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The interfaces with micro/nanostructures in nature play important roles to bring in specific 

functions, which inspired and drove the development of novel nanostructures, including inorganic 

nanoparticles and organic nanoparticles. Among them, polymeric nanoparticles have been widely 

explored to programming interfaces because of the precise controlling in synthesis of polymers.  Ring 

opening metathesis polymerization (ROMP) is a unique polymerization technique, which can incorporate 

versatile functional groups, tunable composition (hydrophobicity, molecular weight), and stimuli-

responsiveness to endow various functionalities for the polymers, which have been explored for different 

application areas. In our research, we focused on designing and synthesizing multifunctional ROMP-

based polymeric materials programming interfaces for different applications. 

 For Chapter 2, we describe amphiphilic tri-block copolymers containing FeIII-catecholate 

complexes formulated as spherical- or cylindrical-shaped micellar nanoparticles (SMN and CMN 

respectively) as new T1-weighted agents with high relaxivity, low cytotoxicity, and long-term stability in 

biological fluids. Relaxivities of both SMN and CMN exceed those of established gadolinium chelates 

across a wide range of magnetic field strengths. Interestingly, shape-dependent behavior was observed in 

terms of the particles’ interactions with HeLa cells, with CMN exhibiting enhanced uptake and contrast 

via magnetic resonance imaging (MRI) compared with SMN. These results suggest that control over soft 

nanoparticle shape will provide an avenue for optimization of particle-based contrast agents as 

biodiagnostics. We propose those polycatechol nanoparticles as suitable for pre-clinical investigations 

into their viability as gadolinium-free, safe and effective imaging agents for MRI contrast enhancement. 

 For Chapter 3, we describe a method for the stabilization of low-boiling point (low-bp) 

perfluorocarbons (PFCs) at physiological temperatures by an amphiphilic triblock copolymer which can 

emulsify PFCs and be crosslinked. After UV-induced thiol-ene crosslinking, the core of the PFC emulsion 

remains in liquid form even at temperatures exceeding their boiling points. Critically, the formulation 

permits vaporization at rarefactional pressures relevant for clinical ultrasound. 

 For Chapter 4, liquid crystals confined within micrometer-scale domains have been explored as 

the basis of a wide range of field- and stimuli-responsive materials for use in technologies spanning from 
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biological sensors to electro-optical devices.  We aim to build up a versatile stimuli-responsive polymeric 

surfactant to modulate the orientation of liquid crystal microdroplets. By incorporated different types of 

cleavable linkers into this system, we are able to endow versatile stimuli-responsiveness (UV, Redox, pH, 

ROS) in order to adapt to different certain circumstances. We proved that those cleavable linker-contained 

homopolymers were able to emulsify with liquid crystal droplets and generate radial configuration. Then, 

by introducing specific stimuli, the linker will be cleaved and the homopolymer will be disassembled 

from the surface, then the configurations of liquid crystal droplets will change into bipolar. This work will 

provide fundamental information for designing a stimuli-responsive ROMP-based polymeric system, and 

it is promising to utilize this system as biosensor to detect some specific behaviors.  

 For Chapter 5, we prepared melanin-like nanoparticles (MelNPs) via spontaneous oxidation of 

dopamine, as biocompatible, synthetic analogues of naturally occurring melanosomes, and investigated 

their uptake, transport, distribution, and UV-protective capabilities in human keratinocytes. Critically, we 

demonstrate that MelNPs are endocytosed, undergo perinuclear aggregation, and form a supranuclear cap, 

or so-called microparasol in human epidermal keratinocytes (HEKa), mimicking the behavior of natural 

melananosomes in terms of cellular distribution and the fact that they serve to protect the cells from UV 

damage. 
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Chapter 1  

Introduction and History 

1.1 Introduction 

Chapter one is intended to provide insight into the development and advantages of ring opening 

metathesis polymerization (ROMP), and their applications in nanostructural fabrication via two different 

methods, such as self-assembly micellization and ultrasound-assisted emulsion. Key factors that affect the 

formation of polymeric nanoparticles were discussed. Moreover, considering of one main application in 

biomedical imaging contrast agents of polymeric nanoparticles, the development and limitations of 

magnetic resonance imaging (MRI) and ultrasound imaging (US), and their contrast agents were 

introduced to give a inspiration of further design of novel polymeric contrast agents. 

1.2 Ring Opening Metathesis Polymerization (ROMP) 

1.2.1 Ring opening metathesis polymerization and its mechanism 

Ring-opening metathesis polymerization (ROMP) is a chain growth polymerization process, 

developed as a powerful and broadly applicable method for synthesizing macromolecular materials 

starting from the mid-1950s. 1, 2 The basis for the ROMP is the cyclic olefins, which can be convert to a 

polymeric material via a unique metal-mediated carbon-carbon double bond exchange process. 3-6 The 

general mechanism of ROMP is based on Chauvin’s original proposal, including three main steps which 

are initiation, propagation and termination. 7, 8 As showed in Figure 1.1, a cyclic olefin is initiated by the 

coordination of a metal alkylidene complex. Then, a four-membered metallacyclobutane intermediate is 

formed by subsequent [2+2]-cycloaddition, which effectively activate the beginning of a growing 

polymer chain. The resulted metal alkylidene was repeated the analogous steps toward cyclic olefins 
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during the propagation, until all monomers are consumed and the reaction equilibrium is reached. In the 

end, the termination of living ROMP reactions is performed with the quench of a specialized reagent. 

Normally, this reagent is used to selectively remove and deactivate the transition metal from the end of 

the growing polymer chain, and install a known functional group in place of the metal.  (Figure 1.1) The 

most common used terminating reagent for Ru mediated ROMP polymerization is ethyl vinyl ether. 9-12 

 

Figure 1.1. A general mechanism to a typical ROMP reaction. Copyright from Elsevier. 8  

The ROMP reactions are thermodynamic equilibrium-controlled so that the temperature and 

concentration at which the ROMP is conducted has critical impact over the outcome of the reaction. 13 

The consideration of temperature and concentration are significant for polymerization of any new cyclic 

olefins via ROMP. In general, the most favorable conditions for a successful ROMP reaction is to use the 

highest monomer concentration at the lowest temperature possible. In order to obtain polymeric materials 

with very narrow molecular weight distribution, a living and controllable polymerization is required. 14, 15 

The distribution of polymeric materials is determined by the sample’s polydispersity index (PDI), with 

the equation as PDI=Mw/Mn=1+1/DP. Mw is the weight-averaged molecular weight, and Mn is the number-

averaged molecular weight, and DP is the degree of polymerization. Therefore, a living and controllable 
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ROMP reaction (PDI<1.5) need to realize not only a fast and complete initiation of monomer, but also a 

linear relationship between the degree of polymerization (typically Mn) and monomer consumption. 16, 17 

 

Figure 1.2. Ru-based metathesis catalysts.18  Copyright 2009 American Chemical Society 

To achieve this goal, an ideal catalyst should satisfy the following requirements: first, the catalyst 

can quantitatively and rapidly convert to the growing polymer chain; second, the catalyst need to 

minimize the intramolecular chain transfer and premature termination during the polymerization; third, 

the catalyst is able to react with accessible terminating agents for selective end-functionalization; fourth, a 

good solubility in common-used organic solvents or aqueous media is a must for catalyst; the last, the 

catalyst should be highly tolerant to common organic functional groups and some environmental 

conditions (air, moisture etc.) in practical. 7 Till now, various types of well-defined catalyst, particularly 

for olefin metathesis, have been developed, including titanium catalysts 19-25, tantalum catalysts 26-30, 

tungsten catalysts 31-34, molybdenum catalysts 35-37, and ruthenium catalysts 38-43. Among all those catalyst, 

Ru shows high stability to many polar functional groups, which draws a lot attention. 44-46 Origin from the 

1960s, RuCl3 salts were proved that it was able to facilitate the polymerization of various norbornene 

derivatives. More recently, three types of well-defined Ru-based Grubbs’ catalysts, named after Robert H. 

Grubbs, have been developed for living ROMP reaction. (Figure 1.2) 48 The first-generation Grubbs’ 

catalyst (catalyst 1 in Figure 1.2) showed good capability in generating narrowly dispersed graft 

polymers, but relatively low reactivity limiting the DP of these graft polymers. 47 The second-generation 
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Grubbs’ catalyst (catalyst 2 in Figure 1.2) is able to increase the reactivity, but result in the broad 

dispersed molecular weight because of the slow initiation. 48 Most importantly, a class of pyridine-

containing catalyst, the third-generation Grubbs’ catalyst (Catalyst 3 in Figure 1.2), was explored and 

demonstrated to mediate living polymerization. 49-54 This type catalyst possessed fast initiation, high 

reactivity and high tolerance to functional groups of norbornene-based monomers, which make it as ideal 

catalyst for the living polymerization. 

With the assistance of third-generation Grubbs’ catalyst, it is able to precisely control the 

macromolecular structure and functions. The function and hydrophobicity of final polymeric materials are 

highly determined by the monomers. Norbornene-based monomer is mostly used in our lab for the ROMP 

reaction, which can be functionalized with different moieties, including drugs 55- 58, fluorescent dyes 59- 62, 

peptides 63- 67, oligonucleotides 68-72, metal ion-chelating linkage 73-74, and other functional groups. 75-77 

Those functional groups endowed various capabilities for polymers or the further polymeric 

nanostructures, including anti-cancer drugs, fluorescent label, biomedical contrast agent, responsiveness 

to external stimuli and so on. Moreover, the ration of those functional groups on polymers can determine 

the hydrophobicity and hydrophilicity of overall polymers, which are crucial factors for further usage of 

polymers. 
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Figure 1.3. General scheme of synthesizing homopolymer, amphiphilic block copolymers and random 

copolymers via ROMP; 

As showed in Figure 1.3, norbornene-based monomers can be polymerized into 3 types of 

polymers via ROMP. In detail, the monomers with functional group R1 are polymerized with Grubbs’ 

catalyst. After certain period of time, if the polymerization is terminated, then the homopolymer, which 

only pertain one type of functional groups R1, was obtained. The number of repeat units is precisely 

controlled by the molar ratio of monomers over catalyst. If the polymerization of first monomer is not 

terminated, then the Grubbs’ catalyst is still active to initiate the second monomer with functional group 

R2. After terminating the polymerization, block copolymer was achieved with controllable block number 

for each repeat unit. In the similar way, other monomers with different functional groups R3 to Rn can be 

added into reaction for continuous polymerization before termination. The third way is, by mixing 

monomers with different functional groups together, they are randomly arranged during the 

polymerization, forming random copolymer. (Figure 1.3) Tuning the properties of each functional groups 

and the ratio of each functional monomers, we can obtain amphiphilic polymers, which can be conducted 

into nanomaterials via self-assembly or sonication-assistant emulsion methods. This has been widely 

studied, considering all advances of nanostructures. 
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1.2.2 Self-assembly of amphiphilic polymer  

The self-assembly of amphiphilic polymers has attracted considerable attention for many decades, 

and various morphologies have been observed in aqueous solutions. Since 1995, more than 20 

morphologies have been identified, including common spherical micelles, cylindrical micelles, lamellae, 

vesicles) and so on. 78- 84 (Figure 1.4) Spherical micelles, hydrophobic spherical cores surrounded by 

hydrophilic coronal chains, are usually the first aggregation to form in aqueous solution. The hydrophilic 

coronas realize the solubility of micelles in water, and the hydrophobic core can be used as carriers for 

other hydrophobic moieties, such as hydrophobic drugs 85-88 and dyes 89-92. (Figure 1.4a) The cylindrical 

micelles consist of cylindrical cores also surrounded by coronas. 93 The length of the cylindrical micelles 

varies from nanometer to tens of micrometers, while the diameter of them remain the same order of 

magnitude as the one of the primary spheres. 94-97 (Figure 1.4b) Lamellae and vesicles are composed of 

bilayers structures, 98-102 same as the bilayer structures of cell membranes. Vesicles are closed bilayers, 

with hollow spaces in the cores. (Figure 1.4d-f) Since the hollow cores are hydrophilic, the vesicles have 

been widely used as carriers for many hydrophilic entities, such as peptides/proteins 103-107, DNA 108, RNA 

109-111, hydrophilic drugs 112-116. Moreover, the hydrophobic space between bilayers can be also utilized as 

reservoirs for hydrophobic moieties 117-120. Except those normal morphologies (sphere, cylinder, vesicle), 

there still are other morphologies observed, including large compound micelles 121, tubules 122-124, onions 

125,126, bicontinuous structures etc. 127-130   

The formation of different morphologies by self-assembly of amphiphilic polymers is governed 

by thermodynamic free energy. 131 There are three main contributions to the free energy in the polymeric 

systems: the degree of stretching of blocks existed in cores, the interfacial tension between the core and 

solvent outside the core, and the repulsive interactions among chains on the corona shell. 132 Thus, factors 

that affect any of those three contributions can impact the formation of morphologies. Major factors, such 

as copolymer composition 133-135 and concentration 136, water content 137,138, nature of organic solvents 139, 

will be discussed briefly as followed. 
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Figure 1.4. Transmission electron microscopy (TEM) micrographs and corresponding schematic 

diagrams of various morphologies formed from amphiphilic PSm-b-PAAn copolymers.22 Note: m and n 

denote the degrees of polymerization of PS and PAA, respectively. In the schematic diagrams, red 

represents hydrophobic PS parts, while blue denotes hydrophilic PAA segments. HHHs: hexagonally 

packed hollow hoops; LCMs: large compound micelles, in which inverse micelles consist of a PAA core 

surrounded by PS coronal chains. Generally, the hydrophilic segments (e.g. coronas) of the crew-cut 

aggregates cannot be seen in TEM images if they are not stained. 130 Copyright from RSC 2012. 
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Figure 1.5. Schematic illustration of the possible polymer chain arrangements in different morphologies 

of AB diblocks changing from sphere (a) to cylinder (b) and to lamella (c), as the volume fraction (fA) of 

the A block (black) increases to B0.5. The dash curve in each morphology represents a part of the 

interface between A and B domains. 130 Copyright from RSC 2012.  

First, copolymer composition, which can be also described as block content, directly affect the 

self-assembly of amphiphilic polymers in aqueous solution. Normally, with long hydrophobic block, the 

polymer tends to form sphere; and along with decreasing number of hydrophobic block, the morphology 

can transit from sphere to cylinder, even to lamella. 130 (Figure 1.5)  Moreover, the concentrations of 

polymers have effects on the morphology of the aggregates. 140 When the concentration increases, the 

average number of polymer chains in each aggregate increases, which will result in the increase of core 

sizes. The mobility of the polymeric chains existed in the core will subsequently enhance, which means 

the morphology of polymeric aggregates tends to change in the direction of sphere to cylinder to lamellae. 

The water content, which is the amount of added water, also significant for the morphologies of 

polymeric materials. After the water content reaches to the critical water content (CWC), the 

morphologies of aggregates many change from spheres to cylinders and to vesicles via gradually 

increasing water content. 141 Also, to fabricate desired morphology, choosing a proper organic solvent is 

extremely critical, since the organic solvent can directly impact the dimensions of both hydrophobic and 

hydrophilic domains of polymeric aggregates.  
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With understanding of all factors that are able to influence the morphologies of polymeric 

aggregates, it is feasible to perform morphological control, including size, shape, deformation, surface 

chemistry etc. This is extremely important for driving their application in pharmaceutical industry, since 

enormous evidence have proved that physicochemical properties, such as size, shape, and surface 

chemistry, can dramatically affect the behaviors of nanoparticles in biological systems and even probably 

determine their biodistribution, clearance and biocompatibility of nanoparticles in vivo. 142 Expect size 

and shape, the deformation of polymeric nanostructure also has been proved their advances in 

accumulation in tumor sites. For example, micellar nanoparticles, obtained by self-assembly of MMP-

responsive peptide conjugated polymers, could penetrate into tumor site because of EPR effects; then, 

they were deformed into large aggregates after the MMP-responsive peptide chain cleaved by enzyme to 

facilitate their accumulation in the tumor site. 143 Also, the surface chemistry, such as surface charge 144-146 

and targeting moieties 147-149, has also been demonstrated their influences in cell uptake, biodistribution 

and so on. Thus, with the consideration of the significance of those physicochemical properties, self-

assembly polymeric nanoparticles display several superiorities over other nanoparticles in size, shape and 

surface modification due to the tunable synthesis of polymeric materials. 

1.2.3 Ultrasound-assisted evaporation-emulsion method 

As discussed above, obtaining polymeric nanoparticles by self-assembly needs the precise control 

in many factors, including the polymer composition and concentration, water content and organic solvent, 

which is relatively time-consuming and complicate. Emulsion is another widely used and researched way 

for polymeric nanomaterials fabrication. Emulsion is defined as a dispersed mixture of two or more 

immiscible liquids, normally hydrophobic oil (organic solvent) and hydrophilic aqueous solution (water, 

PBS). 150 Two immiscible liquids can form two types of emulsions. One is oil-in-water emulsion obtained 

by dispersing oil into water, the other is water-in-oil emulsion obtained by dispersing water in oil. (Figure 

1.6) In particular, the emulsion can be stabilized with emulsifiers, which can also name as surfactant. 151 
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Since amphiphilic polymers have hydrophobic tails and hydrophilic heads, they can assemble on the 

interface of oil and water, even can facilitate the emulsification.  

 

Figure 1.6. Schematic diagram of two types of emulsions: a) oil-in-water emulsion; b) water-in-oil 

emulsion. Copyright from: http://nsb.wikidot.com/c-9-5-5-4. 

Based on the sizes of droplets, emulsions can be classified as conventional emulsions, 

microemulsions and nanoemulsions (20nm-500nm). 152,153 Among them, nanoemulsions attract increasing 

attention currently due to their unique properties in biological systems, which have been widely 

investigated in drug delivery 154-157, gene delivery 158, biomedical imaging 159-162, food 163-165 etc.  To 

achieve smaller droplets size, it has been reported that surfactant and input energy are primary parameters 

need to be optimized. Increasing the surfactant content at the interface of oil and water has been proved to 

reduce the Laplace pressure, and then lead to the formation of smaller droplets. 166 Moreover, the 

preparation of nanoemulsions normally needs the assistance of mechanical high-energy input, such as 

high-shear stirring, high-pressure homogenizers and ultrasound generators. 167 The high-energy input is 

able to break the original large oil droplets into smaller ones by introducing deforming forces to overcome 

the Laplace pressure.   

Among all high-energy emulsification techniques, ultrasound-assisted emulsification has been 

successfully used to produce conventional emulsions from long time ago.168 Ultrasound waves, in the 

frequency range of 20-100 kHz, are able to induce molecular motion to rapidly form microbubbles at the 
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interface of two immiscible phases, when pass through liquid. Then, the collapse of microbubbles induces 

high-velocity jests in the liquid and subsequently intense shear forces to facilitate the formation of smaller 

droplets. 169-171 Many researches have reported using low-energy bath-sonication for fabrication of 

microemulsions and conventional emulsions, and using high-energy probe-sonication for fabrication of 

nanoemulsions as showed its setup in Figure 1.7. 172 Even the ultrasound-assisted emulsification still 

encounter some challenges, it is still widely researched and applied in multiple fields because of its non-

negligible advantages over other methods: 1) able to generate small sizes of droplets with narrow size 

distribution; 173 2) generated emulsions with higher stabilities; 174, 175 3) lower requirement on surfactant 

content for desired size; 176 4) low-cost, fast and easy to operate. 

 

Figure 1.7. Ultrasonic setup: a) batch-type ultrasonic setup; b) components of batch-type ultrasonic setup; 

c) sequence of energy transformation at different levels of the operation. 172 Copyright from Springer 

2013.  
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1.3 Magnetic Resonance Imaging (MRI) and Its Contrast Agents 

Visualizing inside the human body without surgeries has been physicians' dream since ancient 

times because it provides more detailed information for accurate diagnostics with minimum risks. 

Diagnostic molecular imaging has been proved to be an effective way to fulfill this goal with the 

development of modern medicine. 177, 178 There have been several different imaging modalities in both the 

research and clinical phases including computed tomography (CT), positron emission tomography (PET), 

ultrasound imaging (US), and magnetic resonance imaging (MRI). Each modality has its own advantages 

and limitations. 179, 180 Among all these modalities, MRI has becoming increasingly important in modern 

medicine because it is noninvasive in nature, does not use ionizing radiation that has carcinogenic 

concerns, has high spatial resolution, and retrieves diagnostic information effectively from soft tissues. 181-

184 Since its invention in early 1970s and FDA approval in 1985, MRI has witnessed tremendous 

development and evolution over the past three decades, and has been contributing significantly to the 

clinics in diagnosing various types of diseases. 

                  

Figure 1.8. Progress of MRI technology. 177 Copyright from 2011 American Chemical Society. 
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1.3.1 Mechanism of MRI 

Contrast, or contrast of the target area against the background to be more precisely, refers to the 

signal differences (in any form) between the areas of interest and the background. The contrast is the 

difference of luminescence emission intensity optical imaging, X-ray intensity after attenuation in CT, and 

magnetization in MRI. Creating contrast is the basic requirement in all modalities of imaging and 

understanding the mechanism of generating contrast is critical to improving the quality of imaging. 

Although the mechanism for generating contrast in MRI is very complicated, it can be understood as 

detecting the 1H nuclear magnetic resonance signal of water and differentiating the signal intensity in 

different areas. 185 

Briefly, when the nuclei of protons in water molecules, regardless of their surrounding chemical 

environment, are exposed to a strong external magnetic field, their proton spins are aligned to the 

magnetic field in either parallel or anti-parallel manner. 186-187 The magnetization signal parallel to the 

alignment direction is maximized while the signal in the perpendicular direction is minimized. The 

difference of signal intensity can be detected by the MRI scanner and reflected as bright and dark images. 

188 

The protons albeit with their alignment to the external magnetic field still have precession with a 

certain frequency in the range of 5 – 100 MHz known as Larmor Frequency. When a radio frequency 

resonant to Larmor frequency is sent to distract the protons from their initial alignment, the magnetization 

intensity are changed promptly in both directions. After the radio frequency is removed, the “excited” 

protons return to their initial alignment state because of the influence from the external magnetic field, but 

return in different span of time due to the interaction with the chemical environment. Therefore, at a 

certain time point before all the excited protons fully return to their initial state, the total magnetization 

intensity in direction parallel to the external magnetic field is different for various areas. The difference 

can be captured and translated as an image with contrast, which is the underlying principle for generating 

contrast in MRI. 
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Figure 1.9. Approximate values of the two relaxation time constants of various I the human body at a 

field of 1.5 T. 177 Copyright from 2011 American Chemical Society. 

 

Figure 1.10. Principle of magnetic resonance imaging. a) Spins align parallel or antiparallel to the 

magnetic field and precess under Larmor frequency (w0). b) After induction of RF pulse, magnetization 

of spins changes. Excited spins take relaxation process of c) T1 relaxation and d) T2 relaxation. 185 

Copyright from 2009 WILEY-VCH Verlag GmbH & Co.KGaA, Weinheim. 

1.3.2 Limitation of MRI 

With numerous advantages over other traditional imaging modalities, a major daunting limitation 

that prevents the use of MRI in certain conditions is the relatively low sensitivity around 10-3 – 10-5 
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mol/L. 189 The limitation is because the difference of total population between nuclear spin states (aligned 

& not aligned) is very minimal at room temperature. For example, the difference between proton spins is 

roughly 9 molecules out of 2 million in 1.5 Tesla (T), the most used magnetic field strength in the clinics 

all over the world. Higher magnetic field strength could potentially improve the sensitivity but it has not 

been fully approved and predominant in the clinics yet. Therefore, other improving/supplementing 

strategies are highly demanded to enhance the sensitivity of MRI in the current settings. 190 

1.3.3 Development of MRI contrast agents and Limitations for Gd3+-based MRI Contrast Agents 

To overcome this challenge, MRI contrast agents that selectively shorten the longitudinal (T1) 

and transverse (T2) relaxation times of water protons are developed to enhance the image contrast. 191-193 

In these two categories, contrast agents that majorly shorten the longitudinal (T1) time is often preferred 

because it produces a positive contrast (brighter spot in the darker background) in the image and is more 

convenient to identify. 191, 194-195 However, the contrast agents that are capable of shortening the T1 time 

have been limited to gadolinium (Gd3+)-based materials because of their seven unpaired electrons in the 

orbitals and long electronic relaxation time. 196 With these two features, the T1 MRI research in both 

laboratories and the clinics has been focused on and limited to Gd3+ ions. 197-198 

However, knowledge has been growing regarding the safety concerns of Gd3+ in the human 

body. 199 Gd3+ has been proved to induce nephrogenic systemic fibrosis (NSF) in the kidney and may 

cause death if it is severe. On the other hand, Gd3+ are used more often and in increasing amount on 

patients who need repeating MRI scanning to help disease diagnostics. It further increases the risk of 

exposing patients with severe kidney problems before the other diseases are cured on the patients. For 

these reasons, great effort has been devoted to developing the Gd3+-free MRI contrast agent with both 

high performance and low health risks. 200 Trivalent iron ions (Fe3+) have been found as an alternative 

rather than Gd3+ because of their five unpaired electrons, and Fe3+ is generally regarded as safe because 

they are essential in blood production in the human body. However, they have extremely low T1 MRI 
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imaging contrast (<1 mM-1s-1), this does not improve the MRI imaging quality much because of their 

poor interactions with surrounding water molecules.  

1.4 Ultrasound Imaging (US) 

Starting from the late 1940s, several groups reported the potential of ultrasound as a medical 

diagnostic imaging modality by utilizing sonar and radar technology. 201-202 Ultrasound is a wave, whose 

frequency is higher than normal sound wave, ranged from 20Hz to 20kHz. Due to its nature of wave, 

ultrasound wave can transmit energy similar as an electromagnetic wave with medium or radiation. 203 

Clinically, ultrasound imaging technique uses a probe containing multiple acoustic transducers to send 

pulses of sound in human body. Since the layers of tissues have different densities (defined as acoustical 

impedance), part of the sound wave is reflected back to the probe. The reflected sound wave is detected as 

an echo, which can be used to calculate the depth of the tissue interfaces with recording the travel time of 

echo back to probe. The echo is larger along with bigger difference between acoustical impedances. 

Because the gas have extremely lower density than tissues, and solid have higher density than tissues, so 

the difference between these two can give higher echo, which can provide the contrast under ultrasound 

imaging.  

 Till now, after decades of development in ultrasound, ultrasound imaging has become one of the 

most widely used and indispensable diagnostic techniques in clinic. For example, the number of 

ultrasound instruments used in the United States is about 10-folds of the one of computed tomography 

(CT) and 15-folds of the of magnetic resonance imaging (MRI). 204 Ultrasound possesses unique 

characteristics, including versatility, non-invasion, low cost, portability, lack of ionizing radiation, and 

real-time imaging. 205 However, compare to other imaging modalities in clinic, ultrasound still encounter 

limitation in low contrast.  
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1.4.1 The development of ultrasound imaging contrast agents 

As mentioned above, the contrast under ultrasound imaging is originated from the difference of 

acoustic impedance between each tissue. It is anticipated that the ultrasound imaging can distinguish the 

normal and abnormal conditions, such as normal organs and tumor tissues. However, it is still difficult to 

differentiate the normal tissue and disease sites only by ultrasound, considering the fact that the normal 

liver, spleen, or kidney has similar acoustic properties to many tumors and hematoma in injured organs. 

