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ABSTRACT 
 

New synthetic advances in the control of nanoparticle size and shape along with the 

development of new surface modifications facilitates the growing use of nanomaterials in 

biomedical applications. Of particular interest are functional and biocompatible nanomaterials 

for sensing, imaging, and drug delivery. The goal of this research is to tailor the function of 

nanomaterials for biomedical applications by improving the biocompatibility of the systems. 

 Our work demonstrates both a bottom up and a post synthetic approach for incorporating 

stability, stealth, and biocompatibility to metal based nanoparticle systems. Two main 

nanomaterial projects are the focus of this dissertation. We first investigated the development of 

a green synthetic procedure to produce gold nanoparticles for biological imaging and sensing. 

The size and morphology of gold nanoparticles directly impact their optical properties, which are 

important for their function as imaging agents or their use in sensor systems. In this project, a 

synthetic route based on the natural process of biomineralization was developed, where a 

designed protein scaffold initiates the nucleation and subsequent growth of gold ions. To gain 

insight into controlling the size and morphology of the synthesized nanoparticles, interactions 

between the gold ions and the protein surface were studied along with the effect of ionic strength 

on interactions and then subsequent crystal growth. We are able to control the size and 

morphology of the gold nanoparticles by altering the concentration or identity of protein 

scaffold, salt, or reducing agent.  

The second project involves the design and optimization of metal organic framework 

nanoparticles for an external stimulus triggered drug delivery system. This work demonstrates 



the advantages of using surface coatings for improved stability and functionalization. We show 

that the addition of a polyethylene glycol surface coating improved the colloidal stability and 

biocompatibility of the system. The nanoparticle was shown to successfully encapsulate a variety 

of small molecule cargo. This is the first report of photo-triggered degradation and subsequent 

release of the loaded cargo as a mechanism of stimuli-controlled drug delivery. Each of the 

aforementioned projects demonstrates the design, synthesis, and optimization of metal-based 

systems for use in biomedical applications. 
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GENERAL AUDIENCE ABSTRACT 
 

Nanomaterials offer a wide range of physical and chemical properties making them good 

candidates for biomedical applications. Of particular interest are functional and biocompatible 

nanomaterials for sensing, imaging, and drug delivery. The goal of this research is to tailor the 

function of nanomaterials for biomedical applications by improving the biocompatibility of the 

systems. 

 Our work demonstrates both a bottom up and a post synthetic approach for incorporating 

stability, stealth, and biocompatibility to metal based nanoparticle systems. Two main 

nanomaterial projects are the focus of this dissertation. We first investigated a synthetic route 

based on the natural process of biomineralization, where a designed protein scaffold initiates the 

nucleation and subsequent growth of gold ions. To gain insight into controlling the size and 

morphology of the synthesized nanoparticles, interactions between the gold ions and the protein 

surface were studied along with the effect of ionic strength on interactions and then subsequent 

crystal growth. We are able to control the size and morphology of the gold nanoparticles by 

altering the concentration or identity of protein scaffold, salt, or reducing agent. The second 

project involves the design and optimization of metal organic framework nanoparticles for an 

external stimulus triggered drug delivery system. This is the first report of photo-triggered 

degradation and subsequent release of the loaded cargo as a mechanism of stimuli-controlled 

drug delivery. Each of the aforementioned projects demonstrates the design, synthesis, and 

optimization of metal-based systems for use in biomedical applications. 
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Chapter 1. Introduction to the development of metal-based 
nanomaterials for biomedical applications 

 
Kristina L. Roth 

 

1.1 Metal-based nanomaterials for biomedical applications 

Recent advances in the field of nanotechnology have resulted in a variety of new 

nanomaterials with diverse applications in biomedicine. Nanomaterials exhibit distinctive 

chemical and physical properties when compared to the bulk material. This characteristic, along 

with the development of new procedures to produce highly controlled size and shape, explains 

nanomaterials integration into the biomedical field over that past decade. Applications of 

nanoparticles (NPs) in biomedicine include drug delivery, imaging of cells and tissues, and 

molecular sensing. 

1.2 Properties of metal-based nanoparticles 

Metal-based NPs exhibit the chemical and physical properties necessary for functional 

use in sensing, imaging, and drug delivery. However, surface functionalization with polymer1-2, 

silica3-4, or lipid5 coatings further protect the core NP, aid in colloidal stability, increase 

biocompatibility, and provide a handle for further addition of functional molecules, such as 

therapeutics, fluorescent dyes, and targeting moieties that include proteins, peptides, and 

antibodies. Addition of the aforementioned molecules provides the NP with the functional 

component needed for biomedical applications. All parameters of metal NPs including 

composition, size, morphology, and surface functionalization can be tuned for the application of 

interest. 
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Figure 1.1. The tunable physical properties of gold NPs and a schematic of a gold NP based 
sensor system.6 Reprinted with permission from Chem. Rev., 2012, 112 (5), 2739-2779. 
Copyright 2012 American Chemical Society. 
 

1.2.1 NPs for sensing 

A sensor is comprised of two main components. The first is the recognition element and 

the second is a transducer that provides a physiochemical signal in response to the binding event. 

In terms of sensors in bionanotechnology, a NP with a measurable physical property, most 

commonly fluorescence, absorbance, or conductivity, is equivalent to the transducer component. 

The composition, size, and shape of the NP directly affect the physiochemical signal of the NP, 

and therefore tuning of NP physical properties regulates the signal readout. To function as a 

sensor, the NP requires the addition of a recognition element. Metal-based NPs are commonly 

used due to their easily modifiable surface allowing for addition of organic and biological 

ligands.7-11 Upon completion of a binding event between the recognition element and the analyte, 

a change in the redox behavior, fluorescence, surface plasmon absorption, or conductivity of the 
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NP results in a measurable signal.6, 12 Figure 1.1 shows a generic gold NP sensor design, where 

the recognition element on the surface of the NP binds with the analyte of interest, altering a 

physiochemical property, and subsequently producing a detectable response.6 The diversity of 

physical and chemical traits of gold NPs provide many options for their use in the transduction 

component of a sensor.13  

1.2.2 NPs for imaging 

Molecular imaging is a technique used in the diagnostic and treatment of a variety of 

medical conditions. The composition, size, shape, and surface functionalization of NPs directly 

determines the physiochemical properties, allowing for precise tunability of the NP function in 

molecular imaging. Metal-based NPs have been used as imaging agents in different techniques, 

such as magnetic resonance imaging (MRI), positron-emission tomography (PET) and computer 

tomography (CT).14 NPs for MRI require paramagnetic or superparamagnetic properties that 

alter the relaxation time of water protons to produce a change in signal intensity. Currently, MRI 

contrast agents developed from iron oxide and gadolinium NPs are used. However, there is 

interest in improving the activity and decreasing the toxicity of these agents.15 The two pathways 

to distribute NPs for in vivo imaging are through passive or active targeting. Imaging NPs can 

passively accumulate in tissues through enhanced permeability and retention effect (EPR) or 

upon conjugation with a targeting ligand actively accumulate in the desired tissue.16 Active 

targeting requires further modification of the NP surface. 

1.2.3 NPs for drug delivery 

Current advancements in the field of nanotechnology are important for the development 

of new applications in medicine, including diagnostics and drug delivery. Benefits of 

nanoparticles (NPs) used in medicine include their low surface to mass ratio, quantum properties, 

ability to load smaller compounds, and biocompatibility.17 The goals for developing NPs for 
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drug delivery include higher therapeutic loading, specific targeting for delivery, and improved 

safety and biocompatibility. These factors result in a system with reduced toxicity while still 

maintaining the desired therapeutic effect.  

The purpose of a drug delivery system is to transport cargo to the desired location within 

the body and safely produce the desired therapeutic effect while decreasing off-target side 

effects.18 A drug delivery platform ideally should incorporate all the following: (1) high 

biocompatibility, (2) biodegradable, (3) long circulation time in the body, (4) high therapeutic 

loading, and (5) ability to reach/target specific cells or tissues.19 Additionally, for any NP to be 

successful in nanomedicine, they require uniform size and high stability in aqueous solutions, 

meaning no aggregation or precipitation.20 Most NPs for drug delivery incorporate a surface 

coating, which can aid in dispersion, biocompatibility, and increases the NPs surface to volume 

ratio allowing for a higher concentration of surface modifications, such as targeting moieties. 

The following sections provide background on the tunable properties of NPs that make them 

great candidates for drug delivery platforms. 

1.2.3.1 Size requirements  

The size of the NP is one of the most important features for determining the circulation 

half-life of a drug delivery platform in the body. Any particle smaller than 5.5 nm undergoes 

rapid and efficient renal clearance resulting in urinary elimination.21 To evade filtration by the 

spleen, NPs should be less than 200 nm due to the 200 – 500 nm interendothelial cell splits in the 

spleen wall.22 In addition to these size limitations there are also requirements depending on the 

mode of delivery. The most common approach to deliver NPs for cancer therapy is through the 

enhanced permeability and retention (EPR) effect, where molecules of a certain size have greater 

accumulation in tumor tissue than healthy tissue. This is due to pore sizes ranging from 100 – 

780 nm in tumor vasculature.23 NPs in this size range are taken into the tumor tissue and 
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inefficiently removed due to poor lymphatic drainage of solid tumor tissue.24 Therefore, the 

target size range of NPs for delivery to cancerous tissue is 100 – 200 nm, taking into account the 

EPR effect and the requirement for low accumulation in the spleen. 

1.2.3.2 Surface chemistry requirements 

In addition to size being a factor for NP delivery through the EPR effect, circulation 

lifetime presents another essential characteristic of drug delivery systems. One way to extend the 

circulation lifetime comes from escaping the reticuloendothelial system, which recognizes and 

eliminates foreign particles in the body through binding plasma proteins onto the surface of the 

NP and then eliminating them through receptor-mediated phagocytosis.25 The surface chemistry 

of the NP is the main factor that allows for protection from the reticuloendothelial system.26 

Research has shown that hydrophobic and highly charged NPs are quickly identified as foreign 

and removed from the body.27-28 Due to the anionic cell membrane, positively charged NPs are 

internalized more by endothelial cells and have a higher rate of nonspecific uptake.2 Negative 

and neutral charged surfaces have reduced adsorption of serum proteins leading to longer 

circulation half-lives and lower accumulation in the liver and spleen.27  

A simple method to tune the surface properties of the NPs is through the addition of a 

surface coating, commonly with silica29-31 or polymer32-34. The most common polymer used to 

coat NPs for drug delivery applications is the neutral hydrophilic polymer, polyethylene glycol 

(PEG), due to its ability to extend NP circulation in the body for over 40 hours.35-37 PEG has 

proven to provoke a lower immune response, known as providing “stealth” behavior.38 The first 

therapeutic to incorporate PEG was approved in 1990, and since then PEG has been approved in 

over ten therapeutic formulations.39 These reasons make PEG a suitable choice for coating when 

designing a drug delivery system.  
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1.2.3.3 Drug loading 

Using NPs with high drug loading capacities can deliver more active therapeutic per 

tumor uptake event, thus reducing the amount of NPs needed to deliver a therapeutic dose of the 

cargo.40 There are two primary ways to add therapeutic cargo to NPs, by either surface 

adsorption or encapsulation.41 The surface area and number of functional groups on the surface 

limits the amount of loading when directly attaching the drug to the surface of a NP. The surface 

chemistry and charge of the NP surface, which are important for long circulation and 

bioavailability, changes with the addition of the drug. The encapsulation method is a better route 

as it leaves the surface of the NP unaltered. A range of loading efficiencies can be achieved for 

different materials. For example, polymer NPs have reported drug loading around 20 wt %42 and 

the highest mesoporous silica loading is 60 wt %43. 

1.2.3.4 Stimuli responsive drug release 

One approach to further reduce the toxicity of a drug delivery system is to have little to 

no release of the drug until triggered by a stimulus. Stimuli belong in two categories, internal 

(pH or enzymatic) or external (magnetic and electric fields, light, temperature, and ultrasound).44 

The additional control over the release of the therapeutic cargo reduces toxicity of the system 

and decreases unwanted off target effects.45 An example of an internal stimulus would be the 

decrease in pH from healthy tissue to cancerous tissue. Researchers have used the change in pH 

as a trigger to release anticancer therapeutics.46-47 Utilizing external stimuli offers the advantage 

of spatial and temporal control during treatement.44 To achieve triggered drug delivery, stimuli 

responsive materials need be incorporated into the drug delivery system, such as using 

supermagnetic iron oxide for magnetic triggers48 or near-infrared absorbing gold nanoparticles 

for light triggers.49 
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1.3 NPs in bionanotechnology 

Metal-based NPs present an attractive option for biomedical applications due to the vast 

library of materials available and array of techniques for surface modifications. Specific 

modifications of NP size, morphology, composition, and surface functionalization result in NPs 

with tunable properties and functions. A few examples demonstrating the variety of NPs are 

discussed below. 

1.3.1 Gold NPs 

Bulk gold is considered inert, non-toxic, and biocompatible making it an ideal material 

for the design of new bionanotechnology platforms.50 The growing use of gold NPs in 

biotechnology results from their tunable optical and electronic properties along with the 

development of efficient surface functionalization technologies. Gold NPs have a variety of uses 

in bionanotechnology due to their unique physical properties and ease of surface modifications 

including functionalization with oligonucleotides, antibodies, and proteins resulting in versatile 

systems. Some applications where gold NPs are used include sensing, imaging, and drug 

delivery.  

The optical properties of noble-metal NPs, like gold, arise from surface plasmon 

resonance (SPR). Commonly, gold NP based optical detection relies on the changes in the optical 

signal due to surface plasmon coupling. Similarly, the SPR of the gold NPs is determined from 

their size and morphology. Many different bioimaging techniques utilize gold NPs, such as 

Raman spectroscopy, Optical Coherence Tomography (OCT), and two-photon fluorescence 

spectroscopy.51 Biological assays utilizing colloidal gold solutions that have an altered optical 

signal in the absence or presence of desired target have outperformed current clinical tests in 

sensitivity and selectivity.52 Due to intrinsic optical and electronic properties, gold NPs are 

imaging agents in different techniques, including computed tomography (CT), optical coherence 
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tomography (OCT), and dark-field light scattering.53 Attachment of targeting ligands to the 

surface of the NPs allows for imaging of specific tissues.54-55 Reuveni et al. demonstrated 

improved detection of human squamous cell carcinoma through active targeting using anti-

epidermal growth factor receptor conjugated gold NPs.56 

Their high biocompatibility and surface area makes gold NPs excellent candidates for 

therapeutic delivery systems. Due to the solid core of gold NPs, the addition of the therapeutic 

agents is through surface functionalization of the NP.  Modification of the NP surface with drugs 

or genes is achieved through non-covalent interactions or covalent conjugation to the surface. 

Vincent Rotello’s lab adds a hydrophobic and hydrophilic shell to the NP providing a 

hydrophobic environment to encapsulate the drug, while keeping a hydrophilic surface to make 

the NP water-soluble.57 In this case, the release of the drug is due to passive, membrane-

mediated diffusion. Conversely, drugs covalently attached to the surface require an external 

trigger to break the bond and release the drug, such as glutathione displacement,58 or disulfide 

bond reduction.59 The control of size, shape, and surface functionalization allows gold NPs to be 

used in a variety of biomedical applications like biological sensing, imaging, and drug delivery. 

1.3.1.2 Gold NP synthetic strategies 

The most popular approach to synthesize gold NPs was developed in 1951 by Turkevich, 

and involves the reduction of HAuCl4 and subsequent stabilization by sodium citrate.60 However, 

the citrate only electrostatically stabilizes the NPs resulting in aggregation over time and 

aggregation in the presence of salts. In 1994, Brust and Schiffrin reported a two-step strategy to 

synthesize gold NPs stabilized with dodecanethiol.61 Due to the strong interactions between the 

thiol and gold surface, the resulting NPs have superior stability and can be dried and redispersed 

without aggregation. Although this method increases NP stability, it requires the use of organic 

solvents and mercaptans, both of which are harmful to the environment.62 Since then, 
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modifications of this method, including changing the stabilizing thiol and using different 

reduction agents, have resulted in in a library of newly synthesized gold NPs.63-65  

In recent years, increased interest in using gold NPs in biological applications has created 

a push for alternative synthetic routes that produce functional NPs through efficient and 

environmentally safe methods. These green strategies utilize a variety of materials, including 

plant extracts,66-67 viruses,68 bacteria,69-70 and proteins71-72 to reduce and stabilize NPs in aqueous 

conditions. Synthetic methods using the biological materials listed are analogous to the natural 

process of biomineralization. 

 Biomineralization is nature’s synthetic approach to form inorganic materials using 

microorganisms. For example, yeast cells synthesize cadmium sulfide NPs73 and bacteria 

generates gold NPs.74 The process of biomineralization allows for high precision and control 

over the nanostructure and hierarchical structures. Due to the features of the materials formed 

through biomineralization, research in artificial biomineralization of inorganic NPs has grown. In 

Chapter 2 biomacromolecule scaffolds, such as polysaccharides and cage proteins, and the 

resulting NP composition, size, morphology, and function are discussed in detail. Although many 

examples of using biomacromolecules as scaffolds for inorganic NP synthesis exist, the resulting 

NPs fall short in mimicking the natural nanostructure and subsequent mechanical and physical 

properties. Knowledge into the initial steps in the NP formation process will allow for further 

control of the resulting structure.  

1.3.2 Semiconductor NPs 

Unique optical properties are a defining characteristic of NPs leading to their utility in 

biomedical applications. One example of a physical phenomenon is the quantum confinement 

effect, which gives quantum dot NPs tunable optical properties with broad excitation 

wavelengths and a narrow range of emission from the UV to near-IR tailored in a size dependent 
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manner. Different synthesis techniques allow for modification of the size and shape of the 

fluorescent quantum dots. Due to these optical properties they have been used for in vivo 

imaging, cell labeling, and protein or DNA detection.75 For all these applications, the quantum 

dot is conjugated with a biological moiety that detects or binds the target and gives the NP its 

functionality, while the NP itself provides the optical signal. 

1.3.2.1 Semiconductor NP synthetic strategies 

 Semiconductors can be composed of various metals, including cadmium, indium, lead, 

and selenium. The emission wavelength of the NPs is dependent on the size, which can be 

controlled through synthetic conditions.76 However, most methods obtain the control in size by 

terminating the growth of the NP with a hydrophobic molecule. In order to use these NPs in 

biomedical applications, ligand exchange is required to replace the hydrophobic molecule with a 

surface coating that offers aqueous stability and the possibility of further conjugation, such as 

polymers or silica.77 

1.3.3 Iron oxide NPs 

Another NP with unique physical properties for clinical use in imaging are iron oxide 

NPs. The iron oxide composition gives the NPs superparamagnetism and high field 

irreversibility. These properties are also controlled by the size and surface functionalization of 

the NPs.78 The large magnetic moments of superparamagnetic NPs make them great choices as 

contrast agents in magnetic resonance imaging (MRI).79 Jun et al. demonstrated the precise 

tunability of iron oxide NPs by altering their size from 4 – 12 nm, and as a result, changing their 

mass-magnetizations values from 25 – 101 emu per gram of iron, indicating the dramatic 

enhancement of the contrast by a slight change in the NP size.80 In order for desirable in vivo 

performance, a NP surface coating is required. The coating increases circulation half-life, can 

improve accumulation in desired tissues, and improve biocompatibility and stability.14 
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1.3.3.1 Iron oxide NP synthetic strategies 

The magnetic property, along with biocompatibility, results from the size, shape, and 

surface functionalization of the NP. Different techniques are used to provide controlled NPs, 

such as microemulsion81 and co-precipitation82. To increase the biocompatibility of the NPs 

aqueous co-precipitation methods with biocompatible ligands have been developed. The ligands 

also facilitate attachment of biomolecules for targeting. Mohammadi et al. developed a new co-

precipitation method resulting in iron oxide NPs with a polymer surface containing active amines 

for further functionalization.83  

1.3.4 Metal organic framework NPs 

One NP system that incorporates control of composition, size, and surface 

functionalization is a metal organic framework (MOF), which consists of metal nodes bridged 

together with organic linkers (Figure 1.1). It was not until 2006 that Horcajada et al. illustrated 

their use as possible drug delivery systems with remarkable loading capacities.84 MOFs exhibit 

high surface areas and tunable pore sizes, both of which allow for unprecedented cargo loading, 

up to 140 wt %, making MOFs great candidates for drug delivery platforms.84 The versatile 

functionality of MOFs allows for good biocompatibility and biodegradability.85 MOFs have 

advantages over traditional metal NPs because they offer high, tunable drug loading capabilities, 

a variety of elemental compositions, low toxicity, and MRI activity.86-87  

For medical applications, MOFs require additional surface modifications to increase their 

dispersion, decrease aggregation, and decrease premature degradation in physiological 

conditions.  A standard method to inhibit MOF aggregation is the addition of a thin 

polyvinylpyrrolidone (PVP) layer to decrease aggregation, which then allows for the addition of 

a silica shell that encapsulates individual NPs instead of clusters.88-90 An easier method than 

silica coating that offers a wide range of chemical compositions and still increases dispersion and 
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stability is the addition of a polymer to the surface of the MOF. The polymer contains a 

functional group, such as a thiol, amine, or carboxyl, which coordinates through the empty 

coordination sites of the metal in the MOF.91 The ease of polymer attachment to the MOF creates 

a multitude of possible polymer surface modifications that can improve stability and offer further 

functionalization for use of MOFs in nanomedicine. 

 

 

 

 

Figure 1.2. A schematic for the composition of a MOF, where the red circle represents a metal 
center linked together by the green organic compound.  The blue circle represents a drug or small 
molecule that can be loaded in the void pore space. Figure adapted from Huxford et al.92 

 
MOFs make ideal drug delivery systems through the combination of a high drug loading 

efficiency with the ability to incorporate on demand cargo release. A common method to design 

stimuli responsive MOF is to add a capping agent to the surface of the MOF that can control 

release of the loaded cargo. Tan et al. utilizes heat as an external stimulus to trigger the release of 

5-fluorouracil (5-FU) from pillarene capped UiO-66 MOFs.93 Cation exchange is a second 

release mechanism where biologically relevant cations trigger the controlled release of cargo. 

This has been shown using Na+ as a trigger for a zinc-adeniate MOF94 and Zn2+ with a UiO-66 

MOF93. A third mechanism for stimuli-responsive drug release is through the controlled 

dissolution of the material and subsequent release of the loaded cargo. Sun et al. demonstrates 

the controlled degradation of ZIF-8 by introducing the system to acid conditions, resulting in 

sustained release of 5-FU over 7 days.47 All MOFs discussed are formed with zinc metal nodes 

and varying organic linkers shown in Figure 1.3. 



 13 

 

 

 

 

 

 

 

 

Figure 1.3. The organic linker used in UiO-6693, Zn-adeniate94, and ZIF-847 MOFs is shown. 

1.4 Project descriptions and summaries 

The simplest way for metal-based nanomaterials to meet all the requirements 

(biocompatibility, targeting functions, etc.) needed to be useful in biomedical applications is 

through surface modification. In this dissertation, I will discuss two projects with the same goal, 

to impart functionalities useful in biomedicine onto previously designed metal NPs. The first 

project takes a bottom-up approach to synthesizing tailored nanomaterials for biological imaging 

and sensing. In this project, a green and sustainable synthetic route was developed using the 

process of biomineralization, where a designed protein scaffold initiated and directed the growth 

of gold ions. To gain insight into controlling size and morphology of the synthesized NP, the 

interactions between the gold ions and the protein surface were studied along with the effect of 

ionic strength on interactions and then subsequent crystal growth. In this study, we show that the 

use of a protein scaffold along with altering salt concentration, and reducing agents results in 

controlled modifications to the size and morphology of the gold NP. The second project involves 

the design and development of metal organic framework (MOF) NPs for an external stimuli-

OH

OHO

O

O OH

OHO

H2N

UiO-66                       Zn-adeniate                   ZIF-8 

N

N

N

NH

NH2
HO

O

+	 N

H
N



 14 

triggered drug delivery system. This project is an example of using post-synthetic modification 

to impart biological function to a unique photo-degradable material. This work demonstrates the 

advantages of using surface coatings for improved stability and functionalization. We show that 

the addition of a polyethylene glycol surface coating improved the colloidal stability and 

biocompatibility of the system. Cargo loading of 5-fluorouracil was optimized and light induced 

degradation and subsequent cargo release was monitored as a function of time. In vivo 

experiments demonstrated successful delivery of 5-fluorouracil and light dependent cell death. 

1.4.1 Biomineralization of gold NPs  

 Biomineralization provides a green synthetic method to produce noble-metal NPs with 

defined size and morphology. However, there is little information on the mechanism of 

nucleation and crystal growth from both natural and artificial scaffolds. Expanding the 

knowledge of these crucial steps offers the ability to further control the structure of the resulting 

material. To study the process of biomineralization a consensus tetratricopeptide repeat protein 

with three repeating units (CTPR3) provided a scaffold for NP synthesis (Figure 1.4). Two 

studies involving the preparation of gold NPs in different conditions were performed. 

 The first goal was to probe the bioinorganic interface of the protein scaffold with gold 

ions in solution. In situ characterization techniques provided information on the specificity and 

mode of binding between gold ions and the CTPR3 scaffold. From fluorescence spectroscopy, 

we discovered the interaction to be ionic strength dependent, and occurring at multiple non-

equivalent binding sites. To probe the interaction on a molecular level, 2D NMR was then 

utilized to ascertain the identities of the multiple binding sites by determining the amino acid 

residues involved in the binding event with the gold ions. The amino acid identity facilitates 

binding of the gold ions to the protein surface but more importantly, the chemical and physical 

environment of the residue controls interactions. From the 2D NMR experiments, we observed 
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that both the gold ions and the gold NP surface preferentially interact with one face of the 

protein. This information inspired the design and development of gold nanotriangle synthesis 

utilizing CTPR3 as the shape-directing scaffold. Synthetic conditions altering CTPR3 and 

sodium bromide concentrations led to the synthesis of nontoxic gold nanotriangles with a narrow 

morphological distribution and high colloidal stability. It was determined that nanotriangles with 

a small size distribution can be obtained using CTPR3 stabilized silver seeds, which eliminates 

self-nucleation events. Again, we found that ionic strength affected the final morphology of the 

NP. The resulting NPs had a layer of CTPR3 on the surface, which aided in the colloidal stability 

and the green synthetic strategy resulted in non-toxic NPs. 

 
 

 

 

 

 

Figure 1.4. The crystal structure of CTPR3 with three 34 amino acid repeats and a solvating 
helix shown in green (PDB code 1NA0, visualized in PyMOL). 
 

1.4.2 Metal organic frameworks as a drug delivery platform 

 An optimal drug delivery system encompasses all the properties mentioned above. Our 

system is based on a nanoscale-MOF, which is comprised of zirconium metal nodes and a 

derivative of azobenzene as the bridging ligand. MOFs offer several advantages for drug loading, 

such as having regular porosity and a high pore volume. In addition to the cargo loading due to 

the porous nature of the MOF, our system includes an external, stimuli-responsive component 

that results in triggered drug delivery. The azobenze-4,4’dicarboxylic acid linker exhibits a trans 

CTPR unit CTPR3

CTPR3 surface charge
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to cis isomerization when irradiated with 330 nm light. This isomerization alters the crystal 

structure of the MOF and results in decomposition of the framework, which releases the 

encapsulated drug and increases biodegradability. The MOF system incorporates a polyethylene 

glycol (PEG) coating allowing for increased colloidal stability, biocompatibility, and stealth 

benefits. Additionally, the PEG had amines as functional end groups allowing for attachment of 

targeting moieties to the NP system. Figure 1.5 depicts the development process of the MOF 

system, including drug loading, polymer coating, adding targeting molecules, and finally the 

triggered degradation of the system by light resulting in drug release. 

 

 

Figure 1.5. Designed MOF theranostic system showing PEG coating, drug loading, addition of 
cellular targeting, and photo-triggered degradation resulting in controlled drug release. 
 

First, proof of principle experiments to test the on-demand cargo release of our MOF 

platform was performed. Successful loading of the MOF with caffeine, ibuprofen, and Nile red 

was seen, along with accelerated release when white light is used as a trigger for degradation. In 

vivo experiments demonstrate the nano-MOFs are non-toxic and readily taken into cells. After 

development and optimization of the MOF NP, the addition of a polymer surface coating tailored 

the NP for a drug delivery application. The MOF was loaded with an anti-cancer drug, 5-

fluorouracil, and coated with PEG. The release of the drug, along with the degradation of the NP 

framework was investigated as a function of length of irradiation with light. Next, a study on the 

light activated release of 5-fluorouracil and subsequent cell proved the ability of an external 
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stimulus to trigger drug release. This system demonstrates the utility of an external stimulus-

triggered drug-release MOF platform for cancer therapy. 
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2.1 Abstract 

Nanoparticles synthesized from biomacromolecule scaffolds have attracted much 

attention due to the control over size and morphology, and their inherent biocompatibility. In this 

chapter, we describe the development and usage of biomacromolecules, both natural and 

synthetic that have been used to synthesize nanoparticles through biomineralization. 

Additionally, the use of dynamic characterization techniques on nanomaterials and the 

information it provides is discussed.  

2.2 Introduction 

Engineered inorganic nanoparticles (NPs) have attracted much scientific interest due to 

their unique catalytic1, electronic2, optical3-4, magnetic5, and thermal6 properties. Changes in NP 

size, morphology, composition, and surface functionalization can alter the properties of NPs. 

However, our capability to access all theoretically possible sizes and morphologies of NPs for 

potential applications greatly depends on available synthetic tools. Inorganic NPs are typically 

prepared through a “top-down” approach, where NPs are formed from bulk material, or a 
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“bottom-up” approach, where NPs are constructed one atom or unit at a time through chemical 

synthesis. Most “bottom-up” approaches rely on self-assembly processes and offer simple and 

adaptable synthesis procedures.  

