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Lay Abstract 

 

The work conducted within this thesis aims to outline the process of developing 

photoacoustic diagnostic agents for the detection of various diseases, including bone disease and 

bacterial infection. To this end, various small molecule, near-infrared absorbing dyes, disease-

targeting molecules, and assembly methods were selected to generate several diagnostic agents. 

To demonstrate their utility, the diagnostic agents were each evaluated in a series of studies 

designed to assess their ability to generate detectable photoacoustic signal, interact specifically 

with disease-markers, and localize the sites of disease in living systems. Significant attention was 

placed on comprehensively evaluating the diagnostic agents through the development of 

methodology and generating a standard procedure for photoacoustic data production and reporting, 

which was practiced throughout the work.  
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Abstract 

 

To address the paucity of available molecularly targeted photoacoustic imaging probes 

(PIPs) and to generate meaningful data to support the ongoing effort to refine diagnostic 

photoacoustic imaging (PAI) applications, the work presented here focuses on the design, 

synthesis, and evaluation of novel PIPs. To this end, various light-absorbing small molecule dyes, 

targeting strategies, and disease-targeting molecules were evaluated.  

First, a near-infrared photoacoustic probe was used to image bone in vivo through active 

and bioorthogonal pre-targeting strategies by utilizing a coupling between a tetrazine-derived 

cyanine dye and a trans-cyclooctene-modified bisphosphonate. In vitro hydroxyapatite binding 

and in vivo bone imaging studies showed significant localization of the agent to the target using 

both active and pre-targeting strategies.  

The tetrazine-dye building block was then used to create a first-generation bacteria-

targeting PIP, using a trans-cyclooctene-modified Zinc (II)-dipicolylamine (ZnDPA). The PIP 

demonstrated poor aqueous solubility and overlapping photoacoustic (PA) signal with 

deoxyhemoglobin. Therefore, a commercially available ZnDPA-derived fluorophore, PSVue794, 

was then repurposed for use as a PIP. PSVue794 demonstrated the ability to differentiate between 

bacterial infection, sterile inflammation, and healthy tissue in a mouse model, via PA imaging, 

which prompted its use in a series of proof-of-concept studies towards the generation of a model 

of implant infection. The feasibility of detecting the PIP in the presence of a PA signal-emitting 

metallic implant, which was deemed a significant hurdle due to the intensity of the PA signal of 

the metal, was verified. Although the work requires some follow-up evaluations to demonstrate 

the practical use of the model, ZnDPA-based PIPs have remained promising candidates for PAI of 

bacterial infection. 



Ph.D. Thesis- R. Swann; McMaster University- Chemistry & Chemical Biology 
 

 v 

Finally, a novel general-purpose dye was designed to possess properties ideal for in vivo 

PAI. To evaluate the modifications made, the general-purpose dye was conjugated with ZnDPA, 

and was tested alongside the non-targeted counterpart and PSVue794. Through the studies 

conducted, it was evident that the rationale that contributed to the design of the general-purpose 

dye did lead to highly soluble PIP with promising PA properties, however, the PIP did not 

demonstrate target-specificity, in vivo. Therefore, investigations using the non-targeted PIP with 

higher affinity targeting vectors for PA-compatible diseases, such as surgical-site/implant 

infections and prostate cancer, is warranted.  
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Chapter 1 : Introduction 
 

1.1 Molecular Imaging: 
 

Molecular imaging (MI) techniques are increasingly becoming an important part of clinical 

research and medical practice, as they enable the non-invasive visualization of cellular 

biochemistry. MI has advanced our understanding of disease-specific pathology, elucidating more 

accurate diagnostic techniques, and contributing to earlier disease staging and the implementation 

of personalized therapeutics.1 While modalities such as computed tomography (CT), magnetic 

resonance imaging (MRI), and ultrasonography (US) are commonly used to address anatomical 

and structural differences between healthy and diseased states, MI, using optical and nuclear 

techniques such as fluorescence imaging (FI), positron emission tomography (PET), and single 

photon emission computed tomography (SPECT), rely on the introduction of contrast agents to 

image functional processes in the body. With a constant demand for the ability to image specific 

diseases and cellular processes, the development of molecularly targeted contrast agents remains 

a prominent focus of research in pathology, diagnostic & therapeutic medicine. 

1.1.1 Molecular Targeting 
 
 Developing MI strategies begins with identifying biological markers, or biomarkers, of the 

underlying condition. Biomarkers are objective and quantifiable biochemical or molecular 

characteristics that can indicate differences between normal and pathogenic biological processes 

or pharmacological responses to therapeutic intervention.2,3 Significant research has been done to 

design high-affinity biomarker-targeting vectors.4 While the list extends beyond what is mentioned 

here, substantial attention has been given to small molecules, peptides, and antibodies (Table 1.1). 
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Each class of targeting vector comes with a unique set of assets and challenges, which become 

important to consider when selecting an appropriate signalling agent and detection method.  

Table 1.1. Summary and examples of the commonly used targeting vectors used in synthesizing 
molecularly targeted imaging agents.  

Targeting 
Vector 

Small 
Molecules Peptides Antibodies 

Size* < 1 nm or 
< 0.5 kDa 

~ 1-4 nm or 
~ 0.5-2 kDa 

~ 15 nm or 
~ 150 kDa 

Advantages* 

§ Low toxicity 
§ Fast clearance 
§ High tissue 

penetration 

§ Facile & cheap 
synthesis 

§ Low toxicity 
§ Moderate 

specificity 

§ High affinity 
§ High specificity 

Disadvantages* 

§ Intensive R&D 
§ Addition of 

signalling agent 
can alter 
targeting 
potential 

§ Suboptimal 
biostability 

§ Low tissues 
penetration 

§ Poor clearance 
profile 

§ Potential for 
immunogenicity 

Preclinical 
Examples 

Cy7-1-maltotriose 
(FI/PAI)5 

[125I]IMPY (SPECT)6 
[68Ga]Ga-DOTA-
Olaparib (PET)7 

YC-27 (FI/PAI)6 
[99mTc]Tc-HYNIC-H6F 

(SPECT)8 
[18F]FPRGD4 (PET)9 
9/23/24 4:55:00 PM 

BHQ3-Fluorescein 
Trastuzumab 
(FI/PAI)10 

[111In]In-4497 mAb 
(SPECT)11 

[89Zr]Zr-Trastuzumab 
(PET)12 

Clinical 
Examples 

[18F]F-FAPI-74 (PET)13 
[18F]FDG (PET)14 

[99mTc]Tc-MDP 
(SPECT)15 

OTL38 (FI)169/23/24 
4:55:00 PM 

[68Ga]Ga-PSMA-11 
(PET)17 

[99mTc]Tc-UBI-29-41 
(SPECT)18 

QRH-882260 (FI) 
(ID**: NCT02574858) 

[89Zr]Zr-Daratumumab 
(PET) (ID**: 

NCT03665155) 
[111In]In-FPI-1547 
(SPECT) (ID**: 
NCT03746431) 

Cetuximab-
IRDye800CW (FI)19, 

PAI ID: 
NCT03923881) 

* Information adapted from Weber, et al (2016).20 
** ClinicalTrials.gov Identifier. 
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1.1.2 Signaling Agents & Detection Methods 
 
 To detect the biomarker of interest, a suitable signalling agent and imaging modality must 

be selected. Considerations should be made on instrument parameters, such as depth penetration, 

spatial resolution, cost of imaging and acquisition time, as well as biological variables such as 

biodistribution and toxicity. Table 1.2 reviews some of the instrument parameters that comprise 

currently available MI modalities.  

Table 1.2. Summary of MI instrument parameters.1,21–29 

Imaging 
Modality 

Nuclear Imaging 
Techniques 

Optical Imaging 
Techniques 

PET SPECT Fluorescence 
Imaging 

Photoacoustic 
Imaging 

Energy 
Detected 

511 keV 
photons gamma rays Visible/NIR photons High frequency 

sound waves 
Spatial 

Resolution 1-2 mm ≤ 1 mm 2-10 mm 50 µm 

Sensitivity 
 pM nM nM µM 

Imaging 
Depths whole body whole body 1-2 cm ≤ 7 cm 

 

Detection methods for nuclear and optical imaging strategies are facilitated by the emission 

or alteration of electromagnetic energy from a signalling agent.21 Nuclear imaging strategies like 

PET and SPECT, for example, leverage the instability of radionuclides and their forms of nuclear 

decay. For PET imaging, positron-emitting radioisotopes are used, and images are constructed by 

detecting coincident 511 keV photons that are generated from the annihilation of the emitted 

positron with an electron in the medium surrounding the radioisotope. For SPECT imaging, 

gamma ray-emitting radioisotopes are used and images are constructed through the detection of 

gamma rays by a rotating gamma camera.4 Because SPECT gamma cameras are equipped with a 
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collimator, which only allows perpendicular gamma rays to be detected, which results in 

significantly lower levels of detection, decreased sensitivity and spatial resolution are notable 

disadvantages as compared with PET instruments.4,22 Despite this, clinical SPECT remains more 

widely available and used than clinical PET, a statistic that is expected to change as PET isotope 

production expands. Similar to nuclear imaging, optical imaging techniques such as FI and 

photoacoustic imaging (PAI) also exploit the relaxation pathways of unstable energetic states, 

however, these excited states exist on an atomic and molecular level, rather than a nuclear level, 

and are generated through the absorption of visible & near-infrared (NIR) light. 

1.2 Optical Imaging: 

1.2.1 What is Light? 
 

Electromagnetic radiation is a spectrum of energy, transmitted in the form of light or heat 

and is characterized by its wave-particle duality (Figure 1.1). For example, wavelength, amplitude, 

and frequency are properties that can all be used to contextualize its wave-like characteristics, 

while the quantized energy of electromagnetic radiation, described as a photon, is used to discern 

its particle-like nature. The Einstein-Planck equation (Equation 1.1) was derived to show the 

relationship between the energy of a photon and its wavelength and is integral in understanding 

how we can harness light to facilitate and monitor chemical and biological processes. 

 

Figure 1.1. The electromagnetic spectrum. (Created with BioRender). 
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Equation 1.1     𝐸 = ℎ𝑣 𝜆 = "
#
 

The Einstein-Planck Equation: where E= energy, h= Planck’s constant, v= frequency, 𝜆= 

wavelength, and c= the speed of light. 

1.2.2 Light Absorption  
 
 Light absorption takes place when photons of a particular energy collide with electrons on 

a molecule causing the electron to be promoted from the highest occupied molecular orbital 

(HOMO) to the lowest unoccupied molecular orbital (LUMO).23 This electronic transition from 

the singlet ground state (S0) to a non-zero vibrational level of a singlet excited state (S1 or S2), as 

depicted in Figure 1.2, is only possible when the energy of the absorbed photon matches the energy 

difference between the HOMO and LUMO of the molecule.  

1.2.3 Energetic Relaxation & Light Emission 
 
 Once the energy is absorbed several non-radiative and/or radiative energetic relaxation 

processes are possible (Figure 1.2). Within a singlet excited state, the absorbed energy must first 

relax to the ‘zeroth’ vibrational level (Sn-0) through heat generation. Heat is also generated through 

internal conversion, which describes energy transitioning from a higher to lower singlet excited 

state. Once the energy reaches the zeroth vibrational level of S1, it can continue to relax through 

non-radiative vibrations or the radiative process of fluorescence. As stated by Kasha’s Rule, the 

wavelength of fluorescence emission is independent of the wavelength of the absorbed photon, 

which is a direct effect of fluorescence occurring only from S1-0.24 Since the energy difference 

between S0 to Sn during absorption is larger than the difference between S1-0 back to S0 during 

relaxation, the Einstein-Planck equation can be used to show that a bathochromic shift will occur 

between the wavelength of the absorbed and emitted photon, a phenomenon known as Stokes Shift. 
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Figure 1.2. Jablonski diagram depicting photon absorption and singlet state energetic relaxation 
processes. (Created with BioRender). 

 
The emission of a photon, or luminescence, can also occur in cases where light absorption 

has not taken place. Chemiluminescence, for example, occurs when a chemical reaction produces 

a molecule in its excited state.25 A well-documented case of this is the oxidation of luminol. 

Another form of chemiluminescence, called bioluminescence, pertains to the emission of a photon 

because of specific biological reactions or processes taking place. A well-known and widely 

utilized example of this is the luciferase enzymatic reaction that occurs when luciferin interacts 

with Mg-ATP and molecular oxygen to produce electronically excited oxyluciferin.26 In the 

context of molecular imaging, luminescence can be applied as a signalling agent for detection. 

1.2.4 Optical Imaging Modalities 
 
 Optical imaging strategies, including FI and bioluminescence imaging (BI), rely on the 

detection of luminescence, or emitted photons, by relaxing optical absorbers or by a biological 

reaction, respectively. While BI remains prominent in preclinical cellular and small animal 

imaging, FI has gained some clinical recognition.27 FI detects photons emitted from a molecule 

exposed to an external light source. This modality has found diverse applications in imaging 
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complex biological systems, such as quantification of in vitro and in vivo inhibition and 

dissociation constants for pharmacodynamic assessment of therapeutics,28,29 in vivo monitoring of 

protein activity,30,31 and longitudinal monitoring of disease progression in small animal models.32,33 

However, the clinical appeal has remained low due to the severe limitations of depth penetration 

resulting from high photon scattering effects in tissue. Despite this, exogenous dyes such as 

indocyanine green (ICG) have been successfully employed in clinical intraoperative imaging and 

laparoscopic surgery for image-guided tumour resection, where imaging depth becomes less 

critical.34–36 Considering the disadvantages associated with optical imaging, there remains a 

precedent for other imaging modalities with applications that extend beyond what can be 

accomplished using fluorescence imaging. A modality, such as photoacoustic imaging, that shares 

in the propitious characteristics of fluorescence imaging, such as the exceptional sensitivity and 

lack of exposure to ionizing radiation, while addressing some of the limitations, namely the 

insufficient depth resolution, could encourage the clinical application of optical techniques. 

 

1.3 Photoacoustic Imaging: 

1.3.1 The History of Photoacoustic Imaging 
 
 PAI, while contemporary in reference to MI, is based on a phenomenon that was discovered 

over a century ago. Initially referred to as the photophonic or radiophonic effect, the photoacoustic 

(PA) effect describes the generation of acoustic waves through non-radiative relaxation of a 

molecule upon absorption of light and was first elucidated by Alexander Graham Bell in 1880.37 

Although it was an extraordinary finding for the time, research pertaining to the photoacoustic 

effect began to wane as signal quantification, via human hearing, became a key obstacle. It was 

not until several decades later that research began to resurface on the effects of light on gaseous 
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substances to produce sound,38 and it wasn’t until the late 20th century that experimentation was 

extended toward liquids and solids.37,39,40 The invention of the laser in 1960 played a pivotal role 

in PA research as it became evident that the photoacoustic effect could be useful in biomedical 

imaging. The first computerized system for photoacoustic microscopy was developed in 1986, by 

Wada, et al.,41 and in vivo studies using laser-induced ultrasound detection began to take place in 

the mid-1990s. Extensive development of instrumentation and image reconstruction technology 

took place over the proceeding two decades, allowing for major growth in functional and molecular 

imaging applications.42  

1.3.2 The Progression of Photoacoustic Applications 
 

As it currently exists, PAI is typically combined with US and offers several benefits 

compared to other MI modalities. In comparison to FI, PAI achieves comparable sensitivity while 

maintaining high-resolution acquisition at greater imaging depths, as a result of the reduced 

scattering of acoustic waves in tissue compared to light.20 Additionally, spectral un-mixing, has 

been made possible by advanced mathematical algorithms implemented into commercial PA 

machinery, which allows for the visualization of target-specific signals in complicated biological 

matrices and simultaneous detection of multiple chromophores. In contrast to nuclear imaging 

techniques like PET and SPECT, PAI provides inexpensive, real-time image acquisition without 

introducing ionizing radiation.43  Furthermore, when combined with US, anatomical mapping, 

through the detection of heterogenous tissue density and compressibility, can supplement PA 

images by contextualizing signal location.37 As a result, PA research has emerged as a 

multidisciplinary field, and significant progress toward clinical translatability is anticipated to be 

driven by advancements in physical and mathematical technology, as well as the development of 

molecularly targeted contrast agents.  
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While PAI was quickly adopted into the preclinical study of disease, for both in vitro and 

in vivo research, achieving clinical translatability has posed a significant challenge. The initial step 

towards improving clinical applicability was the integration with clinically approved US machines. 

However, concerns for achieving clinically relevant imaging depths persisted. Fortunately, 

advancements in transducer configurations tailored to specific regions have been made. These 

include tomographic transducers for breast tissue imaging, handheld transducers with low 

frequency for imaging abdominal organs and with high frequency for superficial organs, and 

endocavitary arrays for imaging prostate, ovarian, and rectal tissue. These developments have 

allowed the prospect of clinical PAI to gain momentum.44,45 

1.3.3 Photoacoustic Signal Generation & Image Acquisition 
 
 PAI (Figure 1.3) begins with the absorbance of electromagnetic radiation by a 

chromophore. However, unlike optical imaging techniques, which rely on the emission of photons 

for energetic relaxation, PAI is characterized by the non-radiative release of energy.43 As the 

chromophore absorbs the photons and vibrationally relaxes, fluctuating pressure waves with 

megahertz (MHz) frequency are generated when thermal and stress confinement conditions are 

achieved.44,46 To detail, thermal confinement occurs when the duration of the laser pulse is shorter 

than the time it takes for heat to diffuse from the illuminated area. This allows for a rapid and 

localized temperature increase to occur, which in turn induces a build-up of pressure. If this 

generated pressure diffuses from the area more slowly than the laser pulse duration, volume 

expansion of the optical absorber becomes negligible and stress confinement is achieved. When 

the excitation light duration is less than the thermal and stress relaxation times, a pressure wave 

with a bipolar shape is generated and the distance between the two peaks, or the PA signal 

frequency, is proportional to the size of the light-absorbing material.46 Due to the synonymous 
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nature of data acquisition between PAI and US imaging, clinical transducers have been customized 

to include a laser bundle to easily combine the modalities and generate co-registered images.44 

Furthermore, motorized acquisition along an axis permits the generation of three-dimensional 

images, providing additional information on signal location. 

 

Figure 1.3. A depiction of the generation of photoacoustic signal. (Created with BioRender). 

 

1.3.4 Photoacoustic Imaging Probes (PIPs) 
1.3.4.1 Intrinsic Chromophores 
 

Clinical PAI has been advanced by the utilization of ‘label-free’ imaging techniques 

(Summarized in Table 1.3). This approach involves the detection of endogenous chromophores, 

particularly those with absorption properties in the near-infrared region, to characterize disease 

pathology.43 Hemoglobin, in its oxygenated and deoxygenated states, possesses distinct spectral 

characteristics with high absorption coefficients, making it easily detectable via PAI. Through 

quantification of the relative concentrations of these blood chromophores, it is possible to assess 
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tissue oxygenation levels and elucidate angiogenic or hypoxic conditions.20 This methodology has 

proven valuable in the characterization of a diverse array of diseases including, various cancers,47–

49 skeletomuscular conditions,50 and inflammatory diseases.51 Melanin, a pigment commonly 

found in the skin, is a useful biomarker in photoacoustic detection of skin cancers47,52 and sentinel 

lymph nodes.53,54 Additionally, the contents of water and lipids can be quantified using PAI and 

have been employed to characterize breast55 and thyroid cancers.56 These intrinsic chromophores 

not only provide structural information but also provide functional insight into disease pathology. 

Notably, their use in PA clinical research is advantageous as they obviate the need for exogenous 

contrast that would necessitate prior approval from the FDA.  

Table 1.3. A non-exhaustive summary of clinical trials utilizing diagnostic PAI. 