206 To address this limitation, many types of ultrasound imaging contrast agents have been developed to 

assist image delineation of organs. 

Early ultrasound imaging contrast agents is based on air microbubbles (1-5 𝜇�m), by dispersing 

air microbubbles in the biocompatible medium, due to their much lower acoustic impendence compared 

to tissues. 207 However, this type of contrast agent still encounters lots of limitation, including low 

stability, fast disruption and dissolution in bloodstream. Because of the least waster-solubility, biological 

inertia and volatility of perfluorocarbons (PFCs), PFCs were added with air microbubbles to increase their 

lifetime in bloodstream. 208-209 (Figure 1.10) Currently, PFCs were widely utilized in ultrasound contrast 

agents, either as the sole component of the gas phase or as one of the components. The most common 

strategy is building up a shell on the surface of the bubble for better stability and biocompatibility. It has 

been reported that denatured human serum albumin 210-211, phospholipid 212-214, polymer 215-218, silica shell 

219-223 and so on have been chose and demonstrated to form stable PFC-based ultrasound contrast agents.  
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Figure 1.11. The osmotically stabilized bubble concept: An osmotic equilibrium is set up where the 

water-soluble gases. Whose partial pressure inside the bubble remains essentially constant at 1 atm, 

diffuse in and out of the bubble while the added partial pressure of the PFC vapor counterbalances the 

combined forces of blood pressure and Laplace pressure. 206 Copyright from 2011 WILEY-VCH Verlag 

GmbH & Co.KGaA, Weinheim. 
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Chapter 2  

Polycatechol Nanoparticles MRI Contrast Agents 

2.1 Introduction 

Among all clinical used imaging modalities mentioned in Chapter 1, magnetic resonance imaging 

(MRI) is one of most frequently used radiological imaging that has become increasingly indispensable in 

clinical diagnosis for human diseases. 1-5 Compared to other imaging modalities, MRI has advantages in 

many aspects, including noninvasive, non-ionizing radiation, high resolution for obtaining anatomical and 

functional information on soft tissues. 6 However, because of low sensitivity inherent to MRI, many types 

of contrast agents have been developed in order to increase the sensitivity. 7-12 There are mainly two ways 

to realize the enhancement of contrast, which are catalytically shortening the longitudinal (T1) and 

transverse (T2) relaxation times of water protons. 13, 14 In the meantime, these two types of contrast agents 

were respectively defined as T1-weighted MRI contrast agents and T2-weighted contrast agents. Each of 

these contrast agents can be utilized to discriminate the difference of contrast in different tissues to 

generate MRI images, and then facilitate to the diagnosis of radiologist and physician in clinic. 

Ferromagnetic inorganic nanoparticles are the most common type to be used as T2-weighted MRI contrast 

agents, some of which have been approved by the Food and Drug Administration (FDA) or tested in 

clinical trials currently. 15-17  Most of the available T1- weighted MRI contrast agents are small molecule 

paramagnetic complexes. 18 Among T1- weighted MRI contrast agents, gadolinium (Gd3+)-based contrast 

agents have been widely used in clinical MRI for many years, due to their seven unpaired electrons 

resulting in high relaxivities (1/T1), short water residence times, and long spin relaxation times. 19 In order 

to increase their blood circulation time, Gd3+ was chelated on macromolecules to obtain the gadolinium 

chelates. However, a increasing concern about the toxicity of Gd3+ after released and accumulated in vivo 
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has attracted more and more attention for researcher and physicians. 20 For example, patients with renal 

dysfunction have been reported that higher possibilities of server diseases, such as nephrogenic systemic 

fibrosis, can be occurred after usage of Gd3+ chelates-based contrast agents. 21, 22 In order to address the 

problem of toxicity, many researchers start to focus on developing other non-toxic alternatives. Among 

them, high-spin d5 Fe3+ is highly promising for T1-weighted MRI contrast agents considering to the fact 

that the five unpaired electrons and significantly higher relaxivity than many other ions including Cu2+. 23, 

24 Additionally, various small molecule Fe3+ complexes exhibit well-preformed biocompatibility and 

stability in physiological conditions. 25-31 Therefore, the Gd-free MRI contrast agents are one way to solve 

the problem of toxicity of Gd-based MRI contrast agents. We have high interest on formulating multiple 

Fe3+-based chelates as T1-weighted MRI contrast agents to endow high relaxivity under MRI and 

inherently low toxicity by fabricating nanostructures. 

In order to elongate the blood circulation time and enhance the relaxivity of biocompatible Fe3+ 

ions, biomacromolecules have to be utilized to chelate with Fe3+ ions in order to slow tumbling of 

chelates. The catecholic ligands have been utilized extensively to chelate with Fe3+ ions because of their 

strong coordination bonds, not only in natural system but also in synthetic materials. 32 For instance, in 

microbial systems, the siderphore entrobactin has a tri-catecholate ligands architecture, which displays 

higher affinity with irons compared to some synthetic metal chelators such as EDTA.33 Moreover, 3,4-

dihydroxy-L-phenylalanine (DOPA)-Fe3+ complexes were discovered in the mussel byssal cuticle to 

provide strong and irreversible crosslinking spots to facilitate their self-healing. 34 Small molecule Fe3+ 

tris-catecholate complexes have been not only explored for iron sequestration by mimicking the tri-

catecholate ligands architecture in natural enterobactin, but also for potential T1-weighted MRI contrast 

agents even they only displayed modest relaxivities. 35-37  For Gd-based MRI contrast agents, fabricating 

into nanomaterials scaffolds is an efficient way to improve their relaxivity and also endow other 

functionalities including specific targeting and accumulation in tumoral sites. 38, 39 However, the research 

about fabricating Fe3+ tris-catecholate complexes-based nanomaterials for MRI contrast agents is in its 

infancy. Even though there are some reports that synthetic catechol-based polymers with Fe3+ were used 
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for mussel-inspired adhesives and coatings, 32, 40-46, only very limited examples have been studied as T1-

weighted MRI contrast agents. Natural sepia melanins 47, 48 and synthetic melanin-based materials 

obtained by spontaneously oxidative polymerization of dopamine 49, 50 have been primarily explored their 

performance as T1-weighted MRI contrast agents after chelating metal ions on surfaces, but still possess 

nonnegligible disadvantages such as the low payload and instabilities of metal ions. We hypothesized that 

polymerizing Fe3+ tris-catecholate complexes and formulating them into nanostructures can endow the 

materials with high stability, low toxicity, and improved relaxivity, so we prepared nanostructures 

consisting of polycatechol-Fe3+ complexes for the development of new MRI contrast agents. 

Currently, the common strategy to construct polycatechol-Fe3+ complexes as efficient T1-weighted 

MRI contrast agents is generally by obtaining complexation of natural or synthetic sepia melanin colloidal 

nanoparticles after incubating with Fe3+ salts. However, challenges in limited control over the synthetic 

colloidal chemistry for various sizes and shapes of melanin particles hindered the advances of functional 

and robust contrast agents from melanin-type materials. 40 Considering the fact of sophisticated control on 

molecular weight, functional groups and self-assembly of amphiphilic block copolymers, we believe that 

using amphiphilic block copolymers to integrate Fe3+ and then construct into nanostructure by self-

assembly may provide a promising opportunity to obtain well-defined and predictable morphologies. 51- 58 

By the use of a controlled living polymerization method, we are able to obtain well-defined and 

reproducibly accessible block copolymer architectures. As mentioned in Chapter 1, in our group, we have 

well-developed ring opening metathesis polymerization method, which enable us to relatively accurately 

control the block number and incorporate versatile functional groups on the side chains. Therefore, we 

propose that supramolecular nanostructures with rigorously controlled size, shape and composition from 

resulting Fe3+-copolymers complexes would represent a novel type of macromolecular Gd-free T1-

weighted MRI contrast agent. Control over the parameters on size, shape and composition of 

nanoparticles is extremely necessary to control their behavior in biological fluids and biological systems. 

59-60 In this work, we report our first effort on designing and synthesizing of polycatechol-based 

amphiphilic block copolymers and their Fe3+-complexes, fabricating self-assembled micellar 
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nanoparticles with different shapes, and examining the relaxation properties and stabilities of the two 

micellar nanoparticles according to the influence of shapes in vitro and ex vivo. 

 

Figure 2.1. Schematic diagram of polycatechol nanoparticles as T1-weighted MRI contrast agents.  

2.2 Synthetic Routes for the Preparation of Polycatechol Amphiphiles 

Considering the fact that the catechol-modified norbornene monomers would not polymerize via 

the standard routine of ring-opening metathesis polymerization (ROMP) method 61-62, we first synthesized 

a triblock copolymer amphiphiles as macromolecular precursor, (OEG)m-(NHS)n-(C6)p via by using a 

modified 2nd generation Grubbs’ catalyst, 63 and then we used post-polymerization functionalization 55-56 

to incorporate multiple catechol groups localized in the middle block as showed in Figure 2.2. After the 

macromolecular precursor was obtained, excess dopamine hydrochloride was then added in the presence 

of N,N-Diisopropylethylamine (DIPEA) to afford the final polycatechol amphiphiles. 1H NMR and 13C 

NMR were used to quantify the incorporation of catechol groups into the middle region of the block 

copolymers, and SEC was used to quantify the molecular weight of the block copolymers. We intend to 

obtain different micellar morphologies by varying the segment size of each block in the amphiphilic 

copolymers to tune the volume fraction of hydrophobic domain.  
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Figure 2.2. General synthetic scheme for amphiphilic tri-block copolymers. 

2.2.1 Synthesis of (OEG)38-(NHS)34-(C6)50 

Norbornene-OEG4 (194 mg, 0.548 mmol) was dissolved in 3.7 mL DMF solution, and then was 

added a solution of the initiator modified 2nd generation Grubbs’ catalyst (10 mg, 0.0137 mmol) in DMF 

(0.3 mL) under vigorous stirring. The solution turn into transparent dark brown color, and the reaction 

was left to stir in glove box for additional 30 minutes. Then, 0.1 mL solution was removed and mixed 

with an excess of ethyl vinyl ether for 30 minutes to quench the polymerization for analytical purpose. 

The dark brown solution was then precipitated out by pre-cooled diethyl ether and dried under high 

vacuum after centrifuge to give a homopolymer of 1.  

0.5 mL DMF solution of norbornene-NHS (97 mg, 0.411 mmol) was added to the remaining 

reaction mixture under stirring, and the solution was reacted in the glove box for another 30 min. 

Similarly, an analytical aliquot (0.1 mL) was removed and quenched the polymerization with an excess of 
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ethyl vinyl ether for 30 min, and precipitated by diethyl ether, centrifuged to get the polymer pellet, then 

dried under high vacuum to give a block copolymer of 1-b-2.  

Finally, to the remaining reaction mixture, a 0.5 mL DMF solution of norbornene-C6 (170 mg, 

0.685 mmol) was added and was left to stir in the glove box for additional 40 min. The polymerization 

was then quenched with excess ethyl vinyl ether (0.5 mL) after stirring for extra 20 min, and concentrated 

to dryness to give a yellow solid as the final product (OEG)38-(NHS)34-(C6)50  (392 mg, Yield: 85 %). 

SEC-MALS was used to examine the monodipersity of of each polymer subsequently. As showed 

in Figure 2.3, all three polymers displayed narrow distribution and continuous decrease of elution time 

because of the increase of molecular weight along with addition of each block. The homopolymer 1 

showed as Mn = 13.4 kg/mol and Mw = 13.9 kg/mol (PD = 1.04, NOEG = 38) under SEC; copolymer of 1-

b-2 has Mn = 21.4 kg/mol and Mw = 23.3 kg/mol ( PD = 1.09, NNHS = 34) under SEC; and the final 

macromolecular precusor triblock polymer (OEG)38-(NHS)34-(C6)50 showed as Mn = 33.8 kg/mol and 

Mw= 37.1 kg/mol (PD = 1.10, NC6 = 50). 

 

Figure 2.3. SEC overlays for polymers: (a) Homopolymer 1 (black curve), Copolymer 1-b-2 (red curve), 

and (OEG)38-(NHS)34-(C6)50 (blue curve). 
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2.2.2 Synthesis of (OEG)20-(NHS)23-(C6)43.  

In order to obtain micellar nanoparticles with different shapes, block ratios of triblock polymer 

were finely tuned to obtain different hydrophobic fraction. First, similar to the polymerization of 

(OEG)38-(NHS)34-(C6)50, to a stirred 3.7 mL DMF solution of norbornene-OEG4 (97 mg, 0.275 mmol) 

was added a solution of the initiator (IMesH2)(C5H5N)2(Cl)2Ru=CHPh (10 mg, 0.0137 mmol) in DMF 

(0.3 mL) for the first block polymerization. After stirring in glove box for 30 min, 0.1 mL analytical 

aliquot was removed and quenched with an excess of ethyl vinyl ether for another 30 min, then 

precipitated by cold diethyl ether and dried under vacuum to give a homopolymer 1.  

Next, 0.5 mL DMF solution of norbornene-NHS (65 mg, 0.277 mmol) was added to the 

remaining reaction mixture and stirred in the glove box for 30 min. The same, 0.1 mL reaction solution 

was collected and quenched with an excess of ethyl vinyl ether for 30 min, then dried under high vacuum 

to give a block copolymer of 1-b-2 for analytical goal.  

Finally, to the remaining reaction mixture was added a 0.5 mL DMF solution of norbornene-C6 

(136 mg, 0.551 mmol). After left to stir in the glove box for 40 min, the mixture was quenched with 

excess ethyl vinyl ether (0.5 mL) for additional 20 min to give a dark brown solution. After concentrated 

to small volume, the mixture was precipitated by cold diethyl ether and gave a yellow solid  after 

centrifuge for 10min and dried under vacuum as the final product (241 mg, Yield: 81 %).  

According to the evaluation under SEC-MALS of each polymer, we obtained homopolymer 1 

with Mn = 7.1 kg/mol, Mw = 7.3 kg/mol (PD = 1.03, NOEG = 20), copolymer of 1-b-2 with Mn = 12.6 

kg/mol, Mw = 13.6 kg/mol( PD = 1.08, NNHS = 23) and final triblock polymer (OEG)20-(NHS)23-(C6)43 

with Mn = 23.1 kg/mol, Mw = 25.4 kg/mol (PD = 1.09, NC6 = 43). The distribution of each peaks showed 

in Figure 2.4 were narrow which indicated that the full polymerization of each monomer and good 

monodipersity of molecular weight of polymers. 
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Figure 2.4. SEC overlays for polymers: (a) Homopolymer 1 (black curve), Copolymer 1-b-2 (red curve), 

and (OEG)20-(NHS)23-(C6)43 (blue curve). 

2.2.3 Synthesis of (OEG)38-(Cat)34-(C6)50 (Polymer 1) and Synthesis of (OEG)20-(Cat)23-(C6)43 

(Polymer 2) 

After obtained two macromolecular precursors, we use amide reaction to conjugate catechol 

groups on polymers. Briefly, (OEG)38-(NHS)34-(C6)50 (Mn = 33.7 kg/mol, 300 mg, 0.0089 mmol), 

excessive 3-hydroxytyramine hydrochloride (287 mg, 1.51 mmol), and N,N-Diisopropylethylamine (390 

mg, 3.02 mmol) were fully dissolved in 10 mL of anhydrous DMF, and then stirred at room temperature 

for 2 days to get maximal conjugation. The mixture was then precipitated into 1M HCl to remove excess 

of base. The precipitate was collected by centrifuge, then dissolved in small volume of THF. After 

repeating this process for two additional times, the brown precipitate was collected by centrifuge, and 

dissolved into 10 mL THF. A brown solid was precipitated out by addition of cold diethyl ether and then 

collected by centrifuge. The remaining solid was dissolved in small volume of THF and repeated this 

process for two additional times. The final polymer was collected and dried under vacuum overnight to 

afford a brown powder (268 mg; Yield: 86 %) as Polymer 1. 
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Then, 1H-NMR and 13C-NMR were utilized to confirm the conjugation and quantify the number 

of the catechol group localized in the middle block of polymers. As showed in Figure 2.5, after 

conjugation, the original peak around 3.0 ppm of the proton (b) (Figure 2.5a) on NHS group disappeared 

and the new peaks of around 6.5 ppm and 6.8 ppm showed representing the proton (c) and proton (d) 

(Figure 2.5b) on catechol group respectively. There are direct evidence that catechol groups have been 

successfully integrated on the middle block of triblock polymer to give the final product of polymer 1 

(OEG)38-(Cat)34-(C6)50. Moreover, the absence of peak around 6.3 ppm in both 1H-NMR demonstrated 

the full polymerization of all monomers, the peaks of around 5.8 ppm and 5.5 ppm represented the ones 

on the double carbon bond in the polymer backbone. Same as 1H-NMR spectrum, 13C-NMR was also 

confirmed the successful conjugation of catechol groups showed in Figure 2.6. The carbon (c) (Figure 

2.6a) existed in (OEG)38-(NHS)34-(C6)50 disappeared after conjugation, indicating the removal of NHS 

group after reaction. 
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Figure 2.5. 1H NMR spectra of (a) (OEG)38-(NHS)34-(C6)50, and (b) (OEG)38-(Cat)34-(C6)50 in d-DMF.   
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Figure 2.6. 13C NMR spectra of (a) (OEG)38-(NHS)34-(C6)50, and (b) (OEG)38-(Cat)34-(C6)50 in d-DMF.    

Furthermore, another macromolecular precursor, (OEG)20-(NHS)23-(C6)43 (Mn = 23.1 kg/mol, 

180 mg, 0.0078 mmol) was mixed with 3-hydroxytyramine hydrochloride (155 mg, 0.82 mmol) and N,N-
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Diisopropylethylamine (211 mg, 1.64 mmol) in 10 mL DMF for same amide reaction. The mixture was 

stirred at room temperature for 2 days. With same purification process as polymer 1, we obtained polymer 

2 (OEG)20-(Cat)23-(C6)43 as a brown powder (153 mg; Yield: 82 %). Similarly, 1H-NMR and 13C-NMR 

were utilized to confirm the conjugation of the catechol group localized in the middle block of polymers, 

showed in Figure 2.7 and Figure 2.8.  

Herein, via post-polymerization conjugation of catechol groups after routine ROMP 

polymerization, we have successfully prepared two catecolate amphiphilic polymers (polymer 1 and 

polymer 2) with different block ratios which means different hydrophobicity for following usage.  
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Figure 2.7. 1H NMR spectra of (a) (OEG)20-(NHS)23-(C6)43, and (b) (OEG)20-(Cat)23-(C6)43 in d-DMF.   
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Figure 2.8. 13C NMR spectra of (a) (OEG)20-(NHS)23-(C6)43, and (b) (OEG)20-(Cat)23-(C6)43 in d-DMF.    
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2.3 Self-Assembly of Polycatechol Amphiphiles and Characterization 

Self-assembly of amphiphiles is a ubiquitous phenomenon not only in nature and but also in 

synthetic fields. 64 Starting from phospholipids forming the membranes of living cells, to the small 

molecule surfactants generating soap bubble, all self-assembly happen with those molecules consist of 

one or more hydrophobic tails and hydrophilic head groups, which termed as amphiphiles. 65 The self-

assembly of amphiphiles has been studies for decades in order to explore various morphologies. Till now, 

morphologies, such as spheres, cylinders, bicontinuous structures, lamellae and vesicles, etc., have been 

widely researched. To obtained different stable morphologies, there are lots of factors need to be 

considered, including the copolymer composition, copolymer concentration, water content, nature of the 

common solvent, presence of additives and others. In our study, we tuned the copolymer composition to 

obtain different morphologies. 

2.3.1 Micellar Nanoparticles Formation and Characterization 

To perform the self-assembly of resulting catecholate amphiphilic block copolymers, the 

polymers were first dissolved in a selective solvent THF with an initial concentration of 2 wt%. The 

solutions were stirred at room temperature overnight to ensure complete dissolution of polymers, then 

filtered through a filter with 0.22 μm pore size to remove any dust, and finally stored as stock solutions. 

FeCl3 aqueous solution with concentration as 1 mg/mL was prepared and also filtered through a filter with 

0.22 μm pore size to remove dust for future usage. 

 Specifically, to prepare spherical micellar nanoparticles (SMN), the stock FeCl3 solution (1 

mg/mL) was added at a rate of 10 μL/hour using a syringe pump to a vial containing 2 g of a stock THF 

solution of Polymer 1. The addition of FeCl3 solution was continued until the initial concentration of 

polymer 1 2.0 wt% reached to the final water content as 70 wt%. Then the solution was dialyzed against 

large volume of deionized water for three days to remove the organic solvent THF and any unchelated 

Fe3+ ions. Then, the solution of stable SMN was collected for future characterization. Similarly, 
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cylindrical micellar nanoparticles (CMN) were generated using Polymer 2 which consists of a higher 

volume fraction of the hydrophobic domain, under precisely the same conditions. 66 

The two well-defined micellar morphologies were characterized by cryo-transmission electron 

microscopy (TEM) and dry state TEM (Figure 2.9 a-d), clearly showed the diameters for SMN and CMN 

of approximately 30 nm and 25 nm, respectively. The length of cylindrical micellar nanoparticles cannot 

be precisely controlled in contrast of their diameter, [23] and the TEM images clearly displayed that a 

majority of prepared CMN possess length over 1 µm in this study.  In order to demonstrate the chelation/ 

existence of Fe3+ ions in two micellar nanoparticles, bright field scanning transmission electron 

microscopy (BF-STEM) and high angle annular dark field HAADF-STEM were used to detect high 

contrast metal elements (heavy nuclei) in both SMN and CMN (Figure 2.9 e-h). Moreover, selected areas 

showed under BF-STEM were investigated with energy dispersive X-ray spectroscopy (EDS) to confirm 

the presence of Fe3+ ions localized inside the micellar nanoparticles (Figure 2.10 and Figure 2.11). In 

particular, the EDS profiles showed in Figure 2.10b and Figure 2.11b indicated that the contents of Fe 

element in the testing areas of SMN and CMN were significantly higher than those on the grid surface 

background, which were consistent with the elemental mapping analysis results (Figure 2.10a and Figure 

2.11a). Additionally, in order to investigate the stability of two morphologies, we observed SMN and 

CMN via TEM again after stored two micellar nanoparticles in aqueous solution for at least 6 months 

(Figure 2.12). The images showed that both micellar nanoparticles retained their original morphologies, 

indicating their morphological stabilities. 

 



 

53 

 

Figure 2.9. Electron microscopy of the resulting micellar nanoparticles. (a) Unstained dry state TEM 

image, (b) cryo-TEM image, (e) BF-STEM image, (f) HAADF-STEM image with insertion of iron 

mapping of SMN formed from Polymer 1; (c) Unstained dry state TEM image, (d) cryo-TEM image, (g) 

BF-STEM image, (h) HAADF-STEM image with insertion if iron mapping of CMN formed from 

Polymer 2. 

 

 
Figure 2.10.  (a) Selected area BF-STEM of SMN with area chosen for EDS analysis, insert is the EDS 

Fe elemental mapping image of selected area; (b) EDS profiles of SMN from the testing area and 

background in (a). 
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Figure 2.11. (a) Selected area BF-STEM of CMN with area chosen for EDS analysis, insert is the EDS Fe 

elemental mapping image of selected area; (b) EDS profiles of CMN from the testing area and 

background in (a). 

 

 
Figure 2.12. Unstained dry state TEM images of micelles after 6 months stored at room temperature: (a) 

SMN, and (b) CMN. 

2.3.2 Relaxometric Characterization of Micellar Nanoparticles 

Before moving to further relaxometric characterization of micellar nanoparticles, the 

concentrations of Fe3+ ions in two micellar nanoparticles were determined first by inductively coupled 

plasma-optical emission spectrometry (ICP-OES) using a Perkin Elmer Optima 3000DV spectrometer in 
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the Scripps Institution of Oceanography, University of California San Diego. Briefly, 100 μL micellar 

solutions, respectively, were added to 1% HNO3 in water (1900 μL), and then stirred for about 12 hours in 

order to digest all Fe3+ ions outside of micellar nanoparticles.  

After determining the concentration of Fe3+ ions in SMN and CMN respectively, the basic 

relaxation properties of these two micellar nanoparticles were secondly investigated using their 1H 1/T1 

nuclear magnetic relaxation dispersion (NMRD) profiles (Figure 2.13). The NMRD profiles of SMN and 

CMN displayed a similar shape and different amplitude acquired under magnetic field strengths from 0.01 

MHz to 70 MHz. At low magnetic fields (ca. 0.01-0.05 MHz), both SMN and CMN showed poorly 

defined plateaus, which mean the relaxivities of both micellar nanoparticles kept stable in this range. 

Then, started from approximate 0.05 MHz, both showed a wide dispersion along with the increase of 

magnetic field strengths, and a broad hump at higher frequencies around 40 MHz. The ratios of the 

relaxivity values of CMN and SMN at low (0.01 MHz) over high fields (60 MHz) are equal to 1.6 and 

1.4, respectively. Relaxivity, r1, was calculated from the slope of the longitudinal proton relaxation rates 

(R1) dependence on concentration. 67 A lot of researchers have discovered that, r1 is caused by the metal-

bound and/or proximate hydrogen-bonded water molecules interacting with the unpaired electrons of the 

metal ions, dipolarly: 

                         r1 = fM × (T1M + τM)-1 + r1
os                                                       (1) 

where fM is defined as the mole fraction of interacting water molecules, T1M is the proton relaxation time 

due to the paramagnetic Fe3+ ions, τM indicates the mean water exchange lifetime and r1
os is the 

contribution of outer-sphere fast diffusing water protons on relaxivity. 68-72 1/T1M depends on several 

physical constants, including r6, the distance of the interacting dipoles (metal ion-water hydrogen 

distance), a correlation time (τC) for the proton-electron dipolar interaction (magnetic fluctuation), the 

proton Larmor frequency ωI, and electron Larmor frequency ωS. In the inflection points of the both 

NMRD profiles, which reflect the condition of ωSτC = 1, we estimated the correlation time as 0.4-0.6 ns 

approximately. At high magnetic fields, both profiles of SMN and CMN showed broad humps with 

relaxivity values higher than 6 mM-1s-1, which strongly indicated that the relaxivities of both SMN and 
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CMN were not dominated by a simple outer-sphere (r1
os) mechanism. These high relaxivities in high 

magnetic fields, in one hand, might partially derived from the presence of inner-sphere water interactions, 

which resulting from the dynamic Fe3+(catecholate)2(H2O)2 moieties. In another hand, the contributions to 

enhanced relaxivities might largely arise from one or more second-sphere water interacting with the 

coordinatively saturated, six-coordinate, Fe3+(catecholate)3, 73-75 which was also observed in small 

molecule Fe3+(catecholate)3 complexes similarly.  

