which indicates NanoLuc, while is not able to induce crystallization at low 

HmIm:Zn ratios (4:1), is able to control the crystallization at 17.5:1 to achieve crystals with solely 

rhombic dodecahedron morphology. This provides a promising result for future experiments as 

biocomposites that occur through such a mechanism are capable of inducing defects within a 

crystal by tuning of the protein concentration.18 
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Figure 5.4: TEM images of Nanoluc@ZIF-8 biocomposites at HmIm:Zn ratios of a)17.5:1, 
and b) 35:1.  
  

Structural Topological Studies  

While proteins can induce formation of crystals with varying morphology, proteins can 

also influence the connectivity and symmetry of the metals and ligands within the crystal resulting 

in varying crystal structures. As previously mentioned, at low HmIM:Zn conditions, 2D sheet-like 

morphologies corresponding to diamondoid (dia) topologies are produced.18,19 Crystals with (dia) 

topologies are considered thermodynamic products and typically take >24 hours to crystallize.21 
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By increasing the HmIM:Zn conditions or through introduction of a biomolecule, rhombic 

dodecahedron morphologies corresponding to sodalite (sod) topologies are produced. Sod is 

considered a kinetic product and forms rapidly within a few hours. An intermediate product to sod 

is ZIF-L which exhibits some connectivity characteristics of sod topology but differs in its cavity 

size.22 In addition to sodalite and ZIF-L topologies, incorporation of a biomolecule can also favor 

the formation of ZIF-C, which incorporates CO2.15   

At 2:1 synthetic conditions for Mpro@ZIF-8, an unknown phase (indicated by the peak at 

10°) and ZIF-C topology is observed (Figure 5.5).15 At 4:1 synthetic conditions, a peak at 7.3° 

appears which is characteristic of the (011) plane in sod topology. Another peak is observed on 

the left shoulder of the peak at 7.3° indicating the sample is a mixture of sod and ZIF-L. As the 

ratio of HmIM:Zn increases, the samples increase in ZIF-L topology. Such results are consistent 

with the morphological findings as ZIF-L topologies have been reported to have 2D sheet 

morphologies.22,23 Additionally, the XRD pattern at 9:1 Mpro@ZIF-8 aligns perfectly with the 

pattern provided when ZIF-8 was synthesized with 60 mg of PLGA,20 further suggesting that the 

surface charge on Mpro, either naturally or artificially from the buffer, plays a role in the final 

structural topology.  
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Figure 5.5: PXRD pattern of Mpro@ZIF-8 biocomposites at HmIM:Zn synthetic ratios of 2:1 
(teal), 9:1 (turquoise), and 35:1 (green) after 3x water washes.  
 
 
5.3 Conclusions 

MOFs serve as a promising platform for immobilization of novel proteins for biomedical 

applications. The diverse topological and morphological properties of MOFs combined with the 
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unique properties of each novel protein have the potential to revolutionize treatments for SAR-

COV-2 and improve in-vivo imaging technology.  While results from this study show exciting 

potential, further research is required in understanding the structure function relationship between 

each protein and composite. More specifically, future studies will focus on activity and inhibition 

mechanisms of Mpro in ZIF-8. Additionally, from a nucleation and growth perspective, mechanistic 

studies will be performed to understand how Mpro facilitates the growth of such a diverse landscape 

of structural topologies. Future studies for NanoLuc will focus on optimizing synthetic conditions 

to promote larger defects and pores that would enable accessibility of substrate to enzyme.   

 

5.4 Experimental Methods 

Materials 

  2-methylimidazole and zinc acetate dihydrate were purchased from Sigma Aldrich.  

 

Mpro Expression 

  Performed by the Martin Research Laboratory, Luria Broth Miller media was prepared and 

autoclaved in 2L flasks. To each flask, Ampicillin (1 ml) was added to a final concentration of 100 

µg/ml and inoculated with Mpro starter culture. The cultures were grown to OD600 = 0.8 at 37°C, 

230 rpm and expression was by adding 500 µL of IPTG (1M) to a final concentration of 500 µM. 

Cultures were grown for 4 h at 37°C and then harvest cells by centrifugation at 4C, 10,000 g for 

35 min. Cell pellets were frozen in liquid nitrogen and stored at -80°C until cell lysis. The cells 

were then resuspended in 20 mL of Buffer A (20mM Tris pH 7.8, 150 mM NaCl, 5 mM Imidazole). 

Cells were lysed on ice with 12 cycles of sonification (5 s on, 25 s off per cycle and 40% 

amplitude). The cell extract was clarified by centrifuging at 30,000 g for 35 minutes at 4 C and 
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filtered through a 0.45 µm syringe filter. Proteases were purified via Ni affinity chromatography 

((2 x 5 ml HiTrap-His in series).  