Disease Target Trial ID* Imaging 
Biomarker 

Trial  
Status 

Breast Cancer 

NCT03897270 
NCT04825444 
NCT01807754 
NCT04428528 
NCT02688257 

Endogenous 
Endogenous 
Endogenous 
Endogenous 
Endogenous 

Recruiting 
In Progress 
Complete 
Recruiting 
Complete 

Colorectal Cancer 
 

NCT04339374 
 

Endogenous Recruiting 

Ovarian/Cervical 
Cancer 

 
NCT04178018 
NCT03262818 
NCT03923881 

 

 
Endogenous 
Endogenous 
Exogenous 

Recruiting 

Skin Cancer NCT06379581 
NCT04229277 

Endogenous 
Endogenous2024-
09-23 4:55:00 PM 

Recruiting 
Complete 

Head & Neck 
Cancer 

NCT04428515 
NCT04437030 
NCT03733210 

Endogenous 
Endogenous 
Exogenous 

Recruiting 
Completed 
Completed 
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Prostate Cancer NCT015515762024-
09-23 4:55:00 PM Endogenous Completed 

* ClinicalTrials.gov Identifier. 
 
1.3.4.2 Exogenous Chromophores 
 
 To broaden the applications of PAI, the use of exogenous chromophores has become 

prevalent in preclinical research. These chromophores enable the detection of biological entities 

that lack intrinsic light absorption properties.57,58 Typically, exogenous chromophores are attached 

to a targeting vector to form a photoacoustic imaging probe (PIP) that is able to selectively bind to 

a specific biomarker. However, certain chromophores can undergo passive uptake to accumulate 

in a tissue of interest, negating the requirement of a targeting vector.20 This form of uptake is often 

observed in tumours with impaired lymphatic drainage and leaky vasculature.  

 When designing molecularly targeted PIPs, several criteria pertaining to the photophysical 

and biological properties of the agent must be considered. In terms of PA characteristics, a unique 

and sharp absorbance peak should be present in the NIR region. This ensures that the chromophore 

on the PIP will be identifiable within the wavelength range that most commercially available PA 

lasers operate in. Additionally, the chromophore should have a high molar extinction coefficient 

to optimize the amount of light that is capable of being absorbed while maintaining a low quantum 

yield to minimize the amount of energy released as photons.20 From a biological perspective, the 

targeting vector on the PIP should be able to surmount both circulatory and cellular barriers to 

reach the intended site and should produce a low uptake in non-target organs to produce a low 

background signal.20 Overall, the assembled construct should not exhibit any toxic or adverse side 

effects in the body.  

 



Ph.D. Thesis- R. Swann; McMaster University- Chemistry & Chemical Biology 
 

 13 

1.3.4.3 Nanoparticle-Based PIPs 
 

The current literature showcases a wide range of PIPs utilized in PAI, including both 

nanomaterials and small molecule dyes. Nanoparticles, which are particulate materials ranging 

from 10-100 nm in size, represent a broad category of PIPs used for PAI and are recognized for 

their tunable photophysical and biochemical properties. They can be synthesized from various 

elements, such as organic polymers, gold, or carbon, and exhibit distinct characteristics based on 

variations in size and shape. Notably, their large size enables a high loading capacity of targeting 

vectors per particle.20 While nanotechnology has made significant advancements in recent years 

and shows promise in optimizing the delivery of diagnostic and therapeutic agents to disease sites, 

refinement in synthesis, purification, and characterization is essential to improve data 

reproducibility and meet the stringent standards required for clinical translation.59  

1.3.4.4 Small Molecule Dye-Based PIPs 
 

The integration of small molecule light-absorbing dyes into PAI applications has been 

warranted by their commercial availability, easily functionalized structures, and biocompatibility. 

Although there are various classes of light-absorbing dyes, several criteria must be satisfied to 

continue their use in in vivo PAI. These dyes should demonstrate photostability, water solubility, 

and light absorption in the NIR region.60 Additionally, their chemical structure must allow for 

functionalization with a targeting vector.  

Cyanine dyes (Figure 1.4) are characterized by their backbone of conjugated carbon-

carbon double bonds, bordered with symmetrical heterocyclic and aromatic ring systems.20,23,60 By 

altering the length of the unsaturated carbon backbone and modifying the ring systems, it is 

possible to change both the photophysical and chemical properties of these dyes, while also 

enabling versatile structural functionalization. The heterocyclic groups flanking the conjugated 
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backbone consist of an electron donor on one side and an acceptor on the other to allow for the 

delocalization of charge and a reduction in the HOMO to LUMO energy gap. As this gap is 

decreased, longer wavelengths of absorption and emission are observed and NIR properties can be 

achieved.20,23,60   

 

Figure 1.4. Various cyanine dyes. From left to right, Cy3, Cy5, IR-780, and IR-783. 

 
In recent years, the FDA has approved several small-molecule dyes (Figure 1.5) for use in 

humans. Among the approved dyes is indocyanine green (ICG), a heptamethine cyanine dye that 

absorbs around 785 nm and has been used extensively in clinical fluorescence imaging for 

determining cardiac output, ophthalmic perfusion and hepatic function.36,61 However, ICG has a 

short blood half-life, of approximately 3 minutes, low photostability, and its hydrophobic nature 

makes its unmodified structure suboptimal for molecular PAI. Similar limitations apply to another 

FDA-approved dye, methylene blue, which has been used for intraoperative imaging of several 

conditions.62–66 This azo dye also experiences accentuated aggregation in aqueous media and 

exhibits a hypsochromic absorption peak that is not well suited for commercial PAI systems.20 

Despite these challenges, there is still value in exploring the use of small molecule dyes for PAI, 

namely their small size and modifiable structures. 
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Figure 1.5. FDA-approved dyes for use in humans, ICG and Methylene blue. 

 

1.3.4.5 Molecular Targeting & Assembly of PIPs 
 
 In addition to considering the chromophore, it is important to select an appropriate targeting 

vector and assembly method in the design of molecularly targeted PIPs. The current depth 

penetration parameters of PAI preclude certain applications, namely systemic or deep tissue 

diseases, but many suitable and clinically relevant disease targets for PAI remain. For example, 

imaging diseases that present closer to the surface of the body, such as breast cancer, thyroid 

cancer, or certain cases of surgical site/medical device infections, or diseases localized to organs 

accessible via endocavitary arrays, such as colorectal, ovarian, or prostate cancers, are all relevant 

applications. Several small molecule-, peptide-, and antibody-based targeting vectors for these 

diseases have been reported in the literature and offer suitable mechanisms of specifically 

delivering contrast to a site of interest,13,67–72 some of which have already been utilized in the 

design of PIPs.5,73–81 

Direct assembly, which typically involves the use of a linker group, is the simplest approach 

to joining a targeting vector and a signalling agent. This type of conjugation is quintessential to 

most PIPs, provided that a chemical means of functionalization is accessible. In cases where the 

chromophore is hydrophobic or has a structure non-conducive to derivatization, polymeric 

encapsulations have become a compelling solution.82 Micelles with a polar exterior and a non-

polar interior can be used to improve solubility and biodistribution.83,84 If passive diffusion is 
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insufficient for the target of interest, the monomer can be functionalized with a targeting vector of 

choice prior to micellar assembly.85,86 Another option is target-activatable contrast, where a 

chemical alteration of the PIP leads to a ‘turn-on’ effect when it comes into contact with a specific 

biomarker.43,87 Naturally, these probes require well-thought-out chemical design and extensive 

periods of development, making them a rarity in comparison to the previously discussed forms of 

assembly. 

Despite the progress made in developing exogenous PIPs, one major obstacle to the clinical 

integration of exogenous contrast for PAI is that the research performed on these exogenous agents 

has yet to meet the requirements for FDA approval. To overcome this, it is crucial to conduct 

thorough toxicity profiling, establish reproducible synthetic and characterization methods, and 

standardize experimental design and data reporting.20 

1.4 Thesis Overview: 
 
 The work conducted within this thesis aims to outline the process of developing exogenous 

PIPs and the methodology used to validate their utility. To this end, various contrast agents, 

targeting vectors, and linkers were selected to generate several PIPs, which were then evaluated 

through a series of photophysical, in vitro, and in vivo tests to demonstrate their utility. Significant 

attention was placed on the development of methodology for assessing the in vivo potential of the 

PIPs and a standard procedure for PA data production and reporting was outlined and practiced 

throughout the work.  

 Throughout this work, the development of PIPs was pursued to target clinically relevant 

applications for PAI. Initially, a novel bone-targeted PIP, which could find utility for diagnosing 

hand and foot microfractures, was developed from a tetrazine-derived near-infrared dye and a 

trans-cyclooctene-derived bisphosphonate and evaluated using active and pre-targeting strategies 
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(Chapter 2). This work expanded from previous pilot work that focused on the use of the tetrazine-

trans-cyclooctene pair as a platform for developing PIP building blocks.88 While the overarching 

research aim was the development of a proof-of-concept bone-targeted PAI, a focus was placed on 

characterizing the construct, generating data using standardized protocols for preparation and 

processing of the images, and showcasing application of the PIP in both active and pre-targeting 

approaches to probe delivery. 

Building on methodologies developed and to expand the scope of applications for the 

tetrazine-dye PIP building block, a bacteria targeted construct that could be used for diagnosing 

surgical site and medical implant bacterial infections was pursed. The construct contained the same 

tetrazine-dye described in Chapter 2 and was functionalized with a trans-cyclooctene-derived zinc 

dipicolylamine (ZnDPA) (Chapter 3.1.1). It has become standard practice to investigate the 

bacterial specificity of infection imaging agents against states of sterile inflammation.89 Therefore, 

a model of bacterial infection and sterile inflammation of the muscle were used alongside a 

commercially available ZnDPA-fluorophore for proof-of-concept PAI of bacterial infection 

(Chapter 3.1.2). However, with respect to surgical site and implant-related bacterial infections, the 

role of cell death was not sufficiently studied, and questions remained surrounding the clinical 

relevance of using ZnDPA-based probes for targeting bacterial infection. While some studies 

utilizing ZnDPA-probes have explored cell death in their work,90–93 the biological relevance of the 

models used remains under debate. Therefore, the development of a relevant model of medical 

implant bacterial infection was pursed to aid in determining the clinical utility of ZnDPA-based 

bacterial infection imaging agents (Chapter 3.2).   

In Chapter 4 a novel, general-purpose dye was designed to overcome the challenges faced 

with PIPs reported in this thesis as well as in the greater field of exogenous PIP development. This 



Ph.D. Thesis- R. Swann; McMaster University- Chemistry & Chemical Biology 
 

 18 

work aimed to address aqueous solubility, which is an ongoing and underrecognized concern 

pertaining to the use of NIR cyanine dyes in vivo.94,95 Additionally, the use of multiwavelength 

signal unmixing scans warranted emphasis on the importance of designing PIPs with distinct and 

strong PA signals, as compared to the signal from endogenous blood chromophores. Standardized 

protocols in data production and reporting were used to generate a comprehensive analysis of the 

reported dye’s photophysical, solubility, and signal unmixing characteristics. Proof-of-concept 

work was performed using ZnDPA to target the PIP towards bacterial infection and several 

clinically relevant disease applications were discussed as a focus for future work.   
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2.1 Introduction: 
 

Molecular imaging of bone diseases and injuries such as cancer and microfractures, which 

are not evident on X-ray or CT, is principally performed using nuclear medicine techniques 

employing radiolabeled bisphosphonates (BPs).1,2 Optical imaging has been explored as a means 

to eliminate the use of ionizing radiation and to improve resolution, particularly for microfractures. 

While BP-derived fluorescent probes have shown promise, limitations in depth resolution remain 

a key challenge.3–7 

Photoacoustic imaging (PAI) is based on the photoacoustic (PA) effect, where acoustic 

waves are generated through a molecule's thermal expansion and contraction after pulsed light 

absorption.8 As compared with fluorescence imaging, PAI has a similar degree of sensitivity; 

however, the reduced scattering of acoustic waves in tissue facilitates high-resolution acquisition 

at increased imaging depths.9 In addition to the anatomical mapping capabilities of ultrasound (US) 

in dual-mode US-PA systems, which contextualize signal locations, PA spectral unmixing 

algorithms enable visualization of target-specific signal in complicated biological matrices and 

simultaneous detection of multiple chromophores.10  

Reported clinical applications of PAI have largely focused on the use of ‘label-free’ 

imaging to characterize disease pathology,8,11–13 where endogenous PA-active biomolecules, such 
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as melanin,14 oxygenated and deoxygenated hemoglobin,15 and lipids,16 provide functional 

information related to disease states without introducing exogenous contrast. However, exogenous 

PA imaging probes (PIPs) have gained recognition as they facilitate the detection of biological 

entities that do not possess intrinsic light absorption properties.12,17,18 Small molecule dyes, due to 

their commercial availability, easily functionalized structures, and biocompatibility, provide 

opportunities to create targeted PA contrast and recent examples have demonstrated the application 

of PAI for bacterial infection and various cancers.9,18–24 

Literature reported on PAI of bone and related diseases has predominantly consisted of 

endogenous contrast or passive targeting strategies, such as the enhanced permeability and 

retention (EPR) effect.3,25–27 PA monitoring of an exogenous agent, tailored to accumulate at sites 

of bone injury, could provide high-resolution PA images and have widespread utility in diagnostic 

medicine. To this end, trans-cyclooctene-bisphosphonate (TCOBP), a compound previously 

demonstrated to localize diagnostic radio-tracers to the bone,28 was coupled to a tetrazine (Tz)-

derived cyanine dye and evaluated for targeted PAI of bone. The photophysical characteristics, PA 

signal generation properties, and the feasibility of PA signal unmixing from endogenous blood 

chromophores were assessed. BP-specific hydroxyapatite (HA) binding was evaluated in vitro and 

preclinical validation using local intrafemoral (IF) injection and intravenous (IV) active and pre-

targeting strategies, were performed to demonstrate the PIP's ability to localize to the bone with 

detectable, spectrally verified, in vivo PA signal.  
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2.2 Results & Discussion: 
 

2.2.1 Synthesis & Characterization 

A novel Tz-derivative of the cyanine dye IR783 was developed using a two-step synthesis 

and later conjugated to TCOBP. Commercially available dye IR783 (2-1) was coupled to 4-

carboxyphenyl boronic acid (2-2) via the Suzuki-Miyaura reaction to produce IR783-carboxylic 

acid (2-3, Scheme 2.1) in 65% yield. The coupling of 2-3 with tetrazine-amine (2-4), using 

benzotriazole-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) was carried out, 

yielding IR783-tetrazine (2-5) as a green solid (62%) (Scheme 2.1). Compounds 2-3 and 2-5 were 

fully characterized by HPLC, HRMS, and 1H- and 13C- NMR (Figure AI-1-8). Using TCOBP (2-

6) described by Yazdani et al.,28 the bone-targeted PIP (2-7) was synthesized via the inverse 

electron demand Diels-Alder (IEDDA) reaction between 2-5 and a 3.3× molar excess of 2-6 

(Scheme 2.1) and the product was confirmed through HPLC and HRMS (Figure AI-9-10). The 

expected formation of multiple IEDDA-products, 4,5-dihyrdopyridazine, 1,4-dihydropyridizine, 

and pyridazine (Scheme AI-1), was evident in the HPLC trace between 6-8 minutes, which is 

consistent with other comparable Tz-TCO reactions.29 Previous studies with radiolabeled 

bisphosphonates, where the ligand is present in large excess, have demonstrated that HA binding 

sites will not be saturated.30 Therefore, similar to previous reports, the molar excess of 2-6 was not 

separated from the desired product.28,31 
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Scheme 2.1. Synthesis of 2-3, 2-5, and 2-7 from commercially available IR783 (2-1).  

 

2.2.2 Photophysical Characterizations of 2-5 & 2-7  
 

The photophysical properties of 2-5 and 2-7 were characterized through the assessment of 

absorbance and emission spectra, PA signal, quantum yield, molar absorptivity and relative 

brightness (Figure 2.1). The absorbance and PA spectra of 2-5 and 2-7 in Figure 2.1 (a-d) show 

the presence of both monomeric (𝜆$%& ≅ 760-770 nm) and dimeric dye species (𝜆$%& ≅ 690-700 

nm). The distinct absorbance peak in the near-infrared (NIR) region can distinguish 2-5 and 2-7 

from endogenous chromophores while remaining compatible with commercially available PAI 

lasers, which operate in the range of 680-970 nm. 

The pertinent photophysical properties of 2-5 and 2-7 are summarized in Table 2.1. A 

biocompatible solvent of ten percent (10 %) ethanol in saline was used in all measurements, except 

when calculating the fluorescence quantum yield where methanol was used to allow for a direct 

comparison to the literature value found for IR783.32 Decreases in the molar absorptivity were 

observed for 2-5 and 2-7 compared to 2-1, but still fell in the expected range for heptamethine 

cyanine dyes.33 The low fluorescence quantum yields indicate that a large portion of the absorbed 
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energy is converted to thermal or vibrational energy upon relaxation, which is ideal for PA signal 

generation.34 Despite possessing a tendency to aggregate in aqueous media, the addition of the BP 

did not prevent the dye from generating a PA signal. 

 

Figure 2.1. Spectral characterization of 2-5 and 2-7: a. Absorbance & emissions spectra of 2-5 (5 
µM) in methanol, 𝝀𝒆𝒙𝒄= 736 nm. b. PA spectrum of 2-5 (50 µM) in 10% ethanol in saline. c. 
Absorbance & emissions spectra of 2-7 (5 µM) in methanol, 𝝀𝒆𝒙𝒄= 736 nm. d. PA spectrum of 2-
7 (50 µM) in 10% ethanol in saline. Data were collected in triplicate. 

Table 2.1. Photophysical characteristics comparison of 2-1, 2-5, & 2-7. 

Construct Solvent PA 
𝝀𝒎𝒂𝒙 
(nm) 

Absorbance 
𝝀𝒎𝒂𝒙 
(nm) 

Emission 
𝝀𝒎𝒂𝒙 
(nm) 

Fluorescent 
Quantum 
Yield (𝝋𝒇) 

 

Molar 
Absorptivity (𝜺) 

(cm-1M-1) 

2-1 Methanol 760 783 808 0.084* 282 200* 
 

2-5 
Methanol 770 766 788 0.055 173 400 

10% Ethanol 
in Saline 

770 760 780 - - 

 
2-7 

Methanol 770 762 786 0.014 150 133 
10% Ethanol 

in Saline 
770 762 778 - - 

*Data derived from James, et al., 2013.32 
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The absorbance and PA spectra of the dyes dissolved in 10% ethanol in saline were acquired 

to characterize the signal at various concentrations (Figure 2.2a,c for 2-7, Figure AI-11a,c for 2-

5). Absorbance at 770 nm was used to quantify concentration (Figure 2.2b for 2-7, Figure AI-12b 

for 2-5). Spectral analysis, where the PA signal is mapped as a function of wavelength (‘Spectro 

scans’, as outlined in the ‘phantom photoacoustic imaging’ section of the methods and materials), 

was used to characterize the spectral signature of the compounds and multiwavelength unmixing 

scans were used to quantify the PA signal (Figure 2.2d and AI-12b,d for 2-7, Figure AI-11d and 

AI-12a,c for 2-5). Using Equation AI-3 (Appendix I), the limits of detection for the PA signal 

from 2-5 and 2-7 were calculated to be 2.5 and 5 µM, respectively. The corresponding PA images 

depict the change in visual intensity over the concentration series (Figure 2.2e for 2-7, Figure AI-

11e for 2-5). 
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Figure 2.2. Absorbance & photoacoustic signal analysis of 2-7 in 10% ethanol in saline, as a 
function of concentration: a. Absorbance spectra of 2-7. b. Absorbance intensity of 2-7 at 770 nm. 
c. PA spectra of 2-7. d. PA average signal of 2-7 at 770 nm at each concentration. e. Corresponding 
PA images of 2-7 in a PA phantom. 

 
To assess the ability to detect the modified dyes in vivo, the PA signal from 2-5 and 2-7 in 

murine blood (i.e., in the presence of oxygenated and deoxygenated hemoglobin) was measured. 