Herein, at a very low magnetic field strength, the Zeeman energy is smaller than the zero field 

splitting energy, the Solomon-Bloembergen-Morgan (SBM) theory is limited to the fully description of 

the behavior of slowly rotating system. 76 Therefore, the NMRD profiles of both SMN and CMN showed 

in Figure 2.13 were only fitted in the high magnetic field region. In particular, the presence of different, 

non-equivalent Fe3+ ions in two micellar nanoparticles might be the reasons for the deviation from the 

behavior of a well-defined Lorentzian in these profiles. Also, the differences of two micellar nanoparticles 

displayed in these NMRD profiles might reflect discrepancies of second sphere water molecules around 

the Fe3+ ion centers, which have characteristic and different electronic relaxation times. Those 

discrepancies might include the factors of the structures and dynamics, such as number, distance and 

lifetime. 

 

Figure 2.13. 1H NMRD profiles for SMN and CMN at 298K. 
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These second-sphere water interactions probably were generated from the dynamic hydrogen bonds 

of water molecules to polar groups on the nanoparticles proximal to Fe3+ (catecholate)3 sites, or to oxygen 

atoms on the Fe3+(catecholate)3 sites themselves. The hydrogen bonds between oxygen atoms of the FeO6 

core and polar H-X units (X= O, N) played significant roles in structurally characterized 

Fe3+(catecholate)3 complexes. To demonstrate the feasibility of second-sphere interactions between water 

molecules and paramagnetic Fe3+ (catecholate)3 cores, two Cambridge Structural Database (CSD) 

searches were processed with following search criteria:  

 

72 unique structures representing the hydrogen-bonding interactions between the O in the primary 

coordination sphere of Fe3+ (catecholate)3 complexes and polar H-O or H-N bonds were found totally, 

including both intra- and inter-molecular hydrogen bonding interactions. Figure 2.14 displayed five 

selected examples to illuminate different types of hydrogen-bonding interaction along with CSD codes. 

Moreover, the hydrogen bonding interaction between the H atoms in water and the O atoms in transition-

metal catecholate complexes have been verified in both Ni 75 and Mn 76 complexes by direct X-ray 

crystallography, strongly demonstrating that such second-sphere water interaction mechanism are 

reasonably existed in these nanoparticle systems. 

O O

Fe H O

X O O

Fe H N

X

Query 1 Query 2
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Figure 2.14. Five selected examples of hydrogen bonding interaction. (a) Fe(catecholate)3 Example #1 

with intermolecular hydrogen-bonding to piperidinium cations and H2O. H2O hydrogen atoms were not 

located in the data set (CSD Codes: BICSEL and CATFEP); [2] (b) Fe(catecholate)3 Example #2 with 

intramolecular hydrogen-bonding to amide N-H groups (CSD Code FUDRUR);[3] (c) Fe(catecholate)3 

Example #3 with intramolecular hydrogen-bonding to amide N-H groups (CSD Code SUCDAV10);[4] 

(d) Fe(catecholate)3 Example #4 with intramolecular hydrogen-bonding to amide N-H groups (CSD Code 

FERJES). (e) Fe(catecholate)3 Example #5 with intermolecular hydrogen-bonding to indol N-H groups 

(CSD Code CEZYIR). Note that in this example, intermolecular hydrogen-bonds fully support a host-

guest interaction between two tris(indolemethylene)amine molecules and an [Fe(Br4Cat)3]3– trianion. 

 Therefore, by assuming that two second-sphere water molecules presented in two micellar 

nanoparticles at a interacting dipole (Fe3+ ion-water hydrogen distance) as 3.3±0.1 Å with a residence 

lifetime of ca. 2 μs 77, the NMRD profiles were fit to calculate the rotational correlation times 

respectively.  The results of SMN and CMN were showed in Table 2.15, which the rotational correlation 

times were 448 and 490 ps respectively, which were consistent with the ones reported for bovine 

lactoferrin 77 and methemoglobin 78.  

 

 

a b c

d e
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Table 2.15.  Selected relaxation parameters obtained from the analysis of NMRD profiles shown in 

Figure 2.13. a 20 MHz and 298 K; b the parameters for electronic relaxation are used as empirical fitting 

parameters and do not have a real physical meaning for slowly tumbling nanosized systems. Low-field 

data, those most affected by electronic relaxation, were not included in data analysis; c fixed during the 

fit. 

 

Additionally, both Fe3+ ion-chelated polycatechol SMN and CMN exhibited higher r1 values than 

that of mononuclear Fe3+ (catecholate)3 complexes in general. For example, at a magnetic field strength of 

20 MHz, r1 values for SMN and CMN are about 8.0 mM-1s-1 and 9.0 mM-1s-1 respectively, while r1 value 

of small molecule Fe3+(catecholate)3 complexes is approximately 2.0 mM-1s-1. It was the macromolecular 

scaffolds that could effectively enhance the relaxivity of T1-weighted MRI contrast agents by confining 

the rotational mobility of the complexes. 79-80 Moreover, by comparing to clinically used Gd3+-based T1-

weighted MRI contrast agents, both SMN and CMN possessed higher r1 values per Fe3+ ion across a wide 

range of applied magnetic field strengths when larger than 10 MHz (Figure 2. 16a). This can facilitate the 

clinical usage in the future considering the fact that higher magnetic field can realize higher resolution of 

MRI images. For instance, at a magnetic field strength as 1.0 T and 298 K, the r1 value of CMN was 2 

times and the r1 value of SMN was 1.69 times of the one of Gd-DOTA, respectively (Figure 2.16 b); at a 

magnetic field strength as 1.5 T and 298K, the r1 values of both SMN and CMN were still significantly 

higher than the one of Gd-DOTA. 
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Figure 2.16. (a) 1H NMRD profiles for CMN, SMN, and Gd-DOTA; (b) r1 value per Fe3+ of CMN, SMN, 

and Gd-DOTA at field strength of 1 T and 1.5 T, respectively.   

2.4 In Vivo Relaxivities Examination of Polycatechol Nanoparticles 

Nowadays, the magnetic field strengths of MRI instruments used in clinically are ranged from 1.4 

T to 4.7 T. The higher magnetic field strength of 7T has been developed for small animal testing only. The 

MRI instrument can be performed under higher magnetic field is the future, because of the possibilities of 

higher resolution of images. Therefore, the relaxivities of both SMN and CMN were investigated under 

different magnetic fields (1.41T and 7T). Moreover, for future application in vivo, the stabilities in Fe3+ 

ions chelation and relaxivities of both SMN and CMN were monitored in different biological fluids 

including PBS and FBS. 

2.4.1 Relaxivities of polycatechol nanoparticles in different mediums 

First, aqueous solutions of both micellar nanoparticles with various concentrations were prepared, 

after using ICP-OES to determine the Fe3+ ion concentration, for following examination of the 

longitudinal and transverse relaxation times (T1 and T2) at clinically relevant field strengths (Bo = 1.41 T) 

via relaxometer. Then, their relaxivity values (r1 and r2) were quantitatively calculated through the slopes 

of 1/T1 or 1/T2 over Fe3+ ion concentration. (Figure 2.17 and Figure 2.18). As showed in Figure 2.17a and 
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Figure 2.17b, both SMN and CMN exhibit high relaxivity values, that r1 value of SMN was equaled as 

7.1 mM-1s-1 and r1 value of CMN was equaled as 7.9 mM-1s-1) for potential clinical usage. Moreover, as 

showed in Figure 2.18, the r2/r1 ratios of both SMN and CMN in water were low proximal to 1, which 

r2/r1 ratio for SMN was 1.25, and r2/r1 ratio for CMN was 1.40. This result indicated that positive contrast 

enhancement (brightening images) dominated because the interference from T2 effects (darkening images) 

was relatively small, which means both SMN and CMN were suitable for Gd-free clinical contrast agents 

for T1-weighted MRI. Furthermore, the aqueous solutions of both micellar nanoparticles with same Fe3+ 

ion concentration, confirmed by ICP-OES, together with water and FeCl3 solution with same Fe3+ ion 

concentration as controls, were tested under 7T MRI to obtain the MRI images. As showed in Figure 

2.17c, both SMN and CMN in aqueous solution displayed much brighter images compared to water, but 

similar brightness as the FeCl3 solution with same Fe3+ ion concentration, which was confirmed the 

conclusion that both SMN and CMN were T1-weighted MRI contrast agents. 

Subsequently, in order to investigate the possibility of usage of both micellar nanoparticles in 

vivo, the stabilities of SMN and CMN in serum (FBS) were also examined in three respects: first, the 

stabilities of morphologies of both micellar nanoparticle morphologies were observed over time in serum; 

secondly, the stabilities of metal ions chelating on both micellar nanoparticles were monitored over time 

in PBS; lastly, the stabilities in relaxivities values of both Fe3+-chelated micellar nanoparticles were 

examined in serum under both 1.41 T and 7 T over time. For the morphological stability, many studied 

have announced that some micelle-based therapeutic systems generally collapsed in the presence of serum 

lipids and proteins in vivo. 81 However, the two types of micellar nanoparticles fabricated in our work 

were benefited by the presences of interchains and multiple Fe3+-catecholate coordination bonds in the 

micellar interfaces and subsequently forming crosslinking networks of individual polymer chains. 82-85 

Therefore, two micellar nanoparticles in our work could be stable for more than 20 days in full FBS, even 

at a high concentration over 20 mg/mL.  

For the stabilities of Fe3+ ion chelation on micellar nanoparticles over time, we dispersed both 

SMN and CMN respectively in PBS (pH=7.4) under room temperature and monitored the Fe3+ ion 
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concentration by ICP-OES with different incubation time points. As showed in Figure 2.20, the 

concentrations of Fe3+ ions in both micellar nanoparticles still remained over 90% of original 

concentrations even after incubating in PBS for over 160 hours (~7 days), which clearly indicated the 

strong binding capacity and affinity of catechols for Fe3+  and the stabilities of Fe3+ ion chelation in both 

micellar nanoparticles. 

Finally, for the stabilities of relaxivities of both SMN and CMN, the r1 and r2 values after 3 days 

incubation in FBS were exanimated under 1.41 T relaxometer and 7 T MRI, respectively. The results 

indicated that r1 and r2 values of both micellar nanoparticles were almost identical before and after 

incubating in FBS for 3 days (Figure 2.17a, Figure 2.17b, Figure 2.18 and Table 2.19). The r1 value of 

SMN changed from 7.3 mM-1s-1 to 8.9 mM-1s-1, and the r1 value of CMN changed from 7.8 mM-1s-1 to 8.8 

mM-1s-1 after incubating in full FBS for 3 days. The slight increase in relaxivity values of both SMN and 

CMN might be the results of the interaction between nanoparticles with proteins in FBS, because the 

increase of molecular weight after binding with proteins could slow the tumbling of nanoparticles. 86 

Moreover, the brightness images of both SMN and CMN obtained with 7T MRI were similar before and 

after incubating in FBS for 3 days, and also were similar to the ones in PBS. Compared the pure FBS, 

both SMN and CMN in FBS indicated significant enhancement of brightness under 7T MRI, which could 

realize increased contrasts. (Figure 2.17c) However, it was worthy emphasizing that the MRI signal from 

free FeCl3 solution with same Fe3+ ion concentration as the one in SMN and CMN solution was 

immediately quenched in FBS (Figure 2.17c). This might be due to the participation of free ions in redox 

reactions in the biological fluid 87, and also suggested that advances of stability of chelation of metal ions 

on micellar nanoparticles in biological fluids. We also summarized the relaxivities under 1.41 T of both 

micellar nanoparticles in different media for a better comparison, showed in Table 2.19. 
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Figure 2.17. Relaxivity characterization of micellar nanoparticles. (a) Plots of 1/T1 vs Fe3+ concentration 

for SMN in different medium with calculated r1 (blue plot: SMN in water, red plot: SMN in freshly 

prepared FBS, and green plot: SMN in FBS for 3 days); (b) Plots of 1/T1 vs Fe3+ concentration for CMN 

in different medium with calculated r1 (blue plot: CMN in water, red plot: CMN in freshly prepared FBS, 

and green plot: CMN in FBS for 3 days); (c) T1-weighted MR images captured on a Bruker 7.0 T magnet 

from free Fe3+, SMN and CMN in different media ([Fe3+] is at 0.6 mM in each tube) 
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Figure 2.18. Plots of 1/T1 and 1/T2 vs FeIII concentration for SMN in water (a), CMN in water (b), SMN 

in freshly prepared FBS (c), CMN in freshly prepared FBS (d), SMN in FBS for 3 days (e), and CMN in 

FBS for 3 days (f) with the calculated r1 and r2, respectively.    
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Table 2.19. Relaxivity Data for Micellar Nanoparticles in Different Media.* The magnetic field strength 

for T1 and T2 measurement is 1.41 T. 

 

 

Figure 2.20. Stability studies of Fe3+-chelated SMN and CMN in PBS. 
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2.4.2 Magnetization data of polycatechol nanoparticles 

Magnetization of both micellar nanoparticles under variable magnetic fields and temperatures 

were performed using a superconducting quantum interference device (SQUID), in order to confirm that 

the observed MRI contrast arises from multiple isolated Fe3+-catecholate sites. Briefly, about 10 mg of 

two micellar nanoparticles were freeze-dried into solid powders, packed into standard Quantum Design 

plastic sample holders, and then tested their magnetization in DC mode. All magnetization data were 

corrected for diamagnetic contributions by using Pascal’s constants. The magnetization over applied 

magnetic fields were plotted according to the changes of the test temperature. Significant curvature only 

showed at temperatures less than 24 K, which indicated the fact of isolated paramagnetic iron centers 

(Figure 2.21).  

     

Figure 2.21. Magnetization data collected as a function of applied magnetic field for (a) SMN and (b) 

CMN from 2-300 K. 

The lack of magnetic saturation, even at 7 T and 2 K, declared that a significant magnetic 

anisotropy was associated with the spin state and coordination environment of the Fe3+ ion; however, 

quantitative fitting of the data was not possible. This indicated that a range of Fe3+ ions environments may 

be present within SMN and CMN micelles, which was consistent with the broad NMRD profiles showed 

in Figure 2.13. When the test temperatures exceed 24 K, the magnetization of both SMN and CMN were 

completely linear with the applied magnetic fields, proving that the abilities of SMN and CMN for T1-
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weighted MRI contrast agents resulted from the isolated Fe3+-catecholate complexes inside the micellar 

nanoparticles. 

2.4.3 Ex Vivo MRI Examination of Polycatechol Nanoparticles 

Considering the fact of the uptake of micellar nanoparticles inside cells after their utilization in 

vivo, the cytotoxicities of both SMN and CMN in Hela cells were first investigated prior to investigation 

of their MRI performance in HeLa cells. Briefly, HeLa cells were placed on 96-well plates with 1*104 

cells per well in full cell medium (high-glucose DMEM medium which contained 10% FBS and 1% 

antibiotics), and then were incubated at 37 oC in 5% CO2 humidified atmosphere overnight for cell 

adhesion on surface. Then, SMN and CMN with various concentrations of Fe3+ ions from 0.5 µM to 100 

µM were dispersed in full cell medium, and were added in each well respectively. After incubating for 24 

hours and 48 hours, 10 μL of CCK-8 solution was added to each well with additional 4 hours incubation 

for another 4 hours at 37 oC resulting in the formation of formazan crystals. Then a microplate reader was 

used to collect the absorbance at 460 nm of each well. The absorbance value of the Hela cells without 

treatment of nanoparticles was defined as reference of 100% cellular viability, and the viabilities of the 

Hela cells with treatment of two micellar nanoparticles respectively were calculated corresponding to the 

reference. As showed in Figure 2.22, Similar to Fe3+-chelated melanin nanoparticles and many other kinds 

of polycatechol-based biomaterials, 88-89 both SMN and CMN showed high cell viabilities with both 24 

hours and 48 hours incubation, even under the highest dosage of 100 µM Fe3+ ions.  
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Figure 2.22. Cytotoxicity assay for HeLa cells incubated with various concentrations of Fe3+ ions in SMN 

(a) and CMN (b). 

Next, solutions of SMN and CMN in full cell medium, with identical Fe3+ ions concentrations as 

67.5 µM, were added into HeLa cells incubating for different periods of time including 4 hours, 12 hours, 

24 hours, and 48 hours respectively at normal cell culture condition. The cells were washed with PBS for 

three times to remove excess nanoparticles, and then treated with 0.05% trypsin for several minutes until 

cells were round. The cells were gathered by centrifuge at 300 g for 3 min and washed with PBS buffer 

for two times. The number of cells in each sample was counted for further calculation. The cell pellets 

were fixed with 1% agarose gel, and observe by 7T MRI. T1 contrast was determined by selecting regions 

of interest (ROI) using Software ParaVision Version 5.1. After obtained the MRI images of cell pellets, 

the cells were digested by 70% HNO3 solution under bath sonication for overnight, and then monitored 

the concentrations of Fe3+ ions by ICP-OES. The Fe3+ ions quantities of each sample were normalized to 

106 cells for comparison of T1 values. As showed in Figure 2.23a, surprisingly, cell pellets with incubation 

of SMN displayed a continuous increase of brightness in MRI images along with the extension of 

incubation time, which might resulted from the continuous uptake and accumulation inside Hela cells. In 

the meantime, it was found that T1-weighted MRI images of HeLa cell pellets incubated with CMN 

exhibited much stronger T1 signal enhancement (shorter T1 relaxation time) with 4 hours and 12 hours 

incubation, compared to those incubated with SMN. 
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Figure 2.23. (a) In vitro T1-weighted MR images of HeLa cells incubated with SMN and CMN ([Fe3+] is 

67.5 µM) for different periods of time; TEM image of SMN (b) and CMN (c), trapped inside vesicles of 

HeLa cells (see Figure 2.24 for additional cellular TEM images); (d) Quantitative determination of 

intracellular Fe3+ content (per 106 cells) for HeLa cells incubated with SMN and CMN for different 

periods of time and their corresponding T1 relaxation values. 

Then, the cell TEM was performed to confirm the uptake of two micellar nanoparticles inside 

Hela cells. To prepare cell slice, HeLa cells were first seeded in 35 mm round tissue culture dishes till 

80% confluency. Then, the Hela cells were incubated with micellar nanoparticles with the concentration 

of Fe3+ ions as 67.5 µM for 24 hours at 37 oC. The cells were washed with PBS for three times to remove 

excessive nanoparticles, and then were fixed with 0.1 M SC buffer (2% glutaraldehyde in 0.1 M sodium 

cacodylate buffer, pH = 7.4) on ice for overnight, followed by post-fixation with 1% osmium tetroxide in 

0.1 M SC buffer for 1 hour on ice. Then cell pellets were washed, stained with 2% uranyl acetate (UA) for 

additional 1 hour on ice, dehydrated in a graded series of ethanol (50%, 70%, 90% and 100%) for 5-8 min 

each, and dried in acetone at room temperature. After that, the cell pellets were infiltrated by 50:50 dry 

acetone/durcupan for 2 hours, followed by 100% durcupan overnight and 2X 100% durcupan next day 

with continuous rotation. Finally the embedded cell pellets were incubated in an oven at 60 oC for 36-48 

hours and ready for cut. The ultrathin sections were observed under TEM under 80 kV. From the TEM 

images, we can clearly observe the internalization of both micellar nanoparticles in vesicles of Hela cells, 
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while the organelles, including mitochondria and Golgi apparatus, still possessed featured structure 

indicating the nontoxicity of two micellar nanoparticles on Hela cells. (Figure 2.23b and Figure 2.23c) 

Moreover, by analyzing multiple cell TEM images, we concluded that, In this study, poly(Fe3+-

catecholate)-based nanoparticles had a higher extent of internalization into HeLa cells with cylindrical 

morphology than the ones with spherical morphology. (Figure 2.24) This phenomena is a agreement with 

the previous reports of shell-crosslinked spherical and cylindrical micelles, 90 as well as polymer brush-

based spherical and long rod-like nanostructures. 91 Moreover, many studies have demonstrated that shape 

of nanostructures plays a critical role not only in cell internalization, but can also in biodistribution in 

vivo. 91 These preliminary results showed the high promise in optimization and tunability in the design of 

self-assembled nanoparticles for future in vivo application, and also emphasized the advantages of using 

well-defined polymers via a living polymerization method for nanofabrication. In particular, we have 

demonstrated that the Fe3+ ion chelated polycatechol nanoparticles have similar performances in T1-

weighted MRI contrast agents to synthetic Fe3+ ion chelated-melanin colloidal nanoparticles prepared by 

oxidative polymerization, however, have outstanding advances on tunable morphologies over synthetic 

melanin colloidal nanoparticles. 

To confirm the shape-dependent uptake in Hela cells, quantitative analysis of intracellular Fe3+ 

ions was performed with ICP-OES. As mentioned above, the cells after incubating with two micellar 

nanoparticles for different time periods were quantified and digested in HNO3 solution to test the 

concentration of Fe3+ ions. The quantities of Fe3+ ions were normalized to 106 cells. As showed in Figure 

2.23d, a significant increase of Fe3+ ions was detected in CMN in the first 4 h, and then the quantities of 

Fe3+ ions reached a plateau starting from 12 hours, which was consistent with the trend of changes of T1 

values for each corresponding cell pellet; on the contrary, a gradual increase of intracellular Fe3+ content 

was observed in SMN indicating the continuous uptake of SMN inside Hela cells over incubation time, 

matching the gradually decrease of T1 values in the cell pellets. There even wasn't a saturation of 

intracellular Fe3+ content after incubation for over 48 hour.  
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Figure 2.24. Additional TEM image of SMN (a, b) and CMN (c, d), trapped inside vesicles of HeLa cells. 

2.5 Conclusion 

In conclusion, we have successfully synthesized Fe3+ ions chelated polycatechol amphiphilic 

copolymers, formulated them as micellar nanoparticles with tunable morphologies, and developed a new 

class of efficient and biocompatible T1-weighted MRI contrast agents. Our approach utilized tunable tri-

block amphiphilic copolymers based on a controlled living polymerization method, and this synthetic 

route gave access to the formation of different shapes of nanoparticles by self-assembly and then the 

performances of different physical and physiological behavior, compared to recently reported natural or 

synthetic melanin-based T1-weighted MRI contrast agents. These nanoparticles are highly promising to be 
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utilized for a new type of Gd-free T1-weighted MRI contrast agents in clinical diagnosis, considering their 

enhanced relaxivities, long-term stabilities in biological media and biocompatibilities. We further 

confirmed the uptake of two resulting nanoparticles in Hela cells, and also enhanced positive contrasts for 

T1-weighted MRI after the uptake and accumulation in HeLa cells. Significantly, we also observed that 

the shapes of micellar nanoparticles had a obvious effect on cell uptake, and then resulting in the cells 

incubated with cylindrical micelles showed brighter contrast and shorter relaxation times under 7T MRI, 

compare to the ones incubated with the analogous spherical micelles. Therefore, Fe3+ ions chelated 

polycatechol nanoparticles are a promising new type of Gd-free MRI contrast agents, and their 

performances in vivo are still under further investigation. 

2.6 Acknowledgements 

Chapter 2 is adapted in full print from Yiwen Li,* Yuran Huang,* Zhao Wang, Fabio Carniato, 

Yijun Xie, Joseph P. Patterson, Matthew P. Thompson, Christopher M. Andolina, Treffly B. Ditri, Jill E. 

Millstone, Joshua S. Figueroa, Jeffrey D. Rinehart, Miriam Scadeng, Mauro Botta, Nathan C. Gianneschi, 

titled “Polycatechol Nanoparticle MRI Contrast Agents” in Small, 12(5), 668-677, 2016;. Copyright 2016 

Wiley-VCH. The dissertation author is the co-first author of this chapter. For the Chapter 2, I would like 

to thank Dr. Yiwen Li for starting up and having me to contribute this project. Dr. Yiwen Li taught me 

about the fabrication of micellar nanostructures via self-assembly of amphiphiles, guided me about the 

examination of MRI contrast in vitro and in cells. I also appreciate my colleague Zhao Wang and Dr. 

Matthew P. Thompson to provide help of synthesis of monomers and polymers used in this project. 

Thanks to our collaborators, Fabio Carniato, Christopher M. Andolina, Jill E. Millstone and Dr. Mauro 

Botta for providing their contributions in 1H NMRD profiles of our micellar nanoparticles. Moreover, I 

appreciate the help from Yijun Xie, Dr. Treffly B. Ditri and Prof. Jeffrey D. Rinehart about the discussion 

and analysis of magnetic properties of our micellar nanoparticles. In the end, I would like to thank Dr. 

Joseph P. Patterson for characterizing our micellar nanoparticles by using liquid-cell cryoTEM. 



 

73 

2.7 References 

[1] R.R. Edelman, S. Warach, Magnetic resonance imaging, New England Journal of Medicine, 328 

(1993) 708-716. 

[2] T.T. Pham, G.P. Liney, K. Wong, M.B. Barton, Review Article: Functional MRI for Quantitative 

Treatment Response Prediction in Locally Advanced Rectal Cancer, The British Journal of Radiology, 

(2017) 20151078. 

[3] M.D. Fox, M.E. Raichle, Spontaneous fluctuations in brain activity observed with functional magnetic 

resonance imaging, Nature Reviews Neuroscience, 8 (2007) 700-711. 

[4] M. Aznar, R. Sersar, J. Saabye, C. Ladefoged, F. Andersen, J. Rasmussen, J. Löfgren, T. Beyer, 

Whole-body PET/MRI: the effect of bone attenuation during MR-based attenuation correction in 

oncology imaging, European journal of radiology, 83 (2014) 1177-1183. 

[5] Y. Huang, S. He, W. Cao, K. Cai, X.-J. Liang, Biomedical nanomaterials for imaging-guided cancer 

therapy, Nanoscale, 4 (2012) 6135-6149. 

[6] E. Terreno, D.D. Castelli, A. Viale, S. Aime, Challenges for molecular magnetic resonance imaging, 

Chemical reviews, 110 (2010) 3019-3042. 

[7] H.B. Na, I.C. Song, T. Hyeon, Inorganic nanoparticles for MRI contrast agents, Advanced materials, 

21 (2009) 2133-2148. 

[8] P. Caravan, Strategies for increasing the sensitivity of gadolinium based MRI contrast agents, 

Chemical Society Reviews, 35 (2006) 512-523. 

[9] M. Mikawa, H. Kato, M. Okumura, M. Narazaki, Y. Kanazawa, N. Miwa, H. Shinohara, Paramagnetic 

water-soluble metallofullerenes having the highest relaxivity for MRI contrast agents, Bioconjugate 

chemistry, 12 (2001) 510-514. 

[10] H. Kobayashi, M.W. Brechbiel, Nano-sized MRI contrast agents with dendrimer cores, Advanced 

drug delivery reviews, 57 (2005) 2271-2286. 

[11] K.M. Taylor, J.S. Kim, W.J. Rieter, H. An, W. Lin, W. Lin, Mesoporous silica nanospheres as highly 

efficient MRI contrast agents, Journal of the American Chemical Society, 130 (2008) 2154-2155. 

[12] É. Tóth, R.D. Bolskar, A. Borel, G. González, L. Helm, A.E. Merbach, B. Sitharaman, L.J. Wilson, 

Water-soluble gadofullerenes: toward high-relaxivity, pH-responsive MRI contrast agents, Journal of the 

American Chemical Society, 127 (2005) 799-805. 



 

74 

[13] G.J. Stanisz, E.E. Odrobina, J. Pun, M. Escaravage, S.J. Graham, M.J. Bronskill, R.M. Henkelman, 

T1, T2 relaxation and magnetization transfer in tissue at 3T, Magnetic resonance in medicine, 54 (2005) 

507-512. 

