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Abstract 

 

Imaging of Adeno-Associated Viral Capsids for Purposes of Gene Editing  

Using CEST NMR/MRI 

 

by 

 

Bonnie Lam 

 

Doctor of Philosophy in Bioengineering 

 

University of California, Berkeley 

 

Professor Moriel Vandsburger, Chair 

 

 

Gene therapy employing AAV vector-mediated gene delivery has undergone substantial growth in 

recent years with promising results in both preclinical and clinical studies, as well as emerging 

regulatory approval. However, the inability to quantify the efficacy of gene therapy from cellular 

delivery of gene editing technology to specific functional outcomes is an obstacle for efficient 

development of gene therapy treatments. Building upon prior works that utilized the chemical 

exchange saturation transfer (CEST) reporter gene lysine-rich protein, we hypothesized that AAV 

viral capsids may generate endogenous CEST contrast from an abundance of surface lysine 

residues.  

 

NMR experiments were performed on isolated solutions of AAV serotypes 1-9 on a Bruker 800 

MHz vertical scanner. In vitro experiments were performed for testing of CEST NMR contrast of 

AAV2 capsids under varying pH, density, biological transduction stage, and across multiple 

serotypes and mixed biological media. Reverse transcriptase (RT)-polymerase chain reaction 

(PCR) was used to quantify virus concentration. Subsequent experiments at 7 T optimized CEST 

saturation schemes for AAV contrast detection and detected AAV2 particles encapsulated in a 

biocompatible hydrogel administered in the hind limb of mice.  

 

CEST NMR experiments revealed CEST contrast up to 52% for AAV2 viral capsids between 0.6-

0.8 ppm. CEST contrast generated by AAV2 demonstrates high levels of CEST contrast across a 

variety of chemical environments, concentrations, and saturation schemes. AAV2 CEST contrast 

displayed significant positive correlations with capsid density (R2>0.99, P<0.001), pH (R2=0.97, 

P=0.01), and viral titer per cell count (R2=0.92, P<0.001). Transition to a preclinical field strength 

yielded up to 11.8% CEST contrast following optimization of saturation parameters. In vivo 

detection revealed statistically significant molecular contrast between viral and empty hydrogels 

using both mean values (4.67±0.75% AAV2 vs. 3.47±0.87% empty hydrogel, p = 0.02) and 

quantile analysis. AAV2 viral capsids exhibit strong capacity as an endogenous CEST contrast 

agent and can potentially be used for monitoring and evaluation of AAV vector-mediated gene 

therapy protocols.  
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CHAPTER ONE:  

ADENO-ASSOCIATED VIRAL VECTORS  

FOR GENE THERAPY 

 

Introduction 
Recent advances in gene/genome editing and gene therapy have opened the possibility of 

a new era of in vivo somatic cell gene/genome editing1. Increasingly, adeno-associated virus (AAV) 

vectors have been utilized for gene/genome editing and in gene therapy approaches, and as delivery 

vehicles for gene/genome editing machinery including CRISPR/Cas9 and novel variants. AAV 

vectors are particularly attractive delivery vehicles due to generalized non-pathogenicity, organ 

specificity, replication defectiveness, and low immunogenicity2.  

 

 

Structure of AAV 
AAV is a helper-dependent parvovirus originally discovered in 1965 as a contaminant in 

adenovirus preparations3. As a dependovirus, replication of AAV is generally supported by the 

presence of a helper virus such as adenovirus4. Consisting of a 4.7 kb single-stranded DNA genome 

within a nonenveloped icosahedral capsid5, AAVs have a genome with 3 open reading frames 

(ORF) flanked by inverted terminal repeats (ITRs) that serve to signal viral replication and 

packaging2. More specifically, the rep ORF encodes for 4 nonstructural proteins with roles in viral 

replication, transcriptional regulation, genomic integration, and virion assembly, whereas the cap 

ORF encodes for 3 structural proteins (VP1-3) that assemble to form a 60-mer viral capsid6. VP1 

is plays a role in infection, VP2 is responsible for nuclear transfer of capsid proteins, and VP3 is 

involved in binding of the virus to cell surface receptors and viral particle formation in the host 

cell7. The third ORF is an alternate reading frame that produces the assembly-activating protein, 

which localizes AAV capsid proteins in the nucleolus and aids in the capsid assembly process8,9. 

Recombinant AAVs (rAAV) for purposes of gene editing have the target gene inserted between the 

ITRs; the rep and cap genes are then provided in trans along with the helper virus during vector 

production9. Resulting rAAVs are capable of transducing both dividing and nondividing cells, with 

stable transgene expression that can potentially last for years in postmitotic tissue2.  

 

 

Serotypes and Variants 
There exist 11 naturally occurring serotypes and over 100 different variants of AAV derived 

from both human and nonhuman tissues, each with unique differences in amino acid sequence and 

subsequently, differences in gene delivery properties2. For instance, AAV2, which is the most 

widely used AAV serotype for gene therapy studies2, utilizes a heparan sulfate proteoglycan 

(HSPG) attachment receptor10 and has been used for gene therapy in renal tissues11,12, 

hepatocytes13, retina14–16, central nervous system (CNS)17,18, and skeletal muscles19, whereas 

AAV9 employs a terminal N-linked galactose attachment receptor10 and has been investigated for 

gene editing in cardiac muscle tissue20–23, photoreceptor cells24, skeletal muscles20, and pancreatic 

cells20. Accordingly, differences also exist among the other serotypes of AAV that influence their 

respective tropism and transduction efficiency for different organs of the body10,25.  
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 Although naturally occurring AAV variants have been used for gene therapy, wild-type 

vector variants exhibit several limitations, including reactions to pre-existing neutralizing 

antibodies (NAbs), low transduction efficiency of certain types of tissue, off-target transduction, 

and small genetic capacity26. As high as 85% of the population demonstrates prior exposure to 

wild-type AAV particles27, making it challenging for AAV vectors to reliably circumvent cell-

mediated immunity in order to infect host cells in the target tissue. Poor transduction abilities in 

an AAV vector would lead to increased viral load required for sufficient transduction of the tissue 

or may even result in a lack of positive gene therapy outcomes. In addition, off-target transduction 

of the liver or other tissues can lead to reduced therapeutic efficacy following administration of 

the gene therapy delivery vehicle, toxicity, or triggering of undesired immune responses28. The 

small packaging size of AAVs also poses a problem due to some genes exceeding the gene capacity 

available for delivery, such as the human dystrophin gene related to Duchenne muscular dystrophy 

(DMD) with a coding sequence size of approximately 11.5 kb28.  

In response to the obstacles presented by naturally occurring AAV serotypes and the 

advantages of AAV vectors as suitable carriers for gene therapy studies, development of novel 

AAV variants with optimized gene delivery properties has been increasingly explored in recent 

years. Various strategies have been employed for modifying the characteristics of AAV capsids for 

enhanced tropism, including rational design and directed evolution approaches. Rational design of 

novel variants involves altering capsid structures by taking into consideration understanding of the 

capsid and its host interactions, including receptor interactions that affect proper transduction26. 

This approach has led to variants such as AAVrh74, which was discovered by mutagenizing capsids 

at gene sequence sites corresponding to reduced galactose binding in order to achieve lower levels 

of off-target transgene transduction and expression in the liver29.  

Directed evolution, however, is implemented via random mutagenesis or recombination for 

generation of large, diverse protein libraries with novel functions, and subsequent high-throughput 

rounds of selection for determination of variants with improved functionality5,30. Unlike the 

approach used in rational design, directed evolution does not require extensive prior knowledge of 

the protein being optimized31. Directed evolution has successfully led to the generation of variants 

such as mutants with an integrin-binding Arg-Gly-Asp (RGD) motif displaying up to 100-fold 

increased transduction efficiency compared to wild-type AAV232 or random peptide insertions that 

resulted in up to 40-fold increased gene transfer in endothelial cells compared to AAV233.  

 

 

AAV-Mediated Gene Therapy 
AAV-mediated gene therapy has been explored across a diverse range of applications over 

the past few decades, demonstrating promising treatment outcomes in varying types of tissue 

alongside advancements in development of novel variants, improved understanding of host-

receptor attachment interactions, and exploration of different routes of delivery. Most notably, 

successful AAV gene therapies that have obtained regulatory approval for commercial use include 

Glybera34, Luxturna35, and Zolgensma36.  