While there was some overlap of the signals with deoxyhemoglobin, the overlaid spectra of 2-5 

and 2-7 (Figure 2.3a) with blood chromophores depict a unique maximum for the dyes (770 nm) 

compared to deoxyhemoglobin (760 nm). To assess whether signal unmixing was feasible, the PA 

signal from different concentrations of the dye in blood was analyzed and the unmixed signals of 

2-5 and 2-7 from oxygenated and deoxygenated hemoglobin were quantified (Figure 2.3b and AI-

14b,d for 2-7, Figure AI-13a and AI-14a,b for 2-5). The corresponding PA images of the samples 

(Figure 2.3c for 2-7, Figure AI-13b for 2-5) depict the change in intensity over the concentration 

series and the limits of detection (using Equation AI-3) were calculated to be 35 µM and 18 µM 

for 2-5 and 2-7, respectively. 

 

Figure 2.3. Photoacoustic signal analysis of 2-7 in whole murine blood: a. Normalized PA spectra 
of 2-5 and 2-7 (50 µM in 10% ethanol in saline) overlaid with the spectra of blood chromophores; 
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oxygenated and deoxygenated hemoglobin. b. Analysis of the PA average signal of 2-7 unmixed 
from blood, as a function of concentration. c. Corresponding unmixed PA images of the samples 
in the PA phantom. Red= oxygenated hemoglobin, blue= deoxygenated hemoglobin, green= 2-7. 

 

2.2.3 Hydroxyapatite (HA) Binding Assay  
 

BPs are widely recognized for their high affinity to HA; a calcium-containing mineral 

present during bone remodelling and at sites of pathological calcification.1,35 An established in 

vitro binding assay was used to evaluate the ability of the dyes to bind HA in the presence or 

absence of the BP targeting vector, where both active and pre-targeting strategies were tested.36 

Absorbance measurements of the supernatant were taken after incubation with HA and were used 

to calculate the percent binding through comparison with the supernatant of a control sample 

without HA (Equation AI-4). In contrast to the low percent binding exhibited by the non-targeted 

dye, 2-5 (1 ± 1%), the pre-coupled, actively targeted dye, 2-7, demonstrated significant BP-specific 

binding (62 ± 6 %, P= 0.005) (Figure 2.4a). Similarly, a high percentage of BP-specific binding 

was observed using the pre-targeting approach (55 ± 3%, where P< 0.001), where the addition of 

2-5 took place 1 hour after incubation of the HA with 2-6, to form 2-7 in vitro (Figure 2.4a).  

To further demonstrate the interaction between HA and the BP-conjugates, the HA pellets 

were collected and washed from the described samples, and PA images were taken of the 

resuspended pellets (Figure 2.4b,c). There were no significant differences between the HA pellets 

incubated with the vehicle control (50 mM Tris buffer with HA) (0.44 ± 0.2 a.u.) and 2-5 (0.29 ± 

0.04 a.u.), but significant increases in PA signal on the HA pellets were observed when active (6.23 

± 0.3 a.u., P= 0.02) and pre-targeting (5.57 ± 1.7 a.u., where P< 0.001) strategies were used 

(Figure 2.4b).  
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Figure 2.4. Data from a hydroxyapatite binding assay involving 2-5 and 2-7: a. Percent binding 
of the dyes to HA, based on absorbance maximum (𝝀𝒎𝒂𝒙= 770 nm) of the supernatant. b. PA 
average signal of the washed HA pellet at 𝝀𝒎𝒂𝒙= 770 nm. c. Corresponding PA images of the 
suspended pellets in PA phantom. (AT: actively targeted, PT: pre-targeted). Vehicle = Tris Buffer. 

 

2.2.4 Photoacoustic Imaging of Bone using an Intrafemorally Administered Active 
Targeting Approach  
 

Bone tissue is under constant reconstruction to regulate blood mineral concentrations and 

remodel bones during periods of growth.30 As a result, the mineral HA is largely available on bone, 

and notably around highly strained joints, such as the knee, enabling the use of healthy mice as an 

in vivo model to verify target affinity. Prior to IV injection, IF injection was used to assess the 

ability of the modified dyes to bind to and be retained at the bone in vivo, while eliminating the 

pharmacokinetic variables associated with IV administration.  

Throughout each in vivo imaging study, 3D multiwavelength unmixing scans and Spectro 

scans were performed, as outlined in the ‘in vivo photoacoustic imaging studies’ section of the 

methods and materials. Multiwavelength unmixing scans are used for 3D image rendering while 
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Spectro scans are used to generate spectral plots for secondary verification that the PA signal 

originating from the bone matches that of the expected signature of the dye.  

3D multiwavelength unmixing scans were acquired pre-injection, to establish background 

signal, and at 4-, 24-, and 48-hours post-injection (h P.I.), as well as ex vivo, following IF 

administration of 2-5 or 2-7 (Figure 2.5a) In vivo spectral analysis was performed pre-injection 

and at 24 h P.I. (Figure 2.5b,c). Finally, the spectrally unmixed signals of 2-5 and 2-7, from the 

3D multiwavelength unmixing scans were quantified using 3D regions of interest (ROI) drawn 

over the femur and joint (Figure 2.5d) (see Figure AI-15 for an example of the 3D ROIs used). 

No significant differences were observed between the signal intensities, or the spectral 

signatures acquired from the pre-and post-injection scans of mice treated with 2-5 (Figure 2.5a-

c). Meanwhile, significant differences in the PA average signals were observed between pre-

injection (0.020 ± 0.003 a.u.), 4 h P.I. (0.23 ± 0.11 a.u., where P ≤ 0.03 compared to pre-injection 

signal) and 24 h P.I. (0.27 ± 0.09 a.u., where P ≤ 0.006 compared to pre-injection signal) of the 

mice treated with 2-7. A spectral signature, matching that of 2-7 was acquired 24 h P.I., which 

verified the detected PA signal. The differences in mice treated with 2-5 (0.04 ± 0.01 a.u. at 4 h 

P.I., and 0.03 ± 0.01 a.u. at 24 h P.I.) and 2-7 (0.23 ± 0.11 a.u at 4 h P.I., and 0.27 ± 0.09 a.u. at 24 

h P.I.) were significant with  P ≤ 0.03 and P ≤ 0.006 at 4 and 24 h P.I. respectively. The PA signal 

of 2-7 at 48 h P.I. (0.16 ± 0.08 a.u.) was no longer found to be statistically significant compared 

with the pre-injection scan or with mice treated with 2-5, likely due to wash-out of the dye. The 

specificity of the bone-targeted dye 2-7 compared to its non-targeted counterpart 2-5 was 

demonstrated through the spectrally verified PA signal observed in Figure 2.5a-c, and after 

quantitative analysis of the signal (Figure 2.5d). The results indicated that a wash-out of 2-5 likely 
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took place before the 4 h imaging time point while the retention of 2-7 was quantitatively 

maintained out to 24 h P.I., after which, a drop in the PA signal was observed 48 h P.I. 

 

Figure 2.5. Photoacoustic imaging of bone using an intrafemorally (IF) administered active 
targeting approach: a. Representative PA multispectral unmixing images (in vivo pre-injection,      
4-, 24-, and 48-hours post-injection, and ex vivo) of mice injected IF with non-targeted dye 2-5 
(control) or targeted dye 2-7. b-c. Spectral analysis of the knee/epiphysis of the femur of treated 
mice, pre-injection & 24 hours post-injection. ROIs drawn over the bone (white) in the unmixed 
Spectro scans in b indicate the signal from which the spectral curves in c were derived. d. Bar 
graph representing the quantified 3D PA average signal within the bone of the mice throughout the 
study. For all multiwavelength unmixing scans, greyscale= US images overlaid with unmixed PA 
signal, where green= 2-5 or 2-7. The signals from oxygenated and deoxygenated hemoglobin have 
been subtracted from each image. 

2.2.5 Photoacoustic Imaging of Bone Using a Systemic, Active Targeting Approach 
 

To determine whether active bone-targeting of the dye could be achieved through systemic 

circulation, the control dye 2-5 and bone-targeted dye 2-7 were administered IV and photoacoustic 

analysis of the bone was carried out 4 h P.I. (Figure 2.6). Although a non-negligible PA signal was 

present in the scans of mice treated with 2-5, above the background signal (0.05 ± 0.01 a.u., and 

0.02 ± 0.01 a.u., respectively, where P ≤ 0.03), the signal detected in mice treated with 2-7 was 
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found to be statistically significant above both background and the control group (0.18 ± 0.02 a.u., 

where P < 0.001 and P < 0.0001, respectively). Ex vivo images (Figure 2.6a) demonstrated a 

difference in the signal intensity between the groups and confirmed that 2-7 had localized to the 

bone. The spectral signature of the in vivo signal (Figure 2.6b-c) was found to match the expected 

spectral signature of the exogenous dye in the mice treated with 2-7, while the signal in the control 

scans matched the background signal. The non-specific signal was likely due to residually 

circulating dye and demonstrated the ability of the BP-bound dye to localize to bone and bind to 

HA, following systemic circulation.  

 

Figure 2.6. Photoacoustic imaging of bone using a systemic, active targeting approach: a. 
Representative PA multispectral unmixing images (in vivo pre-injection, 4 hours post-injection, 
and ex vivo) of mice injected IV with non-targeted dye 2-5 (control) or targeted dye 2-7. b-c. 
Spectral analysis of the knee/epiphysis of the femur of treated mice, pre-injection & 4 hours post-
injection. ROIs drawn over the bone (white) in the unmixed Spectro scans in b indicate the signal 
from which the spectral curves in c were derived. d. Bar graph representing the quantified 3D PA 
average signal within the bone of the mice throughout the study. For all multiwavelength unmixing 
scans, greyscale= US images overlaid with unmixed PA signal, where green= 2-5 or 2-7 and signals 
from oxygenated and deoxygenated hemoglobin have been subtracted from each image. 
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2.2.6 Photoacoustic Imaging of Bone using a Systemic, Pre-Targeting Approach 
 

The design of the probe incorporated Tz and TCO moieties, a bioorthogonal coupling pair 

that has been well characterized in the literature and used for in vivo pre-targeting.37–39 In this 

approach, a diagnostic probe is administered at a pre-determined time after administration of a 

targeting vector, and the components are allowed to couple in vivo.  

While BPs have been generally recognized as safe drugs, following routine clinical use, 

acute liver damage has been reported on several occasions.40–44 Pharmacokinetic changes due to 

structural alterations to BPs can result in increased off-target organ and liver uptake. In a previous 

report that employed a functionalized tetrazine coupled to 2-6 for active bone targeting, an 

increased propensity for particulate formation was observed, which resulted in higher liver, spleen, 

and lung uptake of the actively targeted probe.45 However, it was observed that pre-targeting the 

probe led to a reduction in uptake for these organs. The tendency for heptamethine cyanine dyes 

to aggregate in aqueous media, leading to liver accumulations, has been well discussed in the 

literature.46,47 A solubility analysis, utilizing absorbance spectra of 2-5 and 2-7 at an extended 

concentration of 100 µM, demonstrated an increase in aggregate formation (675 nm) of the dye 

after the addition of 2-6 (Figure AI-16). Avoiding particulate formation using a pre-targeting 

strategy became a compelling alternative for PA bone imaging, without increasing the potential for 

liver accumulation and toxicity. Previous reports have demonstrated that after 1 hour, 99mTc-labeled 

2-6 was predominantly cleared from the blood and significant uptake of the tracer was achieved in 

the bone.28 The interval between the injection of the targeting vector (either vehicle control or 2-

6) and the PA dye (2-5) was therefore maintained at 1 hour.  

Mice were split into a non-targeted control group and a pre-targeting group, where saline 

or 2-6, respectively, were administered IV 1 h before the injection of 2-5. In vivo and ex vivo 
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photoacoustic analysis was carried out pre-injection, to establish a background signal, and at 4 h 

P.I. of IV-administered 2-5 (Figure 2.7a-c). Signal quantification (Figure 2.7d) showed that a 

statistically significant signal, above background (0.026 ± 0.002 a.u.), was observed in the control 

group (0.058 ± 0.004 a.u., where P= 0.02) and the pre-targeting group 4 h P.I. (0.102 ± 0.011 a.u., 

where P< 0.001). The signal present in the pre-targeting group remained significantly higher in 

comparison to the control group (where P= 0.001) at 4 h P.I. At 24 h P.I. the non-targeted control 

(0.036 ± 0.005 a.u.) was found to be insignificant with respect to the background signal, 

meanwhile, the significant signal in the pre-targeting group was retained (0.073 ± 0.009 a.u., where 

P< 0.001). Ex vivo analysis of the bone supported these findings, and the spectral signature of the 

in vivo signal (Figure 2.7b-c) was found to match the expected spectral signature of the exogenous 

dye in the pre-targeting group at both time points P.I., while the signal in the control group did not 

differ from the pre-injection background signal by 24 h P.I. The significant differences in the 

quantified PA signal of the pre-targeting group compared to the background and control group 

demonstrated the maintained bioorthogonal reaction post-target binding of 2-6 and post-in vivo 

circulation of 2-5. 
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Figure 2.7. Photoacoustic imaging of bone using a systemic, pre-targeting approach: a. 
Representative PA multispectral unmixing images (in vivo pre-injection, 4 h P.I., 24 h P.I., and ex 
vivo) of mice injected IV with dye 2-5. The dye was delivered to the bone using a pre-targeting 
approach where sterile saline (control group) or 2-6 (pre-targeted group), were injected 1 hour 
before injection of 2-5. b-c. Spectral analysis of the knee/epiphysis of the femur of treated mice, 
pre-injection, 4 and 24 h P.I. of 2-5. ROIs drawn over the bone (white) in the unmixed Spectro 
scans in b indicate the signal from which the spectral curves in c were derived. d. Bar graph 
representing the quantified 3D PA average signal within the bone of the mice throughout the study. 
For all multiwavelength unmixing scans, greyscale= US images overlaid with unmixed PA signal, 
where green= 2-5. The signals from oxygenated and deoxygenated hemoglobin have been 
subtracted from each image. 

 

2.3 Conclusion: 
 

Compound 2-5 is a new near-infrared dye that can be readily derivatized with a BP using 

the highly efficient reaction between tetrazine and trans-cyclooctene. The photophysical properties 

and PA signal analysis of 2-5 and the BP-conjugate, 2-7, were suitable for both in vitro and in vivo 

PAI. The ability of 2-7 to bind HA compared to 2-5, was demonstrated in vitro using both active 

and pre-targeting approaches. Subsequently, three different injection strategies were employed to 

assess the ability of the probe to localize and be retained at sites of active bone metabolism in vivo. 

IF injections demonstrated the specificity of the probe towards bone by showing retention of 2-7 

out to 24 h P.I. and washout of 2-5 dye by 4 h P.I. Previous therapeutic studies have been reported 

on light-assisted phototherapies for bone.48 Anchoring BP-derived dyes, such as 2-7, to bone/joint 

through I.F, or intraarticular injections could provide an approach to administering high 

concentrations of photothermally active dyes to the bone for therapeutic purposes. Further in vivo 

studies demonstrated IV active and pre-targeting approaches could be used to deliver the dye to 

regions of active bone turnover for non-invasive imaging. While active targeting resulted in higher 

bone uptake at 4 h P.I., both active and pre-targeting exhibited significant uptake and retention of 

the targeted dyes at the bone, where high-intensity contrast was achieved for imaging. Spectral 

analysis of the observed in vivo signal in the knee joint/femur further confirmed the presence of 
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dye within the bone. Further optimization of the pre-targeting strategy may be possible by 

adjusting the ratio of tetrazine to TCO compounds, exploring additional time points, and 

alternative diene and dienophile coupling partners with increased reactivity.29 To the best of our 

knowledge, this study is one of the first reports on the use of in vivo bioorthogonal chemistry 

towards pre-targeting a PIP, which could have wide-ranging applications in PAI to mitigate 

aggregation tendencies of directly functionalized small molecule dyes. The results warrant further 

studies to assess osseous diseases, including cancer and osteomyelitis, in non-rodent mammalian 

species. 

2.4 Methods & Materials: 
 

General Materials, Instrumentation, & Methods. Unless otherwise noted, all reagents 

and solvents were ACS grade, purchased from commercial suppliers, and used without further 

purification. CHT™ Ceramic Hydroxyapatite Type 1 (1570020) was purchased from BioRad. (E)-

Cyclooct-4-enyl-2,5-dioxopyrrolidin-1-yl-carbonate (TCO-NHS) and 4-(1,2,4,5-tetrazine-3-

yl)phenyl)methanamine hydrochloride (2-4) were purchased from Conju-Probe (San Diego, CA). 

TCOBP (2-6) was prepared according to literature methods. Distilled water was used for all 

experiments requiring the use of water. Deuterated solvents for NMR samples were purchased 

from Cambridge Isotope Laboratories. All compounds are > 95% pure by HPLC analysis. 

 Nuclear magnetic resonance (NMR) spectra (1H, 13C) were recorded on a Bruker AV600 

MHz spectrometer at ambient temperature. Mass spectrometry analyses were provided by the 

McMaster Regional Center for Mass Spectrometry on an Agilent 6340 Ion Trap LC/MS mass 

spectrometer operating in electrospray ionization (ES) mode. High-resolution mass spectrometry 

(HRMS) was collected on a Waters/Micromass Q-Tof Global Ultima spectrometer. Melting points 

were analyzed on DigiMelt, SRS (MPQ160) Apparatus. Absorbance and fluorescence scans were 

collected on a Tecan Infinite M1000 plate reader using Corning 96-well black, clear bottom plates 

(non-treated surface) (Corning 3631). High-performance liquid chromatography (HPLC) was 
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performed on a Waters Autopurification SFO Binary HPLC system connected to a 2998 

photodiode array detector monitoring at 700 nm. Analytical HPLC was performed using an 

XSelect CSH C18, 5 µm column, operating at a flow rate of 1 mL/min. Solvents were evaporated 

using reduced pressure with a rotary evaporator. Compounds were dried using a VirTis Benchtop 

lyophilizer equipped with an Edwards RV5 pump. Unless otherwise stated, all flash 

chromatography purifications were carried out on a CombiFlash®Rf+.  

 

HPLC Method A: Solvent A: Water + 0.1% formic acid (FA), Solvent B: Acetonitrile + 

0.1% FA. 0-2 min 90% A, 2-5 min 90-40% A, 5-7 min 40% A, 7-13 min 40-20% A, 13-15 min 

20% A. 

 

CombiFlash®Rf+ Method A: Using the Prep HPLC Column: C18Aq Dimensions: 30 

mm x 150 mm 5µm. Solvent A: Acetonitrile, Solvent B: Water. 1-10 min 100% B, 10-20 min 100-

70% B, 20-30 min 70% B, 30-40 min 70-50% B, 40-50 min 50% B. 