[14] Z. Zhou, D. Huang, J. Bao, Q. Chen, G. Liu, Z. Chen, X. Chen, J. Gao, A synergistically enhanced 

T1–T2 dual‐modal contrast agent, Advanced materials, 24 (2012) 6223-6228. 

[15] H.B. Na, I.C. Song, T. Hyeon, Inorganic nanoparticles for MRI contrast agents, Advanced materials, 

21 (2009) 2133-2148. 

[16] S. Laurent, D. Forge, M. Port, A. Roch, C. Robic, L. Vander Elst, R.N. Muller, Magnetic iron oxide 

nanoparticles: synthesis, stabilization, vectorization, physicochemical characterizations, and biological 

applications, Chemical reviews, 108 (2008) 2064-2110. 

[17] Y.-X.J. Wang, Superparamagnetic iron oxide based MRI contrast agents: current status of clinical 

application, Quantitative imaging in medicine and surgery, 1 (2011) 35-40. 

[18] R.B. Lauffer, Paramagnetic metal complexes as water proton relaxation agents for NMR imaging: 

theory and design, Chemical Reviews, 87 (1987) 901-927. 

[19] P. Caravan, Strategies for increasing the sensitivity of gadolinium based MRI contrast agents, 

Chemical Society Reviews, 35 (2006) 512-523. 

[20] S. Morcos, Extracellular gadolinium contrast agents: differences in stability, European journal of 

radiology, 66 (2008) 175-179. 

[21] S. Aime, P. Caravan, Biodistribution of gadolinium‐based contrast agents, including gadolinium 

deposition, Journal of Magnetic Resonance Imaging, 30 (2009) 1259-1267. 

[22] A. Kribben, O. Witzke, U. Hillen, J. Barkhausen, A.E. Daul, R. Erbel, Nephrogenic systemic fibrosis: 

pathogenesis, diagnosis, and therapy, Journal of the American College of Cardiology, 53 (2009) 1621-

1628. 

[23] I. Bertini, F. Capozzi, C. Luchinat, Z. Xia, Nuclear and electron relaxation of hexaaquairon (3+), The 

Journal of Physical Chemistry, 97 (1993) 1134-1137. 

[24] I. Bertini, C. Luchinat, G. Parigi, R. Pierattelli, NMR spectroscopy of paramagnetic metalloproteins, 

ChemBioChem, 6 (2005) 1536-1549. 

[25] R.C. Hider, X. Kong, Chemistry and biology of siderophores, Natural product reports, 27 (2010) 

637-657. 



 

75 

[26] M. Auerbach, D. Coyne, H. Ballard, Intravenous iron: from anathema to standard of care, American 

journal of hematology, 83 (2008) 580-588. 

[27] P. Yi, G. Chen, H. Zhang, F. Tian, B. Tan, J. Dai, Q. Wang, Z. Deng, Magnetic resonance imaging of 

Fe 3 O 4@ SiO 2-labeled human mesenchymal stem cells in mice at 11.7 T, Biomaterials, 34 (2013) 

3010-3019. 

[28] E.M. Shapiro, S. Skrtic, K. Sharer, J.M. Hill, C.E. Dunbar, A.P. Koretsky, MRI detection of single 

particles for cellular imaging, Proceedings of the National Academy of Sciences of the United States of 

America, 101 (2004) 10901-10906. 

[29] M. Mahmoudi, H. Hosseinkhani, M. Hosseinkhani, S. Boutry, A. Simchi, W.S. Journeay, K. 

Subramani, S. Laurent, Magnetic resonance imaging tracking of stem cells in vivo using iron oxide 

nanoparticles as a tool for the advancement of clinical regenerative medicine, Chemical Reviews, 111 

(2010) 253-280. 

[30] D.S. Kalinowski, D.R. Richardson, The evolution of iron chelators for the treatment of iron overload 

disease and cancer, Pharmacological reviews, 57 (2005) 547-583. 

[31] Y. Yu, E. Gutierrez, Z. Kovacevic, F. Saletta, P. Obeidy, Y. Suryo Rahmanto, D. R Richardson, Iron 

chelators for the treatment of cancer, Current medicinal chemistry, 19 (2012) 2689-2702. 

[32] B.P. Lee, P.B. Messersmith, J.N. Israelachvili, J.H. Waite, Mussel-inspired adhesives and coatings, 

Annual review of materials research, 41 (2011) 99-132. 

[33] W.R. Harris, C.J. Carrano, S.R. Cooper, S.R. Sofen, A.E. Avdeef, J.V. McArdle, K.N. Raymond, 

Coordination chemistry of microbial iron transport compounds. 19. Stability constants and 

electrochemical behavior of ferric enterobactin and model complexes, Journal of the American Chemical 

Society, 101 (1979) 6097-6104. 

[34] M.J. Harrington, A. Masic, N. Holten-Andersen, J.H. Waite, P. Fratzl, Iron-clad fibers: a metal-based 

biological strategy for hard flexible coatings, Science, 328 (2010) 216-220. 

[35] E. Rodríguez, R.V. Simoes, A. Roig, E. Molins, N. Nedelko, A. Ślawska-Waniewska, S. Aime, C. 

Arús, M.E. Cabañas, C. Sanfeliu, An iron-based T 1 contrast agent made of iron-phosphate complexes: In 

vitro and in vivo studies, Magnetic Resonance Materials in Physics, Biology and Medicine, 20 (2007) 27-

37. 

[36] E. Rodríguez, R.V. Simoes, A. Roig, E. Molins, N. Nedelko, A. Ślawska-Waniewska, S. Aime, C. 

Arús, M.E. Cabañas, C. Sanfeliu, An iron-based T 1 contrast agent made of iron-phosphate complexes: In 

vitro and in vivo studies, Magnetic Resonance Materials in Physics, Biology and Medicine, 20 (2007) 27-

37. 



 

76 

[37] D.D. Schwert, N. Richardson, G. Ji, B. Radüchel, W. Ebert, P.E. Heffner, R. Keck, J.A. Davies, 

Synthesis of two 3, 5-disubstituted sulfonamide catechol ligands and evaluation of their iron (III) 

complexes for use as MRI contrast agents, Journal of medicinal chemistry, 48 (2005) 7482-7485. 

[38] G. Ratzinger, P. Agrawal, W. Körner, J. Lonkai, H.M. Sanders, E. Terreno, M. Wirth, G.J. Strijkers, 

K. Nicolay, F. Gabor, Surface modification of PLGA nanospheres with Gd-DTPA and Gd-DOTA for high-

relaxivity MRI contrast agents, Biomaterials, 31 (2010) 8716-8723. 

[39] J.L. Turner, D. Pan, R. Plummer, Z. Chen, A.K. Whittaker, K.L. Wooley, Synthesis of Gadolinium‐

Labeled Shell‐Crosslinked Nanoparticles for Magnetic Resonance Imaging Applications, Advanced 

Functional Materials, 15 (2005) 1248-1254. 

[40] G. Weiss, L.T. Goodnough, Anemia of chronic disease, New England Journal of Medicine, 352 

(2005) 1011-1023. 

[41] M.E. Lynge, R. van der Westen, A. Postma, B. Städler, Polydopamine—a nature-inspired polymer 

coating for biomedical science, Nanoscale, 3 (2011) 4916-4928. 

[42] Q. Ye, F. Zhou, W. Liu, Bioinspired catecholic chemistry for surface modification, Chemical Society 

Reviews, 40 (2011) 4244-4258. 

[43] M. d’Ischia, A. Napolitano, V. Ball, C.-T. Chen, M.J. Buehler, Polydopamine and eumelanin: from 

structure–property relationships to a unified tailoring strategy, Accounts of chemical research, 47 (2014) 

3541-3550. 

[44] E. Faure, C. Falentin-Daudré, C. Jérôme, J. Lyskawa, D. Fournier, P. Woisel, C. Detrembleur, 

Catechols as versatile platforms in polymer chemistry, Progress in polymer science, 38 (2013) 236-270. 

[45] H. Lee, S.M. Dellatore, W.M. Miller, P.B. Messersmith, Mussel-inspired surface chemistry for 

multifunctional coatings, science, 318 (2007) 426-430. 

[46] D.L. Caulder, K.N. Raymond, Supermolecules by design, Accounts of chemical research, 32 (1999) 

975-982. 

[47] W.S. Enochs, P. Petherick, A. Bogdanova, U. Mohr, R. Weissleder, Paramagnetic metal scavenging 

by melanin: MR imaging, Radiology, 204 (1997) 417-423. 

[48] Q. Fan, K. Cheng, X. Hu, X. Ma, R. Zhang, M. Yang, X. Lu, L. Xing, W. Huang, S.S. Gambhir, 

Transferring biomarker into molecular probe: melanin nanoparticle as a naturally active platform for 

multimodality imaging, Journal of the American Chemical Society, 136 (2014) 15185-15194. 



 

77 

[49] K.-Y. Ju, J.W. Lee, G.H. Im, S. Lee, J. Pyo, S.B. Park, J.H. Lee, J.-K. Lee, Bio-inspired, melanin-like 

nanoparticles as a highly efficient contrast agent for T 1-weighted magnetic resonance imaging, 

Biomacromolecules, 14 (2013) 3491-3497. 

[50] M. Xiao, Y. Li, M.C. Allen, D.D. Deheyn, X. Yue, J. Zhao, N.C. Gianneschi, M.D. Shawkey, A. 

Dhinojwala, Bio-inspired structural colors produced via self-assembly of synthetic melanin nanoparticles, 

ACS nano, 9 (2015) 5454-5460. 

[51] T.-H. Ku, M.-P. Chien, M.P. Thompson, R.S. Sinkovits, N.H. Olson, T.S. Baker, N.C. Gianneschi, 

Controlling and switching the morphology of micellar nanoparticles with enzymes, Journal of the 

American Chemical Society, 133 (2011) 8392-8395. 

[52] A.M. Rush, D.A. Nelles, A.P. Blum, S.A. Barnhill, E.T. Tatro, G.W. Yeo, N.C. Gianneschi, 

Intracellular mRNA regulation with self-assembled locked nucleic acid polymer nanoparticles, Journal of 

the American Chemical Society, 136 (2014) 7615-7618. 

[53] M.P. Chien, A.M. Rush, M.P. Thompson, N.C. Gianneschi, Programmable shape‐shifting micelles, 

Angewandte Chemie International Edition, 49 (2010) 5076-5080. 

[54] M.P. Chien, M.P. Thompson, C.V. Barback, T.H. Ku, D.J. Hall, N.C. Gianneschi, Enzyme‐Directed 

Assembly of a Nanoparticle Probe in Tumor Tissue, Advanced Materials, 25 (2013) 3599-3604. 

[55] M.M. Nguyen, A.S. Carlini, M.P. Chien, S. Sonnenberg, C. Luo, R.L. Braden, K.G. Osborn, Y. Li, 

N.C. Gianneschi, K.L. Christman, Enzyme‐Responsive Nanoparticles for Targeted Accumulation and 

Prolonged Retention in Heart Tissue after Myocardial Infarction, Advanced Materials, 27 (2015) 5547-

5552. 

[56] L. Clare, Enzyme-regulated topology of a cyclic peptide brush polymer for tuning assembly, 

Chemical communications, 51 (2015) 17108-17111. 

[57] C.E. Callmann, C.V. Barback, M.P. Thompson, D.J. Hall, R.F. Mattrey, N.C. Gianneschi, Therapeutic 

Enzyme‐Responsive Nanoparticles for Targeted Delivery and Accumulation in Tumors, Advanced 

Materials, 27 (2015) 4611-4615. 

[58] R. Frank, R. Hargreaves, Clinical biomarkers in drug discovery and development, Nature Reviews 

Drug Discovery, 2 (2003) 566-580. 

[59] Y. Geng, P. Dalhaimer, S. Cai, R. Tsai, M. Tewari, T. Minko, D.E. Discher, Shape effects of filaments 

versus spherical particles in flow and drug delivery, Nature nanotechnology, 2 (2007) 249-255. 

[60] J.A. Champion, Y.K. Katare, S. Mitragotri, Particle shape: a new design parameter for micro-and 

nanoscale drug delivery carriers, Journal of Controlled Release, 121 (2007) 3-9. 



 

78 

[61] S.T. Nguyen, L.K. Johnson, R.H. Grubbs, J.W. Ziller, Ring-opening metathesis polymerization 

(ROMP) of norbornene by a group VIII carbene complex in protic media, Journal of the American 

Chemical Society, 114 (1992) 3974-3975. 

[62] B. Novak, W. Risse, R. Grubbs, The development of well-defined catalysts for ring-opening olefin 

metathesis polymerizations (ROMP), Polymer Synthesis Oxidation Processes, (1992) 47-72. 

[63] C.W. Bielawski, R.H. Grubbs, Living ring-opening metathesis polymerization, Progress in Polymer 

Science, 32 (2007) 1-29. 

[64] L. Zhang, A. Eisenberg, Multiple morphologies and characteristics of “crew-cut” micelle-like 

aggregates of polystyrene-b-poly (acrylic acid) diblock copolymers in aqueous solutions, Journal of the 

American Chemical Society, 118 (1996) 3168-3181. 

[65] Z. Wang, Y. Li, X.-H. Dong, X. Yu, K. Guo, H. Su, K. Yue, C. Wesdemiotis, S.Z. Cheng, W.-B. 

Zhang, Giant gemini surfactants based on polystyrene–hydrophilic polyhedral oligomeric silsesquioxane 

shape amphiphiles: sequential “click” chemistry and solution self-assembly, Chemical Science, 4 (2013) 

1345-1352. 

[66] Y. Mai, A. Eisenberg, Self-assembly of block copolymers, Chemical Society Reviews, 41 (2012) 

5969-5985. 

[67] R. Bazeli, M. Coutard, B.D. Duport, E. Lancelot, C. Corot, J.-P. Laissy, D. Letourneur, J.-B. Michel, 

J.-M. Serfaty, In vivo evaluation of a new magnetic resonance imaging contrast agent (P947) to target 

matrix metalloproteinases in expanding experimental abdominal aortic aneurysms, Investigative 

radiology, 45 (2010) 662-668. 

[68] P. Caravan, J.J. Ellison, T.J. McMurry, R.B. Lauffer, Gadolinium (III) chelates as MRI contrast 

agents: structure, dynamics, and applications, Chemical reviews, 99 (1999) 2293-2352. 

[69] P. Caravan, Strategies for increasing the sensitivity of gadolinium based MRI contrast agents, 

Chemical Society Reviews, 35 (2006) 512-523. 

[70] S. Aime, M. Botta, E. Terreno, Gd (III)-based contrast agents for MRI, Advances in Inorganic 

Chemistry, 57 (2005) 173-237. 

[71] R. Lauffer, W. Greif, D. Stark, A. Vincent, S. Saini, V. Wedeen, T. Brady, Iron-EHPG as an 

hepatobiliary MR contrast agent: Initial imaging and biodistribution studies, International Journal of 

Radiation Applications and Instrumentation. Part B. Nuclear Medicine and Biology, 15 (1988) 47-49. 

[72] M. Botta, Second coordination sphere water molecules and relaxivity of gadolinium (III) complexes: 

implications for MRI contrast agents, European journal of inorganic chemistry, 2000 (2000) 399-407. 



 

79 

[73] T. Stack, T.B. Karpishin, K.N. Raymond, Structural and spectroscopic characterization of chiral 

ferric tris-catecholamides: unraveling the design of enterobactin, Journal of the American Chemical 

Society, 114 (1992) 1512-1514. 

[74] P.H. Fries, E. Belorizky, Electronic relaxation of paramagnetic metal ions and NMR relaxivity in 

solution: Critical analysis of various approaches and application to a Gd (III)-based contrast agent, The 

Journal of chemical physics, 123 (2005) 124510. 

[75] C. Brückner, D.L. Caulder, K.N. Raymond, Preparation and structural characterization of nickel (II) 

catecholates, Inorganic chemistry, 37 (1998) 6759-6764. 

[76] M. Kabir, M. Kawahara, H. Kumagai, K. Adachi, S. Kawata, T. Ishii, S. Kitagawa, The rational 

syntheses of manganese–chloranilate compounds: crystal structures and magnetic properties, Polyhedron, 

20 (2001) 1417-1422. 

[77] M. Fasano, G. Fanali, F. Polticelli, P. Ascenzi, G. Antonini, 1 H NMR relaxometric characterization 

of bovine lactoferrin, Journal of inorganic biochemistry, 98 (2004) 1421-1426. 

[78] S.H. Koenig, R.D. Brown, T. Lindstrom, Interactions of solvent with the heme region of 

methemoglobin and fluoro-methemoglobin, Biophysical journal, 34 (1981) 397-408. 

[79] H. Xu, C.A. Regino, M. Bernardo, Y. Koyama, H. Kobayashi, P.L. Choyke, M.W. Brechbiel, Toward 

improved syntheses of dendrimer-based magnetic resonance imaging contrast agents: new bifunctional 

diethylenetriaminepentaacetic acid ligands and nonaqueous conjugation chemistry, Journal of medicinal 

chemistry, 50 (2007) 3185-3193. 

[80] J.S. Ananta, B. Godin, R. Sethi, L. Moriggi, X. Liu, R.E. Serda, R. Krishnamurthy, R. Muthupillai, 

R.D. Bolskar, L. Helm, Geometrical confinement of gadolinium-based contrast agents in nanoporous 

particles enhances T1 contrast, Nature nanotechnology, 5 (2010) 815-821. 

[81] N.M. Barkey, C. Preihs, H.H. Cornnell, G. Martinez, A. Carie, J. Vagner, L. Xu, M.C. Lloyd, V.M. 

Lynch, V.J. Hruby, Development and in vivo quantitative magnetic resonance imaging of polymer 

micelles targeted to the melanocortin 1 receptor, Journal of medicinal chemistry, 56 (2013) 6330-6338. 

[82] J. Yang, M.A.C. Stuart, M. Kamperman, Jack of all trades: versatile catechol crosslinking 

mechanisms, Chemical Society Reviews, 43 (2014) 8271-8298. 

[83] N. Holten-Andersen, A. Jaishankar, M.J. Harrington, D.E. Fullenkamp, G. DiMarco, L. He, G.H. 

McKinley, P.B. Messersmith, K.Y.C. Lee, Metal-coordination: using one of nature's tricks to control soft 

material mechanics, Journal of Materials Chemistry B, 2 (2014) 2467-2472. 

[84] N. Holten-Andersen, M.J. Harrington, H. Birkedal, B.P. Lee, P.B. Messersmith, K.Y.C. Lee, J.H. 

Waite, pH-induced metal-ligand cross-links inspired by mussel yield self-healing polymer networks with 

near-covalent elastic moduli, Proceedings of the National Academy of Sciences, 108 (2011) 2651-2655. 



 

80 

[85] H. Ejima, J.J. Richardson, K. Liang, J.P. Best, M.P. van Koeverden, G.K. Such, J. Cui, F. Caruso, 

One-step assembly of coordination complexes for versatile film and particle engineering, Science, 341 

(2013) 154-157. 

[86] P. Caravan, Protein-targeted gadolinium-based magnetic resonance imaging (MRI) contrast agents: 

design and mechanism of action, Accounts of chemical research, 42 (2009) 851-862. 

[87] N.P. Sadler, C.-C. Chuang, R.M. Milburn, Iron (III)-promoted hydrolysis of 4-nitrophenyl phosphate, 

Inorganic Chemistry, 34 (1995) 402-404. 

[88] Y. Liu, K. Ai, J. Liu, M. Deng, Y. He, L. Lu, Dopamine‐melanin colloidal nanospheres: an efficient 

near‐infrared photothermal therapeutic agent for in vivo cancer therapy, Advanced materials, 25 (2013) 

1353-1359. 

[89] O.Z. Fisher, B.L. Larson, P.S. Hill, D. Graupner, M.T. Nguyen‐Kim, N.S. Kehr, L. De Cola, R. 

Langer, D.G. Anderson, Melanin‐like Hydrogels Derived from Gallic Macromers, Advanced Materials, 

24 (2012) 3032-3036. 

[90] K. Zhang, R. Rossin, A. Hagooly, Z. Chen, M.J. Welch, K.L. Wooley, Folate‐mediated cell uptake 

of shell‐crosslinked spheres and cylinders, Journal of Polymer Science Part A: Polymer Chemistry, 46 

(2008) 7578-7583. 
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Chapter 3  

Polymer-Stabilized Perfluorobutane Nanodroplets 

for Ultrasound Imaging Agents  

3.1 Introduction 

Ultrasound (US) imaging is one of the most widely clinical used diagnostic imaging modalities in 

the world, with favorable qualities including its non-invasive nature, lack of ionizing radiation, relative 

low cost, portability and real-time visualization.1, 2 Tissue contrast in clinical US is based on the variation 

of acoustic backscatter from different tissues, which are not of a high dynamic range. Therefore, the tissue 

contrast of US is much less than that of computed tomography and magnetic resonance imaging. 3 A 

solution to this problem is to employ an ultrasound contrast agent. 

Use of contrast agents in ultrasound began with agitated saline, which contained microbubbles of 

gas to serve as efficient reflectors, can greatly increase backscatter and then enhance the contrast. 

However, the combined effects of high air solubility, high Laplace pressure in biological fluids and 

microbubble trapping in the lungs result in rapid disappearance of simple air bubbles.4, 5 Eventually, 

perfluorocarbons (PFCs) were utilized as the gaseous core of microbubbles, as PFCs are famously 

insoluble in aqueous medium, leading to increased biological half-time of microbubbles, with the further 

advantage that PFCs are biologically inert. 6, 7  

It was reported that liquid PFC microdroplets can be effective as ultrasound contrast agents with 

high doses; 8, 9 yet, gas phase PFC microbubbles are far more effective with only 1/30th the dose of liquid 

PFC microdroplets on B-mode imaging 10 and are even higher contrast on non-linear imaging. 11 

Therefore, gas phase PFC microbubbles will be a better choice for ultrasound imaging contrast agents. 
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However, microbubbles are confined to the vascular circulation, due to their large size (1-5 microns). To 

push their application in real clinic usage, an alternative strategy is to use an emulsion of liquid PFC, 

whose size (100 – 200 nm) is small enough to escape the circulation, and which can be activated 

acoustically in vivo to form multiple microbubbles, where comes the concept known acoustic droplet 

vaporization (ADV). Acoustic backscatter of generated microbubbles is orders of magnitude larger than 

that of liquid PFC droplets before phase transition, resulting in the selective generation of high ultrasound 

contrast.12  

In order to trigger the process of ADV, it is a must to reach the boiling points of liquid PFC 

droplets. Similar to hydrocarbons, the boiling points (bp) of PFCs vary widely depending on carbon 

content and branching, from -183.6 oC to +142 oC or higher. PFCs with low-boiling points (bp) lower than 

physiological temperature can be vaporized at acoustic pressures allowed by clinical-used diagnostic US 

machines (termed as low-bp PFCs). However, low-bp PFCs have inherent instability at physiological 

temperature, limiting their utility in clinical applications. Also, low-bp PFCs can be emulsified, but they 

suffer from low acoustic thresholds for vaporization and even spontaneous vaporization, in our 

experience. For those PFCs with boiling points higher than physiological temperature (termed high-bp 

PFCs), the rarefactional pressures allowed by clinical-used diagnostic US are not able to trigger the phase 

transition from liquid to gas. Therefore, high intensity focused ultrasound (HIFU) is used usually to assist 

this ADV process in research. Unfortunately, HIFU can introduce higher energies along with the ADV 

process, can generate more heat in the site of treatment and then bring in higher risk of tissue damage. 13, 

14 Therefore, it is an ongoing and critical challenge to find the correct balance between spontaneous 

vaporization and stability for ADV applications under physiological temperature and clinical-used 

diagnostic ultrasound instrument. In short, a formulation that can stabilize low-bp PFCs at physiological 

temperatures but can be initiated their phase transitions to microbubbles at low US energy was highly 

desired.  

Along with the application of advanced in biomaterials to microbubbles and ADV, various 

nanocarriers of PFCs have been employed as methods of ultrasound contrast agents, including liposomes, 
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15,16 polymeric nanoparticles, 17, 18 protein, 19 and inorganic nanoparticles (e.g. silica nanoshell). 20-22 The 

basic strategy used in those nanocarriers mentioned above is to build a functionalized shell around the 

PFC core. The functionalized shell can improve stability of PFCs by reducing surface tension, providing a 

diffusion barrier, and in some cases realizing specific targeting. 23 Previous attempts at stabilization of 

PFCs have been largely limited to high-bp PFCs, likely because they are more stable in storage and easier 

to handle. 24, 25 For instance, Shi et al. utilized gold-coated hollow silica nanoshells to encapsulate 

perfluorohexane (PFH, bp=56 oC), and triggered the release of gas bubbles by HIFU, well outside the 

acoustic pressures allowed by diagnostic ultrasound. 19  

The stability of low-bp PFCs is a function of the Laplace pressure, reflecting a balance between 

partial pressure of PFC vapor, blood pressure, and interfacial tension afforded by the chosen surfactant. 26, 

In the case of low-bp PFCs, polymeric encapsulating shells (rather than monomeric amphiphile 

surfactants such as phospholipids) provide a route to increasing the Laplace pressure and enhancing the 

stability of the liquid droplets. 27 However, most polymeric shells are obtained by self-assembly of 

amphiphile molecules on the interface with liquid PFC droplets, which still have spaces between each 

macromolecules which allowing PFCs to bulk transfer out of the droplets. 28 Crosslinking the polymeric 

shell is one way to further stabilize the polymeric network and prevent bulk transfer of PFCs. This has 

been demonstrated with a DNA-based crosslinking strategy which have proved the higher stability of 

PFCs. 29 Another studied has reported that the amino groups on a polymer scaffold could be utilized as 

functional groups for further crosslinking. In this study, glutaraldehyde was added to serve as crosslinker 

to form crosslinked shells via standard amide reaction. However, the process of standard amide reaction 

was very slow, which needing at least 1 day to crosslink the polymeric shell under room temperature. 30 It 

is significantly difficult for low-bp PFCs samples to survive for that long time under room temperature 

considering their volatility of low-bp PFCs and labile nature of low-bp PFC droplets. There, the process 

of crosslinking requires a fast mechanism at low temperatures, in order to maximal the remaining of low-

bp PFCs during preparation. 
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Click chemistry is capable of generating substances quickly and reliably by joining small units 

together. The commonly used copper-induced azide-alkyne click reaction requires a strict condition, 

including oxygen, temperature etc., which is not suitable for our system. However, thiol-ene click 

chemistry in particular has unique potential in the application of polymeric droplet stabilization given its 

ease of implementation, high yield, rapid reaction rate and photo-initiation capability .31 Therefore, 

considering the volatility of low-bp PFCs, we envisioned a thiol-ene click crosslinking-based strategy to 

realize assembling amphiphiles at the interface of liquid low-bp PFCs microdroplets, followed by 

stabilizing them in the core with fast, robust and efficient crosslinking of polymeric shells.  