 

NanoLuc Protein expression and purification 

  Performed by the Prescher Research Laboratory, NanoLuc was expressed and purified as 

previously described.24 

 

Mpro@ZIF-8 and Nanoluc@ZIF-8 Synthesis 

  Mpro (1 mg/ml, 0.1 mL) was combined with individual solutions of 2-methylimidazole 

(HMIM) (2800 mM and 320 mM, 0.1 mL). Zinc acetate (Zn) (40 mM, 0.2 mL) solutions were 

then prepared and added to each protein/HmIm mixture to achieve final HmIm:Zn ratios of 4:1 

and 35:1. Additional systems at 2:1 and 9:1 were made by combining Mpro (1 mg/ml, 0.1 mL) with 

individual solutions of 2-methylimidazole (HmIM) (1400 mM and 320 mM, 0.1 mL) followed by 

addition of zinc acetate (40 mM, 0.4 mL). Nanoluc (48 ug/ml, 0.05 mL) was combined with 

individual solutions of 2-methylimidazole (HmIm) (2800 mM and 1400 mM, 0.05 mL). Zinc 

acetate (Zn) (40 mM, 0.1 mL) solutions were then prepared and added to each protein/HmIm 

mixture to achieve final HmIm:Zn ratios of 17.5:1 and 35:1. Mpro and NanoLuc biocomposite 

reactions were aged for 24 hours without stirring. The precipitates were retrieved by centrifuging 

the reaction at 10,000 rpm where the initial supernatant was separated and stored for EE% 

measurements. The biocomposite precipitates were washed 3x with water.  
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General Bioluminescence Imaging 

All analyses were performed by the Prescher Research Laboratory in black 96-well plates 

(Grenier Bio-One). Furimazine (FRZ, Promega) was added to all samples using a 1:100 dilution 

of the commercial stock. Plates were imaged in a dark, light-proof chamber using an IVIS Lumina 

(PerkinElmer) CCD camera chilled to –90 °C. The stage was kept at 37 °C during imaging and the 

camera was controlled using Living Image software. Exposure times were set to 30 s, and binning 

levels were set to medium. Regions of interest were selected for quantification and total flux values 

were analyzed using Living Image software. All data was exported to Microsoft Excel or PRISM 

(GraphPad) for further analysis. 

 

NanoLuc activity assays 

All assays were performed the Prescher Research Laboratory in black 96-well plates. 

NanoLuc and NanoLuc@ZIF-8 samples (1 nM, 100 μL) were imaged immediately after addition 

of furimazine (2 μL of commercial stock, Promega). Luminescence scans were performed on a 

TECAN Spark Microplate Reader (398–653 nm, bandwidth = 25, step value = 15, 1 s integration). 

All data was exported to Microsoft Excel or PRISM (GraphPad) for further analysis. 

 

Transmission Electron Microscopy (TEM) 

  Pellets of each MOF were diluted 10x in nanopure water to obtain an ideal concentration 

for TEM imaging. Each sample was then pipetted (5 uL) onto either 400 Mesh Carbon grids from 

TedPella or Quantifoil R2/2 Holey Carbon from Electron Microscopy Sciences. Samples were 

imaged with a Joel-2100 TEM that was equipped with a Schottyky type field emission gun and a 

Gatan Oneview camera.  
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Scanning Electron Microscopy (SEM) 

 Samples (10 uL) were pipetted onto 1 mm glass slides. Once dry, samples were coated 

with 5 nm Iridium (Quorum Q150T) to reduce charging effects. Images were collected using a 

Magellan 400 XRH system while operating at an accelerating voltage of 5 kV.    

 

Powder X-ray Diffraction (PXRD) 

 Samples were prepared by drying MOF precipitants in a vacuum oven. Samples were then 

crushed into a fine powder using a mortar and pestle and placed onto a zero-background crystal 

attachment. Patterns were obtained using a Rigaku Ultima III X-ray diffractometer in Bragg-

Brentano mode. 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

 Samples were prepared by drying MOF precipitants in a vacuum. Samples were then 

analyzed with a Jasco V-670 spectrometer using the attenuated total reflection method. Spectras 

were obtained at a 150 scan resolution.  

 

Bradford Assay 

 The standard calibration curve was achieved using BSA (2.5-25 µg/ml) solutions. The 

protein solutions (150 µL) were combined with Bradford reagent (150 µL). To determine 

encapsulation efficiency of each biocomposite, the initial supernatents (150 µL) from the 

biocomposites were taken and then combined with Bradford reagent (150 µL). Protein solutions 

and supernatants were incubated with Bradford reagent at room temperature for ~10 minutes. 
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Absorbance measurements were taken of each sample at 595 nm. EE% were determined based on 

the standard calibration curve.   
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Chapter 6: Conclusion 

6.1 Outlook and Future Directions 

This dissertation presents compelling progress in MOF crystallization, providing new 

mechanistic insights into how proteins dictate MOF formation. By combining fundamental 

nucleation and growth theories with experiments, this research has advanced our understanding of 

the mechanisms underlying the evolution of prenucleation species into bulk crystals. 

