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ABSTRACT 
 

 Nanomaterials have garnered a lot of attention the last several decades due to the unique 

material properties observed on the nanoscale (1-100 nm). In particular, colloidal nanoparticles 

have been a main focus of the research community due to their large surface areas and resulting 

high surface energies. This leads to nanoparticles having very different optical properties, 

electrical properties, and reactivities compared to their bulk counterparts. These properties are 

largely influenced by the chemical composition, shape, and size of the colloidal nanoparticles.  

Nanoparticles are often combined with other materials for specific applications to make use of 

their unique nanoscale properties. Therefore, furthering the understanding of how these 

nanoparticles interact with other forms of matter is necessary for the continued development of 

nanotechnology. This dissertation focuses on a few types of colloidal inorganic nanoparticles and 

how they interact with soft materials. The inorganic nanoparticles of focus are gold nanorods 

(AuNRs), metal-organic framework (MOF) nanoparticles (nanoMOF), and the core-shell 

combination of the two (AuNR@MOF). This work demonstrates how these inorganic 

nanoparticles interact with two important forms of soft matter, polymer composites and 

biomolecules.  

 In Chapter 1, colloidal inorganic nanoparticles are explained in detail with a focus on 

AuNRs and nanoMOFs. The plasmonic properties and applications of AuNRs are outlined, along 

with the synthesis and surface engineering of AuNRs. The unique properties of MOFs and their 

applications is discussed with an emphasis on what makes them advantageous over other porous 

nanomaterials. Chapter 1 will also introduce the basic concepts regarding these nanoparticle 

interactions with soft matter. This portion will highlight the nano-bio interface and explain the 
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importance of the protein corona. In addition to biological soft matter, polymer nanocomposites 

will be explained with attention on hydrogel-nanoparticle composites.  

 A layer-by-layer method developed for growing a MOF around a AuNR is discussed in 

Chapter 2. MOFs lend themselves to a layer-by-layer growth method due to their distinctive 

building block nature. Using the layer-by-layer method, a HKUST-1 shell was grown on the AuNR 

surface with a sub-nanometer level control over the shell thickness. Interestingly, the surface 

charge is also easily controlled by the terminal layer either being the metal nodes (positive charge) 

or the organic linker (negative charge). It was also found that with the proper surface modification 

of the AuNRs, a very conformal MOF shell could be grown. These materials with highly porous 

shells around AuNRs have promise in areas such as sensing and catalysis.  

 Chapter 3 examines the synthesis of MOF shells around AuNRs using reported one-pot 

methods as opposed to the developed layer-by-layer method. These one-pot synthetic methods 

produce much larger shells and they are not as conformal. However, these methods allow for a 

larger quantity of material to be produced in a much timelier manner. The MOF shell produced 

was made of ZIF-8, which is one of the more aqueous stable MOFs, a necessity to probe the 

interactions with biomolecules. The synthesis of nanoMOFs is also discussed in Chapter 3. The 

characterization of AuNR@ZIF-8 and nanoZIF-8 particles is shown and the properties of these 

two materials are compared. 

Chapter 4 advances on the work in Chapter 3 and discusses how the synthesized porous 

nanoparticles interact with different proteins. Three proteins with very different sizes and 

isoelectric points were studied. It was determined that the AuNR@ZIF-8 particles had a higher 

amount of protein adsorption per unit surface area compared to nanoZIF-8. The thermodynamics 

of this adsorption process was also determined using isothermal titration calorimetry. Furthermore, 
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the orientation of the proteins at the surface was evaluated and it was determined that certain 

proteins had a preferred orientation. This work shows the potential for porous nanoparticles to be 

used to create engineered protein coronas.  

In Chapter 5 the focus shifts away from nanoparticle interactions with biological soft matter 

and towards polymer composites. AuNRs of varying surface chemistries were successfully 

dispersed into the pre-gel mixture of a tough and stretchable hydrogel. The hydrogel formed with 

the AuNRs present and maintained its phenomenal mechanical properties. The ability of the 

stretchable hydrogel to control AuNR orientation by reversibly aligning the AuNRs was also 

demonstrated. This work outlines the fundamentals of nanoparticles dispersed into multi-polymer 

systems, and the capability of using a biocompatible hydrogel to control AuNR alignment.  
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CHAPTER 1: AN INTRODUCTION TO INORGANIC NANOPARTICLES 

 

1.1 Abstract 

Inorganic nanoparticles have been used for centuries due to their unique optical properties. 

This is evidenced by the Lycurgus Cup, a Roman artifact containing small amount of gold 

nanoparticles. Today, there are synthetic methods that provide precise shape and size control of 

many different types of inorganic nanoparticles. Plasmonic nanoparticles, such as gold, are of great 

interest to the scientific community due to their useful optical properties and versatile surface 

chemistries. One of the interesting surfaces of gold nanoparticles are porous shells, which can be 

used to sequester other molecules. While colloidal inorganic nanoparticles display brilliant 

properties, for more applied technologies it is necessary to incorporate them with other types of 

materials. Understanding how nanoparticles interact with other forms of matter will help further 

the applications of inorganic nanoparticles.  

Having control and predictability over the interactions at nanoparticle surfaces will allow for 

the better design of nanomaterials. For example, nanoparticles used as therapeutics or imaging 

agents are exposed to biomolecules that coat the surface of the nanoparticles. This changes the 

identity of the nanoparticle and impacts their targeting efficiency, cellular uptake, and toxicity of 

the nanoparticles. It also common for nanoparticles to be used in the creation of nanocomposites, 

where they are incorporated into polymer films, gels, or other matrices. As the matrix becomes 

more complex it can be difficult to avoid nanoparticle aggregation. With proper surface 

engineering it may possible to control and predict the interactions of nanoparticles with other forms 

of soft matter, such as biomolecules and polymers. 
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1.2 Colloidal Inorganic Nanoparticles 

Inorganic nanoparticles are composed of metals or in the form of chalcogenides, oxides, 

hydroxides, or phosphates.1–4 These nanocrystals, referred to at the time as “finely divided metals”, 

have been used for centuries in decorative arts because of their optical properties.5,6 It wasn’t until 

the 20th century with advance characterization techniques, like electron microscopy, and colloidal 

syntheses like the Turkevich method, that scientists really began to understand and explore the 

area of nanoscience.3,7,8 Today, inorganic nanoparticles represent a diverse set of materials. They 

can be porous such as silica nanoparticles, have exceptional optical and electronic properties such 

as gold nanoparticles and quantum dots, or exhibit superparamagnetism like iron oxide 

nanoparticles, among a variety of other interesting nanoparticle types and properties.3,9–14 With 

this diverse set of materials, inorganic nanoparticles have become prevalent in applications such 

as electronics, sensors, catalysis and photonics.3,15–19 

Part of what makes inorganic nanoparticles so fascinating is that they can be treated similar to 

that of molecules, despite having very different properties. Nanoparticles can be synthesized in 

solution by chemical reactions much like molecules.4,9,20 They have a propensity to interact with 

other molecules, and can even be assembled into larger structures.21,22 So, while they can behave 

like molecules in certain ways, they have many distinct differences in terms of their properties. 

One distinct difference is that nanoparticles can have much more intense optical properties than 

molecular absorbers.3,5,6,17 Nanoparticles have a very high concentration of surface atoms 

compared to their volume, which leads to them having high surface energies. This is part of what 

gives them different properties from that of their bulk material. Also, nanoparticle surfaces can be 

functionalized with different molecules such as polymers, or small organic molecules.18,23,24 Being 

able to modify the nanoparticle surface, while keeping the optical/electronic properties of the core 
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largely unchanged is a major part in what has allowed nanoparticles to advance technology 

forward.3,18,24  

A large part of what has led to the increase of inorganic nanoparticles in modern technology 

has been the development of quality synthetic methods. There are now libraries of both bottom-up 

and top-down synthetic methods that provide exceptional shape and size control.20,21,25 Inorganic 

nanoparticles can be synthesized as spheres, rods, prisms, cubes, and more extravagant shapes like 

stars and diamonds, with each of these shapes serving purposes as they can possess very different 

properties.9 Interestingly, while there are many synthetic methods, the actual growth mechanism 

for many nanoparticles is still not completely understood. The thermodynamics and kinetics for 

many of these growth processes are still an ongoing debate within the scientific community.3,26–28  

While inorganic nanoparticles and nanotechnology has rapidly advanced the last few decades, 

there are still some challenges that face the field today. One large issue is that the 

commercialization of nanoparticles is difficult because typically nanoparticles are only produced 

in milligram quantities.10 Many of the syntheses also generate a lot of waste. Another one of the 

significant challenges facing nanoparticles is there is still a lot to learn regarding the biological 

fate of these materials.29–32 More in vivo research is needed to determine the potential hazards 

associated with inorganic nanoparticles.33,34 Also, developing a better understanding of the 

biodistribution of nanoparticles within environments is necessary for the safe and practical use of 

nanoparticles.35 

 

1.3 Gold Nanoparticles 

Of the category of colloidal inorganic nanoparticles, perhaps the type that has been studied 

the most is gold nanoparticles. In fact, gold nanoparticles can be dated as far back as the ancient 
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Roman artifact known as the Lycurgus Cup.8 Throughout history very small amounts of gold 

nanoparticles were used for stained glass windows and other forms of art, due to their intense ruby 

red color.8 The origin of those intense colors was first explored by Michael Faraday, who 

determined it was due to finely divided particles of gold.3,8 Today, the fundamental properties of 

those intense colors are understood and gold nanoparticles can be synthesized in a variety of shapes 

and sizes.6,20 

 

1.3.1 Optical Properties and Applications  

 Gold and silver nanoparticles exhibit fascinating size and shape dependent optical 

properties.5,6 This phenomenon observed for these nanoscale inorganic solids is known as a 

plasmon. As inorganic nanoparticles become similar in size to the mean free path of electrons in 

that metal, they begin to support a localized surface plasmon resonance (LSPR).6,36 Where upon 

illumination, this plasmon is the oscillation of the conduction band electrons at the metal surface. 

Interestingly, these plasmonic properties are shape dependent. Typical gold nanoparticles that are 

spherical in shape (AuNS) will exhibit one plasmon band around 520 nm. However, when the 

nanoparticle is elongated into a rod-shaped particle there are two plasmon bands that are observed. 

The two plasmon bands that are observed correspond to the transverse axis and the longitudinal 

axis of the gold nanorod (AuNR), illustrated in Figure 1.1. The longitudinal plasmon resonance is 

dependent upon the aspect ratio of the AuNR, and by varying this aspect ratio the AuNR 

longitudinal plasmon can be tuned from the visible to near-infrared (NIR) portions of the 

electromagnetic spectrum.36–38 This tunability of the longitudinal plasmon is shown in Figure 1.2, 

as the aspect ratio increases the longitudinal plasmon red shifts. The extinction spectra that is 
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shown in Figure 1.2 is the sum of the absorption and elastic light scattering of the AuNRs. Also 

shown in Figure 1.2, are the vibrant colors exhibited by AuNRs of different aspect ratios.  

Figure 1.1: Representation of the localized surface plasmon resonance(s) that are observed for a 

(A) gold nanosphere and (B) gold nanorod. For an anisotropic nanoparticle shape, such as a rod, 

two plasmons are observed corresponding to each axis of the nanorod.  
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Figure 1.2: (A) UV-vis extinction spectra with corresponding (B) TEM images for different aspect 

ratios of gold nanorods. (Red = AR 1.0, Black = AR 2.1, Blue = AR 3.2, Green = AR 3.8). The 

scale bars on the TEM images are all 100 nm. (C) Photograph of colloidal AuNP and AuNRs with 

varying aspect ratios.  

 

Plasmons actually provide more capabilities than just the vibrant colors. Upon resonant 

illumination of the plasmon, the AuNRs also produces local electric fields as well as heat.3,6 The 

local electric fields that are produced give rise to surface enhanced spectroscopies. The most well-

known of the surface enhanced spectroscopies is surface enhanced Raman scattering (SERS). 

Molecules in close contact with the AuNR can have their Raman signal increased as much as 1010, 
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leading to better diagnostics.39 As mentioned, the plasmon can also produce heat when illuminated. 

The heat is dissipated to the AuNR surroundings from the gold lattice through phonon-phonon 

interactions.29 This plasmonic heating produces enough local heat to kill cells, thus much research 

has gone into photothermal therapies where light can be converted to heat to kill cancer cells.40,41 

These properties of AuNRs have led to a number of interesting applications including 

therapeutics, imaging agents, sensing, and catalysis. Xu et al. demonstrated the use of 

functionalized AuNRs for the synergetic photothermal and chemotherapy of breast cancer.42 Chen 

et al. determined that miniature AuNRs could be used for the photoacoustic imaging of the second 

near-infrared window; an area that prior contrast agents gave unreliable results.43 Fu et al. used 

AuNRs and SERS to detect a pesticide commonly found in fruits.44 Su et al. demonstrated the 

catalytic applications using AuNRs functionalized with palladium dendrites on the ends of the 

AuNRs.45 These are a few recent highlights of the many applications of AuNRs, illustrating the 

wide ranging capabilities of these plasmonic nanoparticles.  

 

1.3.2 Synthesis and Surface Engineering 

 In general, the synthesis of AuNPs involves the reduction of a gold salt and the 

incorporation of a surface stabilizing agent. One of the more widely used methods still used today 

is the Turkevich method, originally reported in 1951.7 In this approach, HAuCl4 is boiled, and then 

sodium citrate is added, which acts as both the reducing and stabilizing agent. The Turkevich 

method produces AuNSs that are about 20 nm in size. More recently, the Turkevich method was 

expanded on by Chan et al. to synthesize larger AuNPs.46 With this method, they use the AuNSs 

produced by the Turkevich method as seeds to grow larger AuNSs, and are able to produce quality 

AuNSs from 50-200 nm in size. The other common method used for AuNS synthesis, is the Brust-
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Schiffrin method, which is a two-phase synthesis that leads to small (2-5 nm) thiolate-stabilized 

AuNSs.47 

The most common method for the synthesis of AuNRs is using a seed-mediated approach. 

Murphy et al. and Liz-Marzan et al. pioneered AuNR synthesis in the early 2000s. The Murphy 

method, still widely used today, uses 3-4 nm AuNPs as seeds. The seeds are then added into a 

growth solution containing HAuCl4, cetyltrimethylammonium bromide (CTAB) as the stabilizing 

agent, ascorbic acid as the reducing agent, and silver nitrate to control the nanorod aspect ratio.48 

Similar syntheses have been reported that produce AuNRs of differing aspect ratios and/or 

different absolute dimensions. Zubarev et al. reported a seed-mediated synthesis using 

hydroquinone as the reducing agent which led to higher aspect ratio AuNRs.49 Murray et al. used 

binary surfactant mixtures to produce AuNRs of all different sizes and aspect ratios, including 

much larger AuNRs that were 175 nm long and 50 nm wide.50 More recently, Murphy et al. 

reported the synthesis of miniature AuNRs, where a variety of different aspect ratios could be 

synthesized, but the width of the AuNR never exceeded 10 nm.51  

 While the aforementioned AuNS and AuNR syntheses are not all encompassing of the 

current synthetic library, they are some of the most widely used methods in nanoparticle synthesis 

today.20,52 Despite all of the reported synthesis of AuNRs that give excellent shape and size control, 

there is still an ongoing debate on the actual growth mechanisms of AuNRs.26,27,53–56 In particular, 

the role that silver plays in directing the aspect ratio has been of great interest to the scientific 

community. There are three main proposed mechanisms that have garnered support in the 

literature.26 One of the proposed mechanisms is that the addition of Ag(I) changes the shape of the 

CTAB micelle and the micelle then acts as a soft template for the growth of AuNRs.26 The two 

other mechanisms, which have garnered more support, are very difficult to distinguish from one 
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another. The first of which is that a monolayer of Ag(0) preferentially deposits on the longitudinal 

facets, stopping the growth on those facets and thus favoring anisotropic growth; this is referred 

to as the silver under-potential deposition mechanism.26 A similar mechanism is that a silver(I) 

bromide complex acts as a face-specific capping agent, and thus favors anisotropic growth.26 While 

the exact mechanisms of AuNR growth are not known, the research that has went into 

understanding the mechanisms has led to much more reproducible and reliable syntheses of 

AuNRs. 