 

Figure 3.1. Preparation and acoustic droplet vaporization (ADV) of low-bp PFC emulsions stabilized by 

thiol-ene crosslinked ROMP block copolymers (PFUAm-NMAn-OEGp) generated from monomers with 

sidechains: perfluoroundecanoic acid (blue, PFUA), methacrylic acid (yellow, NMA) and amino-modified 

oligoethylene glycol (red, OEG). 

ROMP is a heating type of polymerization methods based on olefin metathesis chain-growth. The 

driving force of this polymerization is relief of ring strain in cyclic olefins such as norbornene. The 
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diversity of ROMP-based polymer can be varied by the addition of substituents to the monomer, and the 

molecular weight of the polymer can be altered by the choice of numbers of repeated blocks. 26 

3.2 Preparation of UV-induced Thiol-ene Crosslinkable Polymers 

Herein, in order to enhance the stability of low-bp PFC droplets, and eventually move towards the 

clinical application of acoustic droplet vaporization for diagnostic ultrasound contrast enhancement, we 

synthesized a crosslinkable triblock polymer using ring-opening metathesis polymerization (ROMP), a 

technique well known to our laboratory. 32-34 Each polymer possesses a fluorinated block to trap PFCs in 

the core and contribute to hydrophobicity，35 an alkyne-modified block for secondary thiol-ene 

crosslinking under UV radiation, and an oligoethylene glycol hydrophilic block contributing to 

hydrophilicity (Figure 3.1). Using this polymer as a surfactant, we prepared a low-bp PFC emulsion by 

sonication at low temperature. Subsequently, we crosslinked the polymeric shells by UV-induced thiol-

ene click reaction to stabilize the low-bp PFC droplets.  These low-bp PFC droplets were stabilized after 

crosslinking, yet could still be vaporized using a diagnostic ultrasound machine. 

3.2.1 Synthesis of three monomers 

As described above, we designed a triblock co-polymer PFUAm-NMAn-PEGp. A fluorinated 

monomer, for the first block, was prepared by conjugating 2H, 2H, 3H, 3H-perfluoroundecanoic acid 

(PFUA) onto norbornene-based monomer (Nor-NH2). For the middle block capable of UV-induced thiol-

ene crosslinking, an alkyne-modified monomer was prepared by conjugating a methacrylic acid (NMA) 

moiety on hydroxylated norbornene-based monomer (Nor-OH). For the outer block, the monomer was 

prepared based on an oligo(ethylene glycol) (OEG) functionality, for the contribution of hydrophilicity to 

self-assembly and biocompatibility. To facilitate crosslinking, a thiol-based crosslinker, pentaerythritol 

tetra(3-mercapto-propionate) (PETMP), and a photoinitiator, 2,2-dimethoxy-2-phenylacetophenone 

(DMPA), were added to emulsions at low temperature to undergo thiol-ene click reaction –based 

crosslinking (Figure 3.2). 
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Figure 3.2.  The schematic diagram for UV-induced thiol-ene crosslinking. 

For the synthesis of monomer contained PFUA (compound 1), free norbornene amine (Nor-NH2) 

was first prepared. Briefly, BOC-protected norbornene amine (0.60 g, 1.98 mmol) 3 was dissolved in a 20 

mL mixture of TFA: CH2Cl2 (1:1) and stirred at room temperature for 6 hours to remove the BOC-

protection. Then the reaction was concentrated with air blow and followed with precipitation with cold 

diethyl ether. After centrifuge to remove the solvent, the free norbornene amine (Nor-NH2) as a white 

solid was obtained. The Nor-NH2 (352.30 mg, 1.10 mmol), were dissolved in DMF (5 mL), together with 

2H, 2H, 3H, 3H-Perfluoroundecanoic acid (PFUA, 492.13 mg, 1.00 mmol), giving a pale yellow 

transparent solution. Subsequently, HBTU (1327.34 mg, 3.50 mmol) and triethylamine (487.84 μL, 3.50 

mmol) were added to the solution. After stirring at room temperature for 3 days, the solution turned dark 

brown, and was concentrated under reduced pressure to yield a dark brown solid. Finally, silica-gel 

chromatography (DCM: EA=10:3) was performed for purification to give pure compound 1 (Nor-PFUA) 

as a white powder (yield: 67%). 1H NMR in CDCl3 (Figure 3.3), 19F NMR in CDCl3 (Figure 3.4) and ESI 

mass spectrum (Figure 3.6) was used to confirm the structure and purification of compound 1.  
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Figure 3.3. 1H-NMR spectrum of compound 1. 

             

Figure 3.4. 19F-NMR spectrum of compound 1. 
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Figure 3.5. ESI Mass Spectrum of compound 1. 

 Subsequently, norbornene alcohol (compound 2) was synthesized first for further conjugation 

with methacrylic acid to achieve the alkene-modified monomer for UV-induced crosslinking. Norbornene 

anhydride (2.07 g, 10.00 mmol), 2-aminoethanol (800 μL, 10.50 mmol) and triethylamine (200 μL, 1.1 

mmol) were added together into a round-bottom flask containing 15 mL toluene under stirring. Then, the 

reaction mixture was heated and refluxed for overnight after attaching a Dean-Stark trap on the round-

bottom flask. After concentrated under reduced pressure to yield a pale yellow solid, 40 mL CH2Cl2 was 

added to dissolve the solid residue, and the organic solution was washed with 0.1N HCl (10 mL) and 

brine (10 mL) separately to remove excess of base in reaction. Finally, the organic layer was dried over 

MgSO4 and concentrated under vacuum to yield pure compound 2 as a white solid in 93% yield. The 

structure and purity of compound 2 was demonstrated by 1H NMR in CDCl3 as showed in Figure 3.6.  
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Figure 3.6.  1H-NMR spectrum of compound 2. 

 Compound 2 (Norbornene alcohol, 100.00 mg, 0.48 mmol) together with 4-

dimethylaminopyridine (DMAP) (1.62 mg, 0.10 mmol) were dissolved in anhydrous CH2Cl2 with N2 gas 

protection. Then, N, N'-Diisopropylcarbodiimide (DIPC) (84.05 mg, 0.67 mmol) and methacrylic acid 

(45.03 mg, 0.52 mmol) were injected to the mixture, stirring at room temperature for overnight. After 

concentrated under reduced pressure, the reaction residue was purified by silica-gel chromatography with 

elution solvent as DCM/EA=1 to give pure compound 3 as a pale yellow solid with 85% yield. Similarly, 

the structure and purity of compound 3 were proved by 1H NMR in CDCl3 (Figure 3.7). 
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Figure 3.7. 1H-NMR spectrum for compound 3. 

3.2.2 Polymerization of PFUA5-NMA10-OEG32 

To synthesize the triblock copolymers of the type, PFUAm-NMAn-OEGp, various block sizes 

were optimized for exploration of proper material properties. Ultimately, PFUA5-NMA10-OEG32 was 

chosen to stabilize three kinds of PFCs, and the synthesis process was described in Figure 3.8.  

 In brief, the polymerization of compound 1 (10.00 mg, 14.70 μmol) in dry CH2Cl2 (500 μL) was 

initiated by the addition a solution of Grubbs third-generation catalyst (2.13 mg, 2.94 μmol) in dry 

CH2Cl2 (50 μL) under vigorous stirring. After left to stir under nitrogen at room temperature for 2 hours, a 

solution of compound 3 (8.09 mg, 29.40 μmol) in dry CH2Cl2 (100 μL) with an additional 30 min reaction 

under stirring. Then, a solution of compound 4 (33.25 mg, 94.10 μmol) was added to the reaction for final 

block polymerization. After polymerizing for 40 min, the reaction was quenched by addition of an excess 

of ethyl vinyl ether (EVE) for another 20 min. The solution was concentrated by air blowing to a small 
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volume, then precipitated by addition of cold diethyl ether. The polymer was collected by centrifuging to 

remove solvent, and dry under vacuum overnight to give the final product as an off-white solid.  

 

Figure 3.8. General method utilized in polymerization reactions for copolymer PFUAm-NMAn-OEGp. 

After obtained the final product of polymer PFUA5-NMA10-OEG32, complete reaction of the 

olefins were confirmed by size-exclusion chromatography (SEC-MALS) (Figure 3.9) and 1H-NMR 

(Figure 3.10). As showed in Figure 3.9, the single narrow peak indicated the monodispersity of molecular 

weight of polymer PFUA5-NMA10-OEG32, and no free monomers existed anymore after polymerization. 

Also the 1H NMR in CDCl3 was used to further confirm the complete polymerization. The peak of the 

olefins around 6.30 ppm fully disappeared after polymerization in 1H NMR profile, and shift to peaks in 

5.7 ppm and 5.5 ppm, which were the protons on double carbon bonds on polymer backbone. Also the 

peak in 6.067 ppm indicated the protons on alkene in the middle block of polymer. (Figure 3.10) 
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Figure 3.9. SEC-MALS trace of copolymer PFUA5-NMA10-OEG32 light scattering (LS, red) and 

refractive index (dRI, black). 

 

Figure 3.10. 1H-NMR of copolymer PFUA5-NMA10-OEG32. 
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3.2.3 UV-induced crosslinking of PFUA5-NMA10-OEG32 

To confirm our hypothesis that polymeric shells can be crosslinked after UV irradiation with 

existence of a thiol-based crosslinker, pentaerythritol tetra (3-mercapto-propionate) (PETMP), and a 

photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA), we first investigated the crosslinking of 

pure alkane- modified copolymer PFUA5-NMA10-OEG32. To process the test, the copolymer 1 equivalent 

of alkene on polymer PFUA5-NMA10-OEG32, 1 equivalent of thiol groups on PETMP and o.5 equivalent 

of photoinitiator DMPA were added in 1 mL pre-cooled THF on ice bath with coverage of aluminum foil 

to protect from sunlight. After full dissolution, the mixture was irradiated at 365 nm for 30 min on ice 

bath. Then, the solution was concentrated, precipitated by addition of cold diethyl ether and dried under 

vacuum. Finally, small amount of the collected polymeric solids were re-dissolved in about 20 μL DMF 

and characterized by SEC-MALS. (Figure 3.11)  

Furthermore, small amount of the collected polymeric solids was dissolve in CDCl3 and 

examined by 1H NMR. (Figure 3.12) As showed in Figure 3.11, the elution time of polymer PFUA5-

NMA10-OEG32 significant decreased after 30 min UV irradiation (365 nm) from about 24 min to 21 min, 

which indicated the increase of molecular weight after UV irradiation. It is a clearly evidence that UV 

light can induce the crosslinking between each single polymer via thiol-ene click reaction. The multiple 

peaks showed in SEC-MALS dRI trace of after UV irradiation (red) also indicated that number of 

polymer crosslinked together was various to differentiate the molecular weight. Same, the peak in 6.067 

ppm presenting the protons on alkene located in the middle block of polymer (Figure 3.10) disappeared 

after UV irradiation (365 nm, 30 min), also proved the fact of crosslinking of polymer via thiol-ene click 

reaction. (Figure 3.12) It should be noticed here that, the peaks of 5.7 ppm and 5.5 ppm, which presenting 

the protons on double carbon bonds of polymer backbone, still existed in 1H NMR profile, which also 

demonstrated that the thiol groups on the crosslinker PETMP were highly inclined to react with alkene 

located in the middle block of polymer rather than the one located in the polymer backbone.  
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Therefore, till here, we have successfully proved that the alkene-modified tri-block polymer 

PFUA5-NMA10-OEG32 is capable of crosslinking with each other via UV-induced thiol-ene click reaction 

under low temperature, with a fast and efficient behavior.  

 

Figure 3.11. SEC-MALS dRI trace showing the change in elution time of polymer PFUA5-NMA10-OEG32 

after UV-induced crosslinking. 

          

Figure 3.12. 1H-NMR of copolymer PFUA5-NMA10-OEG32 after UV-induced crosslinking. 
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3.3 Perfluorocarbons-Containing Emulsions Prepared by PFUA5-NMA10-

OEG32 

After prove of the crosslinking of tri-block polymer PFUA5-NMA10-OEG32, three types of PFCs, 

including high-bp perfluorohexane (PFH, bp= 56oC), low-bp perfluoropentane (PFP, bp= 29oC) and 

perfluorobutane (PFB, bp= -1.7oC), were chose for further investigation.  

3.3.1 Perfluorohexane-containing Emulsions 

For optimization of the emulsification of PFCs, high-bp PFH (bp 56°C) was first encapsulated in 

PFUA5-NMA10-OEG32. Briefly, the copolymer PFUA5-NMA10-OEG32, PETMP and DMPA, with a ratio 

of alkene: thiol: photoinitiator of 1:1:0.2, were fully dissolved in 100 μL of pre-cooled THF. Then, high-

bp PFH with a volume of 60 μL was slowly added to the cooled solution above. Under ice bath, the 

mixture with addition of 1000 μL PBS buffer was subjected to probe sonication at 70% amplitude for 30 

seconds, to give a milky emulsion. 500 μL of the resulting emulsion was transferred to a pre-cooled 

transparent glass vial, and then was irradiated by UV of wavelength as 365 nm for 30 min in ice bath.  

Subsequently, both crosslinked and non-crosslinked PFH emulsions were examined by TEM and 

DLS (Figure 3.13). The TEM images indicated that the monodispersity of size with diameter around 180 

nm for both crosslinked and non-crosslinked PFH emulsions, which were consistent with DLS 

measurement. For the crosslinked PFH emulsions, we observed some dark spots existed in each 

nanoparticles, which might result from the increase density of polymer after the crosslinking to gave a 

higher contrast under TEM.  
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Figure 3.13. TEM images (left) and DLS measurements (right) of non-crosslinked and crosslinked PFH-

emulsions made from polymer PFUA5-NMA10-OEG32. 

Furthermore, the ADV effects of PFH emulsions both with and without crosslinking were 

investigated via optical microscopy. About 50 μL of PFH emulsions with and without crosslinking were 

dropped on clear glass slides, and then were gently covered by coverslips to avoid the generation of air 

bubbles. The glass slides were placed on a heat plate, heated up to different temperatures including the 

boiling point of PFH (56 oC) and even higher temperature as 70 oC for 3 min. PFH emulsion placed under 

at room temperature (~20 oC) was served as control. Then, the evaporation of PFH was observed by 

optical microscopy (Figure 3.14). It was clearly showed that, under room temperature, both PFH 

emulsions with and without crosslinking were stable without generation of gas bubbles; the PFH 

emulsion after crosslinking did not show generation of gas bubbles even after heated up the boiling point 

of 56 °C, while the PFH emulsion without crosslinking displayed enormous amount of gas bubbles with 

sizes above few micrometers; after heating up to 70 °C, acute evaporation of gas bubbles happened in 

crosslinked PFH emulsions, while no observation of gas bubble in non-crosslinked PFH emulsion which 
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was resulted from the full escape of gas during heating up. (Figure 3.14) This result demonstrated our 

hypothesis that crosslinking of the polymeric shell increased PFC-contained emulsion stability under the 

temperature over their boiling points.  

 

Figure 3.14. Optical microscopy images of PFH emulsions made by polymer PFUA5-NMA10-OEG32 with 

and without crosslinking heated to different temperatures. 

Moreover, as a control, the ADV effects of both PFH emulsions with and without crosslinking 

were tested by clinical-used diagnostic ultrasound imaging instrument. The setup of ultrasound imaging 

instrument was showed in Figure 3.15.  
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Figure 3.15. (a) Schematic diagram and (b) photograph of the US setup used for emulsion vaporization. 

An agarose gel containing 0.5% cellulose was used to hold the sample vial in place as well as to provide a 

standard scatterer. 

It is well known that the output power of US exposure is proportional to mechanical index (MI). 

The maximum MI for clinical-used diagnostic US instrument proved by the Food and Drug 

Administration (FDA) is 1.9. To not reach the maximum US output power, the highest MI set in our US 

tests is 1.1. To perform our tests, the output power of US instrument was gradually increased from the 

lowest setting (-30dB, MI=0.05) to the highest (0dB, MI=1.1) with an average rate of 1dB/sec, and then 

cycled back to the lowest again with same average rate. This process was defined as the “US test cycle” in 

our work, in order to determine the threshold for ADV as well as the amount of contrast generated at 

varying acoustic input energies. Once gas bubbles are released with the trigger of US energy input, they 

appeared as bright dots, which can be used to relatively quantify the change of contrast along with the 

change of acoustic input energies. Therefore, with assistance of MatLab, we plotted the mean intensity by 

quantifying the bright dots in the region of interest (ROI) together with corresponding MI values over 

multiple frames, to illuminate the relationship of gas bubble release with US input energy. 

Briefly, 30 μL PFH emulsions with and without crosslinking, respectively, were diluted into 3 mL 

PBS buffer, and evaluated by clinical-used ultrasound imaging. The sample chambers (Figure 3.15b) 

contained diluted PFH emulsions were put in water bath with different temperatures including room 
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temperature (RT) and body temperature (37 oC), followed by investigation of US test cycle. The US 

images showed that, no bright dots were generated during whole US test cycle, which mean even the 

highest energy output provided by the clinical-used US instrument couldn’t trigger the phase transition of 

liquid PFH droplets in both crosslinked and non-crosslinked emulsions. (Figure 3.16) This result is 

reasonable since the boiling point of PFH is too high for clinical-proved acoustic energy to trigger the 

phase transition from liquid to gas, which emphasize our original intent to use low-bp PFCs for US 

contrast agents. 

 

Figure 3.16. Ultrasound images of PFH-containing emulsion made from copolymer PFUA5-NMA10-

OEG32 at 37 oC. 

3.3.2 Perfluoropentane-containing Emulsions 

With PFH emulsion, the increased stability by chemistry of crosslinking has been validated.  We 

then switched to the low-bp PFP (bp 29°C) for emulsification with the same preparation method as PFH. 

Both PFP emulsions with and without crosslinked were attempted to test by TEM. However, because of 

higher temperature in TEM chamber over PFP’s boiling point, the collapse of nanoparticles caused by gas 

evaporation was observed during the TEM examination. The resulting PFP-emulsion after crosslinking 

showed an average diameter of approximately 250 nm under DLS evaluation, while the PFP-emulsion 

without crosslinking showed an average diameter of approximately 400 nm with a broader distribution 
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(Figure 3.17). The smaller size and narrower distribution of crosslinked PFP emulsion, compared to 

noncrosslinked emulsion, indicated the higher stability caused by crosslinking of polymeric shells. 

 

Figure 3.17. DLS data of PFP-emulsion with and without crosslinking made from polymer PFUA5-

NMA10-OEG32. 

PFP emulsions with and without crosslinking were examined for contrast generation using a 

clinical diagnostic US machine (Figure 3.18). Under room temperature, the PFP emulsion without 

crosslinking was unstable which showed gas bubbles generation starting from low acoustic energy input 

as MI= 0.23. However, the PFP emulsion after crosslinking presented a significant increase of stability, 

that the gas bubbles generation was not triggered by US acoustic energy input even at the highest MI= 

1.1. When increasing the test temperature to physiological temperature as 37 oC, PFP liquid inside the 

non-crosslinked emulsion vaporized at the lowest US setting; by contrast, the ADV of crosslinked PFP 

emulsion began at MI=0.95, nearly at the maximal output of a clinical system. This result demonstrated 

that crosslinking the polymeric shell was capable of stabilizing low-bp PFP under both room temperature 

and physiological temperature, and the gas bubbles generation can only specifically be triggered by the 

combined effect of physiological temperature and acoustic energy input at MI=0.95. This is highly 

promising for the further investigation for clinical application in the future. 
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Figure 3.18. US images of PFP emulsions with PFUA5-NMA10-OEG32 along with changes of ultrasound 

mechanical index (MI) at room temperature (RT) and physiological temperature (37oC) respectively, and 

region of interest (ROI) analysis of US signal intensity at the electronic focus of the transducer in one US 

test cycle. The blue line in each plot represents MI over time. The red line in each plot represents mean 

ROI signal intensity over time. 

3.3.3 Perfluorobutane-containing Emulsions 

After gaining an understanding of the behavior of PFP emulsions with and without crosslinking 

under clinical ultrasound imaging, another low-bp PFC, perfluorobutane (PFB, BP -1.7°C) was emulsified 

with PFUA5-NMA10-OEG32 and examined with same method. To evaluate if crosslinking the polymeric 

shell could afford stability to this highly volatile PFB after emulsified, both PFB emulsions with and 

without crosslinking were tested room temperature first. As showed in Figure 3.19, PFB emulsion without 

crosslinking was clearly unstable, with gas bubbles collecting along the wall of test chamber, probably 
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reflecting a combination of ripening, coalescence, and spontaneous vaporization of highly volatile PFB. 

In addition, echogenic foci were seen upon dilution of the PFB emulsion into the vial used for ultrasound 

interrogation, suggesting vaporization in response to shear force experienced in the micropipettes. 

Noncrosslinked PFB emulsion vaporized at even the lowest ultrasound input, and the crosslinked PFB 

emulsion vaporized at a low input energy threshold as MI= 0.23 under room temperature. Compared with 

PFP emulsion, both PFB emulsion with and without crosslinking were not stable under ultrasound at 

room temperature. The easier gas release under room temperature of crosslinked PFB emulsion also 

indicated its instability under physiological temperature, which would hinder the further application in 

vivo. 

 

 

Figure 3.19. US images of PFB emulsions with PFUA5-NMA10-OEG32 along with changes of ultrasound 

mechanical index (MI) at room temperature (RT), and region of interest (ROI) analysis of US signal 

intensity at the electronic focus of the transducer in one US test cycle. The blue line in each plot 

represents MI over time. The red line in each plot represents mean ROI signal intensity over time. 
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In order to realize the stability of PFB emulsion under physiological temperature, we 

hypothesized that emulsifying PFB with a higher molecular weight polymer with larger crosslinkable 

block would afford greater stability to the crosslinked emulsion (Figure 3. 20). Therefore, we 

synthesized PFUA5-NMA20-OEG45 a triblock copolymer with twice as many crosslinking units to 

emulsify with PFB. As described in Figure 3.20, with longer crosslinkable block, a thicker polymeric 

shell can be formed after UV-induced thiol-ene crosslinking. Then, the thicker polymeric shell can 

provide higher pressure on volatile PFB, condense it as liquid in the core and inhibit its phase transition 

from liquid to gas. 

 

Figure 3.20. Schematic diagram of PFB emulsions fabricated by PFUA5-NMA10-OEG32 and PFUA5-

NMA20-OEG45, respectively. 

3.4.1 Polymerization of PFUA5-NMA20-OEG45 

With the same polymerization method, PFUA5-NMA20-OEG45 triblock polymer was synthesized. 

The block number of OEG was accordingly increased to ensure the hydrophobicity, and the increase of 

molecular weight of polymer can also endow higher stability of PFP emulsion.  In brief, compound 1 

(10.00 mg, 14.70 μmol) was dissolved in dry DCM (500 μL), followed by the addition of a solution of 

Grubbs third-generation catalyst  (2.13 mg, 2.94 μmol) in dry DCM (50 μL). The reaction was stirred in 

glove box with protection of N2 gas at room temperature for 2 hours. Then the solution of compound 3 

PFUA5-NMA10-OEG32 PFUA5-NMA20-OEG45 
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(16.18 mg, 58.80 μmol) was added to the reaction mixture. After polymerization for additional 30 min, a 

solution of compound 4 (46.76 mg, 132.30 μmol) was added and stirred for another 40 min. Finally, the 

reaction was quenched with ethyl vinyl ether (EVE) for 20 min, concentrated to a small volume, 

precipitated by cold diethyl ether. The precipitation was collected and dried overnight after centrifuge to 

give the final polymer of PFUA5-NMA20-OEG45. SEC-MALS was also utilized to evaluate the dispersity 

of molecular weight, as indicated in Figure 3.21. Compare to PFUA5-NMA10-OEG32 in Figure 3.9, the 

elution time of PFUA5-NMA20-OEG45 decreased indicating the increase of molecular weight.  

 

Figure 3.21. SEC-MALS trace of copolymer PFUA5-NMA20-OEG45, light scattering (LS, red) and 

refractive index (dRI, black). 

3.4.2 Perfluoropentane-containing Emulsions 

For the preparation of PFB emulsions, since the boiling point of PFB is -1.7 oC, which mean it 

exists as gas under room temperature, all procedures were conducted at approximately -20 oC under ice 

bath with addition of sodium chloride (mass ration of ice to salts as 3). Notably, a mixture of PBS: 

Propylene glycol: Glycerol (16:3:1) was prepared for PFB emulsion in order to keep emulsion as liquid 

under -20 oC. After obtained the PFB emulsion, partial of emulsion was irradiated with UV for 

crosslinking. Finally, both PFB emulsions with and without crosslinking were investigated by clinical 

ultrasound machine. The non-crosslinked PFB emulsion at room temperature vaporized continuously, 
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even after exposing to the lowest possible ultrasound energy. However, with crosslinking, PFP emulsion 

became significantly stable, even could not be vaporized with highest available US input (MI=1.1). 

Furthermore, the crosslinked PFB emulsion started releasing gas bubbles at MI=0.23 and underwent a 

burst release of gas bubbles at MI=1.1 after increasing the test temperature to 37oC. On the contrary, the 

non-crosslinked PFB emulsion showed continuous vaporization during the whole test cycle (Figure 3.22).  

 

Figure 3.22. US images of PFB emulsions fabricated by PFUA5-NMA20-OEG45 along with changes of 

ultrasound MI in room temperature (RT) and physiological temperature (37oC) respectively, and region of 

interest (ROI) analysis of US signal intensity at the electronic focus of the transducer in one US test cycle. 

The blue line in each plot represents MI over time.  The red line in each plot represents mean ROI signal 

intensity over time. 
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Together, these data show that, the polymeric shell created by the PFUA5-NMA10-OEG32 was 

able to stabilize PFH and PFP emulsions, while the more volatile PFB emulsion required a thicker 

polymeric shell provided by PFUA5-NMA20-OEG45 with twice as many crosslinking points.  

3.4.3 Stability of Perfluorocarbon-containing Emulsions 

The stability of PFC emulsion, including both PFP emulsion fabricated by PFUA5-NMA10-OEG32 

and PFB emulsion fabricated by PFUA5-NMA20-OEG45, are critical for the future application in clinic. 

Hence, sizes of both emulsions were monitored with DLS. 

 

Figure 3.23. a) DLS measurements for size changes of noncrosslinked and crosslinked PFP emulsions 

after 7 days; b) DLS measurements for size changes of noncrosslinked and crosslinked PFB emulsions 

after 7 days. 
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Figure 3.24. a) Size changes of crosslinked PFP-emulsions before and after US burst; b) TEM images of 

crosslinked PFP-emulsions after US burst; c) Size changes of crosslinked PFB-emulsions before and after 

US burst; d) TEM images of crosslinked PFB-emulsions after US burst. 

We found that, for both noncrosslinked PFP and PFB emulsion, the average sizes increased and 

the size distributions became broader after storing under room temperature for 7 days, which 

demonstrated their instabilities agreeing the conclusion obtained by ultrasound tests; for both crosslinked 

PFP and PFB emulsion, the average sizes remained almost the same as fresh-prepared emulsion after 

storing under room temperature for 7 days, which again demonstrated the higher stabilities resulting from 

crosslinked polymeric shells.(Figure 3. 23) Furthermore, the structures of both crosslinked PFP and PFB 



 

108 

emulsion were observed with DLS and TEM, after introducing highest ultrasound energy as MI=1.1 until 

no gas bubbles generated anymore. (Figure 3.24) We found that after releasing all gas bubbles, both 

crosslinked PFP and PFB emulsions were destructed and turn into large assorted polymeric aggregates 

observed by TEM, which were further confirmed by DLS showing broader size distribution. 