Nature uses the “bottom-up” approach to make inorganic materials such as shells, 

exoskeletons, and bones. These materials have very precise structures on the nano- and micro- 

scale and the exceptional mechanical properties of these natural materials are derived from the 

hierarchically organized structure.7 The processes that produce these nanostructured materials 

are energy-efficient and occur under mild aqueous synthetic conditions. Additionally, the nano- 

and micro- scale morphologies of the natural inorganic materials are highly reproducible. The 

ability to make synthetic inorganic materials with Nature’s level of consistency and 

reproducibility has yet to be reached in the laboratory.8 Biomineralization processes are of great 

interest to chemists and material scientists, who hope to harness Nature’s strategies to develop 

synthetic procedures to produce well defined, homogenous, and functional inorganic 

nanomaterials. 

Biomacromolecules (e.g. proteins and polysaccharides) play two critical roles during the 

natural biomineralization process. First, biomacromolecules control ion nucleation and crystal 

growth, by providing nucleation matrices, aiding in ion transport, and directing crystal growth.9-

10 In addition, biomacromolecules offer structural function by providing support and acting as a 

scaffold for crystal growth. The concerted actions of the biomacromolecules result in three-

dimensional, hierarchical ordered structures made with high reproducibility. Currently, 

replication of similar materials in the laboratory has proven difficult. Thus, expanding our 

knowledge on the utilization of biomacromolecules to direct the nucleation and growth of 

inorganic materials is a growing area of study.11-12 
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In this chapter, we will discuss how biomacromolecules are used for synthetic inorganic 

crystal growth and assembly. We will not discuss patterning of NP through biomacromolecules 

or post-modification of NP with biomaterials. Interested readers are referred to the excellent 

review article by Chen and Rosi that gives examples of peptides used for NP patterning and post 

synthetic assembly.13 Here we will discuss in situ synthesis strategies to make new materials. We 

will focus on work utilizing DNA, proteins, peptides, and polysaccharides as the bioscaffold 

matrix for synthesis of inorganic materials. The benefits of each bioscaffold along with the 

results to control size and morphology of produced nanomaterials will be discussed. Research 

using biomacromolecules as a tool to decipher nucleation and growth mechanisms of 

biomineralization will be highlighted. Additionally, a brief discussion of nanomaterial 

characterization methods will be provided with an emphasis on dynamic methods where the 

nanomaterials are in solution. 

2.3 DNA 

DNA is a biopolymer that consists of four nucleobases: adenine, guanine, cytosine, and 

thymine. Attachment of each base to a deoxyribose sugar and a phosphate group creates a 

nucleotide monomer. Two strands of nucleotides can form a double-helical structure through 

hydrogen bonding and pi stacking between base pairs. DNA has a negative charge due to the 

phosphate group contained in each nucleotide. The small size, repeating motifs, and structural 

stiffness of DNA makes it a good choice for the “bottom-up” synthetic approach.14 The in situ 

synthesis of inorganic materials with DNA as the bioscaffold requires two steps. First, incubation 

between the metal ion precursor and the DNA scaffold ensure DNA-metal ion complexation. 

Then, addition of a reducing agent to the sample reduces the metal ions to form metallic NPs. 
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In 1998, Braun and co-workers first demonstrated the ability of DNA to template metallic 

ions for synthesis of conductive silver nanowires.2 Through ion exchange, the silver ions were 

first bound to double-stranded DNA, then the ions were reduced and finished with a silver ion 

deposition resulting in 30-50 nm diameter wires. Further work in Braun’s lab used a sequence-

specific approach to selectively control location of metal growth on a DNA strand.15 This work 

demonstrates the adaptability of DNA templates used in biomineralization. Since then, other 

researchers have used DNA to make nanowires of other materials, such as gold16, copper17, 

nickel18, and palladium19. Gu et al. synthesized chains consisting of nickel nanoclusters (NCs) by 

first organizing palladium clusters on the DNA followed by nickel deposition.18 The result was 

uniform nickel NCs formed from palladium nucleation centers aligned along the DNA strand 

(Figure 2.1). This example demonstrates control over NP morphology by first activating the 

DNA template with a separate metal nuclei. 

 

 
 
 
 
 
 
 
 
 
 
Figure 2.1 (A) AFM image of DNA strands. Height scale is ~1 nm. (B) AFM image of DNA 
strand after metallization with nickel. Height scale is ~22 nm. Reproduced with permission from 
[18]. 
 

In addition to nanowires, DNA has been used as a template for additional morphologies. 

Zheng et al. investigated the role DNA polymorphic structures, G-quadruplex, I-motif, and 

duplex, have on Ag NP morphology.20 DNA structure affected the rates of nucleation and crystal 
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growth, and these polymorphic structures resulted in spherical NPs with different size 

distributions and lattice spacing. Nanoclusters (NCs) have been synthesized using DNA as a 

biotemplate. Metallic NCs are of great interest due to their intrinsic fluorescence and potential 

use in sensor applications. In 2003, Dickson and co-workers developed a procedure to synthesize 

silver NCs utilizing a 12-base oligonucleotide.21 Further work using DNA microarrays allowed 

for determination of sequences that have optimized encapsulation of NCs. The different DNA 

sequences allows for tunable emission wavelengths of silver NC fluorophores.3 Other metallic 

NCs have been synthesized through DNA templates including gold1, 22, copper23, and gold-silver 

alloys24.  

More recently DNA has been used as a building block to assemble nanoscale two- and 

three-dimensional structures. The self-assembly of DNA into these nanoscale structures is 

termed DNA origami. Helmi et al. synthesized gold NPs using DNA origami containing an inner 

cavity with a “squarelike cross-section” (Figure 2.2A).25 Figure 2.2B shows TEM images of gold 

NPs with the DNA template seen as a light ring around the NPs. DNA origami is a promising 

biomineralization technique to achieve reproducible particles in a variety of shapes. 

 

 

 

 

 

 
Figure 2.2 (A) Cartoon representation of DNA template with synthesized gold NP. (B) TEM 
images of synthesized NPs, scale bar 40 nm. Reprinted with permission from [25]. Copyright 
2014 American Chemical Society.  



 28 

2.4 Proteins and peptides 

Proteins are the most common biomolecular matrix used in natural biomineralization 

processes.10 The role of amino acid sequence26-29 and protein secondary structure30-32 in 

biomineralization has been extensively studied. Unlike DNA, which carries an overall negative 

charge, proteins and peptides contain negative, positive, and neutral residues. The charged 

residues are distributed within the protein as well as on the protein surface. The charged residues 

are often concentrated in patches rather than evenly distributed over the entire protein surface. 

Proteins can adopt a large variety of tertiary structures. From a synthetic perspective, the use of 

different protein topologies can tune the size and structure of metallic NPs. Although the wealth 

of protein structures can provide uniquely synthesized NPs, in order to understand the role 

sequence and structure play in biomineralization, it is easier to study smaller peptide scaffolds.13 

There are many examples of synthetic materials utilizing peptide and protein scaffolds but we 

will limit our discussion to cage proteins, bovine serum albumin (BSA), and engineered peptide 

and protein sequences. 

2.4.1 Cage proteins 

Cage proteins are three-dimensional multiprotein structures assembled from protein 

monomers in which a hollow central cavity is formed. Cage proteins offer a unique ability to 

create monodispersed NPs due to the consistent size of their central cavity, which physically 

limits NP growth. The internal surface of the cage protein provides nucleation sites where 

biomineralization begins.  

A common cage protein used for synthesis of metallic NPs is ferritin. Keyes et al. 

demonstrate a photocatalytic synthesis for 5.7 ± 1.6 nm spherical gold NPs at room temperature 

with citrate as the electron donor.33 In this work, ferritin also solubilized the NPs. Due to the 

chemical composition of ferritin, nucleation of metal ions can occur on both the outside and 
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inside of the cage. In order to synthesize monodisperse NPs the nucleation and crystal growth 

needs to occur inside the cavity. Fan et al. promoted nucleation inside the cavity by entrapping 

gold ions inside the self-assembled ferritin cage, removing unencapsulated ions through washing, 

and then adding a reducing agent so only ions inside the cage underwent reduction.34 

Recombinant protein production allows engineered proteins to promote metal binding to specific 

sites. For example, the surface cysteine and histidine residues of ferritin were mutated to 

unreactive residues and additional cysteines were added inside the ferritin cavity in order for 

gold ions to bind preferentially to the interior.35 Using the ferritin cavity as a NP template, 

Suzuki et al. synthesized bimetallic (Au/Pd) NPs with two compositions, an alloy and a 

core/shell conformation.36 This work demonstrates the scope of metallic NP compositions 

available using a protein cage. 

 Heilshorn and coworkers used clathrin monomers that form a 50-100 nm spherical 

protein cage to synthesize inorganic NPs.37-38 Their strategy involved engineering a bifunctional 

peptide, Template Engineering Through Epitope Recognition (TEThER), which recognizes a 

specific amino acid sequence on the clathrin as well as a sequence known to bind specific 

inorganic materials (titanium dioxide, cobalt oxide, or gold). Functionalization of clathrin cages 

with TEThER resulted in NP growth inside the cage, whereas functionalization of the cage with 

control peptides, containing no metal binding sequence, formed irregular micron-sized particles. 

Figure 2.3 shows the scheme for the NP synthesis along with TEM images of the synthesized 

titanium dioxide, cobalt oxide, and gold NPs. This experiment demonstrates that both the clathrin 

cage and the metal binding peptide are required for controlled synthesis of metal NPs, validating 

the dual role biomacromolecules play in metal crystallization. Similar control over gold 
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nanocrystals was seen by Hom et al. where clathrin cages were functionalized with histidine 

oligomers, which bind gold and facilitate synthesis of nanocages with defined morphology.39 

 In addition to the discussed cage proteins other cage proteins, including virus capsids40-41, 

have been used for synthesis of metallic nanoparticles. The diversity of tertiary structures and the 

ability to redesign (size, surface charge) constituent monomers allows for further control of 

composition and size of NPs synthesized using protein cages. Baker’s lab used computational 

design of self-assembly proteins for new cage structures, allowing for further control of size and 

morphology through the protein tertiary structure.42 However, the resulting NPs are ultimately 

dependent on the cavity shape and size. Proteins with alternative tertiary structures have been 

used as a template for biomineralization and will be discussed further. 

 

 
 
 

Figure 2.3 (A) Scheme of clathrin cage self-assembly, functionalization with TEThER peptides, 
TP1, TP2, and TP3, and incubation with metal ion precursors. (B) TEM images of clathrin cages 
stained with uranyl acetate, scale bars are 25 nm. (C) TEM images of NPs templated from 
functionalized clathrin cages, scale bars are 25 nm. Reprinted with permission from [37]. 
Copyright 2011 American Chemical Society. 
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2.4.2 Bovine Serum Albumin (BSA) 

Although not a common protein for natural biomineralization, BSA has been extensively 

studied as a bioscaffold for synthetic biomineralization processes. BSA is a thoroughly 

characterized and inexpensive protein, which is used as a model system for determining the role 

protein scaffolds play in biomineralization. The structure of BSA contains 35 cysteine residues, 

where all but one are involved in disulfide bonds which are important for the protein tertiary 

structure.43 BSA has positive and negative surface patches that allow it to bind both cationic and 

anionic metal ions, e.g. Ag+ or AuCl4
-. BSA can direct the synthesis, stabilize, and improve 

biocompatibility of the nanomaterial. Work performed in Prasad’s lab reports optimized BSA-

directed syntheses of both gold and silver NPs along with Au-Ag alloys.44-45 

Lin et al. synthesized gold NPs following a green one-pot procedure, where BSA, 

HAuCl4, and hydrazine monohydrate (reducer) were mixed in water at room temperature.46 

Interestingly, they noted a change in the secondary structure when BSA is bound to gold ions vs. 

when BSA is bound to the formed NP. They assigned this change to the different interaction 

modes between a protein scaffold with a metal ion and with the crystallized metal. There are 

synthesis procedures for a variety of inorganic materials utilizing BSA as a bioscaffold. Huang et 

al. synthesized Ag, Cd, Pb, and Cu semiconductor nanomaterials through a green BSA-directed 

method.47 Modifying the reaction time, temperature, pH, and ratio of BSA to metal ion species 

resulted in control over the size and morphology of the NPs. Due to the BSA coating, the NPs 

were stable in aqueous solution and solid state.  

Two dimensional gold microplates were made using denatured BSA as both a reducing 

and stabilizing agent.48 Au et al. hypothesized that the hydroxyl groups in serine and threonine 

act as reducing agents while cysteines in BSAs sequence offer coordination to the gold surface of 

the microplates. The kinetically controlled synthesis pathway allows for control of the size and 
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morphology of the microplates through different temperatures, pH, and concentration of BSA 

(Figure 2.4). As the temperature increases to 75°C, smaller submicron plates were formed. Work 

by Xie et al. using BSA to produce gold microplates demonstrated that the size of the plates 

could be controlled from tens of nanometers to a few microns by the addition of trace silver 

ions.49 Further work by Xie et al. used BSA as a biomineralization scaffold to synthesize 

fluorescent gold nanoclusters (NCs).50 Formation of large non-fluorescent NPs occurred at low 

concentrations of BSA, whereas higher concentrations of BSA resulted in small stable 

fluorescent NCs. The higher BSA concentration leads to more sequester gold ions, thus limiting 

the crystal growth. 

Although BSA is frequently used to synthesize NPs and provides insight into protein 

directed biomineralization with many metal species, engineered peptides and proteins offer 

several advantages over BSA. Control over the secondary and tertiary structure, surface charge, 

and amino acid identity of engineered biomaterials allows for both the discovery of new 

materials and the study of the biomineralization mechanism. 

 

 

 

 

Figure 2.4 SEM image of gold microplates synthesized at a temperature of (A) 37°C, (B) 65°C, 
and (C) 75 °C. The scale bar in the inset of (C) is 200 nm. Reproduced with permission from 
reference [45]. 
 

 

 

 



 33 

2.4.3 Engineered peptides 

Peptides offer similar scaffold characteristics to proteins, where a single site initiates 

metal ion complexation, but the secondary and tertiary structures direct the crystal growth and 

control the resulting morphology. Studies on protein and gold nanoparticle conjugation show that 

thiol and imidizole groups bind to gold.51-52 As a result, many researchers use peptides and 

proteins containing cysteine and histidine residues for gold NP synthesis.53-54 Si et al. designed 

peptides with a varying number of tyrosines, which reduce gold, and found that the size of the 

resulting NP could be controlled by the number of tyrosines in the peptide.55  

 

Figure 2.5 Silver NPs synthesized from peptide AG4, the inset in (A) is the electron diffraction 
pattern for a face-centered-cubic crystal. Reproduced with permission from reference [55]. 

 

Naturally occurring peptides are involved in biomineralization, however their sequence is 

generally specific for naturally abundant inorganic materials, like calcium carbonate and silica.13 

Sequences that bind less abundant metals, like zinc and gold, need to be determined. In 2000, 

Belcher’s lab published work using a phage display to create a library of peptides with high 

affinity towards a variety of semiconductor materials, for example ZnS and CdS.56 Naik and 

coworkers have since used phage display to develop peptide sequences with high binding affinity 

to metal, such as silica57, silver58-59, and gold.60 The rate of crystal growth, which depends on the 
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surface energy, affects the morphology of NPs. The affinity of the peptide for the crystal surface 

may regulate the surface energy and offer control over resulting morphology. One peptide, AG4, 

discovered from a phage display library, binds specifically to the (111) surface of silver creating 

the polyhedral silver NPs seen in Figure 2.5.58 

Chen et al. functionalized a peptide, known to bind gold ions, with a hydrophobic 

aliphatic C12 tail that facilitated self-assembly of a left-handed twisted nanoribbon (Figure 2.6).61-

62 They discovered that the peptide self-assembly and gold nucleation occurred simultaneously 

and resulted in left-handed double helix of gold NPs. The presence of different capping agents 

tunes the interhelix distance of the double helix peptide. Interestingly the size of the NP was not 

affected by the peptide interhelix distance, but by the capping agent in solution. Using a similar 

technique, 50-200 nm hollow spherical superstructures were synthesized using a peptide that 

assembled into large spherical structures instead of a double helix.63 

 

 

 

 

 

 

Figure 2.6 (A) A schematic of the nanoparticle synthesis and assembly.(B) Interhelix distance of 
double helix modified through capping agent (a) citrate; (b) typical synthesis; (c) adenosine 
triphosphate (ATP). The size of the gold NPs stays uniform while the interhelix distance varies 
from 10.7 ± 1.1, 6.1 ± 0.4, and 5.9 ± 0.5 nm respectively. Reprinted with permission from [59]. 
Copyright 2010 American Chemical Society. 
 



 35 

2.4.4 Engineered protein scaffolds 

Engineered proteins and peptides provide opportunities for both fundamental 

biomineralization research and for the synthesis and discovery of new materials. Engineered 

scaffolds allow researchers to tune the amino acid sequence, charge, secondary and tertiary 

structure, and overall size of the protein scaffold. For example, engineered proteins offer tunable 

sequence and structure while providing more nucleation sites and larger surface areas for 

interaction with precursor and nanomaterial. These factors increase the range of NP sizes and 

morphologies that can be synthesized. Engineered proteins offer all the benefits of using a 

designed peptide for studying and mimicking biomineralization with additional benefits of 

tertiary structure and biochemical function, e.g. signal peptide binding. 

Repeat protein scaffolds have attracted great interest for nano and biotechnology 

applications. A repeat protein contains a repeating amino acid sequence, normally between 20 to 

40 residues.64 Some common repeat protein families include tetratricopeptide repeats (TPRs), 

ankyrin repeats (ANK), and leucine-rich repeats (LRRs). Each family of repeat proteins exhibits 

a repeated secondary structural motif resulting in predictable tertiary structures. Advantages of 

using repeat proteins are their modular structure, which allows for control of size with an easily 

predictable morphology, and their extended structure, which makes them ideal scaffolds for 

biomineralization. The larger surface areas of repeat proteins compared to peptides or globular 

proteins is advantageous for ligand binding, and in the case of biomineralization offers a higher 

number of nucleation sites. 
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Figure 2.7 (A) Scheme of gold NP synthesis using CTPR3 as template. (B) TEM images of gold 
NPs synthesized in low and high ionic strength solutions. (C) Surface model of CTPR3 with 
residues found to bind gold ions colored in cyan. Reprinted with permission from [62]. 
Copyright 2016 American Chemical Society. 
 

Our lab uses a designed protein consensus tetratricopeptide repeat (CTPR) to study gold 

NP formation.65-66 This protein is referred to as CTPRn where n denotes the number of repeating 

units in the protein. The sequence of CTPR contains no histidine, methionine, or cysteine 

residues, which are commonly used to immobilize proteins and peptides to gold. Omitting these 

residues from the protein sequence allows for the analysis of less studied amino acid binding 

residues. The initial gold ion complexation step with CTPR3 (Figure 2.7A) was investigated 

using fluorescence and two dimensional NMR.65 We found that electrostatic interactions 

between the charged protein surface and the charged metal ions drove the initial interaction 

between CTPR3 and gold ions. At a low ionic strength, the complexation equilibrium is shifted 

toward free ions in solution resulting in more nucleation sites and smaller NPs when compared to 
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higher ionic strengths (Figure 2.7B). At high ionic strength, the equilibrium is shifted towards 

gold ions bound to CTPR3, resulting in larger spherical NPs. Furthermore, a 1H–15N 

heteronuclear single quantum coherence nuclear magnetic resonance (1H–15N HSQC NMR) 

experiment allowed for determination of specific amino acid residues that interact with the gold 

ions. Figure 2.7C shows the surface of CTPR3, with the residues found to interact with gold ions 

colored cyan. Interestingly, they are isolated residues not found in a continuous patch on the 

protein surface. This indicated that, although the charge of the protein surface directs metal ion 

binding, the identities of the interacting amino acids are also important. 

As mentioned previously, an advantage of repeat proteins is the ability to extend the 

number of repeats, which increases the length of the scaffold while keeping the surface 

chemistry of the protein the same (Figure 2.8). The aspect ratio of the CTPR scaffold increases 

with an increasing number of protein repeats. Additional work in our lab used CTPRn, where n 

equals 3, 6, and 18 to study the effect protein structure had on resulting NP morphology. We 

found that changing the length of the protein by varying the number of repeats altered the size 

and shape of NPs produced.66 The change in the plasmon absorption of the NPs indicated a 

difference in NP size and morphology. Couleaud and coworkers have utilized CTPRn (n = 3, 6, 

8, and 20) as the bioscaffold to synthesize and stabilize fluorescent gold nanoclusters.67 For 

nanoclusters, which are grown within the protein scaffold (Figure 2.8B), the size of the 

nanoclusters is not affected by altering the scaffold length. This work demonstrates the range of 

NP size and morphology achieved from biomineralization utilizing the same protein scaffold. 
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Figure 2.8 (A) Models of CTPR with varying number of repeats (n = 3, 6, and 18) showing the 
change in aspect ratio while the repeating nature of the protein keeps the surface residues the 
same. Reproduced from reference [63] with permission from The Royal Society of Chemistry. 
(B) Scheme of gold nanocluster synthesis using CTPR3 as a bioscaffold. Gold salt represented as 
yellow spheres and fluorescent gold nanoclusters shown as blue spheres. Reprinted with 
permission from reference [64]. Copyright 2015 American Chemical Society. 
 

Fusion proteins are engineered proteins created by combining properties from multiple 

proteins into one molecule. Recently, fusion proteins have been used for synthesis of inorganic 

materials. Melcher and coworkers designed a fusion protein created from amelogenin, antifreeze 

proteins, hydrophobins, and statherins and tested its binding and mineralization abilities for 

hydroxyapatite.68 The proteins chosen for the fusion protein were chosen for different roles, 

amelogenin and statherins are involved in natural biomineralization processes, while antifreeze 

proteins and hydrophobins have high surface activity. Interestingly, strong binding affinity 

between protein and hydroxyapatite is not indicative of strong nucleation activity. They found 

that negatively charged residues along with tyrosine and tryptophan increase the nucleation rate. 

Similarly, our lab has identified these same amino acids as important for CTPR3 complexation 

with gold ions in addition to Mandal and colleagues findings that tyrosine and tryptophan reduce 

metal ions.55, 65, 69 These findings indicate that, at the amino acid level, interactions with different 

inorganic materials use the same chemistry. To account for the differences in synthesized NP 

size and shape, it can be concluded that the secondary and tertiary protein structure plays an 

important role in defining the inorganic nanostructure. 
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2.5 Polysaccharides 

Polysaccharides (PSs) are known to play a role in natural biomineralization processes, 

such as PSs found to regulate crystal growth of calcite coccoliths.70 Most PSs that participate in 

biomineralization have predominately acidic character, due to sulfate and carboxylate groups, 

and it is thought that these negatively charged groups are the initial metal interactions sites.71 

Different natural polysaccharides have been studied to determine their role in biomineralization, 

including chitosan72, pectin73-74 and starch75-76. 

Butler and coworkers discovered the importance of PS phase (gelled vs. ungelled) in 

morphology of calcium carbonate particles when synthesized using low methoxyl pectin as the 

biomatrix.73-74 The proposed mechanism for the growth of the hollow calcium carbonate particle 

around a gelled pectin core is seen in Figure 2.9A. Calcium carbonate shells formed around a 

gelled pectin core resulted in rosette-like hollow spherical and dumb-bell particles (Figure 2.9B). 

Whereas, calcite rhombohedra formation occurred when there was no directing 

biomacromolecules or when the pectin was not in a gelled state (Figure 2.9C).  

Although much PS-NP research has gone into studying PS’s interactions with calcium 

carbonate, other inorganic materials have been investigated. Taubert and Wegner describe 

synthesis of spherical zinc oxide particles using a starch matrix.76 Another case utilizes starch as 

a biomineralization matrix and a stabilization agent to synthesize spherical Cu, Ag, and Cu-Ag 

alloy NPs.75 They were able to tune the size of the NPs through altering the ratio of Cu and Ag. 

Due to the starch, the NPs were stable in solution and demonstrate antibacterial activity.  
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Figure 2.9 (A) Scheme of hollow calcium carbonate shell formation around LM pectin. (B) SEM 
images of calcium carbonate formed in the presence of 0.4 w/v% LM pectin. (C) SEM images of 
calcium carbonate formed in the absence of LM pectin. Reprinted with permission from [69]. 
Copyright 2009 American Chemical Society. 

 

2.6 Methods of characterization  

 The significance of size, shape, and homogeneity on inherent properties of NPs makes 

characterization of nanomaterials crucial. Microscopy is a commonly used technique to 

determine NP size and morphology. Transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM) offer the ability to survey the sample and determine homogeneity, as 

well as obtain sub-nanometer resolution to provide information on particle morphology and 

surface attributes. Due to the electron source in TEM there is also the ability to obtain an X-ray 

diffraction pattern, which gives insight into the crystal structure. For more detailed data on NP 

shape and surface properties, atomic force microscopy (AFM) is used, which can give a three 

dimensional characterization of NPs on a sub-nanometer resolution.48 These methods allow for 

characterization of the final composition, size, and morphology of the synthetic nanomaterial. In 
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order to use these methods, the NPs are removed from the solution environment they were 

synthesized in. 

To achieve more control over synthetic biomineralization strategies, the ability to discern 

the beginning nucleation and crystal growth mechanisms is essential. Analytical methods that 

allow studies of NPs in solution with time resolution comparable to the kinetics of nucleation 

and crystal growth are essential for such insights. Dynamic analytical methods including 

ultraviolet-visible (UV-Vis), fluorescence, X-ray crystallography, two dimensional nuclear 

magnetic resonance (2D NMR), isothermal titration calorimetry (ITC), and circular dichroism 

(CD)1, 20, 46 offer insight into the initial complexation and nucleation steps.  

Some inorganic NPs exhibit surface plasmon resonance, such as gold and silver. UV-Vis 

spectroscopy can measure the plasmon resonance, which corresponds to specific size and shape 

of the NPs. This technique offers the ability to monitor the change of morphology in situ, 

allowing monitoring of the formation of NPs throughout the biomineralization process. 

Chakraborty et al. used UV-Vis to observe the electronic changes of DNA absorption during 

gold nanocluster formation (Figure 2.10A).1 When gold ions are complexed to DNA, a red shift 

is seen (blue line) and a blue shift once nanoclusters are formed (red line). NPs exhibit 

absorption at higher wavelengths than biomacromolecules. An example following the 

appearance of the NP absorption peak is shown in Figure 2.10B. UV-Vis allows the synthesis of 

NPs from lysozyme and cytochrome to be monitored as a function of time.77 
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Figure 2.10 (A) UV-Vis absorption spectra of DNA (black), DNA + HAuCl4 (blue), and the 
synthesized gold nanoclusters (red). The inset displays the maximum wavelength shift of DNA 
once complexed with gold ions and gold nanoclusters (remove bottom inset). Reprinted with 
permission from [1]. Copyright 2015 American Chemical Society. (B) UV-Vis absorption 
spectra of lysozyme + HAuCl4 at 10 minutes (lowest plot) after mixing to 6 hours after mixing 
(highest plot). The inset displays a magnified view of the blue shifted lysozyme peak. Reprinted 
with permission from [73]. Copyright 2010 American Chemical Society. 
 

Fluorescence spectroscopy can elucidate interactions between metal species and 

biomacromolecules with intrinsic fluorescence. Proteins and peptides containing tyrosine, 

tryptophan, and phenylalanine have distinct emission wavelengths due to their aromatic side 

groups. A change in the intensity of the fluorescence signal will be observed when the local 

environment of the amino acid is altered. The change in environment of these residues when they 

interact with metal ions leads to quenching of the fluorescent signal. By monitoring the change in 

intrinsic fluorescence of CTPR3 upon the addition of gold ions, our lab has found that the initial 

complexation step between gold ions and CTPR3 is ionic strength dependent, indicating that 

electrostatic interactions are essential to the binding.65  

Some classes of metallic NPs exhibit fluorescence; in these cases it is possible to observe 

NPs interacting with the bioscaffold through analysis of NP emission. Couleaud and coworkers 

monitor the fluorescence of gold nanoclusters formed in the presence of CTPR proteins with a 

varying number of repeats.67 They found that the emission of the nanoclusters did not change 
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with an increase in the number of repeats, indicating the size of the protein is not critical to 

nanocluster stabilization.  

 

 

 

 

 

 

 
 
 
Figure 2.11 A crystal structure (3.06 Å resolution) of a ferritin cage showing three monomers 
colored in blue, gray, and yellow. The C130 sulfur atoms are in green and Hg2+ are shown as 
magenta spheres, the dashed red lines show coordination interaction between sulfur and Hg2+ 
(PDB code 2FHA). Reprinted with permission from [35]. Copyright 2008 American Chemical 
Society. 

 

Butts and coworkers presented a nice example of elucidating interactions between metal 

ions and the protein surface using X-ray crystallography.35 Figure 2.11 shows the crystal 

structure of three monomers (blue, gray, and yellow) of ferritin coordinating with Hg2+ through 

cysteine side chains. This structure confirms the metal ion interaction with the sulfur atom before 

nucleation of the ion occurs. Another analytical technique that offers atom specific metal ion 

interactions is 2D NMR. Work from our lab determined specific locations on CTPR3 where gold 

ions were interacting (Figure 2.8C).65 There was a preference for gold ions to bind tyrosine and 

tryptophan resides. Additionally, the metal ions preferentially bound to neutral or negative 

charged protein surface (Figure 2.12). 
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Figure 2.12 Top: Surface model of CTPR3 with gold ion binding residues colored in cyan and 
gold NP binding residues colored in magenta. Bottom: The electrostatic surface model of 
CTPR3, color range deep red to deep blue corresponds to an electrostatic potential from -108 to 
+108 kT/e, where k is Boltzman’s constant, T is absolute temperature, and e is the charge of a 
proton (PDB code 1NA0). Reprinted with permission from [62]. Copyright 2016 American 
Chemical Society. 
 