 

Synthesis of IR783-Carboxylic Acid (2-3): To a round bottom flask, equipped with a 

magnetic stir bar, commercially available IR-783 (2-1) (0.25 g, 0.33 mmol), 4-

carboxyphenylboronic acid (2-2) (0.110 g, 0.66 mmol), cesium carbonate (0.055 g, 50 mol%), and 

Tetrakis(triphenylphosphine) palladium(0) (0.035 g, 8 mol%) were added and dissolved in 25 mL 

of water. The mixture was stirred under reflux (100˚C) for 4 hours then filtered through a pad of 

celite and washed with water. CombiFlash®Rf+ purification of the material (dissolved in 4 mL of 

water) was carried out using the CombiFlash®Rf+ Method A. 0.18 g of green solid (65% yield) 

was yielded after purification and subsequent lyophilization. mp. 196-198 ˚C. HPLC (method A, 

UV 700 nm) tr= 14.8 min. HRMS (ESI-) m/z calculated for C45H52N2O8S2: 811.3103 [M-H]-, 

found 811.3082, 405.151 [M-2H]2-, found 405.1502. 1H NMR (600 MHz, CD3OD) δ= 8.235 (d, 

J=6.84 Hz, 2H), 7.34 (dt, J=6.42, 0.84 Hz, 2H), 7.31 (t, J=6.84 Hz, 4H), 7.255 (d, J=6.72 Hz, 2H), 

7.25 (d, J=12 Hz, 2H), 7.16 (t, J=13.08 Hz, 2H), 6.23 (d, J=12 Hz, 2H), 4.11 (t, J=5.88 Hz, 4H), 

2.88 (t, J=6.18 Hz, 4H), 2.75 (t, J=5.22 Hz, 4H), 2.065 (q, J=5.34, 2H), 1.97-1.89 (m, 8H), 1.18 (s, 

12H) ppm; 13C NMR (150 MHz, CD3OD) δ= 173.5, 172.3, 167.5, 163.4, 159.7, 149.7, 143.9, 

143.8, 142.4, 136.5, 134.3, 132.8, 131.3, 131.1, 131, 130.7, 129.9, 129.8, 128.1, 126.1, 123.5, 112, 

101.2, 56, 52, 50.1, 49.7, 44.9, 44.2, 43.9, 28.1, 27.3, 25.8, 23.8, 22.7, 12.3 ppm. 
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Synthesis of IR783-Tz (2-5): To a dry microwave vial equipped with a magnetic stir bar, 

compound 2-3 (0.035 g, 0.042 mmol), PyBOP (0.048 g, 0.097 mmol) and N,N-

diisopropylethylamine (DIPEA) (0.015 mL, 0.084 mmol) were added. The vial was capped, and a 

nitrogen atmosphere was induced. The mixture was dissolved in 2.5 mL of DMF. In a separate, 

dry microwave vial, tetrazine amine HCl salt (4-(1,2,4,5-Tetrazin-3-yl)phenyl)methanamine) (2-

4) (0.013 g, 0.061 mmol) was added and dissolved in 2.5 mL of anhydrous DMF once the vial was 

capped and under nitrogen. Once fully dissolved, the tetrazine amine solution was added dropwise 

to the vial containing the reaction mixture. The reaction was shielded from light and left to stir at 

room temperature for 24 hours. The mixture was filtered through a pad of celite, washed with 

water, and the solvent was evaporated. CombiFlash®Rf+ purification of the material (dissolved in 

2 mL of water) was carried out using the CombiFlash®Rf+ Method A. Upon lyophilization, 0.025 

g of green solid was obtained (62% yield). mp. 171-173 ˚C. HPLC (method A, UV 700 nm) tr= 

14.9 min. HRMS (ESI-) m/z calculated for C54H59N7O7S2: 980.3798 [M-H]-, found 980.3851. 1H 

NMR (600 MHz, CD3OD) δ= 10.38 (s, 1H), 8.645 (dt, J=8.46, 1.74 Hz, 2H), 8.19 (d, J= 8.22 Hz, 

2H), 7.725 (d, J=8.52 Hz, 2H), 7.405 (d, J=8.22 Hz, 2H), 7.34 (dt, J=7.95, 1.02 Hz, 2H), 7.32 (d, 

J=7.5 Hz, 2 H), 7.265 (d, J=7.92 Hz, 2H), 7.20 (d, J=14.04 Hz, 2H), 7.165 (t, J=7.44 Hz, 2H), 6.24 

(d, J=13.98 Hz, 2H), 4.81 (s, 2H), 4.12 (t, J=6.9 Hz, 4H), 2.875 (t, J=7.32 Hz, 4H), 2.75 (t, J=5.94 

Hz, 4H), 2.06 (q, J=5.88 Hz, 2H), 1.97-1.87 (m, 8H), 1.18 (s, 12H) ppm; 13C NMR (150 MHz, 

CD3OD) δ=173.5, 169.2, 167.8, 162.5, 159.5, 149.4, 146.0, 144.7, 142.3, 135.4, 132.9, 132.6, 

131.4, 129.9, 129.8, 129.6, 129.0, 126.2, 123.5, 112.1, 101.4, 52.0, 50.1, 50.0, 49.7, 44.9, 44.6, 

28.2, 27.4, 25.8, 23.7, 22.7 ppm. 

 

Synthesis of IR783-BP (2-7): A solution of 2-6 (3.3 molar equivalents) in 0.9% w/v saline 

was added to a solution of 5 (1 molar equivalent) in 10% ethanol/0.9% w/v saline. For each study, 

the material was reacted for a minimum of 1 hour before use and diluted to the desired 

concentration using 10% ethanol/0.9% w/v saline. Confirmation of product formation was carried 

out by HPLC and HRMS. HPLC (method A, UV 700 nm) tr= 15 min. (AI-9) HRMS (ESI) m/z 

calculated for C67H84N6O16P2S2: 1353.4788 [M-H]-, found 1353.4785, 676.2357 [M-2H]2-, found 

676.2351 (AI-10, 1375.4430 and 1398.4348 are the product with 1 or 2 sodium counter ions, 

respectively). 
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Absorption & Emission Spectra: Compounds 2-5 and 2-7 were formulated in 10% 

ethanol in 0.9% w/v saline to create stock solutions, from which various concentrations, including 

0.5, 1, 2.5, 5, 10, and 20 µM, were prepared through dilution with the neat solvent. The samples, 

including neat solvent for blank subtraction, were aliquoted, in triplicate, into a 96 well plate and 

the absorption (600-950 nm) and emission (excitation at 736 nm, emission from 746-850 nm) 

spectra were collected on a Tecan Infinite M1000 plate reader. Absorption coefficients and 

quantum yields were calculated using procedures that can be found in AI-1: Supporting Methods. 

 

Photoacoustic Phantom Imaging: PA phantom work was performed using a Vevo 

Phantom imaging chamber (see Figure AI-17) and the Vevo-3100/LAZR-X (FUJIFILM 

VisualSonics, Inc., Toronto, ON, Canada) imaging system equipped with a 680-970 nm laser. 

Samples were injected into Vevo Contrast Agent Phantom tubing (PN52807) that was threaded 

into the Vevo Phantom chamber. A 30 MHz, linear array US transducer equipped with integrated 

fibre optic cables (MX400 and LZ-400 [15-30 mJ (cm3)-1], FUJIFILM VisualSonics, Inc., Toronto, 

ON, Canada) was positioned overtop of the tubes.  

Spectral analysis was performed using ‘Spectro’ scans, where the PA signal of a 2D, x,y-

cross-section of a sample is quantified at each wavelength (690-970 nm) and is used to plot the 

spectral curve or ‘spectral signature’ from a defined ROI. From this, the signal intensity of the 

chromophore of interest can be quantified by the signal unmixing algorithm utilized in the 

VevoLAB software (VisualSonics, Inc., Toronto, ON, Canada). The 2D multispectral unmixing 

scans (oxygenated and deoxygenated hemoglobin unmixed from the spectra of 2-5 and 2-7) were 

taken for each material in triplicate. Signals generated at 680, 700, 734, 778, 810, and 924 nm were 

utilized in the signal unmixing algorithm. Images from the multiwavelength unmixing scans have 

been displayed using the render mode with the PA signal overlaid on US B-mode (greyscale) signal 

of a cross-section of tubing. All image processing was carried out using the VevoLAB software. A 

ROI was drawn around the US image of the tube and, using ROIs of the same size and shape, a 

spectrum was generated from the overlaid PA signal. From the generated spectrum, the PA signal 

intensity was derived from each sample for analysis. 
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 PA signal analysis of 2-5 and 2-7: Stock concentrations of 2-5 and 2-7 (1 mM, formulated 

in 10% ethanol in 0.9% w/v saline) were used to prepare various concentrations of material, 

including 2.5, 5, 10, 20, 50 and 100 µM, diluted using the specified solvent. A series of samples 

were also diluted using whole murine blood (mixed with 10% EDTA in PBS). To ensure the same 

level of interference from blood chromophores was maintained throughout the study, each 

concentration was prepared by adding the appropriate amount of stock solution and solvent to 

reach 20 µL. Solutions were then further diluted with 180 µL of blood. All concentrations and 

blank controls of the specified solvent and blood (180 µL diluted with 20 µL of solvent) were then 

analyzed on the Vevo-3100/LAZR-X. 

 

Active & Pre-Targeting Hydroxyapatite Binding Assay: 1.24 mL of HA (1 mg mL-1) in 

50 mM Tris buffer (pH 6.9) was combined with 310 µL of 2-5 (100 µM in 1% Tween80 10% 

ethanol in 0.9% w/v saline) as a negative control, 39.8 µL of 2-6 (2.49 mM in 0.9% w/v saline) for 

pre-targeting, or 2-7 (100 µM in 1% Tween80 10% ethanol in 0.9% w/v saline) for active targeting. 

Negative controls consisting of each article in 50 mM Tris (pH 6.9) without the addition of HA 

were used. After 1 hour of agitation at room temperature, 310 µL of 2-5 (100 µM in 1% Tween80 

10% ethanol in 0.9% w/v saline) was added to the vial of 2-6 and the sample was agitated at room 

temperature for an additional 1 hour. Each sample was then centrifuged at 10, 000 rpm for 5 mins 

to precipitate the HA. An aliquot (200 µL) of the supernatants was transferred to a 96-well plate 

and the absorbance at 770 nm was recorded. Each experiment was performed in triplicate and 

percent binding was calculated using Equation AI-4. Following analysis of the supernatant, the 

HA pellet was washed with 1 mL of buffer and resuspended in 1 mL of buffer and vortexed. An 

aliquot of the resuspended HA pellets was loaded into the phantom tubing that was threaded into 

the Vevo Phantom chamber and Spectro scans were taken in triplicate. Using the system's signal 

unmixing algorithm, the signal from the dye was quantified using ROIs of the same size. 

 

Animal Studies: All procedures were conducted according to the guidelines of the 

Committee for Research and Ethics Issues of the International Association for the Study of Pain, 

and guidelines established by the Canadian Council on Animal Care and the McMaster University 

Animal Research Ethics Board. In each animal study 7-10 week-old female BALB/c mice (Charles 

River Laboratories, Raleigh, NC), weighing around 20 g, were used. The mice were sterile housed 
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and maintained at 21 ˚C with a 12-hour light/dark cycle and were provided autoclaved food and 

water ad libitum.  

 

In Vivo Photoacoustic Imaging Studies: PAI was performed using the Vevo-3100/LAZR-

X imaging system. Mice were anesthetized, and the fur of their right hindlimb was thoroughly 

removed before being placed in a prone position on a platform that enabled the monitoring of their 

respiration and heart rates. A generous amount of US gel was applied before imaging with the 

transducer (MX400/LX400) positioned overtop of the leg. Spectro scans and 3D multispectral 

unmixing scans of each right hindlimb were taken at each imaging time point.  The transducer was 

positioned laterally overtop of the hindlimb, corresponding with the femur, knee, and fibula. Scan 

distances averaged 20 mm and scans were taken every 0.33 mm.  

3D multiwavelength unmixing scans were performed to construct images depicting dye-

specific PA signal present within the hindlimb. Designated wavelengths (680, 700, 734, 778, 810, 

and 924 nm), based on notable signals generated within individual chromophore spectra 

(oxygenated and deoxygenated hemoglobin, 2-5, and 2-7), were used by the Vevo-3100/LAZR-X 

unmixing algorithm. The series of 2D cross-sectional scans collected were then reconstructed by 

the instrument into a 3D image, where the signals from each chromophore are assigned a colour 

and overlaid onto a b-mode ultrasound scan. The scans are displayed as either render mode or 

texture mapping images where the PA signal is overlaid on US B-mode (greyscale) signal for 

sections of the hindlimb. Signals from oxygenated and deoxygenated hemoglobin were subtracted 

from the images to reduce visual complexity. All signal unmixing algorithms and image processing 

was carried out using the VevoLAB software. Image processing consisted of signal optimization, 

with parameters set the same for each image within the study. Images were displayed as 2D cross-

sections of the 3D images or as 3D rendered maximum intensity projections. 3D regions of interest 

were drawn around the bone, guided by the intrinsic acoustic shadow created by bone in the US 

images, and were defined from below the knee to the upper portion of the femur (as depicted in 

AI-16). An approximate volume of 30 mm3 was used for each measurement.  

In vivo spectral analysis was performed using ‘Spectro’ scans (as described in the 

“Photoacoustic Phantom Imaging’ section) and was used to verify whether the spectral signature 

of the in vivo signal matched that of the exogenous dye. The US signal was used as a guide to 

define the ROI specifically around the bone. The ROI used for each spectral curve was displayed 
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in a multiwavelength unmixing scan (oxygenated and deoxygenated hemoglobin unmixed from 2-

5 or 2-7) derived from the Spectro scan. 

 

Photoacoustic Imaging of Bone using an Intrafemorally (IF) Administered Active 

Targeting Approach: 10 healthy mice were imaged, as described in the section titled ‘In Vivo 

Photoacoustic Imaging Studies’, on the Vevo-3100/LAZR X, pre-injection, 4-, 24- and 48-hours 

post-injection, and ex vivo. Following a procedure outlined by Yazdani, et al.49, mice were injected 

intrafemorally with 5 µL of 2-5 (0.25 mM) or 2-7 (which was prepared 1 h prior to injection by 

mixing 0.25 mM 2-5 with 3.74 mM of 2-6) formulated in 10% ethanol/0.9% w/v saline. To detail, 

mice were anesthetized by isoflurane inhalation and injected subcutaneously with analgesic 

(Temgesic 0.1 mg kg-1, McMaster University Central Animal Facility). Mice were laid supine with 

the ipsilateral stifle joint bent at 90° to provide clearance of the patella. A 26-gauge needle was 

then inserted between the medial and lateral condyles of the distal epiphysis parallel to the 

longitudinal axis of the femur to penetrate the cortical bone and enter the epiphysis. The dye 

solution was injected over 30 seconds. To mitigate post-surgery pain, 0.1 mg kg-1 Temgesic was 

administered every 12 hours for the course of the study. Animals tolerated surgery and 

administration of the PIPs well and no observable changes in behaviour or weight were noted 

throughout the study. Ex vivo images of the bone were taken using a phantom chamber. 

 

Photoacoustic Imaging of Bone using a Systemic, Active Targeting Approach: 6 mice 

were imaged, as described in the section titled ‘In Vivo Photoacoustic Imaging Studies’, on the 

Vevo-3100/LAZR X, pre-injection, 4 hours post-injection, and ex vivo. 2-7 was prepared using a 

molar equivalence of 1:3.3 of compounds 2-5 and 2-6. This formulation utilized our approved 

upper limit of 20 mg/kg for 2-6 and l5 mg/kg of 2-5, which was based on literature-recommended 

dosing of a similar dye, indocyanine green, in rats (16 mg/kg, I.V. administration).50 The mice were 

injected intravenously with 200 µL of either 2-5 (15 mg kg-1 or 1.5 mM, n=3) or 2-7 (which was 

prepared 1 h prior to injection by mixing 15 mg kg-1 or 1.5 mM of 2-5 and 20 mg kg-1 or 5 mM of 

2-6, n=3) formulated in 10% ethanol/0.9% w/v saline. Animals tolerated administration of the PIPs 

well and no observable changes in behaviour or weight were noted throughout the study. Ex vivo 

images of the bone were taken using a phantom chamber. 
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Photoacoustic Imaging of 2-5 & 2-7 using a Systemic, Pre-Targeting Approach: 7-8 

mice were imaged, as described in the section titled ‘In Vivo Photoacoustic Imaging Studies’, on 

the Vevo-3100/LAZR X, pre-injection, 4 and 24 h post-injection, and ex vivo. With the improved 

solubility of 2-5 over 2-7, and to increase the probability of the in vivo reaction occurring between 

2-5 and 2-6, we were able to increase the molar ratio to 1:2.5 of compounds 2-5 and 2-6, which 

was the upper limit of our approved dosing for 2-5 (20 mg/kg). The mice were injected 

intravenously with 50 µL of either 0.9% w/v sterile saline (n=4) or 2-6 (20 mg kg-1 or 20 mM in 

0.9% w/v sterile saline) (n=4). 1 h post-injection, all mice were injected with 150 µL of 2-5 (20 

mg kg-1 or 2.65 mM formulated in 10% ethanol in 0.9% w/v sterile saline). Animals tolerated 

administration of the PIPs well and no observable changes in behaviour or weight were noted 

throughout the study.  Ex vivo images of the bone were taken using a phantom chamber. 

 

2.4.5 Statistical Analyses 

Data are reported as mean ± standard error of the mean (SEM). Concentration and 

hydroxyapatite binding data were analyzed by one-way analysis of variance (ANOVA). 

Differences between test groups and control were assessed using Dunnett’s Multiple Comparison 

Test on GraphPad Prism version 9 (GraphPad Software, San Diego, CA). Each experiment was 

performed and validated at least 3 times. In vivo PAI data were analyzed using a two-way ANOVA. 

The Tukey Test on GraphPad was used to assess the differences between the test and control 

groups. Statistical significance was established using * P≤ 0.05; **P≤ 0.01; *** P≤ 0.001 vs. 

control or appropriate diluent. 

 

Ancillary Information: Supporting data are available in Appendix I: methods & 

calculations for molar absorptivity, fluorescence quantum yield, and hydroxyapatite percent 

binding; HPLC, HRMS, and 1H & 13C-NMR data of all compounds; Absorbance & photoacoustic 

signal characterizations for 2-5, available under Appendix I. 
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Chapter 3 : Applying Photoacoustic Imaging for the Detection of Bacterial 
Infection 
 
3.0 The Current Landscape of Bacterial Infection Diagnostics 
 

Bacterial infection occurs when an exogenous strain of bacteria invades a host organism, 

eliciting an immune response aimed at controlling and inhibiting proliferation.1 With the advent 

of antimicrobial agents into mainstream medicine death and serious disease complications, 

resulting from bacterial infection, have been significantly reduced. However, the widespread 

misuse of antibiotics, characterized by over-prescription and premature discontinuation of 

treatment, has contributed to the rise of antibiotic-resistant strains of bacteria.2 Consequently, 

antimicrobial-resistant bacterial infections have become a ubiquitous source of morbidity and 

mortality in recent years and are projected to become the global leading cause of death by 2050.3 

Accurate diagnosis of early-stage bacterial infection is pivotal for effective disease management, 

enabling prompt therapeutic intervention and minimization of unnecessary antibiotic 

prescription.   

A significant clinical challenge in diagnosing bacterial infection lies in the similarity of 

outward presenting symptoms to those of sterile inflammation. This is because bacterial cells 

elicit a host immune response which activates inflammatory pathways.4  As a consequence, 

patients undergoing surgery, medical device implantation, or wound healing, concurrently exhibit 

symptoms of inflammation, making it challenging to differentiate between sterile and bacteria-

induced states based solely on outward manifestations. Furthermore, current diagnostic 

modalities for bacterial infection, including CT scans, MRI, radiographs, and ultrasonography, 

are limited by their reliance on later-stage morphological changes as indicators of infection and 

usually require supplementary verification through blood testing, invasive tissue biopsies and 
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continued symptom monitoring.5–7 These methodologies frequently overlook the heterogeneous 

nature of typical infectious lesions and pose a risk of additional contamination, emphasizing the 

urgent need for non-invasive, precision diagnostics.  

MI for diagnosing bacterial infection holds the potential to generate functional 

information capable of discerning the presence or absence of bacterial cells. Clinically used PET 

and SPECT agents, [18F]FDG and [99mTc]-radiolabeled leukocytes, have demonstrated 

heightened sensitivity compared with anatomical modalities, but have not been found to offer 

any advantage in distinguishing between sterile inflammation and bacterial infection.1,5,7 

Therefore, special attention should be placed on the targeting vector to develop highly specific 

diagnostic tools. 

The inherent bacteria-targeting properties of antimicrobial agents have prompted 

investigations into their potential for directing diagnostic tracers to bacterial cells.5,6,8,9 One such 

example, [99mTc]-labelled Ciprofloxacin, which was a clinically approved antimicrobial-

diagnostic agent, was used for some time before it was withdrawn from the market due to late 

realizations of its lack of specificity.5,6 Conversely, [99mTc]-UBI-29-41, an antimicrobial peptide 

currently undergoing clinical trials, has exhibited promise in both sensitivity and specificity for 

detecting bacterial infections.5,10–12 

Early preclinical work assessed the potential of non-specific human immunoglobulins 

(IgG) but failed to provide conclusive evidence regarding bacterial specificity.6,13 In contrast, 

antigen-specific monoclonal and polyclonal antibodies have emerged as promising candidates,6,14 

albeit concerns persist regarding their prolonged circulation times and large molecular sizes.6 

The necessity for early diagnostic intervention after infection onset underscores the potential 

drawback of utilizing long-circulating antibodies. Additionally, mature biofilms may prevent the 
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ability of the antibodies to interact with the bacteria cells.  