Approved in 2012, Glybera, or alipogene tiparvovec, utilizes a non-replicating rAAV1 

vector for the treatment of lipoprotein lipase (LPL) deficiency34. Lipoprotein lipase deficiency 

(LPLD) is a rare autosomal recessive disease originating from mutations in the gene encoding for 

LPL or for other proteins affecting LPL function. Since LPL plays a central role in catabolism of 

triglyceride-rich lipoproteins, LPLD often results in hyperchylomicronaemia and severe 

hypertriglyceridaemia37. LPLD is associated with an increased risk of clinical complications such 
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as diabetes mellitus, and in severe cases, can lead to recurrent, severe, and potentially life-

threatening acute pancreatitis and possibly even pancreatic cancer37. AAV1-LPLS447X uses an 

AAV1 vector to deliver a gene for a function-enhancing LPL variant associated with lower plasma 

triglycerides and lower rate of cardiovascular disease38. Following a one-time intramuscular 

administration of AAV1-LPLS447X, patients with LPLD achieved a 40% reduction in fasting plasma 

triglyceride levels within 3-12 weeks of injection and a five-fold reduction in the 2-year incidence 

of pancreatitis38. 

Another example of a successful AAV gene therapy product is Luxturna, or voretigene 

neparvovec, which was the first FDA-approved gene therapy product for a genetic disease39. 

Inherited retinal diseases (IRDs) are a group of rare disorders characterized by varying degrees of 

vision loss and retinal degeneration. Affecting approximately 1 in every 2,000 individuals 

worldwide40, IRDs encompass conditions including retinitis pigmentosa (RP) and Leber 

congenital amaurosis (LCA) which exhibit symptoms such as sensitivity to light, cataract 

formation, and ultimately complete blindness41. The RPE65 gene encodes for a 65 kDa protein in 

the retinal pigment epithelium (RPE) essential for normal functional vision and also associated 

with certain IRDs40,41.  By delivering normal copies of RPE65 into patients with RPE65-IRDs via 

a modified non-replicating AAV2 vector delivered through a single subretinal injection, dramatic 

visual enhancements were achieved, including 100- to 45,000-fold increases in light sensitivity39.  

Spinal muscular atrophy (SMA) is a rare genetic condition from a defect in the survival 

motor neuron 1 (SMN1) gene that causes muscle weakness and degeneration42. SMN2, a less 

functional SMN gene, produces reduced amounts of full-length SMN proteins and has variable 

copy number43. Infants with spinal muscular atrophy type 1 (SMA1), which is the most common 

form of spinal muscular atrophy, generally experience decline of motor function by 6 months of 

age and  may require permanent ventilation or die by the time they are 2 years old42. Zolgensma, 

or onasemnogene abeparvovec, offers a solution for young patients with SMA by introducing a 

functional copy of the SMN gene to motor neuron cells via a non-replicating AAV9-based vector36. 

Following a single intravenous infusion of onasemnogene abeparvovec, event-free survival and 

improved motor function in 3–6-month-old patients with SMA1 were observed44. A 5-year follow-

up of the START trial found all patients in the therapeutic-dose cohort remained alive and without 

the need for permanent ventilation45, which is a significant improvement that brings hope for many 

children to lead longer, more fulfilling lives. Notably, all the gene therapy products presented in 

this section that met requirements for regulatory approval were based on non-replicating AAV 

vectors, as the original AAV dosages introduced are capable of generating strong and long-term 

gene expression sufficient for effective therapeutic effects.  
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CHAPTER TWO:  

CHEMICAL EXCHANGE SATURATION TRANSFER 

 

Overview of Chemical Exchange Saturation Transfer 
Chemical exchange saturation transfer, or CEST MRI46,47, is a novel magnetic resonance 

(MR) technique that enables imaging of certain compounds at concentrations that would normally 

be too low to detect with conventional MR imaging. The underlying mechanism for CEST MR 

imaging (Figure 2.1) is to apply radiofrequency (RF) irradiation to a solute’s exchangeable proton 

pool and for the saturated protons to then exchange with unsaturated protons in the water pool. 

The exchange of magnetic saturation results in a reduction in the water signal that allows us to 

indirectly quantify contrast from the original metabolite. Information derived from CEST MRI 

regarding the chemical environments and concentrations of certain metabolites within the body 

can be crucial to assessing physiological functions and pathological conditions48. 

In CEST MRI, saturated magnetization is transferred between the bulk water pool and the 

compound of interest following application of an RF pulse. As a requirement for this process to 

successfully occur, the solute of interest must have labile protons that can exchange with the 

protons within water when the RF pulse is applied at the solute’s resonant frequency (Δω)46. The 

chemical exchange of saturated solute protons with unsaturated water protons leads to an 

attenuation in the water signal that is visible at the solute’s resonant frequency, thereby indirectly 

providing information on the solute itself. Although one simple exchange may not be enough to 

generate sufficient saturation exchange to induce a noticeable net loss in the water signal, a major 

advantage of CEST is that the effect of numerous saturation exchanges can accumulate to induce 

a larger signal difference. The resultant reduction in the water signal can then be detected by 

employing conventional MR imaging sequences following slight modifications in order to yield 

content information on the solute of interest46.  

Although CEST is similar to magnetic resonance spectroscopy (MRS) in that it provides 

information on the content of different chemical compounds, CEST demonstrates exceedingly high 

levels of sensitivity compared to MRS. The size of the bulk water pool is approximately 55 M (110 

M if you count the contribution from both hydrogen protons per water molecule), which is much 

larger compared to the minimal concentration of the solute of interest49. Due to the continual 

exchange and buildup of saturation in water, detection of certain metabolites can be performed 

with an increased sensitivity of two or more orders of magnitude higher compared to MRS49. Under 

ideal conditions, even as little at 2 mM of exchangeable protons from a suitable compound may 

lead to a 2% decrease in the water signal48.  

Furthermore, the CEST effect is not only dependent on the concentration of the solute of 

interest, but also encompasses other factors that may potentially impact the exchange of protons. 

This includes determinants such as exchange rate, temperature, and pH49. Therefore, CEST 

imaging can also provide valuable information on the chemical environment of the solute that can 

potentially be used to assess pathological conditions.  

Numerous chemical compounds and metabolites have been identified and investigated as 

potential CEST targets. These CEST agents can generally be classified based on the nature of the 

solute into categories including diamagnetic CEST (diaCEST) and paramagnetic CEST 

(paraCEST)46. ParaCEST agents generally have resonant frequencies that are further away (more 

than 7 ppm) from water, are exogenous, and require external administration. DiaCEST agents, on 
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the other hand, are generally endogenous metabolites that have resonant frequencies closer to 

water. 

 

 

Implementation and Considerations of CEST 
 CEST imaging consists of two primary components: magnetization preparation and data 

acquisition. The approach used for magnetization preparation affects the image contrast and 

involves modification of parameters such as saturation power and pulse type, with the pulse type 

used being classified as either continuous wave or pulsed wave. Continuous wave is more 

commonly used as it only requires a single long rectangular RF pulse, enabling simple and 

straightforward optimization. Despite its advantages, however, use of continuous wave saturation 

may encounter limitations in hardware or specific absorption rate (SAR)49. Pulsed wave saturation, 

however, can potentially overcome those limitations in hardware and SAR by employing a train 

of short RF pulses. Utilization of pulse wave saturation comes with more parameters to adjust for 

in order to achieve optimal contrast detection, including pulse shape, pulse duration, number of 

pulses, and duty cycle49.  

The data acquisition component of CEST largely affects image quality and scan time. The 

goal for this portion is to attain a high SNR with reduced image distortion while minimizing the 

total scan time. The acquisition of CEST images over a range of offset frequencies can result in a 

longer scan time, therefore making the choice of a rapid imaging pulse sequence (e.g. fast gradient 

echo, single-shot echo planar imaging (EPI), single-shot fast spin echo (FSE), etc.) crucial48,49. 

The total scan time for CEST acquisition can also be shortened by employing techniques to 

accelerate data acquisition such as parallel imaging and compressed sensing50,51, which have 

demonstrated promising results in achieving acceleration factors of 2-4x without compromising 

CEST image quality and contrast52,53.  

CEST imaging can also vary in the number of offset frequencies acquired for further 

analysis. The simplest approach to acquisition only requires the acquisition of CEST images at the 

target resonance frequency, the corresponding conjugate frequency, and a reference image. 

