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ABSTRACT OF THE DISSERTATION 

 

Magnetic Resonance as a Useful In Vitro and In Vivo Analytical Tool 

 

by 

 

Minnie Chan 

 

Doctor of Philosophy in Chemistry 

 

University of California, San Diego, 2015 

 

Professor Adah Almutairi, Chair 
Professor Elizabeth Komives, Co-Chair 

 

Magnetic resonance, which exploits the change or difference in magnetic 

properties of water protons, is a great tool to probe chemical changes. In this dissertation, 

the application of magnetic resonance as both an in vivo and in vitro analytical tool is 

explored. 

Various research groups have studied macromolecular imaging agents. However, 

only a few hydrogel nanoparticle (nanogels) imaging systems are reported despite their 



 xx 

advantages over other systems. These advantages include biocompatibility, high colloidal 

stability and high water content. In the introduction, a detailed review of applications of 

nanogels as imaging systems will be provided. It is then followed with the first two 

chapters of the dissertation, which discuss two innovative MRI imaging nanogel contrast 

agents we developed. Three novel gadolinium chelate crosslinkers were designed, 

synthesized, and utilized in the formation of nanogels contrast agents. As a proof of 

concept, polyacrylamide nanogels chelated with gadolinium were formulated and 

characterized as MRI contrast agents in chapter 1. To attain better biocompatibility, in 

chapter 2, polysaccharide-based MRI nanogels were formulated and examined as tumor 

imaging agents. These MRI nanogels had high colloidal stability, metal chelating stability, 

and relaxivity, which are essential criteria for clinical contrast agents. Through animal 

studies, it was shown that theses nanogels not only have high tumor uptake and long 

retention, but also a high biocompatibility, showcasing their potential to be used in a 

clinical setting.  

In addition to in vivo imaging, magnetic resonance is also useful for in vitro 

analysis. In chapter 3, a novel method utilizing magnetic resonance to monitor and 

compare release kinetics of payloads from a series of acid-sensitive polymeric 

nanoparticles is described. While traditional methods of monitoring release kinetics are 

labor-intensive and unable to probe fast releasing systems, this method is robust, easy, 

and requires minimal sample amounts. More importantly, it resolves the release kinetics 

of our series of nanoparticles that could not be accomplished with a traditional Nile red 

release study. 



! 1 

INTRODUCTION 

Nanogels as Imaging Agents for Modalities Spanning the Electromagnetic Spectrum 

I. Abstract 

In the past few decades, advances in imaging equipment and protocols have 

expanded the role of imaging in in vivo diagnosis and disease management, especially in 

cancer. Traditional imaging agents have rapid clearance and low specificity for disease 

detection. To improve accuracy in disease identification, localization and assessment, 

novel nanomaterials are frequently explored as imaging agents to achieve high detection 

specificity and sensitivity. A promising material for this purpose are hydrogel 

nanoparticles, whose high hydrophilicity, biocompatibility, and tunable size in the 

nanometer range make them ideal for imaging. These nanogels (10 to 200 nm) can 

circumvent uptake by the reticuloendothelial system, allowing longer circulation times 

than small molecules. In addition, their size/surface properties can be further tailored to 

optimize their pharmacokinetics for imaging of a particular disease. Herein, we provide a 

comprehensive review of nanogels as imaging agents in various modalities with sources 

of signal spanning the electromagnetic spectrum, including MRI, NIR, UV-vis, and PET. 

Many materials and formulation methods will be reviewed to highlight the versatility of 

nanogels as imaging agents. 

 

II. Introduction 

 Imaging is an essential part of clinical protocols that can provide morphological, 

structural, metabolic, functional and molecular information, as a minimally invasive 

procedure, for disease identification and assessment. Computed tomography (CT), 
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positron emission tomography (PET), magnetic resonance imaging (MRI) and ultrasound 

are the most commonly used imaging modalities.1,2 To generate signal or enhance 

contrast, contrast agents are often used in the imaging regime. However, most clinically 

approved contrast agents are small molecules, which are rapidly cleared from the body, 

limiting the imaging window. In addition, these agents only provide overall whole-body 

contrast,3,4 and often lack disease specificity. An imaging agent that has optimal 

clearance, can be targeted to or respond to disease biomarkers would enable diagnosis 

and assessment with higher sensitivity, specificity, and efficiency.3,5,6 

Nanomaterials, materials of submicron size, have opened up a new opportunity to 

overcome these challenges. Various studies have been performed on the development of 

micelles7-11, polymeric nanoparticles12-14, and dendrimers15,16 as imaging agents. The 

larger size of these macromolecular structures prevents their rapid clearance from the 

body through the renal system. The size and surface properties of nanoparticles can be 

modified to optimize their pharmacokinetics for imaging a specific disease. Increased 

imaging specificity would significantly improve accuracy in diagnosis, allowing better 

disease management planning and an improved prognosis. Additionally, nanoparticles 

have been demonstrated to improve the stability of encapsulated or attached probes.17-20  
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Figure 0.1 Imaging modalities with sources of radiation/signal spanning the 
electromagnetic spectrum.  
 

Hydrogel nanoparticles (nanogels) are hydrophilic nanosized polymeric networks 

that are held together in three dimensions through physical or chemical crosslinking.21-24 

Nanogels have unique advantages over other nanoparticle imaging systems. They are 

highly biocompatible due to their high water content and consequent low interfacial 

tension with biological fluids, resulting in physical properties that resemble those of 

living tissues.22-27 Their size, ranging from 20 to 200 nm, can be controlled systematically 

through optimization of formulation parameters.28 In addition, nanogels can be designed 

to respond to environmental changes, such as temperature, pH, magnetic field, and ionic 

strength,29 with changes in their physiochemical properties, such as volume, water 

content, refractive index, interior network permeability, and hydrophilicity. This stimuli 

responsiveness can be exploited to design disease-responsive imaging nanogels. 

Nanogels also exhibit high loading efficiencies of both hydrophobic and hydrophilic 

molecules, including proteins, nucleic acids and quantum dots, and even act as 

chaperones to protect fragile molecules against degradation.30-32 These attributes and the 
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fact that release kinetics can be regulated by varying crosslinking density or incorporating 

stimulus-responsive crosslinkers, nanogels offer a promising platform for theranostic 

agents. Finally, nanogels possess high colloidal stability, essential for in vivo 

imaging/delivery agents. 

Despite these advantages and the versatility of nanogels, there are limited reports 

of nanogel imaging agents. Two reviews on this topic have been published; however, 

they mainly focus on nanogels as drug carriers.28,33 Here, we provide an updated 

overview of nanogel imaging agents for various modalities spanning the electromagnetic 

(EM) spectrum (Figure 1). Nanogel imaging agents will be categorized according to the 

wavelength of the imaging source: microwave (MRI), near infrared (NIR), visible light, 

ultraviolet (UV), and gamma ray (PET) radiation. (Figure 1) We will also provide a 

overview of the commonly used formulation methods, and discuss recent works on 

multimodal nanogel imaging agents, exploring how various materials and formulation 

methods can be employed to formulate nanogels for either in vitro or in vivo applications. 

(Table 0.1 to 0.5) 
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Figure 0.2 Nanogels formulation strategies. A. Hydrophilic monomers and crosslinkers in 
a water-in-oil emulsion, stabilized by surfactants. Upon the addition of a catalyst, 
polymerization occurs within the emulsion droplets, forming nanogels. B. Hydrophilic 
polymer modified with functional groups that allow physical/chemical crosslinking to 
form nanogels. C. Polymer modified with hydrophobic moieties for self-assembly into 
nanogels. D. Positively and negatively charged polymer self-assembly through 
electrostatic interaction. 
 

III. Nanogels formulation 

 Nanogels can be formulated using various materials and methods (Figure 2). One 

of the most common is radical polymerization in an inverse emulsion26,27,34,35 (Figure 2a), 

in which monomers, crosslinkers, and catalysts dispersed in aqueous droplets are 

stabilized in a continuous organic phase by surfactants; droplets become nanogels upon 

polymerization. Examples of commonly used monomers include acrylamide (AAm), pH-

sensitive acrylic acids (AA) and thermoresponsive N-isopropylacrylamide (NIPAM). 
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Inverse emulsion polymerization employs commercially available monomers and 

crosslinkers, can generate smart constructs if stimulus-responsive monomers and 

crosslinkers are incorporated, and allows control over mesh size by varying the 

crosslinking density. However, it requires surfactants that are difficult to completely 

remove and provides limited control over uniformity of nanogel size, often resulting in 

polydisperse particles.  

Nanogels can also be formulated through crosslinking (either physical or 

chemical) of hydrophilic polymers that are modified with functional groups, such as 

thiols and acrylates35-37 (Figure 2b), while amphiphilic polymer networks, such as 

cholesterol-modified pullulan, can self-assemble into nanogels (Figure 2c). Although 

both methods require chemical modification of polymers, they allow formulation of 

nanogels using natural polymers, such as non-immunogenic polysaccharides (chitosan, 

hyaluronan, and dextran). The latter method does not require a surfactant, permitting a 

robust and facile formulation. However, since physical crosslinks are not stable, further 

chemical crosslinks are necessary for their in vivo application. Figure 2d illustrates 

another formulation technique using a combination of oppositely charged polymer chains 

held together by electrostatic interactions. This approach does not require polymer 

modification, unlike the previous two methods, adding convenience and versatility. 

However, nanogels formed using this method are held together solely through physical 

interaction and so are not stable. Finally, nanogels can also be formed in the presence of 

nucleation sites, often inorganic nanoparticles such as iron oxide nanoparticles or 

quantum dots, on which the polymers or monomers are adsorbed and polymerization 

occurs. Nucleation sites work as a “template” on which nanogels are built, therefore 
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generating nanogels of higher monodispersity. More details on each method of nanogel 

preparation have been published in other reviews.24,38,39  

 

IV. Magnetic resonance imaging (MRI) 

 MRI is one of the most frequently used clinical imaging techniques, employing a 

relatively low energy EM wave with wavelength of ~5 m. In addition to low ionizing 

radiation exposure, it also offers high anatomical resolution.40,41 Despite these advantages, 

MRI is limited by its low inherent contrast, a problem that can be overcome by contrast 

agents. Current clinically used MRI contrast agents can be divided into two categories: T1 

and T2 contrast agents.42,43 T1 contrast agents are usually gadolinium (Gd) chelates, while 

T2 contrast agents are mainly iron oxide particles, including superparamagnetic iron oxide 

nanoparticle (SPIONs), ultra-small superparamagnetic iron oxide nanoparticles 

(uSPIONs) and very small superparamagnetic iron oxide nanoparticles (vSPIONs). 

T1 agents enhance contrast by reducing the longitudinal relaxation time of the 

surrounding endogenous water, thus increasing the signal intensity and providing positive 

contrast. Conversely, T2 contrast agents provide negative contrast as they enhance 

water’s transverse relaxation.44 The ability of an MRI contrast agent to provide contrast 

enhancement is characterized by its relaxivity, the measure of the change in the relaxation 

property of water per concentration of the contrast agent:  

!!,! = ( !
!!,! with contrast agent

− !
!!,! initial

)/[ion]  

, where r1 corresponds to the longitudinal relaxivity, r2 corresponds to the transverse 

relaxivity, and [ion] corresponds to the concentration of the ions of the contrast agent.44,45  
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T1 agents 

Most current clinical T1 contrast agents are small molecules,42,45-47 limiting 

relaxivity at the clinically relevant magnetic field of an MRI scanner (approximately 3 to 

6 mM-1 s-1 at 1.5 T) due to their fast tumbling frequency.46 Thus, high-molecular-weight 

contrast agents45,47-49, produced by encapsulation or conjugation of Gd-chelates with 

polymeric nanoparticles, dendrimers, micelles or polymers, that have higher relaxivities 

would be useful.50-53 Another advantage of nanogels for MRI is their high water content, 

allowing Gd ions to “relax” more water molecules in a given period than would be 

possible in more hydrophobic assemblies.  

Currently, most strategies for the formulation of nanoparticles with Gd involve 

conjugation of Gd chelates to particles. (Table 1) Soleimani et al. conjugated Gd chelates 

on the surface of poly(ethylene glycol) methyl ether methacrylate nanogels crosslinked 

by ethylene glycol dimethacrylate.54 The nanogels, with a relaxivity of 17.5 mM-1 s-1 at 

1.5 T, enhanced the overall signal intensity (blood vessels) in tumor-bearing mice 

substantially more than Magnevist at 20 minutes after injection. Yet, no tumor-specific 

signal enhancement or longer term imaging was shown to demonstrate the benefit of 

nanogels over small molecule contrast agents.  

Without chelation, Lim et al. described the formulation of a nanogel MRI contrast 

agent through hybridization of poly(ethyleneimine) (PEI) with Gd3+ ions as the 

crossklinker.55 This design was intended to yield nanogels with increased elastic 

deformability to circumvent reticuloendothelial system (RES) sequestration and thus 

enhance tumor uptake. The nanogel surface was also modified with cyanine5.5 (Cy5.5) 

for NIR imaging. The 165 nm nanogels accumulated in SCC7 tumors in mice at a higher 
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concentration than in the liver 12 h after injection. Unlike most other Gd-chelating 

particles, these nanogels exhibited a more significant transverse relaxivity (~82.6 mM-1 s-

1) than longitudinal relaxivity (2.1 mM-1 s-1), making them a better T2 contrast agent. T2-

weighed MR imaging revealed negative contrast enhancement in the tumor 2 h after 

injection. Alternatively, Ahmed et al. recently published a nanogel system with chitosan 

and PAA as constituents.56 Negatively charged Gd-DTPA was adsorbed to the nanogels 

through electrostatic interaction with the positively charged chitosan. As the nanogels in 

these two papers carry Gd chelates or ions through physical interaction only, long-term 

Gd chelating stability, a critical safety concern for all clinical MRI contrast agents, may 

be an issue.   

To address the concern of Gd-chelating instability, our group described a different 

formulation of a nanogel MRI contrast agent.21 Chan and Lux et al. synthesized three Gd-

chelate crosslinkers that both held together polyacrylamide (PAAm) nanogels and stably 

retained Gd3+ ions. Incorporation of the Gd-chelating crosslinker into nanogels enhanced 

relaxivity by 4 to 6 times (18 mM-1 s-1 at 1.5 T) and essentially prevented transmetallation 

by Zn2+, the ions most likely to displace Gd3+ in vivo.  

 

T2 agents 

Most superparamagnetic contrast agents incorporate water-insoluble iron oxide 

crystals consisting of magnetite (Fe3O4) or maghemite (γ-Fe2O3) with a core diameter in 

the range of 4 to 180 nm.57-59 Iron oxide particles are of considerable interest as contrast 

agents because of their low toxicity. Due to their hydrophobicity, they are often 

encapsulated in nanoparticles to enhance their solubility in aqueous solution. In addition, 
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the clustering of iron oxide particles inside nanoparticles allows them to work 

synergistically in enhancing T2 relaxation of water, leading to a higher relaxivity.  

Multiple studies have employed similar strategy in formulating Fe3O4–

encapsulated nanogels by utilizing Fe3O4 as a core to build the hydrogel layer. (Table 1 

and 2) Amphiphilic polymers, such as poly(butyl methacrylate) (PBMA) grafted with 1-

dodecylamine (C12)60 and hydrophobized dextrin (a carbohydrate polymer)61, can self-

assemble into nanogels encapsulating Fe3O4 nanoparticles in the hydrophobic core. This 

strategy is convenient, as Fe3O4 templates the one-step assembly of nanoparticles through 

hydrophobic-hydrophobic interactions between Fe3O4 and the hydrophobic moieties of 

the polymer. Alternatively, emulsion polymerization of monomers and crosslinkers, 

which adsorb onto Fe3O4 through inverse emulsion, has also been used to formulate 

nanogels.62 For example, Sun et al. and Liu et al. employed a commonly used stealth 

material, PEG methacrylate, and N,N’-methylenebisacrylamide (MBA, also called 

bisacrylamide in this review) to form their Fe3O4 -carrying nanogel system.63,64 Likewise, 

Gong et al. encapsulated Fe3O4 in amine-containing nanogels prepared by 

photopolymerizing N-(2-aminoethyl) methacrylamide hydrochloride monomers.65 In this 

method, Fe3O4 assists the formation of a nanogel shell: the high surface area of Fe3O4 

allows adsorption of monomers and crosslinkers at high concentrations, while strong UV 

absorption of Fe3O4 initiates the formation of radicals for the photopolymerization. All of 

these Fe3O4-encapsulating nanogels ranged in size from 68 nm to 250 nm, with T2 

relaxivities ranging from 100 to 440 mM-1 s-1. As shown with these examples, 

encapsulation of Fe3O4 inside nanogels offers a simple way to formulate T2 contrast 

agents with the flexibility of using various materials as coating. However, the clinical 
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potential of a T2 agent is limited. They offer negative contrast, darkening areas in which 

they accumulate; this makes interpretation and identification of lesions more difficult 

than with a T1 agent. In addition, Fe3O4, such as Feridex® or Resovist®, are readily taken 

up by reticuloendothelial cells in the liver and spleen. This limits their use to only liver 

lesion imaging. Expansion of their applications would require substantial materials 

engineering and innovative designs.  

 

 

Figure 0.3 pH- and temperature-sensitive nanogels as dual T2 and optical imaging agents. 
(A) Cy5.5-Lf-MPNA: P(NIPAM-co-AA) nanogels encapsulating Fe3O4 nanoparticles 
and conjugated with Cy5.5- labeled lactoferrin as a glioma-targeting ligand. (B) Thermo- 
and pH-responsive change in nanogel size (due to change in hydrophobicity). (C) In vivo 
MR and ex vivo NIR fluorescence imaging showed higher uptake of Cy5.5-Lf-MPNA 
than MPNA (without Cy5.5-labeled lactoferrin) in rat glioma. 66 
 

Dual MR and fluorescence imaging agents 

While MRI provides excellent soft tissue contrast, it suffers from low sensitivity. 

The combination of MRI with other imaging modalities, such as PET or fluorescence, 

which have higher sensitivities, can compensate for this disadvantage of MRI and 
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provide better information about disease location and progression and therapeutic 

efficacy. Various groups have reported nanogels with dual MR and fluorescence imaging 

properties, often by encapsulating Fe3O4 into nanogels and conjugating (or encapsulating) 

fluorescent dyes/quantum dots.67  

Jiang et al. formulated a pH- and thermo-sensitive nanogel as a dual MRI and 

fluorescence agent for medical imaging of brain glioma.66 (Figure 3) Fe3O4 was 

encapsulated in p(NIPAM-co-AA) (PNA), and the resulting nanogels were further 

conjugated with Cy5.5-labeled lactoferrin for fluorescence and tumor targeting. The pH 

sensitivity of the polymer translated to a lowered lower critical solution temperature 

(LCST) at slightly acidic pH (6.4), which caused nanogels to shrink at physiological 

temperature, enhancing uptake into tumor cells. MRI imaging revealed that uptake of 

lactoferrin-labeled nanogels into brain glioma of rats 48 h after injection was significantly 

higher than that of unlabeled nanogels. Park et al. utilized the same polymer to formulate 

a theranostic nanogel for both MRI and fluorescence imaging to visualize gene 

delivery.68 p(NIPAM-co-AA) self-assembled into nanogels around the amine-

functionalized Fe3O4. Instead of chemically conjugating a dye, Dil was encapsulated. The 

nanogels were further coated with polyethyleneimine (PEI), which carries positively 

charged amines, for complexation with negatively charged DNA for gene delivery. 