  Chapter 2 introduces time-resolved cryoTEM studies performed on ZIF-8 and 

BSA@ZIF-8, revealing nonclassical nucleation mechanisms.1 ZIF-8 was discovered to form 

through a dissolution-recrystallization of amorphous particles. Meanwhile, BSA@ZIF-8 formed 

simultaneously through the dissolution recrystallization of amorphous particles and through solid-

state transformation of amorphous particles as confirmed through high-resolution cryoTEM. With 

continuous advancements into the temporal and spatial resolution of instrumentation, deeper 

insights into nucleation and crystal growth, at both the molecular and bulk scales, are anticipated. 

Additionally, as we continue to develop high-throughput characterization methods, such as with 

the recent development of high-throughput TEM,2 the size in which data sets can be generated will 

advance, allowing translatable findings to a greater range of systems.  

Chapter 3 details the discovery of how protein folding can influence the stability of 

amorphous phases in MOF growth, and consequently, the overall rate, extent, and mechanisms of 

of crystallization.3 As with FITC-BSA@ZIF-8, the molecular modification unfolded the protein, 

which promoted a mixture of both crystalline and amorphous products to be formed. Future work 

includes enhancing methodology and instrumentation to differentiate the multiple phases that 

frequently form simultaneously during crystallization. This would enable intermediate and final 
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phase(s) that contain the protein to be distinguished so that we can better understand how (location, 

orientation etc.) the enzyme is incorporated into each phase.  

Chapter 4 constructs a roadmap to engineering high-performance MOFs, using key 

themes from the literature studies combined with our own studies using catalytically active 

enzymes, GOx and CAT.4,5 This guide initially considers protein folding with the MOF precursors 

as proper protein folding is key to ensuring that activity is preserved. Once a protein is paired with 

MOF precursors that stabilize its most active conformation, focus can be shifted towards directing 

a formation mechanism that yields a crystal with desired physical properties for an application. 

For example, mechanisms that facilitate crystals with high crystallinity are ideal for storage and 

shelf-life purposes, but crystals with less crystallinity and/or more defects often enable higher 

catalytic activity due to easier accessibility of enzymes to substrates in solution.  

To demonstrate the generalizability of the findings, Chapter 5 extends concepts learned 

from previous chapters to novel MOF systems, Mpro@ZIF-8 and NanoLuc@ZIF-8. Encapsulation 

of both proteins into ZIF-8 was successfully achieved, with Mpro@ZIF-8 exhibiting a range of 

structural topologies not observed under previous synthetic conditions. Future studies for 

Mpro@ZIF-8 will investigate the mechanisms facilitating these topologies. Additionally, no 

activity could be observed for NanoLuc@ZIF-8, so future studies will focus on optimizing the 

synthetic conditions, specifically through defect formation and topology, to enable activity.  

As we are excited for the future of MOF crystallization, this dissertation emphasizes on the 

importance of relying heavily on nucleation and growth fundamentals to tap into the unexplored 

design space and engineer MOFs with enhanced performances. 
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Appendix A: Supporting Information for Chapter 2 

A.1 Supplemental Methods: 

Particle Picking  

Particles were picked by qualitative assessment from each picture in Fiji, ImageJ to 

determine their coordinates for later analysis. A representative image shown Figure A9a shows 

the chosen particles that were then aligned into a stack.  

 

Stack Alignment 

Stack alignment of the chosen particles was carried out by a normalized cross-correlation 

method as implemented in the HyperSpy library Signal Class.14 All particles were overlaid, and 

each were translated until the best shift matrix was found for the entire stack. This produced an 

‘average particle’ picture (APP) for Line Profile analysis.  

 

Line Profile method:  

Eight lines were overlaid on the APP and centered in the middle 5 pixels thick as 

represented in Figure A5b. The lines were truncated from both edges to be equal in length to the 

shortest line. To circumvent artifacts and noise, the longer lines were truncated from both edges 

to be equal in length to the shortest line. The particle is fully contained inside the shortest line 

while all other data is classified as background. Lines are put in a 2D grid and averaged along the 

pixel position. The resulting one-dimensional list is the final line profile of the particle. 
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A.2 Supplemental Tables 

Table A1: HmIm : 2-methylimidazole, Zn : Zinc acetate, BSA : bovine serum albumin, 
GOX : glucose oxidase, ZIF-8 : zeolitic framework 8, sod: sodalite, dia : diamondoid, 
FBSA: fluorescein-tagged BSA 
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Table A2: HmIm: 2-methylimidazolate, Zn : Zinc acetate, ZIF-8 : zeolitic framework 8, 
sod: sodalite, dia : diamondoid 
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A.3 Supplemental Figures 