Calculation of CEST contrast can then be performed via Magnetization Transfer Ratio 

Asymmetry49, which can be determined as MTRasym = [ S(−ω) – S(+ω) ] ∕ S0. However, this 

equation carries the underlying assumption that the CEST spectra is symmetric, which has been 

proven to be false due to slight differences in magnetization transfer (MT) effects49. The equation 

also assumes zero B0 inhomogeneity, which is often not the case in practice and can be accounted 

for through B0 correction techniques such as sampling multiple frequencies around the target and 

conjugate frequencies and subsequently shifting the CEST spectrum as needed following B0 

mapping or WAter Saturation Shift Referencing (WASSR) acquisition54. CEST imaging can also 

be performed by acquiring a full Z-spectrum across a range of saturation offset frequencies48. This 

approach requires more time due to repeated image acquisitions, but allows for incorporation of 

more accurate analysis methods such as applying Lorentzian fitting for different proton pools55 

and apparent exchange-dependent relaxation (AREX)56 for removal of background MT effects and 

correction of T1 relaxation.  

B0 and B1 inhomogeneities are additional considerations that should be kept in mind when 

using CEST. Spin saturation following excitation via RF pulses depends on frequency-specific 

irradiation at different proton frequencies, however, the magnetic field across any object or 

specimen of interest within the scanner is not perfectly homogenous. Small differences in B0 across 

the region of interest would induce slight shifts in resonant frequencies across the Z-spectrum57. 
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Therefore, B0 correction performed on a pixelwise basis is critical for accurate evaluation of CEST 

effects observed. B1 inhomogeneities, especially in vivo, can also be problematic due to insufficient 

saturation of the target pool(s) being assessed, leading to lower or inconsistent contrast 

generation57. In this case, appropriate correction following B1 mapping or inclusion of smaller 

regions of interest may be useful.  

Choice of field strength is another factor that can have a major impact on the outcomes of 

CEST experiments. Use of a higher B0 field strength can potentially have multiple advantages, 

including increased signal sensitivity and SNR. Longer T1 relaxation times at higher fields can 

lead to larger observed CEST contrasts due to slower recovery from saturation, thereby allowing 

for greater accumulation of saturation47. Furthermore, the greater frequency separation associated 

with use of higher field strengths facilitates detection of CEST agents with faster exchange rates 

and improves detection specificity of multiple CEST agents present49. However, higher magnetic 

fields also come with several disadvantages. Aside from an increase in B0 inhomogeneities, 

employing high field strengths may lead to certain amplifier performance and hardware limitations 

that can hinder use of continuous wave saturation55. T2
* effects increase with field strength as well, 

in addition to susceptibility effects58, which may be detrimental to image quality. Safety would be 

an additional concern due to high SAR deposition - more specifically, SAR increases with the 

square of the field strength47, which would make it difficult for imaging especially for clinical 

purposes. Lastly, scanner cost scales up with field strength, with the cost of MRI scanners scaling 

up with roughly $1 million per Tesla of field strength59.  

 

 

Applications of CEST 
 CEST has a broad range of applications for assessment of in vivo metabolite content (Figure 

2.2). Magnetization transfer (MT) is the exchange of magnetization between protons from semi-

solid macromolecules to protons in the bulk water pool following the application of an off-resonant 

RF pulse48. The semi-solid tissue components have very short T2 times, which lead to a broad 

baseline signal that is present in any given tissue and contributes to the asymmetry of the CEST 

Z-spectrum55. The MT signal generated from macromolecules is sensitive to changes in saturation 

powers used and becomes more visible at higher levels of saturation. MT has predominantly been 

used for purposes of neurological MR imaging. Previous studies have shown lower MT values in 

patients with a history of multiple sclerosis (MS)60,61, leading to additional investigation of the 

relationship between levels of MT and lesions62, nerve injuries63, and gadolinium retention60 in 

MS patients. Utilization of MT has also demonstrated promising results in predicting clinical 

outcomes in glioma patients following radiotherapy64, and has been used to probe brain tissue 

changes in individuals with neurodegenerative diseases such as dementia65, Alzheimer’s Disease 

(AD)66–68, Huntington Disease (HD)69–71, and Parkinson’s Disease (PD)72–74. Furthermore, 

detection of MT has been enhanced through novel techniques such as background suppression 

using a stimulated echo acquisition mode (STEAM)75 pulse sequence for quantification of MT 

within a single measurement76. 

 CEST contrast for relayed nuclear Overhauser enhancement (NOE) arises from aliphatic 

and olefinic protons in mobile macromolecules77. Unlike the short T2 times and mechanism for 

generation of MT contrast via through-space intermolecular dipole-dipole interaction with water, 

NOE has a relatively long T2 time and involves both exchange-relayed transfer and cross-

relaxation57,78. In addition, NOE is more frequency-specific compared to the broad signal from MT 

since it has resonant frequencies upfield of water at -1.6 ppm and -3.5ppm77. NOE has been widely 
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studied in humans in the contexts of brain tumors and infarction caused by ischemia78–80. Detection 

and differentiation of nephropathies in mice has also been explored through CEST studies probing 

levels of NOE77,81,82.  

 Amide Proton Transfer (APT) contrast arises from exchangeable amide protons in mobile 

tissue proteins and peptides which display a maximum CEST effect around 3.5 ppm from water57. 

APT CEST is the most widely used CEST imaging, especially for clinical research purposes due 

to its advantage of sensitive detection relative to other diaCEST imaging for in vivo use at 3 T49. 

Endogenous concentrations of amide groups are approximately 5-8 mM in most tissues48 and 

amide protons have a slow exchange rate of around 30 Hz that changes based on its surrounding 

chemical environment due to its base-catalyzed characteristic48. These qualities pertaining to 

amide make APT imaging a promising tool for applications such as pH monitoring and tumor 

identification and differentiation57. Amide exchange slows down with decreasing pH, which has 

enhanced its utility in pH mapping for identifying ischemic regions of brain tissue in those who 

have experienced cerebrovascular stroke83–85. Decreased cerebral flow during strokes eventually 

results in lowering of intracellular pH, which in turn causes ATP contrast in the ischemic regions 

to decrease in response48. In tumor regions, elevated concentrations of mobile proteins and 

peptides generate higher levels of APT contrast through increased intracellular exchange48. 

Evaluation of APT content has been explored for identifying tumor boundaries and assessing tumor 

grade in both preclinical and clinical studies of brain86–88 and breast tumors89–91.  

 Amine CEST contrast generation is from amino acids and peptides that resonate around 

1.8-3.0 ppm from water49. Amine protons are similar to amide protons in terms of base catalysis, 

but have comparably faster exchange rates that can potentially generate stronger overall CEST 

contrast48. Different endogenous metabolites can contribute to amine CEST contrast in differing 

tissues in the body. For instance, levels of glutamate, which serves as an essential neurotransmitter 

for excitatory transmission in the central nervous system (CNS), provides valuable information for 

evaluation of neurological disorders49,92. Glutamate CEST (gluCEST) has been used to probe 

glutamate concentrations in the context of different neurodegenerative disorders, including 

Parkinson’s disease93, Alzheimer’s disease94, and Huntington’s disease95,96. Another application of 

CEST imaging of amine protons is creatine CEST (CrCEST); creatine plays a vital role in 

catalyzing conversion of creatine (Cr) to phosphocreatine (PCr), which is consumed in the rapid 

generation of ATP during muscle contraction49. Therefore, creatine levels in the muscle are a 

crucial indicator of muscle energy and metabolism. CrCEST has been useful for revealing early-

stage cardiomyopathies97,98 as well as for examining muscle utilization and recovery following 

plantar flexion exercise99,100.  
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Figure 2.1. Chemical Exchange Saturation Transfer (CEST) Mechanism.46 (A) Solute protons 

are subject to RF irradiation at their resonant corresponding resonant frequency. (B) Saturation is 

then transferred from the solute pool to the bulk water pool following chemical exchange, thereby 

reducing the water signal. (C) The Z-spectrum displays dips in the signal corresponding to different 

proton pools.  
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Figure 2.2. DIACEST Contrast Agents.47 Multicolor spectrum of DIACEST contrast agents with 

approximate chemical shifts relative to water.  
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CHAPTER THREE:  

NMR SPECTROSCOPY OF ADENO-ASSOCIATED VIRAL 

CAPSIDS REVEALS POTENTIAL FOR  

DETECTION VIA CEST NMR 

 

Introduction 
Clinical and preclinical studies utilizing AAV vectors have explored the efficacy of 

different serotypes for more targeted delivery in a wide range of disease models across multiple 

organs, including Duchenne Muscular Dystrophy (DMD)101–103, hemophilia104–106, and 

Alzheimer’s Disease (AD)107,108. Notably, gene therapy treatments utilizing AAV vectors including 

Glybera34, Luxturna35 and Zolgensma36 have received approval from US and European regulatory 

agencies since 2017. In addition, the design of novel engineered AAV variants with enhanced organ 

tropism and optimized methods for packaging, delivery, and antibody evasion28,109,110 are evidence 

of a rapidly evolving field at the cusp of widespread clinical implementation.  However, non-

invasive assays with which to quantify the efficacy of delivery and editing remain poorly 

developed and represent a major obstacle to further use.  