Physical changes in biomacromolecules, such as binding, are accompanied by a change in 

heat or enthalpy. A measure of the amount of heat released or absorbed from a system can 

provide the rate of reaction. A technique used to measure the change in enthalpy is isothermal 

titration calorimetry (ITC).78 An ITC experiment measures the power needed to keep a sample 

(macromolecule plus ligand) and reference cell (buffer) at equivalent temperatures. In a single 

ITC experiment the enthalpy, equilibrium constant, and stoichiometry of the reaction is 

determined. 

ITC is a good technique to determine thermodynamic parameters of biomacromolecules 

and metal ion interactions, which can give insight into the mechanism of binding. Limo and 

Perry studied zinc oxide (ZnO) binding peptides, determined through phage display, and their 

interaction with ZnO particles.79 They determined the binding event between the metal and 

peptides occurred in a biphasic process, including both an endothermic and exothermic event. In 
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addition, while all peptides had a favorable interaction with ZnO there were differences in the 

ITC profiles, indicating a difference in binding interaction. 

CD is a spectroscopic technique that measures the difference in left and right hand 

circular polarized light absorbed by a sample as a function of wavelength.80 CD can determine 

the secondary and tertiary structure of protein, peptides, and DNA. Due to the sensitivity of CD, 

small changes in structure are measurable. Zheng and coworkers used CD to monitor the change 

in polymorphic DNA conformation once bound to silver ions.20 Independent of the original DNA 

structure, a G-quadruplex, I-motif, or duplex, there was always a change in DNA conformation 

upon Ag ion binding. Pan et al. studied the interaction of cations with an acidic matrix protein, 

PfN44.81 CD spectra for DNA with both magnesium and calcium ions result in a concentration 

dependent shift in wavelength. Interestingly, the shift occurred at a lower concentration of 

magnesium suggesting a higher affinity between the PfN44 protein and magnesium. Hao and 

coworkers confirmed calcium binding to dentin matrix protein 4 (DMP4) using CD.82 After the 

addition of calcium ions, the secondary structure of DMP4 changes from random coil to β-sheet, 

indicating the possible importance of secondary structure for metal ion nucleation. 

While microscopy offers data on final NP morphology and size, the analytical methods 

discussed above provide details on the dynamic biomineralization process. The information 

learned from these techniques provides more insight into the molecular mechanisms that initiate 

and promote metal ion deposition onto bioscaffolds. Knowledge into these mechanisms offers 

control over further development of a variety of nanotechnologies.  

2.7 Conclusion 

  Natural biomineralization yields reproducible, strong, and durable materials in an energy 

efficient manner. To synthetically mimic these processes, more insight into the role the 
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biomacromolecule scaffold plays in biomineralization is required. The work described herein 

describes examples of biomacromolecules (DNA, peptides, proteins and polysaccharides) used 

as scaffolds for synthesis of inorganic metal materials. The biomacromolecules can control shape 

and morphology of resulting NPs through spatial confinement (DNA origami and cage proteins) 

or providing a scaffold for ion nucleation and subsequent crystal growth. It has been found that 

altering the concentrations of the bioscaffold, metal ion precursor, and reducing agent can affect 

NP size and morphology. The strength of the interaction between the bioscaffold and metal ion 

can also control NP shape and size. Studies utilizing dynamic analytical techniques have recently 

helped elucidate the interaction of the bioscaffold and metal ions in order to gain more insight 

and control over final morphology of the inorganic material. 
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3.1 Abstract 

Proteins and peptides have attracted much attention as templates for one-pot synthesis of 

biocompatible gold nanoparticles. While numerous natural and de novo protein sequences have 

been used, the actual mechanism of nanoparticle nucleation and growth from the protein matrix 

is not well understood. In this study we utilized engineered consensus tetratricopeptide repeat 

protein (CTPR) to probe the bioinorganic interface during gold nanoparticle synthesis. The 

binding of CTPR to gold ions and the gold nanoparticle surface was investigated using 

fluorescence spectroscopy and heteronuclear single quantum coherence NMR spectroscopy to 

provide residue-specific measurements. This work provides a foundation for the rational design 

of proteins for synthesis of tailored functional nanomaterials for biological, medical, and optical 

applications. 
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3.2 Introduction 

In the past two decades, much scientific interest has focused on gold nanoparticles (NPs) 

due to their optical and electronic properties attractive for biological and medical applications, 

including imaging, diagnostics, and phototherapy.1-2 Since optical and electronic properties of 

NPs depend on size, shape, composition, and surface functionalization, the synthetic procedures 

that produce gold NPs in a variety of shapes with tunable sizes have been at the forefront of 

research interest.3-5 It is now widely recognized that in addition to size and shape, the surface 

chemistry of gold NPs is crucial for specific biomedical requirements such as cellular uptake, 

targeting capabilities, and cytotoxicity.6 Thus, synthetic methods that allow for simultaneous 

control over NP size, shape, and biocompatible surface chemistries are of great interest for 

nanomedicine. Synthetic approaches that utilize biopolymers are one possible solution. Plant 

extracts, polysaccharides, proteins, and peptides have all been used to synthesize metallic NPs in 

vitro.7-10 Such syntheses are performed under mild aqueous conditions, eliminating the need for 

aggressive reducing agents, high temperatures, and polymeric surfactants.11 These advantages 

have led to a growing interest in the rational design of biomolecules that allow for control in 

synthesis and assembly of gold NPs. 

In nature, inorganic materials are synthesized and assembled in the process of 

biomineralization, which consists of crystal nucleation followed by the crystal growth in a 

biomolecular matrix, most often proteins.7, 12 However, the complex process of biomineralization 

is not fully understood.7-8 Mimicking the biomineralization process, the Mann group synthesized 

various inorganic NPs (iron sulphide, manganese oxide, and uranyl oxyhydroxide) in vitro using 

a cage protein, ferritin, as a template.13 Since then the use of peptides14-15 and proteins16 in NP 

synthesis have been an active area of research. A one-pot synthesis of gold nanoplates performed 
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using algal extract demonstrated that a 28 kDa protein found in the extract acted as both the 

reducing and shape-directing agent, albeit sequence and identity of this protein are unknown,.17 

Common proteins like BSA have also been employed in biomimetic gold NP synthesis.18-19 

Recently, our group has reported the use of a consensus tetratricopeptide repeat protein (CTPR) 

in a bio-enabled synthesis strategy to form gold NPs.20 Due to their modular structure and ease of 

engineering, repeat proteins have attracted the interest of the biotechnology community.21-29 

Further investigations into the nucleation, growth, and morphogenesis steps occurring 

during biomineralization will allow for development and control over NPs synthesized using 

protein scaffolds. Identifying the role of protein sequence9, 30-32 and protein secondary structure33-

35 on biomineralization has been an ongoing task. The Aldinger group found that the kinetics and 

thermodynamics of crystalline oxide growth is dependent on amino acid identity, with glutamic 

acid demonstrating the slowest crystal growth.9 The ability of the aromatic rings on tryptophan 

and tyrosine to reduce metal ions has been clearly demonstrated by Mandal and colleagues.36-

38Along with identity the sequence of amino acid residues play a role in NP size, shape, and 

aggregation.39 Additionally, studies of specific peptide motifs, important in calcification, found 

that the secondary structure of a bioscaffold is important for biomineraliazation.33 Understanding 

the components and molecular mechanisms that initiate and promote hierarchical deposition of 

metal ions has significant implications for the development of a variety of nanotechnologies. 

In this work, we use a designed repeat protein, CTPR3, as a model biomineralization 

matrix (Figure 3.1). We investigate molecular details of the initial binding step between CTPR3 

and chloroauric acid (complexation step in Figure 3.2) along with the protein orientation and 

interaction with the gold NP surface. Gold NPs were selected for their interesting optical 

properties and significant biomedical applications. The CTPR scaffold is a de novo (i.e. synthetic 
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sequence not present in nature) protein with a 34 amino acid helix-turn-helix motif (Figure 3.1). 

The advantage of engineered proteins is that the synthetic sequence can be tuned for a particular 

application, while a well-defined protein fold is preserved.20-21, 23-24, 26, 40 The simplest repeat 

protein system is one in which all the repeats within a protein are identical as in CTPR3, which 

has three CTPR repeats in tandem for a total of 3*34 amino acids. In the process of NP synthesis, 

CTPR3 has a dual role – it acts as a template by binding gold ions in the nucleation step, but it is 

also a surfactant that binds to the NP surface to prevent further growth and agglomeration 

(Figure 3.2). 

 

 

 

 

 

 

 

Figure 3.1. Top: One helix-turn-helix unit of CTPR is shown in red along with the structure of 
CTPR3 with tryptophan side chains displayed in black for each repeat. Bottom: An electrostatic 
potential map of CTPR3 with the surface charge shown, color range deep red to deep blue 
corresponds to an electrostatic potential range from -108 to + 108 kT/e, where k is Boltzmann’s 
constant, T is absolute temperature, and e is the charge of a proton. All figures were prepared 
from X-ray coordinates (PDB 1NA0) using Pymol. 

 

The sequence of CTPR3 contains no histidine, methionine, or cysteine amino acids, 

which are known strong binders for gold and are commonly used to immobilize proteins to gold 

surfaces.41-45 The repeating structure of CTPR3 allowed us to probe effects of amino acid 

identity versus their surrounding chemical environments. Since each repeat contains exactly the 
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same sequence, the same positions in the primary and secondary protein structure for each repeat 

will be the same. However, in different repeats the same residues will experience different 

chemical surroundings due to the repeat packing. For example, CTPR3 contains one tryptophan 

residue per repeat (Figure 3.1). In the structure of CTPR3, each one of the tryptophan residues is 

in a different environment. Therefore, the CTPR3 scaffold allows for the analysis of the effect of 

both identity and chemical environment of the amino acid and their importance in nucleation and 

NP growth. 

 

 

 
 
Figure 3.2. Scheme of gold nanoparticle synthesis using protein as a template. 

3.3 Experimental Methods 

3.3.1 CTPR3 and 15N-CTPR3 expression and purification 

The CTPR3 and 15N-CTPR3 proteins were expressed and purified using a previously reported 

method.46-47 Briefly, the plasmid pProExHtam containing genes coding for CTPR3, N-terminal 

His6-tag, and a TEV protease cleavage site, were transformed into BL21 (DE3) cells and cultured 

overnight at 37°C on an agar plate. A single colony was cultured overnight in 50 mL of LB 

media at 37°C. A 1:100 dilution of the overnight culture was added to 1 L of LB media. The 

cells were grown to an OD600 of 0.6-0.8 and then induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) followed by expression for 5 hours at 30°C. The cells were 

collected by centrifugation and resuspended in lysis buffer containing 50 mM Tris, 300 mM 

sodium chloride, and 0.1 wt% Tween20. Half a tablet of Complete EDTA-free protease inhibitor 

cocktail (Roche, Basel, Switzerland) and lysozyme (1 mg/mL) was added to the suspension and 
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incubated for 30 min at 0°C, then microtip sonicated (Branson) at 30% power for 1 min with 10 

second pulses. Lysed cells were centrifuged and the supernatant was collected and purified using 

standard Ni-NTA affinity purification techniques. The eluted CTPR3 was incubated with TEV 

protease in 50 mM Tris-HCl, 1 mM BME pH 7.6 buffer at 4°C overnight to cleave the His6-tag. 

The His6-tag free CTPR3 was collected through a Ni-NTA column as a flow-through fraction. 

CTPR3 was further purified using size exclusion chromatography using a HiLoad 16/600 

Superdex 75 (GE Healthcare Life Sciences) column. The protein was dialyzed into 10 mM 

Na2HPO4 pH 7.6 for further experiments. 

Similar expression and purification methods were used for 15N-CTPR3. Minimal media 

containing 15NH4Cl was used in place of LB media. At the final purification step with size 

exclusion chromatography 150 mM NaCl, 50 mM Na2HPO4 pH 6.3 buffer was used to eliminate 

the need for dialysis. 

3.3.2 Fluorescence spectroscopy 

Fluorescence spectra were recorded on a Cary Eclipse Fluorometer using λex = 275nm, excitation 

slit 5 nm and emission slit 10 nm. All of HAuCl4 into CTPR3 titrations were performed using 5 

µM CTPR3 in 10 mM Na2HPO4 pH 7.6 in a 10 mm path-length cuvette. Ionic strengths of the 

solutions were adjusted using NaCl. A 1 mM HAuCl4 in 10 mM Na2HPO4 pH 7.6 solution was 

titrated into the protein, mixed, and equilibrated for 10 min before recording the fluorescence. To 

account for the inner filter effect Equation 1 was used to correct each observed fluorescence 

intensity. 

𝐹!"#$% λ!" , λ!" = 𝐹!"#(λ!" , λ!")𝐶𝐹!(λ!")𝐶𝐹!(λ!") 

                      = 𝐹!"#(λ!" , λ!")10(!!"!!!")/! 

(1) 
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CFp and CFs represent the correction factors for the total absorbance, Aex and Aem, at the 

wavelengths λex and λem respectively. The molar extinction coefficients of HAuCl4 at 275 and 

340 nm were determined experimentally (Figure S1). 

3.3.3  HSQC NMR 

NMR spectra were obtained using a Bruker Avance II 600 MHz spectrometer. The 0.5 mM 15N-

CTPR3 sample was prepared in 150 mM NaCl, 50 mM Na2HPO4, 10% D2O at pH 6.3. A 0.25 M 

solution of HAuCl4 in 150mM NaCl, 50 mM Na2HPO4 at pH 6.3 was titrated into the CTPR3 

with 30 min incubation after each addition at 20°C. The CTPR3 NH crosspeaks were assigned 

based on previously published assignments for CTPR3.48 All data was processed with TopSpin 

(Bruker) and analyzed with Sparky.49 

3.3.4  Nanoparticle synthesis 

Nanoparticles were synthesized by combining 0.1 mM CTPR3 and 1.3 mM HAuCl4 in 5 mM 

Na2HPO4 pH 7 buffer. The ionic strength was adjusted to 238.75 mM using either NaCl or 

NaNO3. The samples were prepared in NMR tubes and left at room temperature in the dark for 3 

weeks. 

3.3.5 TEM 

The images were obtained using a Phillips EM420 with an accelerating voltage of 120 kV. In 

order to remove salt from the samples they were first centrifuged at 10,000 rpm for 2 min and the 

supernatant was removed. The pelleted NPs were resuspended in DI H2O. Samples were 

prepared by depositing 10 µL of the NP solution on a 300 mesh carbon coated copper grid (EM 

Science) and left to dry overnight.  
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3.4 Results and Discussion 

3.4.1 Fluorescence spectroscopy 

The process of biomineralization occurs through an initial crystal nucleation step 

followed by crystal growth (Figure 3.2). Varying conditions in any of the steps will alter the NP 

size and morphology. The initial complexation step, i.e. binding of the metal ion to the 

bioscaffold, regulates the rate of crystal growth and crystal morphology through the modulation 

of the local concentration.50 In a recent report by Smeets et al., the initial growth rate of calcium 

carbonate was enhanced by binding of calcium ions to a negatively charged polymer where the 

ions become locally concentrated.50 Although many current biotechnology studies focus 

primarily on the synthesis of NPs with tunable shape and size16, 19, 51-52, the nature of the 

biomolecule interaction with metal ions is yet to be determined. One goal of this study is to 

determine the molecular interactions occurring during the initial complexation step between gold 

ions and CTPR3. Deeper insight into the bioinorganic interface in NP synthesis will enable 

design of new biomolecular templates with increased control of complexation and nucleation 

resulting in regulation of NP morphology. 

This study probed the molecular level interactions of CTPR3 and gold ions. At pH 7 

CTPR3 has a net negative charge of -15, with most of the negative residues positioned on the 

convex face (Figure 3.1).46 Due to this polyanion characteristic, we hypothesized that the binding 

of CTPR3 to gold ions is dependent on ionic strength. Thus, by varying the ionic strength the 

ratio of free to bound metal ions changes. To probe the role of electrostatic interactions in 

Au(III) binding to CTPR3 and resulting morphology of NPs we have measured KS (Figure 3.2) 

as a function of total ionic strength. 
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3.4.2 CTPR3 and gold ion interaction monitored by steady-state fluorescence 

Steady-state fluorescence is a commonly used technique to evaluate protein interactions 

with the surface of metallic NPs.53-54 The intensity of the intrinsic fluorescence of the protein will 

change when the local environment of the protein is altered. Metals and especially metal 

nanoparticles efficiently quench chromophores. Therefore, monitoring the changes in intensity of 

the intrinsic protein emission as a function of metal ion or NP concentration can offer insight into 

the binding mechanism between metals and proteins. Figure 3.3A shows the fluorescence spectra 

of CTPR3 with an increasing concentration of gold ions. The emission spectra of CTPR3 

exhibits an emission maximum at 340 nm upon excitation at 275 nm due to 6 tyrosine and 1 

tryptophan residues in each of the three repeats. The emission intensity systematically decreases 

upon the progressive addition of the chloroauric acid in the buffered solution (Figure 3.3A). It is 

important to note here that during this process CTPR3 remains fully folded without any change 

in the secondary structure composition.20 Thus, we have attributed this emission quenching to 

direct complexation between CTPR3 and Au(III).  

 

Figure 3.3 A) Fluorescence spectra of 5 µM CTPR3 titrated with HAuCl4 at an ionic strength of 
225 mM. B) Fluorescence quenching of CTPR3 as a function of increasing concentration of 
HAuCl4. Each data point is the mean of three independent observations. C) Plot of (F0-F)/F0 
versus HAuCl4 concentration for increasing ionic strengths. 

Each repeat in CTPR3 contains seven negative and two positive surface-exposed 

residues. Due to the high charge of the protein surface we initially predicted that electrostatic 
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interactions played an important role in the binding of gold ions to CTPR3. To test this, we 

varied the ionic strength of the buffered protein solution from 75-425 mM to monitor the effect 

of charge screening on molecular interaction. It can be seen that the same CTPR3 to HAuCl4 

ratio (1:3) exhibits different quenching of the fluorescence signal depending on the ionic strength 

of the solution. At the same point during the titration the solution with low ionic strength, 125 

mM, displays the highest fluorescent signal. As ionic strength is increased, there is an increase in 

quenching due to more favorable interactions between CTPR3 and the gold ions.  

Quenching of biomacromolecule emission can occur through a variety of processes: static 

and binding related quenching, collisional quenching, or the inner filter effect. To eliminate inner 

filter effect, all emission data is corrected for the competitive absorption and reabsorption of 

light by Au(III) and AuNP at the excitation and emission wavelengths (see materials and 

methods section). The quenching data was analyzed using the Stern-Volmer equation (Equation 

2) shown below. 

𝐹!
𝐹 = 1+ 𝐾!" 𝑄 =  1+ 𝑘!𝜏![𝑄] (2) 

F0 and F are the fluorescence intensities in the absence and presence of quencher, kq is the 

biomolecular quenching constant, and τ0 is the lifetime of CTPR3 in the absence of quencher.  

The plot of the Stern-Volmer equation in the presence of increasing concentration of 

Au(III) is shown in Figure 3.3B. A linear relationship between F0/F and HAuCl4 concentration is 

indicative of a single population of fluorophore, implying that all tyrosine and tryptophan 

residues have the same accessibility to the quencher. The value of the Stern-Volmer quenching 

constant (KSV) was determined from the slope of the line. Further, the bimolecular quenching 

constant kq, related to the availability of the fluorophore to the quencher, or simply the efficiency 

of quenching, can be calculated from the KSV and the fluorescence lifetime of the CTPR3 in the 
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absence of the quencher. The lifetime of CTPR3 in the absence of quencher, τ0 = 3.82 ± 0.05 ns 

(Figure S3) was measured using time resolved fluorescence spectroscopy. The calculated kq 

value of 9.71 ± 0.97 x 1011 M-1s-1 for CTPR3 and Au(III) at an ionic strength of 75 mM is almost 

two orders of magnitude greater than the previously reported value for a diffusionally controlled 

collisional quenching constant (1.00 x 1010 M-1s-1), confirming the possibility of a static 

quenching mechanism. As predicted, the increase in ionic strength and subsequent increase in 

charge screening results in higher kq values (Table 3.1). 

 

Table 3.1. Stern-Volmer constant (Ksv) and biomolecular quenching constant (kq) as a function 
of ionic strength. 

Ionic Strength (mM) Ksv (M-1) kq (M- 1 s-1) 
75 3.71 x 103 9.71 x 1011 
125 6.26 x 103 1.64 x 1012 
225 1.16 x 104 3.03 x 1012 
425 1.46 x 104 3.83 x 1012 

 

Static quenching is often associated with the ground-state complex formation between the 

fluorophore and the quencher. Quenching of the emission intensity is either due to the excited-

state energy transfer in the complex, or due to the change in the conformation and 

microenvironment of the fluorophore. In either case, temperature increase would favor complex 

dissociation and less quenching. Conversely, at a higher temperature an increase in diffusion 

would increase the probability of collision and favor a collisional quenching mechanism. In an 

attempt to further elucidate the mechanism of CTPR3 emission quenching in the presence of 

Au(III), we have performed quenching experiments at 25°C and 50°C. CTPR3 remains folded at 

this temperature.55 The plot of F0/F versus HAuCl4 concentration for both temperatures is a 

straight line with an identical slope indicating a combination of collisional and static quenching 

mechanisms that ultimately result in gold ion association with CTPR3 (Figure S4).  
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The Stern-Volmer equation strictly applies only to a collisional quenching mechanism. 

Therefore, to evaluate the association constant between CTPR3 and Au(III), we plotted fraction 

of complexed gold ions, (F0-F)/F0, versus total HAuCl4 concentration (Figure 3.3C). The 

sigmoidal shape of the binding isotherms at varying ionic strengths suggests the presence of 

cooperative binding. The binding of gold ions to CTPR3 is possibly a multi-associative event 

where Au(III) is interacting with more than one site on the surface of the protein and the Kobs is a 

composite of the binding constants from the multiple binding site. Thus, the binding isotherms 

could not be treated with either a single binding site model or multiple independent sites model. 

To further evaluate the degree of cooperativity of the complex formation we used the Hill 

equation: 

log
𝐹! − 𝐹
𝐹 =  log𝐾! + 𝑛 log 𝑄  (3) 

where F0 and F are the same as in Equation 2, Ka is the binding constant, and the Hill 

coefficient, n, indicates the degree of cooperativity in binding. For non-cooperative interactions n 

= 1 and the binding isotherm can be fitted to a multiple independent sites model. A Hill 

coefficient less than 1 indicates negative cooperativity, whereas n larger then 1 indicates positive 

cooperativity. The double logarithmic plot (Figure 3.4) has a sigmoidal shape at all ionic 

strengths indicating multiple non-equivalent binding sites on the CTPR3 protein surface in which 

the gold ions bind in partial cooperativity. Although we were unable to determine the 

macroscopic KS, it is evident that binding is ionic strength dependent and that CTPR3 has 

multiple binding sites for the gold ion. 
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Figure 3.4 Hill plots depicting the binding curves from Au(III) and CTPR3 at varying ionic 
strengths. 

3.4.3 Ionic strength dependent NP growth 

Fluorescence quenching data clearly shows that the interaction between gold ions and 

CTPR3 is ionic strength dependent. Consequently, the complexation equilibrium will be affected 

by ionic strength; e.g. at high ionic strengths the equilibrium will be shifted towards the ion-

bound form of the protein. To test how change in the complexation equilibrium (KS) affects NP 

growth and morphology, we have synthesized gold NPs at a 1:13 molar ratio of CTPR3 to 

HAuCl4 in 5 mM Na2HPO4 with a final adjusted pH of 6.8 and µ = 8.75 mM due to the 

phosphate alone. In two other samples the ionic strength was adjusted to 238.75 mM with either 

NaCl or NaNO3. The NPs were synthesized at room temperature in the dark using NMR tubes as 
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the reaction vessel. After 3 days the high ionic strength solutions were the first to develop a light 

purple color and after 10 days the solution with µ = 8.75 mM also appeared purple. The color of 

all the samples stopped changing after 3 weeks (Figure S5). Size and morphology of the resulting 

NPs was analyzed from TEM images (Figure 3.5). Small 10 nm NPs that form clusters are 

formed from the solution with low ionic strength whereas larger, well-dispersed NPs are formed 

at the higher ionic strengths. 

Considering a constant CTPR3 and phosphate concentration in all samples, the difference 

in NP morphology can be related to the presence of salt ions in solution. At the low ionic 

strength the complexation equilibrium is shifted towards more free gold ions in solution. The 

higher amount of free gold ions leads to a higher number of seeds in solution and therefore a 

larger number of smaller NPs are formed (Figure 3.5A). Assuming that the interaction between 

CTPR3 and gold NPs is also weaker at the low ionic strength, less protein will coat the NP 

surface resulting in NP agglomeration and the clustered morphology. In contrast, in the samples 

with high ionic strengths complexation equilibrium is shifted towards the ion-bound form of the 

protein resulting in the formation of larger spherical NPs (Figure 3.5B). The stronger interaction 

between the NPs and CTPR3 also increases the colloidal stability of the NPs resulting in a well-

dispersed system. However, NPs prepared with NaNO3 are smaller, around 35 nm (Figure 3.5C), 

than NPs prepared in the presence of NaCl, which are around 60 nm. 

 

 
 
 
 
Figure 3.5 A) TEM image of gold NPs in 8.75 mM ionic strength sample. B) TEM of gold NPs 
in 238.75 mM ionic strength sample adjusted with NaCl. C) TEM of gold NPs in 238.75 mM 
ionic strength adjusted with NaNO3. 
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Effects of halide ions on the NP growth are well established, but effects of the ionic 

strength are not well understood.56-57 We can speculate that the observed difference in NP size is 

due to chloride ions and CTPR3 competition for binding the gold surface. Presumably, in the 

NaNO3 solutions the surface of the growing NP is covered with protein, which slows the 

diffusion and hinders subsequent deposition of gold ions, resulting in overall smaller NPs. 

3.4.4 CTPR3 and gold ion interaction probed by NMR 

To probe the interaction between CTPR3 and gold ions with a single-residue resolution 

we used a 1H-15N HSQC NMR experiment. HAuCl4 was titrated into 0.5 mM of 15N-labeled 

CTPR3 at protein to HAuCl4 ratios of 1:2, 1:4, 1:6, 1:8, and 1:10. The peaks observed in this 

experiment correspond to the NH group on the backbone of CTPR3. A change in the chemical 

environment of an amino acid results in a shift of the corresponding NH peak. The chemical shift 

perturbation (d) was determined from the change in peak position along the 1H and 15N axis 

using the following equation58, 

𝑑 =
1
2 [𝛿!

! + 𝛼 ∙ 𝛿!! ] (4) 

where δH and δN represent the change in the observed shift from the free state, and α is a 

scaling factor. The scaling factor for our experiment was calculated to be 0.147 taking into 

account the range of 15N and 1H shifts.58  

The peaks found in the spectrum are narrow and are well dispersed, consistent with the 

HSQC spectrum of a folded protein. Overall, the peaks seen in the spectrum for CTPR3 and 

HAuCl4 (1:10) overlap with the spectrum for pure CTPR3 indicating no change in secondary 

structure during the titration. However, a few discrete peaks display a shift as HAuCl4 is titrated 

into the protein solution. The corresponding residues are considered to be discrete binding sites 



 67 

for gold ions. Figure 3.6A shows the chemical shift perturbation (d) for each assigned amino acid 

in the CTPR3 sequence. The solid line indicates the average of d plus one standard deviation; all 

peaks above the line are considered a major peak shift indicating a large change in the NH 

chemical environment. The residues that show a major shift are W12, G16*, N17, Y25, A62*, 

N76, Y87, Y99, A103*, and L106. The three amino acids denoted with an asterisk are not 

surface exposed and will be discussed later. A surface model of CTPR3 with amino acids colored 

cyan for a chemical shift perturbation considered strong is seen in Figure 6B. When plotted on 

the protein surface the residues with strong interaction to the gold ions do not constitute a 

contiguous patch but are isolated sites. The interaction of gold ions with isolated residues is 

consistent with the existence of multiple binding sites on CTPR3. 

It is important to restate that CTPR3 does not contain histidine, cysteine, and methionine 

residues which are known to form strong bonds with metal surfaces.59-60 The absence of these 

amino acids allows us to probe the interaction of gold ions with amino acids not as well studied. 

Non-covalent gold binding favors amino acids with aromatic side groups through π-metal 

interactions.61-63 As expected, three tyrosine (Y) residues and one tryptophan (W), all of which 

have aromatic side chains, are interacting strongly with the gold ions. Additionally, two 

asparagines (N) are involved in gold ion binding. Theoretical and experimental data shows that 

Au(I) and Au(III) can exhibit properties similar to a hydrogen bond acceptor; thus it is feasible 

that asparagine acts as a hydrogen bond donor to the Au(III).64 Leucine 106 is the only amino 

acid that shows a significant peak shift but has a side chain without aromaticity or charge. The 

interaction between L106 and Au(III) could possibly be driven by spatial proximity to other 

binding residues and not any inherent feature of leucine. 
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The major perturbation shift exhibited by the three non-surface exposed residues cannot 

be explained by a direct interaction between the metal ion and amino acid side chain. However, 

these residues are in the i+4 position from the surface exposed W12 and Y99, both found to be 

strong interaction sites. Thus, it is feasible that the large perturbations seen for G16 and A103 are 

a result of the change in the environment from hydrogen bonding through the alpha helix. The 

58th residue, in the i+4 position from A62, does not have a peak assignment on the HSQC 

spectrum. However, position 58 in CTPR3 is an aspartic acid which favors gold binding due to 

its charge, so an interaction with Au(III) resulting in the shift of A62 is plausible.65 

Figure 3.6 A) Monitoring the interaction between CTPR3 and Au(III) by NMR chemical shift 
perturbations. The solid line represents the average plus one standard deviation; positions above 
one standard deviation are colored cyan. B) A surface model of CTPR3 where residues that bind 
gold ions are colored cyan. All figures were prepared from X-ray coordinates (PDB 1NA0) using 
Pymol. 
 