 AuNPs are often synthesized with standard surface stabilizing agents, such as CTAB or 

citrate. However, there are a lot of different surface modifications that can be applied to AuNPs 

post-synthetically. Nearly all applications of AuNPs require some surface modification, especially 

in the case of CTAB-capped nanoparticles as the CTAB is toxic.23,57 One common surface 

medication made to AuNPs is functionalizing the surface with polymers. This is often done either 

through a polymer wrapping process, or using thiolated polymers to covalently bond the polymers 

to the AuNP surface.23,58,59 Another common post-synthetic surface modification is the 

replacement of the stabilizing agent, such as CTAB, with alkanethiols.57,60–62 More advanced 

surface modifications include the creation of heterostructures through the deposition of other 

metals, or metal oxides on the surface of AuNPs.23 It is also possible to selectively modify the 

surface of ends or the sides of AuNRs.63,64 One major challenge in the surface modification of 

AuNPs is that it can be very difficult to accurately characterize what ligand is on the surface on 

the AuNP. Recently, a number of NMR, TEM, and X-ray based techniques have made great 

improvements in the ability to characterize AuNP surfaces, but it still remains a challenge.65–69 
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1.4 Metal-Organic Frameworks 

 Metal-organic frameworks (MOFs) are highly porous materials that were pioneered in the 

1990s.70 Yaghi et al. spearheaded the growth of this field in and presently there are over 90,000 

MOF structures reported.70,71 MOFs are composed of a series of metal nodes, referred to as 

secondary building units (SBUs), connected by organic linkers. Due to their building block nature, 

there is a near endless amount of possible structures. There is also great flexibility in the geometry, 

size, and functionality for both the SBUs and organic linkers.70,72–75 The development of MOFs is 

often referred to as reticular chemistry. A target structure can be chosen, which can then be broken 

down into its fundamental geometric units allowing for the identification of the appropriate SBUs 

and organic linkers to achieve the desired target material.73  

 

1.4.1 Properties and Applications 

 MOFs most advantageous properties are their crystallinity, porosity, and tunability.70,73,76,77 

The crystallinity of these materials allows for the much easier characterization of the structure, and 

significantly helps with the predictability of the synthesized structures from the individual building 

blocks.70,73 MOFs are among the most porous materials known, having surface areas that exceed 

that of zeolites and carbons. Typical MOF surface areas can range anywhere from 1,000 to 10,000 

m2/g, and most MOFs have a porosity that is greater than 50% of their volume.70 Most MOFs have 

micropores, while mesoporous MOFs can be synthesized, it often comes at a stability cost.72,78 

Lastly, the tunability of MOFs makes them very attractive materials. There is now a huge library 

of SBUs and organic linkers that can be combined to make MOFs, but their tunability extends 

beyond individual building blocks.73 MOFs have been created that have mixed metals or mixed 

ligands.79–81 There has also been the development of isoreticular MOFs, where linkers are extended 



11 
 

to expand the MOF pore size but maintain the same overall structure, illustrated in Figure 1.3. The 

pores of MOFs are very tunable as well. Linkers can be modified to generate specific functional 

groups that will be present within the MOF pores.82 This can also be done post-synthetically, where 

it is possible to exchange certain MOF building block or just introduce new moieties at reactive 

sites within the MOF.82 The crystallinity and porosity of MOFs coupled with their tunability bot 

pre- and post-synthetically has led to their interest and exponential development. With the reticular 

nature of MOF synthesis, researchers are now able to rationally synthesis desired structures for 

specific applications.75 
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Figure 1.3: Example of an isoreticular MOF series where the organic linker is continually 

extended, which generates MOFs of the same core structure but expanded pore size. From Deng, 

H.; et al. Large-Pore Apertures in a Series of Metal-Organic Frameworks. Science 2012, 336, 

1018-1023. Reprinted with permission from AAAS. 
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 Due to their very high surface areas, MOFs are most widely studied for applications 

surrounding gas storage and separations.70,83 To make alternative fuels more viable options, storing 

fuel gases such as methane and hydrogen under less extreme conditions is necessary. A vessel 

filled with MOFs can capture and store more than twice the amount of methane at room 

temperature compared to an empty vessel.70 The gas adsorption ability of MOFs can also be used 

as a gas separations technique to improve air quality. The carbon dioxide uptake at capacity at 

room temperature of MOFs is higher than any other porous material. MOFs can also be tuned to 

have some level of selectivity for the adsorption of other gases such as hydrocarbons, ammonia, 

and water.70 While gas storage and separations have drawn the most interest, MOFs have also been 

shown to have promise in other applications such as drug delivery, batteries, catalysis, and 

sensing.70,73,83  

 

1.4.2 Metal-Organic Framework Nanoparticles 

 While MOFs were introduced in the 1990s, it wasn’t until around 2010 that MOF 

nanoparticles (nanoMOFs) with reproducible size and morphology were produced.74,84–88 

NanoMOFs maintain the same level of porosity observed as the more traditional micron-sized 

MOF crystallites, but they have the advantage of being colloidal stable.84,86,88 This colloidal 

stability is of particular importance for the biomedical applications of MOFs. In addition to the 

colloidal stability, nanoMOFs have more morphological control than their bulk counterparts and 

nanoMOFs can be assembled into larger superlattices.85,89  

 In the last decade a number of different synthetic approaches have been used to create 

nanoMOFs. In general, three main strategies are used: nanoreactor confinement, rapid nucleation, 

or coordination modulation.74,84,85 Perhaps the simplest synthetic method, nanoreactor 
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confinement, uses immiscible solvents such as an oil and water. The rapid nucleation approach 

will produce nanoMOFs through the addition of an initiation step such as the addition of a solvent 

or change in the pH. Rapid nucleation can also be promoted using accelerated heating methods 

such as microwaves or ultrasound. For the last general approach, coordination modulation, 

molecules are added into the reaction mixture to bind to certain crystals facets to stop growth, or 

limit the number of nucleation sites. The molecules, referred to as modulators, often are singular 

functionalized, unlike the MOF bridging ligands which have multiple functional groups. This 

approach will synthesize nanoMOFs with different surface chemistries. Using these methods, 

nanoMOFs have been produced that are spherical, cubic, hexagonal, and rod shaped.84,87,88  

 While the surface functionalization of nanoMOFs is not as extensive as other types of 

nanoparticles, such as gold, it is still possible to modify the surface of nanoMOFs. Granick et al. 

demonstrated the surface functionalization of a dye onto nanoMOF.84,89 It has also been shown 

that phosphate-terminated lipids can be attached to the nanoMOF surface, and DNA can also be 

conjugated to the surface.84,85,88 One common approach to modifying nanoMOF surfaces is to 

modify the original organic linker with a reactive functional group that can be accessed post-

synthetically. This method helps to maintain the MOF structure, but allows for the introduction of 

functional groups such as azides, where click chemistry can be used to covalently attach other 

ligands to the surface.84 

 

1.4.3 Metal-Organic Framework Shells on Nanoparticles 

For the work presented in this dissertation, the most interesting surface modification of 

AuNPs is the synthesis of porous shells around the AuNPs. Synthesizing porous shells around 

AuNPs is very attractive because it can lead to enhanced stability, and significantly improve 
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AuNPs for sensing and drug delivery.90,91 The most common type of porous of shells on AuNPs is 

mesoporous silica.63,90,92,93 An alternative type of porous shell around NPs is one composed of a 

MOF. A MOF shell possesses some advantages over a silica shell in that the MOF is crystalline 

and has defined pore structures. This means the surface of AuNP coated with a MOF 

(AuNR@MOF) will have a uniform pore structure, unlike silica coated AuNPs. 

 Synthesizing MOF shells onto metal nanoparticles requires the proper surface 

functionalization of the metal NPs. There is a large lattice mismatch between metal NPs and 

MOFs, so the NP surface must be modified to promote the nucleation of the MOF on the NP 

surface as opposed to self-nucleating.94 The desired core shell structure for this work, Figure 1.4, 

of singularly NPs encapsulated with a MOF can be difficult to achieve. If the MOF self-nucleates 

it will often lead to the decoration of NPs on the surface of the MOF rather than the encapsulation 

of the NPs. It is also easy for the MOF shell to encapsulate multiple NPs. Certain NP surface 

functionalizations, such as polyvinylpyrrolidone and 11-mercaptoundecanoic acid have shown a 

tendency to promote the growth of a variety of MOF shells on NPs, while some MOFs require 

more unique NP surfaces to promote their growth.94 
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Figure 1.4: Illustration of the desired core-shell nanoparticle composed of a AuNR core and a 

MOF shell. Reprinted with permission from Hinman, J. G.; Turner, J. G.; Hofmann, D. M.; 

Murphy, C. J. Layer-by-Layer Synthesis of Conformal Metal-Organic Framework Shells on Gold 

Nanorods. Chem. Mater. 2018, 30 (20), 7255-7261. Copyright 2018 American Chemical Society.  

 

 There have been a number of reported syntheses of AuNPs encapsulated by MOF shells, 

all with varying degrees over shell uniformity and shell thickness control. Layer-by-layer 

techniques have been used to provide exceptional control over the thickness of the MOF shell, but 

these methods are often time consuming and less reproducible.95,96 Other one-pot methods have 

been shown for the synthesis of MOFs on both AuNRs and AuNSs. These methods have a 

significant advantage in their ease of synthesis, but they often produce shells that are not conformal 

and there is not much thickness control.97–104 The synthesized AuNP@MOF nanoparticles have 

been demonstrated as great therapeutics through their synergistic chemo-photothermal therapy 

abilities.102,103 They have also been shown to help in the areas of catalysis and sensing.96,98,101,105,106 
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For the purpose of the work in this thesis, AuNR@MOF provide a great platform to study the 

ability to control molecules orientation at the surface of nanoparticles. 

 

1.5 Nanoparticle Interactions with Soft Matter 

 The properties and applications of inorganic nanoparticles has been discussed, with an 

emphasis on gold nanoparticles and metal-organic framework nanoparticles. While these 

nanomaterials have extraordinary properties, they are only so useful as colloidal solutions. For 

applied research purposes, these nanomaterials come in contact with many other forms of matter. 

The focus of the work presented in this thesis will be the interaction of these inorganic 

nanomaterials with different forms of soft matter. The term soft matter refers to materials that can 

be altered by thermal or mechanical stress such as liquids, polymers, gels, and biological 

materials.107 The interactions of NPs with these forms of soft matter can be done intentionally, or 

they may be unavoidable interactions. For example, NPs may be purposely dispersed into a 

polymer for the fabrication of an electronic device.108 In contrast, nanoparticles used in biological 

applications will unavoidably interact with different biomolecules.109 Furthering the understanding 

of the interactions of polymers, biomolecules, and other forms of matter at these nanoscale surfaces 

will help improve the applied technology these nanoparticles can be used for.  

 

1.5.1 The Nano-Bio Interface and the Protein Corona 

 Nanoparticles have many biological applications including drug delivery, imaging, 

diagnostics, and therapeutics.35 When NPs are used for biological applications that encounter many 

different conditions throughout the lifetime of their biological fate. These conditions can include 

binding to biomolecules, cellular uptake, stress due to rapid blood flow, and enzymatic 
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degradation.109 With all of these different conditions encountered, it remains a challenge to 

produce quality nanoparticles that can handle each type of potential encounter. One of the largest 

challenges facing the field today is understanding and controlling the protein corona.34,109,110 When 

nanoparticles are dispersed in biological fluid, biomolecules adsorb to the surface, an illustration 

is shown in Figure 1.5. This corona of biomolecules is largely made up of proteins, hence the term 

protein corona. This protein corona has biomolecules that are adsorbed tightly to the nanoparticle, 

known as the hard corona, and biomolecules that are more dynamically exchanged, known as the 

soft corona. The protein corona then serves as the nanoparticles biological identity and largely 

influences the nanoparticle’s targeting efficiency, cellular uptake, and toxicity.34,109,110 The protein 

corona is also the most fundamental interaction at the nano-bio interface. Being able to control or 

predict the chemical makeup of the protein corona would vastly help improve the design of NPs 

for their biological applications. Presently, this is difficult to understand and control due to the 

complex nature of the protein corona. The NP shape, size, surface, and charge all heavily influence 

what biomolecules adsorb to the surface.109 There are also numerous environmental parameters 

including temperature, pH, incubation time, and concentration of biomolecules that further 

complicate the chemical makeup of the protein corona.109  

 

 

 

 



19 
 

 

Figure 1.5: Illustration of the protein corona that is formed when nanoparticles are exposed to 

biological media. A hard corona of biomolecules adsorbs to the surface of the nanoparticle making 

them less dynamic than the proteins more loosely adsorbed, referred to as the soft corona. 

Reprinted from Wolfram, J.; Yang, Y.; Shen, J.; Moten, A.; Chen, C.; Shen, H.; Ferrari, M.; Zhao, 

Y. The nano-plasma interface: Implications of the protein corona. Colloids Surf. B 2014, 124, 17-

24. Copyright 2014, with permission from Elsevier. 

 

 Much effort has been put forth to try and understanding the protein corona, and achieve a 

level of control and predictability of the protein corona. Achieving control and predicting of the 

protein corona, would allow for the exploitation of the protein corona and make NPs biological 

applications much more prevalent. To date, most of the research centered around the protein corona 

has been done in vitro and centered around two main concepts. The first way people have begun 

to understand the protein corona, is by incubating nanoparticles with serum and subsequently 

identifying the proteins that are adsorbed to the surface.111–113 Chan et al. recently reported a study 
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where AuNPs were incubated in human serum, afterwards the bound proteins were digested and 

identified.111 They were able to find the relative abundance of each protein in the protein corona, 

and concluded that the protein corona likely has multiple complex layers. Another approach that 

has been used to study the protein corona is to look at the nanoparticle adsorption behavior of 

individual proteins of interest. Using these methods, researchers have found how proteins adsorb 

to the surface as a function of surface curvature, surface charge, protein deformability, and many 

other properties.114–120 While there has been significant improvement in the understanding of the 

protein corona, more work is needed in vivo and more research is needed in terms of controlling 

the protein corona.  

 

1.5.2 Hydrogels and Nanoparticle Composites 

 Nanoparticles are frequently dispersed in polymer matrices in the form of films, gels, and 

elastomers. NPs are used as filler materials for polymer matrices because they can impart unique 

properties on the polymer matrix such as making them optically active, improving mechanical 

properties, and improving conductivity.121–125 For the purpose of the research presented in this 

thesis, AuNP composites and hydrogels will be the materials of focus. Hydrogels are polymer 

networks that are crosslinked in an aqueous medium forming a flexible yet fixed material. 

Hydrogels are mostly made of water, frequently containing upwards of 99% water by weight, 

making them relatively accessible and biocompatible materials.126  

 Suo et al. really advanced the field of hydrogels forward in 2012 with their report on tough 

and stretchable double-network hydrogels composed of alginate and polyacrylamide.127 

Previously, hydrogels were not very resilient or elastic materials with applications limited to cell 

culturing and contact lenses. The advent of double-network hydrogels, enhanced their mechanical 
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properties to the point where hydrogels can behave very similar to that of human tissues with 

toughness values around 10,000 J/m2.128,129 For this reason, double-network hydrogels have 

become heavily studied for the applications in tissue engineering and flexible electronics.130–134 

The current working principle behind the improved mechanical properties of double-network 

hydrogels is the incorporation of two different types of crosslinking bonding within one hydrogel 

system.128,130 The improved mechanical properties arise when one of polymer network consists of 

weak reversible bonds, and the other polymer network contains strong irreversible bonds. In 

addition to the improved mechanical properties of hydrogels, other properties include self-healing, 

thermoresponsiveness, and increased conductivities.126 Because many of these properties are 

stimuli-responsive, new age hydrogels have been explored as ‘smart materials’ that have different 

properties based upon whether an external stimulus is applied or not.  

 AuNPs have been added to polymer matrices like polyvinylalcohol and poly(N-

isopropylacrylamide) for optical displays and microfluidics.135–140 AuNPs have been incorporated 

into alginate hydrogels for image-guided drug delivery, and into chitosan hydrogels for cardiac 

tissue engineering.141,142 However, there are far fewer reports of AuNPs incorporated into double 

network hydrogels, as the spatial control and NP stability in multi-component polymer networks 

is more difficult. More research is needed regarding the spatial and orientation control of AuNP in 

polymer networks such as double-network hydrogels to better design plasmonic polymer 

composites.  

 

1.6 Conclusions 

 AuNPs and MOFs have unique properties that make them very attractive materials. The 

plasmonic properties of AuNPs make them ideal for sensing, biomedical imaging, and as 
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therapeutics. MOFs have incredibly high surface areas that make them great for gas storage and 

separations. One major challenge the field faces today is the lack of control of how other materials 

interact at these nanoscale surfaces. This is important because nanomaterials like AuNPs and 

nanoMOFs are often interfaced with other materials for their applications. This interfacing with 

other materials can be intentional, as is the case of dispersing nanoparticles into a polymer 

composite, or it may be something that is unavoidable such as the protein corona that forms around 

nanoparticles in biological fluid. The goal of this thesis work is to explore possible routes to control 

the orientation of different forms of soft matter at the nanoscale surface. This includes using the 

physical properties of MOFs porosity to control the orientation of biomolecules at the surface, in 

an effort to engineer protein coronas. It also includes controlling the orientation of AuNRs with 

varying surface chemistries in a stretchable hydrogel.  
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CHAPTER 2: LAYER-BY-LAYER SYNTHESIS OF CONFORMAL HKUST-1 SHELLS 
ON GOLD NANORODS 1 

 

2.1 Abstract  

 Because of their possible use in a number of applications such as sensing and catalysis, 

hybrid materials of metal−organic frameworks (MOFs) with plasmonic nanoparticles have 

attracted the attention of many researchers. While there have been reports of the synthesis of MOF 

shells on colloidal metallic nanoparticles, they often provide little control over the thickness and 

morphology of the MOF shell. This report presents a layer-by-layer technique for synthesizing 

conformal shells of the MOF HKUST-1 on gold nanorods. The method described deposits the 

components of the MOF in a truly layer-by-layer fashion, which allows for sub-nanometer control 

over shell thickness. To synthesize conformal MOF shells, it is crucial to control the surface 

chemistry of the gold nanorods. By using the conjugate base of the organic linker, the surface 

charge could be controlled during synthesis, helping prevent nanorod aggregation. 

 

2.2 Introduction 

There has been a recent surge in reports of materials that incorporate both metal-organic 

frameworks (MOFs) and nanoparticles. Interest in MOFs, which consist of metal-containing hubs 

linked together by organic ligands, often stems from their porous structures that lend themselves 

to a wide variety of applications including gas storage, separations, and catalysis, among others.1 

While progress has been made towards combining MOFs with a variety of nanomaterials, 

plasmonic nanoparticles like gold nanorods (AuNRs) are particularly interesting because of their 

                                                        
1 Adapted and reprinted with permission from Hinman J. G.; Turner, J. G.; Hofmann, D. M.; Murphy, C. 
J. Layer-by-Layer Synthesis of Conformal Metal-Organic Framework Shells on Gold Nanorods. Chem. 
Mater. 2018, 30 (20), 7255-7261. Copyright 2018 American Chemical Society  
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distinct optical properties.2,3 Hybrid materials of plasmonic nanoparticles and MOFs are promising 

for several applications, including sensing and catalysis.4–6 Using plasmonic heating, it may be 

possible to use light to control the adsorption and desorption of molecules from the pores of hybrid 

materials of plasmonic nanoparticles and MOFs.7 Most reported syntheses for MOF shells on 

metal nanoparticles do not allow for precise control of the shell’s morphology, but recently layer-

by-layer (LbL) methods have emerged as an alternative that can provide greater control over shell 

thickness.8–14 Table 2.1 summarizes the current scope of what has been done in the area of MOF 

encapsulated metal nanoparticles. Compared to other methods of thin film deposition, LbL 

assembly often provides superior control over the film thickness.15,16 Limitations of previously 

reported LbL MOF shell synthesis include poor control over the morphology of the resulting shells 

and nanoparticle aggregation, which is often exacerbated by the number layers necessary to form 

shells of a given thickness. Here, we report the LbL synthesis of MOF shells on AuNRs and we 

describe improvements to LbL techniques for deposition of MOFs on nanoparticles that allow 

precise control over the thickness of conformal MOF shells with improved colloidal stability. 
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Table 2.1: Summary of reported MOF coated colloidal NPs. 

Core NP Surface Chemistry MOF 
MOF shell 
Thickness 

(nm) 
Ref. 