Nanogels complexed with green fluorescent protein (GFP) plasmid DNA were 

internalized in human mesenchymal stem cells (hMSCs), leading to GFP expression. The 

transplantation of these hMSCs into mice was then monitored using MRI and 

fluorescence. Of these two studies, only the second demonstrated imaging by both 

modalities in vivo, and neither compare the data obtained from the two modalities. Thus, 
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they do not fully demonstrate how MRI and fluorescence complement each other in 

providing morphological and functional information.  

Kim et al. employed a different approach for the development of dual MRI and 

fluorescent nanogels. Instead of encapsulating or conjugating a dye, these researchers 

used an autofluorescent nanogel matrix for tracking dendritic cell therapy.69 Positively 

charged poly(l-lysine) (PLL) was added to negatively charged poly(γ-glutamic acid) (γ-

PGA)-coated manganese/iron oxide nanoparticles (MnFe2O4) to form ionic nanogels; 

PLL amines were crosslinked by the addition of glutaraldehyde, which was responsible 

for its fluorescence at around 553 nm. Incubation of dendritic cells with the nanogels 

allowed MR and fluorescence visualization of their accumulation in lymph nodes for 

dendritic cell therapy. It should be noted that fluorescence is very sensitive, making it 

well suited to complement the low sensitivity of MR imaging. However, its limited 

penetration depth in the UV to visible range may not be effective in imaging of 

tumors/lymph nodes deeper than a few millimeters inside the body.70,71 The systems 

covered in this section are good proofs-of-concept, showcasing the versatility of 

modifying nanogels as bimodal agents, yet likely have limited clinical utility. 

 

Fluorine-19 (19F) MRI probes 

In addition to Gd and iron oxide-based contrast agents, 19F-based agents have 

recently gained increasing attention. As the abundance of water in the body leads to a 

high background signal in 1H MRI, magnetic species that are less abundant allow a 

higher signal-to-noise ratio. One such species is 19F, whose signal has a similar sensitivity 
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to that of 1H, and is relatively safe. Most 19F agents developed so far have been 

perfluorocarbon-based polymeric nanoparticles or micelles. 

Oishi et al. translated this concept to nanogels by formulating a pH-activated 19F 

MRI nanogel system through co-polymerization of 19F-bearing 2,2,2-trifluoroethyl 

methacrylate (TFEMA), pH-sensitive 2-(N,N-diethylamino)ethyl methacrylate 

(DEAMA), and ethylene glycol dimethacrylate crosslinkers.72,73 At pH 7.4, nanogels 

were hydrophobic and shrunken due to deprotonation of amines, reducing molecular 

motion of 19F compounds in the hydrophobic gel core and thus broadening signal (off 

state). The signal was turned on at pH 6.5 as amines were protonated and nanogels 

became hydrophilic and swollen. Though 19F MR imaging was done only in vitro, the 

elegant design of the nanogels and high pH sensitivity of their system provides new 

insight into development of 19F-containing nanogels as tumor-responsive imaging agents.  

 

MR theranostic imaging agents 

Considerable effort has been made toward the development of MRI theranostic 

agents, which have both MR imaging and drug delivery capabilities, using micelles or 

polymeric nanoparticles.74 Characteristic properties of diseases, for example, low 

extracellular pH, hypoxia, and the reducing environment of tumors, can be exploited in 

the design of disease-specific theranostic agents. However, reports of nanogel MRI 

theranostic systems are still scarce.  

As a proof of concept Zhang et al. formulated a reduction-sensitive nanogel, with 

a disulfide-containing crosslinker, encapsulating Fe3O4 using non-fouling carboxybetaine 

methacrylate (CBMA) as a monomer.75 Dithiothreitol (DTT)-induced degradation of 
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nanogels resulted in the release of model drugs (fluorescein isothiocyanate (FITC)-

labeled dextran) and a reduction in relaxivity which translated to higher MR signal 

intensity. Since DTT is a harsh reducing agent, glutathione (GSH), an abundant thiol 

reducing agent that maintains the redox state in cells, would have allowed a more 

biologically relevant proof of principle; this species is upregulated in many diseases, 

including tumors.76 while the study shows the potential of nanogels as reduction-

responsive theranostics, high sensitivity to the low GSH concentrations found in vivo 

(millimolar range) remains a major challenge.  

 Chiang et al., on the other hand, utilized another property of tumors, low 

extracellular pH, to develop a tumor-specific theranostic system. Fe3O4 and Dox were 

encapsulated into self-assembled pH-sensitive poly(acrylic acid-co-distearin acrylate) 

polymersomes, stabilized by an electrostatically assembled nanogel shell of positively 

charged chitosan and a negatively charged folic acid (FA)-tagged block copolymer for 

active targeting.77 Similar to the other nanogel theranostic study, in vivo imaging and 

drug delivery was not evaluated. Though achieving sensitive disease-responsive MR 

imaging with optimal release kinetics for drug delivery remains a challenge, the studies 

mentioned here suggest how stimuli-responsive materials together with proper system 

design would allow potential realization of nanogels as MRI theranostic agents. 

 

V. PET imaging 

  In addition to MRI, positron emission tomography (PET) is also commonly used 

for clinical molecular imaging, especially in oncology, neurology and cardiology. PET 

uses gamma rays, which have the highest energy among imaging modalities (wavelength 
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in order of 10-12 m) Compared to MRI, its sensitivity is very high, requiring only 

nanomolar or even lower concentrations of the imaging agent,1,78,79 allowing visualization 

and quantification of disease markers. PET signal arises from correlated gamma photons 

generated upon annihilation of electrons by tracer-emitted positrons. These photons are 

generated some distance away from the site of emission, as annihilation occurs when 

positrons lose enough kinetic energy to collide with an electron.80,81 Commonly used 

tracers in organic molecules include 18F and 11C. Among these, 18F fluorodeoxyglucose, a 

glucose analog, is often used as a tracer for oncological imaging because many tumors 

consume more glucose than surrounding tissues.82 Other studies mainly focus on metal 

radionuclei with longer half-lives, such as copper-64 (64Cu), yttrium-86 (86Y), and 

zirconium-89 (89Zr).83,84 Gallium-68 (68Ga) has gained increasing attention since the 

development of modern 68Ge/68Ga generators, as their generation does not require an on-

site cyclotron.85  

 

PET nanogels 

Although many polymers, micelles and polymeric nanoparticles have been used 

in experimental macromolecular radiopharmaceutics, the use of nanogels as PET imaging 

tracers has rarely been explored. (Table 3) Soni et al. published the first radiolabeled 

nanogels in 2006, encapsulating N-hexylcarbamoyl-5-fluorouracil (HCFU), a prodrug of 

5-fluorouracil (FU), into nanogels for drug delivery to the brain.86 A 68Ga-labeled 

polysorbate 80 coating granted the nanogels with gamma imaging properties. Instead of 

using a coating, Singh et al. labeled the nanogel matrix directly by attaching 68Ga-

chelating 1,4,7-triazacyclononane-1-glutaric acid-4,7-diacetic acid (NODAGA) to the 
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arms of a hydroxy- and thiol-terminated star-shaped poly(ethylene oxide-stat-

polypropylene oxide) prepolymer.87 Nanogels were formed by self-assembly, followed 

by crosslinking of thiols on the polymer, which were sensitive to reducing environments. 

Although radiochemical yield was measured in vitro in a competition experiment, the in 

vivo stability of the system should be further investigated. 

Recently, Lux et al. altered the chemistry of the metal-chelating crosslinkers used in our 

MRI nanogel contrast agent to formulate a PET nanogel tracer.88 (Figure 4) 64Cu was 

selected because of its advantageous long half-life (12.7 h). To enhance Cu-chelating 

stability, a 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) crosslinker was 

synthesized and used in the PAAm nanogel formulation, allowing retention of 94% of the 

copper in the nanogels after 48 h of incubation in serum. In vivo PET imaging revealed 

high nanogel uptake in 4T1 mouse breast tumors. The tumor/muscle intensity ratio was 

greater than nine at 48 h after injection, which clearly delineated the tumor. In addition to 

primary tumors, nanogels were also enabled to image metastasis, highlighting this 

system’s clinical potential as a tumor-imaging PET agent. While PET has superior 

sensitivity for functional imaging, MRI offers unmatched soft tissue resolution for 

anatomical imaging. Combined PET and MRI therefore provides information about both 

structure and function, which can significantly improve disease identification, 

localization and thus the diagnostic evaluation. This new imaging field also opens up the 

opportunity to develop bimodal PET imaging agents, particularly after the 

commercialization of fully-integrated whole-body PET-MRI scanner. Simultaneous PET 

and MRI scanning can not only shorten imaging time, but also reduce motion artifacts. 
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The above 64Cu-chelating and Gd-chelating crosslinkers could thus be combined in one 

nanogel system for simultaneous PET and MRI.  

 

 

Figure 0.4 64Cu-bearing polyacrylamide (PAAm) nanogels as PET imaging nanogels. (A) 
Structures of three metal-chelating crosslinkers: DTPA (1), DOTA (2) and NOTA (3) –
based. (B) Acrylamide was used as monomer and either 1, 2, or 3 was used as crosslinker 
to formulate nanogels (PAA/1, PAA/2 or PAA/3). (C) PET-CT imaging of mice with 4T1 
tumors at 4 h, 24 h and 48 h after injection with PAA/2, PAA/3 or free 64Cu2+. Arrows 
indicate tumors. (D) Tumor/muscle ratio of PET signal. (E) PET imaging (arrows 
indicate popliteal lymph node in leg and primary tumor on shoulder) at 24 or 48 h post-
injection. 88 
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Dual PET imaging  

Other groups have developed bimodal PET nanogel imaging agents. Gallo et al. 

developed a dual PET/ fluorescence imaging nanogel, in which fluorescent upconverting 

nanoparticles, NaYF4:Yb/Er/Tm (18:1.5:0.5 mol%), were encapsulated in a PEI shell.89 

The amines on PEI allowed conjugation with 68Ga-chelating 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and iRGD, a tumor-cell-

targeting peptide. The 136 nm nanogels absorbed NIR light and emitted visible light; 

whole-body PET imaging of mice with M21 melanoma tumors allowed quantification of 

nanogels in various organs. Uptake of iRGD-labeled nanogels in tumors was 

approximately 30% greater than that of unlabeled nanogels. Both fluorescence and PET 

imaging offer great sensitivity for functional imaging but have low three-dimensional 

spatial resolution. Therefore, MRI or CT would be better choices for coregistration with 

PET to provide complementary anatomical and morphological information. 

Recently, Lee et al. published a dual PET and metalloprotease-activable optical imaging 

probe prepared from glycol chitosan nanogels (CNP).90 Glycol chitosan modified with 

5β-cholanic acid and azide groups self-assembled into nanogels via hydrophobic 

interactions among the 5β-cholanic acid moieties. Using bio-orthogonal click chemistry 

with surface azides, 64Cu-chelating DOTA and an activable matrix metalloproteinase 

(MMP)-specific peptide probe, bearing Cy5.5 NIR dye and black hole quencher 3 

(BHQ3) on opposite ends, were conjugated onto the nanogels’ surfaces. MMP is 

overexpressed in many tumors and is responsible for tumor progression and metastasis. 

Quenched fluorescence was recovered only upon peptide cleavage by the target MMP. 

While the always “on” PET imaging signal can overcome the shortcomings of 
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fluorescence imaging, such as limited tissue penetration depth, MMP-triggered “off-to-on” 

NIR fluorescence provides tumor-imaging specificity, which would improve tumor 

diagnosis accuracy.  

Gupta et al. employed a different approach, instead loading PAA nanogels with 

124I-labeled porphyrin and conjugating fluorescent cyanine dyes to surface amines to 

prepare dual PET-NIR fluorescence theranostic agents.91 The inclusion of porphyrin 

confers possible theranostic applications as a photodynamic therapy agent. In contrast to 

the previous system, in which the radioisotopes are chemically conjugated to nanogels, 

this system may suffer from leakage of encapsulated 124I-labeled porphyrin.  

 As mentioned above, PET is an essential tool in clinical imaging given its 

superior sensitivity. However, this modality alone does not provide any structural and 

morphological information. Combination with CT or MRI is required to identify where 

the PET signal originates in the body. In particular, MRI, because it does not use strong 

ionizing radiation, is highly preferable to CT. This encouraged the recent rapid 

development of novel and effective dual PET-MRI imaging agents for simultaneous PET 

and MR imaging with a new level of precision and resolution.  

 

VI. UV-visible/ near-infra-red optical imaging 

The popularity of optical imaging as an in vitro analytical tool is driven by its 

ease of use and high sensitivity (similar to PET) without ionizing radiation.92,93. Optical 

fluorescence can be categorized into three ranges according to the emission wavelength: 

near-infra-red (NIR) from 750 nm to 1000 nm, visible light from 450 nm to 750 nm and 

ultraviolet from 320 nm to 450 nm. In the last decade, advancements in hardware, 
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imaging probes designs and mathematical models have made in vivo whole-body 

fluorescence imaging possible. This imaging modality is especially attractive given its 

sensitivity, allowing for the detection of fluorescent dyes in the picomolar range. In 

addition, quantum dots, gold/silver nanoparticles, and fluorescent dyes with various 

excitation and emission wavelengths, photostabilities, quantum yields, and functional 

groups are commercially available. Delivering these fluorescent entities using nanogels 

can improve their solubility, in vivo stability, and pharmacokinetics.  

 

 

Figure 0.5 QD-encapsulating nanogels as lymph node imaging agents. (A) Synthesis and 
formulation scheme of HA-QD nanogels. (B) Image of a mouse ear under UV lamp 30 
minutes after subcutaneous injection of HA-QD. (C) Fluorescence images of lymphatic 
vessels under microscope 30 minuets after injection of either HA-QD or QD. HA-QD 
provides a clear delineation of lymphatic vessel.94  
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Quantum dots 

Quantum dots (QDs), usually nanocrystals of the semiconductor cadmium 

selenide (CdSe), have attracted attention as imaging probes due to their unique 

properties: high resistance to photobleaching, high quantum yield, narrow emission peak, 

and commercial availability at various emission wavelengths ranging from UV to NIR. 

Instead of being loaded into nanogels like other small dyes or drugs, QD can act as a core 

to template nanogels formation. (Table 4) Surface ligand exchange of QD allows 

modification of QD with surface charges to electrostatically interact with oppositely 

charged polymers or monomers that form the nanogel matrix.94-97 The physical attraction 

between the QD and polymer matrix can minimize unwanted QD release. For example, 

QD was modified with a surface ligand carrying thiol groups at one end for QD surface 

adsorption, and amine groups on the other end for positive charges.94 (Figure 5) The 

positively charged QD electrostatically attracted the negatively charged hyaluronic acid 

(HA) polymer during formation of nanogels. Since HA has been shown to bind to 

lymphatic vessel endothelial receptor 1 (LYVE-1), this group employed the fluorescent 

HA nanogels to visualize lymphatic vessels, which may be used in lymphangiogenesis 

imaging for better understanding of cancer progression. Subcutaneous injection of the 

nanogels into mouse ears showed their accumulation in lymphatic vessels with strong 

fluorescence signal for up to a day. Yang et al. did not rely on electrostatic interactions, 

instead relying on the affinity between CdSe–ZnS QD and polyhistidine tag to build a 

nanogel for imaging cellular drug delivery.98 The polypeptide also included two 

hydrophobic and one hydrophilic domain to form a sandwiched layer for encapsulating 

both hydrophobic and hydrophilic drugs.  
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Another strategy to formulate QD nanogels is through in situ synthesis of 

QD.99,100 Wu et al. utilized chitosan interpenetrated with polymethacrylic acid (PMAA) 

as the nanogel matrix.100 Chitosan’s abundant hydroxyl groups sequestered Cd3+ and 

stabilized CdSe QDs formed in situ inside the nanogels; chemical crosslinking and 

hydrophobic interactions enhanced stability. Chitosan’s amines (-NH2) and carboxylates 

(COO-) from PMAA gave the nanogels a pH-dependent volume phase transition. At 

approximately pH 5, the electrostatic interactions between deprotonated carboxylates 

(COO-) and protonated amines (NH3
+) caused maximal shrinking; as pH increased (> pH 

5.5) amines were deprotonated decreasing interactions with COO- and causing repulsion 

among polymers, swelling the nanogels. Not only did this enhance release of the 

encapsulated anticancer drug, temozolomide (TMZ), but changes in the protonation state 

of the counterions COO- and NH3+ also caused changes in the local dielectric 

environment of the QDs. This yielded pH-dependent optical properties: quenched NIR 

photoluminescence became unquenched as pH increased. This study demonstrated the 

application of nanogels as NIR theranostic agents for tumor drug delivery and pH sensing. 

Carbon dots, with even higher biocompatibility and lower toxicity, have recently been 

investigated as an alternative to QD. Wang et al. encapsulated magnetic iron oxide 

nanocrystal cores and carbon dots in a carbon shell, which were further encapsulated into 

a poly(NIPAM-co-AA) nanogel.101 The temperature-dependent emission of carbon dots 

at 377 nm allowed sensing of the environmental temperature. In addition, NIR irradiation 

of the carbon shell or application of an alternating magnetic field induced localized 

heating and triggered drug release.  



 24 

While QD-encapsulated nanogels have the advantage of direct and easy 

fabrication, the high toxicity of QD associated with the release of free Cd3+ remains a 

problem. In addition, though QD are widely commercially available at various emission 

wavelengths, their absorption lies in UV-blue ranges, which further limits their 

application as in vivo agents.  

 

Au/Ag nanoparticles or nanorods  

Gold (Au) or silver (Ag) nanoparticles with sizes larger than 3 nm exhibit strong 

surface plasmon resonance (SPR) absorption in the visible spectrum.102,103 The SPR 

originates from the oscillation of conductive electrons on the surface upon irradiation at 

resonant wavelengths. The surface plasmon band depends on various factors, including 

nanoparticle size, shape, and the surrounding environment. These metallic nanoparticles 

have the advantage of being less susceptible to photobleaching, and with absorption and 

emission orders of magnitude greater than those of than small fluorescent dyes, making 

them better suited for imaging. Finally, because these nanoparticles can generate heat by 

absorbing NIR light, they can also provide photothermal treatment, and be formulated as 

theranostic agents.  

Similar to QD, surface modified Au/Ag nanoparticles can act as a core for a 

hydrogel shell to be built on104-108, or could be synthesized in situ within nanogels.109,110 

(Table 4) Wu et al. developed multiple thermo or pH responsive nanogels with metallic 

nanoparticle cores for cellular imaging, chemo- and NIR-induced photothermal therapy. 

In one study, they encapsulated bimetallic Ag-Au nanoparticles into thermo-responsive 

PEG-based nanogels. In addition to fluorescence imaging, Ag-Au nanoparticles allowed 
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conversion of NIR light to heat for photothermal therapy. Thermo-responsive PEG 

polymeric shells switched from hydrophilic to hydrophobic as the temperature increased, 

shrinking the nanogels, increasing photoluminescence, and releasing the hydrophilic 

model anticancer drug (temozolomide). The temperature responsiveness could be tuned 

by changing the thickness of the polymer shell. HA has been shown to bind CD44 

receptors, which are overexpressed in various cancers and contribute to cell proliferation 

and migration,111,112  The HA conjugated-PEG nanogels enabled uptake by CD44-

overexpressing B16F10 murine melanoma cells through endocytosis; these cells emitted 

fluorescence when excited at 405 nm. The therapeutic efficacy, as measured by 

cytotoxicity, of the combined chemo and photothermal therapy was higher than the 

additive effect of either alone. The group subsequently improved the system to include a 

hydrophobic polystyrene gel layer inside the PEG shell to encapsulate hydrophobic 

drugs.107 Their studies demonstrated the advantage of Ag/Au nanoparticles over other 

fluorescent dyes or QD, as they can provide photothermal therapy in addition to optical 

imaging, which allows them to be developed into multifunctional theranostics.   