Conventional clinical assays are appropriate tools for assessment when gene/genome 

editing or gene therapy succeed in producing a systemic response involving macromolecules that 

are secreted into the bloodstream. However, when the in vivo response to treatment is unclear, the 

reliance upon invasive biopsies for verification of successful delivery of gene/genome editing 

cargo remains a boundary condition to the rapid evaluation and evolution of new treatments. 

Importantly, the dependence upon biopsies increases the likelihood of spatial sampling error, 

inflicts pain, and may result in complications including sudden death when performed in the 

heart111,112. As the investment in and scope of gene/genome editing and gene therapy continue to 

expand, there remains an unmet need for the development of a completely non-invasive in vivo 

assay capable of verifying and ideally quantitating the delivery of gene/genome editing cargo.  

While targeted molecular MRI approaches have been developed for cell tracking and 

monitoring transgene expression, no technique exists for tracking AAV particles in vivo with MRI. 

Importantly, surface modification of AAV particles appears to fundamentally alter the transduction 

efficiency, suggesting that endogenous detection is necessary113. Prior studies have demonstrated 

the ability to track transgene expression of the Lysine Rich Protein114–117 (LRP), a genetically 

engineered chemical exchange saturation transfer46,47,57 (CEST)-MRI reporter peptide. In a 

previous study from our group, exchange of saturated magnetization at 3.76 ppm between amide 

protons in Lysine and surrounding bulk water resulted in substantial CEST contrast generated by 

LRP following AAV9-mediated delivery to the mouse myocardium.  

A potential method for monitoring the cellular delivery of AAV capsids containing gene 

editing machinery is to exploit similarities between AAV capsid surface composition and LRP. 

Specifically, compared to the 50-lysine polypeptide found in LRP115, each AAV2 capsid contains 

over 1,000 lysine residues on its capsid surface7,113 that we hypothesized may generate sufficient 

CEST-MRI contrast to enable endogenous detection of AAV particles. In this section, we probed 

whether AAV2 capsids generate endogenous CEST contrasts through a series of comprehensive 

multi-field in vitro experiments. The parameter space was fully explored under varying pH, capsid 

density, biological transduction stage in cellular systems, and later across multiple commercially 

available AAV serotypes.  



 

11 

 

 

Methods 

Conventional NMR Spectroscopy of AAV2 

Conventional NMR experiments were performed on AAV2 (5.23 × 108 viral genomes/μL) 

in solution using an 800 MHz vertical bore system with a TXI probe (Avance I; Bruker, Ettlingen, 

Germany). The sample was maintained at pH 7.0 and 37 C. Additional water-suppressed NMR 

experiments were conducted under the same conditions. Commercially available AAV2 was 

purchased from Vector Biolabs and diluted in preparation for NMR experiments. 

 

CEST NMR of AAV Capsids in Solution 

To thoroughly test whether AAV capsids generate endogenous CEST contrast a series of 

experiments were first performed on preparations of AAV2 at varying concentrations and pH. First, 

CEST NMR experiments were performed on AAV2 (5.26 × 108  viral genomes/μL) in solution 

(PBS, 0.3% glycerol) and a separate 0.1% poly-L-lysine (PLL) sample as a control at pH 7.0 and 

37 °C. Complete Z-spectra were acquired from −5 ppm to +5 ppm with a step size of 0.2 ppm 

across a range of saturation powers from 3.0 μT to 9.0 μT, serially acquired for all studies. CEST 

data were extracted as traces at the H2O resonance from a series of 1D NMR spectra collected at 

different saturation frequencies. Data were recorded using pulse sequence syszg2df2gppr provided 

by the manufacturer (Bruker BioSpin Inc., Billerica, MA). The recycle and saturation time were 

set to 17 sec and 3 sec, respectively.  After saturation, the water resonance was excited using a 18° 

flip angle pulse, that was typically 2.5 μs in duration. The saturation and excitation portions of the 

sequence were separated by a Z-axis gradient pulse of 1 ms duration and at a field strength of 5 

G/cm.  Each scan was recorded with a total of 32 K points, using a spectral width of 12820 Hz, 

and with the carrier frequency set to the water resonance. Data from two scans were signal 

averaged for each frequency. Next, CEST NMR experiments were performed on AAV2 samples 

in solution titrated to pH 6 while varying capsid densities between 5.26 × 103 vg/μL and 5.26 × 

108 vg/μL. Imaging was performed for AAV2 samples at a concentration of 5.26 × 108 vg/μL while 

varying pH between 4-7.5 (4, 5, 6, 7.5). CEST NMR experiments were next performed on multiple 

AAV serotypes (1, 5, 6, 7, 9) at a concentration of 5.26 × 108 vg/μL and pH titrated to a value of 

6. All AAV were commercially available (Vector Biolabs).  

 

CEST NMR of Cellular Transduction of AAV Capsids 

To test whether AAV2 generates CEST contrast during endosomal transport, HEK293T 

cells were transduced with AAV2 (MOI 10,000 for 2 million cells) via one hour exposure to viral 

media at 4°C, after which viral media was removed and replaced with regular media. Cells were 

harvested at 0-, 30-, 60-, 90-, and 120-minutes following removal of viral media. Control 

HEK293T cells were exposed to normal media for one hour at 4 °C. Afterwards, endosomes were 

lysed, isolated, and buffered in solution at pH 6 for CEST NMR experiments. This experiment was 

performed twice with identical timepoints. 

 

CEST Contrast Analysis 

All imaging data were analyzed using custom code written in MATLAB (MathWorks, 

Natick, MA). For CEST NMR experiments, CEST contrast was calculated as MTRasym=[S( −

ω) − S(+ω)]/S0. 



 

12 

 

 

Results 
Conventional (Figure 3.1A) and water-suppressed (Figure 3.1B) NMR spectroscopy 

performed on solution of AAV2 viral capsids (5.26 × 10
8
 vg/μL) revealed three potential pools of 

exchangeable protons with adequate concentrations at frequency offsets of 3.6 ppm, 3.0 ppm, and 

0.6 ppm (Figure 3.1B). CEST NMR experiments were then conducted to investigate contrast levels 

at the aforementioned peak frequencies of AAV2 viral capsids. Z-spectra generated by AAV2 

(5.26 × 10
8
 vg/μL) reveal broad and significant saturation transfer occurring at upfield frequencies 

in comparison to a solution of 0.01% PLL as shown in Figure 3.2. Subsequent MTRasym 

calculations display a strong peak around a frequency offset of 0.6-0.8 ppm. High levels of CEST 

contrast (~31-52%) were maintained across the range of saturation powers tested (Figure 3.3), with 

peak contrast increasing with saturation power prior plateauing at higher powers. On average, 

AAV2 generated CEST contrast of 45.6 ± 5.85% whereas PLL generated CEST contrast of 0.60 ± 

0.75%. CEST contrast demonstrated a multi-exponential trend with saturation power; contrast 

increased rapidly with saturation power up to 6μT, then decreasing thereafter. 

The endogenous CEST-MRI contrast generated by AAV2 was explored under different 

conditions of concentration, pH, and serotype. Mean CEST values for AAV2 samples across 

saturation powers were 0.81 ± 0.51%, 1.04 ± 0.84%, 3.69 ± 1.48%, and 31.2 ± 4.28% for 

concentrations of 5.26 × 103 vg/μL, 5.26 × 105 vg/μL, 5.26 × 107 vg/μL, and 5.26 × 108 vg/μL, 

respectively. The CEST contrast generated by AAV demonstrated a statistically significant pseudo-

linear relationship with underlying capsid density (R2>0.99, P<0.001). Spectra of CEST contrast 

as a function of viral capsid density at representative low, medium, and high saturation powers are 

shown in Figure 3.4A. Mean CEST contrast values for AAV2 (5.26 × 108 vg/μL) across saturation 

powers were 26.3 ± 10.4%, 31.3 ± 11.2%, 34.5 ± 11.1%, and 45.6 ± 5.9% for pH values of 4, 5, 6, 

and 7.5, respectively (n = 24 each) as shown in Figure 3.4B. pH and CEST contrast demonstrated 

a significant correlation; as pH increased, CEST values also increased in most cases (R2=0.97, 

P=0.01).  

