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Abstract 

Metal-organic frameworks or MOFs are an extremely useful tool in many areas of applications. Their 

popularity in recent years has arisen from their high efficiency in catalytic chemical reactions. This is 

made possible due to their porous interior and the ability of the MOFs components to be functionalized. 

These same traits make MOFs excellent for use in protein encapsulation or immobilization and have the 

potential to become excellent drug carriers. Their development in this utilization has been limited 

dramatically compared to MOFs chemical applications. This is due in part to the nature of biological 

processes taking longer to study, but it is also in part due to a lack of understanding in how biological 

materials interact with these nanoparticles. In order for the development of biological applications with 

MOFs to continue, these interactions must be further understood through research. In this compilation 

of our work, we seek to push the boundaries of conventional understanding in our field by studying the 

interaction between MOFs and biological materials such as proteins and drugs. In doing so, we report 

our findings and show that protein loading can possibly be improved, enzyme reactions can be improved 

outside of normal conditions, cell signaling proteins can be delivered successfully to cells and illicit a 

cellular response, and MOF particles can be effectively used as a delivery device to provide sustained 

and controlled release of both guest particles and drugs conjugated to the exterior of the MOF particle. 
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1.0 Introduction 

There are many intersections between the science of Chemistry and Biology. That statement 

has never been truer as in the last century as the unraveling of the foundations of Biology led 

straight to principles of chemistry.1 The most significant connection debatably being the 

discovery of the alpha helix by Franklin, Watson, and Crick.2 This groundbreaking discovery led 

to the genetic revolution where the mindset of human existence changed from the 

understanding that people are not only shaped by their environment, toward the idea that we 

as beings are more so trapped; pinned to a given direction in life by the random assortment of 

base pairs and the library of their genetic code.3 

The development of genetic theory and the research surrounding it has led to the ability of 

researchers to now synthesize artificial proteins.4 This term “artificial” referring to proteins that 

are either not found in nature or were not originally produced by a given organism. This has led 

to the recent development of the first ever wide-scaled vaccine production of the spike protein 

of SARS Cov-2.5 This being the first instance a modern vaccine has utilized a patient's own body 

to synthesize a targeted protein in order to induce an immune response.6 This development, 

although controversial among some groups. Is a major advancement in the work of biological 

science.7 

 In order to better understand what proteins are and why they are important, we will need to 

discuss some of their foundational principles. Proteins come with many different shapes, sizes, 

and functions. These functions can range from something as integral as a protein like DNA 

Helicase. The protein responsible for separating DNA into single strands so that it can be copied 

and without with, no proteins would be made.8 Alternatively, a protein can be simple as being a 
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building block of the cell like that of tubulin. A protein found in the tubules of the cell which act 

as a framework allowing the cell to retain its shape.9 While there are many other functions of 

enzymes, one of the most prominent roles is that of a catalyst. These proteins, called enzymes, 

speed up the rate of a given reaction that is crucial to the cell and otherwise would occur at 

such a slow rate that the cell typically would not be able to function. These enzymes have been 

some of the most difficult to understand as slight differences in their coding can lead to 

complete inactivation. This occurs because of the specificity of an area on the enzyme called 

the “active site.” This location is where all the processes inside the enzyme occur that are 

relevant to the overall action of the enzyme and is created by the specific folding of the enzyme 

which can be very different depending on the enzyme being observed.10 This is why it is said 

that function follows shape in proteins. Researchers have been able to duplicate and 

manipulate the production of enzymes, studying their effects by changing one or more amino 

acids in their sequence moving piece by piece in order to understand how each amino acid 

plays a role in the enzyme’s function.11 This method of discovery has allowed us to better 

understand how these enzymes work in nature, but also has allowed for their implementation 

into significant roles in industries.12 

While the advancements made in protein development have made substantial strides in recent 

years, these biological wonders have their own disadvantages. Enzymes are in some ways quite 

fickle. Their effectiveness is heavily reliant upon the surrounding environmental conditions. If 

the temperature is too hot, the pH is too low/high, or the surrounding solvent has too many 

organic compounds the protein will denature. When this happens, the protein will lose its 

shape. This loss of shape is incredibly important for a protein because it is this shape and the 



 

3 
 

interactions between the protein's neighboring amino acids that provide the function of the 

protein. Without this, it will inevitably cease to function properly.13–15 This means that when 

industrial reactions using enzymes are occurring, much care must be taken in order to keep 

these micro-scaled tools functioning properly. This care in business terms equates to time and 

money.  In order to get around this significant drawback of using enzymes, researchers have 

tried manipulating existing enzymes to perform better under an array of conditions.11 

Additionally, the requisition of enzymes from xenophiles, organisms that thrive in extreme 

conditions, has been identified as a solution.16 However, this still does not alleviate the 

unsolvable and inevitable drawback of using enzymes. That being that they have a lifespan. 

Eventually, all proteins will cease to function at some point and when that happens, they will 

need to be replaced. I propose that the solution to this dilemma comes with the introduction of 

another form of synthetic catalyst, or catalyst housing, known as metal-organic frameworks of 

“MOFs.” 

MOFs were first introduced in 1990’s by Omar Yaghi. A researcher and professor of Chemistry 

at the University of California at Berkeley.17 These nano-scaled particles are porous in nature, 

crystalline in structure, and have an incredible number of diverse functions.18,19 This type of 

particle was born out of the development of particles known as “zeolites.” These particles are 

also porous and crystalline, but do not contain the organic linkers found in MOFs.20 The diverse 

functionalities of MOFs come from several of their inherent characteristics. MOFs are 

composed of two components, the first being a metal-ion node and the second being organic 

linkers. The metal ion node can be comprised of a single metal ion or a cluster, but either must 

have an inherent positive charge. Alternatively, the organic linkers can be made of nearly any 
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organic structure, so long as it is symmetrical, and the terminal groups have a negative charge. 

For the most part, these negatively charged groups are typically carboxylic acid groups. These 

two groups combine under specific conditions to form a crystal lattice structure of repeating 

unit cells that have alternating components of ion and linker. The freedom of variability 

provided by the framework arises from the researcher’s ability to manipulate the combinations 

of linkers and nodes. These different combinations can change the shape, size, surface area, 

and functionalization of the particle.17,19,21–23 Having the choice of determining these factors 

allows for the MOF particles to be “tailor-made” for specific applications.24 These applications 

range from gas storage, separations of chemicals, catalysis by MOF, encapsulation of enzymes 

for catalysis, and drug delivery.18,19,22,23 As an example, in filtration and/or separations, linkers 

can be specifically chosen to promote the passage of one particle over another. A good 

example of this would be the use of M’MOF-2 & M’MOF-3 which uses the attached copper 

functional group as well as the inherent charge of the linkers to separate ethylene from 

acetylene.25 This same trait makes the particles excellent in the storage of gas molecules where 

instead of separating molecules, the gas particles are trapped inside the framework and are 

coordinated to the charged functionalized linkers.26,27 In addition to this porous interior, MOFs 

have a naturally high surface area allowing for the storage of larger materials. This surface area 

and pore size can be increased or decreased by expanding or shortening the length of the 

linkers used. This trait also makes MOFs excellent for the use as a delivery or encapsulating 

agent.28–30 The porous interiors of the MOF particles allow for large material like proteins to 

infiltrate the framework through a process known as post-synthetic encapsulation or PNE. It is 

understood that due to their fluid nature, proteins unravel and reform as they enter into the 
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exterior pores of the MOF and continue inside driven by forces of diffusion. The other method 

of encapsulation is known as DeNovo synthesis or DNE and occurs when a protein is placed in 

solution with the starting material of a MOF and the framework is built up around the protein, 

trapping it inside.28 In both situations, the protein is essentially trapped inside by both physical 

and chemical forces. The physical framework inhibits the movement of the protein, but the 

charges found on the framework and the protein itself interact with one another to keep the 

protein in place. These interactions include hydrogen bonds, London dispersion forces, and 

dipole-dipole interactions.28,31–33 

The ability to encapsulate proteins has two added benefits, the protection of the protein from 

harsh conditions and, more so in the case of smaller proteins, their sustained and controlled 

release.28,33,34 The scenario in which proteins are protected has a lot to do with our previous 

topic on the downsides of enzyme use. These downsides can almost entirely be addressed by 

the encapsulation of proteins inside a suitable MOF host. When proteins are held inside the 

framework, it has been shown that the surrounding MOF protects the enzyme from adverse 

conditions including high temperature, high or low pH, the presence of organic solvents, and 

the newest form of protection discovered being the protection from immune responses.28,35,36 

The mechanism of how this occurs is not yet well understood. The current working theory is 

that the surrounding framework holds the protein in place through the aforementioned 

interactions and prevents it from unfolding or denaturing.28–30,37 This is extremely important 

when the protein happens to be an enzyme. In this case, these benefits from the surrounding 

framework not only protect the enzyme, but also allow for conditions where a given enzyme’s 

reaction would otherwise not progress. Not only do these reactions work under harsh 
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conditions, but these surrounding conditions can also be optimized to create opportunities for 

higher yields and reaction rates that would have otherwise not been possible.30,38 This opens up 

a new landscape of new possibilities for enzyme reactions. 

While this addresses significant downfalls of using proteins, it does not address all the 

shortcomings. Specifically, may or may not affect the lifespan of a given protein. This detail is 

still yet to be studied. In this case, MOFs offer another advantage. Given their ability to be 

functionalized, the unit cell of a MOF can be manipulated in such a way that synthetic active 

sites, normally found in enzymes, are instead duplicated in the framework.39 This has already 

shown to be an advantageous route for catalytic reactions. One recent paper has even showed 

that MOF-808 in the presence of polyethyleneimine (PEI) can be used as a catalyst to quickly 

degrade the toxic nerve gas simulant dimethyl 4-nitrophenyl phosphonate and has the 

potential to be applied to gas mask filters as a defense mechanism.40 This is just one example, 

but this catalytic type of application is by far the most popular aspect of MOF use. 

The final application that I would like to discuss is that of MOFs as a delivery device. The porous 

nature of MOFs, their structural rigidity, the ability for researchers to control their size and 

shape, their ability to be functionalized, and their ability to readily accept conjugation make 

them excellent for this role.21,33,41 Recent studies have already determined that many MOFs are 

not only biocompatible but also, as previously stated, do not elicit an immune response.42 

When introduced into the body, bare MOF particles will enter the cell via endocytosis and will 

become housed in an endosome. After this, the MOF is brought to lysosomes and is eventually 

delivered to the Liver and excreted from the body, similar to other drugs.42–44 In this case, the 

particles targeting is quite non-specific inside the body. However, with the conjugation of 
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targeting molecules, MOFs can be directed to specific locations and cells.45–47 The most 

common example of this method is the conjugation of targeting molecules on the exterior of 

the particle, or the exterior of an applied coating on the outside of the MOF particle. A good 

example of this is the coating of the N3-Bio-MOF-100 with folic acid as a targeting molecule to 

direct the complex towards cells experiencing symptoms of cancer. In this case the MOF 

particles were loaded with curcumin, a drug effective in the treatment of cancer.48 While this is 

one example, many others combinations of drugs and MOFs have been researcher. However, 

the use of these complexes in medical practice has not gotten close to beginning. 

While the acceptance of MOFs as catalysts was readily accepted by industry, the use of MOFs as 

delivery devices has made little progress in the field of medicinal chemistry. The major factor 

behind this lack of advancement despite the benefits that MOFs can bring can be wrapped into 

one. It’s age. With the development of MOFs not being widely practiced until the 2010’s, there 

are simply not many people in the medical field that know about MOFs. In addition, not enough 

time has passed in order for researchers to have a full enough understanding of MOF 

interactions and the implications behind their use.49 It is for this reason that research into MOFs 

must proceed and needs more attention.  