3.5 Performance of PFC-containing Emulsions in Biological Fluid 

To advance the application of this crosslinkable polymer-stabilized PFC-containing system in 

vivo use in the future, the ultrasound contrast performance of PFP emulsion made by polymer PFUA5-

NMA10-OEG32 and PFB emulsion made by polymer PFUA5-NMA20-OEG45 were evaluated in 55% Fetal 

Bovine Serum (FBS) in PBS with under physiological temperature of 37 oC. The solution of 55% FBS in 

PBS was here used to mimic the concentration of FBS in blood. For the crosslinked PFP emulsion, it still 

possessed higher stability than the non-crosslinked one, but showed less gas bubbles release at highest 

energy input with MI=1.1 compared to them in PBS buffer. (Figure 3.25 and Figure 3.18) It is probably 

the result of the increase of viscosity of fluid (55% FBS in PBS). Higher viscosity brings in higher surface 

pressure to the PFP emulsion, and then result in less vibration of PFP caused by introduced acoustic 

energy and less release of gas bubbles.  
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Figure 3.25. US images of PFP emulsions fabricated with PFUA5-NMA10-OEG32 in 55% FBS in PBS 

buffer along with changes of ultrasound MI at physiological temperature (37 oC) respectively, and region 

of interest (ROI) analysis of US signal intensity at the electronic focus of the transducer in one US test 

cycle. The blue line in each plot represents MI over time. The red line in each plot represents mean ROI 

signal intensity over time. 

 

Figure 3.26. US images of PFB emulsions fabricated by PFUA5-NMA20-OEG45 in 55% FBS in PBS 

buffer along with changes of ultrasound MI in physiological temperature (37 oC) respectively, and region 

of interest (ROI) analysis of US signal intensity at the electronic focus of the transducer in one US test 

cycle. The blue line in each plot represents MI over time. The red line in each plot represents mean ROI 

signal intensity over time. 

Similarly, the crosslinked PFB emulsion was more stable than the noncrosslinked one in the 

solution of 55% FBS in PBS. (Figure 3.26) The non-crosslinked PFB emulsion showed a start release of 
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vaporization at lowest MI=0.05, a burst release at MI=1.1, and a continuous release even after decreasing 

the US power. However, after crosslinking the polymeric shell, the PFB emulsion became more stable, 

with a start of gas bubble release at MI=0.95 and a burst of release at MI=1.1. The release of PFB gas 

bubbles was then terminated by decreasing the ultrasound energy input, which was similar to the 

performance of PFB emulsion in PBS buffer. It was worthy mentioned that both PFP emulsion and PFB 

emulsion tested here were also examined in 100% FBS. Since the higher viscosity of 100% FBS 

compared with 55% FBS in PBS, the release of gas bubbles in both crosslinked emulsions decrease 

significantly even at the highest US power, which was consistent to the observation of crosslinked PFP 

emulsion in 55% FBS in PBS.  

3.6 Evaluation of Biocompatibility of PFC-containing Emulsions 

For future in vivo application, the cytotoxicity of both PFP and PFB emulsions were investigated 

via CCK-8 assay. 104 HeLa cells per well were placed in 96-well plates (Corning, New York, USA) and 

incubated overnight for adhesion in an air atmosphere with 5% CO2 at 37 oC using DMEM with 10% fetal 

bovine serum, L-glutamine, penicillin, and streptomycin. Subsequently, 0.1 mL both PFP emulsions and 

PFB emulsions with and without crosslinking were added in each well, respectively, with concentrations 

ranging from 0.1 μg/mL to 1 mg/mL of polymer. After incubated with cells for 24 hours, cell viabilities 

were determined by CCK-8 assay. (Figure 3.27) After 24 hours incubation, both PFP and PFB emulsions 

with and without crosslinking indicated good biocompatibilities in the range of concentrations as 0.1 

𝜇�g/ml - 0.1mg/ml with cell viabilities around 100%. At the highest concentration as 1 mg/mL, the cell 

viabilities of both noncrosslinked and crosslinked PFP emulsions decreased to 65%; nevertheless, the 

crosslinked PFB emulsion displayed less toxicity with cell viability around 50% than the non-crosslinked 

one with cell viability lower than 20% at the highest concentration as 1 mg/mL, which is because of less 

freestanding crosslinker and photoiniator existed after crosslinking.  
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Figure 3.27. Cell viabilities of PFP emulsions and PFB emulsions with and without crosslinking after 

incubating with Hela cells for 24 hours. 

3.7 Conclusion 

In summary, a UV-inducible thiol-ene click crosslinkable polymeric surfactant was successfully 

synthesized for encapsulation and stabilization of low boiling point PFCs. The stabilizing properties and 

responsiveness to clinical US acoustic activation of PFC-contained emulsions were investigated under 

different temperatures (RT and 37 oC) and in different fluids (PBS, 55% FBS in PBS and 100% FBS). The 

biocompatibilities of these PFC-contained emulsions were also demonstrated, which is critical for 

advancing their development in future clinic usage. With this crosslinkable polymeric system, it is 

possible to emulsify and stabilize low-bp PFCs for eventual clinical application as an ultrasound contrast 

agent. Furthermore, this ROMP based polymeric system represents an easy, simple and flexible way for 

tuning the materials properties to account for PFCs with different boiling points. Remarkably, PFB, 

whose boiling point as low as  -1.7 °C, could be utilized in this manner at physiological temperatures and 

biological fluid with enhancement of contrast under clinical ultrasound imaging. 

3.8 Reagents and Instruments 
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All reagents were purchased from commercial sources and used without further purification 

unless otherwise noted. The preparation method of Grubbs third-generation catalyst 

(IMesH2)(C5H5N)2(Cl)2Ru=CHPh (‘Ru’) and norbornene OEG (compound 4) can be found in literature 

procedures. 36, 37 The polydispersity and molecular weight of polymer were measured by size-exclusion 

chromatography (SEC-MALS) (Phenomenex Phenogel 5u 10, 1K-75K, 300 x 7.80 mm in series with a 

Phenomex Phenogel 5u 10, 10K-1000K, 300 x 7.80 mm (0.05 M LiBr in DMF)) using a Chrom Tech® 

Series 1500 pump equipped with a multi-angle light scattering detector (DAWN-HELIOS: Wyatt 

Technology), a refractive index detector (Wyatt OptiLab T-rEX) and a UV-Vis detector (Shimadzu SPD-

10AVP) normalized to a 30,000 MW polystyrene standard. The dn/dc value used (0.179 in DMF) was 

calculated by averaging several runs of norbornene-phenyl homopolymers assuming 100% mass elution 

from the columns. 38 1H NMR and 19F NMR spectra were recorded on a Varian Mercury Plus 

spectrometer (400 MHz) and 300 Bruker AVA spectrometer (300MHz) respectively. Chemical shifts (1H) 

and (19F) are reported in (ppm) relative to the residual solvent peak. TEM images were acquired on 

carbon grids (Ted Pella, INC.) on a FEI Tecnai G2 Sphera at 200 KV. Mass spectra were obtained at the 

UCSD Chemistry and Biochemistry Molecular Mass Spectrometry Facility. DLS data was obtained on a 

Wyatt DynaPro Nanostar. Emulsions were made using a Probe Sonicator (S-4000, Misonix Sonicators, 

30% amplitude, 30s). The UV lamp (8W) used for thiol-ene crosslinking is from UVP, LLC. All 

ultrasound images were obtained using an Acuson Sequoia 512 ultrasound instrument with a 15L8 probe. 
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Chapter 4  

Stimuli-responsive ROMP Polymeric System for 

Liquid Crystals-based Sensors  

4.1 Introduction 

Liquid crystals (LCs), are materials existed in between conventional liquid and solid crystals, 

which have properties in between those two conventional phases, such as flowing like a liquid yet 

orienting their molecules like a solid crystal. 1-5 Individual molecules in liquid crystal are defined as 

mesogens.  By differentiating the optical properties, the phases of LCs can be classified as different types, 

6-7 including thermotropic, 8-9 lyotropic 10-11 and metallotropic phases. 12 While the molecular order in LCs 

can be determined or influenced by temperature, the phase of the LCs can be defined as thermotropic. 

There is a range of temperature for the observation for thermotropic LCs, where the phase transition to a 

isotropic liquid can happen under high temperature, and glass phase can also be obtained under extremely 

low temperature. 8-9 Lyotropic LC is in a mesophase by dissolving an amphiphilic mesogen in a solvent 

(commonly water), whose phase transition can be varied by both temperature and concentration of 

mesogen. 10-11 For metallotropic LCs, both organic molecules and inorganic molecules exist, and their 

ratio is a critical factor for the LC phase transition as well as temperature. 12 

Particularly, for thermotropic LCs, the changes of temperature can cause the thermal motion of 

mesogens, and result in various phases, including nematic phase 13-15, smectic phase 16-17, chiral phase 18-

19, blue phase 20, discotic phase 21-23, and bowlic phase 24. Among all those phases, the nematic phase is 

one of the most common LC phases, where the rod-shaped mesogen self-align into long-range directional 

order but without positional order overall. 25 Therefore, in nematic phase, the LC molecules, also called as 
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mesogen, are mobile as in a liquid with a random distribution of centers of mass positions, while still 

remain a long-range directional order. Since this long-range directional order, nematic LCs can be easily 

aligned by external magnetic field and electric field, reveal unique optical appearance which directly 

resulting in their worldwide usage in liquid crystal display (LCD). 26-28 

Nowadays, it has been broadly discovered that LC phases are responsive to various stimuli, 

including temperature, magnetic field, electric field, mechanical shear and light etc. Based those 

responsive nature, LC materials have been widely used as sensors out of the common use as displays. Till 

now, different types of LC-based sensors have been developed. For instance, a twisted-nematic LC cell 

has been built to sense the changes of temperature by using only electrical signals, which can detect the 

temperature from -6 oC to 110 oC. 29 Cholesteric LCs with presence of chiral azobenzene displayed 

different transmittance spectra before and after UV irradiation, 35 which can be used for sensing the solar 

UV radiation. 30-34 Moreover, LC-based sensors have also been developed as a new class of cheap, rapid, 

and label-free sensors for targeted detection of biological and chemical information. As reported currently, 

compare to many other surface-based imaging methods, LCs can quantify the amount of proteins captured 

at a surface by measuring the fraction of polarized light transmission, 36 can probe the structure 

biomolecules displayed at the surface of substrate, 37 can detect proteins captured on surface via a wide 

range of binding groups. 38 Furthermore, LCs were also used to detect DNA on surfaces, since the 

sensitivity of LCs to the orientation and configuration of the biomolecules. It has been successfully 

demonstrated that LCs can be used to detect and quantify single and double-stranded DNA (ssDNA and 

dsDNA) at solid surfaces. 39-41 However, a range of fundamental and technical challenges still hinders the 

use of LCs for chemical and biological sensors. For example, the polymeric surfaces in those LC display 

technology-based sensors are relative simple, compared to the diverse chemical functional groups in 

targeted chemical and biological analytes. Considering the fact that liquid crystals are open to interact 

with analytes, the mechanical stability is another critical factor.  

The most important aspect we highly concerned is, most LCs-based sensors were developed on 

planar surfaces with thickness of several micrometers, which inhibit their application in some extensive 
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area. To address this issue, LC-in-water emulsions were explored as promising candidates as a new type 

of LC-based sensor. 42 It has been reported that, the absorption of analytes on the surface of LC droplets 

can alter the surface anchoring of LC mesogen, and thereby influence the configuration of LC within the 

droplet. 43 Basically, when the analytes attached on the surface of LC droplets, the two-point defects 

(boojums) at the diametric ends of the bipolar droplets disappeared first, and a disclination near the 

droplet equator appeared secondly. Then, the migration toward a pole and shrinkage to a surface defect 

happen along with the alignment of mesogen changed from parallels to perpendicular to the surface of 

droplet. Finally, the surface point defect moved to the center of droplet, forming a radial structure (Figure 

5.1). 44 Both bipolar structure and radial structure of droplet can be easily observed and distinguishes by 

polarized optical microscope. This bipolar-to-radial ordering transitions with micrometer-sized droplets in 

an aqueous medium have attracted a lot of attention recently. Therefore, LC emulsions can be used to 

detect various target analytes in solution, including surfactants, 45 lipids, 46 charged macromolecules, 47 

bacteria and virus, 48 and proteins. 49 

          

Figure 4.1. Surface-driven ordering transitions within LC droplets of fixed size. The change in surface 

anchoring of the LC droplet (from tangential to perpendicular) was achieved by equilibrating 8.0 ± 0.2-

μm-diameter, polymer-encapsulated 5CB droplets with aqueous solutions containing SDS at 

concentrations that ranged from 0 to 1 mM. The top row shows schematic illustrations of the topological 

ordering of the LC within each droplet, and the middle and bottom rows, respectively, show the 

corresponding bright-field and polarized light micrographs of the 5CB droplets. Copyright from American 

Chemical Society 2009. 44 
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As we summarized above, the LC emulsion-based sensors were depending on the absorption of 

molecules existed in aqueous solution to trigger the bipolar-to-radial ordering transition, which is 

unidirectional detection. Therefore, this type of sensors is highly limited by the nature of targeted 

analytes. By considering two facts that, one is that the amphiphilic surfactants can directly emulsified 

with LC mesogen to form radial-ordered LC droplets, the other is that versatile responsiveness can be 

endowed in synthetic amphiphilic polymers, it is promising to develop a LC emulsion-based sensor using 

synthetic polymer to radial-to-bipolar ordering transition by introducing external stimuli, such as pH, 

enzyme, redox, UV light, reactive oxygen species etc.  

4.2 Design of stimuli-responsive polymers for modulating LC droplets 

configuration 

As discussed above, ROMP-based polymer is highly controllable and versatile in molecular 

weight, length, ratio of hydrophobicity over hydrophilicity, functional groups and so on. As previous work 

in our lab, peptide-polymer amphiphiles (PPAs) were assembled at the interfaces of LC microdroplets, 

and were proved of the capability to trigger ordering transition in LC microdroplets in response to 

targeted biomolecular events. 50 To advance the application of LC-emulsion based sensors, we designed a 

stimuli-responsive ROMP-based polymer for emulsifying with LC droplets. (Figure 4.2) 

 

Figure 4.2. a) Basic design of stimuli-responsive ROMP-based polymer for emulsifying with LC 

droplets; b) Schematic diagram of LC emulsion- based sensors. 
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 Basically, as indicated in Figure 4.2a, side chains with conjugation of mesogenic groups, which 

possess similar chemical structure as commonly used nematic mesogen 4-cyano-4’-pentybiphenyl (5CB), 

are designed to promote the interfacial assembly of polymer on LC microdroplets. Also, cleavable linkers 

are used to conjugated mesogenic groups on polymer backbone, in order to endow responsiveness to LC 

emulsions as potential sensors. We hypothesize that, LC microdroplets display as radial ordering with 

polymer assembly on the interface, and then transit to bipolar ordering while polymer are cleaved by 

introducing specific external stimuli. (Figure 4.2b) With this reverse radial-to-bipolar ordering transition 

compared to previous reported LC emulsion-based sensor, it is able to sense various types of external 

environmental changes, including pH, UV light, redox, reactive oxygen species etc. 

4.3 Standard radial and bipolar LC emulsions and characterization  

In order to test two LC droplets with different ordering including radial and bipolar under flow 

cytometer and polarized optical microscope, we used SDS as surfactant to fabricate radial ordered LC 

microdroplets as reported in reference.  

          

Figure 4.3. Standard LC droplets: a) radial LC droplets emulsified with SDS as surfactant; b) bipolar LC 

droplets in water. 

a b
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In brief, 1 μL 5CB was added 1 ml 50mM SDS aqueous solution and bath sonication for 1 min 

to obtain milky emulsion, which utilized as standard radial LC microdroplets. For standard bipolar LC 

microdroplets, 1 μL 5CB was added 1 ml water solution and bath sonication. Then two standard LC 

emulsions were exanimated by flow cytometer and polarized optical microscope. The radial ordered LC 

microdroplets displayed a narrow S-shape distribution under flow cytometer, and confirmed by polarized 

optical microscope (Figure 4.3a); the bipolar LC microdroplets displayed as a broad fan-shaped 

distribution under flow cytometer, and also confirmed by polarized optical microscope (Figure 4.3b). 

4.4 Redox-responsive LC emulsion-based sensor 

4.4.1 Synthesis process of disulfide bond-contained monomer 

As mentioned above, a mesogenic group needs to be incorporated on polymer, in order to 

promote the assembly of polymer on the interface of LC droplets. Therefore, compound 1 was 

synthesized first. (Figure 4.4) In brief, 4'-hydroxy-[1,1'-biphenyl]-4-carbonitrile (1.30g, 1.0 equiv.), 10-

bromodecanol (2.38g, 1.5 equiv.), together with potassium carbonate (1.86g, 2 equiv.) were added in 10 

mL DMF. After blowing with N2 gas for 10 min, the mixture was heated up to 90 oC for 48 hours reaction 

under stirring. Then the solution was cooled down to RT, diluted with 2X DCM. 4X deionized water was 

then introduced to wash the mixture for 2 times to remove salts. The collected organic layer was 

subsequently washed by 5% NaOH aqueous solution once to remove DMF. Finally, the organic layer was 

dried under reduced pressure, and then redispersed in 2X ethanol for recrystallization. Crystals were 

collected by filtration and dried under vacuum for overnight to give a final pure compound 1 as white 

powder (yield: 92%). The structure and the purification of compound 1 were confirmed with 1H NMR by 

dissolving in CDCl3 as showed in Figure 4.5. 
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Figure 4.4. Synthesis routine of compound 1.  

 

Figure 4.5. 1H NMR spectrum of compound 1. 

In order to obtain disulfide bond contained- norbornene monomer for following polymerization, 

two-step synthesis was performed. (Figure 4.6) The amide norbornene monomer (Nor-NH2) was first 

obtained with the same method described in Chapter 3. Then, together with 3,3'-Dithiodipropionic acid 

(367.03 mg, 1.2 equiv.), HBTu (663.6 mg, 1.2 equiv) and DIPEA (0.13 mL, 0.5 equiv.), Nor-NH2 was 

dissolved in 300 mL of anhydrous DMF for overnight reaction under vigorous stirring. Then, the solution 

was dried under reduced pressure to yield sticky yellow residue. The yellow residue was redissolved in 

30mL EA, washed with 1 M HCl aqueous solution for once, and then extracted with 1M K2CO3 aqueous 

solutions. Aqueous layer was collected and neutralized with HCl till the pH lower than 2, then washed 
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with EA for times. After the organic layers were collected, concentrated, MeOH was added to redissolve 

all residue and filter out the white precipitation. The transparent MeOH solution was finally dried to yield 

pure compound 2 (yield: 47%), which was confirmed by ESI-MS. (Figure 4.7)  

 

Figure 4.6. Two-step synthesis of disulfide bond-contained mesogenic monomer (compound 3). 
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Figure 4.7. ESI Mass Spectra of compound 2. 

For the second step, the obtained compound 2 (136.05 mg, 1.2 equiv.) was dissolved in anhydrous 

DMF (10 mL), together with compound 1 (100 mg, 1.0 equiv.). Then DIPC (140.9 mg, 2.4 equiv.) and 

DMAP (6.95 mg, 0.2 equiv.) were added in above mixture for overnight reaction under protection of N2 

gas. The residue obtained by removing all solvent was purified through the silica-gel chromatography 

(DCM/EA=5) to give final disulfide bond-containing monomer (compound 3). ESI-MS was used to 

confirm the structure and purification of compound 3. (Figure 4.8) 
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Figure 4.8. ESI Mass Spectra of compound 3. 

4.4.2 Synthesis of disulfide bond contained- homopolymer 1 and preparation of redox-responsive 

LC emulsion 

After obtained disulfide bond-contained monomer, the homopolymer was synthesized via ring-

opening metathesis polymerization (ROMP). Briefly, compound 3 (10 mg, 10 equiv.) was fully dissolved 

in DCM (300 μL) first, and then was initiated the polymerization by the addition a solution of Grubbs 

third-generation catalyst (0.99 mg, 1 equiv.) in DCM (50 μL) under vigorous stirring. After left to stir 

under nitrogen at room temperature for 2 hours, the reaction was quenched by addition of an excess of 

ethyl vinyl ether (EVE) for another 20 min. The solution was concentrated by air blowing to a small 

volume, precipitated by addition of cold diethyl ether. The polymer was collected and dried under vacuum 

overnight to give the final product as a brown solid, whose complete polymerization was confirmed with 

1H NMR in CDCl3. (Figure 4.9) 
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Figure 4.9. 1H NMR spectra of disulfide bond-contained homopolymer 1. 

Then, disulfide bond-contained homopolymer 1 was dissolved in DCM with concentration as 2 

mg/mL for further LC emulsion preparation. Different volumes of homopolymer 1 solution (5 μL, 10μL, 

20μL), respectively, were added in the bottom of glass tubes (VWR) together with 1 μL of 5CB. After 

blowing with air gently to remove DCM, glass tubes were put under vacuum for another 2 hours for full 

removal of organic solvent. A thin layer was formed on the bottom of each glass tube. Finally each glass 

tube was added in 1 mL DPBS buffer, and immediately put into bath sonicator for 1 min sonication 

forming milky LC emulsions. 50 μL LC emulsions were diluted into 1 mL DPBS buffer for flow 

cytometer examination, with 50000 events counted.  
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Figure 4.10. Flow cytometer analysis for configuration of LC microdroplets after emulsified 2 mg/mL 

homopolymer 1 with different volumes: a) 5 μL; b) 10 μL; c) 20 μL.  

 As showed in Figure 4.10, disulfide bond-contained homopolymer 1 was able to serve as 

surfactant to trigger the bipolar-to-radial transition of LC microdroplets. Moreover, as higher amount of 

homopolymer 1 was utilized to emulsify 5CB, the configuration of LC microdroplets changed from 

mainly bipolar, then mixture of bipolar and radial, to complete radial finally, which indicated that the 

generation of LC microdroplets with radial ordering is surfactant concentration-dependent. For following 

test, we chose LC emulsion prepared with 20 μL 2 mg/mL homopolymer 1, (Figure 4.10c) because its 

best radial ordering compared to the other two.    

4.4.3 Redox-responsive LC emulsion with treatment of DTT 

Here, we utilized dithiothreitol (DTT), the most common-used redox reagent, to cleave disulfide 

bond-contained homopolymer 1 anchored on the interfaces of LC microdroplets.  50 μL LC emulsion 

prepared above was added to l mL DTT aqueous solution (10 nmol), and their configurations were 

monitored by flow cytometer with same parameters along with increase of incubation time. The standard 

radial LC emulsion prepared by SDS was used here as control.  
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Figure 4.11. a) Flow cytometer analysis for configuration of LC emulsions with incubation with DTT 

solution. The images of LC microdroplets under polarized optical microscope were inserted; b) 

Quantification analysis of percentage of radial LC microdroplets before and after incubation. 

 After incubating with DTT for 2 hours under room temperature, it was clearly showed that the 

distribution of LC microdroplets changed from narrow S-shape to broad fan-shape under flow cytometer, 

indicating the radial-to-bipolar ordering transition triggered by the cleavage of homopolymer 1 after 

incubating with DTT for 2 hours; while no configurable changes was observed in LC microdroplets with 

non-redox-responsive SDS. The images of LC microdroplets obtained by polarized optical microscope 

were consistent with the result of flow cytometer, clearly displayed the radial-to-bipolar ordering 

transition after addition of DTT. (Figure 4.11a) Furthermore, the quantification of percentage of radial LC 

microdroplets was performed by MatLab, with setting standard radial emulsion as 100%. As showed in 

Figure 4.11b, over 70% radial LC microdroplets existed with emulsification of homopolymer 1. The 

percentage dropped to 6% after emulsion incubated with DTT for 2 hours. However, the percentage of 

radial droplet in emulsion of SDS almost kept identical before and after incubation with DTT.   

4.5 UV-responsive LC emulsion-based sensor 
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4.5.1 Synthesis of UV-responsive nitrobenzyl-monomer 

 

Figure 4. 12. Synthetic route for UV-responsive nitrobenzyl-monomer compound 7.  

In order to obtain UV-responsive nitrobenzyl-monomer, several steps of synthesis were 

processed. Firstly, 4-(bromomethyl)-3-nitrobenzoic acid (1.302g, 1.0 equiv.), together with potassium 

carbonate (3.455g, 5.0 equiv.) was dissolved in the co-solvent of acetone and water, and then reacted for 

overnight after heated up to 60 oC. The reaction solution was dried and redissolved in EA, and then 

washed by water for couple times. Finally, the organic layer was collected and dried to yield pure dark 

brown product of compound 4, which was confirmed by ESI-MS. (Figure 4.13) 

NO O

NH2

HBTu (3.5 equiv.)
DIPEA (1.0 equiv.)
DMF, RT

1.0 equiv.

NO O

NHO

ON
8

2.0 equiv.

DIPC (2.0 equiv.)
DMAP (0.4 equiv)
anhydrous DMF, RT

Compound 5

Compound 6

O

OH

O2N

HO

O

OH

O2N

Br

Compound 4

K2CO3 (5 equiv.)

Acetone, 60 oC

1.0 equiv.

HO

NO2

OHN

Br

O

HO
8

O

OH1.1 equiv.

1.0 equiv.

Compound 7

NO O

NHO

O

NO2

O

O

N

8

1.0 equiv.

K2CO3 (3 equiv.)

Acetone, 60 oC



 

131 

 

Figure 4.13. ESI Mass Spectra of compound 4. 

 As showed in Figure 4.12, to a 50 mL DMF with compound 4 (477.94 mg, 1.0 equiv.), the 

mixture of Nor-NH2 (500mg, 1.0 equiv.), HBTu (3.22 g, 3.5 equiv.) and DIPEA (447.3 μL, 1 equiv.) in 50 

mL DMF was drop wisely added. Then, the reaction was processed for overnight under room temperature, 

and was concentrated under reduced pressure to give brown residue. The collected residue was purified 

with silica-gel chromatography with elution solution of pure EA. After obtained pure compound 5 as off-

white solid powder, 1H NMR was used to demonstrate its structure and purity. (Figure 4.14) 
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Figure 4.14. 1H NMR spectra of compound 5. 

 To conjugate on compound 5, another type of mesogenic compound 6 was synthesized first. 

Briefly, 4’-Hydroxy-biphenyl-4carbonitrile (10.3 g, 1.0 equiv.), 11-bromo-undecanoic acid (14.6g, 1.1 

equiv.) was dissolved in 50 ml acetone with potassium carbonate (20.7g, 3.0 equiv.). Then the mixture 

was heated up to 60 oC, and stirred for 4 days to give a maximal conjugation efficacy. The reaction 

mixture was acidified with 3M HCl till the pH lower than 7, and then was diluted with 500 mL water. 