Evaluation of CEST contrast for different AAV serotypes at a consistent pH of 6.0 revealed 

preservation of CEST contrast at 0.6 ppm across serotypes (Figure 3.5A) as well as serotype-

specific peaks at other offset frequencies (Figure 3.5B,C). Average CEST values across saturation 

powers were 33.8 ± 5.5%, 33.4 ± 5.7%, 28.7 ± 4.8%, 32.4 ± 5.9%, and 30.7 ± 4.9% for AAV1, 

AAV5, AAV6, AAV8, and AAV9 respectively. Although contrast was slightly lower than the 34.5 

± 11.1% contrast demonstrated for AAV2, robust CEST contrast was still observed across other 

serotypes. Interestingly, additional weaker peaks at other offset frequencies were detected for some 

serotypes in a power-dependent manner.  

Detection of stages of AAV2 internalization via changes in CEST contrast displayed 

differences across timepoints. Quantification of viral titer per cell count in the first run showed a 

peak value of 0.08 at T=0 minutes prior fluctuations that trended downwards to 0.03 at T=120 

minutes (Figure 3.6A). The second run of the same experiment displayed a much different 

trajectory across time, with viral titer/cell count showing minor fluctuations between 0.008 at T=0 

minutes and 0.01 at T=90 minutes preceding a large jump to 0.17 at T=120 minutes (Figure 3.6B). 

Viral titer/cell count for controls in both runs were near zero (<10-6). Corresponding measurements 

of CEST contrast demonstrated similar trends across timepoints, with contrast fluctuating 

downwards between 4.52% and 3.66% for the first run (Figure 3.6C) and contrast varying between 

3.50% and 2.84% for the first 4 timepoints prior a jump to 6.10% at T=120 minutes (Figure 3.6D). 
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While direct comparisons of CEST contrast at discrete time points fails to account for the 

underlying biological stage of transduction, the CEST contrast generated by AAV within 

endosomes was statistically corelated to viral titer/cell count as quantified by qPCR (R2=0.92, 

P<0.001) (Figure 3.6E).  

 

 

Discussion 
In this section we demonstrated that AAV particles, which are commonly used as vehicles 

for gene/genome editing cargo, generate endogenous contrast on CEST-MRI. Using a series of in 

vitro experiments on isolated viral particles and cellular systems we demonstrated that AAV2 

generates concentration dependent CEST contrast at 0.6-0.8 ppm offset from water that correlates 

with internalized viral content within cells. Importantly, CEST contrast assessed at 0.6 ppm was 

observed in all AAV serotypes tested.   

The endogenous CEST-MRI contrast generated by AAV particles provides a novel 

mechanism by which to assess the delivery of gene/genome editing machinery to a target tissue. 

Further development of this methodology could enable noninvasive assessment of an important 

parameter of vehicle optimization that currently remains outside the scope of noninvasive assays. 

Presently, the verification of successful gene/genome editing is conventionally performed via 

biopsy of the target tissue and sequencing for subsequent determination of gene editing 

efficiency118,119. In the absence of a direct method to noninvasively measure the delivery of gene 

editing cargo to a target tissue, multiple studies have relied upon measurement of a surrogate 

transgenic reporter peptide. For example, herpes simplex virus type 1-thymidine kinase (HSV1-

TK)120 has been used alongside radioactive positron emission tomography (PET) tracers in 

oncolytic virotherapy and cancer gene therapy121–123. Similarly, the human sodium iodide 

symporter (hNIS) gene124,125 has been used to evaluate gene expression patterns in animal models 

of heart failure and varying types of cancer126–130. In other studies, magnetic resonance 

spectroscopy has been used to assess metabolite changes following gene therapy131,132. Similarly 

MRI allows monitoring of structural changes associated with transgene activity and has been used 

in previous studies for guiding delivery of an AAV gene therapy dosage as well as tracking 

subsequent gene expression in Parkinson’s disease, Alzheimer’s disease, and GM1-

gangliosidosis133–135. While each of the aforementioned methods are useful to assess transgene 

efficacy only after successful gene/genome editing, the inclusion of endogenous CEST MRI 

tracking of AAV particles may enable a coupled assessment of the delivery and subsequent efficacy 

that is currently not possible.  

The structure of the present study was constructed around the hypothesis that AAV2 

capsids, each with over 1,000 surface Lysine residues, would generate CEST-MRI contrast similar 

to a 50-lysine polypeptide (LRP)115 that has been used as a genetically encoded CEST-MRI 

reporter protein in oncolytic virotherapy114, cell tracking136, and cardiac gene therapy116. The 

exchangeable amide protons within Lysine resonate at 3.76 ppm offset from water. While we 

observed exchangeable groups at 3.76 ppm, the CEST contrast generated by these protons was 

significantly less than that observed at 0.6-0.8 ppm. At offsets of 0.6-0.8 ppm the contributors to 

CEST contrast are predominantly hydroxyl protons. Based on the preservation of this contrast 

across AAV serotypes and lack of glycosylation of the capsids, the most likely sources of contrast 

generation are the hydroxyl protons from serine and threonine residues on the AAV capsid 

surface137–139. 
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Figure 3.1. NMR Spectroscopy of AAV2 Viral Capsids. (A) Conventional NMR of AAV2 viral 

capsids. (B) Water-suppressed NMR of AAV2 viral capsids reveal 3 potential CEST targets at 3.6 

ppm, 3.0 ppm, and 0.6 ppm.  
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Figure 3.2. CEST-NMR of AAV2 Viral Capsids. (A) Z-spectra of AAV2 (5.26 × 10

8
 vg/μL) and 

0.01% poly-L-lysine as a control, acquired at B1=6.6 μT. (B) Corresponding MTRasym analysis 

displays high CEST contrast for AAV2 viral capsids around 0.6 ppm.  
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Figure 3.3. CEST Contrast Across Saturation Powers. Resulting CEST contrast of AAV2 

(5.26 × 10
8
 vg/μL) and 0.01% PLL as a control across saturation powers ranging from 3 μT to 9.9 

μT.  
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Figure 3.4. CEST Contrast of AAV2 Across Concentrations, pH, and Saturation Power. (A) 

CEST contrast of AAV2 viral capsids at multiple B1 powers while varying capsid densities from 

5.26 × 10
3
 vg/μL to 5.26 × 10

8
 vg/μL. A significant increase in contrast with increasing capsid 

density is observed across saturation powers. (B) CEST contrast of AAV2 viral capsids (5.26 × 

10
8
 vg/μL) at multiple B1 powers while varying pH values from 4 to 7.5. A general increase in 

CEST contrast is observed with increasing pH in most cases.  
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Figure 3.5. CEST Contrast Across AAV Serotypes. Repeated CEST-NMR experiments 

demonstrated robust CEST contrast around 0.6 ppm across multiple AAV serotypes (A). 

Additionally, some AAV serotypes exhibited CEST contrast peaks at other offset frequencies 

(B,C).  
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Figure 3.6. Detection of AAV2 Internalization. Repeated CEST-NMR experiments conducted 

on isolated endosomes harvested from transduced HEK293T cells at multiple timepoints 

demonstrated varying trends in viral titer per cell count and CEST contrast at 0.8 ppm. (A) Viral 

titer per cell count in the first run demonstrated fluctuations that gradually decreased over 

timepoints, whereas (B) viral titer per cell count in the second run displayed a sudden jump at 120 

min. (C,D) Resultant CEST contrast in the first and second runs yielded trends that mirrored those 

shown in viral titer per cell count. (E) Regression analysis of combined data from both runs 

(including controls) revealed a strong positive correlation for CEST contrast against viral titer/cell 

count (R2=0.92, P<0.001).  



 

21 

CHAPTER FOUR:  

OPTIMIZATION OF CEST MR IMAGING FOR NONINVASIVE 

DETECTION OF ADENO-ASSOCIATED VIRAL PARTICLES 

 

Introduction 
 As mentioned earlier in Chapter Two, changing field strengths for CEST imaging 

experiments can have several potential impacts on acquired data, including effects on signal 

sensitivity, SNR, and detection specificity. Based on the findings of exchangeable protons from 

CEST NMR experiments, we next performed CEST imaging experiments at a field strength of 7 

T in order to determine whether endogenous CEST contrast of AAV particles could be detected at 

pre-clinically relevant field strengths. Additional experiments were performed with AAV capsids 

in mixed biological media to mimic dilution from biological background signals that would appear 

in vivo and that could potentially affect the quantification of AAV. This includes contributions from 

other pools that may arise from intracellular proteins, creatine, and other structures would normally 

be observed in muscle tissue and that may impact the fitting of the AAV pool. 