AuNRs, 23x85 nm 11-mercaptoundecanoic acid HKUST-1 2, 3, 4, 5, 6 This 
work 

Pt-Cu (Octahedron, Flower), 
43 nm Polyvinylpyrrolidone HKUST-1 4, 11, 24 17 

(AuNP - 13, 100 nm, AuNR - 
12x15 nm, Pd - 
20nm)@Cu2O 

Polyvinylpyrrolidone HKUST-1 50, 75, 100, 
125 18 

AgNPs, 8, 20, 40 nm Polyvinylpyrrolidone IRMOF-3 25, 100, 
175 19 

PdNPs, 35 nm Polyvinylpyrrolidone IRMOF-3 30 - 145 20 

AuNPs, 60 nm Mercaptoacetic acid MIL-100 5, 20, 35, 
50 12 

AuNPs, 30 nm Inositol hexaphosphate MIL-101 2 14 
AuNPs, 30, 50, 60 nm Polyvinylpyrrolidone MOF-5 3, 25, 69 21 

AuNRs, 8x30 nm Lipoic acid Porphyrin 
MOF 8, 15 8 

Ag cubes, 100 nm Polyvinylpyrrolidone Ren-MOF 16, 33 22 
Pd cubes, 30 nm; Au cubes, 
50 nm CTAB ZIF-8 60 - 150 10 

AuNRs, 30x60 nm PEG-SH [Al(OH)(1,4-
ndc)]n 75 9 

 

2.3 Results and Discussion 

The MOF we chose to deposit on AuNRs was HKUST-1 (copper(II) benzene-1,3,5-

tricarboxylate), a well-studied MOF that has been deposited in layers on a variety of surfaces.23–25 

In our method (Scheme 2.1) cetyltrimethylammonium bromide (CTAB)-capped AuNRs were 

functionalized with 11-mercaptoundecanoic acid (MUA), then coated with HKUST-1 by 

alternating additions of copper(II) acetate and the tetramethylammonium salt of 1,3,5-

benzenetricarboxylate (TMA-BTC). Between additions of the HKUST-1 precursors, the AuNRs 

were purified by centrifugation. The resulting shells, shown in Figure 2.1, were mostly smooth 

and uniform.  
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Scheme 2.1: Synthetic conditions used for LbL coating of AuNRs with HKUST-1. 

 

 

Figure 2.1: Transmission electron microscopy (TEM) images of HKUST-1 coated AuNRs after 

(a) 4, (b) 8, (c) 12, (d) 16, (e) 20, and (f) 24 layers. Scale bars are 50 nm. 
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To verify that the AuNRs were coated with HKUST-1, we characterized them by energy 

dispersive X-ray spectroscopy in scanning transmission electron microscopy (STEM-EDS), 

powder X-ray diffraction, and attenuated total reflectance Fourier transform infrared spectroscopy 

(ATR-FTIR). Line scans for copper and gold using STEM-EDS (Figure 2.2a) on AuNRs after 

depositing 18 layers were consistent with a thin, copper-containing shell around a gold core. 

Powder XRD of HKUST-1 coated AuNRs after 30 layers (Figure 2.2b) indicated the presence of 

HKUST-1 in addition to gold. While the broad peak near 8˚ is indicative of amorphous material, 

small peaks matching the theoretical pattern for HKUST-1 are also present.26 Similarly, the ATR-

FTIR spectrum of HKUST-1 coated AuNRs after 30 layers closely matched that for free HKUST-

1. 
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Figure 2.2: (a) STEM-EDS lines scans for copper (red) and gold (black) were taken along the 

yellow line in the inset dark-field STEM image of HKUST-1 coated AuNRs. Scale bar is 50 nm. 

(b) The experimentally measured powder XRD pattern for HKUST-1 coated AuNRs is shown in 

black with the theoretical powder XRD pattern for free HKUST-1 in red. The broad peak near 8 

degrees is likely due to amorphous MOF.  

 

We were able to deposit conformal, porous HKUST-1 shells on AuNRs with sub-nanometer 

control over their thickness. TEM analysis of the HKUST-1 shells revealed that the thickness of 

the shells increased linearly with the number of layers added (Figure 2.3a). From the slope of the 

regression line in Figure 2.3a, shell thickness was found to increase by 0.178 ± 0.014 nm per layer 

and the intercept of the regression line, 1.5 ± 0.2 nm, agrees well with the experimental 

measurements of the thickness of SAMs of MUA on gold.27 We collected N2 adsorption and 

desorption isotherms for HKUST-1 coated AuNRs (Figure 2.3b) and calculated the BET surface 

area. After 30 layers of HKUST-1 shell synthesis, the BET surface area was measured to be 63 

m2•g-1 which is considerably less than the 850-1400 m2•g-1 that are typically reported for free 

HKUST-1.28–30 Our relatively small BET surface area could indicate that the shells are amorphous 
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and therefore are not as porous as typical sample of HKUST-1.17 However, the majority of the 

mass of HKUST-1 coated nanorods is in their gold cores. Correcting for the contributions of gold 

to the mass of the HKUST-1 coated nanorods gives a surface area of 900 m2•g-1, which is 

comparable to experimental measurements of the surface area of free HKUST-1 (See Materials 

and Methods section for details). While some reports of MOF-coated nanoparticles show large 

surface areas without the correction, we suggest that such measurements may reflect the presence 

of free MOF nanoparticles. 

 

 

Figure 2.3: (a) HKUST-1 shell thickness from TEM analysis plotted against the number of layers 

of deposited. The red line represents the weighted line of regression. Error bars show standard 

deviation. (b) N2 adsorption (closed circles) and desorption (open circles) isotherms for AuNRs 

after 30 layers of HKUST-1 shell synthesis. 

 

We discovered certain key parameters in the synthesis that enabled reproducible LbL 

growth on AuNRs. Adding TMA-BTC rather than H3BTC reduced aggregation during LbL 

synthesis. Aggregation is a significant challenge for LbL syntheses of MOF shells on 
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nanoparticles. Over the potentially large number of layers deposited, even relatively small amounts 

of aggregation at early stages lead to aggregation difficulties at later stages. Often in the synthesis 

of LbL MOF films, organic linkers are added as carboxylic acids. When the surfaces of MOF 

coated nanoparticles are terminated in protonated carboxylic acids, their surfaces are nearly charge 

neutral, which can lead to aggregation. Using the conjugate base of the linker instead, with a TMA 

counterion, gives the surface a negative charge, improving MOF coated nanoparticles’ colloidal 

stability. Measurements of the z-potential of HKUST-1 coated AuNRs after each layer for 24 layers 

of LbL synthesis show that following the addition of TMA-BTC, HKUST-1 coated AuNRs have a 

negative surface charge (Figure 2.4b). Relatively little broadening of the longitudinal localized 

surface plasmon resonance (LSPR) in the UV-Vis spectra of HKUST-1 coated AuNRs (Figure 

2.4d) after 24 layers of LbL synthesis connotes only a small degree of aggregation. In contrast, 

after adding H3BTC as the organic linker the measured z-potentials for HKUST-1 coated AuNRs 

are close to neutral (Figure 2.4a). Increased broadening of the longitudinal LSPR (Figure 2.4c) 

illustrates the importance of electrostatic stabilization to prevent the aggregation of HKUST-1 

coated AuNRs during LbL synthesis.  
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Figure 2.4: z-potentials of HKUST-1 coated AuNRs are plotted against the number of layers added 

for syntheses using (a) H3BTC and (b) (N(CH3)4)3BTC. Odd layers correspond to Cu(OAc)2 

additions and even to BTC additions. UV-Vis spectra after 1 (black) and 18 (red) layers are shown 

for AuNRs coated with HKUST-1 using (c) H3BTC and (d) (N(CH3)4)3BTC. 

 
Aggregation can also be prevented by using slower centrifugation speeds during cleaning 

and purification. Although excess Cu(OAc)2 and BTC were removed by three rounds of 
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centrifugation between layers, some free HKUST-1 particles still formed. The presence of free 

MOF nanoparticles often induces particle aggregation. However, when HKUST-1 coated AuNRs 

were centrifuged at speeds less than 2000 rcf we found that it is possible to separate the AuNRs 

from free MOF nanoparticles, as shown in Figure 2.5. 

 

 

Figure 2.5: TEM images of the comparison between the LbL synthesis with (a) fast centrifugation 

(8000 rcf) and (b) slow centrifugation (2000 rcf or less), showing the presence of more free MOF 

particles when using fast centrifugation. Scale bars are 500 nm. 

 

Surface functionalization of the AuNRs was also critical to ensure controllable deposition 

of conformal HKUST-1 shells. MOF thin films prepared using LbL techniques have been reported 

on a number of different surfaces including silica, self-assembled monolayers of alkanethiols on 

gold, and polymer coated gold.13,25,31 However, we observed pronounced differences in the 

resulting MOFs on AuNRs depending on the surface chemistry. Following Shekhah and 



 45 

coworker’s success growing both HKUST-1 and ZIF-8 on silica, we prepared silica-coated AuNRs 

using a previously published procedure as a substrate for LbL HKUST-1 synthesis.25,32 Although 

HKUST-1 was deposited on the silica surface, TEM analysis after 10 layers revealed island growth 

rather than thin film growth (Figure 2.6a). In contrast, on MUA-functionalized AuNRs HKUST-1 

was deposited as a thin, conformal shell (Figure 2.6b). Our same procedure was also tried using 

polyelectrolyte wrapped gold nanorods. Polyelectrolyte wrapping was done according to 

previously published methods.15 With the negatively charged poly(acrylic acid) sodium salt (PAA) 

surface, we did not observe any MOF growth as evident by TEM analysis The effect of 

nanoparticle surface functionalization may explain, in part, differences in the morphology of the 

LbL MOF shells previously reported in the literature. MOF shells on nanoparticles functionalized 

with carboxylic acid terminated alkanethiols like mercaptoacetic acid often appear smoother and 

more uniform than those on nanoparticles with surface coatings like polyvinylpyrrolidone, that are 

less likely to coordinate as strongly to the metal ions of the MOF.12,13 
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Figure 2.6: TEM images illustrating the different growth of HKUST-1 on (a) the surface of silica 

coated gold nanorods and (b) the surface of MUA functionalized gold nanorods. Scale bars are 10 

nm. 

 

2.4 Conclusions 

In conclusion, we have presented improved methodology for the synthesis of conformal, 

controllable MOF shells on AuNRs. Our protocols allow for precise control over the thickness of 

an HKUST-1 shell on gold nanorods. We demonstrated the importance of choosing the appropriate 

surface functionalization on the AuNRs to ensure the growth of conformal and uniform MOF 

shells.  Aggregation can be minimized by using the conjugate base of the organic linker BTC to 

improve the electrostatic stability of the MOF coated AuNRs and by separating free MOF 

nanoparticles using slow centrifugation speeds. 
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2.5 Materials and Methods 

 

2.5.1 Materials and Instrumentation 

Chloroauric acid (HAuCl4 × 3H2O), 99.9%; hydroquinone, 99%; cetyltrimethylammonium 

bromide (CTAB) 99%; silver nitrate (AgNO3), 99%; sodium borohydride (99%). Copper(II) 

acetate (Cu(OAc)2), 98%; 1,3,5-benzenetricarboxylic acid (BTC), 95%; tetramethylammonium 

hydroxide solution, 1.0 M electrochemical grade; and 11-mercaptoundecanoic acid (MUA), 95% 

were purchased from Sigma-Aldrich. Thiolated poly(ethylene glycol) (PEG-SH) 5000 M.W. was 

purchased from Nanocs. ACS reagent grade sodium hydroxide was purchased from Fisher 

Scientific. Ethanol, 200 proof, was purchased from Decon Labs Inc., and used without purification. 

Deionized water was purified using a Barnstead Nanopure II purification system. 

UV-Vis extinction spectra were measured using a Cary 5000 UV-vis-NIR 

spectrophotometer. x-potentials were measured using a Brookhaven ZetaPals and/or a Malvern 

Zetasizer Nano ZS. Powder X-ray diffraction (XRD) was measured using a Bruker D8 Venture 

Duo. Nitrogen adsorption measurements were carried out on a Micromeritics 3 Flex Surface Area 

and Pore Analyzer. ATR-FTIR measurements were collected on a Nicolet Nexus 670 spectrometer 

equipped with a germanium crystal plate. Transmission electron microscopy was carried out on a 

JEOL 2010 LaB6 or 2100 Cryo LaB6 operated at 200 kV. STEM-EDS element line scans were 

measured on a JEOL 2010F. All sizing analysis was done using ImageJ, for nanorod sizing a 

minimum of 300 nanorods were measured, for MOF shell sizing a minimum of 50 shells were 

measured for each sample. 
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2.5.2 Synthesis of Gold Nanorods 

To synthesize gold nanorods, we adapted the methods described by Vigderman and 

Zubarev.33 For CTAB-capped gold seeds, a seed solution was prepared by adding 500 µL of 0.010 

M chloroauric acid to 9.5 mL 0.10 M CTAB. While stirring the seed solution rapidly, 460 µL of 

freshly prepared, ice-cold 0.10 M sodium borohydride in 0.010 M NaOH was quickly added. The 

seed solution color changed to dark brown immediately following the addition of NaBH4. The 

seeds were aged for 1 hour before use. To prepare large batches of nanorods, more seed solution 

is required. Replicate batches of 10 mL seed solutions were prepared simultaneously to yield the 

required amount of seed solution.  

On a 1 L scale, the AuNR growth solution was prepared by adding 1.30 mL of 0.10 M 

AgNO3 to 950 mL of 0.10 M CTAB followed by 50 mL of 0.010 M HAuCl4 with stirring. Then, 

50 mL of 0.10 M hydroquinone was added and the solution was stirred until it turned colorless, at 

which time 16 mL of CTAB-capped gold seeds were added. The growth solution was stored 

overnight at 27 °C. The nanorods were purified by centrifugation at 8000 rcf for 20 minutes. After 

discarding the supernatant, the AuNRs were redispersed in nanopure water and stored at room 

temperature until use. 

 

2.5.3 Nanorod Surface Functionalization 

CTAB-capped nanorods were further purified by an additional round of centrifugation at 

8000 rcf. For ligand exchange, the supernatant was discarded and the AuNRs were dispersed in 

nanopure water to a concentration of 1 nM in gold nanorods (extinction coefficient 1.6 x 1010 M-

1cm-1).34 On a 40 mL scale, CTAB was exchanged for PEG-SH (5000 M.W.) by adding 1 mL of 

50 mg/mL PEG-SH to the 40 mL solution of 1 nM nanorods. The solution was gently shaken 
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overnight. To purify the nanorods, they were centrifuged at 8000 rcf for 30 minutes, the supernatant 

was discarded, and the pellet was dispersed in 40 mL water. The AuNRs were centrifuged a second 

time; however, the pellet was only dispersed in 20 mL water. Then, 2 mL of 0.1 M NaOH was 

added to the nanorods, along with 4 mL of 20 mM ethanolic MUA before dilution to 40 mL with 

water. The gold nanorods were shaken gently overnight. To purify the nanorods, they were 

centrifuged at 8000 rcf for 30 minutes, the supernatant was discarded and the pellet was dispersed 

in 2 mL of 0.1 M NaOH and then dispersed to a total volume of 40 mL. TEM images (Figure 2.7a 

and b), UV-vis (Figure 2.7c) spectra of the gold nanorods before and after functionalization, and 

the corresponding ζ-potentials (Figure 2.7d) for the nanorods with different surface ligands is also 

shown. 
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Figure 2.7: Characterization date of AuNRs and the surface functionalization process. TEM 

images of (a) as synthesized AuNRs and (b) AuNRs after MUA surface functionalization. (c) UV-

vis spectra of AuNR solutions with different surface ligands. (d) ζ-potential of AuNR solutions 

with various surface ligands. 

 

2.5.4 Tetramethylammonium 1,3,5-benzenetricarboxylate Salt Preparation 

Tetramethylammonium 1,3,5-benzenetricarboxylate salt (TMA-BTC) was prepared by 

adding stoichiometric amounts of BTC to 1.0 M tetramethylammonium hydroxide. (NOTE: 

Caution should be taken when working with concentrated solutions of tetramethylammonium 
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hydroxide due to its high toxicity, especially through skin contact). After dissolving BTC, the 

solution was stirred for one hour. Once dissolved, the stir bar was removed and TMA-BTC was 

recovered by lyophilizing the solution, after which a white powder remained. The powder was 

analyzed by ATR-FTIR (see Figure 2.8). Individual peak designations were confirmed from 

previously reported results.35,36 

 

 

Figure 2.8: ATR-FTIR of the synthesized TMA-BTC salt (black) overlaid with trimesic acid 

(blue) and tetramethylammonium hydroxide (red).Peak assignments for TMA-BTC are: 3388 cm-

1(OH stretch), 3026 cm-1(CH stretch), 1608 cm-1(OH bend), 1567 cm-1(CC stretch), 1490 cm-

1(CH3 bend), 1417 cm-1(CH bend), 1344 cm-1(CO stretch), 951 cm-1(CN stretch). Peaks at 2363 

cm-1 were due to CO2. 
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2.5.5 Layer-by-Layer HKUST-1 Deposition 

Our method for layer-by-layer synthesis of MOF shells on gold nanorods was adapted and 

modified from previously reported procedures for layer-by-layer MOF deposition.12,13,25,31 On a 1 

mL scale, 1 mL aliquots of 1 nM MUA-functionalized nanorods were dispensed into the desired 

number of microcentrifuge tubes (i.e. to deposit 20 layers, 20 microcentrifuge tubes were used). 

Prior to adding the first layer in the MOF shell synthesis the MUA nanorods were centrifuged at 

8000 rcf for 30 minutes, the supernatants were discarded, the pellets were dispersed in 1 mL of 

water. Centrifugation was repeated a second time after which the pellets were dispersed in 0.5 mL 

of ethanol. Then 0.5 mL of 20 mM copper(II) acetate was added, the tubes were inverted to mix, 

and incubated for 10 minutes. After the elapsed 10 minutes, the tubes were centrifuged at 2000 rcf 

for 30 min (10 min for all additional copper layers) to remove excess copper(II) acetate. For each 

copper layer, there were two washes. For the first wash, the pellets were dispersed in ethanol and 

centrifuged at 2000 rcf for 30 minutes (10 minutes for all additional copper layers). The pellets 

were each dispersed in 1 mL ethanol and then centrifuged at 500 rcf for 45 min (30 minutes for all 

additional copper layers) for the second wash. After the third round of centrifugation, the 

supernatants were discarded and the pellets were dispersed in 0.5 mL ethanol. Then 0.5 mL of 20 

mM TMA-BTC dissolved in ethanol was added, the contents were mixed, briefly sonicated, and 

then allowed to stand for 10 minutes. Excess TMA-BTC salt was removed by three rounds of 

centrifugation at 2000 rcf for 10 minutes each, dispersing the pellet in 1 mL of ethanol after each. 

After the third round of centrifugation, the AuNRs were each dispersed in 0.5 mL of ethanol, such 

that the next copper addition could be started by adding 0.5 mL of 20 mM copper(II) acetate in 

ethanol. These steps were repeated to produce the desired number of layers. After each layer, one 

of the microfuge tubes containing 1 mL of 1 nM HKUST-1 coated AuNRs was saved for analysis. 



 53 

The concentrations reported were a result of optimizing the synthetic parameters. Concentrations 

were screened between 1-100 mM for each precursor, 20 mM was chosen as it produced uniform 

HKUST-1 shells without making large HKUST-1 particles. The UV-vis spectra for each layer can 

in shown in Figure 2.9. 