 

Figure A1: Lattice-resolution TEM and cryoTEM micrographs. (a-c) Drystate TEM 
images of (a) ZIF-8 and (b,c) BSA-ZIF-8 after 24 hrs reaction time. (d-e) cryoTEM images 
of ZIF-8 crystallization solutions vitrified at 4 hrs reaction time. Top inset of fast Fourier 
transform and bottom inset of ABS filtered region outlined in green box showing lattice 
fringes. 
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Figure A2. CryoTEM images of ZIF-8 crystallization solutions at 4 hrs aging. Yellow 
arrows pointing to 2D sheet-like structures observed randomly across samples. 
 

A.4 Discussion 

 Crystallization through dissolution-recrystallization of amorphous particles explains the 

many polymorphs that exist for ZIF-8 in aqueous systems. Here, dissolution rates for amorphous 

particles may similarly depend on particle size, affecting the composition of the corresponding 

bulk amorphous phase. Therefore, any heterogenous distribution of amorphous particles can 

result in multiple microenvironments of different supersaturation levels within a single sample. 

We demonstrate this phenomenon through the observation of 2D structures which coexist 

throughout ZIF-8 and BSA-ZIF-8 formation but show no direct role in ZIF-8 formation (Figure 

2A). We therefore propose that more than one crystalline phase can nucleate within a single 

sample, resulting in 2D structures and ZIF-8; however, there is no evidence that 2D structures 

are an intermediate for ZIF-8 formation.  

 

 



 

146 
 

A.5 Supplemental Figures Continued 

 

Figure A3. Characterization of final ZIF-8 crystals. (a) CryoTEM of ZIF-8 crystallization 
solutions at 4 h showing a single crystal. Scale bar, 200 nm. (b) Dry-state TEM micrograph 
of final ZIF-8 product. Scale bar, 200 nm. (c) SEM of final ZIF-8 products. Scale bar, 1 μm. 
Images are processed using an average background subtraction filter. Insets in panels a 
and b are fast Fourier transform from unfiltered images indicating crystallinity. 
 

 

Figure A4. Representative CryoTEM images of nucleation and growth process of BSA-
ZIF-8 in water at low (left) and high (right) magnification. At 4s reaction time, amorphous 
particles and the amorphous bulk phase were observed simultaneously with the formation 
of a protein-induced amorphous phase 
 
 



 

147 
 

 
Figure A5. TEM and all-optical microscopy of ZIF-8 crystals. ZIF-8 synthesis was carried 
out as described in the full methods section. The final precipitate was then centrifuged, 
resuspended in a 5 mg/mL solution of fluorescein-isothiocyanate conjugated BSA and 
incubated for 24 hrs. Samples were then washed twice by centrifugation and resuspended 
in water. Analysis by (a)TEM and (b) optical transmission images show ZIF-8 crystals 2 – 3 
µm in size dispersed on a lacey carbon grid. (c) Fluorescence microscopy images for grid of 
unlabeled protein and were obtained for identical experimental conditions to other 
fluorescence data  
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Figure A6: (a) TEM of BSA-ZIF-8 at a HmIm:Zn ratio of 4:1 with 5 mg/mL of BSA after 24 
hrs reaction time. (b) TEM and (SEM) of BSA-ZIF-8 at a HmIm:Zn ratio of 4:1 with 0.5 
mg/mL of BSA after 24 hrs reaction time. A large network of amorphous material covered 
all samples. This amorphous material showed to be very beam sensitive and shrunk in size 
upon contact with the electron beam during TEM imaging. 
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Figure A7. (a,c,e,g) cryoTEM of crystallization solution after 1 min. (b,d,f,h) Drystate TEM 
of crystallization solution after 24 hrs. Each solution prepared by the following HmIm : Zn 
ratios, (a,e) 700 mM : 20 mM (b,f) 350 mM : 10 mM (c,g) 140 mM : 4 mM (d,h) 70 mM : 2 
mM. Amorphous particles observed by cryoTEM increase in size as the whole concentration 
of ZIF precursors decreases. After 24 hrs, samples b-h show both ZIF8 crystals and 
amorphous material that is attributed to the amorphous particles damaged under high 
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vacuum conditions. Sample h contains no ZIF-8 crystals after 24 hrs and amorphous 
particles observed by cryoTEM remain stable under high vacuum conditions. 
 