 

 

Methods 

Imaging Protocol 

Phantoms containing AAV2 (5.26 × 108 vg/μL) were imaged at 7 T (PharmaScan; Bruker, 

Ettlingen, Germany) using a 2×2 array coil (Bruker, Billerica, MA) with dimensions of 

approximately 60 mm × 105 mm serving as receive-only with volume transmit. Complete Z-

spectra acquired from −10 ppm to +10 ppm following varying values for saturation B1 (1, 1.5, 2, 

3, 4 and 5 μT), saturation pulse duration (54.8, 36.5, 27.4, 18.3, 13.7, 11 ms), and saturation duty 

cycle (60%, 70%, 80%, 85%) across different combinations. A single Gaussian saturation pulse 

was applied prior acquisition with a centric-ordered GRE readout sequence (TR/TE = 6.44/3.13 

ms, matrix = 192 × 192, FOV = 25 mm × 25 mm, slice thickness = 3 mm, number of averages = 

2). Reference acquisitions were performed at 150 ppm before and after the acquisition of each Z-

spectrum for normalization.  

To probe the impact of dilution in background tissue protein content, additional 

experiments were carried out on a phantom containing cell lysate (6.8 mg protein) and AAV2 (5.26 

× 108 vg/μL). Complete Z-spectra were acquired from −10 ppm to +10 ppm following varying 

values for saturation B1 (3, 4 and 5 μT), saturation pulse duration (54.8, 36.5, 27.4 ms), and 

saturation duty cycle (70%, 85%) across all possible combinations. Image properties were identical 

to those previously stated. 

 

CEST Contrast Analysis 

Regions of interest were drawn on reference images prior to calculation of average signal 

intensities for further analysis. Z-spectra were calculated by normalizing CEST acquisitions to 

linearly interpolated values of the −10 ppm and +10 ppm acquisitions, followed by temperature 

correction via linear scaling. In phantoms containing AAV in solution only, CEST contrast was 

quantified by 2-pool Lorentzian fitting140 with pools allocated for water and AAV. In phantoms 

containing AAV and cell lysate in solution, CEST contrast was quantified by 6-pool Lorentzian 
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fitting with pools allocated for water, magnetization transfer (MT), amine, amide, nuclear 

Overhauser enhancement (NOE), and AAV. Contributions from different pools to the Z-spectrum 

were quantified based on a sum of Lorentzian functions as follows:  

𝑍(∆𝜔) = 1 − ∑ 𝐿𝑖

𝑛

𝑖=1

                                                                       [1] 

 

With 

 𝐿𝑖 =
𝐴𝑖(

𝛾𝑖
2

4
)

(
𝛾𝑖

2

4
)+(∆𝜔−𝜔𝑖)2

                                                                        [2] 

 

where Ai, γi, and ωi represent amplitude, FWHM, and resonance frequency relative to water, 

respectively. Lorentzian peak amplitude values were used as the measure of CEST contrast.  

 

 

Results 
Choices in saturation scheme parameters resulted in large differences in contrast at 7 T as 

shown in Figure 4.1. Saturation at an offset of 10 ppm represents a region far from water resonance, 

whereas saturation at an offset of 0 ppm represents a direct saturation of water. Similarly, a 

saturation offset of 0.8 ppm represents CEST contrast generation by hydroxyl protons on the AAV 

capsid surface. Images of an AAV2 phantom (5.26 × 10
8
 vg/μL) at multiple frequency offsets 

display corresponding differences in levels of saturation when the selected saturation scheme 

generates little to no contrast (Figure 4.1A) or high levels of contrast (Figure 4.1B). Initial attempts 

to image the AAV2 phantom used varying values of B1 (1-2 μT), bandwidth (150-250 Hz, 

corresponding to pulse durations of 11.0-18.3 ms), and duty cycle (60-80%) that resulted in very 

low CEST contrasts of on average 0.02 ± 0.02%. Representative Z-spectrum and Lorentzian 

difference plots (Figure 4.1C,E) show minimal contrast generation from AAV2 capsids. Following 

several saturation scheme adjustments, acquisitions performed while varying B1 (3-5 μT), 

bandwidth (50-100 Hz, corresponding to pulse durations of 27.4-54.8 ms), and duty cycle (70-

85%) resulted in much higher CEST contrast values that averaged 6.81 ± 4.14%. Analysis of CEST 

acquisitions revealed multiple saturation schemes that generated contrast levels above 9% in 

phantoms containing AAV2 (5.26 × 108 vg/μL, Table 4.1). The maximum CEST contrast recorded 

in phantoms thermostated to an equilibrium temperature of 37 °C was 11.8% (Figure 4.1D,F).  

Evaluation of CEST contrast generated by AAV2 in the presence of biological background 

signals yielded lower, but still detectable levels of contrast as expected. A phantom containing 

multiple AAV2 samples at different concentrations (5.26 × 103 vg/μL − 5.26 × 108 vg/μL) 

suspended in cell lysate solution was imaged using the same saturation schemes that generated the 

highest CEST contrast for virus without biological background (Figure 4.2A). Subsequent analysis 

of CEST acquisitions yielded mean CEST values of 1.26 ± 1.24%, 1.58 ± 1.27%, 2.01 ± 1.60%, 

and 3.39 ± 1.93% across saturation schemes for AAV2 capsid concentrations of 5.26 × 10
3
 vg/μL, 

5.26 × 10
5
 vg/μL, 5.26 × 10

7
 vg/μL, and 5.26 × 10

8
 vg/μL, respectively. Compared to the CEST 

NMR results of AAV2 alone, detection of CEST contrast from AAV2 in biological media at 7 T 

still demonstrated a significant, albeit slightly weaker positive correlation between concentration 

and CEST contrast (R2=0.94, P=0.03). At the highest AAV2 concentration tested, optimized 
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saturation schemes within the conditions tested generated CEST contrast levels of up to 5.85% 

(Figure 4.2B-F).   

 

Discussion 
The reduction in CEST contrast observed in AAV samples prepared in biological media 

highlights a potential challenge, namely the contributions of other exchanging pools to 

corresponding Z-spectra. However, the lower CEST contrast values in the presence of background 

signals are comparable to levels of contrast observed in other studies examining endogenous CEST 

effects53,98,141–143. Importantly, background CEST contrast between 0.5−1.8 ppm will vary between 

organ systems and is generally low in skeletal muscle, suggesting that minimization of direct 

saturation of water is a crucial parameter to consider. In specific organs such as the kidney and 

brain other compounds such as urea (1.0 ppm) and glucose (0.8 ppm), respectively, will likely 

generate overwhelming background signal obviating potential detection of AAV.  

However, identification of optimized CEST parameters for detection of AAV capsids in the 

presence of biological background signals will be useful for future work probing CEST contrast 

of AAV particles in vivo, particularly for experiments performed at the same preclinical field 

strength of 7 T.  
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Table 4.1. Optimized CEST-MRI Saturation Parameters. CEST saturation schemes at 7 T 

tested that exhibit high levels of CEST contrast (>9%) in AAV2 phantom (5.26 × 10
8
 vg/μL).  
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Figure 4.1. Representative Z-spectra and Lorentzian Fitting of AAV2 at 7 T. (A) Images of 

AAV2 phantom (5.26 × 10
8
 vg/μL) at multiple frequency offsets that correspond to the highest 

acquired offset (10 ppm) and the resonant frequencies of water (0 ppm) and AAV2 (0.8 ppm). 