 

 

Figure 2.9: Normalized UV-vis of AuNR solutions with HKUST-1 shells for layers 1-24. As layers 

are added, the transverse plasmon intensity increases, while the longitudinal plasmon red shifts 

and broadens (as indicated by the arrows). 
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2.5.6 Scale-Up Method for Layer-by-Layer Process 

To scale up the synthesis, 18 mL of 20 nM MUA-functionalized AuNRs were separated 

into 1 mL aliquots in microcentrifuge tubes. To remove excess MUA, the AuNRs were centrifuged 

at 8000 rcf for 30 minutes, the supernatants were discarded, and the pellets were dispersed in 1 mL 

of water each. Centrifugation was repeated a second time but after removing the supernatant the 

pellets were dispersed in 0.5 mL of ethanol. For the copper layers, 0.5 mL of 50 mM copper(II) 

acetate in ethanol was added, the contents of the tubes were mixed and sonicated, and then allowed 

to stand for 10 minutes. Excess copper(II) acetate was removed via centrifugation at 8000 rcf for 

30 min (2000 rcf for 15 min for all additional copper layers). The supernatants were discarded and 

each pellet was dispersed in 1 mL ethanol. This was followed by a second round of centrifugation 

at 2000 rcf for 30 min (2000 rcf for 15 min for all additional copper layers) and a third round of 

centrifugation at 500 rcf for 1 hr (500 rcf for 30 min for all additional copper layers) to separate 

free MOF particles. After the last round of centrifugation, the pellets were each dispersed in 0.5 

mL ethanol. Then 0.5 mL of 50 mM TMA-BTC salt was added to each tube, the contents of each 

tube were mixed and sonicated, then allowed to stand for 10 minutes. Excess TMA- BTC salt was 

removed and AuNRs were washed with ethanol by three rounds of centrifugation at 2000 rcf for 

15 minutes. After the last round of centrifugation, the pellets were dispersed in 0.5 mL of ethanol 

each in preparation for the next copper addition. These steps were repeated for the desired number 

of layers. When following the scale-up procedure using concentrated gold nanorods, nanorods 

sometimes became stuck near the top of the centrifuge tubes. In this scenario, it was often helpful 

to transfer the gold nanorod solution to new centrifuge tubes to prevent further nanorod build-up 

on the walls of the centrifuge tubes. 
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2.5.7 Adsorption Analysis 

The BET equation is not always applicable to microporous materials and when it is 

applicable it must be applied to the appropriate pressure ranges.37,38 Instrument software often 

automatically applies the BET equation to the relative pressure range of 0.05-0.30. For our 

measurements, that gave a BET surface area of 58 m2/g and a C-constant of -288. The C-constant 

is related to the affinity of adsorption of the adsorbate gas to the sample, rendering negative values 

meaningless.32,33 To identify the appropriate pressure range to apply the BET equation, the term 

Q(Po-P) should continually increase with respect to P/Po. Accounting for the new relative pressure 

range the BET surface area was calculated more accurately. This more accurate analysis gave a 

surface area value of 63 m2/g with a corresponding C-constant of 173.  

To be able to compare the surface area of HKUST-1 coated AuNRs to bulk HKUST-1, the 

contribution of the AuNRs was subtracted from the total mass so that only the mass of the HKUST-

1 shells was considered. First, the contribution of the gold nanorods to the mass of the HKUST-1 

coated AuNRs was estimated by measuring the size average size of the AuNRs using TEM, then 

finding their volume assuming that they are shaped as cylinders with hemispherical end caps. In 

this case, the AuNRs were 86 ± 16 nm by 23 ± 3 nm, which gave an approximate volume VAuNR of 

32000 nm3. TEM analysis of the HKUST-1 coated AuNRs showed that the average HKUST-1 

shell thickness was 6.1 ± 0.8 nm, which was added to the dimensions of the AuNR cores so that 

an estimate of the total volume of a typical HKUST-1 coated AuNR VTotal could be made: 83000 

nm3. Subtracting VAuNR from VTotal gave the volume of the HKUST-1 shell VMOF: 51000 nm3. Using 

the density of gold dAu, 19.3 g/cm3, and the ideal density of HKUST-1 dMOF, 0.883 g/cm3, the total 

mass of the HKUST-1 coated AuNR mtotal, as well as the masses due to each component, mAu and 

mMOF was found.39 The mass fraction XMOF of HKUST-1 was determined using Equation 2.1. 
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       Equation 2.1 

Because the BET surface area corresponds to mtotal, the surface area due to HKUST-1 alone 

was estimated by multiplying the BET surface area by XMOF-1. For our HKUST-1 coated AuNRs, 

that yielded a value of 900 m2/g. 
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CHAPTER 3: SYNTHESIS OF POROUS COLLOIDAL NANOPARTICLES 2 

 

3.1 Abstract 

 Porous nanomaterials have very high surface areas and are attractive for many catalytic 

and biomedical applications. Recently, there have been an increased number of reports of the 

synthesis of colloidal stable metal-organic framework (MOF) nanoparticles. MOF nanoparticles 

also present an opportunity for more fundamental nanoparticle research, as it may be possible to 

use the pores to engineer protein coronas at the surface of nanoparticles. The MOF, ZIF-8, is 

among the most widely studied MOFs and has exceptional chemical stability making it an ideal 

candidate to be used as the porous material to control protein orientation at the surface of 

nanoparticles. The implications of the protein corona remain one of the main challenges faced by 

nanoparticles and their potential to be used for drug delivery and biomedical imaging. The work 

presented involves the synthesis and characterization of ZIF-8 nanoparticles and ZIF-8 shells 

around gold nanoparticles.  

  

                                                        
2 This chapter was reproduced from a manuscript in preparation for publication. 
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3.2 Introduction 

Porous nanoparticles present an opportunity to control biomolecules orientation at the 

surface of the nanoparticle. The chemical makeup and orientation of the protein corona is 

inherently unpredictable and difficult to control.1,2 Proteins are known to diffuse through pores in 

biological systems, and also synthetic systems such as mesoporous silica.3,4 Metal-organic 

frameworks (MOFs) have advantages over silica in that they are crystalline materials with defined 

pore channels, thus they have a uniform pore structure on the surface.5,6 This makes them 

intriguing materials to use to partially sequester biomolecules leading to a preferred orientation of 

the biomolecules on the surface of MOF nanoparticles. 

A subclass of MOFs composed of singular metal ions rather than metal containing hubs, 

are referred to as zeolitic imidazole frameworks, or ZIFs.6,7 An advantage of ZIFs is their high 

chemical and thermal stability compared to other MOFs.8,9 Many MOFs have limited aqueous 

stability, making them not suitable for the desired application of controlling biomolecular 

orientation. ZIF-8 is one of the more widely studied MOFs, it has a very well characterized pore 

structure and diverse synthetic methods that can be used to make nanosized ZIF-8 materials; 

making ZIF-8 an ideal candidate for the studies looking at controlling biomolecule 

orientation.7,10,11  

Interactions between biomolecules and MOFs have been widely studied, but most reports 

do not use nanoscale MOF materials.12–16 Biomolecules can be grafted to MOF surfaces, infiltrate 

the MOF pores, or be encapsulated by a MOF.17 Chen et al. has observed cytochrome c penetrating 

the pores of a MOF in which the pore size is smaller than that of the protein; they hypothesize the 

partial unfolding of cytochrome c during the pore migration process.18 Pan et al. has explored how 

enzymes orient on ZIF-8 surfaces using spin-labelled EPR studies.19 Deng et al. has shown the 



 62 

ability of ZIF-8 to extract digested peptides in the presence of large proteins.20 Despite the great 

work being done surrounding MOF-protein conjugates, there is still a limited number of reports 

involving MOF nanoparticles, and presently there are not any reports utilizing the MOF pores to 

control biomolecular orientation.  

There has been an increase in the number of reported syntheses for both MOF nanoparticles 

(nanoMOFs) and gold nanoparticles (AuNP) encapsulated by a MOF shell (AuNP@MOF). In this 

work, some of these reported syntheses are adapted to synthesize different types of porous 

nanoparticles. The desired porous nanoparticle library consists of entirely porous nanospheres and 

nanorods made of ZIF-8, as well as gold nanospheres (AuNS) and nanorods (AuNR) encapsulated 

with a ZIF-8 shell. ZIF-8 nanoparticles were successfully synthesized along with ZIF-8 shells 

around AuNRs. ZIF -8 nanorods and ZIF-8 coating of AuNS was attempted, but the reproducible 

synthesis of those nanoparticles was not achieved.  

 

3.3 Materials and Methods 

 

3.3.1 Materials and Instrumentation 

2-methylimidazole (99%), zinc nitrate hexahydrate (98%), Brij® C10, ammonium 

bicarbonate (>99.5%), polyvinylpyrrolidone (PVP, 29k), hydroquinone (99%), 

cetyltrimethylammonium bromide (CTAB, 99%), silver nitrate (99%), sodium citrate tribasic 

dihydrate, and sodium borohydride (99%) were purchased from Sigma-Aldrich. Sodium hydroxide 

(ACS grade), and sodium chloride were purchased from Fisher Scientific. Ethanol was purchased 

from Decon Laboratories Inc., cyclohexane and methanol were purchased from Macron Fine 

Chemicals. All chemicals were used without further purification. Deionized water was purified 
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using a Barnstead Nanopure II purification system.  

 Dynamic light scattering (DLS) and ζ-potential were measured using a Malvern Zetasizer 

Nano ZS instrument. UV-vis spectra were obtained using a Cary 5000 UV–vis–near-infrared 

spectrophotometer. Scanning electron microscopy (SEM) was performed on a Hitachi S4700 

instrument. Transmission electron microscopy (TEM) was performed on a JEOL 2100 Cryo LaB6 

or a JEOL 2010 LaB6 instrument operated at 200 kV. All sizing analysis was completed using 

ImageJ and a minimum of 300 nanoparticles was measured. Powder X-ray diffraction (XRD) was 

taken using a Bruker D8 Venture Duo instrument. Nitrogen adsorption measurements were 

obtained using a Micromeritics 3 Flex Surface Area and Pore Analyzer.  

 

3.3.2 Synthesis of Gold Nanorods 

Gold nanorods with an aspect ratio of 3.7 were synthesized using a method adapted from 

Vigderman and Zubarev.21 A typical 1 L synthesis of AuNRs requires two batches of CTAB-

capped seeds. Gold seeds were prepared by adding 0.50 mL of 0.010 M HAuCl4•3H2O to 9.5 mL 

of 0.10 M CTAB. The seed solution was stirred rapidly, and then ice-cold 0.010 M sodium 

borohydride in 0.010 M NaOH was freshly prepared. Immediately upon preparation, 460 µL of 

the sodium borohydride solution was added quickly to the stirring seed solution. Following the 

addition of sodium borohydride, the seed solution color turned dark brown immediately. The seeds 

were aged for 1 hour before use. 

 The typical 1 L growth solution was prepared by adding 950 mL of 0.1 M CTAB to a large 

Erlenmeyer flask, followed by the addition of 1.30 mL of 0.10 M AgNO3, and then 50 mL of 0.010 

M HAuCl4•3H2O. The solution was stirred gently, and then 50 mL of 0.10 M hydroquinone was 

added. A few seconds after the addition of hydroquinone, the solution turned colorless, at which 
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time 16 mL of the Au seeds was added. The growth solution was gently stirred overnight and kept 

at 27 °C. The nanorods were purified with centrifugation at 8,000 rcf, the supernatants were 

discarded and the nanorod pellet was redispersed in nanopure water. The nanorods were then 

stored at room temperature. Figure 3.1 shows representative TEM images of the as-synthesized 

AuNRs. The AuNR dimensions were 67 ± 9 nm long and 18 ± 4 nm wide. 

 

 

Figure 3.1: Characterization of synthesized AuNRs. (A) TEM image (B) TEM sizing analysis on 

the aspect ratio of the AuNRs, AR = 3.7.  

 

3.3.3 ZIF-8 Coating of Gold Nanorods 

The procedure used for ZIF-8 coating of AuNRs was adapted from Li and co-workers.22 

First, 40 mL of 1 nM CTAB-capped AuNRs were prepared from the more concentrated 

synthesized AuNR stock solution. The AuNRs were washed by centrifugation at 8,000 rcf and 

redispersion into 40 mL of nanopure water. The AuNRs were added to a 500 mL Erlenmeyer flask 

and stirred gently. Next, 200 mL of 50 mg/mL PVP in methanol was prepared and added into the 

flask. The solution was allowed to stir gently overnight. The AuNRs were purified with 

centrifugation at 8,000 rcf and were redispersed in methanol.  
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 The PVP-capped AuNRs were then used to template the growth of the ZIF-8 shells. First, 

40 mL of 1 nM PVP-capped AuNRs were added to a flask, followed by the addition of 80 mL of 

2 methylimidazole (142.5 mg) in methanol. The solution was stirred for 5 minutes, and then a 

methanol solution of ZnNO3•6H2O (303.8 mg dissolved in 80 mL of methanol) was added. After 

1 hr the ZIF-8 coated AuNRs were centrifuged at 4,000 rcf for 30 min. The resulting AuNR@ZIF-

8 nanoparticles were redispersed in methanol, washed again at 4,000 rcf for 30 min, and then 

slowly washed at 500 rcf for 1 hr to help separate any free ZIF-8 particles. The AuNR@ZIF-8 

particles were stored in methanol until use. Figure 3.2 shows the UV-vis and ζ-potential for each 

step throughout the ZIF-8 coating process. 

 

 

Figure 3.2: Characterization of the process for the ZIF-8 coating of AuNRs. (A) Normalized UV-

vis extinction spectra. (B) ζ-potential for each AuNR surface chemistry. The CTAB AuNRs were 

dispersed in water, while the PVP and ZIF-8 coated AuNRs were dispersed in methanol. (Black 

data: CTAB, red data: PVP, blue data: ZIF-8 coated AuNRs).  
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3.3.4 Synthesis of 40 nm Gold Nanospheres 

Gold nanospheres (AuNS), roughly 40 nm in size, were synthesized by the seed mediated 

method reported by Perrault and Chan.23 Gold seeds were prepared by adding 30 mL of nanopure 

water to a 100 mL Erlenmeyer flask with 0.30 mL of 0.029 M HAuCl4•3H2O and vigorously 

stirred. The solution was heated and brought to a boil, as soon as the solution started to boil 0.9 

mL of 1% m/v sodium citrate was quickly added. The flask was removed from heat and stirring 

after 15 minutes, the synthesis was complete as indicated by the bright red color of the solution. 

The resulting seeds were around 16 ± 2 nm in size, as determined by TEM. Once the seeds were 

cooled to room temperature, the growth solution was prepared. To prepare the growth solution, 

382 mL of nanopure water was added to a 500 mL Erlenmeyer flask along with 4 mL of 0.029 M 

HAuCl4•3H2O. Next, 10 mL of freshly prepared seeds were added while stirring, followed by the 

quick addition of 0.88 mL of 1% m/v sodium citrate, and then 4 mL of 0.030 M hydroquinone was 

added. The color changed immediately following the addition of hydroquinone, the solution was 

stirred for 30 minutes and then purified by centrifugation at 4,000 rcf for 20 minutes. The 

synthesized 44 ± 8 nm gold nanospheres were redispersed in nanopure water and stored until future 

use. Representative TEM images and UV-vis are shown in Figure 3.3. 
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Figure 3.3: Characterization of citrate capped AuNS (44 ± 8 nm). (A) Representative TEM image 

(scale bar = 300 nm) (B) UV-vis extinction spectrum (C) TEM sizing distribution 

 

3.3.5 ZIF-8 Coating of Gold Nanospheres 

 The procedure used for ZIF-8 coating of AuNSs was adapted from the reported procedure 

by Li and co-workers which was used to ZIF-8 coat AuNRs.22 First, 15 mL of 0.2 nM citrate-

capped AuNS roughly 40 nm in size were added to a centrifuge tube. Then, 6 mL of a 50 mg/mL 

aqueous PVP solution was added to the tube, and the tube was mechanically shaken for 5 hours. 

The resulting PVP-capped AuNS were centrifuged at 5,000 rcf for 30 minutes, and washed twice 
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with methanol. For the ZIF-8 coating, 10 mL of 0.2 nM PVP-capped AuNS were added to a small 

Erlenmeyer flask and stirred. Next, 10 mL of a XX mM methanolic solution of 2-methylimidazole 

was added. After 5 minutes, 10 mL of a XX mM methanolic solution of ZnNO3•6H2O was added. 

The solution was stirred for 1 hr, and the resulting ZIF-8 coated AuNSs were centrifuged at 2,500 

rcf for 20 minutes and washed with methanol three times. This ZIF-8 coating process lacked 

reproducibility and impeded on the ability to use these nanoparticles for future protein studies.  

 

3.3.6 ZIF-8 Nanoparticle Synthesis 

ZIF-8 nanoparticles were synthesized via a reverse micelle method that was previously 

reported by Zhao and co-workers.24 For this synthesis, two similar solutions were prepared and 

then combined. The first solution contained 3.420 g of Brij C10, 15.0 mL of cyclohexane, and 1 

mL of 1.0 M aqueous ZnNO3•6H2O. All of the contents were added into a 50 mL round-bottom 

flask, heated at 37 °C, and stirred until a clear solution was obtained. The second solution contained 

3.420 g of Brij C10, 15.0 mL of cyclohexane, and 1 mL of 4.0 M aqueous 2-methylimidazole. 

These contents were added into a round-bottom flask, heated at 37 °C, and stirred until a clear 

solution was obtained as well. Once both solutions were clear, the second solution (containing 2-

metyhlimidazole) was poured into the first. The resulting solution was kept under the same heating, 

and stirring conditions for 2 hrs. The ZIF-8 nanoparticles were then collected by adding in 

equivalent amounts of ethanol (30 mL), followed by centrifugation at 12,000 rcf for 20 minutes. 

The product was then washed with ethanol and centrifugation an additional three times before 

solvent removal under vacuum. Proportional scale-ups were attempted, but did not result in as high 

quality of ZIF-8 nanoparticles, so multiple batches were synthesized and then combined to have 

enough material for all desired experiments. 
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3.3.7 ZIF-8 Nanorod Synthesis 

 The synthesis of ZIF-8 nanorods was attempted using a procedure reported by Yang and 

co-workers.25 In this synthesis, varying amounts of CTAB are used to produce ZIF-8 nanocrystals 

of different shapes. In a typical synthesis, 0.1812 g of Zn(OAc)2, 2.4333 g of 2-methylimidazole, 

0.1337 g of CTAB, and 32 mL of water were added into a Teflon lined hydrothermal reactor cell. 

The reactor cell was tightly sealed and then placed into an oven at 120 °C for 24 hours. The 

resulting product was centrifuged at 10,000 rcf for 20 minutes and washed with methanol three 

times. The reported ZIF-8 nanorods were not able to be reproduced in high quality. Many large 

irregular shaped ZIF-8 nanoparticles were produced, and the attempts of which did contain 

nanorods had very poor shape and size control.  

 

3.3.8 Synthesis of ZIF-8 Microcrystals 

As a form of comparison in some of the studies, standard ZIF-8 particles were synthesized. 