Pathogen-specific small molecule targeting vectors represents another promising avenue 

as their size and pharmacokinetics will not pose the same concerns as antibodies. Compounds 

such as maltodextrin and maltotriose, large sugar derivatives that are not immediately utilized by 

mammalian cells, offer intriguing prospects for localizing diagnostic tracers to bacteria cells 

without instigating drug resistance.15,16 These sugar derivatives will not enter mammalian cells 

until they are metabolized into glucose and have been found to clear quickly from healthy 

tissues. The unmetabolized derivative is taken up by maltodextrin transporters in the cell 

membrane of bacteria and is retained for extended periods of time, which provides time for 

clearance of the glucose metabolites from healthy tissues before imaging.15 Maltodextrins have 

demonstrated the ability to penetrate biofilms, rendering them highly effective in detecting more 

resilient strains of bacterial infection.15   

 Another distinguishing pathogen-specific characteristic is the net negative outer 

membrane of bacterial cells, primarily comprised of anionic phospholipids, lipoteichoic acids, 

and lipopolysaccharides.17,18 This structural feature can be exploited as a bacteria-targeting 

strategy by employing cationic molecules that engage in electrostatic interactions with the 

bacterial surface. Dipicolylamine (DPA), first reported in 1964,19 is a ligand that exhibits notable 

chelating affinity for cationic metals like zinc (II).20 Bis(zinc(II)-dipicolylamine) (ZnDPA)-based 

tracers have been successfully applied in bacterial infection imaging studies, in conjunction with 

various signalling agents, including SPECT agents indium-111, technetium-99m, and various 

small molecule fluorophores.21–24  

 Although PAI has been applied in various studies for bacteria imaging,9,16 there are 

currently no reports on the use of ZnDPA-directed PIPs. Therefore, the objective of this chapter 
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is to investigate the potential application of ZnDPA-derived PIPs for the detection of bacterial 

infections, particularly those manifesting as bacteria-induced myositis and medical device-

related infections. Furthermore, this work aims to determine whether bacterial infection imaging 

holds promise as a viable clinical application for PAI.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 

 

 

 
 



Ph.D. Thesis- R. Swann; McMaster University- Chemistry & Chemical Biology 
 

 62 

3.1 Evaluating ZnDPA-Based PIPs for Targeting Myositis 
 
3.1.1 A Versatile Platform for Developing Infection-Targeting PIPs 
 
3.1.1.1 Research Contributions 
 
 This work was performed in collaboration with several lab members. Mohamed E. El-Zaria 

and Afaf R. Genaday provided pure TCO-ZnDPA (3-1) and performed the click reaction with IRTz 

(2-5) prior to biological assessment. Pure IRTz (2-5), which was fully investigated in Chapter 2 of 

this thesis, was prepared by Rowan Swann, and all photoacoustic characterizations were carried 

out by Rowan Swann and Samantha Slikboer. In vitro and in vivo studies were performed by 

Rowan Swann, Samantha R. Slikboer, Amber Faraday and Nancy Janzen. 

 
3.1.1.2 Research Overview 
 

With the recent development of a tetrazine-derived NIR dye, 2-5,25 and access to a novel 

TCO-derived ZnDPA, produced internally, a series of studies were conducted to assess the utility 

of this biorthogonal reaction-based platform towards the development of bacterial infection-

targeted PIPs. 

 

3.1.1.3 Results & Discussion 
 
3.1.1.3.1 Synthesis: Click Reaction 
 

Compound 3-1 was combined with 2-1 to yield 3-2 (Scheme 3.1) and was confirmed by 

mass spectrometry and HPLC (AII-1 and AII-2). Analytical HPLC showed several peaks with a 

retention time between 11.9 and 14.3 min, which is characteristic of the isomeric pattern of the 

click product.26  
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Scheme 3.1. Synthesis of IRTzTCOZnDPA (3-2) from a biorthogonal click reaction between IR-
Tz (2-5) and TCO-ZnDPA (3-1). 

 
3.1.1.3.2 Photoacoustic Characterization 
 

Compound 3-2 was found to generate two PA signal maxima at 700 and 765 nm and had 

some overlap with the PA signal generated by deoxyhemoglobin (Figure 3.1a). To ensure the PA 

system could sufficiently detect the signal of 3-2 from blood, multiwavelength unmixing scans (as 

outlined in the ‘Photoacoustic Phantom Imaging’ section) of blood alone, blood with the non-

targeted dye 2-5 and the targeted dye 3-2 were performed and the images depicted the 

differentiation between each of the signals (Figure 3.1b). While the results were not quantified, a 

qualitative increase in the intensity of the green signal attributed to the dye was observed in the 

samples of blood mixed with the dyes. Additionally, a higher-intensity blue signal was also 

observed after mixing the blood with the dyes. Without quantifying these intensities, it is not 

possible to make a definite conclusion on the accuracy of signal unmixing, however, it is 

hypothesized that the overlap in the PA signal maxima of the dyes and deoxygenated hemoglobin 

may be reducing the ability of the unmixing algorithm to accurately distinguish between the 

chromophores, which could cause issues in visualizing low concentrations of the dyes in vivo. 
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Figure 3.1. Photoacoustic characterization of 3-2.Normalized PA spectra of 3-2 (50 µM in 10% 
ethanol in saline) overlaid with the spectra of blood chromophores; oxygenated and deoxygenated 
hemoglobin. b. Unmixed PA images of blood alone or mixed with 2-5 and 3-2 in the PA phantom. 
Red= oxygenated hemoglobin, blue= deoxygenated hemoglobin, green= 2-5 or 3-2.  

 
3.1.1.3.3 In Vitro Bacteria Binding Analysis of 2-5 and 3-2 using Fluorescence and 
Photoacoustic Detection 
 

To test the specificity of the targeted dye for bacteria, samples of S. aureus bacteria were 

incubated with either 3-2 or 2-5 and, after washing the pellet the fluorescence and PA spectra were 

analyzed (Figure 3.2a-b). The anticipated fluorescent and PA maxima (790 nm and 765 nm, 

respectively) were observed on the bacterial pellet. The signal remaining on the pellet incubated 

with 3-2 (1291 ±  38.19 a.u.) was found to be significantly higher than that of the pellet incubated 

with 2-5 (220.3 ± 26.27 a.u., where P < 0.0001), and a target-to-nontarget (T/NT) ratio was 

calculated at 5.86 (Figure 3.2c). The same samples were then analyzed on PA phantom (3-2: 3.79 

± 0.208 a.u., 2-5: 0.606 ± 0.073 a.u., where P < 0. 0005) and a similar T/NT ratio was calculated 

at 6.25 (Figure 3.2d). This demonstrated the specificity of 3-2 to bacteria, as compared with a 

non-targeted dye. 
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Figure 3.2. In vitro bacterial binding analysis of targeted (3-2) and non-targeted (2-5) dyes (n=3). 
a,c. Fluorescence spectrum (a), fluorescence intensity measurements (at 790 nm) (c), PA spectrum 
(b), and PA average threshold measurement (at 765 nm) (d) of washed S. aureus bacterial pellets 
incubated with 2-5 and 3-2. 

 
3.1.1.3.4 Assessing the Ability of 3-2 to Detect S. aureus-Induced Myositis, In Vivo using 
Photoacoustic Imaging 
 

The ability of 3-2 to localize to sites of bacterial infection in vivo was assessed using a 

model of S. aureus-induced myositis. 3D multiwavelength unmixing scans depicted a notable PA 

signal (green) within the infection site at 6 hrs, 12 and 18 hrs post-injection, relative to the 

background signal in a scan taken prior to injection (Figure 3.3b). This was verified by quantifying 

the PA average signal within the images (Figure 3.3c), where the signal was found to be 

significantly higher at 6 hr (0.399 ± 0.06 a.u., where P = 0.03), 12 hr (0.396 ± 0.032 a.u., where P 
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= 0.01), and 18 hr post-injection (0.353 ± 0.045 a.u., where P = 0.02), than the pre-injection 

background signal (0.055 ± 0.007). Although this initial study showed that 3-2 localized to sites of 

bacterial infection, further testing was warranted to confirm that the signal observed was specific 

to the infection site.  

 

Figure 3.3. Photoacoustic imaging of S. aureus-induced myositis using 3-2. a. Image orientation. 
b. Representative in vivo PA multispectral unmixing images (at various time points) of mice 
injected I.V. with 3-2 (1 mM, 200 µL, n=3). c. Bar graph representing the quantified 3D PA average 
signal, derived from the scans in a, within the inoculation sites of the mice throughout the study. 
For all multiwavelength unmixing scans, greyscale= US images overlaid with unmixed PA signal, 
where green= 3-2. The signal from oxygenated and deoxygenated hemoglobin has been subtracted 
from each image. 

 
 In a follow-up in vivo imaging study, bacterial myositis was induced in one hind limb while 

the other was inoculated with saline as a vehicle control of the condition. The intended goal of the 

study was to image both hind limbs pre- and 12 hr post-injection to assess whether the signal was 

present selectively in the infection site compared to the control limb. For this study, a formulation 

buffer of 10% ethanol in saline was used in place of 10% ethanol in phosphate-buffered saline 

(PBS). This change was made following instructions from a product insert of a commercially 

available Zn-DPA-fluorescent dye kit (MTTI Catalog Number: P-1001, PSVue794) that suggested 

potential target interaction issues due to the presence of the anionic phosphate in the PBS. 

However, visible aggregates of 3-2 began to precipitate out of the solution using this new 

formulation, rendering the material unsuitable for in vivo use. It is important to note that 
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aggregation of this compound was already an ongoing concern and was observed with 2-5 when 

targeted to bone with a bisphosphonate-TCO, however, the severity of the aggregates precipitating 

out of solution was not previously observed. Another potential root cause for the unsuccessful dye 

preparation was also highlighted by the product insert, which indicated a potential shelf-life of 5 

days post-zinc coordination. Momentum with this work was halted with the quarantine measures 

taken during the COVID-19 pandemic and the material allocated for this study was coordinated 

with zinc months prior to use. While it was not tested beyond this point, we believe the integrity 

of the material was compromised due to the low solubility of the material in the new formulation 

buffer in addition to the length of time that 3-1 was stored for. For these reasons, this study was 

not completed and, while the stability concerns of the zinc coordination could have been easily 

rectified by employing a 5-day shelf-life for the material, the aggregation issues warranted further 

consideration.  

In previous work with 2-5, mitigation of dye aggregation was attempted through the 

utilization of a pre-targeting strategy, where the TCO and Tz constructs were administered 

separately and anticipated to react in vivo. Although this approach was initially considered for the 

continuation of this work, limitations in the PA signal unmixing algorithm in distinguishing 

between the dye and deoxygenated hemoglobin justified a shift in focus. Hence, efforts were 

redirected toward investigating PIPs that generate PA signals at wavelengths that do not overlap 

so heavily with the predominant peaks of the blood chromophores. To initiate this next phase of 

work, the commercially available PSVue794, featuring a similar Zn-DPA targeting vector and a 

heptamethine cyanine dye that absorbs around 800 nm, was utilized, as outlined in section 3.1.2. 
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3.1.1.4 Conclusion 
 
 A novel ZnDPA-based NIR dye was synthesized and evaluated as a photoacoustic imaging 

agent for detecting bacterial infection. The dye exhibited predominate PA signals at 700 and 765 

nm, which overlapped significantly with the PA signal of deoxygenated hemoglobin. The PIP 

possessed the ability to selectively associate with bacterial cells in vitro, compared to the non-

targeted dye and initial in vivo findings demonstrated localization of the dye to sites of bacterial 

infection. However, without the proper control groups, such as a vehicle control injected muscle 

& sterile myositis, the data was not conclusive. Subsequent attempts to address this were impeded 

by severe dye aggregation. While the stability issues of the zinc-coordinated compound could be 

easily managed, the low solubility of the PIP and challenges in distinguishing the signal of dye 

from deoxyhemoglobin prompted the exploration of a commercially available ZnDPA-based NIR 

dye (discussed in Chapter 3.1.2). Further investigation in Chapter 4 focuses on designing PIPs with 

enhanced solubility and PA signal generation properties and follows a series of proof-of-concept 

studies for applying these novel PIPs for the PAI of bacterial infection. 

 

3.1.1.5 Methods & Materials 
 

General Materials & Instrumentation. Unless otherwise noted, all reagents and solvents 

were ACS grade, purchased from commercial suppliers, and used without further purification. 

Distilled water was used for all experiments requiring the use of water. 

Fluorescence scans were collected on a Tecan Infinite M1000 plate reader using Corning 

96-well, clear bottom plates (non-treated surface) (Corning 3631), PerkinElmer film was used to 

seal any plates containing bacteria cells. High-performance liquid chromatography (HPLC) was 

performed on a Waters 1525 Binary (Midford, MA), monitored simultaneously with 2998 

photodiode array detector at 200/254/700 nm and in line Bioscan (model 106) radioactivity 
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detector. Analytical HPLC of each compound was performed on a Gemini 5 µm C18 110 Å (250 

× 4.6 mm) Column (00G-443-E0, Phenomenex).  

 

HPLC Method A: Solvent A: Water + 0.1% Trifluoroacetic acid (TFA), Solvent B: 

Acetonitrile + 0.1% TFA. Gradient: 0-2 min 20% B, 2-19 min 20-80% B, 19-21 min 100% B, 21-

22 min 20% B. 

 

Synthesis of Compound 3-2: IRTz (2-5) (2 equiv.) was dissolved in acetonitrile and 

TCOZnDPA (3-1) (1 equiv.) was added. The mixture was stirred at room temperature for 5 minutes 

and then characterized by HPLC and MS. HPLC (UV 254 and 700 nm); MS (ESI+): m/z 2052.9 

[M-2Zn]+, 1027.1 [M-2Zn +2H]2+. 

 

Photoacoustic Phantom Imaging: PA phantom work was performed using a Vevo 

Phantom imaging chamber (see Figure AI-17) and the Vevo-3100/LAZR-X (FUJIFILM 

VisualSonics, Inc., Toronto, ON, Canada) imaging system equipped with a 680-970 nm laser. 

Samples were injected into Vevo Contrast Agent Phantom tubing (PN52807) that was threaded 

into the Vevo Phantom chamber. A 30 MHz, linear array US transducer equipped with integrated 

fibre optic cables (MX400 and LZ-400 [15-30 mJ(cm3)-1], FUJIFILM VisualSonics, Inc., Toronto, 

ON, Canada) was positioned overtop of the tubes.  

Spectral analysis was performed using ‘Spectro’ scans, where the PA signal of a 2D, x,y-

cross-section of a sample is quantified at each wavelength (690-970 nm) and is used to plot the 

spectral curve or ‘spectral signature’ from a defined ROI. From this, the signal intensity of the 

chromophore of interest can be quantified by the signal unmixing algorithm utilized in the 

VevoLAB software (VisualSonics, Inc., Toronto, ON, Canada). The 2D multispectral unmixing 

scans (oxygenated and deoxygenated hemoglobin unmixed from the spectra of 3-2) were taken for 

each material in triplicate. Designated wavelengths (682, 700, 730, and 924 nm), based on notable 

signals generated within individual chromophore spectra (oxygenated and deoxygenated 

hemoglobin, or 3-2), were used by the Vevo-3100/LAZR-X unmixing algorithm. Images from the 

multiwavelength unmixing scans have been displayed using the render mode with the PA signal 

overlaid on US B-mode (greyscale) signal of a cross-section of tubing. All image processing was 

carried out using the VevoLAB software. A ROI was drawn around the US image of the tube and, 
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using ROIs of the same size and shape, a spectrum was generated from the overlaid PA signal. 

From the generated spectrum, the PA signal intensity was derived from each sample for analysis. 

 

 PA Signal Analysis of 3-2: Samples of 3-2 at 50 µM in 10% ethanol in 0.9% w/v saline 

and 3-2 and both 3-2 and 2-5 at 1 mM in 10% ethanol in 0.9% w/v saline diluted to 64 µM in 

whole mouse blood (mixed with 10% EDTA in 0.9% w/v saline [0.15 g/mL]) were prepared 

alongside appropriate blank controls. The samples were injected into Vevo contrast agent phantom 

tubing and Spectro scans were taken of the material in triplicate. The data was analyzed as 

described in ‘Photoacoustic Phantom Imaging’. 

 

In Vitro Bacteria Binding of 3-2  vs 2-5 using Fluorescence and Photoacoustic 

Detection: 3-2 or 2-5 (final concentration=10 µM) were incubated with 1×109 CFU (50 µL) of S. 

aureus (ATCC; 25923) in HBSS or 50 µL HBSS, for 10 minutes in triplicate. The samples were 

washed 3 times and the pellet was resuspended in 250 µL of HBSS. 200 µL sample and 200 µL 

stock solution were transferred to a black flat clear bottom 96-well plate. A fluorescence scan (Ex= 

736 nm; Em= 746-850 nm) was performed. The fluorescence intensity at 790 nm of each sample 

was subtracted from appropriate blanks and the change in intensity was evaluated. The bacterial 

pellets were fixed with 70% Ethanol, injected (~20 µL) into Vevo contrast agent phantom tubing, 

and Spectro scans were taken of each sample (as described in the ‘Photoacoustic Phantom Imaging’ 

section). The signal intensity at 765 nm was quantified for comparison. 

 

Animal Studies: All procedures were conducted according to the guidelines of the 

Committee for Research and Ethics Issues of the International Association for the Study of Pain, 

and guidelines established by the Canadian Council on Animal Care and the McMaster University 

Animal Research Ethics Board. In each animal study 7-10 week-old female BALB/c mice (Charles 

River Laboratories, Raleigh, NC), weighing around 20 g, were used. The mice were sterile housed 

and maintained at 21 ˚C with a 12-hour light/dark cycle and were provided autoclaved food and 

water ad libitum.  

 

In Vivo Photoacoustic Imaging Studies: PAI was performed using the Vevo-3100/LAZR-

X imaging system. Mice were anesthetized, and the fur of their right hindlimb was thoroughly 
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removed before being placed in a prone position on a platform that enabled the monitoring of their 

respiration and heart rates. A generous amount of US gel was applied before imaging with the 

transducer (MX400/LX400) positioned overtop of the leg. At each imaging time point, Spectro 

scans and 3D multispectral unmixing scans were taken of each hindlimb. The transducer was 

positioned laterally overtop of the hindlimb, corresponding with the inoculation site. Scan 

distances averaged 20 mm and scans were taken every 0.33 mm.  

3D multiwavelength unmixing scans were performed to construct images depicting dye-

specific PA signal present within the hindlimb. Designated wavelengths (682, 700, 730, and 924 

nm), based on notable signals generated within individual chromophore spectra (oxygenated and 

deoxygenated hemoglobin, or 3-2), were used by the Vevo-3100/LAZR-X unmixing algorithm. 

The series of 2D cross-sectional scans collected were then reconstructed by the instrument into a 

3D image, where the signals from each chromophore are assigned a colour and overlaid onto a b-

mode ultrasound scan. The scans are displayed as either render mode or texture mapping images 

where the PA signal is overlaid on US B-mode (greyscale) signal for sections of the hindlimb. 

Signals from oxygenated and deoxygenated hemoglobin were subtracted from the images to 

reduce visual complexity. The spectrally unmixed signal of 2, in the 3D multiwavelength unmixing 

scans, was quantified using 3D regions of interest (ROI) drawn around the inoculation sites. All 

signal unmixing algorithms and image processing was carried out using the VevoLAB software. 

Image processing consisted of signal optimization, with parameters set the same for each image 

within the study. 3D regions of interest were drawn around the inoculation site. 