 

Figure A8. Photo of solutions consisted of 5 mg/mL BSA mixed with (left) Zn at 20 mM and 
(right) HmIm at 700 mM solutions upon addition of protein.  
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Figure A9. CryoTEM micrographs of (a) lipase-HmIm, (b) lipase-Zn, (c) pepsin-HmIm, and 
(d) pepsin-Zn solutions. Protein/Zn solutions were prepared by adding protein into a solution 
of zinc acetate for a final concentration of 5 mg/mL protein in a zinc acetate aqeous solution 
(40 mM, 1mL. Protein/HmIm solutions were prepared by adding protein into a solution of 
2-methylimidazole for a final concentration of 5mg/mL protein in a 2-methylimidazole 
aqueous solution (1400 mL, 1mL) and subsequently mixed with a separate solution of zinc 
acetate (40 mM, 1 mL). Each biomolecule/precursor pair produces a unique secondary 
structure and aggregation of these structures. 
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B.1 Supplementary Figures 

Protein Characterization 

 

 

 
Figure B1: Intrinsic tryptophan fluorescence spectra of BSA (orange, solid), BSA@ZIF-8 
(orange, dashed), FITC-BSA (blue, solid), and FITC-BSA@ZIF-8. Samples were excited at 
280 nm and the emission was analyzed from 300-400 nm.  
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Crystal structure analysis 

 

Figure B2: SEM images of ZIF-8 at (a) 4:1 (b) 17.5:1 (c) 35:1 (d) 70:1. At 4:1, ZIF-8(dia) is 
exclusively seen whereas at 17.5:1, a mixture of ZIF-8(dia) and ZIF-8(sod) is seen. At 35:1 
and 70:1, only ZIF-8 sod is present. Scale bar is 1 μm.  
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Figure B3: (a.) PXRD patterns of BSA@ZIF-8 at varying HmIm:Zn ratios and at final BSA 
concentrations of either 1.25 mg/ml or 0.625 mg/ml. SEM images of BSA-ZIF-8 with final 
protein concentrations of 1.25 mg/ml BSA at HmIm:Zn ratios of (b) 4:1 (d) 17.5:1 (f) 35:1 
(h) 70:1, and 0.625 mg/ml BSA at HmIm:Zn ratios of (c) 4:1 (e) 17.5:1 (g) 35:1 (i) 70:1. Scale 
bar is 1 μm.  
 



 

157 
 

 

Figure B4: (a.) PXRD patterns of FITC-BSA@ZIF-8 at varying HmIm:Zn ratios and at final 
FITC-BSA concentrations of either 1.25 mg/ml or 0.625 mg/ml. SEM images of FITC-
BSA@ZIF-8 crystals with final protein concentrations of 1.25 mg/ml FITC-BSA at 
HmIm:Zn ratios of (b) 4:1 (d) 17.5:1 (f) 35:1 (h) 70:1, and with final protein concentrations 
of 0.625 mg/ml FITC-BSA at HmIm:Zn ratios of (c) 4:1 (e) 17.5:1 (g) 35:1 (i) 70:1. Scale bar 
is 1 μm.  
 
 
Crystal Size analysis 

SEM was used to determine crystal diameter by averaging the length of ~50-100 crystals per 

sample using Fiji, ImageJ (Figure S5). From the analysis, crystals sizes were binned into groups 

of 250 nm and plotted with Prism.  
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Figure B5: SEM image (scale bar 2 μm) of FITC-BSA-ZIF-8 at protein concentration of 
0.625 mg/ml at 35 : 1 (HmIm : Zn). Numbered yellow lines indicate the diameter of the crystal 
measured using Fiji, ImageJ. 
 
 

 

Figure B6: Plots of protein concentration versus size (nm) for (a) BSA-ZIF-8 crystals and (b) 
FITC-BSA-ZIF-8 crystals. The following HmIm:Zn were plotted for each sample: 4:1 
(orange), 17.5:1 (blue), 35:1 (grey), 70:1(green). Results demonstrate that for BSA-ZIF-8, the 
size for each HmIm:Zn decreases with increasing protein concentration. However, no trends 
could be observed for the FITC-BSA-ZIF-8 systems.  
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Figure B7: Histogram of size measurements from crystals in SEM images of (a) BSA-ZIF-8 
at 4:1 (b) FITC-BSA-ZIF8 at 4:1 (c) BSA-ZIF-8 at 17.5:1 (d) FITC-BSA-ZIF-8 at 17.5:1 and 
(e) BSA-ZIF-8 at 70:1 (f) FITC-BSA-ZIF-8 70:1 using protein concentrations of 0.625 mg/ml 
(grey), 1.25 mg/ml (green), and 2.5 mg/ml (blue). Yellow bars in 70:1 systems indicate crystals 
without protein. 
 
 

 

 

Crystal Morphology 
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Figure B8: TEM images taken of low magnification of (a) BSA-ZIF-8 and (b) FITC-BSA-
ZIF-8. The systems were at 35:1 (HmIm:Zn) with final protein concentrations of 2.5 mg/ml. 
Samples were washed 3x in water, 1x in methanol, and diluted 10x in methanol Images were 
taken at low magnification to capture a broad area of sample and validate that our findings 
are consistent throughout the sample.  
 