These particles were synthesized according to a method reported by Tanaka and co-workers.26 For 

the synthesis, a ZnNO3•6H2O solution was prepared by dissolving 0.745 g in 10 mL of nanopure 

water and a 2-methylimidazole solution was prepared by dissolving 12.3 g in 90 mL of nanopure 

water. The ZnNO3•6H2O solution was then added to the 2-methylimidazole solution while stirring. 

The solution turned turbid quickly, and was stirred for 24 hrs. The ZIF-8 particles were purified 

by centrifugation at 4,000 rcf for 15 min and washed with methanol five times. The ZIF-8 particles 

were dried under vacuum and stored for analysis. 
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3.3.9 Polyelectrolyte Wrapping Gold Nanoparticles 

Polyelectrolyte wrapped AuNS and AuNRs were used as non-porous controls for protein 

display studies. Both nanoparticle types were terminated with positively-charged polyelectrolytes 

to match similar surface charge of the ZIF-8 shells and nanoparticles. The methods used for 

polyelectrolyte wrapping were adapted from previous reports.27–29 Briefly, 10 mg/mL polymer 

solutions (cationic PAH, anionic PSS, and cationic PDADMAC) were prepared in a 1 mM NaCl 

solution. Next, 6 mL of the first polyelectrolyte layer was added to 30 mL of 0.5 nM CTAB-capped 

AuNRs or citrate-capped AuNSs. The first polyelectrolyte layer for AuNS was PAH and for 

AuNRs it was PSS. The nanoparticle solutions were stirred overnight and purified with 

centrifugation before being redispersed in nanopure water. The AuNRs needed a second 

polyelectrolyte layer to achieve the desired positive charge. The second layer, PDADMAC, was 

added following the same steps as the first layer. ζ-potential results for the polyelectrolyte 

wrapping process for AuNSs and AuNRs are shown in Figure 3.4. 

 

 

Figure 3.4: ζ-potential of polyelectrolyte wrapping of (A) AuNSs and (B) AuNRs. The terminal 

polyelectrolyte layer (PAH or PDADMAC) provides a similar positive surface charge to that of 

the ZIF-8. 
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3.4 Results and Discussion 

 In principle, an engineered nano-porous surface could promote a preferred protein 

orientation if electrostatics or other factors were favorable. Colloidal nanocrystalline MOFs are 

excellent candidates to explore such interactions; the MOF chosen in these experiments, ZIF-8, 

has pore sizes of 1.2 nm and 0.34 nm.30 It has been previously found that MOF shells can be grown 

on AuNRs.22,31–33 The comparison of a porous shell to a fully porous nanoparticle may allow to 

control the degree of protein chain penetration into nanoscale pores, leading to engineered protein 

coronas on nanoscale surfaces. 

 The MOF chosen for the studies was ZIF-8, a well-studied MOF composed of 2-

methylimidazole linkers and zinc(II) nodes.7,11 One important factor in the choice of ZIF-8 is its 

aqueous stability.8,9 ZIF-8 nanoparticles were synthesized using a previously reported reverse 

micelle method.24 Using this method, spherical nanoZIF-8 particles (39 ± 5 nm) were produced 

(Figure 3.5A and 3.5B), which agrees well with hydrodynamic diameter data from dynamic light 

scattering (Figure 3.5C). Powder XRD confirmed the presence of crystalline ZIF-8 (Figure 3.6A). 

The BET surface area was determined from nitrogen adsorption measurements (Figure 3.6B), the 

surface area was 1274 m2/g. The calculated BET surface area and c-constant analysis was based 

off previous reports.34 Pore size distribution was determined using non-local density functional 

theory (NLDFT) methods, and the demo version of SAIEUS software from Micromeritics. This 

pore distribution method has been previously reported, and does a better job at modeling 

micropores compared to the traditional BJH method.35 The nanoZIF-8 showed pore size 

distribution centered around 0.65 nm, 1.1 nm, 2.8 nm, and 24 nm. The full pore distribution is 

shown in Figure 3.6C and Figure 3.6D. The microporous pores are within range of the anticipated 

ZIF-8 pores of 1.2 nm and 0.34 nm. The pore distribution around 2.8 nm is attributed to the pore 
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openings being wider on highly curved surfaces due to multidomain growth, which has previously 

been observed.22 The broad pore distribution between 20 – 30 nm is attributed to the space between 

individually packed nanoZIF-8 particles. 

 

 

Figure 3.5: Characterization of ZIF-8 nanoparticles. (A) TEM image (scale bar = 300 nm). (B) 

SEM image (scale bar = 300 nm). (C) Dynamic Light Scattering (DLS) sizing data of nanoZIF-8 

particle in EtOH. Using the number particle size distribution, the size was 49 ± 4 nm. The intensity 

distribution is skewed due to the few large ZIF-8 particles produced during the synthesis. 
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Figure 3.6: Characterization of ZIF-8 nanoparticles. (A) Powder XRD (black data: ZIF-8, blue 

data: nanoZIF-8). (B) N2 adsorption isotherm (filled circles: adsorption, open circles: desorption). 

(C) NanoZIF-8 pore size distribution determined using non-local density functional theory 

(NLDFT) methods and the demo version of the SAIEUS software from micromeritics. (D) Entire 

pore size distribution. 
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 The other porous nanoparticle examined consisted of ZIF-8 shells around a AuNRs. The 

AuNRs were synthesized using the common seed-mediated, hydroquinone reduction method.21 

Using this method produced AuNRs with an aspect ratio of 3.7 and a longitudinal plasmon near 

800 nm. The ZIF-8 coating of AuNRs was done according to a previously reported procedure.22 

The AuNR surface was first modified and coated with PVP. Once coated with PVP, methanol 

solutions containing 2-methylimadzole and Zn(NO3) were added. After 1 hour of continual 

stirring, individual AuNRs were coated with ZIF-8 as seen in the electron microscopy images in 

Figure 3.7A and 3.7B. Using the TEM images, the shell size was measured at 39 ± 8 nm on the 

ends and 43 ± 6 nm on the sides. 

To further confirm the synthesis of ZIF-8 around the AuNRs, STEM-EDS was used to 

create elemental map, Figure 3.8. Powder XRD (Figure 3.9A) was also used to confirm the 

presence of ZIF-8, the diffraction pattern clearly shows the crystalline ZIF-8 and Au core. The 

BET surface area for AuNR@ZIF-8 was 783 m2/g, and when calculated for just the MOF shell it 

was 1260 m2/g, the nitrogen adsorption isotherm is shown in Figure 3.9B. The calculated BET 

surface area and c-constants analysis was based off of previous reports.34 Pore size distribution 

was determined using the same NLDFT methods previously mentioned. For the AuNR@ZIF-8 

particles the pore size distributions were centered around 1.1 nm, 1.5 nm, and 2.8 nm. The pore 

distribution (Figure 3.9C and 3.9D) was very similar to the nanoZIF-8 distribution, except the 

smallest pore size (0.65 nm) was not observed for the AuNR@ZIF-8 particles. This is not 

uncommon when MOFs are grown around surfaces, as the multidomain growth often leads to 

slight changes in the pore structure. 

 

 



 75 

 

Figure 3.7: Characterization of AuNR@ZIF-8. (A) TEM image (scale bar = 300 nm). (B) SEM 

image (scale bar = 300 nm). 

 

 

Figure 3.8: STEM-EDS maps for (A) Au (red) (B) Zn (green), and (C) the combined maps. 
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Figure 3.9: Characterization of AuNR@ZIF-8. (A) Powder XRD (black data : Au, green data: 

ZIF-8, red data: AuNR@ZIF-8). (B) N2 adsorption isotherm (filled circles: adsorption, open 

circles: desorption). (C) AuNR@ZIF-8 pore size distribution determined using non-local density 

functional theory (NLDFT) methods and the demo version of the SAIEUS software from 

micromeritics. (A) Zoomed in view of the microporous porous region. (D) Entire pore size 

distribution. 
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 The procedure used to coat AuNRs with ZIF-8 was also employed to try and coat AuNS 

with ZIF-8. Briefly, 40 nm AuNS were synthesized from a previously reported seed-mediated 

method.23 The ZIF-8 coating of AuNS was done by first functionalizing the surface with PVP. The 

growth of the ZIF-8 shell was done in methanol, where a solution containing the linker (2-

methylimidazole) was added to the PVP AuNS, followed by the addition of a solution containing 

the Zn(NO3). Characterization from one synthetic batch is shown in Figure 3.10. The AuNS were 

singularly encapsulated, but there was also a large production of free ZIF-8 nanoparticles. This 

level of synthetic quality was not able to be reproduced, despite many efforts in changing both the 

AuNS and MOF precursor concentrations, as well as experimenting with the reaction time. A very 

recent report showed the successful synthesis of ZIF-8 shells on AuNSs.36 Their synthetic 

procedure was very similar, they used 40 nm AuNS that were PVP functionalized. However, for 

there growth solution they used very small amounts of MOF precursors and heated the growth 

solution to 50 °C. This may be a quality synthetic method to use in the future to expand the porous 

nanoparticle library for protein orientation studies. 
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Figure 3.10: Characterization of ZIF-8 coated AuNS, the representative TEM images are shown 

in (A) and (B). STEM-EDS mapping is shown in (C) Au, red (D) Zn, green and (E) Combined 

elemental maps.   

 

 An effort was made to synthesize ZIF-8 nanorods, which would provide a better 

comparison to the AuNR@ZIF-8 nanoparticles. There is one reported synthesis of ZIF-8 nanorods, 

where CTAB is used to control the morphology of the ZIF-8 nanoparticles.25 In this report, a 

variety of different ZIF-8 morphologies were produced through a hydrothermal synthesis and 

varying the amount of CTAB. Many attempts were tried to reproduce this work with no success, 
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Figure 3.11 shows the TEM images from a typical synthesis. While some rod-shapes were 

produced, there was very poor shape yield. The anticipated ZIF-8 nanorods would have dimensions 

in the hundreds of nanometers range, which is far too large to provide an accurate comparison to 

the AuNR@ZIF-8 nanoparticles. Significant work is necessary to develop an adequate procedure 

to make ZIF-8 nanorods if that nanoparticle type is desired in the future.  

 

 

Figure 3.11: Representative TEM images of the attempted ZIF-8 nanorod synthesis. A broad 

distribution of ZIF-8 shapes and sizes were produced, with only few nanoparticles resembling that 

of a rod shape.  

  

The ultimate goal if this work is to use porous nanoparticle surfaces to control protein 

orientation. To do so, the reliable and reproducible synthesis of porous nanoparticles was 

necessary. This work shows that two types of porous nanoparticles were produced, one being an 

entirely porous ZIF-8 nanoparticle and the other being a ZIF-8 shell around a AuNR. With ZIF-8 

being one of the more aqueous stable MOFs, these nanoparticles are well suited for the desired 

protein orientation studies. The two nanoparticle types provide an interesting comparison for the 

protein orientation experiments, to see if the orientation behavior is dependent on the porous 
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nanoparticle shape, as well as whether or not the nanoparticle is entirely porous or has a rigid core.  

 

3.5 Conclusions 

 The successful synthesis of ZIF-8 nanoparticles and ZIF-8 shells around AuNRs was 

achieved. The spherical ZIF-8 nanoparticles and individually encapsulated AuNRs with a ZIF-8 

shell were clearly visualized using both TEM and SEM. Powder XRD and N2 adsorption 

measurements were used to characterize and confirm the ZIF-8 structure. The pore size distribution 

of both types of nanoparticles were also investigated, and the pore distributions were very similar 

to one another. These porous nanoparticles will provide great platforms for the protein interaction 

studies explored in Chapter 4. Unfortunately, the current porous nanoparticle library was unable 

to be expanded to ZIF-8 nanorods and ZIF-8 coated AuNS. The synthetic methods used for those 

nanoparticles produced low quality nanoparticles with poor reproducibility, more synthetic 

development is required to produce adequate ZIF-8 nanorods and ZIF-8 coated AuNS.  
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CHAPTER 4: HOW PROTEINS ASSOCIATE WITH POROUS NANOSCALE 

SURFACES 3 

 

4.1 Abstract 

It is well-known that colloidal nanomaterials, upon exposure to a complex biological 

medium, acquire biomolecules on their surface to form coronas. The protein corona is an important 

aspect in understanding the nano-bio interface, as it becomes the face of the nanoparticle to the 

biological environment. Porous nanomaterials present an opportunity to sequester biomolecules 

and/or control their orientation at the surface. In this report, a metal-organic framework (MOF) 

shell around gold nanorods was compared to MOF nanocrystals as potential protein sponges to 

adsorb several common proteins and potentially control their orientation at the surface. Even after 

correction for surface area, MOF shell/gold nanorod materials adsorbed more protein than the 

analogous nanoMOFs, a result that is hypothesized to be due to the higher surface roughness of 

the MOF shells compared to MOF nanocrystals. For the set of proteins and nanomaterials in this 

study, all protein-surface interactions were exothermic as judged by isothermal titration 

calorimetry. Protein display at the surfaces was determined from limited proteolysis experiments, 

and it was found that protein orientation was dependent on the nature of the nanoparticle surface. 

  

                                                        
3 This chapter was reproduced from a manuscript in preparation for publication. 
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4.2 Introduction 

There is increasing interest in nanoscale materials that have controllable nanoscale pores; 

thus, synthetic methods that describe materials composed of both metal-organic frameworks 

(MOFs) and nanoparticles have appeared recently.1–4 These materials have applications in drug 

delivery, sensing, and catalysis.5–10 MOFs themselves have a wide variety of applications including 

gas storage, separations, and catalysis due to their very high surface areas.11,12 Among nanoparticle 

types, plasmonic nanoparticles are particularly interesting because of their optical properties. Gold 

nanoparticles have garnered much attention due to their ability to scatter light, produce local 

electric fields, and produce heat upon resonant illumination at visible and near-infrared plasmon 

band maxima.13,14 In particular, gold nanorods (AuNRs) are well-known to produce tunable 

plasmons from ~500-1200 nm.15–17 These properties make gold nanoparticles suitable materials 

for applications such as sensing and diagnostics, surface-enhanced spectroscopies, and 

photothermal therapeutics.18–20  

 With gold nanoparticles becoming more prevalent across many technological sectors, 

much research has focused on the biological and environmental fate of such materials.21–23 A more 

complete understanding of how nanoparticles interact with individual biomolecules and cells will 

serve as a basis for understanding of the fate of these nanoparticles in entire organisms and 

ecosystems.24,25 Furthermore, a deeper understanding of these biomolecular and cellular 

interactions will greatly improve the design of nanoparticles for therapeutics, imaging agents, and 

other biologically relevant applications.26  

 The first chemical step in understanding the nano-bio interface is to assess the adsorption 

of biomolecules to the nanoparticles; frequently the biomolecules are proteins, and thus the 

adsorbed proteins are called the protein coronas.27–29 The chemical nature of the nanoparticle 
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surface would, intuitively, have influence over the biomolecular composition of the protein 

corona.27,30 There have been reports in which porous materials sequester, or even control, the 

orientation of bound biomolecules.31–34 Nanoscale MOFs and nanoparticles with MOF shells 

present unique materials that may lead to controllable protein orientations and hence coronas at 

the surfaces. MOFs have the advantages being crystalline materials with defined pore channels 

and pore sizes, and they are highly tunable structures.  

 In this report, the interactions of a set of standard proteins with AuNRs coated with the 

standard MOF ZIF-8 (AuNR@ZIF-8) was studied. The same biomolecular interactions were also 

studied with ZIF-8 nanoparticles (nanoZIF-8), to assess the similarities and differences of proteins 

binding to entirely porous nanoparticles versus a porous shell, in an effort to engineer protein 

coronas. The amount of protein adsorbed to each surface was quantified, as was the 

thermodynamics of adsorption by isothermal titration calorimetry. Limited proteolysis 

experiments were used to infer protein display on the nanoscale surface.  

 

4.3 Materials and Methods 

 

4.3.1 Materials and Instrumentation 

2-methylimidazole (99%), zinc nitrate hexahydrate (98%), Brij® C10, ammonium 

bicarbonate (>99.5%), polyvinylpyrrolidone (PVP, 29k), b-lactoglobulin-A from bovine milk 

(BLG-A, >90%), lysozyme from chicken egg white (LYS), trypsin from bovine pancreas, 

chloroauric acid (99.9%), hydroquinone (99%), cetyltrimethylammonium bromide (CTAB, 99%), 

silver nitrate (99%), sodium citrate tribasic dihydrate, poly(diallyldimethylammonium chloride) 

solution (PDADMAC, 35 wt%), poly(sodium 4-styrenesulfonate) (PSS), poly(allylamine 
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hydrochloride) (PAH), and sodium borohydride (99%) were purchased from Sigma-Aldrich. 

Sodium hydroxide (ACS grade), and sodium chloride were purchased from Fisher Scientific. 

Bovine serum albumin was purchased from ChemCruz. Ethanol was purchased from Decon 

Laboratories Inc., cyclohexane and methanol were purchased from Macron Fine Chemicals. All 

chemicals were used without further purification. Deionized water was purified using a Barnstead 

Nanopure II purification system.  

 Dynamic light scattering (DLS) and ζ-potential were measured using a Malvern Zetasizer 

Nano ZS instrument. UV-vis spectra were obtained using a Cary 5000 UV–vis–near-infrared 

spectrophotometer. Isothermal titration calorimetry (ITC) measurements were done using a TA 

instruments Affinity ITC. Scanning electron microscopy (SEM) was performed on a Hitachi S4700 

instrument. Transmission electron microscopy (TEM) was performed on a JEOL 2100 Cryo LaB6 

or a JEOL 2010 LaB6 instrument operated at 200 kV. All sizing analysis was completed using 

ImageJ and a minimum of 300 nanoparticles was measured. Powder X-ray diffraction (XRD) was 

taken using a Bruker D8 Venture Duo instrument. Protein fragmentation results were obtained 

Thermo UltiMate 3000 UHPLC system coupled online to a high resolution Thermo Orbitrap 

Fusion Tribrid mass spectrometer. 

 

4.3.2 Protein Quantification 

The amount of protein adsorbed to the nanoparticles was determined using a Pierce BCA 

Protein Assay Kit. Briefly, 1 mL of 0.5 mg/mL nanoZIF-8 and 1 mL of 0.5 nM AuNR@ZIF-8 

were added to multiple microcentrifuge tubes. Three tubes were used for each time point and for 

each protein to give an average and standard deviation. The nanoparticles were centrifuged at 4,000 

rcf for 20 minutes and the supernatants were removed. To each pellet, 1 mL of 1 mg/mL protein 
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in a 0.1 mM NH4HCO3 solution was added. The tubes were mechanically shaken very gently for 

the desired amount of time (1, 5, 12, 24, and 48 hrs). At each time point, the corresponding tubes 

were removed from the mechanical shaker and the nanoparticles were then centrifuged at 4,000 

rcf for 20 minutes. The supernatants were removed and saved for analysis with the colorimetric 

BCA assay. The BCA assay was done on the supernatants using the test-tube method with the 

standard protocol of 37 °C for 30 minutes. Each set of protein-nanoparticle pairs had a set of 

standards that was created from the same protein solution that was initially added to the 

nanoparticles. The amount of protein adsorbed to the nanoparticles was determined by subtracting 

the amount remaining in the supernatant from the total amount of protein added. 