Presently, the list of applications of MOFs continues to grow. Despite their quick acquisition in 

the field of chemistry, their implementation in the biological sphere has lagged behind 

significantly. While some of the benefits of MOFs for use in drug delivery and enzyme 

encapsulation have been shared by researchers, there are many possibilities that are yet to be 

developed. The impact that these particles have made on the realm of Chemistry and the 

subsequent effects on the chemical industry has been profound. However, the as yet 
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undiscovered uses in their biological applications will be felt, not only by corporations, but by 

individuals the world over. In this paper we seek to push the boundaries of our understanding 

of MOF and biological interactions in order to bring more attention to the lesser-known drug 

delivery and enzyme encapsulation applications of MOFs. In doing so, we aim to provide 

valuable information that have the capacity to have overwhelming impacts in the near future 

on both the sectors of industry and healthcare. 

2.0 Chapter 1: Catalytic Activity, Stability, and Loading Trends of Alcohol Dehydrogenase 

Enzyme Encapsulated in a Metal-Organic Framework 

2.0.1 Abstract 

Recently, it has been shown that enzyme encapsulation inside metal–organic frameworks 

(MOFs) can increase enzyme activity and serve as protection from adverse environmental 

conditions. Little is understood about how the enzymes move into and are held inside the 

MOFs although it is believed that intermolecular forces between the MOF and the enzyme 

cause it to be held in place. If this process can be better understood, it can have dramatic 

implications on the cost-effectiveness and implementation of enzyme–MOF complexes. This is 

of specific importance in the medical sector for protein therapy and the industrial sector where 

enzyme use is expected to increase. Herein, we synthesized alcohol dehydrogenase (ADH) and 

PCN-333 to study encapsulation, stability, and enzyme activity to expand the knowledge of our 

field and offer a potential improvement to a synthetic route for biofuel synthesis. From this, we 

found a correlation between the concentration of a buffer and the loading of an enzyme, with 

surprising loading trends. We conclude that the buffer solution decreases interactions between 

the enzyme and MOF, supporting conventional theory and allowing it to penetrate deeper into 
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the structure causing higher enzyme loading while allowing for excellent stability over time at 

various pH values and temperatures and after multiple reactions. We also observe new trends 

such as a rebounding effect in loading and “out-of-bounds” reactions. 

2.0.2 Introduction 

Enzymes are highly conserved, fast, and efficient natural catalysts that increase the rate of 

reaction by lowering the required activation energy. Because of this, many industries have 

taken advantage of these catalytic masterpieces to increase reaction rates and efficiency.16,50 A 

common method to further increase the reaction activity and longevity of enzymes has been 

through immobilization of enzymes.51,52  Metal−organic frameworks (MOFs) have recently been 

shown to have a similar effect on enzymes through encapsulation and have become an 

increasingly popular area due to many advantages and applications they provide in a plethora 

of fields.23,28,53,54 These porous structures are synthesized from a combination of various 

interchangeable organic linkers and metal ions, allowing their symmetry, shape, and size to be 

customized.55–60 Under a suitable environment, the starting materials of a MOF combine to 

form highly stable and uniform crystalline structures. These can be tuned to withstand extreme 

temperature, pressure, and pH or can be synthesized so that they steadily dissociate in a target 

environment.22,23,33,34,61–63 Furthermore, the linkers of a MOF can themselves be customized by 

the addition of functional groups. This characteristic interchangeability of components allows 

for endless design capabilities leading to an incredible amount of applications. Researchers 

have shown that MOFs can be utilized beneficially in applications such as gas sensing, gas 

storage,27,64,65 catalytic mimics,59,60,66–68 chemical separations,69,70 cancer treatment,71–73 and 

the encapsulation and immobilization of drugs/proteins.28,29,34,41,56,62,74–85 Much of this is made 
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possible due to the porous nature of MOFs, which allows for the uptake, storage, and capture 

of materials like drugs, gases, harmful chemicals, and enzymes.23,29,79,83,86,87 Recent 

developments in the encapsulation of enzymes have shown that they can be encapsulated 

inside the framework of a MOF with surprising benefits. Farha and co-workers have recently 

advanced the field by laying the foundation for MOF encapsulation, describing that enzymes 

can be encapsulated via de novo encapsulation (DNE) where the MOF forms around the 

enzyme, or by post synthetic encapsulation (PSE) where the MOF is formed and the enzymes 

later infiltrate the channel or cage-shaped pores by diffusion.28,77,88–90 While encapsulated, the 

enzymes gain the ability to withstand harsh environments. These adverse conditions, like high 

temperature, high or low pH, and organic solvents, would naturally cause the enzyme to 

denature leading to potential permanent loss of function. Instead, the MOF housing protects 

and, in many cases, increases the activity of the protected enzyme.28,49,56,77,78,80,84,89–92 In 

addition, Ma and co-workers recently presented a study on the effects of enzyme−MOF 

interactions and postulated that the reason enzymes are held in the interior of the MOF is due 

to intermolecular forces (IMFs) between the framework and the enzyme. These interactions 

cause the leashing of enzymes in the pores, making it difficult for them to escape.32,37 Alcohol 

dehydrogenase (ADH) is a well-known enzyme found in humans that catalyzes the conversion 

of toxic levels of alcohols in cells to aldehydes.93 The reverse reaction of this enzyme, however, 

can be utilized to convert aldehyde groups to alcohols and is used in the industry to synthesize 

chiral alcohols (Figure 1).94 Because of the low specificity of the active site found in ADH, 

researchers have been able to use the enzyme in several industrial applications, including as a 

downstream effector in a chain of enzyme reactions that can convert lipids into alcohols, which 
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may be used as diesel-like biofuel.93,94 Other works have already shown that the MOF 

encapsulation of lipase creates a functional complex that can catalyze the cleavage of ester 

bonds, which are found in lipids.95 Thus, the combination of these encapsulated enzymes in 

solution may be used in future applications for biofuel synthesis from common lipid sources like 

waste oils from food production. While the applications of MOF-encapsulated enzymes are 

continuously being researched, the mechanisms involved in their interactions are not well 

understood. These interactions are more obvious in PSE, which has received less attention. This 

being most likely due to the popularity that comes from the ease of synthesis and the loading 

speed in DNE, with MOFs like zeolitic imidazole framework-8 (or ZIF8) when compared to the 

more rigorous organic synthesis required for MOFs suitable for PSE.96 MOFs used in PSE often 

have the advantage of having larger pores but suffer from a more difficult, longer synthesis 

with the infiltration rates and loading of materials not readily available.76,89,97 In this work, we 

focused on expanding the knowledge of our field by utilizing the cage-type MOF PCN-333(Fe) to 

perform a novel study on the factors affecting the encapsulation uptake, activity, and stability 

of ADH.76,98 We chose this specific MOF because of its well-known stability and cage size in 

relation to the enzyme we wanted to study and because we wanted to observe the effects of 

PSE enzyme loading on a cage-type MOF as these have received less attention. Additionally, we 

chose to use this well-known enzyme as a model, utilizing its reverse reaction for alcohol 

synthesis and biofuel production, which, to the best of our knowledge, has never before been 

studied while being encapsulated in a MOF. The results of this study will benefit researchers 

who are interested in post synthetic encapsulation, factors affecting enzyme loading, stability, 
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and recyclability and may lead to enzymes like ADH having an increased role in future industrial 

applications for the synthesis of products like biofuel. 

2.1.0 Experimental Section 

2.1.1 Synthesis of ADH 

The expression strain of AdhP was from the ASKA collection. The glycerol stock for AdhP was 

inoculated into 20 mL fresh LB medium and grown in 37 °C overnight. Then 20 mL overnight 

culture was transferred into 400 mL fresh LB medium with the supplement of 100 μg/mL 

chloramphenicol and cultured in shaker (250 rpm) at 37 °C until the absorbance of the media 

reached 0.6 to 0.8 at 600 nm. Then with an addition of 0.1 mM IPTG which was used to induce 

the expression of AdhP, cells were incubated at 30°C for another 5 hours. After harvested by 

centrifugation at 3,214 × g for 15 min at 4 °C, cells were resuspended in 12 mL lysis buffer [50 mM 

Tris (pH 8.0), 300 mM NaCl, 20 mM imidazole, and 1 mM DTT] supplemented with 1 μL nuclease, 

and then cells were lysed using ultrasonication, followed by centrifugation at 20,000 × g for 25 

min at 4 °C. The supernatant was filtered through a 0.45 µm membrane and loaded onto a column 

containing 3 mL of Ni-NTA resin (Qiagen, Hilden, Germany) previously equilibrated with 20 mL 

lysis buffer. 20 mL washing buffer [50 mM Tris (pH 8.0), 300 mM NaCl, and 50 mM imidazole] was 

used to wash away those proteins without a His6-tag, while the AdhP protein with a His6-tag 

(AdhP) was bound to the column. 3 mL elution buffer [50 mM Tris (pH 8.0), 300 mM NaCl, and 

150 mM imidazole] used to elute the His6-tagged AdhP from column. 

Figure 1 Scheme depicting reaction of Alcohol Dehydrogenase (ADH) 
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2.1.2 Synthesis of PCN-333(Fe) 

The precursor 4,4′,4′′-s-triazine-2,4,6-triyl-tribenzoic acid (H3TATB) and MOF PCN-333(Fe) were 

synthesized according to the method described in the work by Park et. al. 201535, 54. In a 15 mL 

reaction vessel, we combined 60 mg H3TATB, 60 mg anhydrous FeCl3 (III), 0.6 mL TFA, and 10 mL 

DMF. The vessel was then sealed and placed in an oven at 135 °C for 12 hours. Brown precipitate 

formed and was collected by centrifugation. Product was washed several times each by DMF, 

acetone, and water with centrifugation after each step to collect. Water was then exchanged with 

acetone three times before activation in vacuum oven at 70 °C overnight. The product was then 

confirmed via X-ray diffraction (Figure 2).  

2.1.3 Encapsulation of ADH in PCN-333(Fe) 

An enzyme loading solution was created by combining ADH (0.5 mg/mL), Tris-HCl buffer at pH 7 

(100 mM), PCN-333(Fe) (0.5 mg/mL), and water in a microcentrifuge tube (1.5 mL). This was 

allowed to sit for 7 days at 4 °C. The solution was agitated to resuspend the complex frequently 

several times a day by vortexed lightly. Other solutions were also prepared using the same 

procedure at 25 °C using 2 mM, 33 mM, and 100 mM Tris-HCl buffer and were stopped at 1, 3, 

and 7 days to determine percent loading. Amount of enzyme loaded was determined via the 

 

Figure 2 Powder x-ray diffraction of synthesized PCN-333(Fe) 
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Bradford assay method using Brilliant blue dye G and was corrected for the buffer 

concentration of each sample.32,93 In another vial, enzyme was also tagged using AnaTag™ 

HiLyte Fluor™ 488 Microscale Protein Labeling Kit and allowed to infiltrate the MOF overnight 

before isolation and imaging using a confocal fluorescent microscope at 488nm to observe 

encapsulation (Figures 3b, 3c, 3e and 3f). A leaching test was also conducted in triplicate by 

taking 50 μL of enzyme loading solution, removing the supernatant, and washing the complex 

several times before returning the volume to 50 μL, vortexing, and allowing the solution with 

suspended ADH@PCN-333 to sit at 4 °C for 24 hours. The amount of enzyme in solution after 

this period was measured using the Bradford assay method.  