 

Small fluorescent dyes 

A wide range of fluorescent dyes in the UV-vis to NIR range have been 

synthesized and studied as they are frequently used in in microscopy. Conjugation or 

encapsulation of small dyes to nanogels provides a simple and direct route to formulate 

fluorescent nanogel imaging probes. (Table 5) One strategy is to conjugate dyes to the 

nanogel surface post-formulation113,114. Fluorescent dyes can also be modified as 

monomers or crosslinkers to be used in nanogels formulation.115-117 Incorporation of dyes 
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in the particle matrix can minimize spontaneous release of labels due to instability in vivo, 

which complicates image interpretation,115 and avoids the need for excessive washing to 

remove dyes adsorbed to nanogels. Chen et al. utilized this strategy and modified 

autofluorescent abietane-based acid as a methacrylic monomer which was crosslinked 

with PEG diacrylate to yield a nanogel for both drug delivery and imaging. FA was 

conjugated to the surface as a targeting ligand, and doxorubicin was loaded and stabilized 

by the hydrophobic abietane. Fluorescent imaging showed uptake into MCF-7 human 

breast cancer cell cytoplasm within 1 h, illustrating their potential as cellular drug 

delivery tracking agents. Encapsulation of dyes into nanogels without covalent 

attachment has also been reported.20,118 Cao et al. encapsulated a pH-sensitive dye, 8-

hydroxypyrene-1-carbaldehyde (HPC), into polyurethane nanogels as an intracellular 

fluorescence pH indicator.20 The nanogels’ pH sensitivity allowed imaging of H2O2-

induced cytosolic acidosis.  

While the small size and resulting high cellular uptake make UV-visible 

fluorescent nanogels good for sensing and detecting intracellular states, their use as in 

vivo imaging agents is limited. As shown in the above examples, almost all of these 

optical nanogels system were examined as cell imaging agents only. This choice may 

relate to the overlap of these nanogels’ absorption and emission with the absorption of 

hemoglobin, melanin and other proteins in the body (from 200 to 650 nm),70,93,119,120 and 

interference by autofluorescence from tissues in this wavelength range.  

To achieve deep tissue penetration and accurate detection, research on optical 

imaging agents has focused on those with absorption and emission wavelengths in the 

NIR region (from 750 nm to 1000 nm), in which absorption and autofluorescence from 
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biological tissue is substantially lower. Generally, NIR probes can be categorized as 

either inorganic, such as quantum dots, gold (Au) nanorods/nanoclusters/nanoparticles 

and upconverting phosphor (UCP), or organic, such as cyanine, squaraine, BODIPY® and 

Alexa Fluor dyes® etc.119 These probes have been thoroughly compared elsewhere.119 

Most of them suffer from low water solubility, a drawback for in vivo applications. In 

addition, the rapid degradation of organic NIR dyes in vivo prevents their wide use in 

clinical applications. Encapsulation or conjugation to hydrophilic nanogels can enhance 

their stability in aqueous solution, making them suitable for in vivo imaging and 

potentially enabling NIR imaging in humans. 
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Figure 0.6 Cellulose-based nanogels for NIR tumor imaging. (A) Synthesis of disulfide 
crosslinkers (CBA), methacrylated cellulose (MACMC) and formulation of nanogels 
encapsulating doxorubicin (Dox) through radical polymerization. NIR-797 isothiocyanate 
was conjugated to render nanogels with NIR emitting properties. (B) Real-time NIR 
imaging of subcutaneous hepatic H22 tumor-bearing mice injected with NIR nanogels at 
120 h post-injection. White circle highlights the tumor. (C) Tumor size was substantially 
decreased upon multiple dosage of Dox-containing nanogels compared with controls. 
(dosage time indicated by arrows). Saline, free Dox, and nanogels formulated with 
bisacrylamide (MACMC-MBA-Dox) without reduction-sensitive drug release were 
injected as controls. 121 
 

NIR imaging of drug delivery 

Attachment of NIR dyes to drug-delivery nanogels agents allows their in vivo 

tracking. Xing et al. and Qian et al. both formulated reduction-sensitive NIR fluorescent 

drug delivery nanogels with disulfide bond-containing crosslinkers, and conjugated 

cyanine dye or IR-797 isothiocyante respectively .121,122 In Qian’s study, they 

demonstrated that the accumulation and distribution of nanogels in H22 hepatocellular 

carcinoma tumor-bearing mice through intravenous injection could be clearly visualized 
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through real-time whole-body NIR fluorescence imaging.121 (Figure 6) This study clearly 

illustrated the advantageous in vivo application of NIR probes.  

 

NIR lymph node imaging agent 

Other than imaging drug delivery, NIR nanogels have also been used to identify 

the sentinel lymph node (SLN), the first lymph node from which tumor cells spread.123,124 

Particularly in breast cancers, SLN identification followed by removal for biopsy is 

important for metastasis assessment. While the SLN is often located by intratumoral 

injection of methylene blue or radio-isotopes,123,124 small dyes lack SLN specificity and 

often diffuse into regional lymph nodes. Noh et al. improved the pharmacokinetics of 

SLN imaging agents by conjugating IRDye800, to cholesterol-modified pullulan 

nanogels of 30 nm,125 enhancing dye photostability. More importantly, NIR imaging of 

mice injected intradermally with the NIR nanogels in their front paws revealed that, at 30 

min post-injection, the signal intensity in the SLN was six times higher than in those 

injected with free dyes. Experiments performed on larger animals such as pigs and dogs 

using a similar system (IRDye900-conjugated pullulan-cholesterol nanogels) also showed 

that they are better at identifying SLN than free dyes.126 These results show that NIR 

nanogels have great promise to be developed as clinical imaging probes for N-staging, as 

they have longer retention in regional lymph, allowing a more flexible imaging regime 

with less auxiliary diffusion than small dyes.  

 

NIR tumor imaging 



 30 

NIR nanogels have also been examined as tumor imaging agents. The enzyme 

hyaluronidase (HAdase), which is responsible for the degradation of hyaluronic acid 

(HA), is upregulated in tumor cells and contributes to tumor progression, angiogenesis, 

and metastasis127,128 Overexpression of HAdase can thus serve as a biomarker for cancer 

progression. Mok et al. designed a hyaluronidase-activable NIR tumor-imaging nanogel 

using indocyanine green (ICG) dye-conjugated HA.129,130 ICG-conjugated HA self-

assembled into nanogels through the hydrophobic interaction among ICG dyes. Park et al. 

utilized another tumor biomarker, low extracellular pH, for tumor-specific imaging in 

their system with ICG dyes.131 ICG dyes were encapsulated inside the nanogels 

composed of HA polymer and pH-sensitive poly(beta-amino)ester (PBAE) through 

electrostatic and hydrophobic interaction. In all three cases, embedding the dyes inside 

nanogels quenched the NIR signal; presence of HAdase or low pH liberated ICG and 

turned on the NIR signal, allowing tumor-specific imaging. Mok et al. showed that their 

nanogel system allowed longitudinal NIR imaging of tumors for up to three days post-

injection. Instead of conjugation to a dye, Fu et al. formulated label-free NIR nanogels by 

incorporating a Ga-porphyrin complex as a crosslinker.132 Ga-porphyrin was modified 

with tetra-alkyne functionalities and reacted with difunctionalized azide-PEG through 

Cu2+-catalyzed click chemistry, to form nanogels of 30 or 120 nm. Though these 

nanogels exhibit maximum emission at approximately 725 nm, in vivo imaging was not 

shown to illustrate their feasibility as in vivo NIR tumor imaging agents. 

 

VII. Perspective 
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Herein, we discussed nanogels as imaging agents in various imaging modalities 

spanning the electromagnetic spectrum. Imaging agents for each imaging modality have 

different requirements. They need to be able to carry molecules at different 

concentrations, of different sizes, and different chemical properties, ranging from small 

fluorescent/NIR dyes, metal-chelates, quantum dots to iron oxide nanoparticles. Because 

of the availability of numerous formulation methods and building materials, nanogels can 

be utilized as imaging agents in many imaging modalities, making them very versatile. 

Specifically, due to flexibility in their constituents, more biocompatible and less 

immunogenic materials, such as natural polymers (chitosan, dextran, and pullulan), can 

be used. This ideal characteristic of nanogels gives them great potential as a platform for 

clinical contrast agents. However, the development of nanogels as imaging agents is in its 

infancy. As reviewed herein, while a few systems have been tested as in vivo whole body 

imaging/theranostic agents for imaging tumors, most have only been used in vitro. 

Increasing structural stability, in vivo contrast, photostability, and disease-specific 

accumulation, and reducing toxicity and overcoming background signal, still remain 

major challenges for nanogels’ full realization as in vivo imaging agents. Despite these 

problems, fast advances in imaging hardware and the constant discovery and design of 

newer and safer materials suggest that these obstacles could be overcome in the near 

future for applications in oncological, neuropsychiatric and cardiac imaging.  
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Table 0.1 MRI contrast agents-part I 
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Table 0.2 MRI contrast agents- part II 
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Table 0.3 PET imaging agents 
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Table 0.4 UV-vis imaging agents with QD or Au/Ag nanoparticles 
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Table 0.5 UV-vis/NIR imaging agents with fluorescent dyes 
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CHAPTER 1 

Metal Chelating Crosslinkers form Nanogels with High Chelation Stability 

1.1 Abstract 

We present a series of hydrogel nanoparticles (nanogels) incorporating either 

acyclic or cyclic metal chelates as crosslinkers. These crosslinkers are used to formulate 

polyacrylamide-based nanogels (diameter 50 to 85 nm) and chelated with gadolinium, 

which is a contrast agent with enhanced relaxivity (up to 6-fold greater than Dotarem®), 

because this nanogel structure slows the chelator's tumbling frequency and allows fast 

water exchange. Importantly, these nanogels also stabilize Gd3+ within the chelator 

thermodynamically and kinetically against metal displacement through transmetallation, 

which should reduce toxicity associated with release of free Gd3+. This chelation stability 

suggests that the chelate crosslinker strategy may prove useful for other applications of 

metal-chelating nanoparticles in medicine, including other imaging modalities and 

radiotherapy. 

 

1.2 Introduction 

 Nanogels, nanoscale hydrogel particles formed by chemically or physically 

crosslinked polymer chains, have attracted much attention in recent years for their high 

drug-carrying capacity, environmental responsiveness, and stability in aqueous media. 1-2 

While they have been employed in several studies to deliver small therapeutic agents 3-4 

and biomacromolecules, 5-6 their advantages for use as biomedical imaging agents, such 

as water access throughout the particle 7 and protection of the payload have not been 
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thoroughly explored.  

 Metals have many applications in medicine, including as contrast agents in 

multiple biomedical imaging modalities (PET, MRI), and as radiotherapeutics. 

Incorporating metals into nanogels can impart properties useful in medicine. However, no 

versatile and reproducible chemistry yet exists to incorporate metals into nanogels in a 

stable manner that is of clinical relevance. Clinical development of high-contrast 

magnetic resonance imaging (MRI) agents is an important area of investigation that relies 

on Gd3+ chelates.  Gd based MRI agents could allow tissue- or disease-specific imaging 

using this accurate diagnostic imaging modality capable of providing submillimeter 

spatial resolution and unrivalled soft tissue contrast. 8-10 Previously employed strategies 

combining Gd3+ chelates with nanogels include the encapsulation of small contrast agent 

molecules inside an electrostatically crosslinked polymer 11 or the post polymerization 

functionalization of nanogels with contrast agents, 12 both of which enhance relaxivity by 

slowing the chelates’ molecular tumbling rate. 14, 15 These designs follow the example of 

numerous other groups that attach Gd3+ chelates to high molecular weight 

macromolecules, including  dendrimers, 13-16 polymers, 17-19 micelles 20-21 and 

metallostars 22 or bind them to micro- 23 or nanoparticles 24-25 or proteins through 

covalent 26-30 or non-covalent interactions. 31-33By using gadolinium complexes directly 

as crosslinkers, the whole nanoparticle incorporates contrast agents, in contrast to post-

functionalized nanoparticles or gadolinium-based inorganic nanoparticles, in which only 

surface gadolinium can relax water protons. This strategy also allows us to keep the 

nanogel surface available for further functionalization, for example with targeting agents. 

We also hypothesized that incorporating the contrast agent into a macromolecular 
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network as a crosslinker would further increase rigidity and thus relaxivity. Importantly, 

metal chelating crosslinkers can be used with a variety of metals, such as radioisotopes 

for positron emission tomography or cancer radiotherapy. 34   

 

 

Figure 1.1 Chemical structures of the target DTPA and DOTA-based crosslinkers 1, 2 
and 3. 
 

The design of the target crosslinker 1 (Figure 1.1) was based on a 

diethylenetriaminepentacetatic acid (DTPA) and was first selected because of its ease of 

synthesis. The second crosslinker structures were selected for their potential for greater 

safety in vivo; it has been reported that cyclic structures are more stable than DTPA, 35 

better protecting and binding the central Gd3+. A cyclic crosslinker would thus decrease 

toxicity, which can increase the risk of nephrogenic systemic fibrosis (NSF) via 

transmetallation with endogenous ions such as zinc or copper and resulting release of free 

Gd3+. Thus we decided to design two other crosslinkers based on the 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelating agent. The design of 
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these macrocyclic crosslinkers 2 and 3 (Figure 1.1) was based on a DOTA unit bearing a 

bisacrylamide moiety. The DOTA macrocycle is C-substituted in order to avoid any 

interference with the coordination site of the ligand. This choice is based on previous 

observations that chelates with a hydration number greater than one are relatively 

unstable; q = 1 for all commercial agents. Therefore, though other designs allow a greater 

hydration number, which yields higher relaxivity, 36-39 we chose C substitution to 

minimize dechelation. Furthermore, incorporating the chelate into a nanogel both 

enhances relaxivity by limiting movement and improves Gd3+ chelating stability by 

reducing access of other metal ions. To the best of our knowledge, this work is the first 

example of nanogels incorporating DOTA chelating agents as crosslinkers. 

Herein we report the development of model polyacrylamide (PAA)-based 

nanogels incorporating DTPA- and DOTA-based crosslinkers. Given the size of these 

nanogels (<100 nm), which should allow prolonged circulation, these chelators should be 

useful in the development of biodegradable nanoparticles for a number of biomedical 

applications involving metals. 

 

1.3 Materials and methods 

Materials. Unless otherwise noted, all chemicals were obtained from commercial 

sources and were used without further purification.  All reactions were in oven-dried 

glassware unless otherwise noted. Flash column chromatography purification was 

performed using a Teledyne Isco Combiflash Companion with RediSep Rf prepacked 

silica or C18 columns.  Thin layer chromatography was performed with EMD TLC Silica 

gel 60 F254 glass plates.  1H NMR spectra were acquired using a Varian 600 MHz and 
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13C NMR spectra were acquired using a Varian NMR spectrometer at 150 MHz.  

Particles were imaged by TEM with a FEI Tecnai Spirit at 200 kV. Mass determination 

was performed with a HPLC-MS Agilent 160 Infinity (binary pump, UV-vis 1260 DAD, 

6120 Quadrupole LC/MS ESI source) with a RP-18 column. HR-MS measurements were 

done with an Agilent 6230 ESI-TOF MS. Relaxivities were measured using a Bruker 

Minispec mq60 contrast agent analyzer (1.4 T, Bruker, Karlsruhe, Germany). Dynamic 

Light Scattering (DLS) measurements were performes with a Malvern Zetasizer. 

Synthesis of DTPA crosslinker 1. DTPA-bisanhydride (1.428 g, 4 mmol) 

dissolved in DMF (10 ml) was combined with N-(3-aminopropyl)methacrylamide 

hydrochloride (0.786 g, 5.5 mmol), to which triethylamine (8 ml, 57 mmol) was added 

dropwise. Reaction was purged with nitrogen for 1 h and stirred at room temperature for 

24 h. Solvents were concentrated and the crude material was purified by reverse phase 

flash chromatography on C18 with water and methanol as eluents to give 1. (1.56 g, 61%) 

1H NMR (600 MHz, D2O): δ (ppm) = 5.687 (s, 2H), 5.440 (s, 2H), 3.868 (s, 4H), 3.746 

(s, 4H), 3.725 (s, 2H), 3.386 (t, 4H, J=6.1 Hz), 3.319 (t, 4H, J=6.1 Hz), 3.288 (q, 8H, 

J=7.0 Hz), 1.924 (s, 6H), 1.774 (qn, 4H, J=7.0 Hz). HR ES-MS: MH+ = 642.3458 g.mol-1 

(cacl: 642.3457 g.mol-1). 

Synthesis of 4. 2,4-Diaminobenzoic acid (500 mg, 3.3 mmol) was dispersed in 

EtOAc (20 mL) and a solution of K2CO3 (9 g, 66 mmol) in water (20 mL) was added. 

The resulting mixture was vigorously stirred at 0 °C and acryloyl chloride (1 mL, 13 

mmol) was then carefully added, resulting in the formation of a light brown precipitate. 

The reaction mixture was then allowed to reach room temperature, leading to the 

dissolution of the precipitate. After 30 minutes, the reaction was complete (as confirmed 
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by LC-MS). The organic layer was then discarded and the aqueous layer was acidified 

with HCl 5%, making a precipitate appear at pH < 4. EtOAc was then added and the 

product was extracted. The organic layers were then dried with MgSO4, filtered, and 

evaporated. The solid residue was then suspended in water, filtered, and washed 

thoroughly with diethyl ether to give 4 as a gray powder (627 mg, 73%). 1H NMR (600 

MHz, dmso-d6): δ (ppm) = 9.296 (s, 1H), 8.944 (s, 2H), 7.371 (dd, 2H, J=17 Hz, 10.5 

Hz), 7.222 (d, 2H, J=17 Hz), 6.712 (d, 2H, J=10.5 Hz). ES-MS: MH+ = 261.0 g.mol-1 

(calc: 261.09 g.mol-1). 

Synthesis of 5. Hydroxy-(tBu)4 DOTA derivative 5 was synthesized in 4 steps 

according to the literature, with a global yield of 10%. 37 

Synthesis of 6. Hydroxy-(tBu)4 DOTA derivative 5 (526 mg, 0.8 mmol), 2,4-

bisacrylamidebenzoic acid 4 (211 mg, 0.8 mmol) and DMAP (195 mg, 1.6 mmol) were 

dissolved in dry DCM (3 mL) under argon. The resulting mixture was then stirred at 0 °C 

for 15 minutes, DCC (329 mg, 1.6 mmol) was added, and the reaction was stirred at rt for 

48 hours. After this time the reaction mixture was filtered and the precipitate was washed 

with DCM. The filtrate was concentrated and the solid residue was purified by flash 

chromatography with DCM/MeOH (2% to 5%) as eluent to give the product 6 as a white 

solid (320 mg, 44% - best yield: 59%). 1H NMR (600 MHz, CDCl3): δ (ppm) = 9.541 (bs, 

1H), 9.355 (bs, 1H), 8.727 (s, 2H), 8.519 (s, 1H), 6.753 (m, 2H), 6.489 (dd, 2H, J=17.1 

Hz), 5.798 (t, 2H, J=9.6 Hz), 4.75-2.15 (m, 25H), 1.569 (s, 36H). 13C NMR (150 MHz, 

CDCl3): δ (ppm) = 173.06, 165.96, 164.46, 139.53, 132.29, 130.19, 126.75, 117.04, 

116.79, 81.93, 60.91, 56.87, 56.52, 55.84, 52.73, 52.30, 50.38, 49.16, 48.47, 43.58, 27.95. 