After precipitation in mixture was removed by filtration, the final compound 6 was recrystallized by 

ethanol. Subsequently, compound 5 (385.37 g, 1.0 equiv.), compound 6 (758.98 g, 2.0 equiv.) were fully 

dissolved in 10 mL anhydrous DMF, together with DIPC (315.5 μL, 2.0 equiv.) and DMAP (49 mg, 0.4 

equiv.). The mixture was reacted overnight under stirring with N2 gas protection. Then, the solvent was 

removed to yield brown crude product. This final product of compound 7 was obtained by purification of 

silica-gel chromatography with pure DCM, and also was confirmed by 1H NMR. (Figure 4.15) 
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Figure 4.15. 1H NMR spectra of compound 7.  
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Figure 4.16. Percentage of compound 7 was cleaved with different time period of UV irradiation, 

monitored by 1H NMR.  

In order to prove that compound 7 is UV-cleavable, 1H NMR was again utilized to monitor the 

cleavage of compound 7 along with time, and also was utilized to partially quantify the percentage of 

cleavage caused by UV irradiation. As showed in Figure 4.16, we quantified the peak around 6.3ppm as 1, 

which represented the two protons on olefin of compound 7. The peak around 5.5 ppm, indicated the two 

protons existing between ester and nitrobenzyl, which should disappear after the cleavage of compound 7. 

The result demonstrated the successful and fast cleavage of compound 7 by UV irradiation.  With only 10 

min UV irradiation, 30% compound 7 was cleaved, and then about 70% after 1 hour UV irradiation.  
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4.5.2 Synthesis of nitrobenzyl-homopolymer 2 and preparation of UV-responsive LC emulsions 

After obtained nitrobenzyl-contained monomer compound 7, the homopolymer 2 was synthesized 

via ring-opening metathesis polymerization (ROMP). Briefly, compound 7 (10 mg, 10 equiv.) was fully 

dissolved in DCM (300 μL) first, and then was initiated the polymerization by the addition a solution of 

Grubbs third-generation catalyst (0.97 mg, 1 equiv.) in DCM (50 μL) under vigorous stirring. After left to 

stir under nitrogen at room temperature for 1 hour, the reaction was quenched by addition of an excess of 

ethyl vinyl ether (EVE) for another 20 min. The solution was concentrated by air blowing to a small 

volume, precipitated by addition of cold diethyl ether. The polymer was collected and dried under vacuum 

overnight to give the final product as a brown solid, whose complete polymerization.  

Then, nitrobenzyl-homopolymer 2 was dissolved in DCM with concentration as 2 mg/mL for 

further LC emulsion preparation. Different volumes of homopolymer 2 solution (5 μL, 10μL, 20μL), 

respectively, were added in the bottom of glass tubes (VWR) together with 1 μL of 5CB. After blowing 

with air gently to remove DCM, glass tubes were put under vacuum for another 2 hours for full removal 

of organic solvent. A thin layer was formed on the bottom of each glass tube. Finally each glass tube was 

added in 1 mL DPBS buffer, and immediately put into bath sonicator for 1 min sonication forming milky 

LC emulsions. 50 μL LC emulsions were diluted into 1 mL DPBS buffer for flow cytometer examination, 

with 50000 events counted.  

Figure 4.17. Flow cytometer analysis for configuration of LC microdroplets after emulsified 2 mg/mL 

homopolymer 2 with different volumes: a) 5 μL; b) 10 μL; c) 20 μL.  
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As showed in Figure 4.17, with very low concentration of homopolymer 2, the LC droplets were 

able to modulate into radial ordering, showing S-shape distribution on flow cytometer.  

4.5.3 UV-responsive LC emulsion with treatment of UV irradiation 

Based on the data showed in Figure 4.17, we chose LC-emulsion made by 5 μL 2mg/ml UV-

responsive homopolymer 2 as the one for further test. Using SDS- LC emulsions as control, radial-

ordered LC emulsions with homopolymer 2 were irradiated by 365nm UV (100W) for different time 

period, and then tested by flow cytometer and polarized optical microscope. It was found that, since SDS 

is not responsive to UV irradiation, there was no change of distribution of SDS-LC emulsion on flow 

cytometer, which means SDS- LC emulsion remained their radial ordering after 10 min UV irradiation; on 

the other hand, the percentage of radial LC droplets dropped to 23% only after 10 min UV irradiation, and 

4% after 30 min UV irradiation, which displayed a dramatically change of distribution on flow cytometer. 

(Figure 4.18) This data clearly demonstrated that the UV-responsive nitrobenzyl-bond contained 

homopolymer 2 could induce the radial configuration of LC droplets after emulsification, and also could 

be rapidly cleaved by UV irradiation to realize the radial-to-bipolar ordering transition.  It also indicated 

the potential of this system to be utilized as UV sensor. 
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Figure 4.18. a) Flow cytometer analysis for configuration of LC emulsions with UV irradiation. The 

images of LC microdroplets under polarized optical microscope were inserted; b) Quantification analysis 

of percentage of radial LC microdroplets without and with UV irradiation for different time. 

4.6 pH-responsive LC emulsion-based sensor 

4.6.1 Synthesis of pH-responsive oxime-bond contained monomer 

To obtain pH-responsive oxime-bond contained monomer, several synthesis steps were proceeded 

showed as Figure 4.19. First, compound 1 (351.48 mg, 1.0 equiv.), (Boc-aminooxy) acetic acid (191.18 

mg, 1.0 equiv.), DIPC (312.8 μL, 2.0 equiv.) together with DMAP (122.17 mg, 1.0 equiv.) were dissolved 

in 6 mL anhydrous DCM, and reacted overnight under N2 gas protection. The mixture was concentrated 

and purified by silica-gel chromatography with elution solution as DCM/EA=10. The purified product 

compound 8 was collected and verified by 1H NMR in CDCl3 as showed in Figure 4.20. 
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Figure 4.19. Synthesis route for pH-responsive oxime-contained monomer compound 11. 

 

Figure 4.20. 1H NMR spectra for compound 8. 

 Then compound 8 was dissolved in co-solvent of TFA and DCM (1:1), stirred for 1 hour to 

remove the boc-protection. Then the mixture was concentrated and precipitated by pre-cooled diethyl 
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ether. The precipitation was collected and dried to obtain the compound 9 (Figure 4.21) for next step 

synthesis.  

 

Figure 4.21. 1H NMR spectra for compound 9. 

 Before the final step to synthesize pH-responsive oxime-contained monomer, compound 10 was 

synthesized first. Briefly, amide norbornene monomer Nor-NH2 (386 mg, 1.o equiv.) was added to the 

mixture of 4-formylbenzoic acid (217 mg, 1.2 equiv.), HBTu (548.5 mg, 1.2 equiv.) and DIPEA (266.8 

mg, 1.2 equiv.) in 5 mL DMF. The mixture was stirred at RT for overnight, concentrated and redissolved 

in DCM. Then the DCM solution was washed by water (50 mL) for 3 times, then washed by saturated 

NaHCO3 solution (50 mL) for 3 times. The organic layers were collected and yielded the final compound 

11. Then compound 10 (79.7 mg, 1.0 equiv.), compound 9 (100 mg, 1.0 equiv.) were added into 4 mL 

THF, reacted overnight with addition of TsOH (20 mg, 0. 45 equiv.). The pH of mixture was adjusted by 

TEA till base. After full reaction, the reaction was concentrated and purified by silica-gel chromatography 

with elution solvent as DCM/EA=1. 1H NMR was used to confirm the structure and purification of 

compound 11. (Figure 4.22) 
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Figure 4. 22. 1H NMR spectra for compound 11. 

4.6.2 Synthesis of pH-responsive oxime-contained homopolymer 3 and preparation of pH-

responsive LC emulsion  

After obtained pH-responsive oxime bond-contained monomer compound 11, homopolymer 3 

was synthesized via ROMP as described above. Briefly, compound 11 (10.12 mg, 10 equiv.) was fully 

dissolved in DCM (300 μL) first, and then was initiated the polymerization by the addition a solution of 

Grubbs third-generation catalyst (0.98 mg, 1 equiv.) in DCM (50 μL) under vigorous stirring. After left to 

stir under nitrogen at room temperature for 1 hour, the reaction was quenched by addition of an excess of 

ethyl vinyl ether (EVE) for another 20 min. The solution was concentrated by air blowing to a small 

volume, precipitated by addition of cold diethyl ether. The polymer 3 was collected and dried under 

vacuum overnight to give the final product as a brown solid, whose complete polymerization.   

Then, oxime -homopolymer 3 was dissolved in DCM with concentration as 4 mg/mL for further 

LC emulsion preparation. Different volumes of homopolymer 3 solution (5 μL, 10 μL, 20 μL), 

respectively, were added in the bottom of glass tubes (VWR) together with 1 μL of 5CB. After blowing 
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with air gently to remove DCM, glass tubes were put under vacuum for another 2 hours for full removal 

of organic solvent. A thin layer was formed on the bottom of each glass tube. Finally each glass tube was 

added in 1 mL DPBS buffer, and immediately put into bath sonicator for 1 min sonication forming milky 

LC emulsions. 50 μL LC emulsions were diluted into 1 mL DPBS buffer for flow cytometer examination, 

with 50000 events counted. As showed in Figure 4.23, homopolymer 3 was able to induce the ordering 

change of LC microdroplets to radial with low quantity of homopolymer 3 as surfactant assembling on 

the interface. 

 

Figure 4.23. Flow cytometer analysis for configuration of LC microdroplets after emulsified 4mg/mL 

homopolymer 3 with different volumes: a) 5 μL; b) 10 μL; c) 20 μL. 

4.6.3 pH-responsive LC emulsion under different pH 

The prepared the pH-responsive LC emulsions (50 μL) were diluted to solution with different pH 

for different time periods, respectively. The result showed that, LC microdroplets remained radial 

configuration after incubating in solutions with both pH 7.4 and pH 2.0. (Figure 4.24) This might because 

that, oxime bonds could be cleavage at pH 2.0, however, the pH around oxime bonds could not drop to 

2.0 since hydrogen ions need to diffuse into the interface of LC emulsions. Therefore, the oxime bonds 

could not be cleaved since they were embedded inside LC microdroplets. (Figure 4.24b) 
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Figure 4.24. a) Flow cytometer and polarized optical microscope images of LC microdroplets incubated 

in different pH after different time respectively; b) schematic diagram of diffusion of hydrogen ions into 

the interface of LC emulsion to cleave oxime bond. 

4.7 ROS-responsive LC emulsion-based senor 

4.7.1 Synthesis process of ROS-responsive monomer 

 

 

Figure 4.25. Scheme for the synthesis route of ROS-responsive monomer. 

As showed in Figure 4.25, amide norbornene monomer Nor-NH2 (600 mg, 1.0 euiqv.) was 

reacted with 3-bromo-5-hydroxybenzoic acid (526.09 mg, 1.2 equiv.) in the DMF solution with HBTu 
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(3.26 g, 3.5 equiv.) and DIPEA (447.83 μL, 1.0 equiv.) for overnight under RT. Then the mixture was 

concentrated under reduced pressure to give brown residue. The residue was purified by silica-gel 

chromatography eluted by co-solvent of DCM/EA=1/2, the compound 12 was collected and confirmed by 

1H NMR. (Figure 4.26) 

 4'-Cyano-4-biphenylol (1.17 g, 1.0 equiv.) and 1,10-dibromodecane (1.8 g, 1.0 equiv.) were 

dissolved in 300 mL acetone, together with K2CO3 (1.66 g, 2.0 equiv.). The mixture was heated up to oC, 

and stirred for overnight. Then, the solution was dried and purified by silica-gel chromatography with 

DCM as elution solvent. Then, the final compound 13 was collected as white solid powder, and confirmed 

by 1H NMR. (Figure 4.27) 

 

Figure 4.26. 1H NMR spectra of compound 12. 



 

144 

 

Figure 4.27. 1H NMR spectra of compound 13. 

 After obtained compound 13, compound 12 (300mg, 1.0 equiv.) was added into the acetone 

solution with compound 13 (607 mg, 1.5 equiv.) and K2CO3 (307 mg, 3.0 equiv.), and then the solution 

was heated to 60 oC for refluxing overnight. The concentrated residue was purified by silica-gel 

chromatography with elution solvent of DCM/EA=4. Pure compound 14 was collected (yield: 53%) and 

confirmed by 1H NMR. (Figure 4.28) Finally, compound 14 (150 mg, 1.0 equiv.), Bis(pinacolato)diboron 

(103 mg, 2.0 equiv.) were added in 5 mL anhydrous dioxane together with KoAc (59.8 mg, 3.0 equiv.) 

and dffp.PdCl2 (29.72 mg, 0.2 equiv.), and reacted under 101 oC and N2 gas protection for more than 12 

hours. The solution turned into dark brown and was concentrated into dark brown residue. The residue 

was purified by silica-gel chromatography with DCM/EA=6 to yield the final ROS-responsive monomer 

compound 15. The structure and purity were confirmed by 1H NMR (Figure 4.29) and ESI-MS (Figure 

4.30). 
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Figure 4.28. 1H NMR spectra of compound 14. 

 

Figure 4.29. 1H NMR spectra of compound 15. 
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Figure 4.30. ESI Mass Spectrum of compound 15. 

4.7.2 Synthesis of ROS-responsive homopolymer 4 and preparation of ROS-responsive LC 

emulsions 

After obtained ROS-responsive monomer compound 15, the ROS-responsive homopolymer 4 

was synthesized via ring opening metathesis polymerization method as described above. Briefly, 

compound 15 (9.2 mg, 10.0 equiv.) was dissolved in 300 μL DCM. The 3nd-generation Grubbs catalyst 

(0.85 mg, 1.0 equiv.) in 50 μL DCM was added into above mixture under stirring. The mixture was turned 

into brown color, and continued the polymerization for another 1 hour. The reaction was quenched by 

addition of an excess of ethyl vinyl ether (EVE) for another 20 min. The solution was concentrated by air 

blowing to a small volume, precipitated by addition of cold diethyl ether. The homopolymer 4 was 

collected and dried under vacuum overnight to give the final product as a brown solid, whose complete 

polymerization.  

The homopolymer 4 was dissolved in DCM with concentration as 2 mg/mL. Different volume of 

homopolymer 4 in DCM (10 μL, 20 μL, 40 μL) was added in the bottom of glass tube, together with 1 μL 

5CB. The DCM was removed by blowing with air first and then vacuuming for another 2 hours, to form a 
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thin layer on the bottom of glass tube. Then, 1 mL DPBS was added in under bath sonication. After 1 min 

bath sonication, the solution was turned into milky emulsion. Then the LC emulsion made by ROS-

responsive homopolymer 4 (50 μL) was diluted into 1 mL DPBS and tested by flow cytometer.  

We found that, at the low concentration of homopolymer 4 (2 mg/mL, 10 μL), there showed 

radial ordered LC microdroplets existed in LC emulsions, however, along with the increase of quantities 

of homopolymer 4 added in, the distribution of LC droplets became broader, indicating the bipolar 

ordered LC microdroplets dominated in LC emulsions. (Figure 4.31) This might be caused by the nature 

of the structure of boronic ester. It has been reported that surfactants with non-branched long hydrocarbon 

chain can facilitate to their insertion into LC droplets and induce the bipolar-to-radial ordering transition. 

Since the boronic ester bond we conjugated inside ROS-responsive monomer here contained a branched 

group of pinacolborane, the final homopolymer 4 could not embed inside LC microdroplets to induce the 

radial ordering.  

 

Figure 4.31. Flow cytometer analysis for configuration of LC microdroplets after emulsified 4mg/mL 

homopolymer 3 with different volumes: a) 10 μL; b) 20 μL; c) 40 μL. 

4.7.3 ROS-responsive LC emulsion  

In order to mimic the ROS environment in vivo, we prepare solution of 100 mM H2O2 in DPBS. 

Based on the flow cytometer date showed in Figure 4.31a, this LC emulsion was chose for the further 

investigation. Basically, 50 μL LC emulsion was diluted in 1 mL DPBS and 1 mL 100 mM H2O2 in DPBS 
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respectively, and their performances were monitored by flow cytometer and polarized optical microscope 

along with incubation time periods. The data showed that, in one hand, after incubating in DPBS for 30 

min, the distribution of LC emulsion under flow cytometer became much broader, indicating the 

transition of bipolar LC microdroplets; in the other hand, after incubating in 100 mM H2O2 in DPBS for 

30 min, the same behavior occurred, which is the generation of more bipolar ordered LC microdroplets. 

(Figure 4. 32) This might be because few reasons: one is because that the existence of branched 

pinacolborane group on homopolymer 4 results in the instability of radial LC microdroplets, therefore the 

transition of radial-to-bipolar will gradually occur along with time no matter in the solutions of DPBS or 

H2O2 in DPBS; the second is, the H2O2 do cleave the boronic ester bond, causing the radial-to-bipolar 

ordering transition; the third is, the boronic ester bonds can also be cleaved by slow hydrolysis, thus there 

still are radial-to-bipolar transition of LC microdroplets happening in PBS. 

 

Figure 4.32. Flow cytometer and polarized optical microscope images of LC microdroplets incubated in 

different solution (PBS, 100 mM H2O2 in PBS) after different time respectively; 
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4.8 Conclusion 

In summary, in this project, we have successfully synthesized four types of stimuli-responsive 

homopolymer, including redox-responsive, UV-responsive, pH-responsive and ROS-responsive, which 

contained mesogenic groups to facilitate to the self-assembly on the interface of LC microdroplets with 

assistance of sonication. The disulfide bond-contained redox-responsive, nitrobenzyl bond-contained UV-

responsive and oxime bond-contained pH-responsive homopolymer were able to serve as surfactant to 

induce the generation of LC microdroplets with radial ordering, however, the boronic ester-contained 

ROS-responsive one was not because the branched pinacolborane groups interrupted the insertion of 

brush homopolymer inside LC microdroplets and subsequently the transition for radial to bipolar. 

Moreover, the disulfide bonds could be cleaved with incubation with DTT solution, and the following de-

assembly of redox-responsive homopolymer could trigger the significant radial-to-bipolar configuration 

changes of LC microdroplets. Similarly, the UV-responsive homopolymer can be cleaved by UV 

irradiation and then de-assembled from LC microdroplets resulting in the configuration changes into 

bipolar. These two homopolymers are highly potential for LC microdroplets-based sensor for redox 

environment and UV irradiation. Additionally, the cleavage of oxime bond-contained homopolymer on 

the interface of LC microdroplets is highly dominated by the diffusion of hydrogen ions, which directly 

resulted in that, the oxime bond could not be cleaved since the pH around them could not drop to pH 2 

only based on the diffusion. To realize the LC microdroplets-based pH sensor, a more sensitive linker 

should be designed and incorporated into this system. Furthermore, the case of ROS-responsive 

homopolymer provided us general information of designs of surfactants for LC microdroplets, compared 

to other three types of stimuli-responsive homopolymers. It is that non-branched hydrocarbon chain 

facilitate the self-assembly on the interface of LC microdroplets to induce the bipolar-to-radial ordering 

transition. Therefore, with the versatile nature of ROMP-based polymeric system, the ordering transition 

of LC microdroplets can be developed into different types of sensors. 
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Chapter 5  

Mimicking Melanosomes: Polydopamine 

Nanoparticles as Artificial Microparasols 

5.1 Introduction 

Natural melanins are widely found across from animals to plants, where they perform various 

significant biological functions, including photoprotection, photosensitization, free radical quenching, 

metal ion chelation, 1 and neuroprotection in the central nervous system of humans. 2, 3 Several types of 

melanins exist in the human body, including eumelanin, 4 pheomelanin, 5 and neuromelanin. 6 Eumelanin 

is the most common, primarily determining the color of human skin. More importantly, it prevents UV-

induced nuclear DNA damage of human skin cells by screening out harmful UV radiation. 7 Solar UV 

radiation is absorbed by DNA and damages nuclei in epidermal cells, which can lead to the formation of 

mutations and subsequent, irrecoverable damage. Notably, most natural melanins are mixtures of 

eumelanin and pheomelanin with various ratios. Pheomelanin shows phototoxicity when complexed with 

Fe3+ by stimulating UV-induced lipid peroxidation. 8, 9 Therefore, pure, synthetic alternatives may provide 

a desirable route to re-pigmentation. 

In the basal layer of the epidermis, specialized melanocytes produce melanin-containing 

organelles, termed melanosomes, in which melanin is synthesized and deposited. 10 In skin, melanosomes 

are transferred from melanocytes to neighboring keratinocytes to form perinuclear melanin caps. 11, 12 The 

melanosomes accumulate around the nuclei in the form of melanin caps for the mitigation of UV damage 

to DNA. Indeed, people are generally familiar with the process by which exposure to UV-radiation causes 

melanogenesis, observed as a change in skin color commonly referred to as tanning. 13 The integrated 
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biological system for the induction, production, transfer and degradation of melanosomes is significant 

for the health of human skin, with melanin-defective diseases, such as vitiligo and albinism high-lighting 

the importance of these processes. For example, vitiligo develops when the immune system wrongly 

attempts to clear normal melanocytes from the skin, effectively stopping the production of melanosomes. 

14, 15 Albinism is caused by genetic defects causing the failure of a copper-containing tyrosinase involved 

in the production of melanin. 16, 17 Both diseases lack effective treatments and they both promote 

significant risk of skin cancer in patients. 

Water-dispersible, melanin-like polydopamine nanoparticles (MelNPs) with high biocompatibility 

have been investigated for various biomedical applications, including as iron-chelated T1-weighted MRI 

contrast agents, 18 and in targeted therapeutic and bio-responsive applications. 19 MelNPs are prepared 

synthetically via the spontaneous oxidative polymerization of dopamine under alkaline conditions in 

aqueous solution. 20 By contrast, biosynthetic melanins are formed in epidermal melanocytes involving 

tyrosinase-catalyzed oxidative polymerization of tyrosine, 21 giving rise to black, insoluble eumelanin. 22 

Both synthetic and biosynthetic melanins appear to consist of largely planar oligomeric scaffolds. 23 

MelNPs can be prepared in a variety of sizes and shapes, including spheres, 18 nanorods, 24 and hollow 

spheres. 25, 26 These various morphologies are prevalent in nature, such as in bird feathers, where they play 

a shape- and packing-dependent role as iridescent structural color elements. 27 However, extraction of 

melanins from natural sources can be problematic and potentially more complex than direct synthetic 

routes. Therefore, synthetic MelNPs have been used as models for exploring the function and mechanism 

of natural eumelanin. For example, our own work on MelNPs has shown that synthetic forms can be used 

to mimic the performance of bird feathers in terms of structural coloration, and the materials themselves 

can be prepared in a facile and precisely controllable manner. 28 

5.2 Synthetic Mechanism of Polydopamine Nanoparticles 
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Figure 5.1. Synthetic scheme for the preparation of Melanin-like polydopamine nanoparticles. 

5.3 Synthesis and Characterization of Polydopamine Nanoparticles 

5.3.1 Synthesis of Polydopamine Nanoparticles  

MelNPs were prepared by spontaneous oxidation of dopamine. (Figure 5.1) Briefly, 40 mL 100% 

ethanol and 90 ml deionized water were mixed in a 250 mL round flask. 2 mL of a 28-30% NH4OH 

solution was added to the flask and stirred vigorously for 10 min to ensure adequate mixing. A dopamine 

hydrochloride solution of 400 mg dopamine hydrochloride (Sigma) in 10 mL deionized water was slowly 

added to the mixture, under vigorous stirring. The color of the solution turned to pale yellow as soon as 

the dopamine hydrochloride solution was added, and gradually changed to dark brown over the course of 

the reaction. After 8 h, MelNPs were retrieved by centrifugation (14000 rpm, 10 min) and washed with 

deionized water three times. 

5.3.2 Characterization of polydopamine nanoparticles 

We hypothesized that synthetic MelNPs would mimic naturally occurring melanosomes and be 

taken up by keratinocytes and transported intracellularly, providing photoprotection by adopting the same 

kind of perinuclear melanin cap in human epidermal keratinocytes as is observed for natural melanin. 

This hypothesis was predicated on two known facts. Firstly, the process of transfer of melanosomes from 
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melanocytes to keratinocytes can occur when these two cell types are co-cultured in vitro. 10, 29 Secondly, 

synthetic fluorescent microspheres had been used to establish the role of the dynactin p150Glued subunit 

as a required part of the cellular machinery for keratinocytes in which the knock out showed a lack of 

microparasol formation. 30 To test our hypothesis, we first synthesized spherical MelNPs by spontaneous 

oxidization of dopamine under alkaline conditions, introducing aqueous ammonia to an aqueous solution 

of monomers (Figure 5.2). 31 The resulting spherical MelNPs showed a narrow size distribution around 

200 nm, demonstrated by dynamic light scattering (DLS) (Figure 5.3). transmission electron microscopy 

(TEM) (Figure 5.2a) and scanning electron microscopy (SEM) (Figure 5.2b). Energy Dispersive X-ray 

(EDX) measurements demonstrated that the elemental composition (C, N, O) and distribution in MelNPs 

(Figure 5.4) is similar to natural eumelanin. 32, 33 Additionally, Fourier transform infrared spectroscopy 

(FTIR) of MelNPs showed signals consistent with natural eumelanin including carboxylic acids (1038 

cm-1), hydroxyls (3225 cm-1), -C=O (1617 cm-1), -C=C- bond (2156 cm-1) and -C-N= bond (1402 cm-1) 

(Figure 5.5). 34 Eumelanin in the condensed phase and in solution has a well-known, broad-band 

monotonic absorbance, including in the ultraviolet and the visible range. 35 Aqueous solutions of MelNPs 

appeared black in color (Figure 5.2c, inserted picture) with a broad absorption in the UV-vis spectrum 

from 250 to 850 nm, consistent with eumelanin extracted from natural organelles. 35 To gain insight into 

the chemical structure of the particles, the MelNPs were analyzed using MALDI-TOF mass spectrometry. 

The signals with high intensities revealed oligomeric structures consistent with 5,6-dihydroxyindole 

(DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) (Figure 5.6). Similar monomeric units have 

been observed previously by MALDI-MS analyses of natural sepia eumelanin. 36, 37 
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Figure 5.2. Synthesis and characterization of synthetic polydopamine nanoparticles (MelNPs). a) 

Unstained TEM image and b) SEM image of MelNPs; c) UV-vis spectrum for an aqueous solution of 

MelNPs and photograph of a vial containing a sample. 

 

Figure 5.3. Average size (number %) of synthetic MelNPs by analysis of TEM images (red columns) and 

DLS measurement (black curve). 
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Figure 5.4. EDX mapping images and spectrum of MelNPs.: Carbon (C, Orange), Nitrogen (N, yellow), 

Oxygen (O, red). MelNPs solution (~10mg/ml) was dropped on silicon substrate and dried under room 

temperature for test without gold coating. 

 

Figure 5.5. FTIR measurement of Polydopamine nanoparticles. 
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MALDI measurements were performed on a Bruker Reflex time of flight instrument, operating in 

positive linear mode. Ionization was achieved with a pulsed UV laser beam (nitrogen laser, l =337 nm) 

were accelerated to 15 keV, UV laser light (approx. 50 μJ) was focused on the sample, using a focal 

diameter of approx. 100-300 μm. Synthetic MelNPs were suspended in double-distilled water to reach a 

final concentration of 1 mg/mL. This suspension was deposited on the stainless steel sample holder and 

air-dried. A saturated solution of the matrix (2,5-dihydroxybenzoinc acid, DHB) in 50/50 (v/v) 

water/acetonitrile was then added and allowed to air-dry before insertion into the mass spectrometer. 