 

4.3.3 Limited Proteolysis 

The procedure used for limited proteolysis experiments was adapted from a previous 

report.35 For a typical experiment, 1 mL of 1 nM AuNPs (AuNR@ZIF-8, PDADMAC AuNRs, 

PAH AuNSs) and 1 mL of 1 mg/mL nanoZIF-8 were centrifuged and the pellets were redispersed 

in 1 mL of a 1 mg/mL protein solution. The nanoparticles were then incubated with protein 

overnight (>16 hrs). After incubation, the nanoparticles were washed twice with centrifugation to 

rid the sample of free protein, and redispersed in 0.1 mM NH4HCO3 each time. Next, the remaining 

protein adsorbed to the nanoparticles was digested by adding 50 µL of 0.050 mg/mL trypsin. The 

digestion was carried out for 12 hrs at 37 °C. The samples were then centrifuged to separate the 

nanoparticles from the digested protein fragments, the supernatants containing the protein 

fragments were removed and sent for mass spectrometry analysis using previously reported 

protocols.36 

 The digested material was lyophilized and dissolved in 5% acetonitrile containing 0.1% 
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formic acid before injection for LC/MS. For LC/MS, 2 µg of digested sample was used. The system 

used was a Thermo UltiMate 3000 UHPLC system coupled with a high resolution Thermo 

Orbitrap Fusion Tribid mass spectrometer. Peptides were separated by reversed-phase 

chromatography using a 15 cm Acclaim PepMap 100 C18 column with mobile phases of (A) 0.1% 

formic acid and (B) 0.1% formic acid in acetonitrile. A linear gradient from 4% B to 35% B over 

the course of 45 minutes was employed for peptide separation, followed by additional steps for 

column washing and regeneration. The mass spectrometer was operated in a data dependent 

manner in which precursor scans from 300 to 1500 m/z (120,000 resolution) were followed by 

collision induced dissociation of the most abundant precursors over a maximum cycle time of 3 s 

(35% NCE, 1.6 m/z isolation window, 60 s dynamic exclusion window). The raw LC-MS/MS data 

was analyz4ed against the Swissprot database using Mascot peptide and fragment mass tolerances 

were set to 10 ppm and 0.6 Da, respectively. Variable modifications included oxidation of 

methionine was added to the search against the Mouse database.  

 

4.3.4 Isothermal Titration Calorimetry 

ITC was done to evaluate protein-nanoparticle thermodynamics using optimized 

parameters.43 Typical experiments consisted of 25 injections of 2.5 µL of 4 mM protein into a cell 

containing 300 µL of nanoparticles. Typical nanoparticle concentrations used were 1 nM of 

AuNR@ZIF-8 and 0.25 mg/mL of nanoZIF-8. The NanoAnalyze software was used to determine 

the change in enthalpy and dissociation constants, by fitting with either an independent or linear 

model depending on the quality of the titration curve.  
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4.4 Results and Discussion 

Proteins can diffuse through porous structures; for instance, 60 kDa random-coil proteins, 

corresponding with a radius of gyration of around 3.5 nm, are able to diffuse through 5 nm nuclear 

pores.37–39 In principle, an engineered nano-porous surface could promote a preferred protein 

orientation if partial insertion of a protein was achieved, and electrostatics or other factors were 

favorable. Colloidal nanocrystalline MOFs are excellent candidates to explore such interactions; 

the MOF chosen in these experiments, ZIF-8, has pore sizes of 1.2 nm and 0.34 nm.40 It has been 

previously found that MOF shells can be grown on AuNRs.2,8,9,41 The comparison of a porous shell 

to a fully porous nanoparticle may allow to control the degree of protein chain penetration into 

nanoscale pores, leading to engineered protein coronas on nanoscale surfaces. 

 The MOF chosen for the studies was ZIF-8, a well-studied MOF composed of 2-

methylimidazole linkers and zinc(II) nodes.42,43 One important factor in the choice of ZIF-8 is its 

aqueous stability.44,45 The details of the synthesis and characterization can be found in Chapter 4. 

ZIF-8 nanoparticles were synthesized using a previously reported reverse micelle method.46 The 

other porous nanoparticle of interest is one containing a ZIF-8 shell around a AuNR. The AuNRs 

were synthesized using the common seed-mediated, hydroquinone reduction method.47 Using this 

method produced AuNRs with an aspect ratio of 3.7 and a longitudinal plasmon near 800 nm. The 

ZIF-8 coating of AuNRs was done according to a previously reported procedure.9 The AuNR 

surface was first modified and coated with PVP. Once coated with PVP, methanol solutions 

containing 2-methylimadzole and Zn(NO3) were added. After 1 hour of continual stirring, 

individual AuNRs were coated with ZIF-8. 

The proteins used for the experiments, were chosen based off of two main criteria, protein 

size and charge. The nanoZIF-8 and AuNR@ZIF-8 nanoparticles both exhibit positive ζ–potentials  
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in a 0.1 mM ammonium bicarbonate solution (pH = 7.1), nanoZIF-8 ζ–potential was 21.0 ± 0.9 

mV and the AuNR@ZIF-8 ζ–potential was 17.2 ± 0.6 mV. For protein binding experiments, 

proteins that would be negatively charged at pH = 7.1 would be expected to associate reasonably 

well with these nanomaterials based on electrostatics. Table 4.1 summarizes the key protein 

characteristics of the three proteins being studied, β-lactoglobulin-A (BLG-A), lysozyme (LYS), 

and bovine serum albumin (BSA). BLG-A and BSA have similar isoelectric points and are 

negatively charged under the solution conditions (pH = 7.1), whereas LYS has an isoelectric point 

of 10.7 and is not electrostatically favored to bind to the nanomaterials. BLG-A and LYS are 

relatively small proteins with radii of gyration of 2.04 nm and 1.4 nm, respectively, which could 

in principle fit partially into the ZIF-8 micropores.37,48 The larger BSA, with radius of gyration of 

2.76 nm, would be expected to favor surface adsorption and not stick its “feet” into the ZIF-8 

pores.37 

 

Table 4.1: Characteristics of proteins in the study. 

Protein pI (Charge) Size (kDa) Size (nm) Ref. 

BLG-A 5.2 (-) 18.4 4.4 x 4.4 49,50 

LYS 10.7 (+) 14.3 4.0 x 4.0 51,52 

BSA 4.7 (-) 66.5 4 x 14 53 

 

 Initial experiments were done to ensure the nanoZIF-8 and AuNR@ZIF-8 stability in the 

ammonium bicarbonate solution and in the presence of the proteins. After being dispersed in 0.1 

mM ammonium bicarbonate, powder XRD confirmed that the nanoZIF-8 particles maintained 

their structure. The stability of the AuNR@ZIF-8 was monitored with UV-vis spectroscopy to 
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monitor the plasmon band positions of the gold nanorod cores. The AuNR@ZIF-8 particles were 

stable in the presence of each protein, illustrated by the consistent plasmon peaks with minimal 

line broadening in the UV-vis spectra. The ζ-potential was also monitored, and the AuNR@ZIF-8 

particles exhibit similar ζ-potentials to that of the free proteins after the proteins adsorbed to the 

surface. 

 The overall amount of protein adsorbed by the nanoparticles was determined using a 

colorimetric BCA assay, inferring amounts bound from total protein inputs and free protein found 

after separation from the nanoparticles. The amount of protein adsorbed was normalized by the 

total surface area of nanoparticles in solution; the resulting normalized protein adsorption amounts 

are shown in Figure 4.1A (nanoZIF-8) and 4.1B (AuNR@ZIF-8).  

 

 

Figure 4.1: The amount of protein adsorbed as a function of time for (A) nanoZIF-8 and (B) 

AuNR@ZIF-8, normalized by the total nanoparticle surface area in solution. The nanoparticle 

concentrations were 1 mg/mL for nanoZIF-8 and 1 nM for AuNR@ZIF-8. (Green data: BLG-A, 

orange data: BSA, purple data: LYS). 

 The first major observable difference between the protein adsorption is that the 



 93 

AuNR@ZIF-8 had a much higher amount of protein adsorbed per unit surface area compared to 

that of nanoZIF-8. As previously discussed, the pore size between the nanoZIF-8 and AuNR@ZIF-

8 are very similar, so it is unlikely the increased protein adsorption for AuNR@ZIF-8 is a result 

of larger pores or any difference in pore structure. Instead, the hypothesis is that the increased 

protein adsorption is due to the increased surface roughness of the AuNR@ZIF-8 particles 

compared to the nanoZIF-8. Examination of the electron microscopy images, both TEM and SEM, 

show that the surface of the nanoZIF-8 is qualitatively smoother than the AuNR@ZIF-8 surface. 

Surface roughness has previously been shown to have a significant impact on the amount of protein 

adsorbed.54,55 The higher surface roughness for AuNR@ZIF-8 would explain the increased 

adsorption for all three proteins studied. For both nanoparticle types, the degree of adsorption was 

BLG-A > BSA > LYS. This is an accord with expectations for favorable electrostatic adsorption 

of the three proteins to the cationic nanoparticle surfaces. BLG-A also had some time dependence 

to its adsorption, as there was an initial increase throughout the first 24 hours for both nanoparticle 

types, whereas both LYS and BSA showed no time dependence in the adsorption for either 

nanoparticle types. 

 Isothermal titration calorimetry was used to determine association constants and the change 

in enthalpy for each protein-nanoparticle pair. The titration curves for each protein titrated into 

nanoZIF-8 and AuNR@ZIF-8 are shown in Figure 4.2. The determined binding (association) 

constants Ka and DH from the titration curves are summarized in Table 4.2. The binding constants 

were generally larger for the AuNR@ZIF-8/protein complexes compared to that of the nanoZIF-

8, indicating that the proteins bind more strongly to the ZIF-8 shell rather than the ZIF-8 

nanoparticle. This may be due to the surface roughness of the ZIF-8 shell compared to that of the 

nanoZIF-8, creating more points of contact for the bound protein.56,57 The protein affinity for the 
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surface for the ZIF-8 shell nanoparticles was BLG-A >> LYS ~ BSA, while that for the nanoZIF-

8 was BLG-A >LYS ~ BSA.  Clearly, the smallest anionic protein was the protein most likely to 

adsorb most tightly to either type of cationic nanoparticle.  The ITC data also reveal the enthalpy 

of each pair of interactions (Table 4.2).  The most notable feature of this data is the modest enthalpy 

of interaction of BLG-A for either nanoscale porous surface, suggesting that the interactions are 

driven by entropy (e.g., expulsion of water or counterions from the interface).58 

 

Table 4.2: Summarized ITC results for each nanoparticle – protein pair. 

Biomolecule NP type Kd (M) DH (kJ/mol) 

BLG-A nanoZIF-8 2.8 x 105 -9.4 

LYS nanoZIF-8 6.2 x 103 -117 

BSA nanoZIF-8 1.5 x103 -287 

BLG-A AuNR@ZIF-8 3.0 x 105 -10.5 

LYS AuNR@ZIF-8 3.5 x 104 -89 

BSA AuNR@ZIF-8 2.1 x 104 -78 

 

  



 95 

 

Figure 4.2: ITC curves for protein titrated into nanoparticles. Both the protein and the 

nanoparticles were n 0.1 mM NH4HCO3. (A) 4.0 µM BLG-A into 0.2 mg/mL nanoZIF-8 (B) 4.0 

µM LYS into 0.2 mg/mL nanoZIF-8 (C) 4.0 µM BSA into 0.2 mg/mL nanoZIF-8 (D) 4.0 µM 

BLG-A into 1.0 nM AuNR@ZIF-8 (E) 4.0 µM LYS into 0.2 nM AuNR@ZIF-8 (F) 4.0 µM BSA 

into 0.5 nM AuNR@ZIF-8. 
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 One interpretation of the BLG-A data is that it is likely to penetrate the pores of the 

nanoMOF surfaces, leading to release of more counterions/water from the pores compared to the 

surface. If this is the case, then it would be expected that portions of the protein would be 

sequestered from the environment. To test this hypothesis, limited proteolysis experiments were 

conducted in which proteins adsorbed to the nanoparticle surface were enzymatically digested 

followed by mass spectrometric analysis of the protein fragments. In these experiments, the 

nanoparticles were incubated with each protein for 16 hours, followed by centrifugation to remove 

any remaining free protein. Trypsin was then added to the resuspended pellet to digest the adsorbed 

proteins for 12 hours at 37 °C.  As “soft shell” controls, polyelectrolyte-wrapped AuNSs and 

AuNRs with similar sizes and zeta potentials to that of the nanoZIF-8 and AuNR@ZIF-8 (Figure 

S13; the polyelectrolytes were poly(allylamine) hydrochloride (PAH) and 

poly(diallydimethylammonium) chloride (PDADMAC) were also used as substrates to measure 

protein protection from degradation and hence orientation.   

 Figures 4.3, 4.4, and 4.5 show the results for each of the four nanoparticle types and for the 

three proteins. The plots show the percent difference between the digestion patterns of each free 

protein and that of the adsorbed protein. Amino acids that are in positive percentage difference are 

more solvent exposed. Amino acids that are in a negative percentage difference are less solvent 

exposed. In Figure 4.3, the BLG-A digestion patterns show that the bound protein has its N-

terminus more exposed to the solvent than free protein, independent of nanoparticle type. This 

result is in accord with the nature of the amino acids in the protein; the C-terminus does contain 

more negatively charged residues than the N-terminus and thus would be expected to be oriented 

closer to the cationic nanoparticle surfaces.50 Electrostatics as the predominant factor controlling 

protein orientation has been previously observed.59–62  However, these data neither refute nor 
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support the hypothesis that BLG-A’s C terminus is sequestered in nanoscale pores.  

 

 

Figure 4.3: Percent difference between the protein digestion amounts of free BLG-A and the BLG-

A adsorbed for each nanoparticle type. A positive percent difference corresponds to amino acid 

residues that are more solvent exposed, and a negative percent difference corresponds to being less 

solvent exposed. (dark red: AuNR@ZIF-8, light red: PDADMAC AuNRs, dark blue: nanoZIF-8, 

light blue: PAH AuNS). 

 

 The lysozyme results, Figure 4.4, show similar digestion patterns for each nanoparticle 

type (N-terminus more exposed, middle portion of protein protected from digestion) but the 
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AuNR@ZIF-8 sample showed significantly more proteolysis of the N-terminus of the bound 

protein and protection of the middle portion compared to other samples. This is similar to the 

conclusion drawn from a study that examined lysozyme orientation on larger ZIF-8 crystals using 

EPR; that group also determined the N-terminus was more exposed to the solvent whereas the C-

terminus was more buried into the ZIF-8.33 We attribute the C-terminus being less solvent exposed 

not to electrostatics (as the anionic amino acid residues in LYS are sparse and not clustered) but 

to the increased number of aromatic residues near the C-terminus that π-stack with the imidazole 

rings of the ZIF-8. Thus, p-stacking interactions are also a likely source of protein-NP interactions, 

should the surface of the NP provide a suitable chemical environment. 
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Figure 4.4: Percent difference between the protein digestion amounts of free LYS and the LYS 

adsorbed for each nanoparticle type. A positive percent difference corresponds to amino acid 

residues that are more solvent exposed, and a negative percent difference corresponds to being less 

solvent exposed. (dark red: AuNR@ZIF-8, light red: PDADMAC AuNRs, dark blue: nanoZIF-8, 

light blue: PAH AuNS). 

 

In Figure 4.5, the results from the BSA digestion experiments show very similar patterns 

for all nanoparticle types tested and very little difference compared to free protein.  These results 

indicate that BSA has no preferred orientation at any of the nanoparticle surfaces. 

 



 100 

 

Figure 4.5: Percent difference between the protein digestion amounts of free BSA and the BSA 

adsorbed for each nanoparticle type. A positive percent difference corresponds to amino acid 

residues that are more solvent exposed, and a negative percent difference corresponds to being less 

solvent exposed. (dark red: AuNR@ZIF-8, light red: PDADMAC AuNRs, dark blue: nanoZIF-8, 

light blue: PAH AuNS). 

 

 In summary, the amount of protein that was adsorbed to the nanoparticle surfaces is largely 

predictable considering favorable electrostatic interactions, as more BLG-A and BSA was 

adsorbed to the surfaces than LYS. In a study looking at the immobilization of proteins on the 
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surface of larger ZIF-8 crystals with a hierarchical pore structure, they found the amount of protein 

adsorbed to the surface was solely based upon the size of the protein.32 In their case, the presence 

of mesopores made it possible for lysozyme to penetrate the pores, thus leading to a higher 

adsorption amount. With the nanoZIF-8 and AuNR@ZIF-8 having only micropores, neither 

protein is small enough to fully penetrate the pores, thus the protein size is not the main factor 

contributing to the adsorption amount. In the case where neither protein can actually penetrate the 

pores, these results suggest that the protein charge is the main factor impacting the adsorption 

capacity. 

 The AuNR@ZIF-8 particles had more protein bound to their surfaces compared to the 

analogous nanoZIF-8 proteins for all three proteins studied; our hypothesis is that this increased 

adsorption is due to the increased surface roughness of the AuNR@ZIF-8. Interestingly, BLG-A 

was also the only protein studied that had a time dependence to its adsorption, showing that over 

the course of hours smaller proteins that have favorable electrostatic interactions may continually 

coat the surface of nanoparticles and may even have the propensity to replace other bound proteins.  

 Isothermal titration calorimetry data show that the BLG-A had the largest affinity for 

cationic surfaces, and all nanoparticle-protein pairs here showed exothermic behavior upon 

binding. Previous reports using ITC to determine DH with BSA and lysozyme on polyelectrolyte- 

wrapped AuNRs found similar values for lysozyme and PVS AuNRs. However, in this previous 

report the BSA AuNR interaction was endothermic, albeit for different polyelectrolytes than those 

used here.61 

 The protein display at the nanoparticle surface was unique for each protein examined. The 

current hypothesis is that smaller proteins that are electrostatically favorable, such as BLG-A, will 

orient themselves via the favorable electrostatic interactions regardless of the nanoparticle’s 
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physical surface structure. If a smaller protein does not have an electrostatically favorable 

interaction with the surface, as was the case for LYS, then the physical surface structure of 

nanoparticles can induce a favored orientation at the surface, as was observed for the N-terminus 

being much more exposed when bound to the AuNR@ZIF-8 particles. For proteins that are much 

larger than the pore size, such as BSA, there is no preferred orientation, as the protein is too large 

to stick its “feet” into the pores. These results help shed light on the complexity of each protein-

nanoparticle interaction and show that porous nanoparticles may be a route toward engineered 

protein coronas. 