In vivo spectral analysis was performed using ‘Spectro’ scans (as described in the 

“Photoacoustic Phantom Imaging’ section) and was used to verify whether the spectral signature 

of the in vivo signal matched that of the exogenous dye. The ROI used for each spectral curve was 

displayed in a multiwavelength unmixing scan (oxygenated and deoxygenated hemoglobin 

unmixed from 3) derived from the Spectro scan. 

 

Assessing the Ability of 3-2 to Detect S. aureus-Induced Bacterial Infection Through 

Photoacoustic Imaging: An aliquot of S. aureus (OD600=8.43, 1×108 CFUs, 50 µL in HBSS) was 

injected intramuscularly (I.M.) on the right hindlimb. 6 hours after inoculating mice with S. aureus 

to induce bacterial infection (n=3), the mice were injected intravenously with 200 µL of 3-2 (1 

mM) and were imaged, as described in the section titled ‘In Vivo Photoacoustic Imaging Studies’, 
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on the Vevo LAZR X, pre-injection, 3-, 6-, 12-, 18-, and 21-hours post-injection. Animals were 

end-point monitors throughout the duration of each study. 

 

Statistical Analyses: Data are reported as mean ± standard error of the mean (SEM). 

Concentration and bacteria-binding data were analyzed by one-way analysis of variance 

(ANOVA). Differences between test groups and control were assessed using Dunnett’s Multiple 

Comparison Test on GraphPad Prism version 9 (GraphPad Software, San Diego, CA). In vivo PAI 

data were analyzed using a two-way ANOVA. Differences between tested groups and control were 

assessed using the Tukey Test on GraphPad. Statistical significance was established using * P≤ 

0.05; **P≤ 0.01; *** P≤ 0.001. 

 

Ancillary Information: Supporting data are available in Appendix II: Structural 

characterization data for 3-1 and 3-2. 
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3.1.2 Photoacoustic Imaging of a Cyanine Dye Targeting Bacterial Infection 
 
Rowan Swann†, Daniel Hernández-Valdés†, Luis Rafael Silva†, Yusra Mahmood Marfatia†, 
Mohamed E. El-Zaria†, Afaf R. Genady†, Jacek M. Kwiecien‡, John F. Valliant†, & Saman Sadeghi†,* 
 
† Department of Chemistry and Chemical Biology, McMaster University, ON L8S 4L8, Canada 
‡ Department of Pathology and Molecular Medicine, McMaster University, Hamilton, ON L8S 
4L8, Canada 
 
Manuscript Published in Nature Scientific Reports. 
DOI: 10.1038/s41598-024-69148-2 
 
3.1.2.1 Introduction 
 

Healthcare-associated bacterial infections, particularly those that arise in conjunction with 

medical device implants and surgery, are difficult to distinguish from sterile inflammation without 

the use of invasive tissue sampling procedures.27 In recent years, these infections have contributed 

to extended post-operative hospitalizations and increased patient mortality following routine 

medical procedures.28,29 In addition to methods to prevent these infections, there is also a critical 

demand for non-invasive diagnostic tools that can rapidly and accurately detect and differentiate 

bacterial infections from sterile inflammation.  

 Conventional methods used to diagnose bacterial infections include magnetic resonance 

imaging (MRI), X-ray, ultrasonography and computed tomography (CT).29 However, these 

techniques are not specific to infection but rather display anatomical indications of infection-

related pathologies. This limits their utility in detecting early stages of infection when notable 

anatomical signs may not yet be observable and when interventions are most effective. Molecularly 

targeted photoacoustic imaging (PAI) has emerged as an attractive modality for detecting early-

stage infections because it offers the opportunity to develop infection-specific contrast agents. PAI 

also has improved depth resolution, as compared to purely optical imaging techniques (e.g., 

fluorescence imaging (FI)) since the generated acoustic waves experience less scattering in tissue 
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than the photons generated during FI.30 Additionally, the complimentary prerequisite of light 

absorption for both PAI and FI, highlights the possible utility of traditional fluorophores for PAI. 

Recent reports on optical and PA imaging of infection have successfully utilized 

fluorophore-conjugated antibiotics,5,6,8,31 compounds metabolized by bacteria,15,32,33 and 

monoclonal antibodies.6,14 However, antimicrobial resistance may impede the localization of 

certain probes to the site of infection, and monoclonal antibodies are known to experience long 

circulation times and could have a limited ability to penetrate mature biofilms due to their size. 

Zinc (II) dipicolylamine (Zn-DPA)-based bioconjugates can potentially be used to address these 

limitations as they have been established as suitable bacteria-targeting molecules due to their 

affinity for the anionic outer surfaces of bacteria cells, as compared to healthy mammalian cells 

which typically exhibit a net neutral surface.6,34,35 The fluorescent Zn-DPA-based probe, 

PSVue794, has been well characterized in the literature for bacterial detection and is commercially 

available as a reagent for fluorescence imaging of bacteria.36 Moving beyond fluorescence imaging 

methods, we evaluated the use of PSVue794 as a PAI probe (PIP) for imaging bacteria. The PA 

signal properties in phantom studies and in vitro bacteria binding were evaluated before 

radiolabeling the PIP with 99mTc to assess the biodistribution profile in a mouse model of bacteria-

induced myositis. Proof-of-concept in vivo PAI studies were pursued to verify that PSVue794 

could generate detectable PA signal at sites of infection compared to sites of sterile inflammation.  

3.1.2.2 Results 
 
3.1.2.2.1 PA Signal Analysis of 3-4.  

Compound 3-4 (Scheme 3.2) was found to generate a PA signal within the range of 680-

970 nm and possessed a signal maximum at 800 nm (Figure 3.4a,c). An overlay of the PA 

signatures from 3-4 and those of oxygenated and deoxygenated hemoglobin (Figure 3.4a) shows 
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that 3-4 generates a unique signal, distinguishable from both blood chromophores. The signal of 

3-4 was quantified in the presence of whole mouse blood using multiwavelength unmixing scans 

and a significant increase in the signal of 3-4 detected in blood (0.129 ± 0.012 au) was achieved, 

compared with the background (0.045 ± 0.002 au, where P =0.006) (Figure 3.4b). Additionally, 

the PA maximum of 3-4 was identified in the merged PA spectrum of blood + 3-4 (indicated by the 

dashed line at 810 nm) while there was no peak observed at ~810 nm in the spectrum of blood 

alone (Figure 3.4c).  

 

Scheme 3.2. PSVue794 (3-4) reagent kit complexation. 
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Figure 3.4. Characterization of the PA signal emitted by PSVue794 (3-4). a. Normalized PA signal 
of 3-4 (in Diluent X) overlaid with the PA spectra of oxygenated and deoxygenated hemoglobin. 
b. Quantified PA average single of 3-4 after spectrally unmixing samples of blood with or without 
3-4. c. Multiwavelength unmixing scans of the PA signal for 3-4 (20 µM), blood alone, and 3-4 
(64µM) in blood, with the PA spectra below the image. Signal characterization was performed in 
PA phantom. The white dashed line on the spectrum of blood + 3-4 indicates the peak of 3-4 within 
the signal generated from blood. Green= 2, red= oxygenated hemoglobin, blue= deoxygenated 
hemoglobin, grey-scale= ultrasound B-mode. 

 
3.1.2.2.2 In Vitro Bacterial Binding Analysis of 3-4 using Fluorescence & Photoacoustic 
Detection 
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above the no-cell control (0.024 ± 0.002 au, where P ≤ 0.005) (Figure 3.5b). No significant 

differences were present between the no-cell control and the blank controls. A visual representation 

of the PA signal present within each phantom sample is depicted in Figure 3.5c, where a green 

signal, pertaining to 3-4, was only seen in the bacterial cell suspension that was incubated with 3-

4. A S/B ratio of 3.06 ± 0.30 was calculated from the data displayed in Figure 3.5b. 

 
Figure 3.5. Florescent and PA evaluation of in vitro bacteria binding of 3-4. a. Fluorescence 
intensity measurements of 3-4 incubated with or without bacteria. Signal was normalized by 
subtracting the values from a blank with or without bacteria. b. PA average signal of 3-4 in each 
sample. c. Phantom PA images of the samples with the PA spectra of each sample overlaid. Where 
green= 3-4. 
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yield and purity and the optimal conditions involved stirring the Apo-PSS precursor (3-3, 0.34 

µmol) with 3-6 at room temperature for 1 hour (Scheme 3.3). Radio-TLC analysis of the crude 

material showed a 90% radiochemical conversion to [99mTc]-TcApo-PSS794 (3-7) and a 

radiochemical purity (RCP) of 99% after passing the reaction mixture through a C-18 cartridge 

(Figure AII-4 a,b,d). Zinc nitrate was then added to 3-7 to form 3-8, with a RCP of 99%, assessed 

using radio-TLC and gamma-HPLC (Figure AII-2 c,e). The total preparation time was 2 hr and 

the desired product product was obtained in a non-decay corrected activity yield (Equation AII-

1) of 52 ± 8% (n=5) (starting activity of 108 ± 9 MBq) and molar activity of 0.76 ± 0.07 MBq/µmol 

at end of synthesis. The stability of compound 3-8, incubated in the formulation buffer at room 

temperature and mouse serum at 37˚C, was assessed over 18 hours. Similar to previous 99mTc-

radiolabeled DPA compounds,38 3-8 was stable at all time points (Figure AII-5 & Table AII-2). 

 

Scheme 3.3. Radiosynthesis of [99mTc]Tc-PSVue794 (3-8) from the Apo-PSS precursor (3-3) and 
[99mTc][Tc(CO)3(H2O)3]+ (3-6). Note that the reaction mixture would also contain 3-3 (not shown 
here) given the excess of ligand compared to 99mTc used in a typical radiolabeling experiment. 
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was 1.3 ± 0.2 % ( P < 0.001) (Figure 3.6a). Subsequently, the whole-body distribution of 3-8 (0.74 

MBq/mouse) was assessed in healthy naïve mice and in a mouse model of S. aureus-induced 

myositis (n=4) (Figure 3.6b & Table AII-3). A significant increase in the percent injected 

dose/gram (%ID/g) was noted between the infected muscle tissue (1.68 ± 0.61 % ID/g) and 

contralateral muscle tissue (0.17 ± 0.07 % ID/g, where P = 0.01), generating a target-to-non-target 

(T/NT) ratio of 10.1 ± 1.1 (Figure 3.6c). No significant differences were found in the % ID/g in 

the spleen in the healthy naïve vs. infected mice. Differences were noted between the gall bladder 

and large intestine/caecum of the healthy vs. infected mice.  

 

Figure 3.6. a. In vitro S. aureus binding analysis of [99mTc]Tc-PSVue794 (3-8). Percentage of total 
activity (CPM) of 3-8 present after incubation with or without S. aureus bacteria cells. 
Biodistribution analysis of 3-8 in healthy naïve vs. infected mice (n=4 per group) (b-c). Infected 
mice were inoculated with 1×108 CFUs of S. aureus in the right hindlimb muscle and with an equal 
volume of HBSS into the left (contralateral) hindlimb muscle. b. Percent injected dose/gram 
(%ID/g) of 3-8 in each tissue. c. Comparison of %ID/g of 3-8 in the infected vs contralateral and 
naïve muscle tissue. 
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model. The hematoxylin and eosin (H&E) stained tissues (Figure 3.7) presented collections of 

neutrophils in the muscle and perimysium of both LPS- and bacteria-injected tissue, while the 

spleen of LPS-injected mice exhibited lymphocytic pyknosis and karyorrhexis. The LPS-injected 

mice were diagnosed with a localized acute inflammation effect, resulting from the injection of 

material with some immunogenicity, indicated by the observed acute and thrombosing myositis, 

peri-myositis, and splenic lymphocytolysis. The bacteria-injected mice had acute peri-myositis 

with intense neutrophilic infiltrations often encompassing bacterial cocci with associated cellular 

necrosis. Myeloid hyperplasia was present. The contralateral vehicle control-injected muscles had 

no pathology on histologic analysis.  

 
Figure 3.7. Representative images of H&E-stained tissues highlighting key histological features. 
a-c. Tissue fields from LPS-injected mice, including muscle (a,b), there are large fibrinous thrombi 
infiltrated by neutrophils in veins. In the spleen (c) a proportion of cells in the lymphoid 
perivascular cuffs have karyorrhectic or pyknotic nuclei. d-f. Tissue fields from the muscle (d,e) 
of bacteria-injected mice, with patchy areas of interstitium markedly widened by severe 
neutrophilic infiltration (d). In some areas, a massive neutrophilic infiltration encompasses large 
areas of necrosis (e). There is myeloid hyperplasia in the bone marrow (f).  
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3.1.2.2.6 Photoacoustic Imaging of LPS-Induced Sterile Inflammation using 3-4.  
 

Following the administration of 3-4 (75 µL, 1 mM) to the LPS model, multiwavelength 

unmixing scans (Figure 3.8a) did not depict a notable PA signal (green) within the inflamed muscle 

12 hr post-injection compared to the pre-injection background or the vehicle control muscle 

(contralateral). Determination of the average PA signal (Figure 3.8b) was consistent with this 

result as the signals within the inflamed muscle (0.062 ± 0.012 a.u.), the pre-injection background 

(0.058 ± 0.006 a.u.), and the vehicle control muscle (0.066 ± 0.008 a.u.) were not statistically 

different from one another. The T/NT (inflamed vs. vehicle control muscle) and the S/B (inflamed 

muscle pre- vs. 12 hr post-injection) ratios were 1.04 ± 0.17 and 1.07 ± 0.11, respectively. The 

signals of oxygenated and deoxygenated hemoglobin were observed in all the tissues through 

spectral analysis (Figure 3.8c) and no spectral characteristics were noted to indicate the presence 

of 3-4.  
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Figure 3.8. PAI of LPS-induced sterile myositis using 3-4. a. Representative in vivo PA 
multispectral unmixing images (pre-injection and 12 hours post-injection) of mice injected I.V. 
with 3-4 (1 mM, 75 µL, n=3). b. Bar graph representing the quantified 3D PA average signal, 
derived from the scans in a, within the inoculation sites of the mice throughout the study. c. Spectral 
analysis of the inoculation sites pre-injection & 12 hours post-injection. ROIs drawn over the 
inoculation sites (white) in the unmixed Spectro scans with the spectral signature with the ROI 
overlaid (White dashed line indicates the spectral signature of 3-4). For all multiwavelength 
unmixing scans, greyscale= Ultrasound (US) images overlaid with unmixed PA signal, where 
green= 3-4. The signals from oxygenated and deoxygenated hemoglobin have been subtracted 
from each image. 

 
3.1.2.2.7 Photoacoustic Imaging of S. aureus-Induced Bacterial Infection using 3-4.  
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post-injection) (Figure 3.9a). This was verified by quantifying the PA average signal within the 

images (Figure 3.9b), where, at 12 hr post-injection, the infected muscle (0.176 ± 0.011 a.u.) was 
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significantly higher than the pre-injection background (0.081 ± 0.004 a.u., where P ≤ 0.03) and the 

vehicle control muscle (0.076 ± 0.017 a.u., where P ≤ 0.03). The T/NT tissue (infected vs. vehicle 

control muscle) and S/B (infected muscle pre- vs. 12 hr post-injection) ratios were 2.40 ± 0.49 and 

2.17 ± 0.05, respectively.  Spectral analysis was used to verify that the signal in the infection site 

matched the expected spectral signature of 3-4, with a signal maximum of 810 nm (Figure 3.9c). 

The signal associated with deoxygenated hemoglobin (760 nm) was present in all the tissue. 

 
Figure 3.9. PAI of S. aureus-induced myositis using 3-4. a. Representative in vivo PA multispectral 
unmixing images (pre-injection and 12 hours post-injection) of mice injected I.V. with 3-4 (1 mM, 
75 µL, n=3). b. Quantified 3D PA average signal, derived from the scans in a, within the 
inoculation sites of the mice throughout the study. c. Spectral analysis of the inoculation sites pre-
injection & 12 hours post-injection. ROIs drawn over the inoculation sites (white) in the unmixed 
Spectro scans with the spectral signature with the ROI overlaid (White dashed line indicates the 
spectral signature of 3-4). For all multiwavelength unmixing scans, greyscale= US images overlaid 
with unmixed PA signal, where green= 3-4. The signals from oxygenated and deoxygenated 
hemoglobin have been subtracted from each image. 
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3.1.2.3 Discussion & Conclusion: 
 

PA phantom analysis of 3-4 shows that it possesses a unique PA spectrum as compared to 

endogenous chromophores, oxygenated and deoxygenated hemoglobin. The PA signal of the dye 

was assessed in whole blood, using a concentration of 64 µM, which represents injecting 75 µL of 

1 mM of 3-4, (a dose recommended in the reagent kit), into the circulating blood volume of a 20g 

mouse.39 The signal from 3-4 was observable in the spectrum of the sample and successfully 

quantified after unmixing it from the blood chromophores, demonstrating that the amount of dye 

used in this experiment should be sufficient to produce an observable PA signal in vivo.  

Bacteria binding of 3-4, using both fluorescence and PAI, was assessed following 

previously published protocols.35 Using sealed phantom tubing, a PA S/B ratio of 3.06 ± 0.30 was 

obtained when comparing the bacterial cell suspension incubated with 3-4 versus the vehicle 

control. This aligned with the ratio that was determined using fluorescence intensity measurements 

(S/B= 2.98 ± 0.20), indicating that PA detection is consistent with the fluorescence measurements 

routinely used for in vitro studies. 

To facilitate future comparisons using novel optimized PIPs, quantitative biodistribution 

analysis of PSVue794 was pursued. Reliable quantitation using FI and PAI is highly dependent on 

the solubility of the constructs and the absence of aggregation. This is because cyanine dyes, such 

as PSVue794, tend to aggregate in aqueous media, which induces shifts in the photophysical 

properties of the compound, and could impact the signal intensities observed in vivo.40,41 Building 

on previous reports that employed DPA as a chelator for the 99mTc-tricarbonyl core,37,38 PSVue794 

was successfully radiolabelled to generate a gamma-emitting version of PSVue794 (3-8). 

Radiolabeling of PSVue794 enabled quantitative whole-body distribution analysis of the 
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compound in a mouse model of bacterial infection and will facilitate future quantitative 

comparisons using different PIPs and models of disease. 

The biodistribution of 3-8 in healthy naïve and infected mice were evaluated. By 12 hr 

post-injection, it was found that the radiolabeled PIP was predominantly processed by the 

hepatobiliary system, exhibited by the elevated concentrations observed in the gall bladder, large 

intestine, liver, and spleen. The biodistribution profile of 3-8 was comparable to previously 

reported data on a 99mTc-labeled ZnDPA compound, where localization to gastrointestinal organs 

was observed.38 No significant differences were found in the % ID/g of the spleen and liver in 

healthy naive vs. infected mice, which indicated that uptake in these organs was most likely driven 

by the lipophilic nature of the dye and it’s technetium (I) tricarbonyl core. Significantly higher 

%ID/g was observed in the gall bladder and large intestine/caecum of the infected mice compared 

to the naïve mice. While this result was not further explored, recent literature reports highlight the 

possibility of bacteria spreading from the bloodstream into the gall bladder, where it can then seed 

into the intestines.42 Additionally, it is possible that the stress of the bacterial infection on the 

immune system of the mice induced a state of dysbiosis, a phenomenon where imbalances in gut 

microbiota are commonly observed.43 

The T/NT ratio of 10.1 ± 1.1, achieved using 3-8, is somewhat higher than that of a previous 

ZnDPA derivative that had a T/NT ratio of 6.2, where 111In was chelated to an alternate site on the 

molecule, maintaining the bis-Zn2+ complex.44 The radiolabeled PIP (3-8) retained the ability to 

target sites of bacterial infection with comparable distribution properties to those of similar 

published radiolabelled probes.38 

Subsequent studies utilizing PAI demonstrated the ability of the PIP to localize to and 

generate detectable PA signal at sites of bacterial infection as compared to sites of sterile 
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inflammation. Bacterial cells activate inflammatory pathways, typically upon cellular recognition 

of pathogen-associated molecular pattern molecules produced by the bacteria.4 Consequently, a 

model of sterile inflammation was produced to verify that any observed localization of the PIP in 

the bacterial infection was not due to innate inflammatory processes or cells present. A model of 

sterile myositis using LPS was adapted from literature to induce muscular and systemic 

inflammation.22,45,46  Although PSVue794 has affinity towards the anionic components of apoptotic 

cells,47 which has been documented to localize to sites of cell death to a lesser extent than to sites 

of bacterial infection,48 the models used here were designed to eliminate this variable in order to 

showcase the specific interaction of the PIP with bacterial cells over immune cells that are likely 

also present at the site of bacterial infection. The histological assessment of tissues treated with 

LPS or with S. aureus confirmed that the two conditions effectively induced states of sterile or 

bacteria-induced myositis, respectively. The T/NT and the S/B ratios derived from the PAI analysis 

in LPS-induced (T/NT= 1.04 ± 0.17, S/B= 1.07 ± 0.11) and S. aureus-induced (T/NT= 2.40 ± 0.49, 

S/B= 2.17 ± 0.05) myositis showed that the Zn-DPA targeting moiety on 3-4 facilitates the specific 

localization of the PIP at sites of bacterial infection.  