Images were acquired with a saturation scheme of B1=2 μT, bandwidth=150 Hz, duty cycle=60% 

that generated minimal CEST contrast. (B) Images of AAV2 phantom (5.26 × 10
8
 vg/μL) at the 

same frequency offsets but with an optimized saturation scheme of B1=5 μT, bandwidth=50 Hz, 

duty cycle=85% that generated high CEST contrast. (C) Representative z-spectrum and 2-pool 

Lorentzian fitting of AAV2 from the low-contrast saturation scheme. (D) Representative Z-

spectrum and 2-pool Lorentzian fitting of AAV2 from the high-contrast saturation scheme with 

visible peak around 0.8 ppm. (E) Corresponding Lorentzian difference plot showing little to no 

CEST contrast for AAV2 around 0.8 ppm for low-contrast saturation scheme. (F) Corresponding 

Lorenzian difference plot displaying 11.85% CEST contrast around 0.8 ppm for high-contrast 

saturation scheme.  
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Figure 4.2. Z-spectra and Lorentzian Fitting of AAV2 in Presence of Background Signal. (A) 

Images of multi-concentration AAV2 phantom and cell lysate phantom at multiple frequency 

offsets that correspond to the highest acquired offset (10 ppm) and the resonant frequencies of 

water (0 ppm) and AAV2 (0.8 ppm). Concentrations included in the phantom were 5.26 × 

10
8
 vg/μL (top), 5.26×10

7 
vg/μL (right), 5.26 × 10

5
 vg/μL (bottom), and 5.26 × 10

3
 vg/μL (left). 

(B) Resulting contrast across AAV2 concentrations tested using an optimized saturation scheme of 

B1=5 μT, bandwidth=50 Hz, duty cycle=70%. Z-spectrum and 6-pool Lorentzian fitting for AAV2 

phantom at concentrations of 5.26 × 10
8
 vg/μL (C), 5.26 × 10

7
 vg/μL (D), 5.26 × 10

5
 vg/μL (E), 

and 5.26 × 10
3
 vg/μL (F).  
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CHAPTER FIVE:  

IN VIVO CEST CONTRAST QUANTIFICATION OF  

AAV PARTICLES FOLLOWING INTRAMUSCULAR 

HYDROGEL-BASED DELIVERY IN MICE 

 

Introduction 
Hydrogels are hydrophilic crosslinked polymer networks with flexible physical characteristics 

suitable for facilitation of controlled drug release. Capable of retaining high water content, 

hydrogels vary in properties such as biodegradability, biocompatibility, stiffness, composition, pH 

response, and physical response144. With varying levels of porosity, hydrogels are capable of 

steadily releasing encapsulated drugs in response to environmental stimuli and natural degradation 

over prolonged periods of time ranging from hours to months depending on the formulation145. 

Considerations for designing injectable hydrogels include evaluation of rheological and pre- and 

post-injection constraints. Injectable therapeutic hydrogels must be compatible with the 

incorporation of drug, cellular, or other therapeutic cargo being delivered to target tissues, as well 

as be capable of being administered through a clinical tool such as a needle, catheter, or 

autoinjector at reasonable applied pressures. Various materials have been used in construction of 

hydrogels for therapeutic use, including natural sources such as collagen146, fibrin147,148, hyaluronic 

acid149,150, and alginate151,152, and synthetic sources such as polyethylene glycol (PEG)153,154 and 

polyvinyl alcohol (PVA)144,155. The advantages of hydrogels as a controlled, localized delivery 

mechanism has led to its utilization across multiple applications, including delivery of drugs145,156, 

small molecules157, nucleic acids158, and proteins159,160.  

Following previous results for optimization of CEST imaging parameters for detection of AAV 

capsids at 7 T, subsequent in vivo experiments using a pre-clinical model of hydrogel-based gene 

therapy delivery in C57BL/6 mice were conducted to assess CEST-MRI contrast generated by 

AAV particles. Comparison of viral-loaded hydrogel and control PEG-based hydrogels was 

performed to evaluate differences in contrast.  

 

 

Methods 

Synthesis of PEG Hydrogel 

Unless otherwise noted, materials were obtained from commercial suppliers and used 

without further purification. AAV2 was purchased from Vector Biolabs. 20 kDa 8-arm PEG-NH2 

with a hexaglycerol core was purchased from JenKem Technology. D-PBS (-), N,N-

diisopropylethylamine and D-(+)-glucono-1,5-lactone were purchased from Thermo Fisher 

Scientific. N,N-Diisopropylcarbodiimide, 1-hydroxybenzotriazole hydrate, 3-carboxy-5-

nitrophenylboronic acid and triethylamine were purchased from Sigma-Aldrich. Dichloromethane, 

dimethyl sulfoxide and methanol were purchased from VWR International. The following 

abbreviations are used: CH2Cl2, dichloromethane; DMSO, dimethyl sulfoxide; MeOH, methanol; 

Et2O, diethyl ether. 

PEG-BA4 was synthesized according to modified procedures reported in literature161. 20 

kDa 8-arm PEG-NH2 with a hexaglycerol core (0.40 g, 0.020 mmol), N,N-diisopropylethylamine 

(0.087 mL, 0.50 mmol), N,N-diisopropylcarbodiimide (0.039 mL, 0.25 mmol) and 1-
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hydroxybenzotriazole hydrate (34 mg, 0.25 mmol) were dissolved in 5.7 mL of a mixture of 

CH2Cl2 and DMSO (2:1, v/v). After 10 min, 3-carboxy-5-nitrophenylboronic acid (63 mg, 0.30 

mmol) was added. The mixture was then placed on a rocking platform at 37°C overnight. The 

resulting yellow transparent gel was dissolved with MeOH (1.0 mL), and the solution was 

concentrated under reduced pressure. To the residue, MeOH (0.2 mL) was added, and the solution 

was precipitated with 24 mL of Et2O and stored at -20°C for 15 min. The supernatant was removed 

after centrifugation, and the white solid was dissolved in MeOH (4.0 mL). The solution was 

precipitated with Et2O (48 mL) and stored at -20°C for 15 min 4 additional times. The white 

powder was dried in vacuo and dissolved in 30 mL of MilliQ water. The solution was dialyzed 

against MilliQ water using Slide-A-Lyzer™ G2 Dialysis Cassettes (MWCO: 10K) overnight at r.t. 

The obtained solution was concentrated with an Amicon® Ultra Centrifugal Filter (MWCO: 10K) 

and lyophilized to yield PEG-BA4 (0.29 g, 0.014 mmol) as white powder.  

PEG-GL was synthesized according to modified procedures reported in the literature162,163. 

To a mixture of 20 kDa 8-arm PEG-NH2 with a hexaglycerol core (1.0 g, 0.050 mmol), D-(+)-

glucono-1,5-lactone (0.86 mg, 4.8 mmol) and MeOH (50 mL), triethylamine (0.17 mL, 1.2 mmol) 

was added. After stirring at 85 °C overnight, the reaction mixture was concentrated in vacuo. The 

residue was dissolved in MilliQ water, and purified with Amicon® Ultra centrifugal filter 

(MWCO: 10K) 4 times. The residue was diluted with 30 mL MilliQ water and dialyzed against 

MilliQ water using Slide-A-Lyzer™ G2 Dialysis Cassettes (MWCO: 10K) overnight at room 

temperature. The obtained solution was concentrated with an Amicon® Ultra Centrifugal Filter 

(MWCO: 10K) and lyophilized to yield PEG-GL (0.76 g, 0.038 mmol) as white powder. 

Stock solutions of PEG-BA4 (50 mg/mL) and PEG-GL (60 mg/mL) were prepared in D-

PBS (-). For preparation of hydrogels containing viral particles, AAV2 (20 µL solution), 5.0 µL of 

D-PBS (-) and 125 µL of PEG-GL solution were mixed gently by pipetting. Then, 150 µL of PEG-

BA solution was added to the solution and mixed with a pipette tip for approximately 30 seconds 

to form PEG-gel. The gel without AAV was formulated in a similar manner except using 20 µL of 

D-PBS (-). 

 

MR Imaging of Empty and Viral Hydrogel in Mice at 7T 

Quantification of AAV2 contrast following intramuscular injection was tested via 

utilization of polyethylene glycol (PEG)-hydrogel-based delivery in mice. 100μL of either empty 

hydrogel or hydrogel containing approximately 6.67 × 1010  viral particles was administered into 

mouse skeletal muscle via direct injection into the mouse leg of 10-week-old male C57BL/6 mice 

from Jackson Laboratory (Bar Harbor, ME). This process was performed for six mice injected with 

empty hydrogel and seven mice injected with viral hydrogel immediately prior to data acquisition 

at 7 T (PharmaScan; Bruker, Ettlingen, Germany) using a 2×2 array coil (Bruker, Billerica, MA).  