Protein Incorporation and Encapsulation Efficiency  
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Figure B9: FT-IR spectra of BSA(green), ZIF-8 (black), FITC-BSA@ZIF-8 (blue), and 
BSA@ZIF-8 (orange). The protein@MOFs were centrifuged for 10 minutes at 10,000 rpm 
and washed with water 3x. Samples washed with water were compared to samples that were 
washed with an additional time with 1x SDS buffer, but little to no difference could be 
observed in the protein@MOF spectra.  
 
 
B.2 Supplemental Methods 

When measuring intrinsic tryptophan fluorescence of a MOF supernatant, excess HmIm 

and Zinc ions are likely in solution coordinating with remaining protein. Such coordination would 

alter the fluorescent intensity compared to the isolated protein. HmIm can influence fluorescence 

intensity based on two factors: pH and BSA/HmIm interactions.1,2  When dissolved in water, 

HmIm alters the pH by making it more basic due to HmIm having a pka ~8.3 This change in the 

pH for the protein environment is not desirable since the protein can undergo conformational 

change causing varying fluorescent intensities. However, diluting the supernatants in phosphate 



 

162 
 

buffer (pH 6.7) alleviates this change in pH, assuring that BSA is in the same protein conformation 

for each measurement.  

To address the influence of BSA/HmIm interactions, fluorescent controls were made using 

each protein/HmIm condition for the 4:1, 17.5:1, 35:1, and 70:1 systems, excluding the zinc. For 

each control, BSA (10 mg/ml 5mg/ml, 2.5 mg/ml, 1.25 mg/ml, 0.625 mg/ml, 500 uL), HmIm (5600 

mM, 2800 mM, 1400 mM, and 3200 mM, 500 uL, and water (1 ml) were combined and then 

diluted by 10 in phosphate buffer to give final final protein concentrations of 0.25 mg/ml, 0.125 

mg/ml, 0.0625 mg/ml, 0.312 mg/ml and 0.0156 mg/ml and final HmIm concentrations of 140 mM, 

70 mM, and 35 mM and 8 mM. Each system was measured by exciting at 280 nm and measuring 

the emission at 340 nm. It was reported that as the HmIm concentration decreases, the slope of the 

curve increases (Figure B10). The encapsulation efficiencies for each system were calculated using 

each calibration curve – one with protein and HmIm and the other with protein only. However, the 

results between the two calculations only varied by 0-8% due to low protein concentrations in 

supernatant resulting in lower intensities. For each of the calibration curves, with and without 

HmIm, the lower protein concentration ranges appear very close together, which explains the 

similar EE% calculated with both curves. This method potentially would not have worked as well 

if higher protein concentrations/intensities had been recorded for the supernatants.  Thus, the EE% 

were recorded in the main text based on the protein only calibration curve.  

To prevent protein-zinc binding interactions from altering the fluorescent measurements, 

EDTA was added to sequester zinc ions. Controls were made by first incubating BSA and zinc 

together in a solution containing BSA (2.5 mg/ml, 500 uL), zinc acetate (40 mM), and water (500 

uL). Once incubated for ~30 min, 0.2 uL of the solution was added to separate vials containing 2.8 

mL of phosphate buffer with various concentrations of EDTA (0 mM, 10 mM, 20 mM, 45 mM, 
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and 90 mM). It was found that at EDTA concentrations greater than or equal to 20 mM, the 

fluorescent intensity plateaus (Figure B11a). Upon addition of BSA (2.5 mg/ml, 0.5 mL), Zinc 

Acetate (40 mM, 1 mL), and water (0.5 mL), the solution becomes turbid due formation of 

BSA/Zinc aggregates (Figure B11b). Upon addition of 90 mM EDTA, the solution becomes clear 

due to the metal chelator sequestering the metal ions from BSA.  

 

Figure B10: HmIm fluorescent control using protein concentrations of 0.25 mg/ml, 0.125 
mg/ml, 0.0625 mg/ml, 0.312 mg/ml and 0.0156 mg/ml with HmIm concentrations of 0 mM 
(black), 8 mM (orange), 35 mM (yellow), 70 mM (blue), and 140 mM (green).  
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Figure B11: (a) Fluorescent measurements of addition of EDTA (0 mM, 10 mM, 20 mM, 45 
mM, and 90 mM, 2.8 mL) to solution of BSA/Zinc solution (0.2 mL). (b). Image of BSA/Zinc 
solution before (left) and after (right) addition of EDTA (90 mM).  
 