2.1.4 Activity measurement of ADH@PCN-333(Fe) 

Activity of enzyme was determined by consumption of NADH at 340 nm using a Jasco V-770 UV 

accompanied with a Jasco ETCS-761 temperature controller with stirring capabilities. Reactions 

were conducted over a period of 10 min. at 37 °C with 3.75 μL of 200mM NADH, 3.23 μL 

Propionaldehyde, and 25mM Tris-HCl buffer at pH 7 with a final volume of 3 mL unless otherwise 

 

Figure 3 a) SEM image of PCN-333. b & c) Confocal fluorescence microscopy images of PCN-333 
under excitation of a 488 nm laser. d) SEM Image of ADH@PCN-333. e & f) Confocal florescent 
microscopy images of Alexaflor488 tagged ADH encapsulated in PCN-333 under excitation of a 
488nm laser 
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stated. Reactions were monitored continuously with UV in a cuvette, stirring at 500 rpm. For each 

test, solutions containing buffer, water, and ADH@PCN-333 or controls were allowed to shake for 

10 minutes before NADH and aldehyde were added to begin the reaction. All reactions were 

conducted under these conditions in triplicate and were compared to a standard reaction of free 

ADH that obtained the highest activity during the course of the particular test unless otherwise 

stated. The amount of enzyme in each control sample was dictated by the amount of loading of 

ADH into PCN-333. For reactions containing ADH@PCN-333, solutions containing the complex 

were agitated frequently by vortexing several times each day during the loading process to 

resuspend components. Then, after 7 days, three aliquots of 50 μL each of the loading solution 

were extracted each test. In order to isolate the complex and remove all excess ADH, the 

supernatant was removed after centrifugation in 4 cycles where the solution was allowed to sit 

for 10 min. before centrifugation at 1500 rpm for 10 minutes. Product was confirmed by GC-MS. 

2.1.5 Effect of temperature on activity of ADH@PCN-333(Fe) 

Activity of free ADH, ADH@PCN-333, and control solutions were monitored using consumption 

of NADH at 340 nm at 37 °C, 50 °C, 60 °C, 70 °C, and 80 °C. Results were compared to free ADH 

at 70 °C based their turnover frequency (TOF) after 5 minutes. 

2.1.6 Effect of pH on activity of ADH@PCN-333(Fe) 

Activity of ADH free enzyme, ADH@PCN-333, and control solutions were monitored using 

consumption of NADH at 340nm at a solution pH of 3, 5, 7, 9, or 11. Citrate buffer was used at 

pH 3 and 5, Tris-HCl at pH 7 and 9, and phosphate buffer at pH 11. All reaction solutions had 

concentrations of 25 mM buffer. Results were compared to free ADH at pH 7 based their 

turnover frequency (TOF) after 5 minutes. 
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2.1.7 Effect of solvent on activity of ADH@PCN-333(Fe) 

Activity of ADH free enzyme, ADH@PCN-333, and control solutions were measured using 

consumption of NADH at 340 nm in solution containing 10% THF, 10% acetonitrile, or water. 

Samples were tested after 10 minutes and 24 hours in solution and were compared by TOF to 

ADH@PCN-333 in water after 10 minutes as the standard. 

2.1.8 Stability of ADH@PCN-333(Fe) 

Activity of ADH free enzyme, ADH@PCN-333, and control solutions were monitored using 

consumption of NADH at 340 nm after exposing stock solutions to room temperature and 

frequent agitation by vortexing to resuspend the samples several times each day for seven days. 

The room temperature sample solutions of free ADH and ADH@PCN-333 were then chilled 

overnight at 4 °C and the activities were again measured. 

An additional test was conducted measuring loading and activity in relation to temperature and 

pH while receiving infrequent agitation by vortexing the samples twice every other day over the 

period of seven days. We named this portion of the Stability test the “duration test”. All samples 

were compared by TOF to a standard reaction of free ADH at pH 7 after 7 days at 4 °C receiving 

infrequent agitation. 

2.1.9 Recyclability of ADH@PCN-333(Fe) 

A 50 μL aliquot of ADH@PCN-333 stock solution containing 0.5mg/mL PCN-333 loaded with ADH 

at 23.7% was added into a 1.5 mL microcentrifuge tube and centrifuged. The supernatant was 

removed and replaced 3 times to remove any free ADH. After a final removal of supernatant, a 

100 μL reaction mixture with 100 mM Tris-HCl was made by combining the complex in solution 

with water, buffer, 5 μL of 200 mM NADH, and 2.5 μL propionaldehyde. The reaction mixture was 
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briefly vortexed and allowed to react for 5 minutes on a shaker at 350 rpm and 37 °C. The tube 

was then centrifuged for 1 minute to collect the complex. 50 μL of supernatant was then extracted 

and diluted to 3mL, vortexed, and the absorbance at 340 nm was measured by UV and the 

consumption of NADH was determined. The leftover reaction mixture was then centrifuged for 5 

minutes, and the supernatant was removed. The complex was then washed with water before 

the process was repeated. 

2.1.10 GC-MS analysis 

Activity of ADH and ADH@PCN-333 were also compared by GC-MS. Samples were placed in a 1.5 

mL microcentrifuge tube with a final volume of 250 μL. The concentrations of components were 

2 μL propionaldehyde, 10 mM pH 8 Tris-HCl buffer, and 118.8 μL of 200 mM NADH. The reaction 

was allowed to proceed for 30 minutes before extraction. The sample was kept at -20 °C until 

running on GC-MS. Before running the sample, it was allowed to thaw and was immediately 

injected into the GC-MS column. 

2.1.11 Statistical analysis 

Each experiment was performed in triplicate and values were given as means ± standard 

deviations. Differences between groups were compared by means of one-way ANOVA (p < 0.05). 

All statistical tests were performed using Excel 2016 (ver. 16051.12527.20278.0, Windows, USA) 

2.2.0 Results and discussion 

2.2.1 Encapsulation of ADH in PCN-333. 

Recent publications have reported the successful encapsulation of several enzymes by both de 

novo synthesis of MOF around enzymes and PSE, which we utilize here.8 In this study, we chose 

to keep the concentration of MOF and enzyme in the stock-loading solution at a low 
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concentration (0.5 mg/mL) and a weight ratio of 1:1 to observe the factors affecting enzyme 

loading more closely. In addition, we chose an enzyme−MOF pair that had a small pore-to-

enzyme volume ratio, with the largest pores of the cages in PCN-333 having diameters of 55 Å, 

while ADH’s dimensions measured 52 × 37 × 30 Å. A representation of this encapsulation can be 

seen in Figure 4. While this appears to be a tight fit, the successful encapsulation inside this 

MOF of an enzyme with larger dimensions of 62 × 44 × 40 Å has already been reported.99 

Furthermore, enzymes have been shown to enter through pores of a much smaller size than 

that of their active conformation form of the enzyme, showing that they unravel, enter, and 

then reform into their active conformation.28,37 Typically, the enzymes chosen for PSE are the 

same size or smaller than the entrance pore of the chosen MOF such as the case in a work by 

Farha and co-workers, where the researchers utilized the channel MOF NU-1003 with a pore 

size of 44 Å to encapsulate the enzyme organophosphorus acid anhydrolase (OPAA) with 

dimensions of 78 × 44 × 44 Å, allowing it to readily move inside.90,93 Testing this variable 

allowed us to observe the rate at which an enzyme of such a size would enter the smaller outer 

pores found on the exterior of the cages in PCN-333. We were able to confirm the 

immobilization of ADH using a fluorescent tag after a loading period of 1 h and isolation using 

confocal fluorescent microscopy (Figure 3e,f) and compared it to plain PCN-333 under the same 

conditions (Figure 3b,c). This showed that there was an enzyme present, immobilized by PCN-

333, with greater prevalence on the exterior of the particle, while its absence was observed in 

the bare PCN-333 sample. While this confirms the immobilization, at least on the surface, the 

later results obtained from the pH test made it clear that the enzymes were indeed 

encapsulated after the free ADH completely lost its activity below pH 7 while the encapsulated 
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form remained active. We then performed a loading test and found that as the concentration of 

the buffer in the loading solution increased from 10, 33, and 100 mM, the loading of ADH also 

increased (Figure 5a). There was a stark difference between the 10 and 100 mM samples with a 

maximum loading of 19 and 36%, respectively, at day 7 (Table S2). We believe this correlation 

arises due to the increase in interactions (i.e., hydrogen bonding, London dispersion forces, and 

dipole interactions) between the enzyme and buffer as opposed to interactions with the 

framework, which slows its movement through the framework’s pore. The reverse of this effect 

should also be true for the leaching of enzyme where these forces would cause the enzyme to 

be gripped by the MOF leading to the low loss of enzyme into the solution. These results 

support the theory that the enzyme becomes immobilized in a MOF by IMFs, preventing its 

movement and release raised by Ma and coworkers.37 There was an unexpected decrease in 

loading that can be seen with the loading of enzyme in the 10 mM buffer solution later in the 

experiment. Typically, the loading of enzyme appears to reach a peak and subsequently 

decreases but can return to the maximum or past the previous peak loading over time. This 

effect of a loading wave or rebound effect, where the amount of enzyme loaded reaches a 

maximum and then decreases, was observed in all samples given enough time but was more 

prominent in samples that received less agitation and lower loading over the course of the 

experiment (Figure 5 a & c and Tables S1 & S2). We believe the cause of this comes from an 

impasse created by the stoppage of enzymes filling the exterior pores of the MOF which 

become trapped in place, thus preventing the movement of more enzymes further into the 

MOF. These blocked enzymes then create a high concentration in the outer portion of the MOF 

leading to leaching back out into the solution by a concentration gradient. As the impeded 
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enzymes penetrate deeper into the MOF, the other enzymes are allowed to move into the 

vacated pores, thus leading to the higher uptake. Based on this theory and our results, we 

believe the higher loading of 100 mM buffer allows for fewer interactions between the 

enzymes and MOF, therefore allowing the enzymes to penetrate deeper into the MOF and 

leading to the observed higher loading percentage (Figure 5a,c). Additionally, when we 

compared the loadings of enzyme at room temperature to the same procedure at 4 °C, we 

noticed that the loading was significantly less at 24% compared to the former’s 36% (Figure 5a). 

This is likely due to the decrease in the rate of folding and unfolding of the enzyme that must 

take place for the enzyme to move through the pores of the MOF. Alternatively, the increased 

rate of loading may also be attributed to denatured proteins created by the warmer 

temperature and vortexing, which may allow them to readily move into the pores. Another 

significant observation about the loading process was observed when we compared the loading 

of ADH at pH 7 versus pH 8. ADH is normally kept at pH 8 because it is more stable under this 

condition; however, we chose to keep the loading of enzymes used in each reaction at pH 7 

during the 7-day loading period to amplify the protecting effect of the MOF. When we perform 

the loading test at pH 7 and 8, it was evident that the pH 8 solution showed a higher volatility in 

the results with a loading of 35% on day 3 compared to that of 20% by pH 7. Following that, 

when the rebound effect was observed at days 5 and 7, the loading dropped to 15% before 

going back up to 23%. This was compared to a decrease to 19% and a subsequent increase to 

26% by the pH 7 sample. This result leads us to conclude that pH can be a major contributing 

factor to loading and can be manipulated to increase loading as well as to increase payload 

retention in MOFs by altering the amount of hydrogen bonding and other interactions that 



 

21 
 

occur. When leaching of enzyme from MOF was tested after the complex was washed and kept 

in solution for 24 h, only 1.5% of enzyme on average was found to be in solution. This shows 

that the complex has good enzyme retention. We believe this value could have further been 

reduced with more solvent exchange cycles and therefore the extraction of buffer molecules 

from inside the framework. This is drawn from our theory that as the excess buffer is removed 

by washing and exchange, there are increasing interactions between the enzyme and 

surrounding MOF, thus allowing it to be better leashed inside the pore. Several factors to 

consider when trying to increase the enzyme loading would be to use a MOF with a large pore 

size comparable to the chosen enzyme, use higher concentrations of the buffer, and decrease 

the particle size of MOFs used. Each of these avenues would either decrease the interactions 

between the enzyme and the MOF or increase the surface area and thus available pores of the 

MOFs used. However, it should be stated that because these interactions are heavily 

dependent on proximity, with the larger pore size, one should expect higher leaching, which 

would cause the recyclability to suffer. 

Figure 4 Representation of optimal loading of ADH enzyme inside PCN-333's 
largest cages 
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2.2.2 Stability of ADH@PCN-333 over time 

To keep enzymes at their optimal state and prevent them from deteriorating, they are usually 

kept in buffer at a specific pH and at 4 °C or lower. By testing the stability of the enzyme, in 

both the encapsulated and free forms, to the best of our knowledge, we present the most in-

depth study to date on the longevity and efficient loading of enzyme into a MOF. In this work, 

we found that when kept at room temperature the encapsulated form of ADH suffered a loss of 

20% in activity compared to our control group of free ADH kept at 4 °C after a reaction time of 5 

min. In comparison, the free ADH kept at room temperature lost all its activity (Figure 5a). 