HR ES-MS: MH+ = 901.5278 g.mol-1 (cacl: 901.5281 g.mol-1). 
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Synthesis of 7. Alkyne-(tBu)4 DOTA derivative 7 was synthesized according to 

the literature with a yield of 75%. 37 

Synthesis of 8. Iodo-3,5-dinitrobenzene (2.87 g, 9.76 mmol) and SnCl2.(H2O)2 (15 

g, 58.7 mmol) were dissolved in EtOH (24 mL) under argon and stirred at 70 °C. The 

reaction was monitored by LC-MS until complete conversion and the reaction mixture 

was allowed to reach room temperature after 60 minutes. The reaction mixture was then 

poured over ice and NaHCO3 was added to reach pH 8. EtOAc (200 mL) was then added 

and product was extracted with EtOAc in brine and water. Organic layers were dried over 

Na2SO4, filtered, and concentrated to give the product 8 as a brown-orange solid (2.23 g, 

99.8%). %). 1H NMR (600 MHz, CDCl3): δ (ppm) = 6.460 (s, 2H), 5.940 (bs, 1H), 3.552 

(bs, 4H), 13C NMR (150 MHz, CDCl3): δ (ppm) = 149.90, 116.23, 102.31, 96.94. ES-

MS: MH+ = 235.0 g.mol-1 (cacl: 234.97 g.mol-1). 

Synthesis of 9. 1,3-diamino-5-iodobenzene 8 (475 mg, 2.03 mmol) was dissolved 

in EtOAc (20 mL) under argon and a solution of K2CO3 (5.61 g, 40.6 mmol) in water (20 

mL) was added. The resulting mixture was vigorously stirred at 0 °C for 5 minutes and 

acryloyl chloride (0.66 mL, 8.12 mmol) was then carefully added. After the addition, the 

reaction mixture was allowed to reach room temperature. EtOAc and an aqueous solution 

of NaHCO3 were added and the product was extracted first with EtOAc and then with 

DCM because of the poor solubility of the product. The organic layers were dried over 

Na2SO4, filtered and concentrated to give 9 as a white solid (695 mg, 100%). 1H NMR 

(600 MHz, dmso-d3): δ (ppm) = 10.374 (s, 2H), 8.114 (s, 1H), 7.945 (s, 2H), 6.513 (dd, 

2H, J=16.7 Hz, 10.1 Hz), 6.361 (d, 2H, J=16.7 Hz), 5.873 (d, 2H, J=10.1 Hz). ES-MS: 

MH+ = 343.0 g.mol-1 (cacl: 342.99 g.mol-1). 



 55 

Synthesis of 10. Alkyne-(tBu)4 DOTA derivative 7 (102.4 mg, 0.15 mmol), 1,3-

bisacrylamide-5-iodobenzene 9 (50.3 mg, 0.15 mmol), Pd(PPh3)2Cl2 (5 mg, 5 mol%) and 

CuI (6 mol%) were dissolved under argon in dry THF (2 mL) and TEA (2 mL). The 

resulting suspension was then stirred at 50 °C for 16 hours. After this time, the solvents 

were evaporated and the solid residue was purified by flash chromatography with 

DCM/MeOH (2% to 5%) as eluent to give the product 10 as a white solid. 1H NMR (600 

MHz, CDCl3): δ (ppm) = 9.068 (bs, 1H), 8.972 (bs, 1H), 8.184 (s, 2H), 8.103 (s, 1H), 

6.755 (m, 2H), 6.488 (d, 2H, J=16.7 Hz), 5.809 (t, 2H, J=10.1 Hz), 4.46-1.96 (m, 27H), 

1.551 (s, 36H). ES-MS: MH+ = 912.6 g.mol-1 (cacl: 911.56 g.mol-1). 

Synthesis of 2. Ester-(tBu)4 DOTA crosslinker 6 (320 mg, 0.35 mmol) was 

dissolved in a 1:1 mixture of TFA/DCM (2 mL) and stirred at room temperature for 16 

hours. After this time, conversion was complete according to LC-MS. The solvents were 

evaporated and DCM was added to suspend the product and was evaporated to yield a 

white crystalline solid (390 mg of TFA salt, 100%). 1H NMR (600 MHz, D2O): δ (ppm) 

= 7.967 (s, 1H), 7.912 (s, 2H), 6.431 (dd, 2H, J=17.1 Hz, 10.1 Hz), 6.365 (t, 2H, J=17.1 

Hz), 5.911 (d, 2H, J=10.1 Hz), 4.605 (m, 2H), 4.25-2.96 (m, 23H). HR ES-MS: MH+ = 

677.2774 g.mol-1 (cacl: 677.2777 g.mol-1). 

Synthesis of 3. Alkyne-(tBu)4DOTA crosslinker 10 (80 mg, 0.02 mmol) was 

dissolved in TFA (1 mL) and stirred at room temperature for 16 hours. After this time, 

conversion was complete according to LC-MS. The solvents were evaporated and the 

residue was purified by reverse phase C18 flash chromatography with H2O/MeOH (10% 

to 50% MeOH) as eluent to give the product as a white solid (27 mg, 45% - best yield: 

73%). 1H NMR (600 MHz, D2O): δ (ppm) = 7.695 (s, 1H), 7.380 (s, 2H), 6.368 (m, 4H), 
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5.878 (d, 2H, J=9.2 Hz), 4.414 (bs, 2H), 3.896-2.993 (m, 25H), 1.551 (s, 36H). HR ES-

MS: MH+ = 687.2980 g.mol-1 (cacl: 687.2984 g.mol-1). 

Gd(III) chelation and concentration measurements. GdCl3•6H2O was added in 

excess to the crosslinkers in solution at a molar ratio of crosslinker: Gd3+ = 1:4. The pH 

of the solution was adjusted to pH 6 with 1 M KOH. The mixture was stirred at 40 °C 

overnight. To remove free Gd3+ from the remaining supernatant, Chelex-100 was added 

at 100 mg/mL. After stirring for another 3 h, the solution was centrifuged at 3,000 rpm 

for 3 min. The supernatant was filtered through a 1 µm syringe filter to ensure removal of 

Chelex-100. Chelex-100 is a chelating resin consisting of styrene divinylbenzene 

copolymer beads functionalized with iminodiacetic acid, a tridentate ligand able to 

chelate different metals. The filtered solution was then freeze-dried to give the chelated 

crosslinkers in a powder form.  

Preparation of the nanogels. Nanogels at 1.5% (for 2Gd(III) and 3Gd(III)) or 5% 

(for 1Gd(III)) crosslinking density were formed by dissolving 36.2 (45.4 µmol), 10.9 

(13.1 µmol) or 11.1 (13.1 µmol) mg of 1Gd(III), 2Gd(III) or 3Gd(III), respectively, 

together with 61.3 mg of acrylamide in 250 µL of 10 mM Tris-HCl (pH 8), which was 

then added into 11 ml of 9% AOT in hexane. After vortexing for 1 min, 32 µL of 50% 

APS in 10 mM Tris-HCl (pH 8) was added. The reaction mixture was vortexed for1 min, 

and then filtered through a 0.1 µm PVDF filter three times. After portionwise addition of 

500 µL of 5% TEMED in hexane (10 µL x 50), the particle solution was left on a shaker 

at 60 rpm for 30 min, followed by removal of hexane by rotovap at 40 oC. Nanogels were 

washed with acetone (10 mL x 3) and collected each time by centrifugation at 5,000 rpm 

for 5 min. The white precipitate was then resuspended in 2 mL of 1X PBS buffer, pH 7.4. 
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Gd3+ concentration in the nanogel stock solution was determined by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). Nanogel stock solution was split into 

aliquots of 250 µL, frozen by liquid nitrogen, and stored at -86 oC for further evaluation. 

Nanogel density calculation. 200 µL of nanogel solution was lyophilized in a pre-

weighed Eppendorf tube. The mass of the nanogel (m) after lyophilization was then 

calculated (25.4 mg). As we sought the density of the nanogels themselves (not the 

nanogel solution) in their hydrated state, a minimal amount of water (v) was added (25 

µL). The density was calculated as m/v = 1.016 g/mL, which falls between the density of 

water (1.00 g/mL) and that of acrylamide (1.13 g/mL).  

Transmetallation measurements. Buffer was prepared by mixing 125 µL of 50 

mM potassium phosphate buffer (pH 7.0) with 2.5 µL of 250 mM ZnCl2 solution. Both 

the buffer and nanogels solution at [Gd3+] = 5.11 mM were incubated at 37 °C separately. 

At time = 0, 125 µL of particle solution was added to buffer of the same volume and 200 

µL of the resulting solution was transferred to a NMR tube. T1 relaxation time was 

measured over time. The NMR tube was placed inside a heating block at 37 °C between 

measurements. Magnevist® or chelated crosslinkers served as a control. The control 

experiment was conducted as above without the addition of ZnCl2 solution, otherwise 

keeping volumes and concentrations the same. 

Relaxivity measurements. To measure relaxivity (r1), nanogel solutions at 

different Gd concentrations were prepared and an inversion recovery experiment was 

performed. 50, 40, 30, 20, and 10 µL of the nanogel stock solution was added to 150, 160 

170, 180, and 190 µL of 1X PBS, respectively, and incubated in a water bath at 37 °C for 

10 min before relaxivity measurement. Longitudinal relaxation times (T1) of the solutions 
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were measured using a Bruker Minispec mq60 contrast agent analyzer (1.4 T, Bruker, 

Karlsruhe, Germany). The r1 of the nanogel was calculated using the following formula: 

1/ T1,measured = 1/ T1,buffer + r1•[Gd], where the baseline T1 (buffer) is the T1 

relaxation time of the buffer alone. By plotting the inverse of T1 (1/T1) as a function of 

Gd concentration of the particle solutions (as determined by ICP-AES), the relaxivity can 

be calculated by finding the slope of the linear regression. 

Dynamic Light Scattering (DLS) measurements. 20 µL of gel particle solution 

was added to 200 µL of 1X PBS (pH 7.4) for DLS measurement using a Malvern 

Zetasizer. 

Transmission Electron Microscopy (TEM). Nanogel particles stained with 0.5% 

phosphotungstic acid (PTA) were imaged using a FEI Tecnai Spirit at 200 kV. 

Phantoms Imaging. Phantom images were taken with a Bruker 7 T Biospec small animal 

imaging system (20 cm bore). The MR sequence used was an inversion recovery spin 

echo sequence with following the parameters: field of view: 67 mm, matrix: 128 x 128, 1 

slice : 2 mm thick, repetition time (TR): 2000 ms, echo time (TE): 12.6 ms. Solution 

volumes were 300 µL.  

Nuclear Magnetic Relaxation Dispersion (NMRD).  1H NMRD profiles were 

measured on a Stelar Spinmaster FFC fast field cycling NMR relaxometer (Stelar, Mede, 

Pavia, Italy) over a range of magnetic fields extending from 0.24 mT to 0.7 T and 

corresponding to 1H Larmor frequencies from 0.01 to 30 MHz using 0.5 ml samples in 

7.5 mm o.d. tubes. The temperature was kept constant at 37 °C. Additional relaxation 

rates at 20, 60 and 300 MHz were obtained with Bruker Minispec mq20, mq60 

relaxometers and Bruker Avance 300 spectrometers (Bruker, Karlsruhe, Germany), 
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respectively. The diamagnetic contribution of unloaded particles was measured and 

subtracted from the observed relaxation rates of the Gd-loaded nanoparticles. 

MTT assay. To evaluate cell viability in the presence of the nanogel, an MTT (3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay was performed. 

RAW 264.7 macrophages were seeded in a 96-well plate at a density of 10,000 cells per 

well and incubated overnight. Solutions of PAA/1Gd(III), PAA/2Gd(III) and 

PAA/3Gd(III) at 8 different concentrations in 1X PBS were prepared. 100 µl of the 

various dilutions of the nanogel or PLGA nanoparticles (control) were added to the cells. 

Dead cells (negative control) were prepared by adding Triton-X (to a final concentration 

of 0.1%) to cells. After 24 h, 10 µl of thiazolyl blue tetrazolium bromide reagent (5 

mg/ml) was added to each well and incubated for 3 h. The resulting formazan crystals 

were dissolved with 100 µl acidified isopropanol, and the absorbance was measured at 

570 nm and 690 nm (background) with a FlexStation microplate reader (Molecular 

Devices, Sunnyvale, CA) (n=4). 
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Scheme 1.1 Synthesis of crosslinkers 1, 2 and 3. a) Et3N, r.t., 24 h, 61%; b) acryloyl 
chloride, K2CO3, EtOAc/H2O, 0 °C to r.t., 30 min, 73%; c) DCC, DMAP, DCM, 0 °C to 
r.t., 48 h, 59%; d) TFA/DCM 1:1, r.t., 16 h, 100%; e) propargyl bromide, 
tetrabutylammonium iodide, CsOH, DCM, 0 °C to r.t., 1 h, 75%; f) SnCl2.(H2O)2, 70 °C, 
30 min, 100%; g) acryloyl chloride, EtOAc/H2O, 0 °C to r.t., 10 min, 100%; h) 
Pd(PPh3)2Cl2, CuI, Et3N, THF, 50 °C, 48 h, 59%; i) TFA, r.t., 4 h, 45%. 
 

1.4 Results and discussion 

1.4.1 Synthesis of the crosslinkers  

Crosslinker 1 was obtained in a one-step synthesis by reacting commercially 

available DTPA-bisanhydride with N-(3-aminopropyl) methacrylamide hydrochloride in 
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the presence of triethylamine. The adopted strategy for the synthesis of the two DOTA-

based crosslinkers 2 and 3 was convergent (Scheme 1.1). The C-substituted protected 

DOTA derivatives 5 and 7 were prepared in 4 and 5 steps, respectively, according to a 

procedure reported in the literature. 40 In parallel, the bisacrylamide derivatives 4 and 9 

were synthesized in one or two steps from the commercial 3,5-diaminobenzoic acid and 

3,5-dinitroiodobenzene, respectively. The latter was first reduced with tin chloride to give 

the 3,5-diaminoiodobenzene 8. The two diamino compounds were acrylated by using 

acryloyl chloride under Schotten-Baumann conditions (two-phase solvent system) to give 

4 and 9. These bisacrylamide derivatives were then coupled with the protected DOTA 

derivatives 5 and 7 via coupling reactions: an ester coupling reaction to form the 

protected crosslinker 6, and a Sonogashira cross-coupling reaction to form the protected 

crosslinker 10. Finally, the two target crosslinkers 2 and 3 were obtained after a TFA 

deprotection of the tert-butyl ester functions of 6 and 10. 

 

 

Figure 1.2 Preparation of nanogels through inverse emulsion process. 

 

1.4.2 Nanogel Preparation 

The crosslinkers 1, 2 and 3 were chelated using GdCl3 and heating at 40 °C at pH 

6. Excess gadolinium was removed by adding the chelating resin Chelex-100 and 
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filtering the solution. The gadolinium complexes 1Gd(III), 2Gd(III) and 3Gd(III) were 

then used to prepare polyacrylamide-based nanogels PAA/1Gd(III), PAA/2Gd(III) and 

PAA/3Gd(III) through an inverse emulsion process using ammonium persulfate (APS) as 

the initiator and by adding tetramethylethylenediamine (TMEDA) to control the radical 

polymerization rate (Figure 1.2). 

 

 

Figure 1.3 Size distribution of PAA/1Gd(III), PAA/2Gd(III) and PAA/3Gd(III) nanogels 
as measured by dynamic light scattering. 
 

1.4.3 Nanogel characterization 

The nanogels obtained were characterized by dynamic light scattering (DLS) in 

order to evaluate their hydrodynamic volume and size distribution (Figure 1.3).  

PAA/1Gd(III) had an average size of 65 nm with a polydispersity index (PDI) of 0.16, 

PAA/2Gd(III) and PAA/3Gd(III) were on average, 54 nm and 85 nm in diameter with 

PDI values of 0.25 and 0.39, respectively. 
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Figure 1.4 TEM microphotographs of polyacrylamide nanogels with Gd3+-chelating 
crosslinkers PAA/2Gd(III). 
 

Nanogels were then visualized (Figure 1.4) by transmission electron microscopy 

(TEM). Spherical nanogel particles with smaller sizes were observed, which is in 

accordance with the hydrodynamic sizes measured by DLS. Spherical voids seen on the 

TEM microphotographs are most likely generated by water escaping from the nanogel 

upon placement under vacuum and irradiation by the electron beam. 

 To evaluate the effect of nanogels on cell viability, murine macrophages were 

incubated with PAA/1Gd(III), PAA/2Gd(III) and PAA/3Gd(III) at various concentrations, 

and cytotoxicity was measured by MTT assay (Figure 1.7, in section 1.7 Supplementary). 

From the MTT assay results, it appears that PAA/1Gd(III), PAA/2Gd(III) and 

PAA/3Gd(III) are well tolerated by the cells at concentrations up to 100 µg/ml. 
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Figure 1.5 NMRD profiles of the chelated crosslinkers (A) 1Gd(III), (C) 2Gd(III) (E) 
3Gd(III) and their corresponding PAA nanogels (B) PAA/1Gd(III), (D) PAA/2Gd(III) 
and (F) PAA/3Gd(III). The relaxivity measurements were performed at 37 °C. Data 
points shown in rhombus and fitted curve in solid line. 
 

1.4.4 Relaxivity studies 

In order to test our central hypothesis, the relaxivity values of all Gd3+ complexes 

(crosslinkers alone and nanogels incorporating crosslinkers 1, 2, and 3) were calculated. 

T1 was measured at 60 MHz (1.41 T), 37 °C in PBS buffer and exact concentrations of 

Gd3+ were measured by inductively coupled plasma atomic emission spectroscopy (ICP-

AES). Under these conditions, the clinically used contrast agents Magnevist® (DTPA-

Gd3+ complex) and Dotarem® (DOTA-Gd3+ complex) had relaxivities of 3.6 ± 0.3 mM-1s-
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1 and 2.9 ± 0.3 mM-1s-1, respectively. Proton NMRD profiles were also recorded at 37 °C 

and analyzed using the classical inner sphere and outer sphere theories (Figure 1.5). As 

expected from its larger molecular weight, the complexed crosslinker 1Gd(III) has a 

larger relaxivity than Magnevist®. The larger value of the fitted water residence time 

agrees with previous results showing that replacement of carboxylic groups with amides 

reduces the water exchange rate. 1, 41 The incorporation of the complexed crosslinker 

1Gd(III) into nanogels resulted in an increase of relaxivity from 4.8 ± 0.2 mM-1s-1 for the 

crosslinker alone to 9.7 ± 0.5 mM-1s-1 for the corresponding PAA nanogel at 60 MHz and 

37°C. This corresponds to a 2-fold improvement in relaxivity over Magnevist® after 

incorporation of the DTPA as a crosslinker. The decrease in mobility of the Gd complex 

in the nanogels was further confirmed by the NMRD profiles showing a “hump” between 

10 and 100 MHz. The r1 increase is lower than expected for PAA/1Gd(III) due to the 

slow water exchange rate resulting from the presence of the amide chelating groups. 