Single-slice axial T2-weighted images (TR/TE = 74.2/2 ms, matrix = 128 × 128, FOV = 

25 mm × 25 mm, slice thickness = 1 mm, number of averages = 1) were acquired for identifying 

the location of the hydrogel. Complete Z-spectra were acquired from −10 ppm to +10 ppm (+/−10, 

+/−9, +/−8, +/−7, +/−6, +/−5, −4, −3.7, −3.4, −3.1, −2.8, −2.5, −2.2, −1.9, −1.6, −1.3, −1, −0.9, 

−0.8, −0.7, −0.6, −0.5, −0.4, −0.3, −0.2, −0.1, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2, 

1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2, 2.3, 2.6, 2.9, 3.2, 3.5, 3.8, 4.1 ppm) with a saturation scheme of 

B1 = 3 μT, saturation pulse duration of 54.8 ms, and saturation duty cycle of 70%. A single 

Gaussian saturation pulse was applied prior to acquisition with a centric-ordered GRE readout 

sequence (TR/TE = 6.44/3.13 ms, matrix = 128 × 128, FOV = 25 mm × 25 mm, slice thickness = 
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1 mm, number of averages = 1). Reference acquisitions were performed at 150 ppm before and 

after every 5 frequency offset acquisitions and used for normalization. 

 

Image Analysis of Hydrogel CEST Data 

Regions of interest were drawn around the entire mouse leg containing the hydrogel. A 

pixelwise classifier custom written in MATLAB and employing a combination of correlation 

coefficient and NMSE thresholds was uniformly applied to all pixels within the region of interest 

to categorize pixels as belonging to hydrogel, muscle, or noise cases. CEST data from pixels that 

were classified as hydrogel were then analyzed using 6-pool Lorentzian fitting as previously 

described to obtain pixelwise CEST contrast maps.  

 

Statistical Analysis 

Regression analysis for determining correlation and significance was performed in Excel. 

Representative values are listed as mean ± standard deviation. Calculation of quantile values and 

corresponding p-values from bootstrap were performed in R. 

 

 

Results 
A biocompatible polyethyleneglycol based hydrogel was used to implant a reservoir of 

AAV2 viral particles (6.67 × 1010) into the hind limb of mice via 100 L intramuscular injection. 

The average CEST contrast within hydrogel implants was significantly higher in those containing 

AAV2 (4.67 ± 0.75% AAV2 vs. 3.47 ± 0.87% empty hydrogel, P=0.02, n=7 AAV2 hydrogel, n=6 

empty hydrogel) (Figure 5.1A). Given regional variation in distribution, the comparison of 

corresponding quantile values revealed a significant difference in CEST contrast values at all tested 

points in the distributions between empty and viral hydrogels (Figure 5.1B-D). Viral hydrogels 

exhibited higher CEST contrast values than empty hydrogels at calculated quantile values of 25% 

(3.66 ± 0.84% vs. 2.38 ± 0.86%, P=0.02), 50% (4.74 ± 0.75% vs. 3.41 ± 0.85%, P=0.01), and 75% 

(5.73 ± 0.74% vs. 4.55 ± 0.95%, P=0.03). Maps of CEST contrast also displayed regional 

differences in contrast between empty and AAV hydrogel, as illustrated in a representative example 

shown in Figure 5.2. These results reveal a mechanism by which to visualize and quantify the 

distribution of AAV particles within hydrogels following in vivo implantation. 

 

 

Discussion 
The use of biocompatible hydrogels as carriers for localized, time-controlled drug release 

has been widely explored over the last decade164. More recently, hydrogel mediated controlled 

release of AAV vectors has demonstrated enhanced transduction efficiency in poorly perfused 

tissues, reduced off-target uncontrolled release, and greater delivery duration165–167. Conventional 

MRI can be used to visualize the anatomical distribution of injected hydrogel platforms using T2-

weighted imaging, but not the AAV content encapsulated within.  

Acquisition of CEST-MRI data enabled noninvasive assessment of AAV encapsulation 

within a hydrogel following in vivo implantation. The CEST contrast measured in the control 

hydrogel in the current study revealed contributions from hydroxyl protons found on the 

gluconamide component. While hydrogels containing AAV demonstrated significantly higher 

CEST contrast values, hydrogel chemistry could be further refined to reduce background contrast 
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and thereby enhance the detection of AAV particles and quantify the time dependent elution into 

surrounding tissue. Various injectable hydrogels have been developed in recent years for purposes 

such as drug delivery and cellular therapy145, therefore employing a hydrogel without components 

that may coincide with contrast generated from AAV particles themselves would be useful for more 

distinct detection.  

The viral load for in vivo hydrogel administration used in this study was approximately 

6.67 × 1010 vg, which is on the lower end of the 109−1012 vg range used in recent studies evaluating 

AAV-mediated gene therapy treatments for muscular pathologies in mice168–171. Based on the 

results of this study, the lower bound of viral load for sufficient detection via CEST imaging is 

estimated to be roughly 106 vg per gram of tissue. This approximation assumes some loss in 

sensitivity in tissue with background signal. 

Finally, it is important to note that many of the physiological outcomes of gene therapy and 

gene/genome editing including tissue fibrosis, metabolic activity, and intracellular protein content 

can be simultaneously derived from the same CEST-MRI Z-spectrum from which AAV CEST 

contrast was quantified in the current study, representing a novel method by which to 

noninvasively track AAV delivery vehicles using entirely endogenous contrast mechanisms. This 

suggests that with further development CEST-MRI could enable measurement of localized 

delivery of gene/genome editing cargo alongside cellular outcomes in a single noninvasive assay. 
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Figure 5.1. Box-Whisker Plots of CEST Contrast Values in Empty Hydrogel vs. AAV 

Hydrogel In Vivo at 7 T. (A) Box-whisker plots of average CEST contrast values in empty 

hydrogel and AAV hydrogel in mice skeletal muscle. (B-D) Box-whisker plots of CEST contrast 

values in empty hydrogel and AAV hydrogel in mice skeletal muscle at quantile values of 25%, 

50%, and 75%, respectively. 
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Figure 5.2. Representative CEST Contrast Maps of Empty and AAV Hydrogel In Vivo at 7 

T. (A,B) CEST contrast maps overlaid on T2-weighted images for empty hydrogel and AAV-laden 

hydrogel, respectively.  
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CHAPTER SIX: CONCLUSIONS AND PERSPECTIVES 

 

Summary of Key Findings 
The primary findings of this study are that AAV2 viral capsids generates robust CEST 

contrast in vitro across a variety of chemical environments, concentrations, and saturation 

schemes. Significant correlations were observed for AAV2 CEST contrast when adjusting pH, 

concentration, and viral titer per cell count and should be taken into consideration for further 

investigation of contrast characteristics. Additional experiments to explore the effectiveness of 

AAV2 viral capsids as an in vivo endogenous CEST contrast agent for gene therapy tracking is 

needed.  

 

 

Limitations and Future Works 
Several limitations to this work and potential works to explore need to be discussed. First, 

we are unable to pinpoint the exact origin of the CEST contrast observed between 0.6-0.8 ppm 

without creating a library of AAV mutants each selectively missing hydroxyl group containing 

amino acids on the surface. Based on the consistent contrast observed across AAV serotypes, and 

the preserved serine and threonine capsid content across serotypes, we suspect that this is the 

common source of exchangeable protons generating CEST contrast. However, additional studies 

are required to confirm this assumption.  

Second, the experiments in this study were conducted at a high field strength of 7 T. For 

translation of detecting AAVs at more clinically relevant field strengths using CEST imaging, one 

challenge is the spectral compression that occurs between 3 T and 7 T. To account for this change, 

other approaches such as variable-delay multiple-pulse (VDMP)172 MRI and chemical exchange 

rotation transfer (CERT)173 MRI may need to be used.  

Third, the non-linear increase in CEST contrast observed between 5.26 × 103 vg/μL and 

5.26 × 108 vg/μL suggests that labeling efficiency won’t correlate linearly with underlying capsid 

content. Although quantitative approaches towards CEST imaging have been more recently 

explored174,175, CEST contrast correlations with capsid density are semi-quantitative at best – 

contrast is not generated purely based on concentration but is also affected by additional factors 

such as pH, as mentioned in Chapter Two. Thus, a direct correlation of CEST contrast to 

encapsulated viral particle density in future studies may require additional verification in order to 

create a calibration curve.  

Finally, our findings for in vivo experiments were conducted immediately following 

injection of hydrogel containing viral particles, as opposed to at multiple timepoints following 

administration. Longitudinal tracking and imaging of the viral particles could yield important 

information for further verification of the potential of CEST contrast of AAV for gene therapy 

monitoring. 
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