While amino acid identity plays an important role in protein-gold ion interactions, the 

chemical environment of the side chain is crucial for complex formation. CTPR3 has three 

tryptophan residues in its sequence but only one of them binds Au(III). The shift for tryptophan 

residues are shown in Figure 3.7A; the red spectrum corresponds to CTPR3 and the purple 
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spectrum to a 1:10 CTPR3 to HAuCl4 solution. While the peaks for W46 and W80 overlap 

during the titration, indicating no change in chemical environment, the peak corresponding to 

W12 does shift. Examining the tryptophan residues in a space-filling model of CTPR3 (Figure 

S7) illustrates that the side chain of only W12 is available for π interactions, while W46 and W80 

are sandwiched between neighboring residue’s side chains. This indicates that in addition to the 

identities of the residue the overall orientation of the side chain are important in gold ion 

binding. Not only accessibility, but also the orientation of the side chain is a major factor in ion 

binding and needs to be taken into consideration when designing protein and peptide scaffolds 

for biomineralization. 

 

 

 

 

 

Figure 3.7 A) Overlay of three tryptophan peaks from the 1H-15N HSQC titration experiment, 
the red spectrum corresponds to pure CTPR3 and purple to 1:10 CTPR3 to HAuCl4. Direction of 
peak shift for W12 denoted with arrow. B) Binding isotherms for three residues determined from 
the NMR titration of CTPR3 with HAuCl4.  

 

The dissociation constant for W12, Y25, and A103 at an ionic strength of 225mM was 

determined from plotting the change in chemical shift as a function of ligand concentration 

(Figure 3.7B).58 W12, Y25, and A103 have a Kd of 3.1 ± 1.0, 1.8 ± 0.9, and 2.8 ± 1.3 mM 

respectively. Interestingly, all three interacting residues have similar binding. The low Kd values 

are due to weaker intermolecular forces occurring between the protein side chains and Au(III), 

such as π-metal interactions and hydrogen bonding. However, the macroscopic binding constant 



 70 

for cooperative multiple binding sites will be the product of individual events and thus higher in 

magnitude.  

3.4.5 Protein orientation on gold NP surface 

Gold NPs were formed in situ (Figure 3.8A) in a 1:12 molar ratio of CTPR3 to HAuCl4 at 

pH 6 without addition of any external reducing agents. A 1H-15N HSQC experiment was then 

performed with this sample. The premise of this experiment is that protein relaxation parameters 

will change if protein is bound to the NPs. Overlaying the NP/CTPR3 and pure CTPR3 spectra 

(Figure S6) shows no major change in peak positions, indicating the protein is still folded in the 

presence of NPs consistent with the results of CD spectroscopy (Figure S2).  

When comparing the spectra of pure CTPR3 and CTPR3/NP there is an overall decrease 

in signal strength for all residues in the protein, consistent with signal being quenched in 

presence of NPs. However, some residues have a larger relative change in signal intensity than 

others. Residues located close to the NP surface exhibit restricted diffusion resulting in longer 

effective rotational correlation time and therefore a lower signal intensity.66 Even though CTPR3 

is in fast exchange with the NP surface there is a preferred face of the protein that interacts with 

the NP surface. Figure 3.8B compares the peak intensities of CTPR3/NPs to the solution 

containing pure CTPR3. All residues with a change in relative peak intensity below the black 

line (the average minus one standard deviation) are considered major changes. A surface model 

of CTPR3 is shown in Figure 3.8C with the Au(III) binding residues in cyan, the residues bound 

to the gold surface in magenta, and N17 which binds both the metal ion and gold NP surface in 

yellow.  
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Figure 3.8 A) Picture of the NMR sample after NP formation and the corresponding TEM image 
of the NPs, scale bar 200 nm. B) Relative peak intensity (FCTPR3+NP/FCTPR3) of 1H-15N HSQC of 
CTPR3 to CTPR3 after NP formation. Solid line represents average plus one standard deviation. 
Positions experiencing major reduction in intensity are colored maroon. C) Top: CTPR3 surface 
model with residues binding Au(III) colored in cyan, residues binding gold surface in magenta, 
and N17 that interact with both in yellow. Bottom: An electrostatic potential map of CTPR3 with 
the surface charge shown, color range deep red to deep blue corresponds to an electrostatic 
potential range from -108 to + 108 kT/e, where k is Boltzmann’s constant, T is absolute 
temperature, and e is the charge of a proton. All figures were prepared from X-ray coordinates 
(PDB 1NA0) using Pymol. 

 

Interestingly, all residues interacting with the gold NP surface are localized on the more 

negative face of the protein, analogous to the trend seen with gold ions. The proximity of 

residues that bind to Au(III) to the NP surface indicates the importance of the initial Au(III) 

complexation step in determining the conformation of a protein on a NPs surface. Understanding 

this connection between initial ion complexation and final orientation of a protein on a metal NP 

surface will allow for control of the protein orientation in sensing and imaging applications. 

3.5 Conclusion 

We have used CTPR3, an engineered repeat protein, to probe a mechanism of protein assisted 

NP formation. Two different techniques, fluorescence quenching and heteronuclear 2D NMR, 

were used to observe CTPR3 interaction with both gold ions and gold NPs. We observed that the 

initial complexation step between gold ions and CTPR3 is ionic strength dependent. Moreover, 
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size and morphology of NPs can be tuned by adjusting the ionic strength. We ascertained the 

importance of residue identity, chemical environment, and orientation for gold ion-protein 

binding. Furthermore, we found that NPs preferentially interact with the negatively charged face 

of CTPR3 as observed in 2D NMR. The detailed understanding of protein-ion and protein-NP 

interactions will enable rational deign of proteins for biomimetic synthesis of metallic NPs. 

Knowledge of protein behavior in the presence of metal ions and NPs will facilitate design and 

implementation of biologically functional nanomaterials. 
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3.8 Supplemental Information 

 

 
Figure S1.  Beer-Lambert plots for HAuCl4 at 275 and 340 nm. 
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Figure S2. Circular dichroism (CD) spectra of CTPR3 (black), CTPR3 after titration with 
HAuCl4 (red), and CTPR3 after formation of NPs (blue). 
 
 

 
Figure S3.  Time resolved fluorescence of CTPR3. 
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Figure S4.  Fluorescence quenching of CTPR3 by HAuCl4 at 25°C and 50°C. 
 
 

 
Figure S5. Images of NMR tubes after 3 weeks with HAuCl4 in 5 mM Na2HPO4 (a & d), 5 mM 
Na2HPO4 and 230 mM NaCl (b & e), and 5 mM Na2HPO4 and 230 mM NaNO3 (c & f). Samples 
a, b, and c also have CTPR3 in a 13:1 HAuCl4 to CTPR3 ratio. 
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Figure S6. Overlay of 1H-15N HSQC spectra of CTPR3(red) and CTPR3 sample after NP 
formation (blue). 
 
 

 
Figure S7. A space-filling model of CTPR3 with tryptophan residues in green. 
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Chapter 4. Seed-mediated biomineralization toward the high yield 
production of gold nanoprisms 

 
 

Xi Geng, Kristina L. Roth, Megan F. Freyman, Jianzhao Liu, and Tijana Z. Grove 
 
 

Reproduced with permission from the Royal Society of Chemistry. Geng, X., Roth, K.L., 
Freyman, M.F., Liu, J., Grove, T.Z., Chem. Comm., 2016, 52, 9829-9832. 

 

Attributions: XG synthesized nanoparticles and characterized through UV-Vis and TEM. KLR 

designed and performed DLS incubation study. KLR performed MTT assay on nanoparticles. 

KLR wrote the sections pertaining to DLS and in vitro studies. TZG supervised the research 

project and assisted in editing the manuscript. 

4.1 Abstract 

Gold nanotriangles (Au NTs) with tunable edge length were synthesized via a green 

chemical route in the presence of the designed consensus sequence tetratricopeptide repeat 

(CTPR) protein, halide anions (Br−) and CTPR-stabilized Ag seeds. The well-defined 

morphologies, tailored plasmonic absorbance from visible-light to the near infrared (NIR) 

region, colloidal stability and biocompatibility are attributed to the synergistic action of CTPR, 

halide ions, and CTPR-stabilized Ag seeds. 

4.2 Introduction 

Over the past decade, tremendous attention and research efforts have been devoted to the 

synthesis of gold (Au) nanoplates. Because of their highly anisotropic structure and localized 

surface plasmon resonance (LSPR) properties, they are exceptionally well suited for biomedical 

applications such as biosensing,1 diagnostics and therapeutics.2 The synthesis of planar Au 

nanoparticles (NPs) is typically achieved via cetyltrimethylammonium bromide/chloride 
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(CTAB/CTAC)-based protocols.3-10 However, biomedical applications necessitate tedious and 

stringent purification processes for the complete removal of toxic cationic surfactants.11, 12 A 

growing interest has thus been focused on the biocompatible and green synthetic approaches that 

mimic natural biomineralizaton process.13  In previous studies, plant extracts,14, 15 amino acids,16 

bovine serum albumin (BSA)17, 18 amyloid fibril19 and other shape directing proteins20 have 

demonstrated dual functions as stabilizers and reducing agents to produce anisotropic Au 

nanoplates. In addition,21, 22 Good’s buffers have been reported to generate gold nanocrystals at 

ambient condition.23, 24 However, one-pot synthetic strategies typically resulted in broad 

morphological distribution of NPs. Seed-mediated growth along with the addition of shape-

directing halides has been invoked as the most potent tools for directing the anisotropic growth 

of noble metal NPs.9, 10, 25-28 The exquisite shape control is mainly realized through kinetic 

control as well as the preferential binding to the low index facets. As demonstrated in the present 

work, the incorporation of seed-mediated techniques into conventional biomineralizaton has the 

potential to provide unprecedented control over NP size and shape while maintaining 

biocompatibility requirements. To our knowledge, this is the first report of the synergistic action 

of protein, halide and protein-stabilized seeds for the efficient formation of triangular Au 

nanoprisms with narrow morphological distribution, excellent colloidal stability and low 

cytotoxicity.                

4.3 Results and Discussion 

The details of the synthetic process are depicted in (Scheme S1). Briefly, the CTPR 

protein (FigureS1) and sodium bromide were employed as the shape directing agents, while 3-

(N-morpholino)propanesulfonic acid (MOPS) was used as a mild reducing agent.29 CTPR 

protein is a de novo protein sequence based on the tertratricopeptide repeat family.30 Repeat 
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proteins have attracted attention of the biotechnology community for their modular structure and 

ease of engineering.31-35 Although not specifically designed for biomineralizaton, CTPR proteins 

have demonstrated remarkable utility in the synthesis of noble metal nanoparticles29, 36 and 

nanoclusters.37 In a typical synthetic procedure, CTPR3 was first mixed with gold precursor, 

followed by the addition of aqueous NaBr solution. Upon injection of MOPS, the solution 

rapidly turns colorless indicating the conversion of Au(III) to Au(I). The overall reduction 

proceeded from one hour up to a couple of days depending upon the concentration of CTPR3 and 

NaBr. In the presence of 10 µM CTPR3 protein, but without bromide ion (Scheme 1-i) small 

nanospheres (14.1 ± 5.6 nm) are produced (Figure 4.1b). In comparison, a mixture of Au 

nanoprisms, five-fold penta-twinned Au NPs (decahedrons) and Au nanospheres are produced in 

the presence of both CTPR3 and NaBr (Scheme 1-ii, Figure 4.1c).  

The formation of anisotropic Au NPs is consistent with the broad shoulder and 

asymmetric shape of the corresponding UV-Vis spectrum (Figure 4.1a, ii). In addition to Au 

NTs, the decahedrons with multi-fold twinning structure are also generated, as evidenced by the 

twin-grain boundaries and periodical fast Fourier transform (FFT) diffraction patterns (Figure 

S4e and f). Although the reaction condition depicted in Scheme S1-ii produces satisfactory yield 

of anisotropic Au NTs, their sizes and shapes are polydispersed (Figure S5a) due to the inherent 

drawbacks of one-pot synthesis, such as unavoidable self-nucleation events and poor quality of 

seeds with diverse crystal structures.38 Aiming for high-yielding production of Au NTs with 

lower morphological polydispersity, CTPR3-stabilized Ag seeds were deliberately added to 

promote the growth of Au NTs (Scheme S1-iii and Figure 4.1e). In a general sense, the addition 

of Ag seed will induce the catalytic deposition of Au(0) atoms onto the planar-twinned Ag 

surface without causing disruptive galvanic etching, particularly under the condition of adequate 
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amount of NaBr and CTPR3.39,40 Once 10 µl of CTPR3-Ag seeds36 with inherent stacking faults 

are introduced (Scheme 1-iii), the majority of NPs are Au NTs (Figure 4.1d and e). This 

morphological transition is accompanied by a pronounced red shift of the LSPR peak to 667 nm 

(Figure 4.1a, iii). Interestingly, efficient formation of Au NTs was also realized using 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Figure S3) implying that the choice of 

reducing agents potentially could be further extended to other biologically benign alternatives.  

									
	
Figure 4.1. (a) UV-Vis extinction spectra and (b-e) TEM images of Au NPs prepared using 
varied experimental conditions: (i) CTPR3 only, (ii) CTPR3 and NaBr, (iii) CTPR3, NaBr, and 
Ag seeds. 
	

The single crystalline face centered cubic structure Au NTs was identified by high 

resolution TEM (HRTEM) and hexagonal pattern of selected area electron diffraction (SAED) 

(Figure S4a and b). The measured interplanar spacing is 0.235 nm, consistent with the lattice 

parameter of Au (111) (Figure S4a). The composition of Au NTs was characterized using 

energy-dispersive X-ray spectroscopy (EDS) (Figure S4c). The smooth atomic force microscopy 

(AFM) profile is indicative of the planar top face of Au NTs (Figure S4d) with the measured 

between 8-15 nm, mainly depending on the amount of Ag seeds added.  
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Figure 4.2. (a) UV-Vis extinction spectra of Au NPs prepared in the presence of 2.5 µl (black), 5 
µl (red), 10 µl (light blue), 15 µl (magenta), 20 µl (green), 25 µl (dark blue), 50 µl (violet) Ag 
seeds. (b) Edge length of Au NTs prepared using varied amount of Ag seeds. TEM images of Au 
NTs prepared using (c) 2.5 µl and (d) 5 µl Ag seeds. 
	

It has been demonstrated that the LSPR features for Au NTs are closely associated with 

their edge length, thickness as well as the tips sharpness.13 As shown in the Figure 4.2a, the 

LSPR of Au NTs can be conveniently tuned to span a broad range from visible-light to near 

infrared (NIR) region by simply adjusting the amount of Ag seeds added in the initial growth 

stage. The shift in dipole plasmon resonance agrees very well with the change in the NT edge-

length observed in TEM images. The edge length of the Au NTs could be finely tailored from 61 

± 7 to 137 ± 33 nm (Figure 4.2b-d). Notably, the yield of Au NTs is approximately 75% of the 

overall population without any purification process (Figure S5b), which was increased to 85 % 

by harvesting after sedimentation (Figure 4.1e and S5c). In sharp contrast, Au NTs with broader 

size distribution (41 ± 14 nm) are obtained using one-pot biomineralizaton without adding Ag 

seed. Intriguingly, the addition of Ag seeds also brings great benefits by significantly reducing 

the use of NaBr and CTPR without compromising the overall yield. A strong dipole LSPR peak 
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was identified for the Au NTs sample prepared in the presence of 2µM CTPR3 and 5 mM NaBr 

(Figure S6). 

									
	
	
	
	
	
	
	
	
	
	
 
Figure 4.3. (a) DLS of Au NTs before and after incubation with fetal bovine serum (FBS). (b) 
Percent of viable MBEC cells determined from MTT assay after incubation with varied 
concnetrations of Au NTs (5-40 µg). 
	

Proteins and peptides could be used as efficient capping agents to grant excellent 

colloidal stability and interesting physicochemical properties to the functional nanomaterials.41-43  

We further explore the colloidal stability of the as-synthesized Au NTs and Au NTs in the fetal 

bovine serum (FBS). As shown in Figure 4.3a, after Au NTs are incubated with FBS for 2 hours 

an increase in the hydrodynamic diameter of 30 nm is observed (Table S1). The increase in 

diameter can be attributed to adsorption of proteins from the FBS solution. It is important to note 

that the colloidal stability of CTPR3-stabilized Au NTs is maintained during the centrifugation 

and re-dispersion processes and no agglomeration of NTs occurs after incubation with FBS. As 

expected, CTRP3-stabilized Au NTs have negative zeta potential due to the overall negative 

charge of the CTPR3. After incubation with FBS the zeta potential increases to -17.9 mV (Table 

S1), which is in agreement with previous reports of -20 mV zeta potential for Au NPs after FBS 

incubation independent of the initial NP surface charge.11, 44  

The protein corona can also serve as a protecting agent to lower the cytotoxicity of 

nanomaterials.45 To that end, mouse brain endothelial cells (MBECs) were incubated with the as-
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prepared CTPR-stabilized Au NTs for 6 hours and cell viability was measured using MTT assay. 

For Au NT concentration range 5-40 ug mL-1 no concentration dependent cell toxicity was 

observed (Figure 4.3b).  

Even though the detailed growth mechanism is still elusive, we try to postulate a possible 

mechanism for the seed-mediated biomineralizaton. We have recently shown that the binding 

affinity of Au species to CTPR3 is driven mainly by metal-π interactions with tyrosine and 

tryptophan side chains and hydrogen bonding to asparagine side-chain.48, 49 Moreover, the 

overall binding constant is ionic strength dependent. Interestingly, CTPR contains no cysteine or 

a specific gold binding sequence such as AG3.46, 47 To elucidate the roles of CTPR3 and bromide 

we first performed syntheses at the fixed ratio of HAuCl4 and MOPS (0.2 mM: 40 mM), but 

either the concentration of CTPR3 or NaBr was adjusted. In the presence of 100 mM NaBr, the 

overall yield of anisotropic NPs increases as the concentration of CTPR3 increases. For instance, 

irregular sheet-like NPs are produced in the absence of CTPR3 (Figure S7a), limited number of 

Au NTs with rounded tips (< 10%) are generated when concentration of CTPR3 is less than 1µM 

(Figure S7b). But as the concentration of CTPR3 reaches 4 µM, 35% of the NP population are 

Au NTs (Figure S7c). Further increase in CTPR3 concentration up to 20 µM only slightly 

improved the overall yield of Au NTs at the cost of extended reaction time (>2 weeks).  

On the other hand, increasing the concentration of NaBr also facilitated the growth of 

anisotropic Au NPs (Figure S8a and b), which is consistent with the previous report.50 

Nevertheless, when excess surface capping agent, either CTPR3 or NaBr is present, the reduction 

reaction will be dramatically inhibited and the free gold precursor will not be consumed 

efficiently to provide feedstock of Au(0) thereby hindering the growth of planar Au NTs. The 

yield of Au NTs declined and ill-defined NPs are formed by adding 300 mM NaBr (Figure S8c). 
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We found that the highest yield of Au NTs was reached in the presence of 10 µM CTPR3 and 

100 mM NaBr. Under optimized synthetic conditions, approximately 70% of NPs are bounded 

with (111) facets, among which Au NTs accounted for 75% of the entire population (Figure 

S5a). The prevalence of Au NTs and decahedrons implies that the coexistence of protein and 

NaBr promotes the nucleation of seeds with either planar or penta-twinned defects. 

Herein we postulate that at the initial stage of the one-pot synthesis (Scheme 1-ii), Au 

nuclei with planar or penta-twinning structures are produced. The former will assemble into a 

triangle-like pattern at the localized domain. This phenomenon was previously observed in the 

synthesis of Au nanoplates using extract of lemongrass and BSA.14, 51 Au NPs with corrugated 

and stepped edges are observed after 12 and 24 h consistent with the continuous deposition of 

gold atoms onto the triangle analogues (Figure S9). Interaction between CTPR3 and Au(III) is 

stronger at higher ionic strengths, thus as the concentration of NaBr increases more Au(III) ions 

will be complexed with the protein influencing the reduction kinetics.49  

At intermediate NaBr concentration, there will be less free Au(III) ions accessible to the 

(111) faces with lower surface energy and chemical reactivity as compared with the stepped 

edges bearing high-density defects. CTPR3 NH2 or NH3
+ pendant groups may also interact with 

Br- and enhance the steric hindrance analogous to the zipping mechanism of CTAB.52 The (111) 

faces are further passivated by the adsorption of Br- and CTPR3 via the surfactant templating or 

face-blocking process.53 This scenario is supported by the compositional distribution of Br, O 

and N enriched on the (111) facets of Au NTs as shown in the Figure S10. Eventually, the 

corrugated and stepped face gradually diminished whilst the Au NTs and decahedrons bounded 

with (111) faces are generated. Unfortunately, the broad distribution of crystallinity of nuclei 
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along with the concomitant self-nucleation of isotropic NPs restrict the precise control over the 

size and shape.  

Once CTPR3-stabilized Ag seeds with innate planar twinning structure are added 

(Scheme 1-iii), the initial self-nucleation process will be appreciably circumvented. It has been 

well recognized that the twinned crystal seeds prompt the lateral growth of 2D planar 

nanostructures by providing low-energy re-entrant groves.13 Consequently, the as-reduced Au(0) 

will be predominantly deposited onto the facets - other than (111) - of planar twinned Ag 

nanocrystals in a rapid manner thereby improving the yield along with the quality of the Au NTs. 

As observed in STEM-EDX experiments, the trace amount of Ag element is evenly distributed 

over the entire area of the Au NTs rather than accumulated in the core (Figure S10 and S11). 

This observation is consistent with the dissolution and diffusion of Ag into the Au NTs, 

particularly when exposed to the light and under the condition of high halide concentration.  

4.4 Conclusions 

In summary, we developed a facile and high-yielding green methodology for the 

syntheses of anisotropic Au nanoprisms at ambient condition, in which NaBr, CTPR as well as 

CTPR-stabilized Ag seeds have imposed synergistic effects upon the morphology of the Au NPs. 

Indeed, since the CTPR sequence was not specifically designed or selected for binding Au, it is 

tempting to propose that the physico-chemical properties of biomolecules (e.g. pI, number of 

aromatic side-chains, etc.) are more important for efficient synthesis of anisotropic Au 

nanostructures than the actual specific binding motifs. Thus, this synthetic strategy can be further 

extended to a vast diversity of biomolecules as long as physico-chemical properties are 

optimized. One can then easily envision “designer coronas” where specific molecular recognition 

moieties can be incorporated into the engineered proteins or peptides to match a biomedical 
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application.54 Furthermore, this work demonstrates that the incorporation of seed-mediated 

growth into conventional biomineralizaton strategies yields noble metal NPs with unprecedented 

control over size and shape. Obtained Au NTs with well-defined morphologies exhibited tailored 

plasmonic absorbance ranging from visible to NIR region. Reported NPs are colloidally stable 

and biocompatible thus holding great promises for versatile biosensing and biomedical 

applications. 
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4.7 Supplemental Information 

Experimental 

Expression of CTPR3 protein 

CTPR proteins with 3 tandem repeating units were synthesized through recombinant bacterial 

expression technology.1, 2 Synthetic genes for the desired protein in pPROEx vector, coding for 

N-terminal (His)6 tag and ampicillin resistance, were transformed into E.Coli BL21(DE3) cells 

and cultured overnight at 37°C on agar plates. One single colony was selected and incubated 
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overnight in 50 mL of Luria−Bertani (LB) media containing 100 µg/mL of ampicillin. 10ml of 

overnight cultures were then dispensed into 1 L of LB media supplemented with 100 µg/mL 

ampicillin. The cells were grown in an incubator-shaker (250 rpm) at 37 °C until the optical 

density (OD600) reached 0.6-0.8. Expression of CTPR3 was induced with 1mM isopropyl β-D-

thiogalactoside (IPTG) followed by 5h expression at 37°C. The cells were harvested by 

centrifugation at 5,000rpm for 20min and the pellets were frozen at -80°C until purification. 

Purification of CTPR3 protein 

The cell pellets were resuspended in lysis buffer consisting of 50 mM Tris, 300mM sodium 

chloride and 0.1wt% Tween 20. After 2 min sonication at 30% power using a microtip and 

Mison sonicator, lysed cells were centrifuged at 16,000 rpm for 30 min and the protein 

supernatant was purified using standard Ni-NTA affinity purification protocol. The collected 

proteins were further purified by Akta Prime Plus size exclusion chromatography using Superdex 

75 16/600 Prep Grade column in 150mM sodium chloride and 50mM sodium phosphate buffer at 

pH 8 with a flow rate of 0.5ml/min. As a final step, the aqueous solutions of CTPRs were 

dialyzed against 10mM phosphate buffer three times at 4 °C using a dialysis membrane with 

molecular weight cutoff of 3kDa. 

Preparation of CTPR3-stabilized Ag seeds3,4  

Silver seeds were prepared by adding 5 ml 0.5 mM AgNO3 at the rate of 2 mL/min using a 

syringe pump (KD Scientific) under vigorous agitation to the aqueous solutions of trisodium 

citrate (5 mL, 2.5 mM), NaBH4 (0.3 mL, 10 mM) and CTPR proteins (0.125 mL 0.1-2 mg/ml) in 

a glass vial. The as-prepared Ag seeds were kept in the dark till further use to circumvent the 

interference such as homogeneous nucleation arising from the residual NaBH4. 

Preparation of Au nanoprisms  
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In a typical synthetic procedure, 0.1 ml CTPR3 (2 µM - 200 µM) was first mixed with 0.85 ml 

DI and 40 µl 10 mM HAuCl4, followed by the addition of 0.2 ml 1M aqueous NaBr solution and 

(2.5 – 50 µl) CTPR3-stabilized Ag seed. Then, 0.8 ml 100 mM MOPS was injected into the 

solution. After 3s of gentle shaking, the Au(III) was quickly converted to Au(I), and the solution 

was left undisturbed overnight.  The as-prepared Au colloidal solution was centrifuged at 3,000 

rpm for 10 min and the resultant pellets were rinsed with DI water to remove the residue 

stabilizer and reducing agent. After several purification cycles, the Au NTs were re-dispersed 

into DI water for later TEM characterization. 

Spectroscopic and morphological characterization 

TEM and High resolution TEM (HR-TEM) analysis was performed on a Philips EM420 at an 

accelerating voltage of 120 kV and JEOL 2100 at 200 kV, respectively. TEM samples were 

prepared by applying a 7 µl sample solution on 300 mesh ultrathin carbon-coated Cu grids (EM 

Science), followed by drying overnight before observation. The thickness, as well as the size 

distribution of Au NTs, was measured from atomic force microscope (AFM, Veeco BioScope II) 

and TEM images using Image J. The UV-Vis spectra of Au NPs were monitored using Agilent 

Cary 100 Bio and UV-Vis-NIR spectrophotometer. All UV-Vis measurements were conducted in 

1cm path length PMMA or quartz cuvette at room temperature. 

Dynamic light scattering (DLS) measurement  

The Au NTs colloidal solution (40 µg/mL) was incubated with 500 µL undiluted Fetal bovine 

serum (FBS, Life Technologies) for 2 hours at 37°C under constant agitation.  The Au NTs were 

centrifuged at 14,000 rpm for 20 minutes.  The pellet was resuspended in water and washed two 

times by centrifuging at 14,000 rpm for 20 min.  The final pellet was resuspened in 1 mL of 10 

mM NaBr. The average particle size and size distribution of the NPs was measured using a 
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Malvern Zetasizer Nano-ZS, with five measurements taken for each sample.  Zeta potential 

measurements were performed in a 10 mM NaBr solution. 

MTT (3-(4, 5-dimethylthiazol-2-yl) 2, 5-diphenyl tetrazolium bromide) assay 

Mouse brain endothelial cells (MBEC) were seeded at 5,000 cells per well in a 96-well plate and 

incubated for 24 hours at 37°C in a 5% CO2 incubator.  Series of dilutions (40, 30, 20, 10, 5 

µg/mL) of Au NTs in cell growth medium was added to the wells.  A 1% Triton-X solution was 

used as a positive control.  After 6 hours of incubation the nanoparticle solutions were removed, 

and the cells were washed with PBS.  Then 10 µL of a 5 mg/mL MTT solution and 90 µL 

growth media were added to each well and further incubated for 4 hours. After 4 hours the media 

was removed and the formazan crystals were dissolved in 100 µL DMSO.  The absorbance at 

490 nm was measured using a microplate reader.  Percent viability of the cells was calculated as 

the ratio of mean absorbance of triplicate readings with respect to mean absorbance of control 

wells. 

 

Scheme S1. Schematic illustration of synthetic routes toward quasi-globular Au NPs(i), Au NPs 
bounded with (111) facets (ii) and Au triangular nanoprisms (iii). 
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Recombinant 

CTPRs 
# of amino acid 

residues Mw (kDa) Aspect 
ratio(L/W) 

n=3 107 12.5 1.1  
AEAWYNLGNAYYKQGDYQKAIEYYQKALELDPNN 

 
Figure S1. (a) 15% SDS-PAGE gel of Protein marker (left lane) and CTPR3 stained with 
coomassie blue (right lane). (b) Space-filling representation of the structure of CTPR3 protein 
drawn in Pymol. (c) Circular dichroism (CD) spectrum of CTPR3 protein (MRE: The mean 
residue ellipticity). Bottom: single letter amino acid sequence of the CTPR repeat. CTPRn 
proteins are created by repeating this sequence n times (n=3).  