 As expected, since the substitution of the DOTA macrocycle would slow 

molecular tumbling, our complexed crosslinkers 2Gd(III) and 3Gd(III) exhibited higher 

relaxivities than Dotarem®, of 4.3 ± 0.2 mM-1s-1 and 5.0 ± 0.3 mM-1s-1, respectively, at 60 

MHz. The slightly higher relaxivity of 3Gd(III) compared to 2Gd(III) could be explained 

by its higher rotational correlation time tR (Table 1.1, in section 1.7 Supplementary) 

corresponding to a slightly slower tumbling frequency. As anticipated, the NMRD profile 

shows that the tM, tSO and tV values are quite similar for both complexes and comparable 

to those of Gd-DOTA (Table 1, in section 1.7 Supplementary). The relaxivity of nanogels 

incorporating 2Gd(III) and 3Gd(III) was greater than that of the complexed crosslinkers 

alone, at 17.6 ± 0.9 mM-1s-1 and 14.8 ± 0.7 mM-1s-1, respectively. This 3 to 4-fold 
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increase in relaxivity can be explained by the relative rigidity of the system after 

crosslinking. These r1 values are 5.1 to 6.1-fold improvements over Dotarem®. While 

these enhancements are limited by the slower water exchange rate in the nanogels, the 

faster water exchange rate as compared to PAA/1Gd(III) results in a faster relaxation rate 

of these two DOTA-based nanogels. 

 Based on the density of our nanogels (1.016 g/mL; see section 1.7 

Supplementary), the Gd concentration, and the average nanoparticle volume (calculated 

from the nanoparticle size measured by DLS), we calculated the number of Gd3+ per 

particle to be 134. This value allowed us to obtain the relaxivity per particle, which was 

2352 mM-1.s-1 in the case of PAA/2Gd(III). 

 Although the tumbling frequency of the crosslinker in the nanogel is reduced 

because the attachment of the bismethacrylamide or bisacrylamide linkers restricts each 

chelate’s rotation, the motions of the linkers are still rapid. This internal flexibility 

becomes the limiting factor for further reduction in tumbling frequency and increase in 

relaxivity.42 This also explains the similar r1 among nanogels with different crosslinking 

densities (see Figure 1.8, in section 1.7 Supplementary). These nanogels have an overall 

denser structure at a higher crosslinking density; however, locally, the flexibility of the 

linkers remains high. As a result, increasing crosslinking density has no significant effect 

on r1. 
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Figure 1.6 Stability of the Gd3+ complexes of (A) DTPA-based crosslinker 1 and its 
corresponding PAA nanogel, (B) DOTA-based crosslinker 2 and its corresponding PAA 
nanogel, and (C) DOTA-based crosslinker 3 and its corresponding PAA nanogel. 
Experiments were carried out in phosphate buffer with 2.5 mM ZnCl2 at 37 °C and pH 
7.4. Control experiments were carried out in the absence of ZnCl2 (see Figure 9 in 1.7 
Supplementary). 
 

1.4.5 Gd-chelating stability 

To be clinically translatable, an MRI contrast agent should minimize release of 

toxic Gd, which occurs mainly through transmetallation of Gd with endogenous metal 



 68 

ions. 7, 43-44 This released Gd3+ can accumulate in the body, sometimes causing 

nephrogenic systemic fibrosis, especially in patients with reduced kidney function. 43-44 

Among the endogenous ions, Zn2+ is most likely to displace Gd3+ because of its relatively 

high concentration in vivo, high affinity to metal chelates, and similar radius to that of 

Gd3+. The stability of all the chelated crosslinkers and their corresponding nanogels 

toward transmetallation was evaluated by monitoring their paramagnetic longitudinal 

relaxation rate 1/T1 over time in the presence of other metal ions (Figure 1.6). 

Specifically, we followed a method described in the literature,44-45 incubating our 

complexes at a Gd3+ concentration of 2.5 mM with 2.5 mM zinc chloride in phosphate 

buffer ([PO4
3-] = 25 mM) at 37 °C. The concentration of Zn2+ used is at least twenty 

times greater than in plasma; this high concentration makes any difference in 

transmetallation apparent more rapidly. Upon transmetallation of Gd3+ with Zn2+, free 

Gd3+ ions are released and an insoluble Gd(PO4) complex is formed, preventing re-

chelation of Gd3+ to DOTA. As a control, complexes were incubated without zinc 

chloride. 

 For all three DTPA-based contrast agents, r1 decreases over time, indicating 

transmetallation with Zn2+. However, the transmetallation in the nanogel is much slower 

than that of Magnevist® and 1Gd(III), taking three to five times as long to decrease to 

80% of initial r1, respectively. This indicates that our nanogel PAA/1Gd(III) has a slower 

rate of transmetallation than the other two chelates. After 66 h, the nanogel’s r1 decreased 

by 23%, compared to ~40% and ~80% decreases for Magnevist® and 1Gd(III), 

respectively, suggesting that PAA/1Gd(III) transmetallates to a lesser extent. This 

stability likely results from greater structural rigidity35 and reduced Zn2+ accessibility to 
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chelating sites. In a control experiment without Zn2+, r1 did not change appreciably for 

any of the three contrast agents (Figure 1.9, in section 1.7 Supplementary). These results 

suggest that our nanogel, compared to Magnevist® or 1Gd(III), is more inert against 

dechelation and is potentially a safer MRI contrast agent. 

 DOTA-based crosslinkers 2 and 3 and their corresponding nanogels all appear 

highly stable, with 2Gd(III) and 3Gd(III) losing less than 5% of Gd3+ over three days. The 

nanogels’ relaxation rate did not decrease at all and instead increased slightly, likely 

because of evaporation of buffer during the three days of incubation. These results 

confirm that the incorporation of the crosslinkers into nanogels leads to enhanced 

stability, which is maximal in the case of the DOTA-based nanogels. 

 

1.4.6 MRI Contrast  

We also examined the contrast provided by all our Gd(III) complexes at 7 T of 

1Gd(III), 2Gd(III), 3Gd(III) and their corresponding nanogels PAA/1Gd(III), 

PAA/2Gd(III), PAA/3Gd(III) by phantom imaging, with Magnevist® and Dotarem® as 

controls (see Figure 1.10, in  section 1.7 Supplementary). At identical gadolinium 

concentrations, better contrast was obtained with the nanogels compared to either 

chelated crosslinkers alone or the clinical contrast agents. Therefore, by using such 

systems, smaller doses of gadolinium would provide similar contrast to that obtained with 

clinically used contrast agents. 

 

1.5 Conclusions 
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In this article, we have shown that incorporation of gadolinium chelate 

crosslinkers into nanogels leads to a significant (3 to 4-fold) increase in relaxivity. The 

relaxivities of the complexed DTPA crosslinker 1Gd(III) and DOTA crosslinkers 

2Gd(III) and 3Gd(III) are 4.8 mM-1s-1, 4.3 mM-1s-1, and 5.0 mM-1s-1, respectively, at 60 

MHz and 37 °C. When formulated into nanogels, these values rise to 9.7 mM-1s-1, 17.6 

mM-1s-1, and 14.8 mM-1s-1, respectively. Importantly, DTPA-based nanogels are 

thermodynamically and kinetically more inert against transmetallation than Magnevist®, 

suggesting that crosslinker chelates may represent an important approach towards stable 

metal-chelating biomedical agents. Moreover, we have reported here the first example of 

nanogels incorporating a DOTA-based contrast agent as a crosslinker itself. This strategy 

yields a high relaxivity agent with better contrast than commercial agents and maximal 

stability toward transmetallation. We are now working on the incorporation of our 

crosslinkers into nanogels with a biodegradable polymer backbone to allow breakdown 

into biocompatible small molecules to facilitate clearance. We also plan to use different 

metals in these chelating crosslinkers to yield nanogels for theranostics combining 

different imaging modalities such as MRI (Gd3+) and PET (64Cu) with radiotherapy 

(177Lu). 

 

1.6 Acknowledgments  

We thank Prof. R. Muller for his help with NMRD measurements. The authors 

also thank V. A. Nguyen Huu for his help with cell culture and Dr. M. L. Viger for his 

help with TEM imaging. We also thanks Dr. J. Sankaranarayanan. NMR data was 

acquired at the UCSD Skaggs School of Pharmacy and Pharmaceutical Sciences NMR 



 71 

Facility. The authors gratefully acknowledge the assistance of staff at the Center for 

Functional MRI in phantom imaging. LVE and SL thank the Fonds de la Recherche 

Scientifique  (F.N.R.S.) and the ARC, PAI and ENCITE programs for their financial help. 

This research was made possible by the NIH New Innovator Award (DP 2OD006499), 

NSF grant 1006081 and KACST (through the KACST-UCSD Center of Excellence in 

Nanomedicine). 

Chapter 1, in full, is a reprint of the material as it appears in Journal of Materials 

Chemistry B 2013, published on on August 06th. Chan, Minnie; Lux, Jacques; Vander 

Elst, Luce; Schopf, Eric; Mahmoud, Enas; Laurent, Sophie; Almutairi, Adah., RSC Press, 

2013. The dissertation/thesis author was the primary investigator and author of this paper. 

 

1.7 Supplementary 

Table 1.1 Molecular parameters extracted from the fittings of NMRD profiles. 

 r1(mM-1s-1) tR(ps) tM(ns) tSO(ps) tV(ps) 

1Gd(III) 4.8±0.2 117±4 554±26.3 84.2±1.1 28.5±1.6 

2Gd(III) 4.3±0.2 83.5±1.8 100* 547±59 15±3.9 

3Gd(III) 5.0±0.3 107±2.4 100* 523±51.8 10.3±1.9 

PAA/1Gd(III)** 9.7±0.5 1800±150 1960±47 145±15.2 41±1.7 

PAA/2Gd(III)$ 17.6±0.9 3500±320 774±22 412±27.1 7.2±0.4 

PAA/3Gd(III)$$ 14.8±0.7 15000±300 1190±24 417±14 12.5±0.5 

 

*: fixed value 
**: second sphere contribution : rSS= 0.36 nm, qSS= 0.75±0.26, tSS= 62.8±10ps  
$: second sphere contribution : rSS= 0.36 nm, qSS= 1.97±0.20, tSS= 69.3±1.5ps  
$$: second sphere contribution : rSS= 0.36 nm, qSS= 4.21±0.07, tSS= 80.0±0.1ps  
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tR: rotational correlation time 
tM: water residence time in the first coordination sphere 
tS0: electronic relaxation time at very low field 
tV: correlation time modulating the electronic relaxation 
qSS: number of water molecules in the second hydration sphere 
tSS: correlation time modulating the second sphere dipolar interaction 
 

The distance between the water protons of the first coordination sphere and the 

paramagnetic center was fixed to 0.31 nm and the distance of closest approach was fixed 

to 0.36 nm, whereas the diffusion constant was set to 3.3 10-9 m2s-1 for 1Gd(III), 2Gd(III), 

3Gd(III) and to 3 10-9 m2 s-1 for PAA/1Gd(III), PAA/2Gd(III) and PAA/3Gd(III). The 

NMRD profiles of 1Gd(III), 2Gd(III), 3Gd(III) were fitted using the classical inner 

sphere and outer sphere theories, whereas for the profiles of PAA/1Gd(III), 

PAA/2Gd(III) and PAA/3Gd(III), an additional second sphere contribution was included.  
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Figure 1.7 MTT assay measuring metabolic activity. (A) PAA/1Gd(III) is shown in solid 
and PLGA nanoparticles in stripes. (B) PAA/2Gd(III) is shown in stripe and 
PAA/3Gd(III) in checker.  
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Figure 1.8 (A) Effect of crosslinking density on the size and relaxivity (r1) of the DTPA-
based nanogel PAA/1Gd(III) and (B) relaxivity plot for the 5% crosslinked nanogel at 37 
°C and 60 MHz.  
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Figure 1.9 Control experiments in phosphate buffer at 37 °C without ZnCl2. Stability of 
the Gd3+ complexes of (A) DTPA-based crosslinker 1 and its corresponding PAA 
nanogel, (B) DOTA-based crosslinker 2 and its corresponding PAA nanogel and (C) 
DOTA-based crosslinker 3 and its corresponding PAA nanogel.  
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Figure 1.10 Phantom MRI images at 7 T of (A) Magnevist®, 1Gd(III) and PAA/1Gd(III) 
with [Gd] = 350 mM, (B) Dotarem®, 2Gd(III) and PAA/2Gd(III) with [Gd] = 196 mM, 
(C) Dotarem®, 3Gd(III) and PAA/3Gd(III) with [Gd] = 196 mM . 
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Figure 1.11 Crosslinker 1 - 1H NMR Spectrum 
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Mass Measured Theo. Mass Delta (ppm) Composition 
642.3458 642.3457 0.2 C28 H48 N7 O10 
 

Figure 1.12 Crosslinker 1 - ES-HRMS Spectrum 
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Figure 1.13 Crosslinker 2 - 1H NMR Spectrum 
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Mass Measured Theo. Mass Delta (ppm) Composition 
677.2774 677.2777  -0.4  C30 H41 N6 O12 

 

Figure 1.14 Crosslinker 2 - ES-HRMS Spectrum 
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Figure 1.15 Crosslinker 3 - 1H NMR Spectrum 
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Mass Measured Theo. Mass Delta (ppm) Composition 
687.2980 687.2984 -0.6 C32 H43 N6 O11 

 

Figure 1.16 Crosslinker 3 - ES-HRMS Spectrum 
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CHAPTER 2 

Long-Lasting and Efficient Tumor Imaging Using a High Relaxivity Polysaccharide 

Nanogel MRI Contrast Agent 

2.1 Abstract 

Clinically approved small-molecule magnetic resonance imaging (MRI) contrast 

agents are all rapidly cleared from the body and offer weak signal enhancement. To avoid 

repeated administration of contrast agent and improve signal-to-noise ratios, agents with 

stronger signal enhancement and better retention in tumors are needed. Therefore, we 

focused on hydrogels because of their excellent water accessibility and biodegradability. 

Gadolinium (Gd)-chelating crosslinkers were incorporated into self-assembled pullulan 

nanogels to both impart magnetic properties and to stabilize this material that has been 

extensively studied for medical applications. We show that these Gd-chelating pullulan 

nanogels (Gd-CHPOA) have the highest reported relaxivity for any hydrogel-based 

particles and accumulate in tumors at high levels 4 h after injection. This combination 

offers high signal enhancement and lasts up to 7 days to delineate the tumor clearly for 

longer imaging timescales. Importantly, this long-term accumulation does not cause any 

damage or toxicity in major organs up to 3 months after injection. Our work highlights 

the clinical potential of Gd-CHPOA as a tumor-imaging MRI contrast agent, permitting 

tumor identification and assessment with a high signal to background ratio.  

 

2.2 Introduction 

 Imaging techniques are critical to identifying and monitoring cancer, enabling 

non-invasive assessment of the extent of the disease and treatment feedback.1-3 Among 
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imaging techniques MRI offers the advantages of high anatomical resolution with 

unlimited tissue depth and soft tissue contrast, both of which are advantageous for tumor 

imaging.4-6 Small-molecule gadolinium (Gd) chelates were developed as clinically 

approved MRI contrast agents, however they suffer from sensitivity issues and lack of 

specific disease accumulation. Therefore their use for oncological imaging is limited.7-10 

In addition, their fast clearance confines the imaging window (half-life in blood < 1.5 h), 

restricting the flexibility of this imaging regime.10 In contrast, nanoparticles passively 

accumulate in tumors and remain for an extended period through the enhanced 

permeation and retention (EPR) effect.11-13 Their pharmacokinetics can also be optimized 

by tailoring their size or conjugating targeting moieties to aid accumulation in specific 

tissues (e.g. tumors).14-16 For nanoparticles to be an effective tumor-imaging MRI 

contrast agent, they must be hydrophilic to increase the water exchange rate, and 

consequently enhance relaxivity. Moreover, they must be non-immunogenic and highly 

stable to be clinically relevant. 

Hydrogel nanoparticles, herein termed nanogels, are crosslinked hydrophilic 

polymer networks that swell and retain a significant fraction of water within their 

structure, allowing fast water exchange and thus a high relaxivity.17-20 Despite the 

advantages of nanogels, only a few nanogel MRI contrast agents have been developed 

recently21,22, including one developed previously by the Almutairi group23. Our system 

was comprised of polyacrylamide nanogels with metal chelating crosslinkers making it a 

versatile system for both PET and MRI.23,24 For genuine translational potential, we seek 

to improve nanogels biocompatibility by utilizing non-immunogenic polysaccharides as 

the polymer backbone, and to develop a facile and highly reproducible formulation. 
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In this study, we formulated nanogels from the cholesterol- and acryloyl- 

modified polysaccharide pullulan (CHPOA). Self-assembled polysaccharide nanogels 

were developed over two decades ago by the Akiyoshi group and have since been 

extensively studied as a delivery agent for insulin, interleukins, vaccines and growth 

factors.25-29 This material has advanced to human clinical trials as a vaccine delivery 

agent. Herein, we expand the applications of this well-characterized system beyond 

therapeutics to include diagnostics. We chemically crosslinked the surface acryloyl 

groups of CHPOA with our Gd-chelating 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid (DOTA) crosslinker to form nanogels (Gd-CHPOA), creating T1 MRI 

contrast agents. We show that Gd-CHPOA has high colloidal and Gd-chelating stability. 

MR imaging studies on tumor-bearing mice also show that Gd-CHPOA accumulates in 

tumors over 7 days, and provides exceptional contrast in MRI. The clear tumor 

delineation provided by our system could aid in accurate and precise tumor excision. Its 

long imaging window would enable post-operational follow-up imaging without further 

injection of contrast agent to assess the completeness of tumor removal. Gd-CHPOA is 

cleared from the body ~20 days after intravenous injection. Serum toxicity and 

histopathology of mice injected with Gd-CHPOA indicates that it causes no organ 

dysfunction up to 3 months after injection. To our knowledge, this is the first study to 

thoroughly examine the clinical potential of a nanogel MRI system through longitudinal 

MR imaging of animals and assessment of long-term tolerability. 
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Figure 2.1 Robust and facile formulation of Gd-CHPOA nanogels. CHPOA polymers 
self-assemble into nanogels through hydrophobic interactions among cholesterol moieties. 
Gd-chelating DOTA crosslinkers react with and crosslink acryloyl groups after 
photoinitiation. 
 

2.3 Methods and materials 

Materials. Unless otherwise noted, all chemicals were obtained from commercial 

sources and were used without further purification and all reactions were done in oven-

dried glassware. Flash column chromatography purification was performed using a 

Teledyne Isco Combiflash Companion with RediSep Rf prepacked silica or C18 columns. 

Thin layer chromatography was performed with EMD TLC Silica gel 60 F254 glass plates. 

1H NMR spectra were acquired using a Varian 600 MHz instrument. Molecular mass was 

determined with a HPLC-MS Agilent 160 Infinity (binary pump, UV-vis 1260 DAD, 
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6120 Quadrupole LC/MS ESI source) with a RP-18 column. HR-MS measurements were 

done with an Agilent 6230 ESI-TOF MS.  

Methyl-β-cyclodextrin (β-CD) was purchased from Acros (New Jersey, USA); p-

benzyl isothiocyanate DOTA was purchased from Macrocyclics, Inc (Dallas, TX, USA); 

Dotarem® was obtained from Guerbet (Bloomington, IN, USA), nitric Acid 

(TraceMetal™ Grade) was bought from Fisher Chemical (Pittsburgh, PA, USA). 