In conclusion, we demonstrated that compounds 3-4 and 3-8 can be used to specifically 

detect sites of bacterial infection over sites of sterile inflammation and showcased the potential of 

using PAI as a modality to detect infection. While 3-4 is currently commercially available, further 

optimization of bacteria-targeting PIPs to achieve superior aqueous solubility and optical 

absorption could lead to further improvements in T/NT and S/B ratios by facilitating better 

clearance profiles in healthy tissues along with improved signal unmixing capabilities from blood. 

Additionally, efforts toward addressing the role of cell death in clinically relevant models of 
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healthcare-associated bacterial infections will be critical in establishing the utility of ZnDPA-based 

diagnostic agents for imaging bacterial infection. 

3.1.2.4 Methods & Materials: 
 

General Materials, Instrumentation, and Methods. Unless otherwise noted, all reagents 

and solvents were ACS grade, purchased from commercial suppliers, and used without further 

purification. Deionized water was used for all experiments requiring the use of water. PSVue794 

Reagent Kit was purchased from Cedarlane Labs (25101-1) and was used to prepare PSVue794 

(3-4) from the Apo-PSS precursor (3-3) and a solution of 2 mM Zinc nitrate, 30 minutes before 

use. Lipopolysaccharide from Escherichia coli O55:B5, ready-made solution (1 mg/mL), 0.2 µm 

filtered, was purchased from Sigma-Aldrich (Cat#L5418-2ML).  

Absorbance and fluorescence scans were collected on a Tecan Infinite M1000 plate reader 

using Corning 96-well, clear bottom plates (non-treated surface) (Corning 3631), PerkinElmer film 

was used to seal any plates containing bacteria cells. Microwave reactions were performed using 

a Biotage Initiator 60 microwave reactor under standard settings. Radio-TLC was performed using 

a Bioscan AR-2000 imaging scanner on iTLC-SG glass microfiber chromatography paper 

(SG10001, Agilent Technologies) plates and Aluminum oxide plates using 1% HCl in methanol as 

the eluent. For each TLC performed, plates were spotted with ~3 µL (481 kBq). A background 

(represented as a blue underline) was integrated on each radio-TLC plate and subtracted from the 

integration of each peak. Sep-Pak C18 Plus Light Cartridge (55-105 µm) (WAT023501, Waters) 

was used for isolating radiolabeled products. High-performance liquid chromatography (HPLC) 

of the radiolabeled compounds was performed on a Waters 1525 Binary (Midford, MA), monitored 

simultaneously with 2998 photodiode array detector at 245/700 nm and in line radioactivity 

Bioscan gamma detector with NaI (TI) scintillator using the Empower software package. 

Analytical HPLC of each compound was performed on a Gemini 5 µm C18 110 Å (250 ´ 4.6 mm) 

Column (00G-443-E0, Phenomenex), operating at a flow rate of 1 mL/min. A PerkinElmer Wizard 

1470 automatic gamma counter was used to measure the amount of radioactivity in samples from 

the bacteria binding assay and the biodistribution studies. 

Pertechnetate [99mTc][TcO4]- was obtained in 0.9% w/v saline from a 99Mo/99mTc generator 

supplied by Lantheus Medical Imaging. Caution: these materials are radioactive and should only 
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be used in a properly licensed and equipped facility. Potassium boranocarbonate was prepared 

according to a literature method,49 as was [99mTc(CO)3(OH2)3]+.37 

 

HPLC Method: Solvent A: Water + 0.1% Trifluoroacetic acid (TFA), Solvent B: 

Acetonitrile + 0.1% TFA. Gradient: 0-2 min 90% A, 2-6 min 90-40% A, 6-8 min 40% A, 8-10 min 

40-10% A, 10-11 min 10-90% A, 11-15 min 90% A. 

 

Photoacoustic Phantom Imaging: PA phantom work was performed using a Vevo 

Phantom imaging chamber (see Figure AI-17) and the Vevo-3100/LAZR-X (FUJIFILM 

VisualSonics, Inc., Toronto, ON, Canada) imaging system equipped with a 680-970 nm laser. 

Samples were injected into Vevo Contrast Agent Phantom tubing (PN52807) that was threaded 

into the Vevo Phantom chamber. A 30 MHz, linear array US transducer equipped with integrated 

fibre optic cables (MX400 and LZ-400 [15-30 mJ(cm3)-1, 20 Hz repetition rate, 10 ns pulse width], 

FUJIFILM VisualSonics, Inc., Toronto, ON, Canada) was positioned overtop of the tubes.  

Spectral analysis was performed using ‘Spectro’ scans, where the PA signal of a 2D, x,y-

cross-section of a sample is quantified at each wavelength (690-970 nm, step size of 5 nm, ~1 

min/spectro scan, axial resolution of 50 µm) and is used to plot the spectral curve or ‘spectral 

signature’ from a defined region of interest (ROI). From this, the signal intensity of the 

chromophore of interest can be quantified by the signal unmixing algorithm utilized in the 

VevoLAB software (VisualSonics, Inc., Toronto, ON, Canada). This scan was also be used to 

demonstrate the merged spectra of multiple chromophores mixed. The 2D multispectral unmixing 

analysis was then performed on the spectrum, where the pre-programmed PA spectra of 

oxygenated and deoxygenated hemoglobin were unmixed from the spectra of 2, and were taken 

for each material in triplicate. Signals generated at 680, 692, 802, 924, and 942 nm were utilized 

in the signal unmixing algorithm. Images from the multiwavelength unmixing scans have been 

displayed using the render mode with the PA signal overlaid on US B-mode (greyscale) signal of 

a cross-section of tubing. All image processing was carried out using the VevoLAB software. A 

ROI was drawn around the US image of the tube and, applying ROIs of the same size and shape 

to each image, a spectrum of the PA average signal was generated from the overlaid PA data of 

each image.  
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 PA Signal Analysis of 3-4: Samples of 3-4 at 20 µM in Diluent X and 3-4 at 1 mM in 

Diluent X diluted to 64 µM in whole mouse blood (collected from cardiac puncture using EDTA 

coated syringes & immediately supplemented with 10% EDTA in 0.9% w/v saline [0.15 g/mL]) 

were prepared alongside appropriate blank controls. The samples were injected into Vevo contrast 

agent phantom tubing and Spectro scans were taken of the material in triplicate. The data was 

analyzed as described in ‘Photoacoustic Phantom Imaging’. 

 

Preparation of Bacterial Overnight (O/N) Culture: S. aureus cells (ATCC; 25923) were 

incubated in tryptic soy broth (TSB) liquid media at 37 ˚C (450 rpm) for 18 hours. The cells were 

centrifuged (2 minutes at 10 000 xg) and the pellet was resuspended in Hank’s Balanced Salt 

Solution (HBSS) to an OD600= 19.9 for in vitro assay, or to an OD600= 8.43 for in vivo studies. 

 

In Vitro Bacteria Binding of 3-4 using Fluorescence and Photoacoustic Detection: 3-4 

(10 µM, final concentration) was incubated with 50 µL of S. aureus suspension (1´109 CFU in 50 

µL of HBSS) or 50 µL of HBSS (no-cell control), for 10 minutes in triplicate. The samples were 

washed 3 times and the pellet was resuspended in 250 µL of HBSS. 200 µL sample and 200 µL 

stock solution were transferred to a black flat clear bottom 96-well plate. A fluorescence scan (Ex= 

736 nm; Em= 746-850 nm) was performed. The fluorescence intensities (at 829 nm) of blank 

samples were subtracted from samples of 3-4 incubated with or without bacteria and the change in 

intensity was evaluated. Approximately 20 µL of each sample was then injected into Vevo contrast 

agent phantom tubing. The ends of each tube were sealed with heat and Spectro scans were 

acquired of each sample in triplicate. The data was analyzed as described in the ‘Photoacoustic 

Phantom Imaging’ section. 

 

Radiosynthesis of [99mTc]Tc-PSVue794 (3-8): 400 µL of Apo-PSS794 (3-3) (0.5 mg in 

400 µL of methanol [0.87 mM]), was combined with 400 µL of [99mTc(CO)3(OH2)3]+ (3-6) 

(Prepared using a procedure reported by Causey, et al. (2008))37 (370 MBq, dissolved in 0.9% w/v 

saline, pH= 6-6.5), and mixed at room temperature for 1 hour. Radio-TLC (1% HCl in methanol 

eluant) and HPLC (method A, UV=700 nm tr= 8 min; 𝛾 trace tr= 8.8 min) were used to determine 

the radiochemical conversion (~85-90%). The material was then diluted in 10 mL of water and 

loaded onto a C18 cartridge for purification. Water was used to elute any remaining 3-6 from the 
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cartridge and ethanol was used to elute 3-7 in 99% purity based on Radio-TLC. The ethanol was 

evaporated, and the material was reconstituted in 171.5 µL mL of Diluent X. 171.5 µL of Zn(NO3)2 

(0.015 M in Diluent X) was added to 3-7 and stirred at 37˚C for 30 minutes. The material was then 

adjusted to the correct concentration using 10% ethanol in 0.9% w/v saline for subsequent 

experiments. HPLC UV=700 nm tr= 8 min; 𝛾 trace tr= 8.8 min. 

 

Stability Testing of 3-8: The stability of compound 3-8, incubated in formulation buffer 

(Diluent X) (room temperature) and in mouse serum (37˚C), was assessed at 0, 2 and 18 hours. At 

each time point an aliquot of the material was analyzed by radio-TLC (eluting in 1% HCl in 

methanol). For serum samples, the aliquot was mixed with cold acetonitrile and pelleted by 

centrifugation to remove the serum proteins. 

 

In Vitro Bacteria Binding of 3-8: In a clear, conical bottom 96-well plate, 200 µL of 3-8 

(37 kBq) in 10% ethanol in 0.9% w/v saline was incubated with S. aureus suspension (1´109 CFUs 

in 50 µL of HBSS) or 50 µL of HBSS (no-cell control), for 10 minutes (n=3 per condition). The 

sealed plate was centrifuged for 1 minute at max speed. The supernatants were removed and 200 

µL of HBSS was added to resuspend the pellet. This was repeated a total of 3 times to remove the 

unbound fraction of 3-8. The washed pellet was resuspended in 200 µL of HBSS, 150 µL was 

transferred into gamma counting tubes, and the amount of radioactivity in each tube was 

determined using a gamma counter. A 100 µL aliquot of 3-8 (from the 0.37 MBq stock) was 

measured and corrected to represent a 100% signal control for each concentration. The counts per 

minute (CPM) from each sample were corrected based on the dispensed volume measured and 

specific binding was calculated by subtracting the non-specific binding (CPM from the samples 

without bacteria cells) from the total binding (CPM from the samples with bacteria cells). The 

percent binding of each sample was calculated using Equation AII-2. 

 

Animal Studies: All procedures were conducted according to the guidelines of the 

Committee for Research and Ethics Issues of the International Association for the Study of Pain, 

and guidelines established by the Canadian Council on Animal Care and the McMaster University 

Animal Research Ethics Board. In each animal study 7-10 week-old female BALB/c mice (Charles 

River Laboratories, Raleigh, NC), weighing around 20 g, were used. The mice were sterile housed 
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and maintained at 21 ˚C with a 12-hour light/dark cycle and were provided autoclaved food and 

water ad libitum.  

 

Staphylococcus aureus-Induced Myositis Model: An aliquot of S. aureus suspension ( 

1´108 CFUs in 50 µL of HBSS) was innoculated intramuscularly (I.M.) on the right hindlimb. 50 

µL of the vehicle control, HBSS, was injected IM into the contralateral hindlimb. 18 hours post-

inoculation of the bacteria, tissues were collected and analyzed as described in the section titled 

‘Histological Analysis’. Animals were end-point monitored throughout the duration of the study. 

 

Biodistribution of 3-8: 4 healthy mice and 4 mice with established S. aureus-induced 

myositis were injected in the lateral tail vein with 200 µL (0.74 MBq) of 3-8 formulated in 10% 

ethanol in 0.9% w/v saline. Animals tolerated administration of the PIPs well and end-point was 

not reached throughout the study. 12 hr post-injection, animals were anesthetized and euthanized 

by cardiac puncture followed by cervical dislocation. Fluids, bone (knee), and select tissues were 

collected, weighed, and quantified on a gamma counter. Decay correction was used to normalize 

organ activity measurements to the time of dose preparation for data calculations. Data are 

expressed as percent injected dose per gram of tissue/fluid (%ID/g). 

 

Lipopolysaccharide-Induced Myositis Model: Lipopolysaccharide (LPS) (1 mg/mL, 

100 µL/mouse) was injected intramuscularly (IM) on the right hindlimb. 50 µL of the vehicle 

control, HBSS, was injected IM into the contralateral hindlimb. 15 hours post-injection of LPS, 

tissues were collected and analyzed as described in the section titled ‘Histological Analysis’. 

Animals were end-point monitored throughout the duration of the study. 

 

Histological Analysis: Mice were euthanized with sodium pentobarbital and perfused with 

lactate Ringer’s solution and tissues were fixed with 10% formalin. The right and left hind limb, 

and the spleen were collected and decalcified in a solution of 10% formalin + 8% EDTA. The 

trimmed tissues were embedded into paraffin, sliced, and stained with hematoxylin-eosin (H&E). 

A veterinary research pathologist, blinded to the treatments, examined the slides under a Nikon 

Eclipse 50i light microscope and morphological features of the tissues were described. One slice 

of each tissue (the treated hindlimb, the contralateral hindlimb, and the spleen) from each mouse 
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in the LPS- and bacteria-induced myositis groups and 1 naïve mouse were analyzed and 

contributed to the main diagnoses of each condition. The images selected for the figure are 

representative for each condition and taken from one mouse per group.  

The bone marrow was present within the slices of the hindlimbs due to the decalcification 

of bone. The microphotographs were only provided for the tissues where pathological morphology 

was observed. This is true for the spleen as well. While the spleen tissue was analyzed from each 

mouse within each group, the microphotographs were only provided from tissues that displayed 

morphological changes relative to healthy tissue.  

 

In Vivo Photoacoustic Imaging Studies: PAI was performed using the Vevo-3100/LAZR-

X imaging system. Mice were anesthetized, and the fur of their right hindlimb was thoroughly 

removed before being placed in a prone position on a platform that enabled the monitoring of their 

respiration and heart rate. A generous amount of US gel was applied before imaging with the 

transducer (MX400/LX400) positioned over the leg. At each imaging time point, Spectro scans 

and 3D multispectral unmixing scans were taken of each hindlimb. The transducer was positioned 

laterally overtop of the hindlimb, corresponding with the inoculation site. Scan distances averaged 

20 mm and scans were taken every 0.33 mm (~ 7min/3D scan). 

3D multiwavelength unmixing scans were performed, where the pre-programmed PA 

spectra of oxygenated and deoxygenated hemoglobin are unmixed from the spectra of 2, across a 

defined z,x axis to construct images depicting dye-specific PA signal present within the hindlimb. 

Designated wavelengths (680, 692, 802, 924, and 942 nm), based on notable signals generated 

within individual chromophore spectra (oxygenated and deoxygenated hemoglobin, or 3-4), were 

used by the Vevo-3100/LAZR-X unmixing algorithm. The series of 2D cross-sectional scans 

collected were then reconstructed by the instrument into a 3D image, where the signals from each 

chromophore are assigned a colour and overlaid onto a b-mode ultrasound scan. The scans are 

displayed as either render mode or texture mapping images where the PA signal is overlaid on US 

B-mode (greyscale) signal for sections of the hindlimb. Signals from oxygenated and 

deoxygenated hemoglobin were subtracted from the images to reduce visual complexity. The 

spectrally unmixed signal of 3-4, in the 3D multiwavelength unmixing scans, was quantified using 

3D ROI drawn around the inoculation sites. All signal unmixing algorithms and image processing 

were carried out using the VevoLAB software. Image processing consisted of signal optimization, 
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with parameters set the same for each image within the study. 3D regions of interest were drawn 

around the inoculation site. 

Spectral analysis was performed using ‘Spectro’ scans (as described in the “Photoacoustic 

Phantom Imaging’ section) and was used to verify whether the spectral signature of the in vivo 

signal matched that of the exogenous dye. The ROI used for each spectral curve was displayed in 

a multiwavelength unmixing scan (oxygenated and deoxygenated hemoglobin unmixed from 3-4) 

derived from the Spectro scan. 

 

Photoacoustic Imaging of LPS-Induced Sterile Inflammation using 3-4: 3 hours after 

treating mice with LPS (n=4), as described previously, the mice were injected intravenously with 

75 µL of 3-4 (1 mM) and were imaged, as described in the section titled ‘In Vivo Photoacoustic 

Imaging Studies’, on the Vevo LAZR X, pre-injection, and 12 hours post-injection. Animals 

tolerated administration of the PIPs well and end-point was not reached throughout the study. 

 

Photoacoustic Imaging of S. aureus-Induced Bacterial Infection using 3-4: 6 hours 

after inoculating mice (n=4), as described previously, the mice were injected intravenously with 

75 µL of 3-4 (1 mM) and were imaged, as described in the section titled ‘In Vivo Photoacoustic 

Imaging Studies’, on the Vevo LAZR X, pre-injection, and 12 hours post-injection. Animals 

tolerated administration of the PIPs well and end-point was not reached throughout the study. 

 

Statistical Analyses: Data are reported as mean ± standard error of the mean (SEM). 

Concentration and bacteria-binding data were analyzed by one-way analysis of variance 

(ANOVA). Differences between test groups and control were assessed using Dunnett’s Multiple 

Comparison Test on GraphPad Prism version 9 (GraphPad Software, San Diego, CA). In vivo PAI 

data were analyzed using a two-way ANOVA. Differences between tested groups and control were 

assessed using the Tukey Test on GraphPad Prism (Threshold * P≤ 0.05; ** P≤ 0.01; *** P≤ 

0.001). 

 

Ancillary Information: Supporting data are available in Appendix II: Radiosynthetic 

characterizations, stability, and biodistribution tables. 
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3.2 Evaluating the Clinical Relevance of ZnDPA-Based PIPs through the Development of 
an Implant Infection Model 
 
Rowan Swann†, Luis Rafael Silva†, Yusra Mahmood Marfatia†, John F. Valliant†, & Saman 
Sadeghi†,* 
 
† Department of Chemistry and Chemical Biology, McMaster University, Hamilton, Ontario,  
 Canada 
 
Unpublished Manuscript  
 

3.2.1 Introduction: 
 
 With increasing life expectancies, an aging population, and projections for healthcare-

associated infections (HAIs) to become a leading cause of death in the coming years, clinical 

accessibility to robust diagnostic procedures has become crucial.3,50,51 Current diagnostic 

measures, involving invasive tissue sampling procedures, not only increase the risk of additional 

tissue contaminations but also do not account for the heterogeneity of an infectious lesion, leading 

to a high rate of false negative results and increased potential to underestimate the bacterial 

population present.5–7,52 Successful management of HAI, such as surgical site and implant 

infections, is dependent on early and accurate diagnosis, and the implementation of bacteria-

specific diagnostic tracers will facilitate this goal. 