 

Figure S2. TEM image of CTPR3-stabilized Ag seeds (inset: HR-TEM of planar twinning 
nanocrystal). 
 
 
 

(a) (b) (c) 
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Figure S3.  (a) TEM image of Au NTs prepared in the presence of 5 mM NaBr, 10 µM CTPR3, 
40 mM HEPES and 5 µl Ag without any purificaiton.  
 

 

Figure S4.  (a) HR-TEM images (b) SAED diffraction pattern (C) line scanning EDS 
characterization of Au NTs (d) AFM profile of Au NTs (e) HR-TEM image and (f) FFT 
diffraction pattern of Au decahedron. 
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Figure S5. (a) TEM image of Au NTs prepared in the presence of 5 mM NaBr, 10µM CTPR3, 
40 mM MOPS and 2.5 µl Ag seed without any purificaiton.  (c) Histogram representing the 
distribution of Au NPs with different shapes. Sample 1 is prepared in the absence of Ag seed, 
Sample 2 and 3 were prepared using 2.5 µl Ag seed before and after purification, respectively.  
NTs: nanoprisms (dark gray);  NS: nanospheres (red); DH: decahedrons (blue); Au with other 
shapes (green). 
 

 

 

 

 

 

 

Figure S6.  UV-Vis spectrum of Au NPs prepared in the absence of CTPR3(red) and in the 
presence of 2 µM CTPR3 (blue) (NaBr = 5 mM and Ag seed = 5 µl).  

(b
) 

(c) 

(a
) 
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Figure S7. TEM images of Au NPs prepared in the presence of (a) 0 µM  (b) 0.8 µM and (c) 4 
µM CTPR3 ([NaBr] =100 mM). 
 

 

Figure S8. TEM images of Au NPs prepared in the presence (a) 10 mM, (b) 100 mM, and (c) 
300 mM NaBr ([CTPR3]= 10 µM). 
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Figure S9.  TEM image of Au NTs with corrugated and stepped edges, prepared in the presence 
of 100 mM NaBr and 10µM CTPR3 (a) after 12 hr and (b) after 1 day.  

 
Figure S10. (a) TEM images of Au NTs prepared in the presence of 2.5 µl Ag seed. (b-f) 
Scanning TEM (STEM)-EDS mapping of Au, Ag, Br, N, O, respectively. (Warm color bands 
indicate higher intensity (g) EDS spectrum corresponding to Figure10a. 
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Figure S11. TEM image (a) and STEM-EDS (b) spectrum for single Au NT prepared in the 
presence of 5 mM NaBr, 10 µM CTPR3, 40 mM MOPS and 2.5 µl Ag. 
 
 
Table S1. The hydrodynamic size and zeta potential values of Au NTs before and after 
incubating with Fetal bovine serum (FBS). 
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Chapter 5. Cargo delivery on demand from photodegradable MOF 
nanocages 
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Attributions: CCE synthesized nanoparticles and characterized with SEM, TGA, and PXRD. 

CCE performed UV-Vis degradation studies and drug loading of the nanoparticles. KLR 

performed FFT TEM of the nanoparticles and fluorescence, in vitro studies, and microscopy 

imaging of dye loaded nanoparticles. Both authors wrote sections corresponding to their 

experiments. SL performed TGA of drug loaded MOF and SRA performed the gas sorption 

experiment. TZG and AJM supervised the research project and assisted in writing and editing. 

 

5.1 Abstract 

We report the photo-induced degradation of and cargo release from a nanoscale metal-

organic framework (nMOF) incorporating photo-isomerizable 4,4´-azobenzenedicarboxylate 

(AZB) linkers. The structure matches a UiO-type framework where 12 4,4´-

azobenzenedicarboxylate moieties are connected to a Zr6O4(OH)4 cluster, referred to as UiO-

AZB. Due to the incorporation of photo-isomerizable struts, the degradation of UiO-AZB is 

accelerated by irradiation with white light (1.3 ± 0.1 %/h under dark conditions vs. 8.4 ± 0.4 %/h 

when irradiated). Additionally, we show slow release of Nile Red (NR) which is triggered by 

irradiation (0.04 ± 0.01 %/h under dark conditions vs. 0.36 ± 0.02 %/h when irradiated). 
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5.2 Introduction 

 The term “caging”, first devised in 1978,1 has been used to describe chemical designs 

containing an active component, liberated “on demand” when a stimulus is applied. Challenges 

when developing these systems lie in the ability to secure active cargos until they are needed and 

controllably release them when prompted. Several triggers are available for controlled release 

such as thermal changes,2,3 pH adjustments,4 and photo irradiation5,6 among others. However, 

light as a primary stimulus is the most useful for a variety of practical materials because; i) it can 

function autonomously from the chemical system to which it is being applied, ii) it offers 

tunability in terms of available wavelength, intensity, and time of exposure to control desired 

processes, and iii) it is relatively cheap (free in some cases) and easy to use.  

Applications, from long-lived fragrances7-9 and gas release,10,11 to fertilizers12-15 and drug 

delivery16,17 are among the utilities for these photo-caged systems. This class of materials 

consists of molecular designs that release their cargo via covalent bond cleavage,5 metal 

complexes with photo-labile ligands,16 or larger structural assemblies (i.e. nanoparticles) serving 

to encapsulate and/or anchor payloads.18-21 Of these photo-caging approaches, studies involving 

photo-active nanoparticles has become a major research interest,22 especially for biological 

applications, due to the tumor targeting capability of nanoparticles via the enhanced permeation 

and retention (EPR) effect. This field has grown vastly in recent decades to include polymers,23-

25 liposomes,26,27 micelles,28-31 and vesicles32,33 among others.34-36               

Photo-initiated release from nanocarrier cages can be achieved in a number of ways.37 

For example, in a report from Murphy and coworkers,38 gold nanorods were coated with 

poly(acrylic acid sodium salt) and poly(allylamine hydrochloride) layers. Rhodamine 6G (R6G) 

was embedded within the surface polyelectrolyte layers and photothermal release of the R6G (~6 
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% after 60 min) was demonstrated upon irradiation of the material. The release of the dye was 

attributed to the absorption of light by the surface plasmon resonance bands and subsequent non-

radiative decay from the nanorods to generate localized heat. This heat served to disrupt the 

polyelectrolyte layers and release the R6G cargo. In another example,39 micelles made of a 

photo-responsive poly(S-(o-nitrobenzyl)-L-cysteine)-b-poly(ethylene glycol) copolymer (PNBC-

b-PEO) arranged in β-sheets were shown to “contract” upon irradiation at 365 nm. This 

contraction, resulting from the cleavage of the NB groups from the core polymer backbone and 

subsequent reassembly to smaller micelles, resulted in the release of doxorubicin (maximum of 

~40 % released over 110 h) encapsulated in the PNBC core polymer matrix.   

Yet another cargo release approach is via photo-degradation. This mechanism relies on 

the irreversible instability of the nanocarrier under irradiation with light that produces significant 

decreases in structural integrity of the material and serves to release the active component. While 

there are several reports of this design in polymeric and micellular systems,33 in general, material 

degradation is not advantageous in biological systems due to the “burst release” phenomenon 

that plagues polymeric nanoparticles. While inorganic nanoparticles are inherently more robust, 

they typically do not degrade upon photo-irradiation. Additionally, biodistribution and 

biodegradability of inorganic nanoparticles is a concern, as they tend to accumulate in soft 

tissues and are not easily metabolized. Hybrid metal-organic frameworks (MOFs), on the other 

hand, have tremendous potential in this regard. MOFs, originally aimed at gas storage and 

separation,40,41 have since shown promise in areas ranging from heterogeneous catalysis42,43 to 

MRI imaging44,45 and drug delivery.46,47 With exceptionally high surface areas (up to 7000 m2/g), 

these materials have the potential to hoard abundant payloads. Additionally, the synthetic 
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tunability of MOF systems and the hydrolytic nature of metal-linker bonds (better 

biodegradability), offer a handle by which to develop photo-degradable nanocarriers.48 

MOFs have been explored as potential nanocarriers45,47 and in a few reports, stimuli-

responsive (not photo-induced) drug delivery.49-52 In the context of photo-responsive materials, 

there is a report of photo-controlled drug delivery from Abderrazzak Douhal et al. where they 

demonstrated photo-enhanced release of topotecan (an approved drug for several cancer types) 

with ~4 vs. ~28 wt% released in the dark and via irradiation with 780 nm light, respectively.52 

Additionally, Wenbin Lin and co-workers53,54 have developed MOFs incorporating a chlorin-

based photosensitizer and indoleamine 2,3-dioxygenase for dual mode photodynamic therapy 

(PDT) and immunotherapy respectively. More recently, Cheng Wang et al.55 have demonstrated 

rhodamine 6G (R6G) release from MOFs equipped with pendant azobenzenes capped with β-

cyclodextrin units. Upon irradiation, the azobenzene units isomerize and disrupt the surface 

capping moieties, thus releasing the R6G cargo. Additionally, it should be noted that photo-

responsive MOFs have been reported for other applications as well. For example, in a report 

from De Vos et al.,56 MIL-88B (MIL = Materials of Institute Lavoisier) MOFs encapsulated in a 

photo-cleavable polyurea shell were released upon irradiation with UV-light which resulted from 

degradation of the capsule. This MOF is a catalyst for the oxidation of tetramethylbenzidine 

(TMB) with H2O2 and indeed the rate of this reaction was significantly enhanced when the 

capsules were irradiated (~0.4 M/h vs. 0.025 M/h in the dark over a 25 h time frame), due to the 

degradation of the capsule and subsequent release of the catalytic MOF. Another interesting 

photochemical tool for MOF development is the ability to incorporate photo-liable protecting 

groups into MOF backbone linkers. These groups can then be cleaved post-synthetically to 

deprotect active groups and enhance the functionality of the MOF system. This approach has 
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been demonstrated by Seth Cohen and Corrine Allen57 where they constructed MOFs with 

nitrobenzyl protecting groups attached to a terephthalate-like linker component. Upon 

irradiation, the nitrobenzyl groups were cleaved to leave a phenolic group otherwise not 

achievable via direct synthesis. These reports and others clearly demonstrate the scope of 

applications for photo-responsive MOF nanoparticles.          

5.3 Results and Discussion 

In this report, we have designed photo-degradable MOFs incorporating photo-

isomerizable azobenzenedicarboxylate (AZB) linkers (Scheme 5.1). Isomerization of the organic 

struts upon irradiation with white light results in the breakdown of the MOF and subsequent 

release of a cargo. To our knowledge, the results presented herein are the first example of cargo 

release from MOFs occurring as a result of linker photo-isomerization and MOF degradation. 

We have chosen a UiO-type MOF UiO-AZB [Zr6O4(OH)4(C14H8N2O4)6] (see Supplemental 

Information for synthetic details) to study our initial hypothesis and demonstrate photo-

controlled cargo release. This MOF has been reported in the literature58,59 however, this is the 

first report of particle size control. Synthetic optimization of the reported procedure58 revealed 

increasing particle sizes with an increase in the acetic acid modulator, as evidenced via scanning 

electron microscopy (SEM, Figure 5.1). In contrast, no size dependence was previously reported 

with benzoic acid. We also found that at higher concentrations of modulator, the particle sizes 

became less uniform as indicated by larger standard deviations (Figure 5.1, F).  
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Scheme 5.1. Schematic representation of the photo-degradation of UiO-AZB MOFs (crystal 
structure: Zr, green; O, red; C, gray; N, blue; H, white) upon isomerization of the AZB linker 
from the trans-form to the cis-form and subsequent cargo (purple spheres) release from the 
degraded material. 

 

For ultimate applications as nanocarriers for drug cargos we were satisfied to achieve 

nano-sized particulates using 30 equivalents of acetic acid (AA, 30 mol AA: 1 mol Zr4+). SEM 

images of the UiO-AZB nanoparticles (Figure 5.2, A) indicate average particle sizes of ~ 107 ± 

20 nm with additional confirmation obtained from TEM (104 ± 12, Figure 5.2, C and Figure S1) 

and dynamic light scattering (DLS) data (128 ± 3 nm, Figure S2). The structure was confirmed 

by comparison of the experimental powder X-ray diffraction (PXRD) pattern to the simulated 

pattern from single crystal data (Figure 5.2, B).58 The selected area diffraction (SAD) pattern 

(Figure 5.2, D) also indicates crystallinity of the bulk UiO-AZB with each bright spot 

representing a lattice reflection within the crystal structure. Crystallinity of individual particles 

was further confirmed by a fast Fourier transform (FFT) of a single UiO-AZB nanoparticle 

(Figure 5.2, D). The BET surface area was found to be ~2500 m2/g (Figure S3), which is 

comparable to the literature report of 3000 m2/g for micron sized particles.58 
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 Upon irradiation with UV light (~330 nm for maximum quantum yield) trans-AZB 

isomerizes to the cis-AZB form (Scheme 5.1). Trans-AZB exhibits a strong πàπ* absorption at 

330 nm (ε ~22000 M-1 cm-1) and a weaker nàπ* at 430 nm (ε ~400 M-1 cm-1) (Figure 5.3, A 

inset and Figure S4). Upon transition to the cis-AZB, the πàπ* transition shifts to ~250 nm and 

decreases in intensity (ε ~11000 M-1 cm-1). The nàπ* transition remains at 430 nm but is 

intensified (ε ~1500 M-1 cm-1). These results mirror the reported values for the decarboxylated 

parent azobenzene.60 The transition between the two distinct states occurs with the maintenance 

of two major isosbestic points (285 nm and 392 nm). These spectral features were used to 

investigate the degradation profiles of the UiO-AZB nanoparticles.  

 

 

 

 

 

 

 

Figure 5.1. SEM images of particles made with A) 30, B) 40, C) 50, D) 60, and E) 70 molar 
equivalents of acetic acid. F) Particles size vs. the concentration of modulator. Scale bars are 200 
nm. 

Submersing the nanoparticles into a solution of simulated cerebrospinal fluid (SCF, 

chosen for ultimate applications in brain cancer, see Supplemental Information for composition) 

causes them to decompose and break apart into metal ions and linkers. These labile species are 

then capable of rapidly diffusing into solution. The absorbance features of the AZB linker 

mentioned above, due to free AZB (no longer bound to the MOF), thus appears over time in the 

solution above the submersed solid material. Therefore, this absorbance, measured with UV-Vis 
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as a function of time (Figure 5.3A), is a direct measurement of MOF degradation and the % 

degradation of the UiO-AZB nanoparticles with respect to time (t) can then be calculated from 

the absorbance data using equations 1-3, as adapted from a previous report.52  

!"#!
!!"# !"

= 𝐶!"#(!)                                                      (1) 

Where Abst is the measured absorbance (392 nm) at time t, ε is the extinction coefficient, and 

CAZB(E) is the experimental concentration of AZB.  

  !!
(!"!"#!!"#)∗!

= 𝐶!"# (!)                                            (2) 

Where m is the mass of UiO-AZB used, converted to mol AZB by dividing by the molecular 

weight of UiO-AZB (MWUiO-AZB, 2877.344 g/mol) and multiplying by the molar ratio of 6 mol 

AZB : 1 mol UiO-AZB. Dividing this value by the volume of SCF added (V) gives is the total 

concentration of AZB (CAZB(T)), assuming 100 % degradation of the original UiO-AZB sample. 

!!"# (!)

!!"# (!)
×100% = % 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛                          (3) 

To test the efficacy of this material for photo-induced cargo release, the degradation of UiO-

AZB nanoparticles in the dark must be compared to the degradation during continuous 

irradiation with white light (Figure 5.3, B). To ensure measurement of total AZB concentration, 

independent of trans à cis isomerization, the absorbance was monitored at an isosbestic point 

(392 nm). It was found that the UiO-AZB is relatively stable in the dark (~10 % degraded over 8 

h) but degradation is drastically enhanced when irradiated with light as evidenced by ~60 % 

degradation over the 8 h period. 
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Figure 5.2. A) SEM image of UiO-AZB nanoparticles. B) Experimental (red) and simulated 
(black) PXRD patterns of UiO-AZB nanoparticles58 C) TEM image of UiO-AZB nanoparticles. 
D) Selected area diffraction pattern of UiO-AZB. Top inset shows a high-resolution TEM image. 
Bottom inset is a fast Fourier transform pattern of a single UiO-AZB nanoparticle. 

 

 

 

 

Figure 5.3. A) Representative spectra recorded as a function of time during a degradation 
experiment of UiO-AZB in simulated cerebrospinal fluid (arrow indicates increased time), inset: 
the steady state spectra of the trans-dominated AZB form (blue) and cis-dominated AZB form 
(red). B) Degradation (%) of UiO-AZB nanoparticles over time in the dark (black), under 
irradiation with 100 W white light (blue), and under irradiation with 1000 W white light (red).  

The degradation profile plateaus at the 60 % maximum due to the saturation of AZB in 

the degradation media. This solubility limit however, will not be reached in biological systems 

due to the continuous flow of biological fluid. Therefore, the rate of degradation was 

approximated from the initial linear region of the degradation profile (up to 3 h, Figure S5). In 

the dark, the rate was found to be 1.3 ± 0.1 %/h. The rate of photo-initiated degradation was light 
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intensity dependent, where at lower intensity (100 W) the rate of release was 3.8 ± 0.2 %/h and 

this rate approximately doubled to 8.4 ± 0.4 %/h at higher intensity (1000 W, Figure 5.3, B and 

S5). To avoid the interference of thermal effects on the degradation, an IR filter was used. The 

temperature was also monitored throughout the measurement and maintained at 23 ± 2 °C. 

 

 

 

 

 

 

 

 

Figure 5.4. A) PXRD of the simulated UiO-AZB pattern58 (gray), experimental UiO-AZB 
nanoparticles (black), IBU-loaded UiO-AZB (blue), NR-loaded UiO-AZB (red), and caffeine-
loaded UiO-AZB (green). B) TGA of UiO-AZB nanoparticles (black), IBU-loaded UiO-AZB 
(blue) and caffeine-loaded UiO-AZB (green). C) NR release (%) from loaded UiO-AZB 
nanoparticles with no irradiation (black) and under irradiation with 1000 W white light (red).D) 
Normalized degradation (black) and release (red) of NR calculated from the absorbance scans 
under irradiation with 1000 W white light. 

The pore environment of UiO-AZB should be inherently hydrophobic due to the aromatic 

AZB linkers and so; we speculated that the material would be selective for hydrophobic cargos. 

To test this hypothesis we loaded model drugs ibuprofen (IBU, hydrophobic) and caffeine (caff, 

hydrophilic) into the evacuated UiO-AZB nanoparticles via a simple impregnation method (see 

Supplemental Information). PXRD data (Figure 5.4, A) of the loaded materials confirms that the 
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structure remains intact during the loading procedure. The degree of IBU and caffeine loading 

(38.2 and 3.4 wt%, respectively) was determined via TGA (Figure 5.4, B). Evidenced by a wt% 

loading over 10 times greater for the IBU than the caffeine, our original assumption that UiO-

AZB would be selective for hydrophobic drug molecules was supported. Additional analysis of 

the release of these drug models further substantiated our claim. The release profiles of IBU and 

caffeine were analyzed as a function of time using HPLC (Figure S9 and S10, respectively, see 

Supplemental Information for experimental details). After an initial small release of IBU into the 

media, no further release was observed irrespective of irradiation (Figure S9), suggesting that the 

IBU bound to the UiO-AZB nanoparticles, supported by FT-IR data (Figure S6). In the case of 

caffeine release, the entire cargo is released within the first 3 hours when kept in the dark (Figure 

S10) and therefore, no control was offered by UiO-AZB degradation. These results are 

interesting because they provide evidence regarding the pore environment and potential cargo 

preferences material. Further investigations are underway to manipulate the pore environment 

through linker modification.  

The dye Nile Red (NR) was also loaded into the UiO-AZB nanoparticles (see 

Supplemental Information) with maintenance of the UiO-AZB structure (Figure 5.4 A). Loading 

experiments were carried out via the same impregnation method as for the IBU and caffeine 

loadings. However, NR was loaded from the impregnation solutions with drastically reduced NR 

concentration due to loss of structural integrity of UiO-AZB at higher concentrations of NR 

(Supplemental Information S7). UV-Vis analysis of a digested solution of NR loaded samples 

(see Supplemental Information) allowed for the calculation of the degree of NR loading. The 

maximum amount of NR loaded into the nanoparticles was determined to be 4.3 wt%.  
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NR release was monitored via electronic absorption spectroscopy in the same fashion as 

the degradation experiments for the naked UiO-AZB. The UV-Vis spectrum of NR contains a 

peak with λmax at 575 nm (Figure S11). This makes the release of NR easily detectable as AZB 

does not absorb at this wavelength. This also enables the simultaneous measurement of UiO-

AZB degradation and NR release. Degradation was measured by the increase in AZB absorbance 

at 392 nm, while release was calculated from the NR absorbance at 575 nm (Figure S11). Upon 

irradiation of NR-loaded UiO-AZB, we observe the first example of photo-triggered degradation 

and the resultant release of a cargo from a MOF nanocarrier (Figure 5.4, C). Comparison of the 

degradation and release profiles (Figure S13) shows similar rates for both processes in the dark 

and under illumination (0.02 ± 0.02 %/h and 0.04 ± 0.01 %/h in the dark, and 0.30 ± 0.01 %/h vs 

0.36 ± 0.02 %/h under illumination, respectively). The rate of NR release from UiO-AZB 

increased 9-fold in comparison to release in the dark (0.04 ± 0.01 %/h vs. 0.36 ± 0.02 %/ h, 

Figure S13). From the quantification of these rates, two conclusions become apparent. 1) The 

loading of NR into the MOF imparts additionally stability. The degradation of the parent UiO-

AZB in the dark decreased from 1.3± 0.1 %/h to an impressive 0.02± 0.02 %/h when loaded. 2) 

The mechanism of release is dominated by photo-degradation. This is best visualized through 

normalization and overlay of the degradation and release profiles (Figure 5.4, D). These results 

provide a platform for the further development of MOF photo-cages. 

Encouraged by the photo-induced degradation and release data (Figure 5.3, B and 5.4, C), 

and with our target application being nanocarriers for drug delivery, we tested in vitro cellular 

uptake of UiO-AZB nanoparticles and their cytotoxicity in the absence of light. HeLa cells were 

incubated for 30 minutes with 0.5 mg/mL of NR loaded UiO-AZB nanoparticles. UiO-AZB 

nanoparticles were rapidly and efficiently transported across the membrane into the HeLa cells 
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within that time period. Cell uptake was evaluated by acquiring fluorescent confocal microscopy 

images of 0.52 µm-thick cross-sectional slices perpendicular to the plane of the cell monolayer 

(Figure 5.5). The z-slices showed that distinct fluorescent nanoparticles were present in different 

planes throughout the thickness of the cell confirming that nanoparticles were indeed inside the 

cells and not simply adsorbed to the outer surface. Furthermore, no cytotoxicity was observed 

when HeLa cells were treated 72 h with UiO-AZB nanoparticles at concentrations of 2-50 

µg/mL (Figure S14). This extremely low/no toxicity is expected when the LD50 of azobenzene 

(1000 mg/kg; rat) and the inherently nontoxic nature of Zr4+ used are considered.   

 

 

 

	

 

 

Figure 5.5. Top Left: Emission spectra of NR loaded UiO-AZB with excitation at 575 nm. 
Remaining Panels: Z-stack of HeLa cells incubated with NR loaded UiO-AZB nanoparticles. 

 

5.4 Conclusions 

In summary, UiO-AZB MOFs provide a new prototype for the development of MOF 

photo-cages. Herein, we have demonstrated photo-induced degradation and photo-controlled 

release of a NR cargo and provided evidence that these MOF photo-cages are selective for 

hydrophobic cargos. Additionally, the degradation of UiO-AZB was shown to be controllable as 

faster degradation was observed with increased incident light intensity, potentially offering a 
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mechanism by which to control the rate of cargo release. Additionally, the particles were shown 

to readily enter cancer cells, as evidenced by confocal microscopy. This preliminary “proof of 

concept” report establishes a new method by which to design MOF photo-cages, where material 

degradation is a desirable mechanism to deliver cargo loads. The synthetic tunability of the UiO-

AZB pore environment and therefore cargo/MOF interactions provides a platform for tuning 

MOF materials to a specific application.  
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5.7 Supplemental Information 

5.7.1. Instrumentation and Reagents 

Materials 

The 4-nitrobenzoic acid (98 %), sodium hydroxide (≥ 98%), D-glucose (≥ 98 %), ZrCl4 

(anhydrous, 99.99 %),MgCl2 (anhydrous, 99 %) and Nile red (technical grade) were purchased 

from Sigma Aldrich and used without further purification. Glacial acetic acid (certified 

ACS),NaCl (99 %), KCl (99 %), CaCl2 (93 %), HEPES sodium salt (99 %), dimethylsulfoxide 

(DMSO) and dimethylformamide (DMF, Spectrophotometric grade ≥ 99.8 %) were used as 

received from Fisher Scientific.Phosphate buffered saline (PBS), Dulbecco’s Modified Eagle 

Medium (DMEM), and (3-(4,5-Dimethylthiazol-2-yl)-2,5,Diphenyltetrazolium bromide (MTT) 

were used as received from Thermo Fisher Scientific. 

Powder X-ray Diffraction (PXRD) 

For X-ray diffraction analysis, a 600 W RigakuMiniFlex powder diffractometer operating with a 

Cu (Kα = 0.15418 nm) radiation source was used, with asweeping range of 3-50° in continuous 

scanning mode. Data was collected in 0.1° increments at a scanning rate of 1°/min, andpatterns 

were generated with PDXL software.   

Scanning Electron Microscopy (SEM) 

A Leo (Zeiss) 1550 field-emission scanning electron microscope, equipped with an in-lens 

detector and operating at 5.0 kV, was used to collect SEM images. NPs were prepared for SEM 

imaging by first dispersing them in ethanol (0.1 mg/mL) via sonication. The resulting solution 

was then deposited via drop casting, with a short stem Pasteur pipette (1 drop), onto precut 5 mm 

x 5 mm glass slides. After room temperature drying, slides were mounted onto an SEM sample 

peg using double sided Cu tape and the sides of the slides were painted with carbon paint. A 
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Cressington 208 High Resolution Sputter Coater with a Au/Pd target (80/20) was used to deposit 

a conductive layer on the surface of the slides in order to allow for imaging. Samples were 

coated for 60 seconds. 

Transmission Electron Microscopy (TEM) 

TEM images and diffraction patterns were obtained using a JEOL 2100 transmission electron 

microscopewith an accelerating voltage of 200kV. Samples were prepared by depositing 10 µL 

of UiO-AZB nanoparticles on a 300 mesh carbon coated copper grid (EM Science) and left to 

dry overnight. 

Dynamic Light Scattering (DLS) 

The size distribution of the UiO-AZB nanoparticles was measured using a Malvern 

ZetasizerNano-ZS, with five measurements taken per trial. Nanoparticles were suspended in 

ethanol via sonication and passed through a 0.45 µm filter prior to measurement. 

Thermogravimetric Analysis (TGA) 

A Q-series TGA from TA instruments was used to analyze thermal stability of materials. 10 mg 

of sample in an aluminum pan were heated under nitrogen from 25-40 °C up to 800 °Cwith a 

heating rate of 10 °C/min. 

Gas Sorption Isotherms 

The N2 sorption isotherm measurements were collected on a Quantachrome Autosorb-1 at 77 K. 

The samples were placed in a 6 mm large bulb sample cell, which was degassed under vacuum 

for 24 h at 120 °C. The surface areas of the materials were determined by fitting the adsorption 

data within the 0.05-0.3 P/P0 pressure range to the BET and Langmuir equations. 

White Light Sources 
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1000 W white light was generated witha Newport LCS-100 solar simulator (AM 1.5G spectrum) 

equipped with a detachable IR filter. A commercial clamping desk lamp with a 100 W bulb was 

used to generate 100 W white light. In the case of the 100 W lamp, the IR filter was removed 

from the solar simulator and mounted between the light source and the sample. 

UV-Vis Spectroscopy 

Absorbance measurements were taken using a Cary 5000 UV-Vis-NIR spectrometer controlled 

with Cary WinUV software.  Single point measurements at 392 nm were taken using the Simple 

Reads application for the degradation of UiO-AZB.  The Scan application was used to collect 

spectra from 200-800 nm to observe the release of NR from the UiO-AZB nanoparticles.  

High Performance Liquid Chromatography (HPLC) 

An Agilent 1100 series HPLC equipped with a G1367A autosampler, quaternary pump, column 

heater set at 40°C and DAD detector set at 254 nm was used to measure the release of IBU. 

Separations were obtained through the C18XBridge column (4.6 mm x 25 mm with 5µm 

spherical packing) using H2O/ACN (85%:15%) as the isocratic elution solvent.  The flow rate 

was set to 1 mL/min and each run was 6 min. 

Confocal Laser Scanning Microscope 

A Zeiss LSM 880 confocal microscope was used to obtain images of HeLa cells. Images were 

collected using the red channel (550-700 nm) at 0.52 µm intervals and stacked in the Z axis. The 

image was prepared using Zen imaging software. 