Alternatively, the enzyme encapsulated at 4 °C over the same period lost very little activity 

(5%). The small loss of activity seen from the ADH@PCN-333 at room temperature may be due 

to a decrease in the amount of enzyme loaded inside the MOF, but we believe it is due mostly 

to the denaturing or partial unfolding of enzyme located on the exterior of the MOF in unclosed 

pores or those that have only incompletely moved into the pores and are caught in an inactive 

state. Interestingly, we found that after the encapsulated ADH was kept at room temperature 

for a week and was subsequently allowed to stay at 4 °C overnight, some of this lost activity 

was recouped. The activity increased to 90%, a 15% increase. We believe that this retrieval of 

lost activity comes from enzymes leashed in unclosed pores or the exterior of the MOF that 

have partially unfolded into a nonactive form and that the decrease in temperature leads to 

refolding to their active state.  
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In addition to the temperature comparison in the stability test in Figure 5a, we also measured 

the activity of the enzyme−MOF complex over a week at different conditions to determine the 

Figure 5 Plot depicting the room-temperature loading of ADH in PCN-333 at an increasing buffer 
concentration over time with frequent agitation for resuspension. (b) Loading of ADH@PCN-333 
at 4 °C after 7 days compared to the leaching of ADH from MOF after 24 h in solution. * Indicates 
significant between-group differences (P < 0.05). Error bars indicate ± standard deviation. (c) 
Graph depicting differences in loading trends observed and the rebound effect observed between 
samples that were vortexed multiple times a day (agitated) or twice every other day with either 
10 mM or 100 mM buffer. 
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stability of the loaded enzyme over time in relation to its enzyme loading (Figure 5b, c). When 

we compared the overall consumption of NADH per sample at day 0, our results showed the pH 

7 at 4 °C sample yielding 91%, the room temperature sample yielding 101%, and the pH 8 of 4 

°C sample yielding 95% in relation to that of free ADH (Figure 5b). On day 7, these results 

became 103, 93, and 88%, respectively (Figure 5b). Here, we found that there was little 

variance in our results between days 0 and 7, with the pH 7 at 4 °C sample consistently 

outperformed the others during the test after day 0. We had predicted that the activity of 

enzymes in solution would decrease over time in the suboptimal condition of pH 7 compared to 

that of pH 8 before being loaded into the complex. However, the results showed that this had 

little to no effect on yield. 

When we compared the consumption of NADH to enzyme loading, we found that there was an 

inverse correlation. In the room-temperature sample, as the loading decreased from days 1, 3, 

and 7, the activity per enzyme increased from 102 to 111 and 127%, respectively, in relation to 

the free ADH standard. (Figure 5c and Table S1). We believe that this is due to the further 

isolation of individual enzymes arising from the increased movement allowed in relation to 

temperature, giving the enzymes the ability to further penetrate the MOF. As the loading 

increases, it follows that the possible loading of two or more enzymes moving into the same 

cage increases. This infiltration and competition of space likely lead to the inactivity of both 

enzymes. This is the reason for Figure 3 depicting the “optimal” loading of ADH. In practice, we 

consistently observed changes in loading over time, so it is not likely that this optimal condition 

is the final state. However, this desired ideal state of the enzymes in MOF may occur given 

enough time to diffuse throughout the framework. 
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One major difference in the method of the loading over time test (Table S1) versus the 

temperature and buffer test (Figure 4a and Table S2) is that the latter samples were vortexed to 

resuspend the solution multiple times a day. In the former test, the samples were only 

resuspended by vortex two times every other day. When we compare the 4 °C samples with 

high agitation, we see very little difference, with the sample receiving low agitation having a 

loading of 26% after 7 days compared to the high agitation yielding 24%. This is significantly 

different in the room-temperature samples, where the low agitation yielded 19% loading after 

7 days compared to 36% by the highly agitated sample. In terms of activity, in relation to free 

Figure 6 a) Plot of activity during the stability test, depicting results comparing the turnover 
number of ADH@PCN-333 and free ADH samples at a reaction time of 5 min after 1 week at 
room temperature or at 4 °C while receiving frequent agitation. b) Graph of the duration test 
presenting activity based on the consumption of NADH at 5 min of samples over a period of 1 
week as loading proceeds. c) Comparison of the relative activity in the duration test of samples at 
5 min based on the turnover number over a period of 1 week as loading proceeds. *Indicates 
significant between-group differences (P < 0.05). Error bars indicate ± standard deviation. 
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ADH at pH 7 and 37 °C, the higher agitated samples produced a yield of 80%, while the samples 

that received lower agitation retained most of their activity, achieving a yield of 97% after 7 

days. From these results, it is evident that this disruption may have caused the loading in the 

temperature and buffer test to be higher at the cost of enzyme activity, while in the duration 

test, the enzymatic activity was retained and was comparable to that of the free enzyme. 

2.2.3 Effect of pH on ADH@PCN-333 activity  

Because the activity of ADH is reported and well known, the choice of pH values to study were 

chosen to observe the trend of activity as pH changed and not to reproduce known results. As 

expected, we observed little to no activity at pH 9 and 11, with both forms of ADH not achieving 

any activity over 10% in relation to free ADH’s highest activity (100%) at pH 7 (Figure 6a). 

Additionally, we anticipated that the activity of the encapsulated enzyme would increase as the 

pH decreased below pH 7. Instead, we observed the activity of the encapsulated enzyme to 

drop at pH 5 to 19% and then recover much of its lost activity when the solution was set to pH 3 

with a yield of 92%. In contrast, the free enzyme produced no activity under either of these 

acidic conditions. Aside from this result, the behavior of the enzyme appears to follow the 

activity trend of other reported experiments, where the maximal activity in the reverse 

direction was near pH 7.100 At this condition, the free form of ADH achieved a yield of 0.35 

U/min at 5 min and the encapsulated form achieved an 80% yield in relation to tha t.  The lower 

activity of the encapsulated enzyme was attributed to the previously mentioned agitation of 

the reaction mixture and room temperature loading, from which we concluded that either 

some of the enzymes became inactive before moving into the MOF and did not return to their 

active state after incorporation or there was an increase of interactions of enzymes in the same 
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pore causing both enzymes to fail to return to their active state. This is further supported by the 

data represented in our stability test where the samples under the same conditions were not 

agitated frequently and showed relatively the same activity. Thus, decreasing the agitation of 

samples can lead to a larger portion of active versus nonactive loaded enzymes. The increased 

activity at pH 3 supports the theory that the isolation of enzymes and the surrounding MOF 

framework can help increase the reaction rate and prevent the enzyme from deteriorating or 

unfolding at adverse pH. It appears that the manipulation of pH, possibly along with other 

Figure 7 a) Comparison of relative activity based on turnover number of free ADH and ADH@PCN-
333 after resting in various pH before reacting at 37°C for 5 minutes. b) Comparison of turnover 
number of ADH@PCN-333 after resting in 10% organic solvent for 10 min. or 24 hours before 
reacting at 37°C for 10 min. c) Comparison of relative activity based on turnover number of ADH 
and ADH@PCN-333 after resting at various temperatures before reacting at those temperatures 
for 5 minutes. * Indicates significant between-group differences (P < 0.05). Error bars indicate ± 
standard deviation. 
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conditions, has the potential to lead to the production of products at a possibly higher rate than 

the native enzyme under conditions that would be favorable to the reaction but not the fragile 

enzyme. Our lab has taken to calling this an “out-of-bounds” reaction because the reaction 

occurs outside of the boundaries or conditions natural to the enzyme.  

2.2.4 Effect of solvent on the activity of ADH@PCN-333 

ADH@PCN-333 displayed its best activity after soaking in water for 24 h, showing a 127% yield 

relative to its yield after the normal 10 min wait condition (the standard for this test). This 

increase in activity can be attributed to the smaller buffer concentration located in or near the 

MOF. This is because in the other tests, the solution containing the MOF complex is exchanged 

a minimum of three times before the reaction takes place and this may not be done over 

enough time or enough iterations to fully remove the high concentration of buffer from within 

the MOF. This would lead to a slower reaction as the concentration of the buffer was found to 

be indirectly correlated to the activity of the enzyme. Thus, this 24 h period appears to allow for 

the excess buffer to be pulled out of the MOF complex causing faster reactivity of the housed 

enzymes. While some of the enzymes would escape and be free in solution, we believe these 

enzymes would not significantly contribute to any improved reactivity based on our tests in 

Figure 5. These show relatively the same activity between free and encapsulated ADH. The 

activity of the complex was significantly diminished when tested in a solution with acetonitrile. 

However, this same increasing trend in activity was observed with a yield of 30% after the 24 h 

pause and 1% yield after the 10 min wait. Alternatively, we discovered that there was a 

decrease in activity of the complex after the incorporation of THF, with the yield achieved after 

10 min and 24 h being 8 and 9%, respectively. This leads us to believe that the polarity and the 
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nature of the solvent are important factors for ADH activity, and as the polarity decreases, so 

does the activity ADH. This result shows that while some enzymes continue to function with the 

addition of organic solvents, it is not a steadfast rule and may be an important factor to 

consider. 

2.2.5 Effect of temperature on ADH@PCN-333 activity 

We found that there was a direct relationship between temperature and the activity of the 

enzyme, both in its free and encapsulated states (Figure 6c). The encapsulated enzyme did not 

outperform the free enzyme at the physiological temperature, where it had a 20% yield at 5 

min compared to 25% by the free form. Its activity was comparable at 50 °C, with the average 

of the encapsulated form being 61% compared to 60% by the free form. Starting at 60 °C, the 

encapsulated enzyme finally significantly outperformed the free enzyme with an activity of 

104% compared to that of 77% by the free enzyme. The encapsulated ADH continued to 

outperform at 70 °C, where we reported the maximal activity for both samples. At this 

temperature, the encapsulated form achieved a yield of 127% compared to the free form’s 

yield of 100% (the standard for this test). Here, the activity came to 1.4 U/min for the free 

enzyme, while we observed a turnover of 1.8 U/min for the encapsulated form. At 80 °C, the 

activity of ADH decreased for both the encapsulated ADH and the free form, with yields of 66 

and 57%, respectively. We originally anticipated the yield being lower as the temperature 

increased due to denaturing. However, because the free enzyme also functions well under 

these conditions and follows the same trend as the temperature increases, we concluded that 

the increased activity of the encapsulated enzyme owed mostly to its ability to isolate the 

enzyme inside the cages of the MOF. 
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2.2.6 Recyclability of ADH@PCN-333 

The ability to reuse enzymes in catalysis is a major contributing factor when calculating the cost 

efficiency of a process and is one of the hallmarks of MOF-encapsulated enzymes. Previous 

works have reported good recyclability for ADH when immobilized but a loss of activity after 

just a few cycles.91,101 In contrast, our results showed that after 10 reaction cycles the 

encapsulated enzyme showed no decrease in activity (Figure 7a). We believe that this 

outstanding performance can be attributed to the ability of the cage-type MOF to better leash 

the enzymes inside its pores and the complimentary size of the MOF cage to that of the 

enzyme, as previously mentioned. This relative volume of the MOF cage and enzyme, which 

gives the two a hand-in glove fit, appears to confer better isolation of the encapsulated 

enzyme, and prevents the enzyme from readily leaching into the solution. 

2.2.7 Confirmation of the product 

To confirm the presence and compare the yield of 1-propanol product, GC−MS was conducted 

on samples of free ADH and ADH@PCN-333 under the best conditions observed (Figures S1 and 

S2). The free enzyme produced a turnover number of 3.87 U/min, while ADH@PCN-333 

outperformed it with a turnover number of 4.64 U/min, thus yielding a 20% increase in activity 

(Figure 7b). This corresponds to the increase in activity that we observed in the duration test 

(Figure 5c). The increased activity of the enzyme overall compared to that of our other tests can 

be attributed to the decrease in buffer concentration. In our preliminary tests, we observed 

that there was a strong indirect correlation between the concentration of the buffer and the 

activity of the enzyme. Because of this, we had to choose a buffer concentration that would 

allow us to observe the differences in activity between samples but would not overly hinder the 
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reaction rate. We found that 25 mM of buffer was a “goldilocks” value, where the reaction did 

not occur too fast and allowed us to easily see the differences between samples. In this test, 

because we were not hindered by the use of the UV, to monitor the consumption of NADH, we 

removed this requirement and reduced the buffer concentration to 10 mM at pH 8. 