Paraformaldehyde Solution, 4% in PBS was purchased from Affymetrix (Santa Clara, 

CA , USA) 

Synthesis of CHPOA polymer. Cholesteryl- modifed pullulan (CHP) (Mw= 

1.08×105 with degree of substitution of the cholesteryl moiety per 100 glucose units was 

1.4) was dried under vacuum at 70 °C for 3 days prior to use. CHP (2.00g, 12.30 mmol 

(glucose unit), NOF Co.) and dry dimethyl sulfide (100mL) was charged together into a 

flame-dried 300 mL flask and stirred at 45 °C for 15 min to obtain a homogeneous CHP 

solution. Dibutyltin dilaurate (0.63g, 1.00 mmol, Aldrich) and 2-acryloyloxyethyl 

isocyanate (0.49g, 3.44 mmol, Showa Denko. Co.) was added to the solution. The 

solution was kept stirring at 45 °C for 28 h under an argon atmosphere. After cooling the 

reaction mixture to room temperature, the solution was poured into a mixture solution of 

diethyl ether : ethanol = 8 : 2 (2.0 L). The resulting precipitate was washed with the 

mixture solution of diethyl ether : ethanol = 8 : 2 (1.0 L) and dissolved in DMSO (200 

mL). The solution was dialyzed with Spectra Por dialysis membrane (MWCO 

3500) against deionized water for 2 weeks followed by lyophilization to give the desired 

CHPOA as white powder (2.05 g). 
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The degree of substitution of the acryloyl groups in CHP-OA was determined by 

1H-NMR. From the ratio of the integral values for the olefinic protons of the acryloyl 

group (5.96, 6.17 & 6.36 ppm) and the anomeric protons of the pulluan (4.68 & 5.04 

ppm), the degrees of substitution of the acyloyl group were ca. 28 acryloyl residues 

per 100 glucose units of the polysaccharide. 

Synthesis of 4. Bisacrylamide derivative 4 (Scheme 2.1, in section 2.7 

supplementary) was synthesized in four steps according to our previous report, with a 

global yield of 13 %.24  

Synthesis of DOTA crosslinker 5. 3,5-bisacrylamide aniline 4 (124.4 mg, 0.54 

mmol) and p-benzyl isothiocyanate DOTA (370 mg, 0.45 mmol) were dissolved in dry 

MeOH (15 mL) and dry Et3N (0.75 mL, 5.4 mmol) was added. The resulting mixture was 

stirred at room temperature under argon for 48 h. After this time, solvents were 

evaporated under vacuum and the solid residue was purified by reverse-phase Combiflash, 

using a High Performance 43 g C18 column and H2O as the eluent. The product 3 was 

obtained after lyophilization as a white solid (18 mg, 59%). 1H NMR (600 MHz, D2O, δ): 

7.685 (bd, 1H), 7.330 (m, 6H), 6.426 (dd, 2H, J=17.1 Hz, 10.5 Hz), 6.352 (d, 2H, J=17.1 

Hz), 5.892 (d, 2H, J=10.5 Hz), 3.789-3.263 ppm (m, 18H), 3.117-2.687 ppm (m, 7H). 

HRMS (ESI) m/z: [M + H]+ calcd for C32H39N7O8S, 805.2950; found 805.2957. 

Formulation of Gd-CHPOA nanogels. CHPOA polymer was dissolved in 1X PBS 

(pH 7.4) at 4 mg/mL. The solution was stirred over night at 150 rpm to form self-

assembled particles. The particle solution was then spun down at 12,100 x g for 30 min, 

and the supernatant was filtered through a 0.22 µM filter to homogenize nanogels size. 

Gd-chelated crosslinkers were then added to the nanogels solution (1:1 molar ratio of 
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acryloyl:acrylamide). The photoinitiator lithium acylphosphinate (LAP), synthesized 

according to literature30, was added at 0.125 mg/mg polymer. The crosslinking reaction 

was initiated by UV irradiation at 0.8 mW/cm2 for 30 min. Gd-CHPOA was then washed 

with 1X PBS (pH 7.4) using ultracentrifugation.  

Relaxivity. Relaxivity was measured using a Bruker minispec mq 60 (MA, USA). 

T1 values of nanogels at different Gd concentration were measured.  

Nanogel density calculation. 200 µL of nanogel solution was lyophilized in a pre-

weighed Eppendorf tube. The mass of the nanogel (m) after lyophilization was then 

calculated (29.5 mg). To obtain the density of the nanogels themselves (not the nanogel 

solution) in their hydrated state, a minimal amount of water (v) was added (25 µL). The 

density was calculated as m/v = 1.18 g/mL. Based on the density and size, and thus the 

volume, of Gd-CHPOA, the number of Gd atoms per particle was calculated.  

Dynamic light scattering (DLS) and transmission electron microscopy (TEM). 

Hydrodynamic sizes of nanogels were measured by Zetasizer (Malvern, United 

Kingdom). TEM images were obtained using a 120 kV FEI Spirit (FEI, Oregon, USA). 

Colloidal and Gd-chelating stability measurement. 5 mg of β-cyclodextrin was 

added to 200 µL of Gd-CHPOA at 10 mg/mL in 1X PBS (pH 7.4). The size and count 

rate of the solution was monitored by DLS over time. For Zn2+ challenge, a 5 mM ZnCl 

solution was mixed with a 5 mM Gd-CHPOA solution in 1X PBS (pH 7.4) at 1:1 volume 

ratio. Relaxivity was monitored with Bruker minispec mq 60 over 7 days. The nanogels 

solution was incubated at 37 °C between measurements.  

Tumor inoculation. 4T1 cells were obtained from ATCC (Manassas, Virginia). 

0.5 x107 tumor cells (100 µL) were subcutaneously inoculated in the right shoulder of 
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BALB/c mice. As a control, 1X PBS (pH 7.4) was injected at the same volume in the left 

shoulder.   

MR imaging. In vivo studies were performed using 9-week-old male BALB/c 

mice (Charles River Laboratories, Wilmington, MA; ~25 g each) 10 days after 

inoculation with 4T1 tumor cells. All animal studies were approved by the UCSD 

Institutional Animal Care and Use Committee and conducted in accordance with the 

principles and procedures outlined in the NIH Guide for the Care and Use of Animals. A 

Bruker 7 T Biospec small animal imaging system (7.4 cm bore) (Germany) was used for 

MR imaging. The particle solution was intravenously injected through the retro-orbital 

venous sinus at 0.10 mmol Gd/kg, which corresponds to 120 µL of a 22 mM solution in 

1X PBS (pH 7.4) (n= 3). For controls, Dotarem® was injected at the same concentration 

and volume. For each MRI scan, the mice were anesthetized using isofluorane gas and 

placed on a dedicated bed inside the whole-body coil at the center of the magnet while 

their respiration and body temperature were monitored. The bore was warmed at 37 °C 

during the entire experiment. A standard made of 4 mM nickel-chelating diethylene 

triamine pentaacetic acid (DTPA) in 2% agarose was placed adjacent to the mice for 

post-imaging data normalization. The intensities of various regions of interest were 

normalized against the standard, which remained constant during the course of the 

experiment. A T1-weighted 3D gradient echo sequence was then performed using the 

following parameters: coronal acquisition; field of view = 850 x 575; matrix size 256 × 

256 (in-plane resolution of 0.23 mm); 30 slices; 1.0 mm slice thickness; TR = 1806 ms; 

TE = 10.5 ms; ~13 min scan duration. Mice were imaged before injection, continuously 

for 1 h post-injection, and at 4 h, 24 h, and 2, 4, and 7 days.  
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Biodistribution study. At designated times after injection of either 1X PBS (pH 

7.4) or a solution of Gd-CHPOA nanogels in 1X PBS (pH 7.4) at [Gd]= 0.1 mmole/kg 

(n= 3), 4T1 tumor-bearing mice were euthanized. Major organs were harvested and 

dissolved in concentrated nitric acid (67 to 69%). Solutions were then further diluted for 

Gd quantification using ICP-AES.  

Serum toxicity and histology. At designated times after injection of either 1X PBS 

(pH 7.4) or a solution of Gd-CHPOA nanogels in 1X PBS (pH 7.4) at [Gd]= 0.1 mmol/kg 

(n =3) to healthy BALB/c mice, mouse hearts were punctured under anesthesia to draw 

0.5 to 1 mL of blood. Whole blood samples were left at room temperature to coagulate 

for 4 to 6 h, followed by centrifugation at 5500 x g for 3 min. The supernatants (serum) 

were collected and their protein content, glucose and blood ion concentrations were 

analyzed. After euthanasia, livers and spleens were collected and placed in 4% 

paraformaldehyde (PFA) for 24 h, then transferred to 70% ethanol for dehydration and 

embedded in paraffin blocks. Paraffin sections were stained with H&E for microscopic 

evaluation.  
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Figure 2.2 Gd-CHPOA nanogels are colloidally stable. (A) TEM images of Gd-CHPOA; 
(B-C) DLS measurements of (B) Gd-CHPOA and (C) non-crosslinked CHPOA nanogels’ 
size over 24 h in the presence of β-CD. Peaks at larger sizes indicate aggregation. 
 

2.4 Results and discussion 

2.4.1 Gd-CHPOA nanogels formulation and characterization 

After self-assembly of CHPOA through physical crosslinking among hydrophobic 

cholesterol moieties, Gd-chelated DOTA crosslinkers were added at a 1:2 molar ratio to 

acryloyl groups on the CHPOA polymer (Figure 2.1; DOTA crosslinker synthesis, 
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Scheme 2.1). Reactions between the acryloyl moieties of CHPOA and acrylamide groups 

of the DOTA crosslinkers were catalyzed in the presence of LAP, a highly water-soluble 

photoinitiator, under UV light to form intra-particle chemical crosslinks.   

We have previously reported Gd-chelating polyacrylamide nanogels23 formulated 

by radical polymerization of crosslinkers and acrylamide in an inverse emulsion. 

However, this kind of in situ emulsion polymerization is not highly reproducible; 

variations in size, polydispersity and yield occur regularly among batches. This 

formulation also requires surfactants whose removal is difficult and time-consuming. To 

be developed as a clinical imaging agent, nanogels synthesis should be highly 

reproducible, time-efficient and facile. In our current system, not only is the size of 

nanogels, which is governed by the percent modification of pullulan with cholesterol and 

acryolyl moieties, consistent and monodisperse, but formulation also does not require 

surfactants. The presence of acryloyl groups on CHPOA nanogels allows the easy 

attachment of Gd-chelating crosslinkers through photoinitiation, making this formulation 

very robust. In addition, polysaccharides are non-immunogenic and biocompatible, and 

could serve as a better platform for in vivo imaging than the previously studied 

polyacrylamide-based systems. 

The hydrodynamic size of Gd-CHPOA was measured by DLS to be 65 ± 7 nm, 

with a PDI of 0.25 ± 0.12. TEM images of the Gd-CHPOA confirmed this size range, 

with nanogels slightly shrinking when dry (Figure 2.2a). It has been shown that 

nanoparticles < 70 nm can accumulate efficiently even in poorly permeable tumors31, 

therefore our material is of ideal size for tumor accumulation and imaging. 
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Substantial effort has been made in the development of macromolecular MRI 

contrast agents. The motivation for this is that macromolecular MRI agents generally 

have lower tumbling frequencies and thus higher relaxivities than small-molecule 

chelates.8,9,12 At 1.41 T, the longitudinal (T1) relaxivity of Gd-CHPOA was measured to 

be 24.1 ± 0.6 mM-1s-1. Currently, there are only four other reports of Gd-based T1 nanogel 

contrast agents. Their T1 relaxivities at 1.41 T range from 5.3 to 19.5 mM-1s-1,21-23 

therefore our system has the highest relaxivity amongst these systems. This value is also 

at least 6 times higher than Magnevist® and Dotarem®.10 The number of Gd atoms per 

particle was calculated to be 158; relaxivity per particle is therefore 3792 mM-1s-1. A high 

relaxivity translates to similar contrast with a smaller dosage of contrast agent, which 

significantly reduces systemic exposure to toxic Gd3+.  

 

2.4.2 Gd-CHPOA stability 

As long-term stability is a prerequisite for an in vivo imaging probe, we tested the 

stability of Gd-CHPOA in the presence of β-CD using DLS. β-CD disrupts the 

interaction between cholesterol moieties and therefore unravels CHPOA nanogels.32 The 

size distribution of Gd-CHPOA in the presence of β-CD remained the same for 24 h 

(Figure 2.2b). In contrast, within 1 h after addition of β-CD, the size distribution of 

CHPOA without chemical crosslinks broadened to include multiple peaks at larger sizes, 

indicating the formation of large aggregates (Figure 2.2c). This result not only suggests 

that the acryloyl groups are effectively crosslinked by the Gd-DOTA crosslinkers, but 

that the chemical crosslink endows nanogels with high colloidal stability, in addition to 

MRI properties.  
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In addition to colloidal stability, MRI contrast agents must have high Gd-

chelating stability, as free Gd3+ ions are toxic. To ensure Gd-chelating stability, we 

performed a zinc (Zn2+) challenge assay33,34 (Figure 2.6, see section 2.7 Supplementary). 

With a high abundance in the body and a size similar to Gd3+, Zn2+ ions are most likely to 

displace Gd3+ from the chelate. In the presence of Zn2+ at the same concentration as Gd3+, 

the r1 values of the nanogels remained stable over 90 days (three months), indicating 

stable chelation. This result agrees with our previous study, which found that macrocyclic 

chelates, including Dotarem® and our previous generation of DOTA crosslinkers, have 

exceptionally high Gd-chelating stability. 
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Figure 2.3 Gd-CHPOA nanogels delineate 4T1 tumor grafts. MR images of 4T1 tumor-
bearing mice injected with (A) Gd-CHPOA ([Gd]= 0.1 mmol/kg) or with (B) Dotarem® 
at various time points. Regions of interest (tumors) are indicated by white arrows. Signal 
enhancement in tumor from (C) Gd-CHPOA or (D) Dotarem® over time. Data are shown 
as mean ± standard deviation (n= 3) 
 

2.4.3 MR imaging of tumor-bearing mice  

Having confirmed that Gd-CHPOA has optimal size in the nano-range, high 

relaxivity, colloidal stability, and Gd-chelating stability, we next examined its potential as 
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a tumor-specific MRI contrast agent. Although no targeting group was attached to the 

nanogels, we expected these nanogels to accumulate in tumors through the enhanced 

permeation and retention (EPR) effect due to their small size (<100 nm). Gd-CHPOA 

was injected into 4T1 tumor-bearing mice at [Gd] = 0.1 mmol/kg, which were imaged by 

MRI before and at various time points after injection. Gd-CHPOA started to accumulate 

in tumors as early as 15 min after injection (Figure 2.3a). Signal enhancement in tumors, 

calculated as % increase in intensity compared to before injection, peaked to 50% at 4 h, 

providing discriminative tumor delineation (Figure 2.3c). At 24 h the signal enhancement 

post-injection remained high at 41% and over a 7-day period post injection, the signal 

enhancement was still significant at 24% in the tumors. In comparison, Dotarem® at the 

same Gd concentration was not as effective in enhancing signal in tumors (Figure 2.3b, d), 

yielding only 30% enhancement 15 min post-injection and decreasing to background 

levels within four hours. Dotarem®’s low accumulation was attributed to its small 

molecular weight, which causes rapid excretion through the renal system, preventing long 

circulation that would facilitate tumor accumulation. The superior positive contrast in 

tumors afforded by Gd-CHPOA compared to Dotarem® highlights this system’s potential 

for tumor identification and monitoring.  

Our Gd-CHPOA nanogels were retained in tumors for up to 7 days after injection, 

which could permit multiple image acquisitions to increase the signal-to-noise ratio and 

hence the accuracy of tumor diagnosis. Its long retention could also allow imaging at 

multiple time points after administration, such as pre- and post-tumor resection. It has 

been shown that postoperative MRI around 3 days after resection provides optimal 

assessment and interpretation of residual tumors as surgically induced contrast 
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enhancement is minimized.35-38 MRI contrast agent that resides in tumor for at least a 

week would be useful for both pre- and post-operative tumor imaging. With one injection, 

it allows the assessment and locating of the tumor before surgery, and detection of any 

residual tumorous tissues after surgery. This would substantially reduce the toxicity 

associated with Gd3+ exposure by preventing multiple injections of contrast agent.  

 

 

Figure 2.4 (A) Biodistribution confirms high tumor uptake and long retention of Gd-
CHPOA nanogels in 4T1-tumor bearing mice. % Injected dose (%ID) in (B) liver and (C) 
kidney over time is plotted to highlight that liver is the major route of clearance, and most 
Gd-CHPOA was cleared from the body 20 days after injection. ICP-MS quantification of 
Gd in each organ. Data are shown as mean ± standard deviation (n= 3). 
2.4.4 Biodistribution study 
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  To characterize the pharmacokinetics of Gd-CHPOA in tumor-bearing mice, we 

quantified the Gd concentration in major organs after nanogels injection. Tumor 

accumulation of Gd-CHPOA reached up to 12% ID/g (Figure 2.4a) at 4 h post-injection. 

The relaxivity of Gd-CHPOA is substantially lower at 7 T (around 5.4 mM-1s-1 at 7 T); 

high tumor accumulation accounts for signal enhancement in the MR images. We expect 

that Gd-CHPOA will provide even greater contrast at low field, as its relaxivity be higher.  

Pullulan has high affinity to the asialoglycoprotein in the liver,39 and pullulan 

nanoparticles have been used as liver-targeting drug carriers.39-41 As shown in the 

biodistribution graph, liver uptake of Gd-CHPOA was high, accounting for 29%ID/g at 4 

h after injection. Similarly, spleen uptake accounted for a large proportion of the 

nanogels, 19%ID/g at 4 h post-injection. These levels remained high for at least 7 days, 

but decreased to 17%ID/g and 3%ID/g, respectively, 2 weeks after injection; and 

2.14%ID/g and 0.47%ID/g, respectively, 20 days after injection. No further time points 

were obtained because tumor growth required euthanasia. Accumulation in other organs 

such as the heart, brain, kidney, and lung was not significant, and decreased to very low 

levels within one day. This result demonstrates that Gd-CHPOA is eliminated almost 

completely from the body in about 20 days after intravenous injection.  

To better understand the clearance route, the %ID in the liver and in kidney was 

plotted as a function of time (Figure 4b and c). %ID in the liver is substantially higher 

than that in the kidney at all time points. AUC (%ID!day, area under curve) calculated 

for liver and kidney are 742 and 12.8 respectively, which clearly indicates that the liver is 

a major clearance route for Gd-CHPOA. Since Gd-CHPOA has a size around 65 nm, we 

do not expect its clearance to occur through the kidney. The small amount of renal 



 104 

excretion we observed may be attributed to partial degradation of Gd-CHOPA nanogels, 

and/or nanogels of smaller size.  