Calibration Curves 

A BSA calibration curve was made using the following protein concentrations in phosphate 

buffer (pH 6.7) with 80 mM EDTA: 0.25 mg/ml, 0.125 mg/ml, 0.0625 mg/ml, 0.03125 mg/ml, 

and 0.0156 mg/ml. Triplicates of each system were made and measured with Cary Eclipse 

Spectrophotometer using an excitation of 280 nm and emission of 340 nm (Figure B12a). 

Supernatants of each MOF system were diluted by 10-fold in the Phosphate/EDTA solution and 

compared to the standard calibration curve.   

FITC-BSA calibration curves were made using the following protein concentrations: 0.025 

mg/ml, 0.0125 mg/ml, 0.00625 mg/ml, 0.003125 mg/ml, and 0.00156 mg/ml. Triplicates of each 

concentration were made and measured using an excitation of 494 nm and emission of 520 nm 

(Figure B12b). Supernatants of FITC-BSA-ZIF-8 systems were diluted by 100-fold in phosphate 

buffer (pH 6.7) and compared to the standard calibration curve.  

 

 

Figure B12: Tryptophan fluorescence standard calibration curve for (a) BSA and (b) FITC-
BSA. Triplicate measurements of separate protein stocks were taken for each protein 
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concentration and averaged. Each data point represents an average of three runs with the 
error bars indicating the standard deviation of the three runs.  
 

Bradford Assay 

To validate the EE% results from intrinsic tryptophan fluorescence, the Bradford reagent 

is utilized. The Bradford reagent used was a ready-made solution from Sigma Aldrich containing 

Coomassie Blue G-250. To make the standard calibration curve, Bradford reagent (3 mL) was 

added to 100 μL of protein solution (0.1mg/mL, 0.425 mg/mL, 0.75 mg/mL, 1.05 mg/mL, and 1.4 

mg/mL) and inverted gently to mix. The samples were incubated at room temperature for 10 

minutes. In disposable cuvettes, the absorbances of the protein samples were taken at 595 nm using 

UV-Vis on a Nanodrop 2000C (Figure B4). The supernatants (100 μL) from BSA -ZIF-8 systems 

(4:1, 17.5: 1, 35:1, and 70:1) were then mixed with Bradford reagent (3 mL)) and measured with 

absorbance. EE% were calculated based on the standard calibration (Figure B13). Results from the 

measurements were then compared to the fluorescent method (Figure B14). 
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Figure B13: Bradford assay standard calibration curve for BSA.  
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Figure B14: EE% method comparison of protein@MOF supernatants using the Bradford 
assay (orange) and the fluorescent method (blue). 
 
 
In situ XRD analysis 

Instantaneous peaks or valleys can be caused by low signal to noise, so a sliding-window 

Gaussian weighted mean was applied to each XRD region where the mean signal was used to 

smooth the data (eq 1).  A standard deviation of 3 data points was used. The same trends can be 

seen in both the raw and smoothed data shown in Figure A15.  

 
Ss = signal convolution (Sr, kgauss)    (1) 

 
where  Ss: Gaussian smoothed mean signal  
 Sr: Raw mean signal 
 kgauss: 1D normalized Gaussian kernel 
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Figure B15: In situ XRD Data of FITC-BSA@ZIF-8 at initial (0 mins) and final (450 minutes) 
timepoints. Raw data has been plotted for the initial (purple) and final (blue) XRD patterns. 
Smoothed data has also been plotted for the initial (green) and final (yellow) XRD patterns.  
  

 
Particle Size Analysis 

Particles were manually picked and overlaid using the same method as Ogata et.al.4 The 

sizes of the particles were then calculated using a full-width-half-max algorithm to determine the 

size between multiple particles in a consistent manner. 
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Figure B16:  Size Analysis of particles in cryoTEM image at 1hr of 35:1 FITC-BSA@ZIF-8 
with final protein concentration of 2.5 mg/ml.  
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Partially Unfolded Protein Analysis 

BSA was unfolded by aging a 10 mg/ml BSA solution in water at room temperature for 6 months.  

 

 
Figure B17: a.) Circular dichroism of BSA (orange), partially unfolded BSA (black), and 
FITC-BSA (blue). SEM image of partially unfolded BSA encapsulated in 35:1 ZIF-8 at final 
protein concentrations of 2.5 mg/ml. Scale bar is 500 nm.  
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Figure B18: Size histogram of the particle sizes of partially unfolded BSA in ZIF-8 (orange), 
FITC-BSA-ZIF-8 (gray), BSA@ZIF-8 (green), and ZIF-8 (blue). MOFs were synthesized at 
HmIm:Zn ratio of 35:1 with a final protein concentration of 2.5 mg/ml. 
 