2.3.0 Conclusions from experiment 

In this paper, we perform a study on the encapsulation, stability, and activity of alcohol 

dehydrogenase in the cage-type MOF PCN-333(Fe) to better understand the loading process 

and provide a reusable complex for green synthesis of a model alcohol from aldehyde. Here, we 

show that the increased buffer concentration and thus the increased interactions between the 

buffer and enzyme as opposed to those of the enzyme and MOF can lead to higher loading of 

enzymes via post-synthetic encapsulation. Based on this result, we believe that the leaching 

from MOFs can also be limited by the use of a lower concentration of buffer, when possible, in 

storage. We also present results that further support the theory that MOFs can be used to 

increase reaction rates and the effective life span of enzymes all while under the protection of 

the surrounding MOF by encapsulation. Additionally, we show that while high agitation 

increased loading and higher loading yields more product, this also leads to lower activity per 

enzyme. This leads us to conclude that with higher loading, some enzymes infiltrate the already 

occupied pores and interact with other enzymes leading to fewer isolated and active enzymes. 

These interactions and higher concentrations inside the MOF lead to a rebounding effect in 

loading. This we were able to minimize with lower agitation and higher buffer concentration 

with which we postulate leads to greater penetration of enzymes into the interior of the MOF 

and higher loading. We also observed that while the enzyme activity can be increased under 
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normal conditions, reactions can also occur and can possibly be further improved in out-of-

bounds reactions where conditions are augmented to create a beneficial environment for a 

reaction to occur at conditions that would have otherwise caused the free enzyme to be 

denatured. The excellent recyclability, stability, and increased loading for MOF-encapsulated 

enzymes presented in this work make them a suitable tool for the increased activity and 

longevity of enzymes in industrial applications. In addition, the method for increased loading 

can be utilized in the encapsulation of both enzymes and drugs for medical uses in MOFs to 

increase the payload. This area of study is still relatively new and continuously produces new 

and exciting applications. The implications of this and related works have the potential to 

dramatically affect markets in the near future as new developments are continually being 

made. By reducing the need for fresh enzymes while increasing their stability and activity, 

enzyme encapsulation in MOFs is proving to be an effective tool for consideration that can 

simultaneously cut the cost and increase product yield. 
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3.0 Chapter 2: A study on the effectiveness of PCN-333(Fe) as a drug delivery device for IFN-γ 

and its effect on Human Kupfer Cell Viability 

3.0.1 Abstract 

Metal-organic frameworks or MOFs have shown great potential for use as a drug carrier given 

the natural characteristics of their porosity and ability to be functionalized. These attributes 
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allow for easy loading, sustained release, and the capability to be site directed either 

specifically by the conjugation of targeting molecules or non-specifically given that MOFs can be 

chosen that disintegrate or travel to specific locations in the body naturally. This non-specific 

function can be leveraged to deliver drug molecules throughout the body or directly to localized 

cells depending on the method of administration. Despite the many benefits of MOFs, their use 

in practice has not yet been widely accepted. This can be attributed to lack of understanding 

surrounding the complex and its effects on the surrounding cellular environment. In this work 

we seek to expand our field’s understanding of the use of MOFs as delivery devices by 

immobilizing the protein interferon-γ (IFN-γ) on the MOF PCN-333(Fe) to observe the effect of 

its presence and the delivery of the immobilized protein to human mesenchymal stem cells. In 

doing so, we report that the MOF shows continued biocompatibility consistent with literature 

while providing an excellent scaffolding for immobilization and release of IFN-γ to surrounding 

cells. 

3.0.2 Introduction 

Recent years have seen a significant increase in the study of metal-organic frameworks (MOFs) 

since their foundational introduction by Omar Yagi and coworkers.23,27,57,61,102–104 These porous 

crystalline particles are often produced on the nanoscale and due to their interchangeable 

parts, are vastly customizable.23 This ability to selectively choose components and synthesize 

tailor-made MOFs allows these particles to be functionalized as well as have their three-

dimensional size and shape manipulated.21,104 The functionalization can be multi-faceted 

allowing for what is called a “tandem reaction” where more than one reaction takes place in 

the same space.97,105 Coupling that with their incredible stability in an array of solvents, 
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temperatures, and pH conditions, makes MOFs powerful tools for catalysis.22,63  This is further 

promoted by the open pores and large surface areas of MOFs which allow materials to move 

into the particles providing a high loading capacity and surface area.21  This effect is excellent 

for reactions, allowing the free flow of reactants and products to reaction sites. This trait has 

also been exploited to encapsulate or trap objects, which can be as big as proteins or as small 

as gas particles making MOFs prominent devices for gas storage, drug delivery, and protein 

immobilization and/or encapsulation.23 

Protein immobilization and encapsulation is made possible by the fluid nature of proteins with 

their ability to fold and unfold as well as the inherent interactions arising between the chemical 

groups on MOF particles and the proteins. Immobilization is a relatively simple process where 

the charged portions of proteins interact with the positively charged bare node sites on the 

framework and become coordinated to that site.32,106 Encapsulation is a more complicated 

process where the protein either moves into the framework via diffusion or is placed in solution 

with MOF reactants and the framework is built up around it. The former is called post-synthetic 

encapsulation (PSE) and the latter is known as De-novo encapsulation or DNE.35 In both PSE and 

DNE, proteins are held in place physically by the surrounding framework, but they are also held 

in place by intermolecular forces such as London dispersion forces (LDFs), dipole-dipole 

interactions, and hydrogen bonding between the framework and the protein14,16.32,37 

Protein immobilization and encapsulation using MOFs has been shown to allow improved 

reaction kinetics while protecting the housed protein from extreme conditions that would 

otherwise cause the protein to denature and become inactive.28,56,97 This includes reactions 

taking place at temperatures above 60 degrees Celsius, in organic solvents, and at both high 
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and low pH.52 We demonstrate this effect in a recent publication encapsulating and monitoring 

the loading and reaction kinetics of Alcohol Dehydrogenase in the MOF PCN-333(Fe).35 While 

catalytic reactions are a major interest in MOF-protein immobilization, another key use of MOF-

protein immobilization is in drug and protein delivery. This is made clear in a recent work by 

luzuriaga et. al. where it’s shown that proteinaceous vaccines can be both protected/insulated 

from the outside environment as well as carried by site-directed delivery to a given location 

even inside the cell.33  

The delivery of proteins is a very promising area of study with the ability to have a dramatic 

impact on those suffering from genetic dispositions. Human mesenchymal stromal cells 

(hMSCs) are an excellent model cell and are particularly interesting to cellular therapy programs 

due to their function as an immunosuppressant.107 During tissue damage, hMSCs have the 

ability to secrete paracrine and anti-inflammatory factors to repair tissue.108–110 In addition, 

hMSCs contribute not only to the repair of damaged tissues but also possess remarkable 

immunomodulatory activity by producing anti-inflammatory and immunosuppressive 

factors.111–116 This has led to hMSCs to becoming a promising tool for new medical applications 

and therapies in the treatment of diverse diseases and disorders, such as graft-versus-host 

disease, inflammatory diseases, and autoimmune disorders.117,118 

It has been shown that the immunosuppressive properties of hMSCs rely on the existence of 

IFN-γ in the microenvironment.114 This signaling protein is a potent pro-inflammatory cytokine 

produced by CD4+ lymphocytes, natural killer cells (NKT) cells, and macrophages. Because of 

this function, IFN-γ plays an essential and complex role in innate and adaptive immune 

responses in viral infections, bacteria, protozoa, and graft-versus-host disease (GVHD).115,116 A 
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recent study by Croitoru-Lamoury et. al. showed that IFN-γ has the ability to modulate the 

immune properties and differentiation potential of hMSCs.117 However, in spite of the fact that 

the existence of IFN-γ increase the immunosuppressive properties of hMSCs, the transient 

effects of IFN-γ may limit the potential of hMSCs to modulate immune responses for more than 

a few days in cell environments that do not expose the cells to the required concentrations of 

IFN-γ, such as in chronic inflammatory states.119  Therefore, providing a means of locally 

concentrating and sustaining the presentation of IFN-γ to hMSCs may significantly enhance the 

immunomodulatory potential of the cells. In this paper we seek to show that the 

immobilization and delivery of factors, specifically IFN-γ with PCN-333 is both an effective 

means for delivery to potentiate hMSC immunomodulatory activity. 

3.1.0 Experimental Section 

3.1.1 Synthesis of PCN-333(Fe) 

Synthesis of PCN-333(Fe) The precursor 4,4′,4′′-s-triazine-2,4,6-triyl-tribenzoic acid (H3TATB) 

and MOF PCN-333(Fe) were synthesized according to the method described in the work by Park 

et. al. 2015.98 In a 15 mL reaction vessel, we combined 60 mg H3TATB, 60 mg anhydrous FeCl3 

(III), 0.6 mL TFA, and 10 mL DMF. The vessel was then sealed and placed in an oven at 150 °C for 

12 hours. Brown precipitate formed and was collected by centrifugation. Product was washed 

several times each by DMF, acetone, and water with centrifugation after each step to collect. 

Water was then exchanged with acetone three times before activation in an oven at 70°C 

overnight. The product was then confirmed via X-ray diffraction   (Figure 6a). Size and shape 

where also determined via SEM and the use of a Horiba LA-950 particle size analyzer. These 

results can be seen in figures 1b and 1c respectively.  
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3.1.2 Immobilization of IFN-γ with PCN-333(Fe) 

A loading solution of PCN-333 and IFN -γ was combined with a final concentration 0.1 mg/mL 

IFN-γ and either 0.5 or 1 mg/mL PCN-333 depending on the test. This solution was vortexed and 

allowed to sit at 4°C for 24 hours. The solution was then removed after gentle centrifugation 

leaving the immobilized IFN-γ and PCN-333. Loading was determined by UV absorption at 

280nm by HPLC. 

3.1.3 hMSC Viability 

For the hMSCs viability, PrestoBlueTM cell viability assay from Invitrogen (Cat. #A13261) was 

used. hMSCs (10000 cells/cm2) were seeded on a 96 well-plate, and cell viability was measured 

after 3 and 6 days of culture as described in our previous works.120–122 Briefly, the cell culture 

medium was removed, and 100 µL per well containing 90% fresh cell medium and 10% 

PrestoBlue reagent were added. The plate was incubated for 3 hours, and the fluorescence 

intensity measurement was determined using a BioTek Multi-Mode Microplate Reader (Model 

SynergyTM 2) with excitation/emission of 560/590 nm. Data were summarized per culture 

conditions. 

Fluorescent staining was performed to detect the blue fluorescent dye Hoechst 33 342 which 

was purchased from Invitrogen (Ref. #H3570). This dye stains nucleic acid making it permeable 

to the cell. The red-orange fluorescent dye ActinRedt 555 Ready Probest was purchased from 

Invitrogen (Ref. #37112) was also monitored, which is selective to Actin F (a fundamental 

component of the cellular cytoskeleton). After three days of culture, the cell medium was 

removed, and the cells were fixed with 4% formaldehyde solution for 15 minutes. The samples 

were washed several times with PBS followed by adding Triton X100 for 10 minutes and they 



 

44 
 

were then washed 3 times. ActinRedt 555 was first added and incubated for 30 minutes. Then, 

Hoechst 33 342 was added for 10 minutes and protected from light by aluminum foil. Both dyes 

were washed 5 times with PBS before and after being added. For cell imaging, Leica inverted 

fluorescence microscope was used with a standard DAPI filter (excitation/emission of 350/461 

nm) for Hoechst 33 342, and a standard TRITC filter (excitation/emission of 540/565 nm) for 

ActinRedt 55. 