High liver uptake of an imaging agent might lower its sensitivity, the ratio of 

signal in the tumor to that of the surrounding tissue. Not only will less imaging agent be 

available for tumor uptake, the high background signal from the liver may hamper image 

analysis. Interestingly, we observed only a slight enhancement in positive contrast in the 

liver for the first hour after injection, followed by a decrease in signal. Gd-CHPOA has a 

significant transverse relaxivity (r2) of 36.4 ± 0.8 mM-1s-1 at 7 T. MR phantom imaging of 

Gd-CHPOA solutions showed that at high concentration (>5 mM of Gd), transverse 

relaxation of the nanogels starts to dominate over longitudinal relaxation, providing 

negative contrast instead of positive (data not shown). This accounts for the decrease in 

signal intensity in the liver as Gd-CHPOA starts to accumulate, leaving the tumor the 

only organ with significantly enhanced contrast. Therefore, remarkably high tumor signal 

intensity and extremely low background signal give Gd-CHPOA nanogels very high 

tumor imaging sensitivity. 
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Figure 2.5 Gd-CHPOA does not induce any apparent damage in livers and spleens of 
mice. Micrographs of H&E-stained sections of liver (100X) and spleen (40X) from mice 
at various time points after injection with Gd-CHPOA nanogels (at [Gd]= 0.1 mmol/kg)- 
(A) 1 day; (B) 7 days; (C) 1 month, and (D) 3 months. No apparent pathological damage 
was observed at all time points. 
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2.4.5 Serum toxicity and histology 

Another concern presented by high liver and spleen uptake is safety. To assess 

potential toxicity, we performed histology and serum toxicity assays on healthy mice at 

various points after injection with Gd-CHPOA at [Gd]= 0.1 mmol/kg. As a control, 1X 

PBS (pH 7.4) at the same volume was injected into another group of mice. Histological 

sections of the livers and spleens appeared healthy without any significant damage at 1 

day, 7 days, one month and three months after nanogels injection (Figure 2.5). 

Hepatocytes and other liver cells appeared normal, and no signs of necrosis, 

inflammatory cell infiltration, or hepatocyte swelling were detected. No significant 

difference from control (Figure 2.7, see section 2.7 Supplementary) was apparent.  

To evaluate systemic toxicity, we also assessed nanogel effects on mouse serum 

contents at various time points after injection; 1X PBS (pH 7.4) served as control (Table 

2.1 and 2.2, in section 2.7 Supplementary). Again, there was no significant difference in 

serum chemistry between the two groups. Abnormal levels in albumin, alkaline 

phosphatase, alanine transaminase, bilirubin and blood urea nitrogen would indicate liver 

and/or kidney disease. All these analytes were within normal ranges in mice administered 

Gd-CHPOA nanogels. Low amylase levels, as confirmed with a veterinarian, were not a 

concern. Calcium and phosphorus levels were found to be higher than reference ranges 

due to hemolysis during sample preparation. This result suggests that systemically 

administered Gd-CHPOA is not noticeably toxic to mice at the clinical dose.  
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Table 2.1 Gd-CHPOA does not affect serum chemistry at 1 day or 7 days after injection. 
Data are shown as mean ± standard deviation (n= 3). 

 

 

  Although nephrogenic systemic fibrosis (NSF) has been associated with exposure 

to Gd-based contrast agents, the majority of patients reported with NSF after contrast 

MRI studies were administered with linear small molecular agents, in particular, 

gadodiamide.42 These linear chelating agents all have low Gd chelation stability in the Zn 

challenge assay.10,43 In contrast, macrocyclic chelates such as Dotarem®, of which the 

design of our Gd-chelate crosslinkers was based, have been proved to be much safer. 

Since its approval in France in 1989, there has not been a single case of NSF reported in 

humans associated with Dotarem®.44 The crosslinker we employed in this study is a c-

substituted Dotarem®. Without modification of the amines or carboxylate groups on the 

macrocyclic ring, the chelation stability should not be altered. This is confirmed by the 

observed high Gd chelation stability in the Zn challenge. (Figure 2.6) 

Although our agent has longer retention than small molecule contrast agents in the 

body, the fact that their Gd chelation is so stable (Figure 2.6) is a strong evident that the 
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release of free Gd in vivo would be substantially lowered. We clearly demonstrate that 

Gd chelation in our agent is stable for three months (Figure 2.6), which is much longer 

than the time it retains in the body (~three weeks) (Figure 2.4). Toxic Gd3+ ions likely 

retain within the non-immunogenic pullulan nanogels even when accumulated in the liver 

and spleen. This is supported by our results in Figure 2.5, which confirm that no organ 

dysfunction or serum toxicity was observed for three whole months after Gd-CHPOA 

was injected. These experiments together strongly suggest the high biocompatibility and 

safety of our agent.  

 

2.5 Conclusions 

The most important requirements of a probe for medical applications are stability, 

safety, and efficient tumor uptake. We have demonstrated in this study that Gd-CHPOA 

nanogels have high colloidal and Gd-chelating stability. In addition, MR imaging of 

tumor-bearing mice showed that Gd-CHPOA provides great contrast in tumors with 

exceptionally high signal to background ratio. This allows discriminative and accurate 

tumor identification and determination of the surgical margin. Our system also stands out 

for its long retention in tumors, providing contrast for at least 7 days after injection. This 

extended imaging window should allow a much more flexible imaging regime than is 

possible with small-molecule contrast agents, which are cleared within 1.5 h, as well as 

multiple acquisitions to increase SNR. Most importantly, we observed no toxicity in mice 

up to three months after injection of Gd-CHPOA. In the last decade, numerous tumor-

specific macromolecular MRI contrast agents have been reported.  However, few have 
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successfully demonstrated the safety of their systems with a detailed biodistribution, Gd-

chelation stability test, sub-chronic organ toxicity test and sub-chronic serum toxicity test.  

Early and precise identification of a tumor can significantly improve its treatment 

outcome and facilitate surgical excision. Given Gd-CHPOA nanogels’ stability, excellent 

tumor contrast and long retention, they have potential for clinical use for both pre- and 

post-operative assessment.  
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2.7 Supplementary 

 

Scheme 2.1 Synthesis of DOTA-based metal-chelating crosslinkers 5. a) Fmoc-Cl, THF-
10%AcOH 1:1, r.t., 20 h, 39%; b) SnCl2.(H2O)2, EtOH, 70 °C, 18 h, 100%; c) Acryloyl 
chloride, K2CO3, EtOAc/H2O, 0 °C to r.t., 30 min, 100%; d) piperidine, DMF, r.t., 4 h, 
52%; e) Et3N, MeOH, DOTA-p-Bn-NCS, r.t., 48 h, 62%. 

 

 

Figure 2.6 Stable relaxivity of Gd-CHPOA over time in the presence of Zn2+. [Zn2+]= 2.5 
mM; [Gd3+]= 2.5 mM.  
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Figure 2.7 Histological sections of liver and spleen of mice at various time points after 
injection of 1X PBS (pH 7.4) - A: 24 hours, B: 7 days, C: 1 month, and D: 3 months.  
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Table 2.2 Gd-CHPOA has no effect on serum chemistry at 2 weeks, 1 month and 3 
months after injection. Data are shown as mean ± standard deviation (n= 3). 
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CHAPTER 3 

Iron Oxide Nanoparticle-Based Magnetic Resonance Method to Monitor Release 

Kinetics from Polymeric Particles with High Resolution 

3.1 Abstract 

A new method to precisely monitor rapid release kinetics from polymeric 

particles using super paramagnetic iron oxide nanoparticles, specifically by measuring 

spin-spin relaxation time (T2), is reported.   A library of rapidly degradable acid-sensitive 

poly-β-aminoester ketal-2 polymers with varying hydrophobicities was synthesized and 

used to formulate Logic Gate particles. We attempted to characterize particle release 

kinetics via fluorescence of encapsulated Nile red to determine whether the chemistry 

designed into the polymers could finely tune the release kinetics in the minutes time 

regime; however, standard fluorescence-based techniques did not resolve the release 

kinetics of our new series of polymeric particles.  Thus, a new method based on 

encapsulation of iron oxide nanoparticles was developed, which enabled us to resolve the 

release kinetics of our particles.  Moreover, the kinetics matched the predicted 

hydrophobicity order. To the best of our knowledge, this method provides the highest 

resolution of release kinetics to date. 
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Scheme 3.1 Synthesis of random co-poly-β-aminoester ketal-2. Below the reaction 
scheme is the composition of each polymer in order of hydrophobicity. 
 

3.2 Introduction 

Polymeric nanoparticles promise to vastly improve the efficacy of therapeutics by 

allowing delivery of poorly water-soluble drugs, fragile proteins and other bioactives, 

enhancing circulation time, increasing delivery to target tissues, and releasing drugs in a 

more controlled manner.1-10 The clinical potential of the various nanoparticle platforms 

yet developed, including nanoemulsions, micelles, dendrimers and hydrogels,1-3,6 is 

determined by their release kinetics,11-13 as drugs and biopharmaceutics have to be 

delivered in precise amounts at precise times to achieve a therapeutic effect. Current 

FDA-approved nanoformulation materials are polyester-based, such as poly(d,l-lactide-

co-glycolide) (PLGA) and poly(l-lactic acid) (PLA)14,15, and release their contents in the 

range of hours to days. However, many medical applications require release of bioactives 

in the range of minutes to hours.16,17 Furthermore, the acidic byproducts of polyester 

degradation have been known to destabilize some protein payloads18. To address this 

need, ketal-based materials have recently been developed; in mildly acidic conditions 
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they degrade into nontoxic byproducts and release their contents over minutes to days, 

depending on the hydrophobicity of the polyketal.10,16,17,19 In an effort to increase the 

shelf life of rapidly degradable polyketal based nanoparticles, our group developed a 

ketal-based polymeric nanoparticle which degrades through an ‘AND’ Logic Gate 

mechanism: disease associated conditions such as mild acidity or oxidative stress first 

promote solublization, which then allows acid catalyzed hydrolysis.  Nanoparticles made 

from this polymer provide unprecedented stability in neutral conditions, yet maintain 

their rapid degradation in conditions that characterize disease and the subcellular 

environment.10,20  

Here, we hoped to modulate and fine-tune the release kinetics of Logic Gate 

nanoparticles within the range of minutes to hours by varying the hydrophobicity of the 

poly-β-aminoester ketal-2 backbone. To do so, we synthesized five types of poly-β-

aminoester ketal-2: polymer AB has a four-carbon (butane) spacer in the diacrylate; 

polymer ANP, neopentyl group; ACH, cyclohexane; AH, hexane; and AN, nonane 

(Scheme 3.1). We hypothesize that as the hydrophobicity of the polymer increases, the 

local concentration of water around the pH-labile ketal group will be lower, resulting in 

slower degradation of the polymers.10,16,17,19 In order to test our hypothesis, we 

formulated particles using the polymers and compared their release kinetics.  

Unfortunately, the most commonly used methods for determining release kinetics from 

particles did not have the resolution needed to differentiate between our five polymers 

despite their different chemistries.  In order to accurately measure release from our new 

nanoparticles, we developed a real-time method that depends entirely on whether cargo is 

encapsulated.  We measured the transverse relaxation time (T2) of10 nm super 
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paramagnetic iron oxide (Fe3O4) nanoparticles (SPIONs) encapsulated in our polymeric 

particles. SPIONs are frequently studied as magnetic resonance imaging (MRI) contrast 

agents, as they can shorten the transverse relaxation time (T2) of the surrounding water 

and enhance negative contrast.21-24 A solution of nanoparticles encapsulating SPIONs 

would have a low T2 value; as the particles start to degrade, the hydrophobic SPIONs are 

released and precipitate out of solution21, resulting in an increase in T2. Because their 

sizes are similar to typical proteins (diameter ~3nm to 10 nm)25, the release kinetics of 

SPIONs can indicate the time required to release proteins. 

In this study, we show that magnetic resonance measurements using SPIONs 

precisely resolve the differences in release kinetics of the five different particles, which is 

not possible by either contact angle measurement or Nile red release. With real-time 

kinetic monitoring capacity, this method also reduces the time and effort in sample 

collection and handling. 

 

3.3 Materials and methods   

Materials. 4,4-Trimethylenedipiperidine and iron oxide nanoparticles (10nm, 

5mg/mL in toluene) were purchased from Aldrich Chemical Co. (Milwaukee, WI). 

Triethylamine (TEA), potassium hydrogen phosphate (K2HPO4) anhydrous, potassium 

dihydrogen phosphate (KH2PO4), and 1,6-hexanediol diacrylate were purchased from 

Alfa Aesar Organics (Ward Hill, MA). Dichloromethane (DCM, methylene chloride) was 

purchased from Fisher Scientific (Hampton, NH). Poly(vinyl alcohol) (PVA) (MW 30-70 

k), D-(+)-Trehalose dihydrate was purchased from Sigma Chemical Co. (St. Louis, MO). 

All reagents were used without further purification unless otherwise stated. 
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Synthesis of poly-β-aminoester ketal-2. The polymers were synthesized as 

described previously (Scheme 3.1).10,26 In brief, diacrylate (5 mmol) and acrylic ketal (4.2 

mmol) were dissolved in 1 mL of DCM followed by addition of 1 mL of TEA. While the 

reactants were stirred, dipiperidine (10 mmol) was added to the vial, which was then 

sealed. The reaction was purged with nitrogen gas and stirred at room temperature for 4 

days. The solvent was then evaporated, and the crude polymer was dissolved in 10 mL of 

DCM. The polymer was purified by precipitation into 2 x 200 mL hexane to yield 360 mg 

of the polymer. The polymer was collected and dried under vacuum prior to analysis. 

Formulation of nanoparticles. For encapsulation of Nile red, 100 µL of dye (1 

mg/mL in chloroform) was added to a 2 mL solution of each polymer at 30 mg/mL in 

chloroform in a glass vial. For encapsulation of iron oxide nanoparticles, 200 µL of iron 

oxide nanoparticles (10nm, 5mg/mL in toluene) was added to each polymer solution. 8 

mL of 3% polyvinyl alcohol (PVA) in potassium phosphate buffer (pH 8.4) was added to 

the polymer solution. The solution was sonicated using a 1/8 inch tip sonicator (Misonix 

S-4000) at about 9.6 W for 5 min. Particle solutions were stirred overnight, allowing the 

chloroform to evaporate. The particle solution was washed with phosphate buffer (pH 

8.4) by tangential flow filtration through 500 kDa Pellicon XL cassettes (Millipore) to 

remove PVA and insoluble Nile red. 5% (w/v) of trehalose dehydrate was then added to 

the particle solution, which was then vortexed for 20 s, frozen by liquid nitrogen and 

lyophilized. The original concentration of the particles was determined by dividing the 

resulting lyophilized mass by the initial solution volume. The original Fe concentration of 

the iron oxide-containing nanoparticle solution was determined by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). 
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Measurement of Nile red fluorescence. Lyophilized particles were resuspended in 

milliQ H2O at one-fourth their original concentration. The particle solution was vortexed 

for 10 s and pipetted repeatedly for 3 min. The solution was then filtered through an 

Acrodisc CR 13 mm Syringe Filter (0.45 µm PTFE membrane, Pall Life Science). 330 

µL of the particle solution was added to 2.97 mL of pH 7.2 potassium phosphate buffer in 

a disposable polymethacrylate fluorimeter cuvette (Sigma-Aldrich) and incubated at 37°C. 

Emission spectra were acquired by excitation at 556 nm over time (three per nanoparticle 

type).  Because fluorescence intensity decreases immediately at pH 7.2 for the less 

hydrophobic particles such as AB and ANP, the initial time point of the fluorescence 

release at pH 7.2 was obtained by taking the emission spectra of particles (330 µL) in pH 

8.4 potassium phosphate buffer (2.97 mL).  

Dynamic light scattering (DLS). Size and polydispersity of nanoparticles 

encapsulating iron oxide or Nile red were measured using a Zetasizer (Malvern, U.K). 

Experimental details provided in supporting information. 

Transmission electron microscopy (TEM). Nanoparticles were imaged using a 

FEI Tecnai Spirit at 200 kV (details described in supporting information) 

Measurement of change in spin-spin relaxation time (T2). Lyophilized particles 

were resuspended in milliQ H2O at their original concentrations. 200 µL of particle 

solution and 200 µL of 100 mM potassium phosphate buffer (pH 6.4, pH 7.3) were 

incubated at 37oC separately for 10 min. At time = 0, the particle solution was then added 

to the buffer (resulting in pH 6.8 or 7.4); 200 µL of the resulting solution was added to an 

NMR tube and placed in the relaxometer (Aspect M2 relaxometer with 1T field (Aspect 

Imaging, Shoham, Israel) with a 60 mm diameter whole body coil) for continuous 
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measurement of T2 over 13 h. Scan parameters: recycle delay = 10 s, 10000 data point for 

fit, 90o – 180o pulse separation (tau) = 1. To resolve the release kinetics between ACH-

SPION and AN-SPION, the same T2 measurement was done with incubating the particle 

at pH 4.2 over 13 h. Data was normalized to the first time point for each particle type. 

 

3.4 Results and Discussion 

3.4.1 Polymer design 

By tuning their degradation rates, the clinical potential of polyketals can be 

widely expanded. To test our hypothesis that kinetics of release of the polymeric particles 

can be controlled by changing the hydrophobicity of the polymer, we synthesized a series 

of poly-β-aminoester ketal-2 of varying hydrophobicity via Michael-type addition of 

bis(secondary amine) monomers to diacrylate ketals and diacrylate ester monomers (used 

to modulate the hydrophobicity) in a 2:1:1 mixture (Scheme 3.1).  

We expected polymer AB, with the shortest straight chain (4-carbon) as spacer in 

the diacrylate, to be the least hydrophobic. The branching of ANP’s neopentyl group 

increases bulkiness and thus makes it slightly more hydrophobic than AB. We expected 

AH to be more hydrophobic than ANP because it has a longer hydrocarbon chain (6-

carbon) as spacer. Although the length of spacer in ACH is approximately the same as 

that of AH, cyclization in the cyclohexane spacer should increase the polymer’s 

hydrophobicity. The most hydrophobic polymer, AN, has the longest hydrocarbon chain 

(9-carbon). All the diacrylate esters are commercially available, and diacrylate ester 

ketals can be synthesized from commercially-available reagents.26 This 2-step synthesis, 
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which does not require purification by columns, makes this polymer series an even more 

attractive type of biomaterial. 

 

3.4.2 Nile red release 

To measure release kinetics, we used our polymers to formulate nanoparticles 

encapsulating Nile red (NP-NR), a polarity probe. DLS measurements of hydrodynamic 

size and polydispersity, together with TEM images, confirmed the formation of 

nanoparticles with a narrow size distribution (Figure 3.4, in section 3.7 Supplementary). 

The fluorescence of Nile red, 9-diethylamino-5H-benzo[α]phenoxazine-5-one, a neutral 

small-molecule hydrophobic dye often considered a model drug for evaluation of release 

kinetics 27-29 , is sensitive to the polarity of its environment.30,31 As Nile red is released 

from a hydrophobic particle into aqueous solution, an increase in polarity causes a red 

shift in the emission wavelength of Nile red coupled with a decrease in fluorescence 

intensity.30,31 Thus, by monitoring the emission intensity and wavelength over time, the 

rate of release from particles can be compared.  
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Figure 3.1 Nile red release from the nanoparticles incubated at pH 7.2. Fluorescence 
emission spectra were taken over time at excitation wavelength, λ=557 nm; maximum 
emission intensity (A) and wavelength (B) is plotted as a function of time.  
 

Emission spectra of NP-NR in buffer at pH 7.2 were taken over time. This pH 

was chosen because a lower pH would cause immediate hydration in all particles, 

preventing conclusions concerning relative hydration rates (data not shown). The 

fluorescence intensity distinguishes three groups: AB releases fastest (60% decrease in 

fluorescence intensity within 1 minute), ANP and AH are intermediate (60% decrease in 

about 1h), and ACH and AN are slowest (60% decrease after 24 hours) (Figure 3.1 a). 