 
 
B.3 Supplemental Figures Continued 

 

Figure B19: CryoTEM images of FITC-BSA@ZIF-8 at 1 minute when at HmIm:Zn ratio of 
35:1 and final protein concentration of 2.5 mg/ml. The scale bars for (a.) and (b.) are 100 nm, 
and the scale bar for (c.) is 200 nm. 
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Figure B20: CryoTEM images of FITC-BSA@ZIF-8 at 5 minutes when at HmIm:Zn ratio 
of 35:1 and final protein concentration of 2.5 mg/ml. The scale bar is 100 nm. 
 

 

Figure B21: CryoTEM images of FITC-BSA@ZIF-8 at 30 minutes when at HmIm:Zn ratio 
of 35:1 and final protein concentration of 2.5 mg/ml. The scale bar is 100 nm.  
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Figure B22: CryoTEM images of FITC-BSA@ZIF-8 at 1 hour when at HmIm:Zn ratio of 
35:1 and final protein concentration of 2.5 mg/ml. The scale bars for (a.) and (b.) are at 100 
n,m and the scale bar for (c.) is at 1 μm.  
 
 

 

 

Figure B23: Dry state TEM of FITC-BSA@ZIF-8 after 24-hour synthesis and 3x washes with 
water. Scale bar for (a.) is 500 nm, and the scale bar for ( b.) and (c.) is at 1 μm.  
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Appendix C: Supplementary Information for Chapter 4 

C.1 Supplementary Figures  

 

 

Figure C1: FTIR spectra of enzymes (yellow) and enzyme MOFs at 4:1 (pink) and 35:1 
(purple) synthetic conditions for a.) GOx and b.) Catalase. FTIR of ZIF-8 without enzymes 
(blue) is also included. Enzyme@ZIF-8 samples were washed 3x with water and the 
precipitant was analyzed with Jasco V-670 spectrometer. Data was plotted using the pandas 
and matplotlib pyplot python libraries, used in an author-written python script. Amide I and 
amide II peaks are highlighted indicating incorporation of enzymes in each biocomposite.  
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Figure C2: Encapsulation efficiency of a.) GOx@ZIF-8 and b.) CAT@ZIF-8 at 4:1 and 35:1 
ratios of HmIM:Zn. Calculations were determined using a standard calibration curve of each 
protein concentration using intrinsic tryptophan fluorescence while following a previously 
published manuscript.  
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Figure C3: SEM images of CAT@ZIF-8 samples when synthesized at HmIm:Zn ratios of a.) 
4:1 and b.) 35:1.  
 
 

 

Figure C4: Images from the reaction of a.) CAT, b.) 4:1 CAT@ZIF-8 after 3x washes with 
water and c.) 3x washes with methanol, and d.) 35:1 CAT@ZIF-8 with hydrogen peroxide 
once aliquots of the reaction were added to the FOX regent. Aliquots were taken at 0s, 90s, 
120s, 180s, 210s, and 240s for CAT. Aliquots after 24 hours were taken for CAT@ZIF-8 
system; however, no change in regent could be observed.  
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Figure C5: Images of water solutions of a.) CAT, b.) CAT and HmIm, and c.) CAT and 
HmTz at final concentrations of CAT of 2.5 mg/ml and ligand of 120 mM.  
 
 

Crystal Size Analysis 

CryoTEM and TEM were used to determine crystal diameters by averaging the length of 

~50 crystals per sample using Fiji, ImageJ (Figure SX). Crystal sizes were then binned into 

groups of 5 nm and plotted, using the matplotlib pyplot python library in an author-written 

python script. 
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Figure C6: CryoTEM (scale bar 200 nm) of 4:1 GOx@ZIF-8 at (a) 1 min (b) 30 min and 
(c.) 1 hour and dry-state TEM of 4:1 GOx@ZIF-8 at 24 hours. The measured crystals are 
marked by numbered yellow lines.  
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Figure C7: Dry-state TEM images of 35:1 GOx@ZIF-8 at 1 hour. Images show classic 
rhombic dodecahedron crystals surrounded by dense particulate phase.  
 
 

 

Figure C8: Dry-state TEM images of 35:1 GOx@ZIF-8 after 24 hours with water washes. 
Pink arrow indicates monocrystalline biocomposite. Yellow arrow points to disordered 
biocomposites that are hypothesized to be polycrystalline. Yellow box indicates a large defect 
in the crystal.  
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Figure C9: Enzymatic assay of 3:1 Catalase@MAF-7 composite, showing activity is present 
in the composite. Image was plotted without smoothing using pandas and pyplot libraries in 
an author-written python script. 
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Appendix D: Supplementary Information for Chapter 5 

D.1: Supplementary Figures  

 

 

Figure D1: Standard Calibration Curve of BSA using the Bradford Assay. Measurements 
were taken in duplicates with the standard error indicated by black bars.  
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Figure D2: SEM of Mpro@ZIF-8 at HmIm:Zn ratios of a) 2:1, b) 9:1, and c) 35:1.  
 