 

Figure 8 a) PrestoBlue Viability assay for cultured hMSCs after 3 and 6days cells cultured. b) 
Fluorescence microscopy images of hMSCs nuclei and actin cytoskeleton, labeled with Hoechst 
and Actin Red. 
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3.1.4 Real-time monitoring of hMSCs behavior 

An xCELLigence Real-Time Cell Analyzer (RTCA S16) instrument from ACEA Biosciences Inc. (Cat. 

#00380601430) was used to measure real-time cell behavior. hMSCs at a concentration of 5000 

cells/cm2 were seeded on the wells of an ACEATM E-Plate L16 (Cat. #00300600890, cell growth 

area of 0.32 cm2 per well), on each condition (hMSCs cultured with and without IFN-γ 

supplemented in the culture medium, MOF(0.5mg/mL), MOF(0.5mg/mL) + IFN-γ, 

MOF(1mg/mL), and MOF(1mg/mL) + IFN-γ. The xCELLigence instrument was configured as 

described in our previous works35,36. Briefly, the xCELLigence RTCA S16 was placed inside the 

incubator to allow the device to warm up for at least 2 hours before use. The RTCA S16 was set 

up to perform readings every 10 minutes for a period of 72 hours of cell culture. 

3.1.5 Immunomodulatory factor expression of hMSC’s 

For the hMSCs immunomodulatory factor expression, hMSCs (5000 cells/cm2) were seeded on 

each well of a 24 well-plate, and the IDO activity was measured after 3 and 6 days of culture 

(changing the cells medium every 2 days) as described in our previous works.120,122,123 Briefly, 

cell supernatant 100 μL was mixed with 100 μL standard assay mixture consisting of (potassium 

phosphate buffer (50mM, pH 6.5), ascorbic acid (40 mM, neutralized with NaOH), catalase (200 

μg/ml), methylene blue (20 μ M), L-tryptophan (400 μM)). The mixture was kept at 37°C in a 

humidified incubator with 5% CO2 for 30 min (in a dark environment to protect solutions from 

light) to allow IDO to convert L-tryptophan to N-formyl-kynurenine. After that, the reaction was 

stopped by adding 100 µL trichloroacetic acid 30% (wt/vol) and incubating for 30 min at 58 °C. 

After hydrolysis of N-formyl-kynurenine to kynurenine, 100μL of mixed cell 

supernatant/standard transfer into a well of a 96-well microplate, followed by adding 100 μL 
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per well of 2% (w/v) p-dimethylaminobenzaldehyde in acetic acid. Absorbance was read at 490 

nm at the endpoint using a BioTek Synergy 2 spectrophotometer (Synergy LX Multi-Mode 

Reader from BioTek® Model SLXFA). 

3.1.6 hMSC Differentiation 

hMSCs differentiation was induced by their culture with differentiation media (Osteogenic and 

Adipogenic media). Control cultures were grown in a regular cell expansion medium. Briefly, 

hMSCs (10,000 cells/cm2) were seeded on each condition prepared on 24 well-plates and 

grown for 6 days in expansion medium (MEM Alpha (1X) supplemented with L-glutamine, 

ribonucleosides, and deoxyribonucleosides) containing 20% fetal bovine serum, 1.2% penicillin-

streptomycin, and 1.2% L-glutamine at 37 °C in a humidified incubator with 5% CO2. After the 

cells reached at least 50% confluency, they were exposed to a differentiation medium. For 

osteogenic differentiation, hMSCs were cultured in the differentiation medium composed of 

DMEM low glucose, 10% fetal bovine serum,1% penicillin, 1% L-Glutamin, 50 μM ascorbic acid 

(50mg/10ml) (Sigma, Cas Number: 50-81-7), 10 mM β-glycerophosphate (e.g., Sigma, CAS 

Number: 154804-51-0, G9422), and 100nM dexamethasone (e.g., Sigma, CAS Number 50-02-2). 

The medium was replaced every 2-3 days. After 8 days of culture, cells were fixed with 10% 

formaldehyde. For osteogenic differentiation, Alizarin Red S (Sigma, CAS Number 130-22-3) 

staining solution was prepared by adding 2g Alizarin Red S in 100 mL water mixed. The pH was 

adjusted to 4.1– 4.3 by the addition of Ammonium Hydroxide, as necessary. Alizarin Red S 

solution was added to the fixed cells, then incubated at room temperature in the dark (covered 

with aluminum foil) for 15 minutes. The staining solution was removed and rinsed 3 times with 

PBS. The samples were analyzed immediately under the microscope to detect calcium deposits. 
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For adipogenic differentiation, hMSCs were cultured in the differentiation medium consisting of 

DMEM high glucose supplemented with 10% fetal bovine serum, 1% penicillin, 1% L-glutamin, 

1 μM dexamethasone (e.g., Sigma, CAS Number 50-02-2), 0.01 mg/mL insulin (Sigma-Aldrich, 

Catalog No. I2643), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) (e.g., Sigma, CAS Number: 

28822-58-4, I5879), and 100μM indomethacin (Sigma, CAS Number: 53-86-1). The medium was 

replaced every 2-3 days. After 8 days of culture, cells were fixed with 10% formaldehyde, 

stained with 0.5% (w/v) Oil Red O (Sigma-Aldrich, Catalog Number: O0625) in 100% 

isopropanol, incubated at room temperature for 30 minutes, and protected from light. The cell 

monolayer was washed 2 times with PBS. The sample was analyzed under a light microscope to 

detect lipid vesicles that appeared in bright red.  A one-way analysis of variance (ANOVA) was 

performed drawing comparisons among multiple groups. A p-value < 0.05 was considered 

statistically significant. The statistical analysis was done using SigmaPlot software version 14. 

3.2.0 Results and Discussion 

3.2.1 Characterization of PCN-333(Fe) 

The successful synthesis of PCN-333(Fe) was confirmed via powder X-ray Diffraction, showing a 

pattern consistent with previous works (Figure 1a).35,98 The product was then observed under 

SEM (figure 1b), which shows that the product is roughly spherical in nature. Upon size analysis 

using the Horiba LA-950, it was determined that the average particle size was 17.8 µm while the 

mode was18.6 µm. The standard deviation was determined to be 2.7.  

3.2.2 Immobilization of IFN-X with PCN-333(Fe) 

To immobilize IFN- γ, a solution of 0.1 mg/ml IFN- γ and either 0.5 or 1 mg/ml PCN-333 in 

20mM pH 7 HEPES buffer was prepared. The solution was lightly vortexed and allowed to sit at 
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4°C for 24 hours. The solution was then lightly vortexed and subsequently centrifuged at 1000 

rpm for 1 minute. The supernatant was removed, and the sample was ready for incorporation 

into the cell media. Percent immobilization was then determined by absorbance of the 

supernatant at 280 nm against controls via HPLC. This showed the percent immobilization to be 

39% in the 1mg/ml sample of PCN-333(Fe) and 34% for the 0.5mg/mL PCN-333(Fe) sample. 

3.2.3 PrestoBlue Viability Assay 

Cytotoxicity was evaluated by monitoring the activity of the reagent Presto Blue. Using this 

reagent, cell viability was measured after 3 and 6 days of culturing hMSCs cells under each 

condition. Those conditions being with and without IFN-γ supplemented in the culture medium, 

Figure 9 a) pXRD of synthesized PCN-333 (Fe) b) SEM image of synthesized PCN-333(Fe) with 
scale bar representing 40 µm. c) Size distribution of synthesized PCN-333(Fe)(black) and 
cumulative percentage of product (red). 
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MOF (0.5mg/mL), MOF (0.5mg/mL) + IFN-γ, MOF (1mg/mL), and MOF (1mg/mL) + IFN-γ. The 

positive control group selected contained cell medium lacking IFN-γ. The fluorescence intensity 

of the positive control was normalized to 100%. All other conditions were assessed in relation 

to the positive control. Figure 2a  shows IFN-γ supplemented in cell medium have higher cell 

viability of about 2% and 20% than the control in 3 and 6 days, respectively. This result shows 

that IFN-γ supplemented does not affect cell viability. As shown in Figure 2a, MOF (0.5 mg/mL) 

has a 20% higher cell viability than MOF in higher concentrations (1mg/mL) after 3 days. 

However, MOF (0.5 mg/mL and 1 mg/mL) shows the same cell viability after 6 days. Therefore, 

MOF in both concentrations (0.5 and 1 mg/mL) does not surpass the cell viability compared to 

control. Regarding the MOF (0.5 mg/mL) + IFN-γ, the cell viability increased 10% after 6 days 

compared to 3 days. However, the cell viability of MOF (1 mg/mL) + IFN-γ did not change after 6 

days. These results show that MOF alone and MOF with IFN-γ do not have any cytotoxic effect 

on hMSCs, while MOF (0.5mg/mL) showed better biocompatibility than the MOF (1mg/mL). 

Fluorescence microscopy images of hMSCs nuclei labeled with Hoechst of cells attached to the 

different surfaces after 72 hours validate the findings of cell viability of hMSCs in each 

condition. 

3.2.4 Real-time monitoring of cell behavior and proliferation 

In this study, hMSCs at 25000 cells/cm2 were cultured on E-Plate 16 to evaluate the real-time 

behavior of the cells during the first 72 hours of culture. The effect of the presence and absence 

of the IFN-γ in the cell medium, MOF (0.5mg/mL), MOF (0.5mg/mL) + IFN-γ, MOF (1mg/mL), 

and MOF (1mg/mL) + IFN-γ was also evaluated. As a control surface, we evaluated growth 

without IFN-γ. An xCELLigence RTCA S16 biosensor system was used to measure cell 
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proliferation and growth. This system constantly measures the impedance difference caused by 

cells attache d to microsensors present in culture plates (E-plates 16) and is monitored by 

microchips attached under the wells. In this way, the impedance difference is translated into a 

parameter known as the Cell Index (CI). Therefore, the higher the CI, the greater the number of 

cells adhered to the bottom of the well36 . Based on our previous study, the results indicate 

two cell behavior phases: a cell adhesion and a cell proliferation phase, after 30 hours and 

between 30-72 hours of culture, respectively38.          

The Figure 3 shows the CI values as a function of the first 72 hours of culture for the 6 

experimental conditions. The Figure shows a slow cell adhesion stage in the evaluated period, 

reaching a maximum peak of around 9 hours. CI values reached a maximum of 8 CI units. 

Compared to the samples without the IFN-γ, cell adhesion has a lower CI value, including MOF 

(0.5 and 1mg/mL) in the cells medium. In addition, cells including MOF (0.5mg/mL) + IFN-γ have 

Figure 10 Real-time monitoring of hMSCs after 72 hours. 
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a higher CI value compared to other conditions. This finding indicates that MOF (0.5 and 1 

mg/mL) with IFN-γ does not negatively effect on cell adhesion.  

3.2.5 IDO Assay 

Indoleamine 2,3-dioxygenase (IDO) is a cytosolic heme protein important for immuno-

regulatory functions.124,125 It’s presence can be evaluated by measuring the concentration of 

kynurenine, which is a known catalyzer that helps convert L-tryptophan to kynurenine.124,126 

The ability of IFN-γ to induce IDO expression in hMSCs was compared with and without IFN-γ 

supplemented in the culture medium, MOF (0.5mg/mL), MOF (0.5mg/mL) + IFN-γ, MOF 

(1mg/mL), and MOF (1mg/mL) + IFN-γ supplemented in the cell culture medium after 3 days 

and 6 days. Results for IDO activity is summarized in Figure 4. These results show that IFN-γ 

supplemented in cell medium increases the IDO activity 4 times higher than the cell medium 

Figure 11 Cells immunomodulatory potential by IDO activity for hMSCs as a measure of 
picograms of kynurenine produced by cells cultured after 3 and 6 days. 
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without IFN-γ. These results are in line with the study done by Kwee et al., indicating the IDO 

activity correlated with the amount of IFN-γ.127  

With regard to MOF (0.5mg/mL) and MOF (1mg/mL) in cells medium, the results show no 

differences compared to with IFN-γ. This result indicates that MOF alone does not affect IDO 

activity. In addition, the MOF (0.5mg/mL) + IFN-γ show a higher IDO activity after 6 days 

compared to 3 days, which may show the presence of more IFN-γ in the cell medium after 6 

days. However, MOF (1 mg/mL) + IFN-γ show less IDO activity after 6 days compared with 3 

days, which can be related to the amount of IFN-γ encapsulated in MOF and can be expected 

when there are more potential binders in solution, given that there are two times the amount 

of MOF particles. These results indicate that MOF (0.5mg/mL) + IFN-γ may have the ability to 

release IFN-γ through passage of time. While this may also be the case for MOF (1mg/mL) + 

IFN-γ, a longer time-course study would be required. 