Mass spectra were obtained by averaging the ions from 100 laser shots. Daily external calibration was 

provided by the [M + H] ions of angiotensin II (m/z 1046) and DHB (m/z 155). (Figure 5.6) 

 

Figure 5.6. MALDI-TOF MS spectrum of distilled water and polydopamine nanoparticles, and structures 

consistent with masses observed in the spectrum. 

5.4 Uptake of Polydopamine Nanoparticle in Human Keratinocytes 

5.4.1 Concentration-Dependent Uptake of Polydopamine Nanoparticles in Human Keratinocytes 

Uptake of synthetic MelNPs into human epidermal keratinocytes (HEKa) was first examined with 

respect to the concentration dependence of the process (Figure 5.7). HEKa cells were plated in 35 mm 
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round plastic dishes and incubated in a 5% CO2 atmosphere at 37 oC using EpiLife medium with HKGS 

growth supplement (Life Technologies) until reaching ~80% confluency. Different concentrations of 

MelNPs in growth media were added and incubated for 4 hours. The cells were washed three times with 

PBS to remove free MelNPs, then fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 

= 7.4 (SC buffer) on ice for more than 2 hours. After washing three times with 0.1 M SC buffer for 5 min, 

the cells were postfixed with 1% osmium tetroxide in 0.1 M SC buffer for 1 hour on ice. The cell pellets 

were washed 3 times with 0.1 M SC buffer for 5 min, followed by a quick rinse in distilled H2O. Cell 

pellets were stained with 2% uranyl acetate (UA) for 1 hour on ice, then dehydrated in a graded series of 

ethanol (50%, 70%, 90% and 2 times 100%) for 5-8 min, and dried in acetone at room temperature. The 

cell pellets were infiltrated by a 50:50 dry acetone/durcupan solution for 1-2 hours on a shaker, followed 

by 100% durcupan overnight and two further treatments of 100% durcupan the next day. Finally, cell 

pellets were embedded in durcupan and incubated at 60 oC for 36-48 hours. Ultrathin sections (around 60 

nm) were cut and examined by electron microscopy.  

TEM images of the cells indicated MelNPs were taken up. However, some MelNPs tended to 

adhere to the cell mem-brane at high concentrations (0.4 and 0.1 mg/ml). (Figure 5.7) Therefore, a 

concentration of 0.02 mg/ml was chosen for sub-sequent experiments.  
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Figure 5.7. Stained TEM images for HEKa cells incubated with different concentrations of MelNPs for 4 

hours: a) 0 mg/ml; b) 0.4 mg/ml; c) 0.1 mg/ml; d) 0.02 mg/ml. Cell sections were obtained by cell 

pelleting method. 

5.4.2 Time-Dependent Uptake of Polydopamine Nanoparticles in Human Keratinocytes 

 Uptake of synthetic MelNPs into human epidermal keratinocytes (HEKa) was then examined 

with respect to the time dependence of the process. HEKa cells were plated and incubated overnight in 35 

mm glass-bottom round dishes in a 5% CO2 atmosphere at 37 oC using EpiLife medium with HKGS 

growth supplement (Life Technologies). 2 mL of a 0.02 mg/mL MelNPs suspension was added and 

incubated with the cells for either 4 hours, 1 day, 2 days or 3 days. After washing with PBS buffer, the 

cells were incubated with the nuclear stain Nucblue (Life Technologies) for 25 min and then fixed with a 

4% paraformaldehyde solution for 20 min. Finally, the cells were washed with PBS and imaged by 

confocal microscopy. As showed in Figure 5.8, after incubating with HEKa cells for 4 hours, MelNPs, 

displayed as black under optical microscope, started to be uptake inside cells with partial of nanoparticles 

adhered on the cell membranes; along with increasing of incubation time (1 day, 2 days), MelNPs, were 

accumulated around nuclei of HEKa cells, forming the perinuclear caps; The MelNPs turned into lighter 
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dark color after 3 days incubation in HEKa cells, which might caused by the degradation of MelNPS in 

HEKa cells. (Figure 5.8) 

 

Figure 5.8. Confocal images for HEKa cells incubated with 0.02mg/ml MelNPs for 4 hours, 1 day, 2 days 

and 3 days, respectively. Nuclei of HEKa cells were stained by Nucblue (blue); MelNPs were black in 

HEKa cells under bright field microscopy. 

 To more clear information of distribution and accumulation of MelNPs in human keratinocytes, 

we observed the HEKa cells with original direction on substrates by TEM. To prepare the cell slices for 

observation, round glass coverslips (18mm diameter/1mm thickness, Chemglass Life Science Inc.) were 

placed in 12-well plastic plate, and then immersed in 70% ethanol solution for overnight sterilization 
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under UV till dryness.  HEKa cells were plated in 12-well plastic plate on coverslips and incubated in a 

5% CO2 atmosphere at 37 oC using EpiLife medium with HKGS growth supplement (Life Technologies) 

until reaching ~80% confluency. Then 0.02 mg/mL MelNPs were added in medium and incubated for 

either 4 hours, 1 day, 2 days or 3 days. The cells were washed 3 times with PBS to remove excess 

nanoparticles, and then fixed with 2% glutaraldehyde and 2mM CaCl2 in 0.1 M sodium cacodylate buffer 

at pH = 7.4 (SC buffer) on ice for more than 60 min at 4 oC. The monolayer cells coverslips were washed 

by 0.1M SC buffer for 2min (5 times), and then were incubated in 1% OsO4 in 0.1M SC buffer for 30 min 

to 1 hour on ice. After the incubation, the monolayer cells coverslips were washed by 0.1M SC buffer for 

2 min (5 times) again, and followed by Milli-Q water for 2 min (2 times). Then all coverslips were 

incubated with 2% UA for 30 min to 1hr on ice, and were rinsed in Milli-Q water. The monolayer cells 

were dehydrated with gradient ethanol (20% 50% 70% 90% 2X100%) for 1min respectively, and then 

were dried with acetone for 1min (2 times) on ice. The monolayer cell coverslips were immersed in 

solution of 50/50 Ducurpan /Acetone for 1 hour with gentle rotation under room temperature, and then 

incubated with 100% Durcupan for another 1 hour for full infiltration. Then the coverslips were 

embedded in aluminum foil dishes and incubated in 60 oC oven for 24 to 36 hours. TEM sections were cut 

with diamond knife at 50-60nm thickness. All sections were post-stained with uranyl acetate and lead for 

better contrast. The images were collected on FEI Tecnai Spirit scope at 80KV.  

 The TEM images clearly showed the uptake of MelNPs inside HEKa cells. MelNPs were 

internalized inside HEKa cells via endosomes after 4 hours incubation, and then accumulated around 

nucleus to form a perinuclear cap after 1 day and 2 days incubation, which is same to the behavior of 

natural eumelanin in human keratinocytes. Till 3 days incubation, the amount of MelNPs existed around 

nucleus decreased, might because of the degradation of MelNPs. (Figure 5.9) As showed in the 

magnification of TEM images of MelNPs in HEKa cells for 3 days incubation (Figure 5.10), we can 

clearly observe the formation of melanosomes and keratin fibers presented in HEKas cells.  
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Figure 5.9. TEM images and magnifications for HEKa cells incubated with 0.02mg/ml MelNPs for 4 

hours, 1 day, 2 days and 3 days, respectively. Cell section was obtained by monolayer cell culture. 

 

Figure 5.10. Magnification of TEM image for HEKa cells incubated with 0.02 mg/ml MelNPs for 3 days. 

Melanosomes are indicated with black arrows, and keratin fibers indicated with black arrowheads; 

         1 ! m
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5.4.3 Transportation of Polydopamine Nanoparticles in Human Keratinocytes 

As described in the introduction, melanosomes are tissue-specific, lysosome-related organelles of 

pigment cells in which melanins are synthesized and stored. 39, 40 In epidermal melanocytes, melanosomes 

are ultimately transported to neighboring keratinocytes, which retain the melanin while in the basal layer 

and degrade as they move to the skin surface and differentiate. 41 The melanosome is characterized as a 

lysosome-related organelle because melanin must be synthesized and polymerized with the help of 

enzymes and structural proteins within the organelle, where acidic pH seems to be required. 42, 43 We 

hypothesized the transportation and degradation of MelNPs was similarly driven by a lysosomal process 

in HEKa cells. To test this hypothesis, we investigated the possible co-localization of lysosomes and 

MelNPs. We incubated MelNPs with HEKa cells for 4 hours, 1 day and 3 days, and stained for lysosomes 

(LysoTracker, Red DND-99, red, Figure 2). HEKa cells were plated in 35 mm round glass-bottom dishes 

in a 5% CO2 atmosphere at 37 oC using EpiLife medium with HKGS growth supplement (Life 

Technologies) overnight. 2 mL of a 0.02mg/ml MelNP suspension was incubated with the cells for 

different time periods. After washing to remove free MelNPs the cells were stained with the nuclear stain 

Nucblue (Life Technologies) and the lysosome stain lysoTracker Red DND-99 (Life Technologies), fixed 

with a 4% paraformaldehyde solution, washed with PBS, then imaged via confocal microscopy. 

Confocal fluorescence microscopy images show the co-localization of lysosome and melanin 

(Figure 5.11). Therefore, MelNPs might utilize a similar pathway to natural melanosomes, undergoing 

lysosome-induced degradation and subsequent accumulation to form an artificial perinuclear cap (evident 

in Figure 5.12). After 4 hours of incubation, MelNPs appear as clusters in the cytosol surrounded by a 

membrane. After 3 days, MelNPs in cells were observed by TEM, without a surrounding membrane in the 

cytosol and dispersed among keratin fibers (Figure 5.10). Similar phenomena were observed when 

treating keratinocytes with extracted natural melanosomes,12 supporting our conclusion that the MelNPs 

perform as artificial melanosomes utilizing the same transportation and degradation pathway as natural 

melanosomes. 44, 45 
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Figure 5.11. Confocal Laser Scanning Microscopy images for co-localization of MelNPs and lysosomes 

in HEKa cells. Nuclei of HEKa cells were stained by Hoechst 33342 (blue); lysosomes were stained by 

LysoTracker Red DND-99 (red, indicated with green arrows); MelNPs were black in HEKa cells under 

bright field microscopy (indicated with red arrows); the co-localization of bright-field, black MelNPs and 

red fluorescence for labeled lysosomes are indicated with yellow arrows. Scale bars are 10 𝜇�m. 
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Figure 5.12. Scheme for the uptake, transportation and accumulation of MelNPs in HEKa cells. 

5.4.4 Uptake and Accumulation of Polydopamine Nanoparticles in Human Mesothelial Cells 

To examine whether these processes were inherent to the MelNPs within keratinocytes, we 

incubated the particles with mesothelial cells (MeT-5A), chosen as a control epithelial cell-type 

distributed within tissues that do not normally take up and process melanosomes.38  

MeT-5A cells were plated in 35 mm round glass-bottom dishes in a 5% CO2 atmosphere at 37 oC 

using mesothelial cell growth medium (Zen-Bio Inc.) overnight. 2 mL of a 0.02 mg/mL MelNP 

suspension were added and incubated with the cells for either 4 hours, 1 day, 2 days or 3 days. After 

washing with PBS buffer, the cells were stained with the nuclear stain Nucblue (Life Technologies) for 20 



 

170 

min. The cells were fixed with a 4% paraformaldehyde solution, then washed with PBS and imaged by 

confocal microscopy.  

At the same time points as MelNPs in HEKa cells (Figure 5.9, Figure 5.10), MelNPs lacked any 

specific trafficking or localization indicating a random distribution in the cytoplasm. (Figure 5.13) 

 

Figure 5.13. Confocal images and stained TEM images of the time-dependent uptake of 0.02 mg/mL 

MelNPs in MeT-5A cells at 1, 2 and 3 days respectively. Nuclei of MeT-5A cells were stained by Nucblue 

(blue); MelNPs were black in HEKa cells under bright field microscopy. Cell sections were obtained by 

cell pelleting method. 

5.5 Other Nanoparticles Compared to Polydopamine Nanoparticles in 

Human Keratinocytes 

5.5.1 Gold Nanoparticles in Human Keratinocytes 

In addition, gold nanoparticles (AuNPs) with a similar size (Figure 5.14a, Figure 5.14c) and 

surface charge to the MelNPs (Figure 5.14b) were purchased, in order to compare their distribution, 

accumulation and transportation in HEKa cells. Since AuNPs cannot be directly observed under confocal 
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microscopy, we used the same method described above to prepare the cell slices of AuNPs in HEKa cells. 

As showed in Figure 5.15, the AuNPs showed random dispersion, rather than specific localization to form 

perinuclear caps in HEKa cells, compare to the MelNPs in HEKa cells. 

 

Figure 5.14. Characterization of AuNPs. a) TEM images of AuNPs with diameters around 150 nm; b) 

Zeta-potentials of MelNPs and AuNPs; c) DLS measurement of AuNPs (average diameter =180 nm). 
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Figure 5.15. Stained TEM images of HEKa cells incubated with AuNPs for 4 hours, 1 day, 2 days, and 3 

days, showing the random distribution of AuNPs in HEKa cells. Cell sections were obtained by 

monolayer cell cultures. 

5.5.2 PDA@SiO2 core-shell Nanoparticles in Human Keratinocytes 

To test for the role of polydopamine surface chemistry on cellular trafficking and distribution in 

HEKa cells, we prepared two types of core-shell nanoparticles: 1) PDA@SiO2 nanoparticles consisting of 

polydopamine cores and SiO2 shells, and 2) SiO2@PDA nanoparticles with SiO2 cores and polydopamine 

shells. 

For the synthesis of PDA@SiO2 core-shell nanoparticles, polydopamine cores (PDA) were 

synthesized by oxidative self-polymerization of dopamine under basic condition according to our 

previous work.1 Silica shells (SiO2) were coated on the surface of the PDA via the modified Stöber 

method. PDA cores (6.5 mg) were firstly dispersed in a mixed solution of 2-propanol (10 ml) and 

deionized water (1.75 ml) under magnetic stirring. A 28-30% NH4OH solution (0.25 ml) was added and 

stirred for 10 min. The silica precursor, tetraethyl orthosilicate (TEOS, 80 ul), was continuously injected 

into the mixture to form SiO2 shells on the surfaces of PDA cores due to the hydrolysis and condensation 

of TEOS under alkaline conditions. The reaction was conducted at room temperature under constant 
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stirring for an additional 70 min. The PDA@SiO2 core-shell nanoparticles were finally collected by 

centrifugation (4000 rpm/10 min), washed with deionized water three times and redispersed in deionized 

water for future use. As showed in Figure 5.16, PDA@SiO2 core-shell nanoparticles were successfully 

obtained, with average of diameter around 220 nm, which was similar to MelNPs we used. 

 

Figure 5.16. Unstained TEM and magnification images and size distributions of PDA@SiO2 core-shell 

nanoparticles. 

Then, the suspensions in HEKa medium of PDA@SiO2 core-shell nanoparticles, with 

concentration as 0.02 mg/mL, were treated with HEKa cells for same time periods as MelNPs. Then, with 

same cell slices preparation method, cell slices of PDA@SiO2 core-shell nanoparticles in HEKa cells, 

were observed under TEM. The results showed, the internalization of PDA@SiO2 core-shell nanoparticles 

inside HEKa cells were presented during different incubation time periods, starting from 4 hours to 3 

days. However, along with increasing incubation time, the PDA@SiO2 core-shell nanoparticles were 

randomly dispersed inside cells, with no clear formation of perinuclear caps around cell nuclei. (Figure 

5.17) This indicated that, the surface chemistry of polydopamine is the primary factor to drive the 

behavior of nanoparticles in human keratinocytes.  
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Figure 5.17. Cell TEM images for the distributions of PDA@SiO2 core-shell nanoparticles in HEKa cells 

in different time points. Cell sections were obtained by monolayer cell cultures. 

5.5.3 SiO2@PDA Core-shell Nanoparticles in Human Keratinocytes 

To further demonstrate the role of surface chemistry of nanoparticles in accumulation in human 

keratinocytes, SiO2@PDA core-shell nanoparticles were fabricated. In brief, the SiO2 core was 

synthesized by the Stöber method.2 First, an ammonia solution (3 mL) was added to a solution consisting 

of ethanol (160 mL) and deionized water (40 mL) with stirring for 10 min. The silica precursor, tetraethyl 

orthosilicate (TEOS, 5 mL) was continuously added drop by drop. The reaction was conducted at room 

temperature under constant stirring for 3 hours. SiO2 cores were collected by centrifugation (4000 rpm/10 

min), washed with deionized water three times, and re-dispersed in deionized water for the next step. 5 

mg SiO2 cores were dispersed in 2.5 ml Tris buffer (10 mM, pH 8.5). Dopamine (5.0 mg) was added and 

self-polymerized on the surface of SiO2 cores to form PDA shells under constant stirring for 8 h. The 

SiO2@PDA core-shell nanoparticles were collected by centrifugation (4000 rpm/10 min), washed with 

deionized water three times and re-dispersed in deionized water for future use. 
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Figure 5.18. Unstained TEM and magnification images and size distributions of SiO2@PDA core-shell 

nanoparticles. 

 

Figure 5.19. Cell TEM images for the distributions of SiO2@PDA core-shell nanoparticles in HEKa cells 

in different time points. Cell sections were obtained by monolayer cell cultures. 

As showed in Figure 5.18, the SiO2@PDA core-shell nanoparticles were clearly observed under 

TEM with average size around 200 nm under DLS. With the same concentration as 0.02 mg/mL, the 

suspensions of SiO2@PDA core-shell nanoparticles in cell medium were treated to HEKa cells for same 

time points for the preparation of cell slices with same monolayer method as described above. Then, the 

cell sliced were observed under cell TEM to get the distribution of SiO2@PDA core-shell nanoparticles in 

HEKa cells. It was found that, along with the increase of incubation time, the SiO2@PDA core-shell 
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nanoparticles were uptake inside cell plasma, and accumulate around cell nuclei forming perinuclear caps, 

which is same as the MelNPs in HEKa cells. (Figure 5.19) This is because that the polydopamine 

nanoshells have same surface chemistry as MelNPs, resulting in the same behavior of transportation and 

accumulation of the SiO2@PDA core-shell nanoparticles in HEKa cells. This also implied the reason that 

the PDA@ SiO2 core-shell nanoparticles performed differently in HEKa cells. 

5.6 Polydopamine Nanoparticles as Artificial Microparasols 

5.6.1 Cell Viability of Human Keratinocytes under UV Irradiation 

To investigate the photoprotection capability of MelNPs perinuclear caps, HEKa cells were plated 

in 35mm round glass-bottom dishes in a 5% CO2 atmosphere at 37 oC using EpiLife medium with HKGS 

growth supplement (Life Technologies) overnight. 2 milliliters of a 0.02 mg/mL MelNPs, SiO2@PDA 

core-shell nanoparticles, PDA@SiO2 core-shell nanoparticles and AuNPs suspensions were incubated 

with the cells for 3 days, after which they were washed with PBS buffer to remove free nanoparticles. 

Cells treated with and without treatment of nanoparticles were irradiated by UV for 5 min, then incubated 

under normal cell culture conditions for another 24 hours. The cells were then fixed in a 4% 

paraformaldehyde solution for 15 min at room temperature, then stained with 0.1%w/v crystal violet for 

20 min at room temperature. After pouring off the crystal violet solution, the cells were gently washed 

with deionized water until the water ran clear, then dried at room temperature overnight. 1mL of 100% 

methanol was added to re-solubilize the cells, whose OD absorption at 540 nm was measured using a 

plate reader.  

Plain HEKa cells and those incubated with SiO2@PDA core-shell nanoparticles, PDA@SiO2 

core-shell nanoparticles and AuNPs showed dramatically decreased viabilities after UV irradiation. 

However, HEKa cells incubated with MelNPs displayed significantly higher viability than other groups, 

at 50%. That is, UV is still detrimental to the cells, but to a decreased level in the presence of MelNPs 

(Figure 5.20). 
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Figure 5.20. HEKa cell viability with and without UV following a 3 day incubation with MelNPs, 

SiO2@PDA core-shell nanoparticles, PDA@SiO2 core-shell nanoparticles and AuNPs. * p<0.05 

5.6.2 ROS generation with treatment of nanoparticles 

Furthermore, considering the fact that UV exposure leads to the generation of reactive oxygen 

species (ROS), resulting in cell death, 46, 47 we next assayed for ROS occurring in response to UV 

irradiation, in the presence of the various nanoparticles described above. Here, we used 2’ ,7’-

dichlorofluorescin diacetate (DCFH-DA) as a marker, which exhibits green fluorescence under ROS 

activation.48 Following UV irradiation, the level of green fluorescence in untreated HEKa cells is clearly 

higher than with MelNPs treatment, confirming the protective qualities provided by artificial perinuclear 

cap formation. Moreover, HEKa cells incubated with PDA@SiO2 core-shell nanoparticles and AuNPs 

respectively displayed significant increases in ROS-related green fluorescence. In turn, cells incubated 

with SiO2@PDA core-shell nanoparticles showed low levels of green fluorescence similar to MelNPs; an 

effect potentially due to their surface exposed polydopamine. Controls without UV irradiation, with all 

types of nanoparticles, showed low to undetectable levels of green fluorescence (Figure 5.21, Figure 
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5.22). These data imply that ROS can be decreased utilizing particles that deposit polydopamine 

intracellularly. However, viability assays indicate that only MelNPs provide actual protection. Therefore, 

we endeavored to examine DNA damage directly. 

 

Figure 5.21. Confocal imaging of ROS detection in HEKa cells with MelNPs, SiO2@PDA core-shell 

nanoparticles, PDA@SiO2 core-shell nanoparticles and AuNPs after incubation for 3 days. Data is shown 

before and after 5 minute UV irradiation of these cells. The nuclei were stained with NucBlue (blue); 

ROS generated in HEKa cells were detected with DCFH-DA (green). Scale bars are 50 𝜇�m. 

 

Figure 5.22. Confocal imaging for ROS detection in HEKa cells, HEKa cells with MelNPs, SiO2@PDA 

core-shell nanoparticles, PDA@SiO2 core-shell nanoparticles and AuNPs incubation for 3 days before 

and after UV irradiation. The nuclei were stained with NucBlue (blue); ROS generated in HEKa cells 

were detected with DCFH-DA (green). Scale bars are 50 𝜇�m. 
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5.6.3 DNA damage evaluation by UV radiation 

DNA damage is the predominant deleterious effect of UV radiation on cells. UV radiation induces 

two of the most abundant mutagenic and cytotoxic DNA lesions known; cyclobutane-pyrimidine dimers 

(CPDs) and 64 photoproducts (6-4PPs) and their Dewar valence isomers. 7, 49, 50 Therefore, we tested for 

protective qualities of MelNPs by analyzing DNA damage in HEKa cells after treatment with MelNPs 

followed by UV irradiation (Figure 5.23). In mammalian cells, damage to genomic DNA can be lethal, 

inducing the formation of phosphorylated H2AX. 51  

Briefly, HEKa cells were plated in 35mm round glass-bottom dishes in a 5% CO2 atmosphere at 

37 oC using EpiLife medium with HKGS growth supplement (Life Technologies) overnight. 2 milliliters 

of a 0.02 mg/mL MelNPs suspension was incubated with the cells for 3 days, after which they were 

washed with PBS buffer to remove free MelNPs. Cells, treated with and without MelNPs, were irradiated 

by UV for 5 min, then incubated under normal cell culture conditions for another 24 hours. To test cell 

viability, Image-iT DEAD Green (Thermo Fisher Scientific) was added to the cells and allowed to 

incubate for 30 min under normal cell culture conditions. The cells were then fixed in a 4% 

paraformaldehyde solution for 15 min, permeabilized by a Triton X-100 solution (15 𝜇�L in 6 ml PBS) for 

15 min, and blocked by a BSA solution (0.25 g in 25 mL PBS) for 1 hour. Subsequently, a solution of the 

primary antibody pH2ax was added to the cells and incubated for 1 hour. The Alexa Fluor 555 conjugated 

secondary antibody/ Hoechst 33342 nuclear counterstain (Thermo Fisher Scientific) (3 𝜇�L /1 𝜇�L 

respectively in 6ml BSA blocking buffer) was added to the cells and incubated for another hour. Finally, 

the cells were washed with PBS buffer and imaged by confocal microscopy. 

In our study, DNA damage was detected using a red fluorescent antibody (Alexa Fluor 555) 

against phosphorylated H2AX. At the same time, cell viability was investigated by Image-iT DEAD 

Green, which permeates when the plasma membrane is compromised. The results show HEKa cells 

suffering this treatment had dramatically increased DNA damage (red) and cell death (green), seen 

simultaneously (magnified images in Figure 5.24). By contrast, after incubating with MelNPs for 3 days, 
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HEKa cells with the 5 min UV irradiation and subsequent 24 hours incubation displayed less DNA 

damage (Figure 5.23). Also, we confirmed that there was no heat generation of MelNPs solutions after 

UV irradiation (Figure 5.25). Therefore, the supranuclear artificial melanin caps reduce damage from 

ultraviolet light in HEKa cells, similar to the performance of natural supranuclear melanin caps. 52 

 

Figure 5.23. Evaluation of MelNPs as protective materials against UV damage to keratinocytes. DNA 

damage evaluated by light microscopy for HEKa cells with/without incubation with MelNPs. Nuclei were 

stained by Hochest 33342 and indicated as blue; Cell membranes were stained by Image-iT DEAD Green 

and showed as green. Scale bars are 80 𝜇�m; 
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Figure 5.24. Confocal microscopy images of HEKa cells irradiated by UV Nuclei were stained by 

Hochest 33342 and are shown as blue. Cell membranes were stained by Image-iT DEAD Green and are 

showed in green. Damaged DNA was stained with an antibody against phosphorylated H2ax labeled with 

Alexa Fluor 555 and are shown in red. Scale bars are 40 μm. 

 

Figure 5.25. IR image (top) of MelNPs solutions over a 1000-fold concentration range (bottom) after 

irradiation for 5 minutes. The uniform color shows that no heat is generated upon UV irradiation. 



 

182 

5.7 Conclusion 

In conclusion, we prepared melanin-like nanoparticles (MelNPs) by spontaneous oxidation of 

dopamine in alkaline solution to investigate their potential as mimics of melanosomes. MelNPs were 

taken up by HEKa cells, followed by accumulation in patterns typical of so-called microparasols or 

perinuclear caps. This cellular distribution pattern is similar to that observed for natural melanosomes 

occurring in human skin in vivo 12 observed in tissue culture of keratinocytes treated with extracted 

melanosomes, 39 and in co-cultures of melanocytes with keratinocytes. 29 We demonstrated the UV 

photoprotective qualities of synthetic MelNPs, as predominantly arising from the prevention of DNA 

damage. Considering limitations in the treatment of melanin-defective related diseases and the 

biocompatibility of these synthetic MelNPs in terms of uptake and degradation, these systems have 

potential as artificial melanosomes for the development of novel therapies, possibly supplementing the 

biological functions of natural melanins. 
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