5.7.2. Synthesis of 4,4´-azobenzenedicarboxylic acid (AZB)1 

4-nitrobenzoic acid (13 g) and 250 mL of 5 M NaOH were heated to 50 °C in a 500 mL round 

bottom flask. An aqueous solution of 3.7 M D-glucose (150 mL) was added slowly (30 mL/min) 

to the flask with vigorous stirring.The reaction was allowed to stir for 10 minutes and then 
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cooled to room temperature. The solution was aerated for 12 h and 5 M (200 mL) aqueous acetic 

acid was added to precipitate the AZB. The pink solid was collected via vacuum filtration and 

dried in a 100 °C oven for 18 h. (9.6 g, ~91 %) 1HNMR (500 MHz, basic D2O, δ, ppm) trans: 

7.94, 7.92 (d, 2H, J= 10 Hz), 7.82, 7.80 (d, 2H, J = 10 Hz), cis: 7.68, 7.66 (d, 2H, J=10 Hz), 6.91, 

6.89 (d, 2H, J = 10 Hz), (Predicted m/z= 270.2; M-H-= 269 m/z). 

5.7.3. Synthesis of UiO-AZB nanoparticles 

The synthesis described here was adapted from a previous report by changing the identity and 

concentration of the modulator.2  In order to control particle sizes, the acetic acid (AA) 

modulator was varied from 30-70 molar equivalents to Zr4+ (30 mol AA: 1 mol Zr4+, Figure SI). 

For example, a 30 equivalent synthesis follows: to a 20 mL vial, ZrCl4 (0.0234 g, 0.1 mmol), 

glacial acetic acid (172 µL, 3 mmol), water (10 µL), and DMF (5 mL) were added and the 

mixture sonicated for 5-10 min. H2AZB (0.0270 g, 0.1 mmol) was then added and the solution 

sonicated for ~5 min to give an orange suspension. The mixture was placed in a 100 °C oven for 

24 h. While still warm, the contents of the vial were transferred to a 15 mL centrifuge tube and 

the particles collected via centrifugation (4,000 rpm for ~15 min). After decanting the 

supernatant, 5 mL fresh DMF was added and the particles redispersed with sonication for 10 

minutes. Particles were allowed to soak in the fresh DMF for 0.5-1 h. Particles were again 

collected via centrifugation and the supernatant decanted. This washing process was repeated for 

a total of 1 x 5 mL DMF and 5 x 5 mL EtOH. Upon removal of the final supernatant, the 

particles were dried in a vacuum oven at 50 °C for 24 h. 
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Figure S1. Left: High-resolution TEM image showing area selected for selected area diffraction. 
Right:Additional high-resolution TEM image of UiO-AZB nanoparticles showing sharp defined 
edges. 

 
Figure S2. The DLS of UiO-AZB nanoparticles indicates an average particle size of 128 ± 3 nm. 
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Figure S3. N2 adsorption (black) and desorption (red) isotherms used to calculate BET surface 
area of 2465 m2/g. The shape is indicative of a type II isotherm which is characteristic of 
macroporous  materials. 

 
Figure S4. Isomerization of trans-AZB (blue) to cis-AZB (red) upon irradiation with a 355 nm 
laser as measured in a 0.3 mM solution of AZB in basic water. 
 
 
5.7.4. Simulated Cerebrospinal Fluid (SCF) 

Simulated cerebrospinal fluid (SCF) was made following a Cold Spring Harbor Laboratory Press 

protocol.3 The solution consists of 135 mMsodium chloride (NaCl), 5.4 mMpotassium chloride 
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(KCl), 5 mM4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt (Na-HEPES 

buffer), 1.8 mMcalcium chloride (CaCl2), and 1 mMmagnesium chloride (MgCl2). The pH of the 

solution was adjusted to 7.3 by adding concentrated (~12 M) hydrochloric acid. 

5.7.5. Degradation studies 

The degradation of the UiO-AZB was monitored by submersing 0.5 mg into 3 mL of a 1:1 (v/v) 

solution of ethanol and SCF in a 24/40 jointed quartz cuvette. The cuvette was capped with a 

rubber septum and either wrapped in tin foil (dark conditions) or placed in front of the light 

source (irradiated conditions).  The absorbance at 392 nm (isosbestic point) of the supernatant 

solution was measured as a function of time. Experiments were replicated 3 times. 
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Figure S5. Initial degradation rates of the UiO-AZB nanoparticles in the dark (black), under 
irradiation with 1000 W light (red), and with 100 W light (blue). 
 
5.7.6. Drug loading 

IBU loading 

50 mg UiO-AZB was suspended into a solution of 150 mg IBU in 30 mL hexane following an 

impregnation method previously reported.4The solution was allowed to stir for 5 h and the 

nanoparticles were collected via centrifugation of 15 mL aliquots. After decanting the final 



 126 

supernatant, 15 mL hexane was added and the nanoparticles were re-suspended via brief (< 1 

min) sonication.  Nanoparticles were then centrifuged again for ~5 min and the supernatant 

decanted. IBU loaded particles were then dried in a vacuum oven for 24 h at 50 °C. 
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Figure S6. FTIR of UiO-AZB (black), IBU (red), and IBU loaded UiO-AZB (blue). The peak 
from the C=O stretch of pure IBU at 1706 cm-1 shifts to 1690 cm-1 when loaded into the UiO-
AZB nanoparticles, indicative of IBU binding to the metal nodes.  
 
Caffeine loading 

50 mg UiO-AZB was suspended into a solution of 150 mg caffeine in 30 mL ethanol following 

an impregnation method previously reported.4 The solution was allowed to stir for 24 h and the 

nanoparticles were collected via centrifugation of 15 mL aliquots. After decanting the final 

supernatant, 5 mL ethanol was added and the nanoparticles were re-suspended via brief (< 1 min) 

sonication.  Nanoparticles were then centrifuged again for ~5 min and the supernatant decanted. 

IBU loaded UiO-AZB particles were then dried in a vacuum oven for 24 h at 50 °C. 

NR loading 
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50 mg UiO-AZB was suspended into 15 mL 48 µM NR in ethanol. Beyond this concentration 

the structural integrity of the nanoparticles was compromised as evidenced by PXRD (Figure 

S6). The solution was allowed to stir for 24 h and the nanoparticles were collected via 

centrifugation. After decanting the supernatant, 5 mL ethanol was added and the nanoparticles 

were re-suspended via brief (< 1 min) sonication.  Nanoparticles were then centrifuged again for 

~5 min and the supernatant decanted. NR loaded UiO-AZB particles were then dried in a 

vacuum oven for 24 h at 50 °C. 

In order to determine the amount of NR loaded into the nanoparticles, 1.93 mg of loaded material 

was placed into a vial and digested using 3 mL 50 mM Na2HPO4 via sonication for ~1 h. A UV-

Vis spectrum of the digestion solution was compared to a calibration curve to determine the 

concentration of NR in the solution and to calculate the amount of NR present in the sample 

(Figure S10).  
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Figure S7. Left: PXRD taken of the NR loaded UiO-AZB with increasing concentrations of NR 
in the loading solution (black, 29 µM; red, 34 µM; blue, 38 µM; green, 43 µM; orange, 48 µM; 
purple, 60 µM; magenta, 72 µM). Right: TGA of NR loaded UiO-AZB (red) compared with 
UiO-AZB (black). Therefore, TGA could not be used to accurately determine NR loading. 
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Figure S8. Left: Calibration curve of NR in 50 mM NaH2PO4at 575 nm. Right: UV-Vis spectra 
of the standard solutions of NR (black, 0.001 mM; red 0.005 mM; blue, 0.01 mM; magenta, 0.03 
mM) and the digested NR loaded UiO-AZB nanoparticles (green). 
 
5.7.7. Drug release studies 

IBU release 

The release of IBU from the IBU loaded UiO-AZB nanoparticles was measured using HPLC. 2.7 

mg of the IBU loaded UiO-AZB nanoparticles were submersed into 5 mL 1:1 (v/v) ethanol/SCF 

in a 24/40 jointed quartz cuvette. The cuvettes were capped with a rubber septum and kept either 

wrapped in tin foil (dark conditions) or placed in front of a 1000 W white light source (irradiated 

conditions). 100 µL aliquots were removed over time from the cuvettes and placed into a glass 

LC/MS vial.  Aliquots were diluted with 900 µL ethanol/SCF (1:1 v/v) and analyzed using 

HPLC as described vide supra. The 100 µL was replaced with fresh ethanol/SCF solution after 

the removal of each aliquot. A calibration curve was made by analyzing the peak area as a 

function of standard concentrations of 0.005, 0.01, 0.02, 0.05 mg/mL IBU in ethanol/SCF (1:1 

v/v). Experiments were repeated in triplicate. Figure S11 provides the calibration curve as well 

as the release profile of IBU from UiO-AZB nanoparticles. 
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Figure S9. Left: Calibration curve of IBU. Right: IBU release from UiO-AZB in the dark (black 
circles) and upon irradiation with 1000 W white light (red squares) indicating rapid diffusion 
from the material and no release dependence on irradiation. 
 

Caffeine release 

The release profiles of caffeine from the IBU loaded UiO-AZB nanoparticles were measured 

using HPLC. 2.4 mg of the caffeine loaded UiO-AZB nanoparticles were submersed into 5 mL 

1:1 (v/v) ethanol/SCF in a 24/40 jointed quartz cuvette. The cuvettes were capped with a rubber 

septum and kept either wrapped in tin foil (dark conditions) or placed in front of a 1000 W white 

light source (irradiated conditions). 100 µL aliquots were removed over time from the cuvettes 

and placed into a glass LC/MS vial.  Aliquots were diluted with 900 µL ethanol/SCF (1:1 v/v) 

and analyzed using HPLC as described vide supra. The 100 µL was replaced with fresh 

ethanol/SCF solution after the removal of each aliquot. A calibration curve was made by 

analyzing the peak area as a function of standard concentrations of 0.0005, 0.001, 0.002, 0.005 

mg/mL caffeine in ethanol/SCF (1:1 v/v). Experiments were repeated in triplicate. Figure S12 

provides the calibration curve as well as the release profile of caffeine from UiO-AZB 

nanoparticles. 
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Figure S10. Left: Calibration curve for caffeine. Right: caffeine release from UiO-AZB in the 
dark (black circles) indicating rapid diffusion of caffeine from the material in the dark. 
 
NR release 

The release of NR from the NR loaded UiO-AZB was measured using UV-Vis spectroscopy. 2.0 

mg of the NR loaded UiO-AZB nanoparticles were submersed into 3 mL 1:1 (v/v) ethanol/SCF 

in a 24/40 jointed quartz cuvette. The cuvettes were capped with a rubber septum and kept either 

wrapped in tin foil (dark conditions) or placed in front of a white light source (irradiated 

conditions). The absorbance spectra from 200-800 nm of the supernatant solutions were 

measured over time. From the spectra, the absorbance at 575 nm was plotted as a function of 

time for each light exposure condition. Figure S13 confirms that only NR absorbs at this 

wavelength. Experiments were repeated in triplicate.  
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Figure S11. Left: Absorbance of AZB (black, 0.05 mM) and NR (red, 0.01 mM) demonstrating 
that AZB does not absorb at 575 nm where NR absorbance is monitored for release studies 
(inset). Right: Release of NR (%) in the dark (black) and under irradiation with 1000 W light 
(red).   
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Figure S12.Left: Example of absorbance scansfor the release of NR (monitored at 575 nm, inset) 
under dark conditions (black, 30 min; red, 1 h; blue, 2 h; magenta, 3 h; green, 4 h; indigo, 5 h; 
light purple, 6 h; dark purple, 7 h; maroon, 8 h). Right: Example of absorbance scans for the 
release of NR (monitored at 575 nm, inset) under irradiation with 1000 W white light (black, 5 
min; red, 1 h; blue, 2 h; magenta, 3 h; green, 4 h; indigo, 5 h; light purple, 6 h; dark purple, 7 h; 
maroon, 8 h).  
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Figure  S13. Left: Degradation (%, measured at 392 nm from the absorbance scans above) as a 
function of time in the dark (black squares) and under irradiation with 1000 W white light (red 
circles). The initial rates of degradation have been fitted to a linear profile to estimate how the 
material would behave in continuous flow conditions. Right: NR release (%, measured at 575 nm 
from the absorbance scans above) as a function of time in the dark (black squares) and under 
irradiation with 1000 W white light (red circles). 
 
 
5.7.8. Cellular Studies 
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Cellular Uptake 

HeLa cells were seeded in 35 mm glass bottom petri dishes (MatTek) at 10,000 cells per well 

and cultured for 24 h at 37 °C and 5% CO2. To each dish 300 µL of 0.5 mg/mL UiO-AZB loaded 

with Nile red was added. After 30 min incubation at 37 °C the solution was removed and the 

cells were washed three time with PBS. Images were acquired using a confocal laser scanning 

microscope. 

Cellular Toxicity 

HeLa cells were seeded at 5,000 cells per well in a 96-well plate and cultured for 24 h at 37 °C 

and 5% CO2. Solutions of UiO-AZB (2, 5, 10, 25, 50 µg/mL) in DMEM were added to the wells. 

After 72 h incubation the media was removed and cells were washed three times with PBS. To 

each well 10 µL of 5 mg/mL MTT and 90 µL of DMEM were added and incubated at 37 °C. 

After 4 h the media was removed and the formazan crystals were dissolved in 100 µL DMSO. 

The absorbance at 570 nm was measured using a microplate reader. Percent viability of the cells 

was calculated as the ratio of mean absorbance of triplicate readings with respect to mean 

absorbance of control wells. 

 
 
 
 
 
 
 
 
 
 
Figure S14. In vitro cytotoxicity of UiO-AZB against HeLa cells at different concentrations of 
UiO-AZB. Untreated cells were used as a control. Each data point is the average of three 
independent experiments. 
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6.1 Abstract 

Metal organic framework nanocarriers offer advantages of high surface area and 

synthetic diversity that fosters interest in their potential for drug delivery applications. We have 

previously demonstrated that the incorporation of photo-isomerizable struts into the MOF 

scaffold allows for the development of stimuli-responsive drug delivery systems. To explore 

further, we were motivated to target cancer treatment using the core UiO-AZB nanoparticles 

stabilized by a surface coating of aminated polyethylene glycol (PEG-NH2). Herein, we report he 

design and successful photo-triggered degradation of a PEG-NH2 functionalized UiO-AZB 

nanoparticle loaded with 5-fluorouracil (15 wt%), referred to as PEGNH2@5-FU-UiOAZB. The 

PEGNH2@5-FU-UiOAZB nanoparticles are highly stable in biological conditions and undergo 

degradation and subsequent release of 5-FU upon irradiation with 340 nm light.  



 135 

6.2 Introduction 

Metal organic frameworks (MOFs) have shown value in many applications ranging from 

gas separation1 to catalysis2. Although originally popularized in the 1990’s, it was not until 2006 

when Horcajada et al. illustrated their use as possible drug delivery systems with remarkable 

loading capacities (up to 140 wt% for ibuprofen).3 MOFs exhibit high surface areas (up to 7000 

m2/g)4 and tunable pore sizes, both of which allow for unprecedented cargo loading, making 

MOFs great candidates for drug delivery platforms.5 MOFs have also been shown to encapsulate 

a wide variety of drug classes. For example, MIL-100 (MIL = Materials of Institute Lavoisier) 

has shown uptake of hydrophilic drug agents azidothymidine triphosphate (AZT-Tp), cidofovir 

(CDV), and sulisobenzone6; hydrophobic agents doxorubicin and oxybenzone; and the 

amphiphilic anticancer drug busulfan.7 The fact that a single MOF exhibits appreciable uptake 

for a wide variety of drug types demonstrates the versatility of these systems as nanocarriers.  

Obstacles with developing and implementing drug delivery systems come from the 

ability to secure cargos until they reach an active site and controllably release them when 

commanded. Having control over where nanocarriers go systemically and additional control of 

the release of therapeutic cargos, reduces toxicity of the overall system and decreases unwanted 

off target effects.8 The primary approach to deliver nanoparticles (NPs) to a specific site for 

cancer therapy is though the enhanced permeability and retention (EPR) effect, where molecules 

of a certain size have greater accumulation in tumor tissue than healthy tissue.8 This is due to 

pore sizes ranging from 100 – 780 nm in tumor vasculature9 resulting in NPs of this range being 

taken into tumor tissue. Poor lymphatic drainage of solid tumors renders inefficient removal of 

the NPs.10 Once NPs have collected within the site of action, a stimulus can trigger the release of 

the therapeutic cargo, ensuring no release until the system enters the tumor. The use of external-
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stimuli, such as heat, light, or magnetic field, offer the advantages of spatial and temporal control 

over the use of internal or biological stimuli.11  

Another important design feature to consider when developing a drug delivery system is 

the rate and mechanism by which they release drug cargos. A common method to design stimuli-

responsive MOFs is to add a capping agent to the surface of the MOF that can control the release 

of the loaded cargo. This capping approach is demonstrated by Tan et al. where they utilize heat 

as an external-stimulus to trigger the release of 5-fluorouracil (5-FU) from pillarene capped UiO-

66 MOFs.12 Cation exchange is another release mechanism where biologically relevant cations 

are used to trigger the controlled release of cargo. This competitive binding technique was first 

shown using Na+ as a trigger to release procainamide from a zinc-adeninate MOF13, and latter 

combined with the capping method when Zn2+ binds to the capping pillarenes implanted on a 

UiO-66 MOF to achieve up to ~70 % releae of 5-FU within an hour.12 A third mechanism for 

stimuli-responsive drug release is through a controlled dissolution of the material and subsequent 

release of the loaded cargo. Sun et al. demonstrates the controlled degradation of ZIF-8 by 

introducing the system to acidic conditions, resulting in sustained release of 5-FU over 7 days.5  

The future of personalized cancer care relies in part on the discovery of targeted 

treatment methods to alleviate the systemic side effects of traditional chemotherapeutics. 

Photodynamic therapy (PDT) has been proposed as an effective method for the selective 

targeting of cancer tumors with light as an external-stimulus. Traditional PDT operates via an 

oxygen-dependent mechanism. Upon irradiation with light, a photosensitizer promoted to an 

excited state reacts with the oxygen naturally present in tissues to generate 1O2. However, rapidly 

growing tumors often deplete the blood’s supply of oxygen leaving parts of tumors with 

dramatically decreased oxygen levels compared to healthy tissue.14 Therefore, patients with solid 
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tumors containing a large fraction of hypoxic cells are ineffectively treated with traditional PDT, 

leaving surgery and systemic chemotherapy as the best treatment option. For PDT to play the 

primary clinical role in the treatment of cancers, a new paradigm for the utilization of light in 

targeted therapies must be developed. The development of small molecule O2-independent PDT 

agents is a major goal of the field.15-17 

In this work, we discuss the design of a photo-degradable MOF drug delivery system 

where a photo-responsive linker, azobenzenedicarboxylate (AZB), is incorporated into the 

backbone to give a UiO-type MOF referred to as UiO-AZB. AZB undergoes isomerization upon 

irradiation with light and, as previously shown18, results in degradation of the UiO-AZB 

nanocarriers with subsequent release of the therapeutic cargo. The cancer therapeutic, 5-FU, was 

loaded into the framework with a maximum of 14.9 wt% achieved after 3 days. In order to 

increase the aqueous stability, biocompatibility, and half-life of the system, an aminated 

polyethylene glycol (PEG-NH2) coating was post-synthetically attached to give a material loaded 

with 5-FU, herein referred to as PEGNH2@5-FU-UiOAZB. The system was irradiated with 340 

nm light and photo-triggered degradation was monitored as a function of time. PEGNH2@5-FU-

UiOAZB was found to be stable in the dark and to degrade upon irradiation with 340 nm light. 

The light induced degradation provided a means to deliver the loaded 5-FU in vitro, and 

concentration dependent cell death was observed upon irradiation. This study highlights the 

scope and applicability of MOF drug delivery systems and emphasizes the germane need for 

investigation of these materials in biological applications. 

6.3 Materials and Methods 

6.3.1 Synthesis of UiO-AZB nanoparticles 

The synthesis described here was adapted from a previous report by changing the 

modulator to acetic acid at 30 equivalents to zirconium.18-19 To a 20 mL vial, H2AZB (0.0270 g, 
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0.1 mmol), ZrCl4 (0.0234 g, 0.1 mmol), glacial acetic acid (172 µL, 3 mmol), and DMF (5 mL) 

were added and the solution sonicated for ~5 min to give a bright orange solution. The mixture 

was placed in a 120 °C oven for 24 h. While still warm, the contents of the vial were transferred 

to a 15 mL centrifuge tube and the particles collected via centrifugation (4,000 rpm for ~15 min). 

After decanting the supernatant, 5 mL fresh DMF was added and the particles redispersed with 

sonication for 10 minutes. Particles were allowed to soak in the fresh DMF for 15-30 min. 

Particles were again collected via centrifugation and the supernatant decanted. This washing 

process was repeated for a total of 1 x 5 mL DMF and 5 x 5 mL EtOH. Upon removal of the 

final supernatant, the particles were dried in a vacuum oven at 50 °C for 24 h. 

6.3.2 Synthesis of NH2-PEG-NH2 polymer  

Commercial polyethylene glycol (PEG; Mn = 2,000 g/mol) was dried on a Dean-Stark 

trap for 1 hour in toluene. Excess toluene was refluxed off and 6 equivalents (1.77 g) of Fmoc-

glycine, 6 equivalents (1.23 g) DCC (N,N’-Dicyclohexylcarbodiimide), and 0.2 equivalents 

(0.024 g) DMAP (4-Dimethylaminopyridine) were added to the mixture in DMF. After stirring 

at 24 °C for 12 h, the polymer mixture was precipitated in cold diethyl ether. The Fmoc group 

was removed by dissolving the collected polymer in 20% piperidine in DMF and stirring for 30 

min. The diamine terminated PEG was precipitated in cold diethyl ether, collected through 

vacuum filtration, and dried in a vacuum oven overnight. 

6.3.3 5-Fluorouracil loading and surface modification of UiO-AZB nanoparticles  

5-fluorouracil (400 mg) along with 150 mL EtOH, were added to a 200 mL round bottom 

flask. The solution was heated to 70 °C and allowed to stir until dissolved. After cooling, 200 mg 

UiO-AZB was then added to the solution and the flask was sonicated for ~30 min to form a 

cloudy orange suspension. The solution was allowed to stir vigorously. After 72 hours of 

vigorous stirring, a solution of 5.0664 g NH2-PEG2k-NH2 in 50 mL EtOH was added to the flask 
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and stirred for an additional 24 h. The coated 5-FU loaded nanoparticles, referred to as PEG-

NH2@5-FU-UiOAZB, were collected in 10 mL aliquots via centrifugation (in 2 x 15 mL 

centrifuge tubes), washed via centrifugation with 10 mL EtOH in each tube, then dried in a 

vacuum oven at 50 °C for 24 h. 

6.3.4 1H nuclear magnetic resonance spectroscopy (NMR) 

All NMR experiments were performed using an Agilent U4-DD2 (400 MHz) instrument. 

The PEG solutions were prepared in CDCl3. The PEGNH2@5-FU-UiOAZB digestion was 

prepared in 50 mM Na2HPO4 in D2O. 

6.3.5 Fourier Transform Infrared spectroscopy (FT-IR) 

A Varian 670 FT-IR spectrometer with a diamond Specac Golden Gate attenuated total 

reflectance (ATR) attachment was used to collect infrared spectra. A background of air was 

collected and subtracted from each sample spectra. For both background and sample collection, 

64 scans with a resolution of 4 cm-1 were obtained from 4000-400 cm-1. 

6.3.6 Thermogravimetric analysis (TGA) 

A Q-series TGA from TA instruments was used to analyze thermal stability of materials. 

The samples (10 mg) were placed in aluminum pans and heated under nitrogen from 0 °C to 950 

°C with a heating rate of 5 °C/min.  

6.3.7 Transmission electron microscopy (TEM) 

TEM images were obtained using a Philips EM 420 transmission electron microscope 

with an accelerating voltage of 120 kV. Samples were prepared by depositing 10 µL of UiO-

AZB nanoparticles on a 300 mesh carbon coated copper grid (EM Science) and left to dry 

overnight. 
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6.3.8 Dynamic light scattering (DLS) 

The size distribution of the NPs was measured using a Malvern Zetasizer Nano-ZS. 

PEGNH2@5-FU-UiOAZB NPs were suspended in 50 mM disodium phosphate buffer (pH=7.6). 

Samples were sonicated for 60 minutes and passed through a 0.45 µm filter prior to 

measurement. For the fetal bovine serum (FBS) incubation the PEGNH2@5-FU-UiOAZB NPs 

(1 mg/mL) were incubated with 500 µL undiluted FBS (Life Technologies) for 2 hours at 37 °C 

under constant agitation.  The NPs were centrifuged at 14,000 rpm for 20 min.  The pellet was 

resuspended in water and washed two times by centrifuging at 14,000 rpm for 20 min.  The final 

pellet was resuspened in 1 mL of DI water. 

6.3.9 Degradation studies  

A typical experiment consists of adding 10 mg PEGNH2@5-FU-UiOAZB to a vial, along with 

10 mL simulated cerebrospinal fluid (method in SI). The vial was sonicated for 30 seconds and 

incubated in the dark for 90 min. After incubation, the contents of the vial were either transferred 

to a well plate to be inserted into the LED array (340 nm, 53 mW) built in-house, or kept in the 

dark. 160 µL aliquots were removed every 30 min for 5 h, then every hour for a total of 12 h. 

Upon removal, each aliquot was centrifuged at 13,000 rpm for 5 min and the supernatant was 

collected for UV-Vis and HPLC analysis. The concentration of AZB in the resulting solution was 

calculated through the measured absorption at 392 nm, using the following equation.  

𝐴𝑏𝑠!
𝜀!"# !"

= 𝐶!"#(!) 
(1) 

where Abst is the measured absorbance at 392 nm at time t, ε is the extinction coefficient of 

AZB, and CAZB(E) is the experimental concentration of AZB. As described previously18 the 

percent degradation of the UiO-AZB MOF is determined by comparing the experimental 

(CAZB(E)) and total (CAZB(T)) concentration of AZB. 
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𝐶!"#(!)
𝐶!"#(!)

× 100% = % 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 
(2) 

where the total AZB concentration is determined using the equation below.  

6𝑚
(𝑀𝑊!"#!!"#)𝑉

= 𝐶!"#(!) 
(3) 

where m is the mass of UiO-AZB, MWUiO-AZB is the molecular weight of 2,877.34  g/mol, and V 

is the added volume of simulated cerebrospinal fluid. The moles of AZB are then multiplied by 

the molar ratio of AZB to UiO-AZB (6:1). 

An Agilent 1100 series HPLC equipped with a G1367A autosampler, quaternary pump, 

column heater set at 40°C and DAD detector set at 254 nm was used to measure the release of 

AZB. Separations were obtained through the C18XBridge column (4.6 mm x 25 mm with 5µm 

spherical packing) using H2O/ACN (85%:15%) as the isocratic elution solvent.  The flow rate 

was set to 1 mL/min and each run was 6 min. 

6.3.10 In vitro studies  

 MCF7 cells were seeded at 8,000 cells per well in a 96-well plate and cultured for 24 h at 

37 °C and 5 % CO2. Two plates were made for each concentration tested. Solutions of 

PEGNH2@5-FU-UiOAZB (10, 50, 100, 500, 1000, 2000, 3000 µg/mL) in DMEM were added to 

the wells. After 1 h incubation one plate was placed on the bench top in the dark and one plate 

was placed in the LED array and irradiated for 30 min in 15 min intervals to prevent the 

temperature of the solution from rising. The plates were then incubated for 1 h before the media 

was removed and cells were washed three times with PBS. To each well 10 µL of 5 mg/mL MTT 

and 90 µL of DMEM were added and incubated at 37 °C. After 4 h the media was removed and 

the formazan crystals were dissolved in 100 µL DMSO. The absorbance at 570 nm was 
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measured using a microplate reader. Percent viability of the cells was calculated as the ratio of 

mean absorbance of triplicate readings with respect to mean absorbance of control wells. 

 

Scheme 6.1. Schematic illustration of the formation of the drug loaded (red spheres) and 
polymer coated (blue lines) UiO-AZB. The presence of the external stimulus triggers the 
degradation of the UiO-AZB and release of the drug is achieved. 

 

6.4 Results and Discussion 

 
External-stimuli responsive nanomaterials are the next-generation of drug delivery 

systems.11 Customization of physicochemical properties of the delivery platform along with 

control over the external stimulus offers the advantage of spatiotemporal control. The NP drug 

delivery system described in this report consists of a previously reported18 MOF nanocarrier, 

UiO-AZB, loaded with 5-FU and surface functionalized with aminated PEG, PEG-NH2. A 

maximum 5-FU loading of 14.9 wt% was achieved after 3 days of stirring in an ethanolic 

solution with a UiO-AZB : 5-FU ratio of 1 : 2. The subsequent attachment of the PEG-NH2 
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enhances colloidal stability and offers resistance to degradation in biological media. Upon 

irradiation with light (340 nm), the AZB linkers isomerize resulting in photo-triggered 

degradation and 5-FU release (Scheme 1).     

6.4.1 NH2-PEG2k-NH2 synthesis and characterization 

PEG is widely used as a surface modification for drug delivery platforms, as it is water 

soluble, bio-inert, nontoxic, and extends the circulation time of the drug system in the blood 

stream.20 Commercial PEG, with terminal alcohol groups, does not directly coordinate to the 

surface of the UiO-AZB NPs. In order to achieve coordination to the NP, as opposed to non-

specific encapsulation, primary amine functional groups, which would interact with the 

zirconium metal nodes, were added to the PEG chains. Studies show that using a low molecular 

weight PEG with a high coating density better shields the NP from protein adsorption than using 

a high molecular weight polymer.21 Therefore, we chose a low molecular weight PEG (2,000 

Mn) for the surface coating of UiO-AZB. The primary amine functionality was added through 

coupling the carboxylic acid on Fmoc-glycine to the terminal alcohol using DCC coupling 

(Scheme 2). The Fmoc group protecting the primary amine is removed with 20% piperidine in 

DMF. The resulting product is aminated PEG, NH2-PEG2k-NH2. 