3.2.6 Cells differentiation assay 

The ability of hMSCs to differentiate into osteogenic and adipogenic lineages cells was induced 

by replacing the growth medium with the differentiation medium. The differentiation ability of 

hMSCs was evaluated to confirm the multipotentiality of hMSCs. After 10 days of incubation, 

cell functions associated with osteoblast differentiation (calcium deposition) and adipogenic 

differentiation were evaluated. Mineralization was also characterized from microscope images. 

Figure 5 shows that there are areas visible with red and purple, indicating the formation of the 

calcified regions and adipocyte-like cells, respectively. Figure 5 also shows that control cells 

show a calcium deposit formed by the clustering of cells due to the strong staining with Alizarin 

red even with and without IFN-γ, which indicates osteogenic differentiation of cells. The same 
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results were found for MOF (0.5 and 1mg/mL) and MOF (0.5 and 1mg/mL) + IFN-γ, as shown in 

Figure 5. Also, Figure 5 shows that control cells, even with and without IFN-γ, have the ability to 

differentiate into adipogenic cells, which is where the cells changed from long spindle-shaped 

to flattened round or polygonal cells. In addition, Figure 5 shows that the treatment with IFN-γ 

encapsulated in MOFs had no inhibitory effect on the osteogenic and adipogenic differentiation 

of hMSCs. As shown in Figure 5, no staining was observed on cells cultured in regular expansion 

medium. 

3.3.0 Conclusions from experiment 

In this work, we tested the viability of the use of the metal-organic framework PCN-333(Fe) as a 

carrier device for the delivery of IFN-γ to human mesenchymal stem cells and monitored the 

immunomodulatory activity of these cells to determine its efficacy. From our results, we show 

that, likewise to other publications, the PCN-333(Fe) has little to no effect on cell viability and 

Figure 12 hMSCs differentiation. control cells inducing by normal expansion medium. Osteogenic 
differentiations were stained by Alizarin Red. Adipogenic differentiation were stained by Oil Red. 
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the particle is not cytotoxic. While the increased concentration of the particles did lead to a 

slightly lower cell count early in the experiment, the percent viability after 6 days was 

comparable to that of the lower concentration. Additionally, when introduced to the cell 

differentiation assay, the experimental group containing the MOF particles showed no variance 

and continued to differentiate appropriately.  When measuring the efficiency of IFN-γ and IDO 

in the presence of MOF, the controls containing the particle had no effect on either test 

showing it to be an ideal carrier, not interfering with the biological pathways. Finally, the 

successful release of IFN-γ compared to the control group over the course of 3 and 6 days 

shows that the MOF particle is an excellent device for the delivery of small proteins. While 

there was a smaller distribution of IFN-γ to cells in the 1.0mg/mL sample, this can be attributed 

to the increased number of competing factors to bind to the proteins in solution which in turn 

cause the observed decrease in IFN-γ activity. The results from this work show that PCN-333(Fe) 

are suitable delivery devices for small protein to cells in vitro with little to no side effects on the 

surrounding environment or the cellular ability to reproduce or differentiate and have the 

added benefit of providing a sustained release of loaded materials to nearby cells. Future 

studies will be needed to further understand the viability of this delivery method, but the 

results from this work suggest that the use of MOFs as a delivery device is a reasonable 

alternative to conventional methods of chemical introduction. 
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4.0 Chapter 3: Layer-by-layer polyelectrolyte coating on Metal-organic Frameworks for use as a 

drug delivery device 

4.0.1 Abstract 

Drug delivery methods have several attributes that many accept as commonplace and 

unavoidable but are in fact downsides to the use of certain drugs. Many life-saving drugs suffer 

from these same characteristics, those being short-lifespan, poor stability, and sensitive to 
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temperature. Metal-organic frameworks (MOFs) have the capacity to solve each of these issues 

while having the added benefit of sustained release, preventing the user from needing to take 

multiple doses of the same drug. This is made possible by the porous nature of the framework 

and the interactions between the framework and the loaded drug. While research has already 

shown significant benefits to the use of MOFs, these interactions need to be further 

understood and the applications can be improved. For this reason, we present the following 

work in which we successfully coat the MOF UiO-66 in a layer-by-layer process using the drug 

heparin, commonly administered during heart attacks, and its co-factor PEI to study the effects 

of this new method of drug delivery using MOFs using a cytotoxicity assay. We also observe the 

presence and effect of the trapped cytotoxic molecule dimethylformamide as it is released from 

the interior of the MOF so that we can monitor the status of the outlying layers as well as 

monitor the release of the DMF itself. Herein, we report the successful coating of UiO-66 using 

polyelectrolytes and the layer-by-layer process as well as report the release of both the 

polyelectrolyte drug and the DMF molecules to show the methods validity as a drug delivery 

device. 

4.0.2 Introduction 

Metal-organic frameworks (MOFs) have made a significant impact on the field of chemistry in 

the past decade. Bringing with their popularity a vast number of functionalities and in turn 

applications.21–23 The main utility of MOFs has been found in catalysis. This is due to several of 

their native characteristics. Those primarily being their porosity, repeating unit cell, and the 

vast diversity found in their components.17,21,22,61 However, the profound effect of MOF 
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catalysis has outshined some of its other capabilities, one in particular being the use of a MOF 

as a nano-scaled delivery device.34,74,88 

Many of the same attributes that make MOFs excellent catalytic centers also make these 

particles excellent carriers. Their porous nature inherently allows substances to infiltrate into 

the open interior space.92,99 The charges including London dispersion forces, dipole-dipole 

interactions, and hydrogen bonding that occurs between the components of the framework 

hold the loaded substances in place and allow for controlled release to the outside 

environment.28,37 Additionally, the substances (primarily proteins) trapped inside the 

frameworks have been shown to be protected from conditions that would otherwise cause 

them to deteriorate or denature. These conditions can include high or low pH, high 

temperature, and the presence of organic solvents35. The final characteristic that makes MOFs 

excellent carriers is their biocompatibility and their ability to elude the immune response.128–130 

Reported use of MOFs as a delivery device can be easily found in literature.34,45,47,48,62,74,88 The 

coating of a MOF particle for added protection and targeted delivery has also been 

reported.41,131 Each of these methods, however, has used a monolayer on the exterior of the 

MOF. In this work, we present for what we believe is the first time a MOF has been reported to 

have multiple layers. To do this, we the polyelectrolytes heparin and polyethyleneimine (PEI). 

The positively charged heparin is a drug commonly used to treat thrombotic events, the most 

well-known being atrial fibrillation or a “heart attack,” while the negatively charged PEI is a 

polymer commonly used in medicinal chemistry and has been shown to have little to no effect 

on cell viability.132,133 Using the combination of these polymers, it is possible to use the native 

positive charge found on the exterior of a metal-organic framework to perform layer-by-layer 
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coating of the particle by introducing the negative polymer, then the positive, and alternating 

until the desired number of layers is achieved. Using this method, we anticipate observing the 

gradual release of heparin to the surrounding cellular environment while performing cell 

toxicity tests to monitor the effect of the heparin release on the cell in the surrounding 

environment. Following this, the question may arise of at what point do the exterior layers 

collapse and is it possible to monitor the release of a trapped carrier group from the interior of 

the MOF? To answer this, we intend to utilize the porous interior of the MOF to we plan to 

allow the presence of dimethylformamide in the interior of the MOF to determine whether the 

cytotoxic chemical is held in place or released through the layered system to the surrounding 

cells. 

4.1.0 Experimental Section 

4.1.1UiO-66 Synthesis 

To synthesize UiO-66, we followed the procedure published by He et. al. in 2017 (CITE). In doing 

this, we combined 7.5g ZrCl4, 5.35g of terephthalic acid, and 220 mL of acetic acid in 500 mL 

Figure 13 pXRD pf synthesized UiO-66. 
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DMF using a 1.0 L round bottom flask. After the components were dissolved, 35 mL of H20 was 

added and the reaction was allowed to progress for 15 minutes at 120°C in an oil bath. After 

the allotted time, the flask was removed from heat and the product was immediately separated 

and washed multiple times using centrifuge and alternating solvents of DMF, water, acetone, 

and finally hexane. Unlike the typical washing process however, the MOF was deliberately not 

completely cleaned. This was done so that the DMF could be trapped inside the MOF and its 

cytotoxic effect of cell viability could be observed and compared to the results of the coating of 

which its components have little to no effect (PEI) or have a promoting effect on cell viability 

(heparin). Confirmation of crystalline product was conducted using powder x-ray diffraction 

(figure 13). 

 

4.1.2 Layer-by layer coating of UiO-66 

100 mg UiO-66 was weighed out and added to 1 mL of H2O in a 1.5 mL microcentrifuge tube. 

The solid particle chunks were separated using the end of a spatula before performing light 

sonication on the sample for 5 minutes. The solution was centrifuged at 1500 rpm for 5 minutes 

and the supernatant was removed. This was repeated until the supernatant was no longer 

cloudy. After this was observed, the liquid was removed before moving on to the coating 

process. 

Separate solutions were then prepared with final concentrations of 1.5% PEI and 2 mg/mL 

Heparin. A wash solution of water was also prepared. Each solution had a final volume of 15 mL 

and contained 20 mM HEPES buffer stabilized at pH 7. 

Next, 1 mL of the Heparin solution was added to the tube containing the UiO-66. The solution 

was agitated to disperse the solid and the tube was inverted for 5 minutes. The tube was 
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allowed to sit for 5 minutes before centrifuging the sample at 1500 rpm for 1 minute. The 

supernatant was then removed, and the process was repeated with the wash solution. The 

solution was then filled to 1 mL using the buffer solution and an aliquot was removed and set 

aside. This was calculated beforehand so the aliquot of this and all proceeding samples had the 

same MOF concentration. This cycle was completed 3 times to coat the MOF with alternating 

layers of Heparin, PEI, and Heparin again. Two sets of samples were made where the first set 

was immediately tested for size distribution (figure 17a) and proceeded to the xCELLigence test, 

while the second set of samples were allowed to sit at 4°C for 30 days before the solutions were 

removed and replaced with buffer. These samples were then tested using xCELLigence and the 

results were compared. The deposition of each layer was confirmed using particle size analysis 

on a Horiba LA-950 particle size analyzer. 

4.1.4 Toxicity study: real-time monitoring of human Schwann cells cultured with HEP/PEI coated 

MOFs supplemented in the culture medium. 