The maximum emission wavelength ranks the polymers’ hydration rates similarly, but 

can also distinguish ACH from AN: ACH shifted from 612 nm to 625 nm in 24 hours 

while AN did not shift at all (Figure 3.1 b).  
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This result generally agrees with our estimated hydrophobicity order, which 

predicts that AB, ANP and AH will be hydrated faster than ACH and AN. However, Nile 

red fluorescence does not clearly resolve the differences between the release rates of 

particles formulated from ANP compared with AH particles. There are several possible 

explanations; most importantly, NR release may reflect hydration rate (how fast water 

gets into the particle) rather than the actual release of Nile red. Protonation of the 

polymers prior to degradation increases hydration of NR, causing a red shift and a 

decrease in fluorescence intensity for Nile red. 27-29,32-35  In addition, because of its small 

size, NR can leak out from the hydrophobic particle into the aqueous solution. Further, 

burst release of dye adsorbed to the surface of particles, and quenching may introduce 

artifacts in release kinetics. Therefore, we sought a new method to compare the release 

kinetics of our polymer series.  
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Figure 3.2 Formation of SPION-loaded nanoparticles (NP-SPION). (B) Hydrodynamic 
sizes of all five NP-SPIONs as measured by DLS. (D) Representative TEM image of 
SPION-loaded nanoparticles formulated with polymer AN. 
 

3.4.3 Iron oxide particle release 

We theorized that changes in spin-spin relaxation time (T2) of iron oxide-

encapsulating nanoparticles would accurately distinguish the release kinetics of our new 

polymers. A solution of iron oxide particle-loaded particles (NP-SPIONs) will have a low 

T2 value. When the particles degrade, the hydrophobic SPIONs will be released into the 

aqueous solution and form a precipitate, which is outside of the detection window of the 

relaxometer. Therefore, T2 of the solution will increase as particles release SPIONs, and 

the release kinetics of particles can be monitored continuously by measuring the T2 

relaxation time. 
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SPION-encapsulating particles were formulated through emulsion and 

characterized by DLS and TEM (Figure 3.2). Because they are hydrophobic, SPIONs are 

efficiently encapsulated into our polymeric particles. DLS reveals that the nanoparticles 

range in diameter from 136 to 188 nm (Figure 3.2 b), and all five particles are quite 

monodisperse (Figure 3.5, in section 3.7 Supplementary). Though the hydrodynamic size 

measured by DLS is slightly larger than the size measured by TEM (probably a result of 

the hydration of particles in solution), TEM generally confirms sizes determined by DLS 

(Figure 3.2 c).  
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Figure 3.3 Spin-spin relaxation time (T2) over 13 hours for all five SPION-encapsulating 
particles at (A) pH 6.8, (B) pH 4.2.and (C) pH 7.4.  

 

The T2 relaxation rate of a representative NP-SPION was also measured to 

confirm that the magnetic and relaxation properties were characteristic of SPION-

encapsulating particles. (Figure 3.6, in section 3.7 Supplementary). The T2 relaxation 

time of the particle solution was measured at pH 7.4 and plotted as a function of iron 
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concentration [Fe]; the slope of the linear regression yielded a T2 relaxivity of 89.7 ± 1.1 

mM-1 s-1.  

To monitor the release of SPION, the five NP-SPIONs were incubated at pH 7.4 

and 6.8, and T2 was measured continuously for 13 hours (Figure 3.3). At pH 6.8 (Figure 

3.3 a), T2 of AB increases fastest, reaching a plateau in about 7 h, followed by ANP and 

then AH, while T2 of ACH and AN remain unchanged. To resolve the release kinetics of 

ACH and AN, the NP-SPIONs were incubated at pH 4.2 (Figure 3.3 c). These conditions 

reveal that ACH releases SPION faster. As a control, T2 of the five NP-SPIONs were also 

measured at pH 7.4, revealing no change in T2 for all particles (Figure 3.3 b), which 

indicates that iron oxides are not released. 

This method clearly resolves the release rates of the five particles: AB> ANP> 

AH> ACH> AN. To determine whether this order matches the order of hydrophobicity, 

we measured the advancing and receding contact angles of each polymer (Figure 3.7, in 

section 3.7 Supplementary). However, this approach did not resolve the hydrophobicity 

of our polymers; the range of contact angles of polymers AB, ACH, and AN were all 

similar. Because contact angle is also influenced by surface roughness and the orientation 

of the hydrophilic and hydrophobic moieties of the polymers relative to the surface, we 

conclude that SPION release rate correlates better than contact angle with hydrophobicity. 

SPION release rate agrees with our predicted hydrophobicity order: as the hydrophobicity 

of the polymer increases, the rate of degradation of the polymer and release from the 

particle decreases.  
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3.5 Conclusions 

We introduce a novel method for monitoring in vitro release of nanoscale cargo 

from polymeric particles, real-time measurement of T2 relaxation time of encapsulated 

SPIONs, which offers many advantages over other commonly used methods. This 

method clearly resolves the release kinetics of closely related polyketals, while 

fluorescence of Nile red, a commonly used fluorescent model cargo, does not. Further, as 

SPIONs are of a similar size to proteins (10 nm), the measured release kinetics are likely 

proportional to those for proteins; we have previously shown that polyketal nanoparticles 

allow rapid release of protein cargo10.  

While a few methods exist for real-time measurement of nanoparticle release 

kinetics36,37, release is often measured by taking aliquots over time and isolating released 

drug or protein5,38-44,  usually through centrifugation.20 However, because of their small 

size, particles may not be completely separated from the released cargo; long 

centrifugation may also change the time interval over which release is determined; in 

addition, centrifugation can induce drug or protein release from particles.44 An alternative 

to centrifugation is dialysis45; however, adsorption of released molecules to the 

membrane also introduces errors in measurement.5,44,45 In addition, commonly used 

methods to quantify release, such as fluorescence, radioactivity, high-performance liquid 

chromatography, and protein assay, often require labor-intensive sample preparation. As 

aliquots must be collected regularly, obtaining release data over a period of more than 20 

hours is difficult. In our method, continuous measurements are taken by the relaxometer. 

Further, only 200 µL of particle solution is required for T2 measurement, which 
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minimizes the amount of materials needed, and the relaxometer is relatively inexpensive 

and easy to operate. 

Most importantly, T2 measurement can clearly resolve the release kinetics of our 

polymers with varying hydrophobicities, which is not possible by conventional 

measurements. Together, this makes our method an attractive method for monitoring the 

release kinetics of nanoscale cargo from polymeric nanoparticles. 

Supporting Information. Methods details for DLS, TEM, measurement of T2 

relaxation rate vs. iron concentration, and data for characterization of Nile red-

encapsulating particles, size distribution of SPION-encapsulating particles, and contact 

angle. This material is available free of charge via the Internet at http://pubs.acs.org.  
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3.7 Supplementary 

Dynamic light scattering (DLS). SPION-loaded nanoparticles were resuspended 

at one-half the original concentration. In a UV-transparent disposable cuvette (Sarstedt), 
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25 µL of the particle solution was added to 0.5 mL pH 7.4 or 7.2 potassium phosphate 

buffer. Measurements for each particle was done in triplicate.  

Transmission electron microscopy (TEM). Because our polymer particles have 

been previously shown to degrade extremely rapidly under acidic (below pH 6) 

conditions, we chose a pH-neutral negative stain, phosphotungstic acid (PTA) (1 mL of a 

10% solution of PTA in 4 mL milliQ H2O, pH adjusted (from approximately 1.8) to 7.3 – 

7.4 with 1 M NaOH). MilliQ H2O was added to yield a volume of 10 mL (1% PTA). The 

PTA solution was prepared fresh for each sample. Nile red-loaded particle solutions were 

prepared by suspending lyophilized nanoparticles in milliQ H2O at one fourth of their 

initial concentration, vortexing, sonicating, and filtering through a 0.45 µm syringe filter 

(Pall Life Sciences, NY). Solutions of particles encapsulating SPION were used without 

filtering. Copper grids, 400 mesh, with a carbon film (Electron Microscopy Sciences, 

Hatfield, PA) were then placed film-side up into a Emitech K757X vacuum chamber and 

glow discharged at 25 mA for 1.5 min to increase hydrophilicity. Following grid 

preparation, 3.5 µL of particle solution was allowed to settle on the grid for 8-10 min. 

The grid was then rinsed with distilled H2O via Pasteur pipette and stained with 7 drops 

of the PTA solution. Remaining liquid was absorbed by filter paper and grids were 

imaged using a FEI Tecnai Spirit at 200 kV 

Measurement of T2 relaxivity of NP-SPIONs. The same relaxometer was used to 

measure the T2 relaxivity (r2) of AN-NP-SPION. Particles were weighed out and 

resuspended in milliQ H2O at their original concentration. Five dilutions were prepared 

by adding 100 µL, 80 µL, 60 µL, 40 µL and 20 µL of the particle solutions into 100 µL, 

120 µL, 140 µL, 160 µL and 180 µL of 1x PBS buffer (pH 7.4), respectively. After 
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incubating at 37oC water bath for 10 min, T2 of particle solutions at different dilutions 

were measured with scan parameters: recycle delay = 10 s, 10000 data point for fit, 90o – 

180o pulse separation (tau) = 1, 600 s between scans. r2 was calculated using the formula 

1/T2,observed = 1/T2,baseline + r2•[Fe], where the baseline T2 time is buffer alone, and [Fe] 

was that previously determined by ICP-AES.  

Contact angle measurement of polymer film.  All five polymers were resuspended 

in chloroform at 40 mg/mL. To prepare a polymer film, 50 µL of polymer solution was 

spin-coated onto a silica wafer chip at 1500 rpm for 1 second and 4000 rpm for 20 sec. A 

drop of water (2 µL) was added to the polymer-coated silica wafer chip and advancing 

contact angle was measured by an FTA 135 Version 2.0. To measure the receding contact 

angle, 2 more drops of water were added to the same spot and then drawn back. For each 

polymer, three films were prepared, and three measurements were done for each film. 
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Figure 3.4 (A) DLS measurement. Hydrodynamic size and polydispersity of all six Nile 
red- encapsulating nanoparticles (B) Representative TEM image of the nanoparticles 
formulated with polymer AN. 
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Figure 3.5 Size distribution and polydispersity of all SPION-loaded nanoparticles as 
measured by DLS. 
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Figure 3.6 Spin-spin relaxation rate (r2) of one SPION-loaded AN as measured by the 
relaxometer. Inverse of spin-spin relaxation (1/T2) is plotted as a function of iron oxide 
concentration, [Fe]. r2 was measured to be 89.7 mM-1s-1. 
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Figure 3.7 Contact angle measurements of the polymer series.  
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Figure 3.8 1H NMR (300 MHz, CDCl3) δ 4.22 – 4.11 (m, 4H), 4.08-4.04 (m, 4H), 3.68 – 
3.53 (m, 4H), 2.82 (d, J = 10.3 Hz, 8H), 2.61 (dd, J = 9.5, 4.3 Hz, 8H), 2.55 – 2.40 (m, 
8H), 1.89 (t, J = 10.0 Hz, 8H), 1.72 – 1.49 (m, 12H), 1.31 (d, J = 4.9 Hz, 6H), 1.28 – 1.02 
(m, 24H). 
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Figure 3.9 13C NMR (75 MHz, CDCl3) δ 172.63, 172.57, 100.20, 63.82, 58.82, 53.77, 
36.70, 35.58, 32.31, 32.17, 25.24, 24.76, 23.85. 
 

3.8 References 
 
(1) Davis, M. E.; Chen, Z. G.; Shin, D. M. Nat Rev Drug Discov 2008, 7, 771–782. 

(2) Ganta, S.; Devalapally, H.; Shahiwala, A.; Amiji, M. Journal of Controlled 
Release 2008, 126, 187–204. 

(3) Zhang, L.; Gu, F.; Chan, J.; Wang, A.; Langer, R.; Farokhzad, O. Clin Pharmacol 
Ther 2007, 83, 761–769. 

(4) Panyam, J.; Labhasetwar, V. Advanced Drug Delivery Reviews 2003, 55, 329–347. 

(5) Soppimath, K. S.; Aminabhavi, T. M.; Kulkarni, A. R.; Rudzinski, W. E. Jornal 
of Controlled Release 2001, 70, 1–20. 

(6) Lee, D.-E.; Koo, H.; Sun, I.-C.; Ryu, J. H.; Kim, K.; Kwon, I. C. Chem. Soc. Rev. 
2012. 



 141 

(7) Ashley, C. E.; Carnes, E. C.; Phillips, G. K.; Padilla, D.; Durfee, P. N.; Brown, P. 
A.; Hanna, T. N.; Liu, J.; Phillips, B.; Carter, M. B.; Carroll, N. J.; Jiang, X.; Dunphy, D. 
R.; Willman, C. L.; Petsev, D. N.; Evans, D. G.; Parikh, A. N.; Chackerian, B.; Wharton, 
W.; Peabody, D. S.; Brinker, C. J. 2011, 1–10. 

(8) Torchilin, V. P. Handbook of Experimental Pharmacology; Schäfer-Korting, M., 
Ed. Handbook of Experimental Pharmacology0171-20041865-0325; Springer Berlin 
Heidelberg: Berlin, Heidelberg, 2009; Vol. 197, 3–53. 

(9) Shenoy, D.; Little, S.; Langer, R.; Amiji, M. Pharm Res 2005, 22, 2107–2114. 

(10) Sankaranarayanan, J.; Mahmoud, E. A.; Kim, G.; Morachis, J. M.; Almutairi, A. 
ACS Nano 2010, 4, 5930–5936. 

(11) Guo, X.; Szoka, F. C. Acc. Chem. Res. 2003, 36, 335–341. 

(12) LaVan, D. A.; McGuire, T.; Langer, R. Nat Biotechnol 2003, 21, 1184–1191. 

(13) Langer, R. Nature 1998, 392, 5–10. 

(14) Lü, J.-M.; Wang, X.; Marin-Muller, C.; Wang, H.; Lin, P. H.; Yao, Q.; Chen, C. 
Expert Rev Mol Diagn 2009, 9, 325–341. 

(15) Kim, I.-S.; Lee, S.-K.; Park, Y.-M.; Lee, Y.-B.; Shin, S.-C.; Lee, K. C.; Oh, I.-J. 
International Journal of Pharmaceutics 2005, 298, 255–262. 

(16) Yang, S. C.; Bhide, M.; Crispe, I. N.; Pierce, R. H.; Murthy, N. Bioconjugate 
Chem. 2008, 19, 1164–1169. 

(17) Heffernan, M. J.; Murthy, N. Bioconjugate Chem. 2005, 16, 1340–1342. 

(18) Zhu, G.; Mallery, S. R.; Schwendeman, S. P. Nat Biotechnol 2000, 18, 52–57. 

(19) Paramonov, S. E.; Bachelder, E. M.; Beaudette, T. T.; Standley, S. M.; Lee, C. C.; 
Dashe, J.; Fréchet, J. M. J. Bioconjugate Chem. 2008, 19, 911–919. 

(20) Mahmoud, E. A.; Sankaranarayanan, J.; Morachis, J. M.; Kim, G.; Almutairi, A. 
Bioconjugate Chem. 2011, 22, 1416–1421. 

(21) Gao, G. H.; Lee, J. W.; Nguyen, M. K.; Im, G. H.; Yang, J.; Heo, H.; Jeon, P.; 
Park, T. G.; Lee, J. H.; Lee, D. S. Journal of Controlled Release 2011, 155, 11–17. 

(22) Prashant, C.; Dipak, M.; Yang, C.-T.; Chuang, K.-H.; Jun, D.; Feng, S.-S. 
Biomaterials 2010, 31, 5588–5597. 

(23) Bulte, J. W. M.; Kraitchman, D. L. NMR Biomed. 2004, 17, 484–499. 

(24) Sulek, S.; Mammadov, B.; Mahcicek, D. I.; Sozeri, H.; Atalar, E.; Tekinay, A. B.; 
Guler, M. O. J. Mater. Chem. 2011, 21, 15157. 



 142 

(25) Erickson, H. P. Biol Proced Online 2009, 11, 32–51. 

(26) Heath, W. H.; Palmieri, F.; Adams, J. R.; Long, B. K.; Chute, J.; Holcombe, T. 
W.; Zieren, S.; Truitt, M. J.; White, J. L.; Willson, C. G. Macromolecules 2008, 41, 719–
726. 

(27) Alvarez-Roman, R.; Naik, A.; Kalia, Y. N.; Guy, R. H.; Fessi, H. Pharm Res 2004, 
21, 1818–1825. 

(28) Lin, J.-J.; Chen, J.-S.; Huang, S.-J.; Ko, J.-H.; Wang, Y.-M.; Chen, T.-L.; Wang, 
L.-F. Biomaterials 2009, 30, 5114–5124. 

(29) Cui, W.; Lu, X.; Cui, K.; Wu, J.; Wei, Y.; Lu, Q. Nanotechnology 2011, 22, 
065702. 

(30) Sackett, D. L.; Wolff, J. Analytical Biochemistry 1987, 167, 228–234. 

(31) Greenspan, P.; Fowler, S. D. Journal of Lipid Research 1985, 26, 1–9. 

(32) Naik, S.; Carpenter, E. E. J. Appl. Phys. 2008, 103, 07A313. 

(33) Park, J.-H.; Maltzahn, von, G.; Ong, L. L.; Centrone, A.; Hatton, T. A.; Ruoslahti, 
E.; Bhatia, S. N.; Sailor, M. J. Adv. Mater. 2010, 22, 880–885. 

(34) Brambilla, D.; Nicolas, J.; Le Droumaguet, B.; Andrieux, K.; Marsaud, V.; 
Couraud, P.-O.; Couvreur, P. Chem. Commun. 2010, 46, 2602. 

(35) Xu, P.; Gullotti, E.; Tong, L.; Highley, C. B.; Errabelli, D. R.; Hasan, T.; Cheng, 
J.-X.; Kohane, D. S.; Yeo, Y. Mol. Pharmaceutics 2009, 6, 190–201. 

(36) McFearin, C. L.; Sankaranarayanan, J.; Almutairi, A. Anal. Chem. 2011, 83, 
3943–3949. 

(37) Mora, L.; Chumbimuni-Torres, K. Y.; Clawson, C.; Hernandez, L.; Zhang, L.; 
Wang, J. Journal of Controlled Release 2009, 140, 69–73. 

(38) Torres-Lugo, M.; Peppas, N. A. Macromolecules 1999, 32, 6646–6651. 

(39) Foss, A. C.; Goto, T.; Morishita, M.; Peppas, N. A. European Journal of 
Pharmaceutics and Biopharmaceutics 2004, 57, 163–169. 

(40) Schwartz, H. Biomedical Medicine 1973, 7, 396–404. 

(41) Vunakis, H. V.; Langone, J. J.; Riceberg, L. J.; Levine, L. Cancer Research 1974, 
34, 2546–2552. 

(42) Pierce, R. N.; Jatlow, P. I. Journal of Chromatography 2000, 471–478. 

(43) Zagotto, G.; Gatto, B.; Moro, S.; Sissi, C.; Palumbo, M. Journal of 
Chromatography B. 2001, 764, 161–171. 



 143 

(44) Lamprecht, A.; Saulnier, P.; Boury, F.; Passirani, C.; Proust, J.-E.; Benoit, J.-P. 
Anal. Chem. 2002, 74, 3416–3420. 

(45) Tan, J. P. K.; Tam, K. C. Journal of Controlled Release 2007, 118, 87–94. 

 

 

 