Figure S1 shows the 1H-NMR of aminated PEG. All 1H-NMR samples were prepared in 

CDCl3 (7.26 ppm) after polymer precipitation into diethyl ether (residual solvent peak at 3.48 

ppm). There is no observable amine shift seen for NH2-PEG2k-NH2, possibly due to overlap with 

the large PEG peak. Therefore, in order to quantify the percentage of final amination the Fmoc 

groups are quantified assuming a primary amine for every Fmoc group (Figure S1A). Integrating 

to the known molecular weight of PEG allows for the percentage of Fmoc attachment to be 

determined as 92% end group conversion. The 1H-NMR spectrum shows complete removal of 

the Fmoc group from the PEG, resulting in primary amine terminated PEG (Figure S1B). The 
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Kaiser test, a sensitive colorimetric assay that tests for the presence of primary amines, also 

confirms that removal of the Fmoc groups results in aminated PEG. In the absence of free 

primary amino groups the Kaiser test yields a light yellow color, seen in the Fmoc-PEG-Fmoc 

sample (Figure S1A). A deep blue color indicates the presence of primary amine groups, seen 

after the removal of the Fmoc protecting groups (Figure S1B).  

 

  
Scheme 6.2. The two-step synthesis of amine functionalized PEG. In the first step PEG is 
reacted with Fmoc-glycine-OH through DCC coupling. The Fmoc protecting group is then 
removed resulting in NH2-PEG-NH2. 
   

 The FT-IR spectrum of H2N-PEG-NH2 (Figure 6.2B, red) agrees with literature reports of 

PEG.22 The characteristic C-H stretching frequencies at 2860 cm-1 and C-O stretch at 1460 cm-1 

are seen. In addition, a C=O stretching peak at 1660 cm-1 is present due to the ester bond from 

the addition of the glycine group (Scheme 2). This reconfirms the successful attachment of the 

glycine group to the PEG terminus. 

6.4.2 Drug loading and surface modification of UiO-AZB 

The cancer drug 5-fluorouracil (5-FU) is used clinically to treat breast, cervical, 

esophageal, and stomach cancers (among others) and was chosen as the therapeutic for this 

study.23 Loading was achieved via a simple impregnation method commonly used in the 
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literature24 prior to coating with the PEG-NH2 polymer (see materials and methods) and the 

loaded samples will be referred to as PEGNH2@5-FU-UiOAZB. The surface functionalization 

occurs through coordination through the primary amines on the PEG and the zirconium metal 

nodes in UiO-AZB. Powder X-ray diffraction (PXRD, Figure 6.1A) analysis confirms the 

crystalline structure remains intact after 5-FU uptake over 3 days, beyond which time period 

crystallinity is lost. Additionally, upon further analysis, a few of the peaks at lower angles (< 

15°) shift slightly to the right (higher angle, Figure S2), which according to Braggs Law is 

indicative of smaller unit cell parameters. A reduction in the size of the unit cell upon 5-FU 

loading suggests that there are 5-FU molecules binding to the framework, resulting in a slight 

contraction of the structure. This type of contraction or “breathing” behavior has been healthily 

documented in the literature.25-27 The extent of loading was monitored over the 3 day period and 

estimated via TGA (Figure 6.1B and Figures S3), with maximum loading (~15 wt%) occurring 

after 3 days. 5-FU binding is also evident in the TGA (Figure S3), as there are 2 losses attributed 

to both free and bound 5-FU occupying the pore spaces of UiO-AZB. The TGA data was also 

used to estimate the PEG-NH2 coverage and was found to be ~15 wt %.  

 NMR was also used to confirm the weight percent of the surface coating. The UiO-AZB 

NPs are not stable in phosphate buffer due to ligand exchange of the carboxylate linkers for 

phosphate groups. PEGNH2@5-FU-UiOAZB was added to a 50 mM Na2HPO4 in D2O solution 

and water bath sonicated for 1 hour. After an hour white precipitate was seen at the bottom of the 

tube due to zirconium salt complexes. To the digested solution 4 x 10-7 moles of 3-

(trimethylsilyl)-1-propionic acid sodium salt (TMPS) was added as an internal standard. A 1H-

NMR spectrum of this solution is shown in Figure S4. The four azobenzene peaks seen are due 

to the presence of both the trans and cis forms in the digested solution. Using the internal 
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standard at 0 ppm the surface coating of the UiO-AZB NPs was found to be 16% PEG by 

weight, which is in agreement with the value determined through TGA. 

Figure 6.1. A) PXRD of as synthesized (gray) UiO-AZB and PEGNH2@5-FU-UiOAZB with 
impregnation times of 1 day (blue), 2 days (black), and 3 days (red). B) TGA of 5-FU (green), 
PEGNH2@5-FU-UiOAZB with impregnation times of 1 day (blue), 2 days (black), and 3 days 
(red). 

The PEGNH2@UiOAZB NPs were initially analyzed through TEM (Figure 6.2A). The 

100 nm size is in agreement with previously reported sizes of the nano-MOF.18 Successful 

addition of the polymer coating is also seen. The PEGNH2@5-FU-UiOAZB is further 

characterized through FT-IR spectroscopy (Figure 6.2B). UiO-AZB (black) displays carboxylate 

stretches at 1600, 1558, and 1415 cm-1, indicative of carboxylate chelation to the metal nodes. 

The FT-IR spectrum of 5-FU (blue) contains a broad band between 2700 and 3300 cm-1 

attributed to the NH stretching, a band at 1630 cm-1 due to the carbonyl stretching, and a peak at 

1238 cm-1 from the C-F bond. The final product, PEGNH2@5-FU-UiOAZB (green) exhibits a 

combination of the stretches seen from UiO-AZB, PEG, and 5-FU. The two sharp peaks from 

UiO-AZB (1600 and 1558 cm-1) are observed along with a broader PEG peak at 1660 cm-1. This 

broadening is attributed to the presence of 5-FU that has an overlapping stretch at 1630 cm-1. A 

FT-IR of PEGNH2@UiOAZB (no drug loaded) is shown in Figure S5; notice the sharp 

distinction between the two UiO-AZB peaks and the carbonyl PEG peak. There is also a peak 
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broadening due to the combination of the carboxylate stretch from UiO-AZB at 1415 cm-1 and 

the C-O stretch from PEG at 1460 cm-1. This data is evidence of successful polymer coating of 

the material along with evidence of drug encapsulation. 

 

Figure 6.2. A) TEM image of PEGNH2@UiOAZB NPs, scale bar is 80 nm. B)FT-IR analysis of 
UiO-AZB (black), NH2-PEG-NH2 (red), 5-FU (blue), and PEGNH2@5-FU-UiOAZB (green).  
 
6.4.3 PEGNH2@5-FU-UiOAZB stability 

 The size of particles for drug delivery determines the distribution and clearance pathway 

in the body. Additionally, the size also regulates the amount of possible drug that can be loaded 

into the nanocarrier. The goal is to use the largest NP possible that will be able to reach the 

desired target and not be cleared from the body. With that in mind, the optimal size of a NP drug 

delivery system is around 100 nm. DLS is a technique that measures the hydrodynamic radius of 

particles in solution. A 1 mg/mL solution of PEGNH2@5-FU-UiOAZB in DI water was water 

bath sonicated for 30 minutes to aid in dispersion, then filtered using a 0.2 µM filter. Surface 

modified UiO-AZB NPs provided increased dispersion and colloidal stability, while 

unfunctionalized NPs formed large agglomerates in solution (Figure S6). A measurement was 

taken every 30 minutes and the average size of the NPs over 20 hours was found to be 140 ± 4 
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nm (Figure 6.3A). The hydrodynamic radius increased 12 nm from the uncoated UiO-AZB (128 

± 3 nm) due to the addition of the PEG coating. The size of the PEGNH2@5-FU-UiOAZB NPs 

did not change over 20 hours indicating colloidal stability of the functionalized NPs. 

 

 

Figure 6.3. A) DLS data over 20 hours showing no change in UiO-AZB size in solution. B) DLS 
measurements of PEGNH2@UiO-AZB before and after incubation with fetal bovine serum. 
 
 

In addition to the size being important for successful drug delivery the surface charge of 

the NPs also needs to be considered. The zeta potential of the PEGNH2@UiOAZB NPs in water 

was measured to be -5.33 mV. This slightly negative charge has been shown to increase the 

circulation life of NPs due to decreased plasma protein adsorption.28 Additionally, the slight 

charge also aids in the dispersion and charge repulsion that stops the NPs from aggregating. To 

test the effect of protein adsorption on the surface of PEGNH2@5-FU-UiOAZB the NPs were 

incubated with fetal bovine serum (FBS) at room temperature for 1 hour and the NP were 

washed via centrifugation. The size and zeta potential of the NPs were measured (Figure 6.3B). 

DLS shows an increase in size of ~100 nm, indicating that the protein corona is composed of 

more than one layer of adsorbed protein. It is important to note that the size distribution of the 

NPs stays monodispersed after FBS incubation, indicating a consistent protein corona thickness 

and no aggregation induced from adsorbed proteins. After FBS incubation the zeta potential 
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decreases to -24.08 mV. This is in agreement with previous studies that show a zeta potential 

around 20 mV after FBS incubation independent of the original NP surface charge.29-30 

6.4.4 Light induced degradation 

 Before beginning in vitro studies, the degradation of the PEGNH2@5-FU-UiOAZB was 

studied using UV-Vis. Particles were submersed in simulated cerebrospinal fluid (see 

supplemental information for composition) and aliquots of the solution were monitored over time 

for the presence of the azobenzene dicarboxylate (AZB) linker. After centrifuging to remove the 

PEGNH2@5-FU-UiOAZB NPs, the absorbance of the supernatant was screened. Absorbance 

due to free AZB in solution is the result of the nanoparticles degrading into their component ions 

(AZB2- and Zr4+). From the absorbance data, the concentration and subsequent % degradation of 

the material can be determined (materials and methods). We have demonstrated this approach for 

evaluating the degradation profiles of the unmodified nanoparticles.18 HPLC provided a 

secondary method to determine the concentration of AZB in the samples. Figure 6.4 shows the 

results of the experiments. From the data, it is apparent that the particles are stable when no 

irradiation is present and under irradiation the degradation profile is accelerated. The polymer 

itself is not serving to prevent light from reaching the UiO-AZB particles, because PEGNH2 does 

not absorb light efficiently at this wavelength. Therefore, isomerization events of the AZB linker 

are occurring and causing the material to degrade. From UV-Vis and HPLC the rate of 

degradation of the PEGNH2@UiO-AZB material under irradiation is 0.52 ± 0.07 and 0.60 ± 0.08 

% / hr respectively, and 0.00 % / hr under dark conditions. The degradation rates determined 

from the two quantitative techniques are in agreement. Due to the mechanism of drug release 

relying on the degradation of the material the prolonged stabilization of the delivery system in 

the dark is ideal. The degradation profile of the material in the dark and under irradiation 

indicates that no cargo release will occur until the external stimulus is present.        
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Figure 6.4. The percent degradation for samples kept in the dark (black) and those irradiated 
with 340 nm UV light (red). 
 
6.4.5 In vitro degradation studies 

 The high degree of control over the degradation of the NP prompted us to demonstrate 

the biological applicability of PEGNH2@5-FU-UiOAZB as an external stimulus controlled drug 

delivery vehicle. To this end, we incubated a breast cancer cell line, MCF-7, with varying 

concentrations of PEGNH2@5-FU-UiOAZB. The cells were then irradiated with 340 nm light 

for 30 min or kept in the dark. We quantified the number of living cells using the MTT assay and 

compared the cell viability of the PEGNH2@5-FU-UiOAZB treated cells to untreated cells. 

Figure 6.5 shows the cell viability of MCF-7 cells treated with PEGNH2@5-FU-UiOAZB with 

5-FU concentrations from 1.5 – 450 µg/mL. The cells kept in the dark experienced no NP 

dependent cell death. The light triggered degradation and subsequent release of the 5-FU is 

observed through the concentration dependent cell death. When the cells are treated with 75 
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µg/mL or greater 5-FU a decrease in the cell viability is seen. The cells with treated with 

unloaded PEGNH2@UiOAZB at the same concentrations that previously resulted in cell death 

and after irradiation with light no NP dependent cell death is observed (Figure S7). This confirms 

that it is the release of the 5-FU from the NP system that causes the cell death and not the free Zr, 

AZB, or PEG that are also present when the system degrades.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. The cell viability of MCF-7 cells when treated with PEG-NH2@5-FU-UiO-AZB and 
kept in the dark or irradiated with 340 nm light. Each data point is the average of six independent 
experiments. 
 
6.5 Conclusions 

In summary, we have reported the design and successful photo-triggered degradation of 

PEG functionalized UiO-AZB nanocarriers. After optimization of 5-fluorouracil loading it was 

determined that the loaded cargo was both encapsulated and bound to the UiO-AZB NP. After 

surface modification with PEG the PEGNH2@5-FU-UiOAZB NPs were determined to be highly 
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stable in biological medium. Upon irradiation with UV light a triggered degradation and 

subsequent release of 5-FU was observed, while no drug release is observed in the dark. In vitro 

testing of the drug delivery system demonstrated external-stimulus controlled cell death. This 

study highlights the scope and applicability of MOF drug delivery system while highlighting the 

utility of oxygen-independent photodynamic therapy.  
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6.8 Supplemental Information 

Simulated Cerebrospinal Fluid (SCF) Components 
Simulated cerebrospinal fluid (SCF) was made following a Cold Spring Harbor Laboratory Press 

protocol.31 The solution consists of 135 mMsodium chloride (NaCl), 5.4 mMpotassium chloride 

(KCl), 5 mM4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt (Na-HEPES 

buffer), 1.8 mMcalcium chloride (CaCl2), and 1 mMmagnesium chloride (MgCl2). The pH of the 

solution was adjusted to 7.3 by adding concentrated (~12 M) hydrochloric acid. 
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Figure S1. A) NMR analysis of Fmoc-PEG-Fmoc showing a peak for PEG and four peaks for 
Fmoc group. The inset shows an image of a negative Kaiser test. B) NMR analysis of aminated 
PEG after removal of the Fmoc protecting groups, no peaks for Fmoc are seen indicating 100% 
removal. The inset shows an image of a positive Kaiser test. 
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Figure S2. Zoomed in view of peaks below 15° to demonstrate a slight shift of some of the 
peaks to higher angle. 
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Figure S3. A) Derivative weight percent vs. temperature used to determine loading percent. B) 
Table indicating time of treatment and subsequent loading percent. 
 

 
Figure S4. 1H-NMR analysis of PEGNH2@UiOAZB after digestion with Na2HPO4. 
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Figure S5. FT-IR analysis of PEGNH2@5-FU-UiOAZB (green) and PEGNH2@UiOAZB 
(purple). 
 

 
 
 
 
 
 
 
 

 
 
Figure S6. Image of UiO-AZB NPs (left) and PEGNH2@5-FU-UiOAZB NPs (right) in DI 
water. 
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Figure S7. The cell viability of MCF-7 cells when treated with PEGNH2@UiOAZB (blue) or 
PEGNH2@5-FU-UiOAZB (grey) and kept in the dark or irradiated with 340 nm light. Each data 
point is the average of six independent experiments. 
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Chapter 7. Conclusions and future work 
 

Synthetic advances in the control of chemical and physical properties of metal-based 

nanomaterials have led to their increased use in biomedical applications. However, it is 

important to remember that for metal-based nanomaterials to be successful candidates for 

biomedical applications such as imaging, sensing, and drug delivery, their biological stability, 

stealth, biocompatibility, and targeting functions are imperative to their success. All these factors 

must be met in addition to maintaining the desired physiochemical properties of the nanoparticle. 

Our work has demonstrated how optimization of the composition, synthesis, and surface 

chemistry of metal-based NPs enables their use in biomedicine.  

 The first project presented in this dissertation studies biomineralization, a process for 

synthesizing inorganic materials in nature. The goal of this research was the development of 

synthetic procedures to produce biocompatible and surface functionalized nanoparticles. 

Through the use of consensus tetratricopeptide repeat protein (CTPR) the interface between the 

biomineralization scaffold and the metal ion or reduced metal surface was probed. The discovery 

of ionic strength dependent interactions and multiple non-equivalent binding sites led to the 

optimization of synthetic conditions resulting in nanoparticles of varying sizes and 

morphologies. Further work demonstrated that nanoparticles synthesized under green conditions 

and with protein surface functionalization have a high colloidal stability in biological conditions 

and are non-toxic to human cells.  

We have demonstrated the biocompatibility of our gold nanoparticle system along with 

the ability to specifically tailor the size and morphology of the nanoparticles, which in turn 

controls the optical and physical properties. Such control poses the described materials as good 

candidates for imaging and sensing. Additionally, our discovery of the protein coating 
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orientation on the nanoparticle offers the ability to further functionalize the nanoparticles with 

tissue specific targeting moieties. Future use of these nanomaterials in biomedical imaging, such 

as computer tomography and positron-emission tomography, or sensing with surface enhanced 

Raman scattering (SERS) is achievable. 

Prior to our study much research for creating synthetic inorganic materials using 

bioscaffolds had been completed. Although many groups utilized bioscaffolds to synthesize 

nanomaterials, there was a lack of understanding of the fundamental interactions occurring 

between the metal ions and the bioscaffold. The work we performed, identifying the amino acid 

residues within a protein that are involved in gold ion binding and nucleation, is the first of its 

kind. Our findings support the current understanding of amino acids involved in metal binding; 

however, new insights into the importance of the location of those residues within the 

biomolecule were discovered. This information provides a new fundamental understanding of the 

biomineralization process and can be applied to all future biomineralization studies, independent 

of the scaffold or inorganic material being studied. 

The second project discussed in this dissertation focuses on the development of a metal 

organic framework nanoparticle system with stimuli controlled drug delivery. The porous 

nanoparticle offered an ideal platform for drug loading and the photo-isomerizable organic linker 

allowed for external stimuli control of the degradation and release of the loaded cargo. Colloidal 

stability, biocompatibility, and further functionalization with small molecules was achieved 

through the addition of a polyethylene glycol surface coating. This is the first metal organic 

framework system that has the ability to control drug release due to the photo-induced 

degradation of the framework. 
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The work developing and optimizing the MOF drug delivery system lays the foundation 

for further functionalization of the system. In order to impart the ability to selectively target 

desired locations within the body, targeting moieties can be added to the surface of the 

nanoparticle system. The presence of primary amines on the nanoparticle surface provides the 

capability for future small molecule functionalization. Optimization of the coupling procedure 

necessary and successful attachment of a small molecule has been shown. Furthermore, the 

system could be further modified with the addition of magnetic contrast imaging capabilities to 

transform the system into a theranostic system.  

When developing materials for biomedical applications, it is important to remember that 

along with the desired physicochemical properties of the nanomaterial, a long list of additional 

criteria is required for success. Our work demonstrates both a bottom up and a post synthetic 

approach for incorporating stealth, biocompatibility, and additional small molecule functionality 

to metal based nanoparticle systems. These approaches show the diversity of techniques 

available to tune metal-based nanomaterial function to biomedical applications.
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Appendix A. Nanoparticulate manganese-containing coordination 
polymers for biomodal imaging theranostics 

 

Charity C. Epley, Kristina L. Roth, Tijana Z. Grove, and Amanda J. Morris 

 

Attributions: CCE synthesized metal organic framework nanoparticles and characterized 

through TGA, FT-IR, PXRD, and SEM. CCE performed degradation and relaxivity experiments. 

KLR. synthesized polymer, prepared polymer coated MOF, attached fluorescent dye to system, 

and performed FT-IR, DLS, and in vitro studies. CCE and KLR wrote the sections pertaining to 

their work in addition to editing the rest of the manuscript. TZG and AJM supervised the 

research project and assisted in writing and editing. 

A.1 Abstract 

Bimodal imaging theranostics are the next generation of personalized medicine, which 

combine the advantages of complimentary detection techniques with drug delivery vehicles. In 

this work, the synthesis of nanoparticulate manganese-based coordination polymers, 

[Mn(abdc)(H2O)1.5(DMF)0.17]n, where abdc = azobenzenedicarboxylate, for dual-mode magnetic 

resonance (MR) and optical imaging concurrent with drug delivery is described. Derivatives of 

azobenzene have previously shown anti-cancer activity, and, therefore, as the nanoparticles 

(NPs) degrade, drug is released. The NPs, when functionalized with a biocompatible NH2-PEG-

b-PCL-NH2 copolymer, exhibited slow controlled release, resisted aggregation, and remained 

dispersed over a 15 h time period. Covalent attachment of a rhodamine dye to the polymer shell 

imparted fluorescence imaging ability and the cellular uptake of the nanoparticles was 
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demonstrated to be rapid and efficient. Additionally, the incorporation of MnII in the coordination 

polymer allowed for MR imaging with a relaxivity ratio (r2/r1) of 13.03 for the polymer-coated 

materials. 

A.2 Introduction 

Paul Ehrlich’s concept of “magic bullet” therapy for marking and inducing diseased cell 

death is increasingly realized with today’s newest technologies.1 Particularly, the design of a 

single material capable of the “triple threat”: 1) in vivo targeting, 2) drug delivery, and 3) 

imaging, is at the forefront of cancer research. Materials demonstrating such properties are 

termed theranostics, that is, therapy and diagnostics provided by a single system. Nanoparticles 

(NPs) as drug delivery vectors2-4 have been popular in theranostic design since the discovery of 

the enhanced permeability and retention (EPR) effect.5 The EPR effect was so named due to the 

observation that particulates on the order of 50-200 nm preferentially accumulate in tumors, 

thereby allowing for indirect tumor targeting by simply limiting particle sizes. Inorganic NPs 

(iNPs), such as iron oxides6-9
 and MnO10-12, have received great attention in theranostic system 

design due to the inclusion of magnetic resonance imaging (MRI) active paramagnetic ions. 

However, drug loading in iNPs is limited to surface attachment, or integration into a surface 

bound polymer matrix.13-15 This typically leads to relatively low loadings and limits theranostic 

application.16,17 For this reason, alternative nanoparticulate architectures including porous silica, 

liposomes, micelles, emulsions, and dendrimers have been studied.18-21 In particular, micellar 

structures provide a platform to encapsulate both high concentration of insoluble drugs and 

imaging agents.22-24  

Recently, there has been increased interest in the development of multimodal imaging 

agents that integrate two or more imaging capabilities into one theranostic system.25-33 Each 
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complimentary imaging technique provides advantages (spatial/temporal resolution, sensitivity, 

tissue penetration, quantitative accuracy) and, therefore, can speed the clinical development of 

new pharmaceuticals, as well as shorten the time required for disease diagnosis. Commonly, 

MRI and fluorescence detection are combined.25,26,31,32,34-39 MRI is ideal for whole body images 

because of the rapid scan time, high spatial resolution, and unlimited tissue penetration. 

Fluorescence-based imaging provides high sensitivity and high resolution images on the cellular 

to subcellular level. Paramagnetic iNPs have been surface-derivatized with fluorescent tags, and 

polymeric micelles have been utilized to encapsulate both small iNPs for fluorescence detection 

(quantum dots) and/or MRI (iron oxides).21,25,26 Multiple other approaches have been 

investigated and are the subject of various recent reviews.27,29,40-42 

An alternative to these established approaches for bimodal imaging theranostics is the use 

of coordination polymers (CPs), including porous metal-organic frameworks (MOFs). Several 

reviews highlight the use of MOFs and CPs for theranostic applications.43-47 CPs consist of metal 

nodes bridged by multidentate organic linkers. Due to their high porosity and surface area, MOFs 

offer high drug loading capacities in comparison to iNPs and micelles.48 Additionally, 

therapeutics can be incorporated as the organic linker, providing an avenue for dual drug 

delivery (linker and pore bound), which may lead to favorable pharmacokinetics. The 

incorporation of (super)paramagnetic metal nodes (GdIII, FeII, MnII) into MOF structure also 

offers the integrated advantage of MR contrast.49-51 The pioneering work of Lin led to the first 

example of bimodal (MR and optical) imaging by a lanthanide-doped Gd-based nanoMOF.52 

While these nanoMOFs offered fluorescence imaging (<600 nm) and T2-weighted MR contrast, 

to our knowledge, therapeutic capability was not incorporated. 
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Herein, we report the first investigation of a bimodal CP theranostic. NPs of a MnII-based 

CP, designated as [Mn(abdc)(H2O)1.5(DMF)0.17]n, incorporating azobenzene dicarboxylate (abdc) 

linkers were synthesized for the first time. In addition to MRI-active paramagnetic MnII metal 

centers, the material was surface functionalized with an amine-capped PEG-PCL copolymer that 

provided for covalent attachment of fluorescent probes to the polymer shell. For therapeutic 

function, the material integrates abdc as the organic linker. Azobenzene derivatives have been 

shown to be effective as anti-cancer agents53 and so, the incorporation of abdc into the structure 

of the NPs allows for simultaneous drug delivery upon material degradation. Material 

degradation was slow and controlled (15 wt% after 30 h). Therefore, the NPs are applicable for 

slow drug release and delivery, as well as demonstrating long imaging lifetimes. 

A.3 Experimental Methods 

A.3.1 Materials 

The 4-nitrobenzoic acid (98 %), sodium hydroxide (≥ 98 %), D-glucose (≥ 98 %), MnCl2•4H2O 

(≥98 %), ε-caprolactone (99 %), polyethylene glycol (PEG; Mn = 1,000 g/mol), potassium 

hydroxide (98 %), diisopropylethyl amine (DIEA), fluorenylmethyloxycarbonyl (FMOC)-

glycine (>98 %), piperidine (99 %), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride (EDC, >99 %), and N-hydroxysuccinimide (NHS, 98 %) were purchased from 

Sigma Aldrich and used without further purification. Glacial acetic acid (certified ACS) and 

dimethylformamide (DMF, Spectrophotometric grade ≥99.8 %) were used as received from 

Fischer Scientific. The 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

hexafluorophosphate (HCTU) was purchased from Peptides International and the 5(6)-

carboxytetramethylrhodamine was obtained from Novabiochem. Dulbecco’s Modified Eagle’s 

Medium (DMEM) and Hank’s Balanced Salt Solution (HBSS) were purchased from Life 

Technologies. 
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A.3.2 Synthesis of Azobenze Dicarboxylic Acid (abda)54 

4-nitrobenzoic acid (13 g) and 250 mL of 5 M NaOH were heated to 50 °C in a 500 mL round 

bottom flask. A solution of 3.7 M D-glucose (150 mL) was added slowly to the flask before 

cooling to room temperature. The solution was aerated for 12 h and 5 M (200 mL) acetic acid 

was added to precipitate the abda. The pink solid was collected via vacuum filtration and dried in 

a 100 °C oven overnight. (9.6 g, ~91 %) 1HNMR (500 MHz, D2O, δ, ppm) trans: 7.94, 7.92 (d, 

2H, J= 10 Hz), 7.82, 7.80 (d, 2H, J = 10 Hz), cis: 7.68, 7.66 (d, 2H, J=10 Hz), 6.91, 6.89 (d, 2H, 

J = 10 Hz), Figure S1 (M+= 269 m/z). 

A.3.3 Synthesis of [Mn(abdc)(H2O)1.5(DMF)0.17]n Nanoparticles (NPs)  

Abda was dissolved in H2O to give azobenzene dicarboxylate (abdc) by deprotonating with 15 % 

KOH drop wise and bath sonicating the solution for 10-15 min upon each addition of KOH until 

the desired concentration was reached, ensuring the pH remained neutral. 50mL of 0.1 M MnCl2 

• 4H2O in DMF and 50 mL 0.05 M abdc in H2O were heated to 90 °C then combined into a 125 

mL Erlenmeyer flask by slowly adding the abdc solution to the solution containing MnII. The 

mixture was stirred while heating for 30 s before transfer to an ice bath. The particles were 

recovered via centrifugation at 10,000 rpm for 15 min and washed with ethanol (100 mL) after 

dispersion via sonication three times. The material was then dispersed in ~40 mL ethanol, 

transferred to a collection vessel, and dried under vacuum at 60 °C for 1 h, to yield NPs of 

[Mn(abdc)(H2O)1.5(DMF)0.17]n (0.8 g; 95 % based on abdc). (Elemental analysis: 15.0 % Mn, 

46.50 % C, 3.40 % H, and 7.94 % N; Calc: 15.2 % Mn, 48.05 % C, 3.36 % H, and 8.38 % N, 

Galbraith Laboratories)  

A.3.4 Synthesis of NH2-PEG-b-PCL-NH2 Copolymer 

Ring opening polymerization of ε-caprolactone (2.5 g) was initiated with potassium hydroxide 

(0.095 g). After stirring for 12 h at 130 °C, 1.69 g of polyethylene glycol (PEG; Mn = 1,000 
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g/mol) was added along with 1.40 g of HCTU and 0.66 g DIEA in DMF. The resulting mixture 

was stirred at 24 °C for an additional 12 h and precipitated in cold ethyl ether. The precipitate 

was re-dissolved in DMF and 1.25 g of Fmoc-glycine, 2.09 g HCTU, and 0.87 g DIEA were 

added to the mixture. After stirring at 24 °C for 12 h, the polymer mixture was precipitated in 

cold ethyl ether. The Fmoc group was removed by stirring for 1 h in a solution of 20 % 

piperidine in DMF. The diamine terminated copolymer was precipitated in cold ethyl ether and 

dried in a vacuum oven overnight.  