 

4.5 Conclusions 

In this study, protein interactions at nanoscale metal-organic framework surfaces were 

evaluated. The nanoparticles of interest were ZIF-8 nanoparticles synthesized via a reverse micelle 

method, and ZIF-8 shells around AuNRs synthesized through a one-pot method. Of the three 

proteins investigated, the smallest protein that was also electrostatically favorable (BLG-A) had 

the most protein adsorbed to the surface of the nanoparticles, and the AuNR@ZIF-8 adsorbed a 

higher amount of protein than nanoZIF-8. The thermodynamics of each protein-nanoparticle pair 

were also similar in that they were all exothermic with association constants between 103 – 105. 

The orientation of the protein on the surface of the nanoparticles show that while electrostatics can 

govern the protein orientation, the hydrophobic and porous structure at the nanoparticle surface 

may control the protein orientation as well. In the future, using a MOF with a larger pore size, or 

functionalizing the pores of the MOF may induce even more specific protein orientations at the 

surface. These results will provide a baseline of comparison for future studies using porous 

nanomaterials to control and predict protein orientation.  
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CHAPTER 5: GOLD NANOROD IMPACT ON MECHANICAL PROPERTIES OF 

STRETCHABLE HYDROGELS 4 

 

5.1 Abstract 

Double-network hydrogels have attracted much attention because of their superior 

mechanical properties, which are more similar to rubbers and soft tissues than classic hydrogels. 

In this report, plasmonic gold nanorods (AuNRs) are incorporated into a stretchable double-

network hydrogel, composed of alginate and acrylamide. The impact of gold nanorod 

concentration and surface chemistry on bulk mechanical properties such as Young’s modulus and 

elongation at break was investigated. AuNRs with three different surface chemistries, 

cetyltrimethylammonium bromide, thiolated poly(ethylene glycol), and 11-mercaptoundecanoic 

acid were successfully dispersed into alginate/polyacrylamide hydrogels. The AuNR-loaded 

hydrogels could be reversibly stretched, leading to AuNR reversible alignment along the stretch 

direction as judged by polarized optical spectroscopy. With the proper surface chemistry, hydrogel 

nanorod composites were able to be stretched to more than 3,000% their initial length without 

fracturing. These results show that plasmonic gold nanorods can be well dispersed in multi-

component polymer systems, certain surface chemistries can enhance the bulk mechanical 

properties, and AuNR orientation can be controlled through varying strains on the matrix.  

  

                                                        
4 Adapted and reprinted with permission from Turner, J. G.; Og, J. H.; Murphy, C. J. Gold 
nanorod impact on mechanical properties of stretchable hydrogels. Soft Matter 2020, 16, 6582-
6590.  
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5.2 Introduction  

In the last 15 years, hydrogels have become extensively studied materials because of their 

biocompatibility, stimuli-responsiveness, and swelling/deswelling properties, among others.1–3 

Hydrogels are soft materials that consist of three-dimensional crosslinked polymer networks 

dispersed in high amounts of water (above 50 wt%) useful for waste treatment,  tissue engineering,  

biosensing,  and show promise in areas such as wearable electronics.2,4–8 More recent advances in 

engineering hydrogels have been made to further enhance their properties and make them 

extremely tough,  conductive,  and/or self-healable.1,8–12 Among these advanced hydrogels, 

double-network hydrogels have shown extraordinary mechanical properties making them ideal 

materials for tissue engineering and flexible electronics.3 These mechanical properties include high 

fracture energies, high stretchability, and high modulus, all of which are comparable to that of 

tendons, ligaments, and rubbers.1,3  

Adding nanomaterials as fillers to polymer composites to enhance materials is common 

practice. The auto-industry has added nanoparticle clays to strengthen materials for decades.13 

Nanomaterials such as ZnO nanorods, carbon nanotubes, and gold nanoparticles have been 

successfully dispersed into polyurethanes to provide advanced properties such as conductivity and 

shape-memory.14–16 Control over nanoparticle orientation and assembly in polymer composites is 

challenging, especially in multi-polymer systems.13 It has been shown that gold nanorod (AuNR) 

alignment can be controlled by the strain of stretchable materials, these examples embed or 

disperse the AuNRs in polymer films.17–21 Understanding how nanoparticles behave in multi-

polymer 3D systems is not well understood. In particular, the behavior of nanorods in 3D polymer 

networks is not as well studied as nanospheres and nanowires. Understanding the impact of 
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anisotropic nanoparticle fillers on double network hydrogels will be important for future material 

development. 

Many hydrogels have nanomaterials incorporated into them (nanocomposite hydrogels) to 

help make them conductive, reinforce the mechanical properties, or make them antibacterial.22–25 

Plasmonic nanoparticles are of particular interest because of their strong light absorption and 

scattering. Among plasmonic nanoparticles, gold nanorods (AuNRs) are unique because their 

longitudinal plasmon can be tuned from the visible portion of the electromagnetic spectrum to the 

near-infrared by changing the aspect ratio of the AuNR.26,27 Previously, gold nanoparticles have 

been incorporated into hydrogels for protein detection, as an extra-cellular matrix mimic, drug 

delivery, cardiac tissue engineering, and to give hydrogels optical and thermal responsiveness.28–

36 Stretchable plasmonic materials have been created, but the stretchable substrate is often an 

elastomer which lacks the biocompatibility and stimuli-responsiveness of hydrogels.37–39 

Stretchable hydrogels present a unique opportunity to create biocompatible stretchable plasmonics 

that can be used for wearable electronics, bio-sensors, and optical devices. Another advantage of 

hydrogels is their dispersion medium is water, so a variety of NP surface chemistries can be 

introduced into the pre-gel solution. Therefore, advanced surface modifications to make the 

AuNRs well dispersed is not necessary as in other polymer composites.21,40  

In this report, AuNR hydrogel composites were synthesized where the hydrogel matrix is 

a double network with alginate and acrylamide (AAm), which itself can be stretched reversibly to 

more than twenty-times its initial length.10,41 The Na-alginate/PAAm hydrogels can be ionically 

crosslinked with Ca2+ to yield a much tougher hydrogel compared to Na-alginate/PAAm 

hydrogel.10,41 The AuNRs were incorporated into the pre-gel solution and stayed well dispersed 

throughout the curing process. The Na-alginate/polyacrylamide (PAAm) stretchable hydrogels 
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align the AuNRs along the stretch direction when elongated. Because the AuNRs were 

incorporated into the pre-gel solution before polymerization and crosslinking, the influence of 

AuNR surface chemistry and concentration have on the mechanical properties of these hydrogels 

was also studied. These properties were investigated as a function of surface chemistry for three 

different common surface chemistries for AuNRs: cetyltrimethylammonium bromide (CTAB), 

thiolated poly(ethylene glycol) (PEG-SH), and 11-mercaptoundecanoic acid (MUA). For the non-

ionically crosslinked hydrogels (Na-alginate/PAAm) the Young’s modulus is dependent on AuNR 

concentration, but for ionically crosslinked hydrogels (Ca-alginate/PAAm) the Young’s modulus 

is dependent on AuNR concentration and surface chemistry. 

 

5.3 Materials and Methods 

 

5.3.1 Materials and Instrumentation 

Chloroauric acid (HAuCl4·3H2O, 99.9%), cetyltrimethylammonium bromide (CTAB, 

99%), silver nitrate (AgNO3, 99%), hydroquinone (99%), sodium borohydride (NaBH4, 99%), 11-

mercaptoundecanoic acid (MUA, 95%), sodium alginate, acrylamide (98%), ammonium 

persulfate (APS, 98%), N,N’-methylenebisacrylamide (MBAA, 99.5%), N,N,N’,N’-

tetramethylethylenediamine (TEMED, 99%) were purchased from Sigma-Aldrich. Sodium 

hydroxide (NaOH, 98%) was purchased from Fisher Scientific. Thiolated poly(ethylene glycol) 

(PEG-SH, M.W. 5,000) was purchased from NANOCS. Ethanol (200 proof) was purchased from 

Decon Laboratories Inc. and used without purification. All water used was DI water purified by a 

Barnstead Nanopure II purification system (>17.8 MΩ).  
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 Transmission electron microscopy (TEM) of AuNRs was performed using a JEOL 2010 

LaB6 or JEOL 2100 Cryo LaB6. TEM of hydrogels was done using a Hitachi Hg00 microscope. 

All nanorod sizing was done using ImageJ and a minimum of 300 nanorods were measured. A 

Nicolet Nexus 670 spectrometer equipped with a germanium crystal plate was used for ATR-FTIR 

measurements. Zeta potentials were measured using a Malvern Zetasizer Nano ZS instrument. All 

Young’s modulus results were obtained using a Q800 Dynamic Mechanical Analyzer (DMA). 

Maximum elongation tensile testing measurements were done using a 1 kN MTS Insight 2 with a 

250 N load cell. UV-vis spectra were obtained using a Cary 5000 UV–vis–near-infrared 

spectrophotometer. For polarized measurements a 5 mm circular aperture was used, along with a 

Glan-Thompson polarizer.  

 

5.3.2 Synthesis of Gold Nanorods 

Gold nanorods were prepared using a seed-mediated method with hydroquinone as the 

reducing agent.42 To synthesize the CTAB-capped gold seeds a vial was prepared with 9.5 mL of 

0.10 M CTAB and 0.5 mL of 0.10 M HAuCl4·3H2O was added. While this seed solution was 

stirred vigorously, 0.460 mL of freshly prepared, ice-cold NaBH4 in 0.010 M NaOH was injected 

rapidly into the seed solution. The seed solution color became dark brown immediately following 

the addition of NaBH4. The seeds were aged at room temperature without stirring for 1 hour before 

use. To prepare enough seeds for the typical 1 L AuNR growth solution, two identical batches of 

seeds were made. For a 1 L batch of AuNRs, a growth solution was prepared by adding 950 mL of 

0.10 M CTAB to a large flask, followed by the addition of 1.30 mL of 0.10 M AgNO3 and 50 mL 

of 0.010 M HAuCl4, with gentle stirring. Then, 50 mL of 0.10 M hydroquinone was added; the 

solution was stirred until it was nearly colorless. Next, 16 mL of CTAB-capped gold seeds (aged 
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for 1-4 hours) was added to the growth solution, which was then stored at 27° C with mild stirring 

for 12-18 hours. The AuNRs were purified by centrifugation at 8,000 rcf for 20 min. The 

supernatants were discarded and the AuNR pellets were redispersed in nanopure water and stored 

at room temperature for future use. For a typical synthesis the AuNRs had an aspect ratio of 3.1 ± 

0.4, with a length of 82 ± 8 nm and a width of 27 ± 3 nm.  

 

5.3.3 Gold Nanorod Surface Modifications 

Three surface chemistries were studied: CTAB, PEG-SH, and MUA. The procedure used 

for this surface modifications were adapted from a previous report.43 The as synthesized gold 

nanorods are CTAB-capped and they were used after one additional wash by centrifugation at 

8,000 rcf. To exchange the CTAB with PEG-SH, 1 mL of 50 mg/mL PEG-SH was added to 40 mL 

of 1 nM CTAB capped AuNRS (twice centrifuged). The AuNRs were then gently shaken overnight 

using a mechanical shaker and then purified by two rounds of centrifugation at 8,000 rcf for 30 

minutes. These PEG-SH modified AuNRs can be further functionalized by replacing the thiolated 

polymer with shorter chain thiols, such as MUA.44 For this process, 2 mL of 0.10 M NaOH were 

added to 40 mL 1 nM PEG-SH modified AuNRs and then 4 mL of 20 mM MUA dissolved in 

ethanol was subsequently added. The AuNRs were gently shaken overnight on a mechanical 

shaker and were then washed twice with water and centrifugation at 8,000 rcf for 30 minutes. The 

2 mL of 0.10 M NaOH was added back in after each wash to ensure stability. 

 

5.3.4 Synthesis of Alginate/Acrylamide Hydrogels with and without Gold Nanorods 

To synthesize our dual network hydrogels we adopted a procedure from Suo and co-

workers.10,41 First, a series of stock solutions were prepared. A stock solution of 1:6 wt ratio of 



 115 

alginate to acrylamide was prepared by dissolving 2.325 g of alginate and 13.953 g of acrylamide 

in 80 mL of nanopure water (83.1 wt%, stirred overnight to dissolve). An ammonium persulfate 

stock solution was prepared by dissolving 0.0237 g of ammonium persulfate in 5.0 mL of nanopure 

water. A N,N’-methylenebisacrylamide stock solution was prepared by dissolving 0.0167 g in 10 

mL of nanopure water. Once the stock solutions were prepared, they were mixed together in 

amounts dependent on the total water content desired, where the total water content ultimately 

controls the hydrogel thickness. 

 For a typical hydrogel synthesis, our total water content was 6.25 mL. To synthesize the 

hydrogels, 5.0 mL of the alginate/acrylamide stock solution was added to a small beaker and it was 

stirred. Then 0.625 mL of additional nanopure water was added, followed by the addition of 0.3125 

mL of MBAA (acrylamide crosslinker), 0.3125 mL of APS (thermo-initiator), and 2.81 µL of 

TEMED (crosslinking accelerator). The resulting solution was stirred for 10 minutes before being 

poured into our glass mold (60 x 15 mm glass petri dish). The petri dish was covered and placed 

in a drying oven at 70° C for 1 hour to cure. Once cured the glass mold was removed from the 

oven and placed in a humid box. The above amounts lead to the desired hydrogel with 86 wt% 

water, 2 wt% alginate, and 12 wt% acrylamide. Relative to acrylamide monomer the amount of 

MBAA, APS, and TEMED were 0.028 mol%, 0.053 mol%, and 0.153 mol%, respectively. ATR-

FTIR was used to structurally characterize the resulting hydrogel, shown in Figure 5.1. 
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Figure 5.1: ATR-FTIR of Na-alginate/PAAm hydrogel. Sample was prepared by lyophilizing 

hydrogel and then grinding into a powder. Peak at 1284 cm-1 is the C-N stretching of the secondary 

amide formed between the alginate chains and polyacrylamide. (1658 cm-1: C = O stretching, 1604 

cm-1: N-H deformation, 1418 cm-1: C-N stretching, 1348 cm-1: C-H deformation, 1320 cm-1: C-H 

deformation, 1124 cm-1: NH2 in-plane rocking, 1092 cm-1: C-O stretching, 1028 cm-1: C-O 

stretching). 

 

 



 117 

The protocol used for synthesizing hydrogels with AuNRs is the same procedure outlined 

above, except instead of adding 0.625 mL of nanopure water, 0.625 mL of a AuNR solution was 

added, which leads to a 10-fold dilution of the AuNRs. For example, if 0.625 mL of 10 nM CTAB-

capped AuNRs were added, the resulting hydrogel would have 1 nM of CTAB-capped AuNRs 

incorporated into its network, or about 0.03 wt%. Photographs of representative as synthesized 

hydrogels are shown in Figure 5.2. 

 

 

Figure 5.2: Photograph of a representative batch of synthesized Na-alginate/PAAm hydrogels with 

AuNRs. 
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5.3.5 Ca2+ Crosslinking of Alginate 

To crosslink the alginate polymers, we followed a procedure by Suo and co-workers where 

they describe the strengthening of alginate/acrylamide hydrogels through multivalent cation 

exchange.41 We used CaCl2 as the source of Ca2+ to strengthen our hydrogels by first carefully 

removing the hydrogels from the glass petri dish and placing them in a 100 x 15 mm plastic petri 

dish. Then 30 mL of 0.3 M CaCl2 was added to fully submerge the hydrogels in the solution, and 

the hydrogels were soaked for 3 hours. Afterwards the CaCl2 was poured out, the hydrogels were 

rinsed off, and placed back into a humid box.  

 

5.3.6 Mechanical Testing 

The as synthesized, circular hydrogels had to be cut into pieces that could be used for 

mechanical testing. Each hydrogel had four or five rectangular pieces cut out of it all with the 

approximate dimensions of 40.0 mm long, 7.0 mm wide, and 2.0 mm thick. The hydrogel samples 

were kept in a humid box except for when they were being cut, measured, and tested.  

To determine the Young’s modulus these hydrogel pieces were tested using a Q800 DMA with a 

preload force of 0.0005 N and a ramp rate of 0.04 N/min. The initial gage length was measured by 

the instrument and each sample was stretched to 100-200% strain. The linear portion of 0-10% 

strain was then used to determine the Young’s modulus of each sample.  

A 1 kN MTS Insight 2 was used to determine the maximum elongation length because 

DMA has a limited achievable displacement. For these measurements the preload force was 0.01 

N and the stretch rate was 100 mm/min. The initial gage length for each sample was manually 

measured before the test was started. The instrument does not consider the cross-sectional area of 

the sample when reporting stretch length, so the stretch axis was normalized to reflect the small 
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differences in cross-sectional areas between samples. This graph was then used to calculate the 

maximum elongation length for each sample, where the maximum elongation length is the point 

at which the hydrogel fractured or reached the maximum instrument displacement.  

 

5.3.7 Polarized UV-vis Measurements 

Polarized UV-vis measurements were performed to determine if the AuNRs aligned when 

stretched. For the setup of these measurements a polarizer was inserted between the light source 

and the sample. The hydrogel sample was then attached to a 5 mm circular aperture by taping it 

down, either unstretched or stretched a certain degree. In order to isolate the AuNR extinction 

spectra and eliminate other contributing sources of absorbance, a baseline was first taken with just 

the aperture inserted and no sample. Polarized measurements were taken with a hydrogel that was 

not loaded with AuNRs, the spectra obtained from these measurements were then subtracted with 

the corresponding polarization angle of their hydrogel counterpart that was loaded with AuNRs. 

Images of the experimental setup are shown in Figure 5.3.  
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Figure 5.3: Measurement setup for UV-vis polarization measurements. Polarizer was placed 

between the light source and the aperture; the hydrogel was attached to the aperture plate in a 

stretched or unstretched position such that the hydrogel samples was completely covering the 

aperture. 

 

5.3.8 TEM of Hydrogels Containing AuNRs 

Small pieces of the hydrogel were cut and placed into a petri dish, either stretched or 

unstretched. They were then exposed to osmium tetroxide vapors for 1.5 hrs. The samples were 

dehydrated in 10-minute ethanol dispersions with increasing concentrations (50%, 75%, 95%, and 

100%).  The 100% ethanol step was lengthened to overnight and then to 2 days at 4 °C. With the 

hydrogel now harder, it was cut into smaller pieces using a razor blade. The unstretched samples 

were cubed and the stretched samples were cut into thin slices to maintain the stretch direction. 

Thee samples were then infiltrated with LR White resin with a short acetonitrile rinse step between 

the ethanol series and the resin. The resin infiltration was done overnight at room temperature. The 
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blocks were then hardened at 60 °C for 3 days. The resin does not harden when exposed to air, so 

a silicon embedding mold was used and an Aclar sheet was placed over hole openings to make the 

mold air tight. The resulting blocks were trimmed and sectioned into samples with 100-150 nm 

thickness using a diamond knife. The samples were then imaged with a Hitachi H600 electron 

microscope using an accelerating voltage of 75 kV.  