For this study we used human Schwann cells (hSCs) obtained from ATCC® (sNF96.2 ATCC® CRL-

2884TM), from a male donor, 28 years old, between passages number 18 to 22 of our general 

stock. hSCs were cultured prior to experiments, in SIGMA-ALDRICH® Dulbecco's Modified 

Eagle's Medium (Cat. # D5648) supplemented with SIGMA-ALDRICH® sodium bicarbonate, 

sodium pyruvate, 1% penicillin-streptomycin (Cat. # P4333), and in a mixture with 10% Gibco® 

Fetal Bovine Serum (Cat. # 10-437-028). The cells were used only when a confluence greater 

than 80% was reached, after being incubated for 7 to 10 days, in a humid incubator at 37°C with 

an air atmosphere containing 5% CO2, with recurrent medium change every 2 days. Real-time 

toxicity analysis was performed using a Real-Time Cell Analyzer (RTCA) xCELLigence S16 from 
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ACEA Biosciences Inc. (Cat. # 00380601300) and cells were cultured in the wells of an ACEATM 

E-Plate 16. (Cat. # 05469830001, cell growth area 0.32 cm²/well). All assays were done in 

triplicate. RTCA S16 was initially equilibrated in the incubator for 2 hours to prevent 

condensation from forming on the E-Plate 16 sensors. Measurements to monitor cell adhesion 

were performed every 10 minutes. The total time of the experiments was 144 hours (6 days). 

hSCs at a concentration of 25000 cells/cm2 were seeded in the microwells of E-Plate 16, initially 

with culture medium and after 24 hours the medium was changed and the solutions containing 

coated MOFs were added. Three culture medium conditions were evaluated with MOF at a 

concentration of 0.5 mg/mL coated with: HEP, HEP/PEI, and HEP/PEI/HEP. Also, 2 control 

conditions were evaluated: culture medium without MOFs and culture medium with uncoated 

MOFs. 

4.2.0 Results & Discussion 

4.2.1 UiO-66 characterization and coating.  

The metal-organic framework synthesis as conducted using the previously stated method was 

successful, producing a white precipitate. The following XRD spectra collected matched 

reported results in the literature (figure 13)134. The coated samples were observed under TEM 

and several interested phenomena were observed (figure 15). In figure 15a, the bare MOF 

particles are isolated from one another, and no aggregation is occurring. However, when the 

first heparin coating is added the particles begin to aggregate (figure 15b). In contrast to this in 

figure 15c, the particles appear separate from one another with the formation of the poly 

electrolyte bilayer. In this same figure it can be observed that the  
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 bilayer is smooth. Finally in figure 15d, the particles continue to isolate but now the outermost 

portion of the particle coating appears to become rough, and the layer is less defined. 

It should be noted that after trial and error, it was obvious that severe agitation of the solution 

after the adherence of the polyelectrolyte was too violent for the complex and would strip the 

coating from the MOF. Therefore, any vortexing of the sample was excluded from the 

procedure and was instead replaced with inversions. Outside of this issue, the coating of the 

MOFs proceeded without any hindrance.  

 Using the size analyzer, the average size of the bare MOF particle and each consecutive layered 

particle was determined to be 0.71, 2.34, 3.01, and 3.51 µm respectively for the 0-day trial 

(figure 16). For the 30-day trial those values were 0.71, 1.83, 2.76, and 3.25 µm respectively. 

The distributions of each  
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sample were also plotted (figure 17).  The coatings applied to the MOF in alternating layers of 

the negatively charged heparin and positively charged PEI, showed clear delineation in these 

graphs. This shows that the layer-by-layer coating was successfully conducted, and the 

polyelectrolyte layers formed  

as expected.  

After the 30-day period for the second set of samples, the volumes of each sample decreased 

by 0% for the uncoated MOF, and 38%, 16% and 14% respectively for each layer. This decrease 

in volume can attributed to two things. The first and simplest explanation is that as the layer 

sloughs off and is lost to the surrounding solution the volume of the particle decreases. The 

second option, that will be elaborated on more fully later in this report, is that the 

polyelectrolytes infiltrate into the MOF structure contributing to the loss of particle volume.  

Figure 15 Table showing average results from each sample set including the average cell viability 
normalized against the control. 
 
4.2.2 Toxicity test 

After the data was gathered from the xCElligence test and plotted, it was clear that there were 

2 very different scenarios taking place in both tests. The first result that will be discussed is the 

trial after 30 days of refrigeration. This trial showed results that were for the most part 

consistent with our expectations that the layer-by-layer coatings on the MOF would either 

  Sample Diameter (µm) Volume (µm3) Cell Viability 

0 Day Trial 

MOF 0.71 0.53 65.0% 

" + Heparin 2.34 5.73 44.7% 

" + H + PEI 3.01 9.49 73.7% 

" + H + P + H 3.51 12.90 122.7% 

30 Day Trial 

MOF 0.71 0.53 106.3% 

" + Heparin 1.83 3.51 115.8% 

" + H + PEI 2.76 7.95 109.7% 

" + H + P + H 3.25 11.05 116.5% 
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promote cell viability due to the presence of heparin, have little to no effect with the external 

layer being PEI, and have a negative effect with the bare MOF. In figure18 we can see that the 

results follow this relative trend with the samples that had an exterior layer of heparin showing 

the best results promoting cell growth over the control by as much as 23.6% in the 3-layer 

sample, and 23.3% in the monolayered sample. In contrast, the bilayer sample only increased 

the cell viability by a maximum of 15.3%, while the bare MOF promoted cell viability by 9.5%. 

In contrast to this test, the 0-day trial yielded dramatically different results (figure 18). Starting 

with the 3-layer sample, the maximum cell viability was 37.4% higher than the control. After 80 

Figure 16 observed particle size distribution of uncoated and coated MOF particles from a) 0-
days and b) 30-days after coating. 
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hours though, there began a steady decrease with the viability ended at 95.4% relative to the 

control. The bilayer sample had a significant increase in cell viability in the first 12 hours with a 

maximum cell viability of 16.1% greater than the control, but afterward continued in a steady 

decline of cell viability. The monolayer sample had a brief spike in cell viability, but quickly had 

a drastic cytotoxic effect with the percent of cells relative to the control dropping to as low as 

44.7%. Surprisingly, the MOF control did not have as much of a negative effect on cell viability 

as the monolayered sample. Showing a cell viability minimum at 65% compared to the control. 

When comparing the results of these two trials it is important to remember two factors. The 

first being the composition of the layers themselves, and the second being the presence of the 

DMF that was deliberately not completely removed from the framework. When the two trials 

are set side-by-side, it is obvious that there is a distinct difference between the MOF control in 

the 0-day trial vs. the 30-day trial. This increase in cell viability after the 30-day period suggests 

that the DMF located in the sample leached out into solution and was removed during the wash 

process prior to its addition to the cells. This wash process was implemented in order to 

remove any excess coatings that may have sloughed off over this period but appears to have 

had the side-effect of also removing the cytotoxic chemical from the sample. Because of this, as 

well as the supporting information that nanoUiO-66 is not cytotoxic in vitro as per Rurya et. al.’s 

work, the results appear to suggest that the MOF itself is a promoting factor on the cell viability 

(figure 18) .42 This is further supported by the fact that the bare MOF, when compared to the 

monolayered MOF, resulted in a higher cell viability from the 0-day trial. This result where the 

monolayer appears to have a negative effect on cell viability instead suggests that the heparin 

of the monolayer, itself not cytotoxic, either penetrated the MOF and forced out the cytotoxic 



 

68 
 

DMF or drew it out via the localized positive charge it created. Thus, leading to a “flushing” of 

the interior of the MOF and leading to the dramatic difference in cell viability when compared 

Figure 17 Cell viability tests plotted over the course of five days using xCELLigence where (a) 
occurs after the samples were allowed to sit for 30 days and (b) where the samples were 
prepared and tested the same day. All data is normalized against the control group. 
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to the bare MOF and the monolayered MOF at 30-days.  Given this, it can be suggested that the 

same effect is occurring in the bi-layer sample, however, it appears that the effect takes longer 

to arise. This can be attributed to the increased size of the coating causing the release of the 

DMF to take longer than in the monolayer sample. In contrast to this event, the tri-layered MOF 

shows no cytotoxicity or any steady decrease in cell viability until 80 hours after addition. This 

may be due to the same effect, however, the amount of cells present suggests that the 

decrease in cell proliferation is more likely due to overcrowding. 

4.3.0 Chapter Conclusion 

In this work we utilized the MOF PCN-333(Fe) and successfully exposed it to layer-by-layer 

coating of the polyelectrolytes heparin and PEI as well as trapped the cytotoxic chemical 

dimethylformamide in order to observe the complex’s effectiveness as a layer-by-layer coated 

delivery device. After the coating process, the complex was characterized and submitted to a 

cytotoxicity experiment. These results suggest that portions of the layer-by-layer coating are 

lost in solution over the course of 30 days, but the overall coating still remains intact. During 

the course of the 30-day trial, it appears that this time either allowed for the exchange and 

removal of DMF from inside the MOF or allowed the surrounding layers to become more 

ordered. This suggests that the layers are preventing the escape of the DMF. In addition to 

these results, in both trials the coating of heparin was found to be successfully released into the 

surrounding environment promoting nearby cell viability. In contrast to this, the trapped DMF 

in the 0-day trial showed its cytotoxic effect in the bare MOF as well as the mono-layered and 

bi-layered particles. Notably, there was an unexpected increase in toxicity in the mono-layered 

sample compared to that of the bare MOF. This result suggests that the heparin component of 
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the monolayer infiltrated the porous MOF and pushed out the cytotoxic DMF by nature of its 

negative charge into the surrounding cellular environment. The escape of DMF was evident in 

the cytotoxic effect present in the bi-layered sample as well, however, it took longer to be 

observed suggesting that the larger layer slowed its release. In this paper, we show that layer-

by-layer coatings of MOF particles can be a useful tool to promote sustained release of drugs 

from both the exterior and the interior of MOFs including increasing the release of carried 

substances by the addition of a monolayer. A continuation of this research is needed to better 

understand these interactions and the rates at which components may be delivered. 
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5.0 Conclusion 

In this paper, we aim to help develop the field’s understanding of biological interactions with 

metal-organic frameworks. In doing this, we show that the encapsulation of the protein alcohol 

dehydrogenase can benefit the enzyme’s catalytic action by prolonging its lifespan at room 

temperature showing excellent recyclability and can even be partially rejuvenated when re-

introduced to refrigeration. The enzyme’s activity was also protected under adverse conditions 

of high temperature and was even significantly increased in some scenarios such as our 

reaction conditions that were at a pH as low as 3 in what we refer to as an “out-of-bounds” 

reaction. Additionally, we show that the loading tests conducted suggest that the presence of 

excess buffer in solution can act as a mediating factor decreasing the interactions between the 
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framework and the protein. Thus, allowing the payload to increase significantly compared to 

the control. In line with this result, we suggest that the leaching of protein from the framework 

can be mitigated by the control of buffer concentration in the solution. Additionally, we found 

that the agitation of the complex while undergoing loading could increase the loaded material, 

however, this led to a decrease in activity per enzyme and suggest that a greater proportion of 

the proteins were not in their active state, possibly due to crowding. 

In the next chapter of this work, we showed that the MOF PCN-333(Fe) also served well 

functioning as a delivery agent carrying INF-GAMMA to hMSC cells providing sustained release 

over time with no side effects to the surrounding cellular environment or the differentiation of 

surrounding cells. Thus, providing more support for the biocompatibility of PCN-333(Fe). 

In our final chapter we showed that MOFs, specifically UiO-66, can easily be coated by a layer-

by-layer coating process using polyelectrolytes up to and possibly more than 3 layers. This 

process successfully administered the polyelectrolyte heparin to surrounding cells and 

improved cell viability while the biocompatible MOF had no effect. In this work we also showed 

that guest substances in the interior of the framework could be released into the surrounding 

environment with the deterioration of the outer layers. This was done by using the cytotoxic 

molecule dimethylformamide and showed that the release of molecules housed in the 

framework could be controlled by the number of layers applied to the exterior of the MOF.  In 

conjunction with this, we observed that a monolayer on the exterior of the MOF significantly 

increased the release of DMF, in a process we termed “flushing.” This effect suggests that the 

polyelectrolyte infiltrated the MOF and forced the DMF out using its negative charge. 
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In publishing these results, we aim to benefit other researchers' understanding of the 

interactions between biological materials and MOFs in order to advance the use of these 

materials in the field. The benefits of such use have so far indicated themselves as having 

remarkable potential which may rival conventional methods and have a significant impact in 

drug delivery applications. In order for this potential to be realized, research surrounding MOFs 

must continue. We hope that the work published here pushes the boundaries of our global 

knowledge on the subject and bring the application of MOFs closer to reality in biological 

applications. 
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