A.3.5 Surface Modification of [Mn(abdc)(H2O)1.5(DMF)0.17]n Nanoparticles with Copolymer 

The same procedure for the uncoated material was followed, however, simultaneously upon 

transfer to an ice bath, a solution of 1.08 g NH2-PEG-b-PCL-NH2 copolymer in 5 mL DMF was 

added. The mixture was stirred at room temperature overnight and the coated material was 

collected via centrifugation at 10,000 rpm for 15 min. After removal of the supernatant, the 

particles were dispersed in 50 mL ethanol and centrifuged again at 10,000 rpm for 15 min. This 

washing process was repeated for a total of five washes, each with 50 mL ethanol, in order to 

remove un-tethered copolymer. After removal of the final supernatant, ~20 mL ethanol was 

added and the mixture was transferred to a collection vessel and dried via rotary evaporation. 

A.3.6 Attachment of Fluorescent Dye 

Fluorescent rhodamine dye was selectively attached to the primary amines available on the 

exterior of the polymer coated NP. Separate 1 mg/mL solutions of 5(6)-

carboxytetramethylrhodamine, EDC, and NHS were prepared in water. The dried polymer coated 

NPs (3 mg) were combined with 534 µL of 5(6)-carboxytetramethylrhodamine, 3.594 mL of 

EDC, 431 µL of NHS, and 2 mL of pH 7.2 water. The mixture was stirred overnight and the NPs 

collected via centrifugation at 10,000 rpm for 5 min. After removal of the supernatant, the 
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particles were dispersed in 1 mL water (pH=7.2) and centrifuged again; this washing process was 

repeated six times. 

A.3.7 Fourier Transform Infrared Spectroscopy (FT-IR) 

A Varian 670 FT-IR spectrometer with a diamond Specac Golden Gate attenuated total 

reflectance (ATR) attachment was used to collect infrared spectra. A background of air was 

collected and subtracted from each sample spectra. For both background and sample collection, 

64 scans with a resolution of 4 cm-1 were obtained from 4000-400 cm-1. 

A.3.8 Powder X-ray Diffraction (PXRD) 

For x-ray diffraction analysis, a 600 W Rigaku MiniFlex powder diffractometer operating with a 

Cu (Kα = 0.15418 nm) radiation source was used, with a 2θ sweeping range of 3-60° in 

continuous scanning mode. Data was collected in 0.1° increments at a scanning rate of 1°/min, 

and patterns were optimized with PDXL software.   

A.3.9 Scanning Electron Microscopy (SEM) 

A Leo (Zeiss) 1550 field-emission scanning electron microscope, equipped with an in-lens 

detector and operating at 5.0 kV, was used to collect SEM images. NPs were prepared for SEM 

imaging by first dispersing them in ethanol (0.1 mg/mL) via sonication. The resulting solution 

was then deposited via drop casting, with a short stem Pasteur pipette (1 drop), onto precut 5 mm 

x 5 mm glass slides. After oven drying, slides were mounted onto an SEM sample peg using 

double sided Cu tape and the sides of the slides were painted with carbon paint. A Cressington 

208 High Resolution Sputter Coater with a Au/Pd target (80/20) was used to deposit a 

conductive layer on the surface of the slides in order to allow for imaging. Samples were coated 

for 60 seconds. 



 169 

A.3.10 Thermogravimetric Analysis (TGA) 

A Q-series TGA from TA instruments was used to analyze thermal stability of materials. 10 mg 

of sample in an aluminum pan were heated under nitrogen from 0 °C to 550°C with heating rate 

of 5 °C/min.  

A.3.11 Fluorescence Spectroscopy 

Fluorescence spectra were recorded using a Varian Carry Eclipse Fluorescence 

Spectrophotometer. The samples were prepared in 50 mM Na2HPO4 buffer (pH 7.6). The path 

length was 1 cm with a cell volume of 100 uL. All measurements were excited with a 520 nm 

wavelength, and collected from 530 - 650 nm. 

A.3.12 Relaxivity Measurements 

The T1 and T2 relaxation times of the material were measured using a Bruker “the minispec” 60 

MHz NMR instrument. Samples were prepared for NMR studies by dispersing the NPs in 

deionized water via sonication for 1 minute to make a 0.1 mg/mL stock solution. Standards of 

known concentration (0.05-0.5 mg/mL) were prepared from the stock and analyzed immediately 

in order to ensure that measurements were a result of the NPs and not the free MnII ion released by 

degradation of the material.   

A.3.13 Degradation Studies 

The degradation of the coated and uncoated materials was monitored using UV-Vis 

spectroscopy. Materials were submersed in 3 mL deionized H2O and the absorption spectrum of 

the solution was taken at time intervals over a period of ~30 h. Spectral measurements were 

collected from 200-800 nm on a Cary 5000 UV-Vis-NIR spectrometer at a scan rate of 600 

nm/min. A background of deionized water was collected over the same wavelength range and 

subtracted from sample spectra. After the final scan, the solutions were immediately filtered and 

the concentration of MnII was measured using Flame Atomic Absorption Spectroscopy (AAS). 
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Standard solutions of MnCl2•4H2O ranging in concentration from 1-50 ppm were prepared and 

the atomic absorption of each solution was measured using a Perkin Elmer AAnalyst 200 Flame 

Atomic Absorption Spectrometer. A calibration curve of absorbance vs. concentration was 

constructed. This curve was used to calculate the concentration of MnII in solution upon filtration 

of the NPs, and those values were compared to the concentration of abdc. 

A.3.14 Dynamic Light Scattering (DLS) 

The size distribution of the NPs was measured using a Malvern Zetasizer Nano-ZS, with at least 

five measurements taken for each sample. Uncoated NPs were suspended in ethanol and polymer 

coated NPs were suspended in 50 mM disodium phosphate buffer (pH=7.6). Samples were 

sonicated for 60 minutes and passed through a 0.45 µm filter prior to measurement. 

A.3.15 In vitro Internalization Studies 

HeLa cells were maintained in DMEM media supplemented with fetal bovine serum (10 %), 

penicillin (100 units/mL), and streptomycin (50 units/mL) at 37 °C in a CO2 incubator (95 % 

relative humidity, 5 % CO2). The cells were seeded at 8 x 103 per well in a 96-well plate and 

incubated for 24 h to reach 60 % confluency. The 5,6-carboxytetramethylrhodamine 

functionalized H2N-PEG-b-PCL-NH2 coated NPs (0.5 mg/mL) were incubated with the HeLa 

cells for 30 minutes. After incubation, the cells were washed three times with HBSS buffer and 

then imaged using an Olympus IX71 microscope fitted with an Olympus DP72 camera. 

A.4 Results and Discussion 

MRI is a powerful medical imaging technique used to identify and diagnose a variety of 

illnesses. Governed by the same principles as NMR spectroscopy, MRI exploits the sensitivity, 

abundance, and high density of protons in-vivo. The high density of protons in water and lipids 

found in tissues, however, offer poor spatial and/or structural contrast. Therefore, to enhance the 
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overall quality of images and ease of MRI image interpretation, contrast agents are often 

employed, whose electromagnetic properties serve to improve image resolution and broaden the 

scope of the technique.9,55-58 Manganese (specifically MnII) based nanomaterials are increasingly 

popular choices for investigation of MRI-active theranostic contrast agents due to significantly 

decreased toxicity in comparison to their Gd3+ based counterparts.59 For this reason, MnII was 

chosen as the metal center for the design of the reported MRI-active CP.  

 

 

 

 

 

 

Figure A.1 Schematic diagram of the bimodal imaging theranostic. 

Even with the added effect of contrast agents, resolution of MRI is lacking in comparison 

to fluorescence imaging, which can achieve resolution on the cellular to subcellular level. 

Additionally, fluorescence imaging is orders of magnitude more sensitive, resulting in a decrease 

in the amount of imaging agent required for quality spectra. However, fluorescence imaging 

relies on excited state relaxation of a chromophore upon light absorption. Therefore, the 

application of fluorescence imaging is limited due to the poor penetration depth of light into 

biological tissues.60 In this regard, bimodal imaging agents that combine the functionality of both 

MR and fluorescence imaging can provide the advantages of both technologies in one vehicle. 

This becomes vital in the translation of bench-top drug discovery to clinical trials by eliminating 

the need for vehicle modification at the crucial transition from cellular to animal study. To impart 
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fluorescence imaging ability to the reported bimodal imaging agent, rhodamine, a red-fluorescent 

dye (emission energy <700 nm) was covalently attached to the CP nanoparticles. 

The last component of the theranostic described herein is the therapeutic agent. In CPs, 

the linkers can act as both the therapeutic and the structural scaffold of the material. Azobenzene 

dicarboxylate (abdc) was incorporated as such a dual-function linker in the reported CP. 

Azobenzene derivatives have been shown to exhibit cytotoxic action.53 It is important to note 

that the simple abdc linker incorporated here is not expected to show significant anti-cancer 

activity. The incorporation of active abdc derivatives is an area of on-going investigation. 

A.4.1 Nanoparticle Synthesis and Characterization 

The design of theranostic systems for in-vivo applications begins with the formation of 

nanomaterials (~50-200 nm). Nanometer scale materials are required for efficient transport via 

the circulatory system, as the smallest capillaries are on the order of 200 nm. Additionally, to 

take advantage of the aforementioned EPR effect, the nanoparticles should be larger than 50 nm. 

Nanoscale CPs have previously been synthesized via solvothermal61-63 and/or microemulsion50,52 

techniques that employ long reaction times and multi-component surfactant systems. NPs of 

[Mn(abdc)(H2O)1.5(DMF)0.17]n were synthesized via a fast and simple solvothermal precipitation 

method in which MnCl2•4H2O and azobenzene dicarboxylic acid (abda) starting materials were 

placed in separate solutions; DMF and H2O, respectively. The solutions were each heated to 90 

°C and then combined slowly before being cooled in an ice bath. After 18 h, the NPs were 

collected via centrifugation. Elemental analysis indicated a material consistent with a 

[Mn(abdc)(H2O)1.5(DMF)0.17]n composition.  

To further confirm the formation of a CP, PXRD, SEM, FT-IR, and TGA were utilized. 

PXRD of the NPs indicated a highly crystalline material (Figure A.2) that was unidentified when 

compared to the International Center for Diffraction Database, suggesting a new material may 
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have been synthesized (PXRD pattern of starting abda is provided in Figure S2). Analysis of the 

peak width with the Scherrer equation (Eq 1), 

      𝜏 =  !"
!!"# (!)

                                      (Eq 1) 

where τ is a lower limit average of crystalline domain size, K is the shape factor (assumed to be 

1), λ is the wavelength of the incident radiation, β is the peak width (expressed as Δ2θ) at the full 

width half max (FWHM) and θ is the Bragg angle, indicated a polycrystalline material with 

crystalline domains on the order of 30 nm. SEM of the particles showed that the average particle 

size is 200 nm (Figure A.3). The average particle size was also confirmed via dynamic light 

scattering (Figure S3) that indicated the particles were poly-disperse with an average particle size 

of 231 ± 2 nm. 
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Figure A.2. PXRD patterns of uncoated (gray) and coated (red) NPs. The baseline drifting in the 
pattern of the coated material suggests the presence of amorphous surface copolymer coating, 
while the retention of crystallinity is evidenced by the preservation of major peaks. 

 

Figure A.3. SEM image of [Mn(abdc)(H2O)1.5(DMF)0.17]n NPs. 
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FT-IR spectra (Figure A.4) of abda (light grey) and [Mn(abdc)(H2O)1.5(DMF)0.17]n NPs 

(red) confirmed formation of a CP. The abda spectrum showed a peak at ~1740 cm-1 

corresponding to the carbonyl stretch (C=O) in the abda starting material. In the NP spectrum, 

the disappearance of this peak and the appearance of a band at ~1500 cm-1 is consistent with a 

loss in carbon-oxygen double bond character upon metal binding to form the carboxylato (COO-

) functionality. Thus, both carboxylate groups of abdc have complexed to MnII ions to form a CP.   
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Figure A.4. FT-IR of abda (bottom, light gray), uncoated (middle, red), and coated (top, black) 
NPs. The loss of the carbonyl (C=O) stretch (~1740 cm-1) in the abda ligand and the appearance 
of carboxylato (COO-) peaks (~1500 cm-1) in the spectrum of uncoated NPs indicate ligand 
coordination to the MnII ions.  The appearance of the ether stretch (1240 cm-1) and carbonyl 
stretch (1725 cm-1) in the spectrum of the coated NPs (black) indicate polymer attachment. 
 

Thermogravimetric analysis (TGA) was used to investigate the thermal stability and to 

confirm the composition of the NPs. From the curve of the NPs (red, Figure A.5), two initial 

solvent losses are observed; the first takes off at ~150 °C and is attributed to water (7.6 % by 

weight) and the second loss takes off at ~200 °C and corresponds to a loss of DMF (3.4 %). Both 

solvent losses at 150 °C and 200 °C occur above the expected boiling points (100 °C and 151 °C) 

for H2O and DMF, respectively. Therefore, the solvents are most likely physically bound to the 

MnII in the CP and are not the result of residual solvent in the pore space of the framework. The 
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overall material was thermally stable up to ~500 °C, at which temperature the abdc starts to 

decompose as evidenced by the TGA curve of abda (Figure S4). 
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Figure A.5. TGA curves of uncoated (red) and coated (black) NPs. The weight% losses in the 
TGA curve of dried NPs at ~150 °C and ~200 °C indicate the presence of bound water (~7.6 %) 
and DMF (~3.4 %), respectively. The same losses are observed in the curve of the coated NPs, 
yet, are less pronounced due to the presence of copolymer coating (~37 %).   
 

Functionalization of NPs with stabilizers is necessary to avoid in vivo elimination by the 

immune system and to prevent nanoparticulate aggregation.14,32 A diamine terminated 

poly(ethylene glycol)-b-poly(caprolactone) (NH2-PEG-b-PCL-NH2) block copolymer was used 

to modify the surface of the [Mn(abdc)(H2O)1.5(DMF)0.17]n NPs. PEG and PCL are FDA-

approved for use in the human body.64 When combined with uncoated NPs, the primary amines 

of the block copolymer coordinate to surface exposed manganese ions. The hydrophobic PCL 

acts as a buffer region, keeping water away from the water-soluble NP and decreases their 

degradation in aqueous solutions. The hydrophilic PEG corona increases biocompatibility and 

dispersion of the NP.65 PEG increases the longevity of NPs in physiological conditions by 

blocking the absorption of phagocyte signaling proteins and, thus, masking the NPs from the host 

immune system.66,67 In addition, the primary amines located on the copolymer termini are 

protonated at physiological pH, decreasing aggregation of NPs due to charge-charge repulsion.68 
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The co-polymer synthesis was accomplished as follows (Scheme S1). The PCL block was 

synthesized by ring-opening polymerization of ε-caprolactone initiated by KOH in a 13:1 ratio, 

resulting in a molecular weight of 1,500 g/mol. In the presence of HCTU coupling reagent, an 

ester bond between the carboxylic acid terminus of PCL and the alkyl alcohol of the PEG is 

formed, resulting in PEG-b-PCL. To add amine functionality, the carboxyl group on Fmoc-

glycine-OH was coupled to the hydroxyl termini of the PEG-b-PCL using HCTU. Removal of 

the Fmoc protecting group with piperidine results in primary amine termini.69 The molecular 

mass of the block copolymer (2,400 g/mol) was confirmed with 1HNMR (Figure S5). 

Polymer coated NPs were prepared analogously to the uncoated material however, upon 

transferring the combined solutions to an ice bath, a mixture of 1.08 g NH2-PEG-b-PCL-NH2 

copolymer in 5 mL DMF was added to the reaction and the mix was allowed to stir overnight. 

The coated-NPs were recovered and washed with ethanol via centrifugation to remove un-

tethered copolymer before drying via rotary evaporation. From the FT-IR spectrum of the 

polymer coated NPs (Figure A.4, black) a sharp peak was observed at 1725 cm-1, corresponding 

to the carbonyl functionality in the PCL portion of the copolymer (Figure S6). Ether stretching 

(1240 cm-1) from the PEG portion was evident.70 Also, the weak bands below 3000 cm-1 were 

consistent with the N-H stretch of the amine caps. The baseline drift in the PXRD pattern of the 

coated material (Figure A.2, black) indicated amorphous surface functionalization of the material 

while the retention of NP crystallinity is evident. The water and DMF solvent loss characteristic 

of the uncoated NPs are also present in the TGA curve of the coated NPs (Figure A.5, black), 

however, the large loss due to the polymer coating (37 %) that takes off around ~220 °C 

obscured these losses. 
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A.4.2 Dual-Mode Theranostic Capability 

In order for CPs to be considered practical dual-mode theranostic devices, materials must 

initially meet several criteria: 1) they must demonstrate sufficient aqueous stability in order for 

the theranostic to reach its intended active site; 2) they must readily be taken up by cells; and 3) 

they should provide comparable or better fluorescence imaging and MR contrast than 

commercially available contrast agents. 

As mentioned, theranostic CPs must be stable enough in aqueous media to ensure 

therapeutic function at the target site. Otherwise, the biological environment will quickly degrade 

the material, which will result in the premature release of drugs. Premature release, termed the 

“burst effect”, causes the need for higher drug dose administration to ensure the delivery of the 

proper amount of drug cargos to the active site. For most drug delivery vehicles, the mechanism 

of delivery is degradation. Therefore, there is a delicate balance between premature release and 

on target release, controlled by the strength of coordination bonds within the polymer. 

Additionally, long term material decomposition is necessary in order to ensure metabolism and 

elimination from the body. 

Typically, CPs made using carboxylato groups as the chelating functionality are 

inherently unstable in aqueous media due to protonation and hydrolysis of the coordination 

bonds.32 For example, MRI-active Mn-based benzene tricarboxylate (BTC) MOFs demonstrate 

nearly 80 % degradation over a 30 hour time period.50 We have found that the 

[Mn(abdc)(H2O)1.5(DMF)0.17]n NPs reported here degrade by 20 % over 30 hours. A contributing 

factor to the decrease in degradation rate is that the abdc used in the backbone structure is a 

stronger base than BTC, discussed later in further detail. 

UV-Vis spectroscopy was used to explore the aqueous degradation and ligand release 

from the coated and uncoated [Mn(abdc)(H2O)1.5(DMF)0.17]n NPs. Degradation and release of 
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abda from the material was studied over a period of ~30 h and was monitored by submersing the 

solids in DI water and observing the appearance of absorption peaks due to the free abda ligand 

in solution over time. As expected, the absorbance of the solution increased over the 30 h period 

and was used to calculate the % release of abda from the materials (Figure A.6A). The % release 

vs. time plot of the uncoated [Mn(abdc)(H2O)1.5(DMF)0.17]n NPs (Figure A.6B, closed black 

squares) displays biphasic behavior and slows significantly at 20 % ligand release over the 30 h 

period. Two processes are believed to be responsible for the observed behavior. Initially, the fast 

release from the material corresponds to weakly bound surface abdc that is easily hydrolyzed. 

Once the surface abdc linkers have been removed, the decreased rate of abda release results from 

the liberation of internally bound abdc that must undergo two hydrolysis events before release. 

The concentration of free MnII was measured after ~30 h using AAS and was, within reasonable 

error, equivalent to the abda concentration determined via UV-Vis, consistent with a 1:1 

MnII:abdc ratio. 
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Figure A.6. A) UV-Vis spectra monitored over a 30 h time period of the supernatant upon 
submersing the NPs in deionized water. The absorbance due to free abda increases over the 
observed time frame. B) Calculated % release of abda from coated (open red circles) and 
uncoated (closed black squares) NPs vs. time. The % release of uncoated NPs slows around 20 % 
after 30 h and is further decreased to 15 % for the coated NPs. 
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The exceptionally slow release profiles of abdc from the [Mn(abdc)(H2O)1.5(DMF)0.17]n 

NPs is attributed to the strength of the carboxylate-Mn bond. It is well known that as the basicity 

of a ligand increases, so does the strength of the formed M-L bond. In the case of CPs, common 

linkers BDC and BTC are moderate donors with pKas of 3.51 and 3.12 for the first deprotonation 

event, respectively. While the measurement of the aqueous azobenzene dicarboxylate pKa was 

precluded by insolubility, estimates from similar known compounds (methyl red) put a lower 

limit on the pKa of 5.1.71 Therefore, azobenzene dicarboxylate is a stronger base in comparison 

to BDC and BTC, which is the root cause of the increased stability.  

It should be noted that the slowest drug release from CPs comes from Junior et. al72 with 

a reported 66 % release of doxorubicin (an anticancer drug) from a zeolitic-imidazolate 

framework (ZIF-8) after 30 days. In this example, however, the pore spacing was about half that 

required for molecular docking within the material and so, doxorubicin was only bound to the 

surface of the ZIF-8. Therefore, the observed slow release was due to the strength of the bonds 

formed between doxorubicin and free metal sites on the MOF surface. As a result, the drug 

loading was small (0.049 g doxorubicin/g ZIF-8) and did not take advantage of MOF structure. 

In our case, the therapeutic is incorporated as the linker, leading to drug loading of 0.74 g abdc/g 

[Mn(abdc)(H2O)1.5(DMF)0.17]n. Extrapolation of the release curve indicates the 

[Mn(abdc)(H2O)1.5(DMF)0.17]n NPs would release 66 % of abdc in 9 days. 
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Figure A.7. Polymer coated NPs in Na2HPO4 buffer monitored by DLS over 15 hours. A) Size 
of NP over a 15 hour period stays constant and B) the intensity of the measurements at 1 (black) 
and 15 (red) h are the same.  

Surface functionalization has been previously shown to stabilize NPs in aqueous 

environments. For example, the Mn-BTC MOFs reported by Lin et al. demonstrated an increase 

in stability to give 60 % degradation over 30 h upon coating with a silica shell (80 % 

uncoated).50 With regard to the coated [Mn(abdc)(H2O)1.5(DMF)0.17]n NPs, the abdc release curve 

(open red circles, Figure A.6) shows a similar overall trend to that of the uncoated material. The 

lack of initial fast release in the coated materials is most likely due to the replacement of weakly-

bound, surface abdc by the polymer during surface functionalization. With this in mind, the 

copolymer coating decreased the overall release of abdc from the material, resulting in 15 % 

degradation over 30 h in comparison to 20 % for the uncoated material. 

While the effect of the polymer coating on degradation stability was minor, surface 

functionalization was successful in maintaining dispersion and preventing aggregation in 50 mM 

Na2HPO4 buffer (pH 7.6). The initial DLS size distribution curve for functionalized NPs 

indicates that the particles were well dispersed with the average size of 174 ± 12 nm. In 

comparison, the uncoated NPs in phosphate buffer displayed an average size of 378 ± 60 nm in 

the initial DLS measurement, indicating aggregation occurred rapidly in this environment. 

Furthermore, for the coated NPs, the average size, shape of the size distribution curve, and 
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percent signal intensity did not change over a 15 h time period (Figure A.7). Taken together, 

these observations indicate that the coated NPs did not aggregate or precipitate over the time 

period investigated.  

In addition to facilitating dispersion, primary amines at the surface of the NPs are a 

convenient handle for further functionalization with targeting moieties or imaging agents. As a 

proof-of-concept experiment, a 5(6)-carboxytetramethylrhodamine dye was covalently attached 

to the NPs through amide bond formation using EDC coupling in water. After five washes, the 

suspension of NPs was fluorescent (Figure A.8A, black). In contrast, NPs incubated with the 

fluorophore without the EDC coupling reagent were not fluorescent (Figure A.8A, red); 

confirmation that the NP surface was covalently modified and the observed fluorescence was not 

a result of non-specific binding of the fluorophore. After functionalization of the NPs with 

rhodamine, the fluorescent signal was utilized to explore the cellular uptake of the NPs. HeLa 

Cells incubated for 30 minutes with 75 micrograms of rhodamine-tagged NPs display 

fluorescence signifying rapid and efficient cross-membrane transport of the NPs (Figure A.8C).   
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Figure A.8. A) Fluorescence spectra (excitation λ = 520 nm) of NP incubated with dye (red), 
and dye covalently attached to NP (black).  Right: Confocal fluorescence microscopy images of 
HeLa cells after thirty minute incubation B) without any NPs and C) with 75µg of rhodamine-
labeled NPs. 
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With demonstrated optical imaging in hand, focus shifted to quantifying the effectiveness 

of [Mn(abdc)(H2O)1.5(DMF)0.17]n for MR contrast. MR contrast effectiveness is measured by 

probing the increase or decrease in proton relaxation times of water molecules surrounding or 

encapsulated inside the CP. Generally, contrast agents are categorized into “positive” and 

“negative” enhancement agents. Positive enhancement agents are those that serve to increase the 

brightness of images by shortening the proton longitudinal relaxation time (T1). Materials, such 

as the [Mn(abdc)(H2O)1.5(DMF)0.17]n NPs reported here, incorporating paramagnetic ions like 

MnII, represent these types of contrast agents, also termed T1-weighted agents. Alternatively, 

negative enhancement agents are those that serve to darken images by shortening the T2 

relaxation time while maintaining T1. These types of contrast agents include iron oxide NPs. 

Darkened images provided by negative contrast agents can be clinically confused with bleeding 

and calcification, as such, positive, T1-weighted contrast agents are preferred.73 

The MR contrast ability of the NPs was characterized by measuring the T1 and T2 

relaxation times as a function of [Mn(abdc)(H2O)1.5(DMF)0.17]n concentration for the uncoated 

and coated NPs. The relaxivity of a material (rn) is the slope of the linear regression obtained 

from plotting 1/Tn = Rn as a function of ion concentration. The relaxivity (both r1 and r2) of 

uncoated material (Figure A.9A) is much smaller (r1 = 2.78 mM-1s-1 and r2 = 39.36 mM-1s-1) than 

for the MnCl2 control (r1 = 4.83 mM-1s-1 and r2 = 64.2 mM-1s-1, Figure S7), which is expected due 

to MnII complexation. Upon binding, the abdc ligands shield the MnII from local water molecules 

and, thus, decrease the affect the ion has on surrounding water relaxation. Typical relaxivity ratio 

(r2/r1) values of marketed Gd3+ T1-weighted contrast agents are below 2, the target value when 

designing theranostic devices for MR contrast. While the [Mn(abdc)(H2O)1.5(DMF)0.17]n NPs are 

not currently competitive with marketed Gd3+ materials, they exhibit similar relaxivity ratios 
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(14.16) when compared with known Mn-based CPs.50 This ratio is further reduced to 13.03 upon 

functionalization with the polymer coating (Figure A.9B). This decrease in the relaxivity ratio 

upon polymer functionalization is attributed to an increase in the hydrophilicity of the coated 

NPs, thereby increasing the amount of surrounding water molecules and the relaxation effect of 

the MnII.43 Therefore, it may be possible to further decrease the relaxivity ratio and increase MR 

contrast through synthetic manipulation of the polymer coating. 
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Figure A.9. A) MRI relaxivity (r1 = 2.78 mM-1s-1 and r2 = 39.36 mM-1s-1) of uncoated NPs 
measured at 1.5 T. B) MRI relaxivity (r1 = 2.49 mM-1s-1 and r2 = 32.45 mM-1s-1) of coated NPs 
also measured at 1.5 T (black squares indicate measured T2 and red triangles represent measured 
T1). 
 

A.5 Conclusions 

In conclusion, we have prepared and demonstrated the bimodal imaging capability of a 

new manganese-containing coordination polymer theranostic. The nanoscale 

[Mn(abdc)(H2O)1.5(DMF)0.17]n CPs were synthesized via a fast and simple solvothermal method. 

Surface functionalization with an amine-capped PEG-PCL polymer resulted in biocompatible, 

well-dispersed NPs that exhibited slow, controlled ligand release in aqueous environments. 

Additionally, the polymer coating provides a scaffold for the covalent attachment of molecular 

chromophores for fluorescence imaging. The incorporated MnII metal nodes impart moderate 
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MR contrast ability with relaxivity ratios (r2/r1 = 13.03) competitive with previously published 

Mn-based MRI-active CPs. The demonstrated MR and fluorescence imaging functionalities 

provide the basis for the future development of bimodal thernanostics from CP constructs. With 

the synthetic diversity of CPs, libraries of nanothernostics with various imaging and targeting 

ability are within reach, bringing science one step closer to the goal of personalized medicines. 
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A.7 Supplemental Information 

 
 

 

 
Figure S1.1H NMR of abda in D2O (Top). Mass Spectrometry of abda (Bottom).   
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Figure S2. PXRD patterns of abda (grey) and Mn(abdc)(H2O)1.5(DMF)0.17 NPs (blue). There is 
an absence of peaks and appearance of new peaks in the pattern of the NPs, indicating that a new 
material is formed. 
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Figure S3. DLS analysis of [Mn(abda)(H2O)1.5(DMF)0.17]n NPs. Each trace was collected on the 
same sample and is the average of 10 measurements. 
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Figure S4. TGA curve of abda (black) and the NPs (red). The abda is stable up to ~400 °C. 
 
 

 

 
Scheme S1. Synthesis of NH2-PEG-b-PCL-NH2. 
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Figure S5. 1H NMR of NH2-PEG-b-PCL-NH2 in CDCl3. 
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Figure S6. FT-IR of uncoated NPs (grey), the double ended amine H2N-PEG-b-PCL-NH2 
copolymer (red), and of coated NPs (black).  From the FT-IR of the coated materials, the sharp 
peak at ~1750 cm-1corresponds to the C=O stretching of the carbonyl group in the PCL portion 
of the copolymer.  Also evident are peaks slightly above 1500 cm-1 that correspond to the 
carboxylato functionality in the coordination polymer. 
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Figure S7. MRI relaxivity (r1 = 4.83 mM-1s-1 and r2 = 64.2 mM-1s-1) of a Mn2+ control (made 
using MnCl2 • 4H2O measured at 1.5 T.   
 