 

5.4. Results and Discussion 

 

5.4.1 Preparation of Stretchable Plasmonic Hydrogels 

The alginate/PAAm hydrogel matrix was chosen because of its stretchiness and relative 

ease of synthesis in aqueous solution, making it compatible for the incorporation of water-

dispersible nanoparticle fillers, such as AuNRs. The hydrogels were synthesized according to the 

procedure outline by Yang and co-workers, with only slight modifications to incorporate AuNRs 

into the matrix.10,41 Stock solutions were prepared of each reagent: alginate and acrylamide, N,N’-

methylenebisacrylamide (MBAA, crosslinker), ammonium persulfate (APS, initiator), and 

N,N,N’,N’-tetramethylethylenediamine (TEMED, accelerator). These stock solutions were all 

prepared in slightly higher concentrations than desired for the final hydrogel; therefore, additional 

water was added before curing to yield the desired hydrogel that was 86 wt% water, 2 wt% alginate, 

and 12 wt% acrylamide. AuNRs were incorporated by replacing the added water with a solution 

containing AuNRs in the pre-gel solution. An illustration of the synthesis process is shown in 

Figure 5.4. 
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Figure 5.4: Illustration of the synthesis of Na-alginate/PAAm and Ca-alginate/PAAm hydrogels 

with and without gold nanorods (figure not drawn to scale). The gold nanorods were incorporated 

into the pre-gel mixture and stay well dispersed throughout the curing and polymerization 

processes. The chemical structures of the three surface chemistries used are depicted. Hydrogels 

were stored in a humid box until they were used for testing. 

 

The AuNRs used in these experiments were synthesized by the method developed by 

Zubarev and co-workers.42 The AuNRs had a longitudinal plasmon near 800 nm, with an aspect 

ratio of about 3. These were chosen because the plasmon is in the NIR window, and the length of 

the AuNRs is around 80 nm. Four different concentrations of AuNRs were studied; the hydrogels 

were synthesized so the concentration of AuNRs inside each hydrogel was 0.1 nM (about 0.003 

wt%), 0.5 nM (about 0.015 wt%), 1.0 nM (about 0.03 wt%), and 2.0 nM (about 0.06 wt%). These 
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concentrations were chosen because they give the hydrogels an optical density that is suitable for 

absorbance based spectroscopic measurements. 

To strengthen the hydrogels, divalent and trivalent cations can be used to cross-link the 

alginate chains.41 As the dispersion of nanomaterials into a polymer matrix is affected by 

nanomaterial surface chemistry, three different surface chemistries were studied: CTAB, which 

forms a bilayer on the gold nanorod surface and yields a net positively-charged surface coating in 

aqueous solution, PEG-SH, which leads to near-neutral surfaces, and MUA, which yields a net 

negatively-charged surface coating in aqueous solution.26,44,45 All surface chemistries produced 

hydrogel composite materials in which the AuNRs were well-dispersed, unlike other pairings of 

AuNRs in various polymers.40 A comparison of the AuNR solution UV-vis and the UV-vis spectra 

of the AuNRs dispersed in hydrogels is shown in Figure 5.5. The spectra of the AuNRs in the 

hydrogel are slightly red-shifted and broadened compared to the solution spectra of the AuNRs. 

This indicates a small degree of aggregation, whereas far more significant broadening and red-

shifting would be expected for a large amount aggregation. 
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Figure 5.5: Normalized UV-vis spectra of AuNRs with differing surface chemistry in solution 

(dotted lines) and in a Na-alginate/PAAm hydrogel (solid lines). 

 

5.4.2 Mechanical Properties of Stretchable Plasmonic Hydrogels 

For mechanical testing, the synthesized hydrogels were cut into rectangular pieces 

measuring around 40.0 mm long, 7.0 mm wide, and 2.0 mm thick. Dynamic mechanical analysis 

(DMA) was used to determine the Young’s modulus of each hydrogel. The Young’s modulus, or 

linear tensile modules was determined from the initial slope of the stress versus strain curve in the 

0-10% strain region. For the testing, at least 2 replicate hydrogels were tested with a minimum of 

4 individual rectangular test samples cut from each hydrogel. 

The average Young’s modulus obtained for the Na-alginate/PAAm hydrogels is shown in 

Figure 5.6. The modulus was only dependent on AuNR concentration for the Na-alginate/PAAm 
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hydrogels; the surface chemistry of the AuNRs did not impact the modulus results as seen in Figure 

5.6A. The averaged stress versus strain curves of the Na-alginate/PAAm for the MUA AuNR 

hydrogels is shown in Figure 5.6B, where the solid lines represent the average curve and the dashed 

lines are the standard deviation in that average.  

 

 

Figure 5.6: DMA results for Na-alginate/PAAm hydrogels with and without AuNRs of varied 

concentrations and surface chemistries. (A) Average Young’s modulus results for each AuNR 

concentration and surface chemistry. (B) Averaged stress versus strain curves for MUA AuNR Na-

alginate/PAAm hydrogels. The solid line is the average of multiple curves and the dotted lines are 

the standard error in the average curve. 

 

Comparing the concentrations of just one surface chemistry (PEG-SH), at low 

concentrations (0.1 nM and 0.5 nM) the modulus is 3.64 ± 0.09 kPa and 3.5 ± 0.3 kPa. Compared 

to the modulus of the hydrogels without AuNRs, 3.8 ± 0.5 kPa the PEG-SH modulus values are 

not significantly different (p > 0.05). However, at higher concentrations of AuNRs (1.0 nM and 
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2.0 nM), the modulus decreased to 2.79 ± 0.5 kPa and 2.6 ± 0.3 kPa. This decrease in modulus is 

more than 25% and is statistically significantly lower (p < 0.05) than the hydrogels without AuNRs 

and the hydrogels with low concentrations of AuNRs. This same trend is observed for both CTAB 

and MUA AuNRs as well. The full tabular results of the Na-alginate/PAAm Young’s modulus 

values, their standard deviations, and their statistical significance can be found in Table 5.1 and 

Table 5.2. 

 

Table 5.1: Summary of Na-alginate/PAAM hydrogel mechanical testing results for each type of 

AuNR hydrogel synthesized. The Young’s modulus and elongation results for the hydrogel 

without AuNRs was comparable to what was previously reported. 
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Table 5.2: Calculated p-values to determine statistical significance between the Young’s modulus 

values of various AuNR concentrations for each surface chemistry tested. The p-values are listed 

in the table with colors (green) corresponding to a statistically significant difference and (red) 

corresponding to not statistically different. 

 

Nanoparticles often show very little impact on Young’s modulus in polymer composites, 

or will even increase the modulus.46,47 The AuNRs occupy a large amount of space and are 

incorporated before polymerization, the decrease in modulus is likely a result of the AuNR 

concentration reaching a point where it starts to impact the crosslinking density of acrylamide.24,48 

As the AuNR are concentrated enough to impede the density of acrylamide crosslinks, the material 

becomes less stiff, thus the modulus is lowered.  

The DMA measurement is limited in its axial displacement, so it is not capable of stretching 

these hydrogels far enough to fracture them. To determine the maximum elongation length of 

hydrogels containing AuNRs, a tensile strength instrument (1 kN MTS Insight 2) was used, 

equipped with a 250 N load cell. With this instrument the hydrogels could be stretched far enough 

to determine the elongation amount before fracture. Due to the slight differences in sample size, 

the elongation amount was normalized by the cross-sectional area of each sample to give the most 

accurate comparison of results, these results are shown in Figure 5.7. The maximum elongation 

corresponds to how far the hydrogel was stretched before fracture or, in the case of many of the 
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MUA AuNR hydrogels, because it reached the maximum displacement of the instrument. The 

values and statistical significance of the maximum elongation can be found in Table 5.1. For these 

results we observe the maximum elongation length achievable does have some dependence on 

AuNR surface chemistry. AuNRs with CTAB and PEG-SH and no significant difference in their 

elongation amount compared to the hydrogels without AuNRs (p > 0.05). However, the MUA 

AuNRs significantly enhanced the hydrogels ability to stretch, even at low AuNR concentration. 

Hydrogel samples with MUA AuNRs did not fracture before reaching the maximum displacement 

of the tensile instrument, more than 3,500% their initial length. It is surprising the nanorod surface 

chemistry makes such a measurable difference in mechanical properties of the nanocomposites. 

We posit that this is a result of both the hard nature of the nanorods compares to the hydrogel 

matrix as well as electrostatic interactions between the anionic MUA surface groups and the 

sodium cation crosslinking groups. Similar impact on mechanical properties have been shown for 

hydrogels with anionic cellulose nanocrystals.49 These results indicate the influence surface 

chemistry of nanoparticle fillers can have on bulk hydrogel properties, such as their mechanical 

properties. Consideration of nanoparticle shape, size, and surface chemistry are important 

considerations for future applications. 
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Figure 5.7: Maximum elongation results for each AuNR concentration and surface chemistry. The 

maximum elongation percentage is the percentage the hydrogel sample was stretched compared to 

its initial length before the sample fracture or reached the maximum displacement of the instrument 

(about 4000%). 

 

Interestingly, when the hydrogels were ionically crosslinked with calcium, the AuNR 

surface chemistry impacts the modulus results as well as the AuNR concentration (Figure 5.8). 

The surface chemistry of the AuNR does not have a significant impact at low concentrations. For 

all of the 0.1 nM hydrogel samples there was no significant difference between them and then the 

hydrogel without AuNRs (p > 0.05). When the concentration of AuNRs in the hydrogels is 

increased to 1.0 nM, the Young’s modulus for the CTAB AuNR hydrogel decreases significantly 

(p < 0.05). The average of the MUA AuNR hydrogel changes very slightly, but with much more 
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sample consistency, the MUA Young’s modulus is statistically higher than the hydrogel without 

AuNRs (p < 0.05). The average Young’s modulus values and standard deviation can be found in 

Table 5.3. Elongation studies for the Ca-alginate/PAAm hydrogels with AuNRs were difficult to 

execute due to substantial necking in the hydrogel while stretching. 

This result can be rationalized by considering the crosslinking chemistry: divalent calcium 

ions crosslink the acid groups in the alginate chains. The addition of an acid-containing AuNR 

ought to act as another “chain” in the hydrogel that can participate in the crosslinking, thus 

increasing the Young’s modulus. In contrast, a larger dose of cationic CTAB-containing AuNRs to 

the hydrogel might interfere with the calcium-alginate crosslinks, if the quaternary ammonium 

group of CTAB ion-pairs with the alginate acid groups. This could explain why the higher loadings 

of CTAB-AuNRs in the hydrogels decreases the Young’s modulus.  
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Figure 5.8: DMA results for Ca-alginate/PAAm hydrogels with and without AuNRs of varied 

concentrations and surface chemistries. (A) Average Young’s modulus results for each AuNR 

concentration and surface chemistry. (B) Averaged stress versus strain curves for CTAB AuNR 

Ca-alginate/ PAAm hydrogels. The solid line is the average of multiple curves and the dotted lines 

are the standard error in the average curve. 

 

Table 5.3: Young’s modulus values for Ca-alginate/PAAm hydrogels. *Denotes values that are 

statistically different (p < 0.05) than the hydrogel sample without AuNRs. 
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5.4.3 Reversible Nanorod Alignment 

The plasmonic properties of AuNRs become polarization dependent when they are aligned 

in the same direction.19,27,50 It has been shown that with stretchable substrates, AuNRs can orient 

themselves to be aligned along the stretch direction.17–21 To measure AuNR alignment in 

hydrogels, a setup was devised. Briefly, a polarizer was inserted between the sample and the light 

source. The hydrogel was then attached, either stretched or unstretched, to a 5 mm circular aperture 

plate. Polarized measurements were taken at 0, 45, and 90 degrees, where 0 degrees is parallel to 

the stretch direction and 90 degrees is perpendicular. To isolate the localized surface plasmon 

resonance (LSPR) signals of the AuNRs and mitigate the contributing absorbance from the 

hydrogel, a blank hydrogel without any AuNRs was subtracted from all spectra.  

 Figure 5.9A illustrates the UV-vis spectra of an unstretched hydrogel at different 

polarization angles. There is no polarization dependence, indicative of random orientation of the 

AuNRs. Figure 5.9B shows the same sample at the same polarization angles, but this hydrogel has 

been stretched 500% of its initial length. The UV-vis spectra in Figure 5.9B of the stretched 

hydrogel show the plasmon intensity change consistent with AuNR alignment. When light is 

polarized 0° (red), parallel to the stretch direction, the longitudinal plasmon near 746 nm remains 

unchanged, but the transverse plasmon intensity near 530 nm is diminished. When light is 

polarized 90° (blue), perpendicular to the stretch direction, the longitudinal plasmon intensity 

decreases significantly and the transverse plasmon increases. Figure 5.9C represents the change in 

intensity of the longitudinal plasmon mode in a radial plot of the maximum extinction at the 

plasmon for each polarization angle tested. These results indicate the AuNRs are being aligned 

along the stretch direction when the hydrogel is elongated. 

 



 133 

 

Figure 5.9: Polarized UV-vis on a Na-alginate/PAAm hydrogel with 1.0 nM CTAB AuNRs, where 

0° is parallel to the stretch direction and 90° is perpendicular to the stretch direction. (A) Polarized 

UV-vis spectra at three different angles; 0° (red), 45° (green), and 90° (blue) for an unstretched 

hydrogel with AuNRs. (B) Polarized UV-vis spectra at three different angles; 0° (red), 45° (green), 

and 90° (blue) for a hydrogel with AuNRs stretched 500% its initial length. (C) Radial plot of the 

maximum absorbance at the longitudinal plasmon for each polarization angle for a stretched 

hydrogel with AuNRs. 

 

The AuNR alignment was further investigated by determining how the elongation amount 

influenced the AuNR alignment. This was done by continually stretching a single hydrogel sample 

further and taking polarized UV-vis measurements at each point. We monitored the degree of 

alignment by measuring the ratio of the maximum extinction at the longitudinal plasmon for the 

parallel spectrum divided by the maximum extinction at the longitudinal plasmon for 

perpendicular spectrum. The larger this ratio is, the more aligned the AuNRs are along the stretch 

direction. As shown in Figure 5.10, once the hydrogel has been stretched roughly 400% of its 

initial length the extinction ratio begins to level off and the AuNRs are fully aligned along the 
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stretch direction. The results depicted in Figure 5.10 is a representative example of the 1.0 nM 

CTAB AuNR hydrogel. 

 

 

Figure 5.10: Plot of the ratio of the extinction at the longitudinal plasmon for light polarized 

parallel over light polarized perpendicular as measured by UV-vis versus the stretch % of a Na-

alginate/PAAm hydrogel with 1.0 nM CTAB AuNRs. The AuNRs are becoming more aligned 

along the stretch direction as the hydrogel is stretched further indicated by the increasing ratio of 

the plasmon extinction. Colors represent different stretch percentages in relation to the initial 

length of the hydrogel (black: 0%, red: 100%, blue: 200%, green: 300%, purple: 400%, and gold: 

500%). 
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Notably, this AuNR alignment is also reversible. When a stretched hydrogel was returned 

to its relaxed state, the AuNRs were no longer aligned indicated by the lack of polarization 

dependence. A hydrogel with AuNRs was stretched (500% its initial length) and relaxed through 

three cycles, with polarized UV-vis measurements collected at each position (Figure 5.11). The 

results shown in Figure 5.11 are representative of a single hydrogel’s alignment reversibility. The 

slight discrepancies in the ratios of the stretched samples is mainly due to the manually stretching 

of the hydrogel sample. When stretched manually, the polarizer may not be exactly perpendicular 

to the stretch direction, which results in a spectrum where the longitudinal plasmon is not as 

diminished as when the polarizer is perfectly perpendicular; this leads to a lower extinction ratio. 

This reversible alignment was demonstrated for different AuNR concentrations and surface 

chemistries. This result implies that the nanorods must be near the polymer chains of the hydrogel, 

and not trapped in water pockets. 
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Figure 5.11: Plot of the ratio of the extinction at the longitudinal plasmon for light polarized 

parallel over light polarized perpendicular as measured by UV-vis versus the stretch/relax cycle of 

a Na-alginate/PAAm hydrogel with 0.1 nM CTAB AuNRs. The AuNRs are aligned when stretched 

indicated by the increasing ratio, and then the alignment is reversed when the hydrogel is relaxed. 

Colors represent different stretch/relax cycles, while filled circles represent the ratio the relaxed 

hydrogel, and open circles represent the ratio of the stretched hydrogel. 

 

 To further confirm the AuNR alignment, transmission electron micrographs were taken of 

both an unstretched and a stretched hydrogel sample with 2.0 nM PEG-SH AuNRs dispersed in 

the hydrogel. To image the hydrogel the samples were embedded in an acrylic resin, LR White. 

Imagining the embedded hydrogel sample with an accelerating voltage of 75 kV, visual evidence 

of AuNR alignment was obtained as shown by Figure 5.12B. Long range ordering of the AuNRs 
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orienting their longitudinal axis along the stretch direction of the hydrogel was observed. An image 

of an unstretched hydrogel is shown in Figure 5.12A, for an unstretched hydrogel no directional 

orientation of the AuNRs was observed.  

 

 

Figure 5.12: Transmission electron microscopy images of 2.0 nM PEG-SH AuNRs in Na-

alginate/PAAm hydrogels. (A) Unstretched hydrogel, magnification 40,000 x (scale bar on image). 

(B) Stretched hydrogel, magnification 15,000 x (scale bar on image). 

 

5.5. Conclusions 

In summary, the successful alignment of gold nanorods with stretchable alginate/PAAm 

hydrogels was achieved. It was found that the modulus remains unchanged for Na-alginate/PAAm 

hydrogels for low concentration of AuNR as compared to the hydrogel without any AuNRs. 

However, at higher concentrations of AuNR the modulus decreases more than 25%. For Ca-

alginate/PAAm, the surface chemistry also has an effect as the native hydrogel without AuNRs has 

a modulus of 64 ± 18 kPa and the modulus is decreased to 38 ± 6 kPa for hydrogels containing 
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CTAB AuNRs. This surface chemistry impact is also observed when determining the maximum 

elongation of the Na-alginate/PAAm hydrogels, as the hydrogels containing MUA AuNRs had an 

increased stretchability, more than 3,000% its initial length. Using polarized UV-vis spectroscopy 

and TEM, AuNR alignment was observed when the hydrogel was stretched for all AuNR 

concentrations and surface chemistries tested. The AuNRs became more aligned along the stretch 

direction as the hydrogel was stretched further, with complete alignment along the stretch direction 

when the hydrogel was stretched around 400% its initial length. This work shows the influence 

nanoscale level properties can have on bulk mechanical properties of multi-component polymer 

composites and demonstrates the ability to align AuNRs in a biocompatible hydrogel. 
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