 It has become a standard practice to investigate the ability of bacteria-targeting vectors to 

differentiate between bacterial infection and sterile inflammation, two conditions that present 

similar outward symptoms and are not mutually exclusive biological pathologies, since bacterial 

infection is accompanied by an inflammatory response.4 Previous work, outlined in Chapter 3.1.2 

and work by Liu, et al (2012),22  demonstrated that the commercial fluorophore PSVue794 (3-4) 

does not localize to sites of sterile inflammation, and bacterial-specificity of the probe was 
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concluded based on this result. However, these data sets overlook how cell death might impact 

accurate imaging and infection diagnosis in clinical HAIs.  

Healthy mammalian cells possess a dynamic plasma membrane composed of a non-

symmetrical bilayer of critical lipids and proteins that facilitate cellular functions. The outer layer 

of the cell membrane of healthy mammalian cells is fortified with zwitterionic phospholipids that 

maintain a net neutral charge, while the inner layer is largely composed of the anionic 

phospholipid, phosphatidylserine (PS).53 This bilayer distribution is maintained by the active 

internalization of anionic phospholipids into the inner leaflet of the cell membrane. However, when 

apoptosis is initiated by compromised cells, ATP is reallocated to carry out the mechanisms of 

programmed cell death, attenuating the energy-dependant translocation of PS, and leading to 

increased anionic surface charges.34,53  

This phenomenon has prompted researchers to investigate the ability of 3-4 to localize to 

sites of apoptosis, where cytotoxic agents,48,54 focal beam radiation,55 or cryoinjury56 were used to 

induce cell death. In each case, a significant uptake of 3-4 was achieved at the site of injury. 

However, when tested alongside a bacterial infection model, Thakur, et al (2012) observed 

significantly higher uptake in the bacterial infection compared to the turpentine-induced injury.48 

This result points to the possibility that the number of bacterial cells within an infection site greatly 

outnumbers the apoptotic cells at a site of tissue damage. Considering our objective to validate an 

infection targeting PIP that can detect the early stages of bacterial infection at a surgical implant 

site, it is imperative to investigate a biologically representative model of a surgical implantation 

procedure, where relevant levels of tissue damage are generated compared to the bacterial cells 

present.  
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Information surrounding mechanisms of cell death is constantly evolving and the exact 

details and model generation strategies remain widely debated within the field.57–60 This indicates 

the potential that the standard models currently being used to assess bacteria-targeting tracers are 

unrefined with respect to generating conditions relevant to surgical implantation, and conclusions 

on their applicability are unreliable. The work outlined here aims to develop a model that 

establishes the representative biological processes of medical implant infection, which will allow 

us to form definitive conclusions on the clinical utility of ZnDPA-based tracers and PAI as a 

diagnostic modality for implant-related infections. 

3.2.2 Results & Discussion 
 
3.2.2.1 Assessing the Photoacoustic Signal of Clinically Relevant Implant Materials  

Various materials are utilized in the creation of implantable medical devices, tailored to 

their specific applications. Traditionally, alloys such as 316L stainless steel are common in 

orthopedic implants. However, due to stainless steel’s susceptibility to corrosion and the necessity 

for joint cushioning, there has been a shift towards materials such as titanium, known for its bone 

integration properties, and ultra-high molecular weight polyethylene.61,62 The application of PAI 

for image-guided assistance of device implantation has recently emerged, particularly for metallic 

implants, which generate strong PA signals due to their thermal conductivity.63,64 While 

advantageous for image-guided implantation, this characteristic could hinder PAI’s use in detecting 

the signal of bacteria-targeting PIPs. Therefore, in developing an implant infection model, it was 

essential to begin with characterizing the PA signal of potential implant materials and to determine 

whether the signal of the material and 3-4 could be differentiated.  

An initial PA phantom study was designed to assess the PA signal from various gauges and 

textures of medical-grade stainless steel needles embedded in agar gel (Figure 3.10a-b). The PA 
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images were represented by the signal intensity of the metal at 750 nm, which was selected, not 

only because a notable signal maxima was not generated within the PA spectrum of the metal, but 

also due to the vast number of chromophores (including deoxygenated hemoglobin) that emit 

varying degrees of PA signal at this wavelength. Each gauge of stainless steel generated an intense 

and broad PA signal and a notable drop in signal intensity was observed as the gauge of the needle 

increased (a decrease in the outer diameter), and when the surface of the needle was sanded to 

induce surface roughness, contrary to a publication by Mitcham, et al (2013) (Figure 3.10c).63  

Although the sanded surface of the needle generated a lower PA signal, a smooth surface was 

pursued to not induce a charge on the metal, which would raise concerns regarding the specificity 

since Zn-DPA probes rely on ionic interactions with the target. 

 

Figure 3.10. Assessing segment gauge and PA Imaging. a. Photograph of phantom imaging setup. 
Medical grade stainless steel needles of various gauges and a 20-gauge stainless steel snare wire 
(SW) were inserted into a phantom mould and set in an agar gel. b. Chart of needle gauges and 
their outer diameter (OD). c. 3D PA scans (750 nm) of the segments in the agar gel phantom and 
their corresponding PA spectrum. The segments were analyzed unaltered and after being sanded 
with 80-grit sandpaper. 

 
 The intense PA signal generated by the stainless steel can pose a challenge in detecting 

lower concentrations of 3-4 in the presence of the metal. To characterize the interference and 
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background PA signal, the metal segment was coated in an even layer of various concentrations of 

3-4. To ensure a uniform coating of dye was achieved around the metal segment, a 30-gauge needle 

was first inserted into phantom tubing. After embedding the tubing in agar gel, dye was slowly 

injected to envelop the metal in an even layer (Figure 3.11a-c). The PA average signals of 3-4 and 

the metal (30gSS) were quantified (Figure 3.11d) from multiwavelength unmixing scans (Figure 

3.11e) that were taken of the tubing to capture a 3D section that included the dye alone and the dye 

with the metal segment. The spectral signature of the components was defined using ‘spectro’ 

scans were quantified the average PA signal across the wavelength range of the machine (680-970 

nm). In the presence of the metal, the signal of the dye was not detectable above the background 

for all tested concentrations, and the PA spectrum did not exhibit any notable characteristics of 3-

4. Based on these findings we concluded that PA detection of the dyes is not feasible if stainless 

steel is used as the implant materials, and alternative materials should be investigated. 

 

Figure 3.11. Phantom analysis of 3-4 and 30-gauge stainless steel segments. Photographs of the 
phantom chamber threaded with tubing containing metal segments with freshly poured (a.) and 
fully set (b.) agar gel. c. Photograph of the tubing containing a metal segment (arrows highlight 
the segment ends) with an even layer of 3-4 surrounding the segment. d. Quantification of the PA 
average signal of 3-4 (at various concentrations) and the metal segment (30g SS) unmixed from 
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one another. e. Representative 3D multiwavelength unmixing scans and the corresponding 
spectrum of phantom tubing containing 3-4 with the metal segment. Green= 3-4, Light Blue= 30g 
SS. 

 

 Considering the clinical shift towards titanium in orthopedic implants,  and that it possesses 

a lower thermal conductivity than stainless steel, indicating that the PA signal generated by the 

metal may be less intense, titanium was selected as the next implant material to test. The feasibility 

of detecting 3-4 in the presence of the metal was assessed (Figure 3.12), and the results 

demonstrated that the signal of the dye was detectable in the presence of the metal starting at 64 

µM. This was evidenced by the statistically significant signal quantification (Figure 3.12a) 

between 0 µM (0.122 ± 0.013 a.u.) and 64 µM (0.303 ± 0.002 a.u., where P = 0.05) in addition to 

the characteristic signal of 3-4 present in the PA spectra of the samples containing 64, 128, and 

256 µM of 3-4, displayed in Figure 3.12b).  

 

Figure 3.12. Phantom analysis of 3-4 and 30-gauge titanium segments. a. Quantification of the PA 
average signal of 3-4 (at various concentrations) or the metal segment (Titanium) unmixed from 
one another. b. Representative 3D multiwavelength unmixing scans and the corresponding 
spectrum of phantom tubing containing 3-4 with the metal segment. Green= 3-4, Light Blue= 
Titanium. 
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3.2.2.2 Method of Implantation 

To develop a method where the metal segment could be inserted into the gastrocnemius 

muscle of a mouse reproducibly, US scans were used to establish parameters for successful 

implantation. To detail, the depth of the metal implant and its location relative to anatomical 

‘landmarks’ such as the tibia, were used (Figure 3.13). To prepare the mouse for implantation, a 

20-gauge needle was aligned parallel with the tibia and used to perforate the muscle, after which, 

a 20- or 25-gauge metal segment could be inserted. 

 

Figure 3.13. Implantation orientation. An orange border designates the approximate cross-section 
of the hind limb being depicted in the ultrasound scans below. The tibia was used as a visual 
landmark and the depth of the metal segment was assessed via the ultrasound signal generated by 
the metal. Figure created with BioRender. 

 

 The implantation method was replicated and assessed via US and PAI to ensure 

reproducibility. Various gauges of stainless steel needles, which were readily available in-house, 

were used to determine the best-suited size of metal segment to use that would ensure accurate and 

reproducible implantation in addition to minimizing the level of discomfort imposed on the mice. 

3D (Figure 3.14a) and 2D (Figure 3.14b) US scans were used to depict the placement of the metal 
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segments, and the depth and length of the segments were consistent between each attempt. 3D 

multiwavelength unmixing scans were used to set a benchmark for the intensity of signal generated 

by the metal, in vivo. When imaging the left leg, the individual spectra for oxygenated and 

deoxygenated hemoglobin were unmixed from the metal, while in the right leg, the spectrum of 3-

4 was added to the unmixing algorithm (Figure 3.14c). Although the dye was not actually present, 

this was done to determine the ability of the algorithm to distinguish between the signals of each 

component. The scans showed that the metal generated a high-intensity PA signal and was easily 

distinguished from oxy- and deoxygenated hemoglobin, and 3-4 (Figure 3.14c). From these results 

the implantation method was deemed successful, however, to minimize discomfort and align with 

clinical materials, a smaller gauged segment of titanium wire was purchased to carry out the 

remaining work.  
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Figure 3.14. Pilot Study 1. Assessing placement of the stainless steel segment and PA signal 
generated by the metal ex vivo. a. Representative 3D ultrasound scan of the hindlimb showing a 
~5 mm long, 20 gauge segment of stainless steel implanted into the hind limbs of mice. b. Cross-
sectional view of the implantation. c. Representative 3D multiwavelength unmixing scan of the 
hind limbs, where light blue= stainless steel segment, green= 3-4, dark blue= deoxygenated 
hemoglobin. d. Spectro scan depicting the PA spectrum produced by the stainless steel segment 
used for the multiwavelength unmixing scans. 
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3.2.2.3 Pilot Study 2 

A second pilot study was conducted to evaluate the capability of detecting 3-4, at a 

biologically relevant concentration, in the presence of the titanium segment in vivo. Initially, S. 

aureus cells were incubated with 3-4 (at 10% of our typical injected dose) or vehicle control buffer. 

After washing to remove the unbound dye, the cells were inoculated into the gastrocnemius muscle 

of a mouse. Using the previously outlined implantation method, a 25-gauge needle was used to 

perforate the muscle, followed by insertion of a 20-gauge titanium wire segment (Figure 3.15). 

 

Figure 3.15. Experimental design of the second implant infection pilot study. The figure shows 
the procedure taken to inoculate the gastrocnemius muscle of the mice with S. aureus bacteria neat 
or pre-incubated with 3-4 (‘green’) and then implanting the titanium segment into the same muscle. 
Figure created with BioRender. 

 
 The hindlimb was imaged pre- and post-procedure to compare the PA signal and spectra 

generated by the metal implant & the neat vs ‘green’ bacteria. Initial images, with an inoculation 

of 100 µM of dye (~10 % of the ID/g) bound to bacteria (Figure AII-6), exhibited an intense PA 

signal for 3-4. Subsequently, based on prior biodistribution data, the concentration of ‘green’ 

bacteria was diluted to 1% ID/g to simulate the anticipated PA signal of 3-4 reaching the infection 

site, following systemic circulation (Figure 3.16). The signal of 3-4 was detected around the metal 

implant in the right limb post-procedure (Figure 3.16a) with characteristic peaks of 3-4 in the 

spectrum derived from the ROI in Figure 3.16b. This proof-of-concept pilot study demonstrates 

the ability to discern the signal of 3-4 in the presence of a titanium segment, in vivo, and supports 
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the notion that the titanium signal should not impede the detection of 3-4 in a study where 3-4 is 

administered I.V. 

 

Figure 3.16. Pilot Study 2. a. In vivo 3D multiwavelength unmixing scans of mice inoculated with 
S. aureus, neat (in left limb) or pre-incubated with 3-4 (1% ID/g) (in right limb), and implanted 
with a 5 mm, 30-gauge titanium segment. b. Spectral analysis of a cross-section of the 
inoculation/implantation site. Pink= titanium, Green= 3-4, Greyscale= US B-mode. The signals 
from oxygenated and deoxygenated hemoglobin have been subtracted from each image.  

 

3.2.3 Conclusion & Future Directions: 
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specifically, ZnDPA-based PIPs, are clinically suitable for detecting medical device infections. To 
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demonstrated the capability of detecting the signal of low concentrations of 3-4 in the presence of 

the titanium segment, in vivo.  

Additional studies to validate a clinically relevant implant infection model would involve 

bacterial inoculation and metal wire implantation of mice 6 hours pre-I.V. injection of 3-4. PA 

images of the hind limbs would be collected before the procedure and 12 hours post-injection to 

provide insight on whether enough 3-4 would localize to the infection site, after systemic 

circulation, to be detectable in the presence of the metal implant. A control group of mice, 

implanted with the metal without bacterial inoculation, would be used to demonstrate the 

specificity of 3-4 to localize to bacterial infection compared to sterile inflammation and cell death. 

Positive results from this work would support future applications of ZnDPA-based PIPs for 

imaging implant infection and the development of an implant model, where relevant levels of 

inflammation, tissue damage, and bacterial infection are generated upon implantation of a 

contaminated metal segment. 

3.2.4 Methods & Materials: 
 

General Materials & Instrumentation. Unless otherwise noted, all reagents and solvents 

were ACS grade, purchased from commercial suppliers, and used without further purification. 

Distilled water was used for all experiments requiring the use of water. PSVue794 Reagent Kit 

was purchased from Cedarlane Labs (25101-1) and was used to prepare PSVue794 (3-4) from the 

Apo-PSS precursor (3-3) and a solution of 2 mM Zinc nitrate, 30 minutes before use. Titanium 

metal wire, 99.7% trace metals basis (OD= 0.25 mm, ~30-gauge) (460400) and glycerol, acs 

reagent, ≥ 99.5% (G7893), was purchased from Sigma-Aldrich  

 

Photoacoustic Phantom Imaging: PA phantom work was performed using a Vevo 

Phantom imaging chamber (see Figure AI-17) and the Vevo-3100/LAZR-X (FUJIFILM 

VisualSonics, Inc., Toronto, ON, Canada) imaging system equipped with a 680-970 nm laser. 

Samples were injected into Vevo Contrast Agent Phantom tubing (PN52807) that was threaded 
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into the Vevo Phantom chamber. A 30 MHz, linear array US transducer equipped with integrated 

fibre optic cables (MX400 and LZ-400 [15-30 mJ(cm3)-1], FUJIFILM VisualSonics, Inc., Toronto, 

ON, Canada) was positioned overtop of the tubes.  

Spectral analysis was performed using ‘Spectro’ scans, where the PA signal of a 2D, x,y-

cross-section of a sample is quantified at each wavelength (690-970 nm) and is used to plot the 

spectral curve or ‘spectral signature’ from a defined ROI. From this, the signal intensity of the 

chromophore of interest can be quantified by the signal unmixing algorithm utilized in the 

VevoLAB software (VisualSonics, Inc., Toronto, ON, Canada). The 2D or 3D multispectral 

unmixing scans (oxygenated and deoxygenated hemoglobin unmixed from the spectra of 3-4 and 

the metal) were taken for each material in triplicate. Designated wavelengths (680, 688, 760, 805, 

828, 924, and 932 nm), based on notable signals generated within individual chromophore spectra 

(oxygenated and deoxygenated hemoglobin, or 3-4 and metal), were used by the Vevo-

3100/LAZR-X unmixing algorithm. Images from the multiwavelength unmixing scans have been 

displayed using the texture mapping and render modes with the PA signal overlaid on the US B-

mode (greyscale) signal of a cross-section of tubing or in the x,z-plane. All image processing was 

carried out using the VevoLAB software. A ROI was drawn around the US image of the tube and, 

using ROIs of the same size and shape, a spectrum was generated from the overlaid PA signal. 

From the generated spectrum, the PA signal intensity was derived from each sample for analysis.  

 

Agar Gel Preparation: distilled/degassed water (200 mL) glycerol (19.97 g) and agar (7 

g) were mixed in a 500 mL Erlenmeyer flask and microwaved in 20-second intervals, stirring in 

between, until the mixture boils (~3.5 min). The mixture was poured into the desired mould and 

the bubbles were removed from the top of the gel before leaving to cool and set for 1 hour.  

 

Animal Studies: All procedures were conducted according to the guidelines of the 

Committee for Research and Ethics Issues of the International Association for the Study of Pain, 

and guidelines established by the Canadian Council on Animal Care and the McMaster University 

Animal Research Ethics Board. In each animal study 7-10 week-old female BALB/c mice (Charles 

River Laboratories, Raleigh, NC), weighing around 20 g, were used. The mice were sterile housed 

and maintained at 21 ˚C with a 12-hour light/dark cycle and were provided autoclaved food and 

water ad libitum.  
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In Vivo Photoacoustic Imaging Studies: PAI was performed using the Vevo-3100/LAZR-

X imaging system. Mice were anesthetized, and the fur of their right hindlimb was thoroughly 

removed before being placed in a prone position on a platform that enabled the monitoring of their 

respiration and heart rates. A generous amount of US gel was applied before imaging with the 

transducer (MX400/LX400) positioned overtop of the leg. At each imaging time point, Spectro 

scans and 3D multispectral unmixing scans were taken of each hindlimb. The transducer was 

positioned laterally overtop of the hindlimb, corresponding with the inoculation site. Scan 

distances averaged 20 mm and scans were taken every 0.33 mm.  

3D multiwavelength unmixing scans were performed to construct images depicting dye-

specific PA signal present within the hindlimb. Designated wavelengths (680, 688, 760, 805, 828, 

924, and 932 nm), based on notable signals generated within individual chromophore spectra 

(oxygenated and deoxygenated hemoglobin, or 3-4 and metal), were used by the Vevo-

3100/LAZR-X unmixing algorithm. The series of 2D cross-sectional scans collected were then 

reconstructed by the instrument into a 3D image, where the signals from each chromophore are 

assigned a colour and overlaid onto a b-mode ultrasound scan. The scans are displayed as either 

render mode or texture mapping images where the PA signal is overlaid on US B-mode (greyscale) 

signal for sections of the hindlimb. Signals from oxygenated and deoxygenated hemoglobin were 

subtracted from the images to reduce visual complexity. All signal unmixing algorithms and image 

processing was carried out using the VevoLAB software. Image processing consisted of signal 

optimization, with parameters set the same for each image within the study.  

In vivo spectral analysis was performed using ‘Spectro’ scans (as described in the 

“Photoacoustic Phantom Imaging’ section) and was used to verify whether the spectral signature 

of the in vivo signal matched that of the exogenous dye. The ROI used for each spectral curve was 

displayed in a multiwavelength unmixing scan (oxygenated and deoxygenated hemoglobin 

unmixed from 3-4 and the metal) derived from the Spectro scan. 

 

Pilot Study 2- Assessing the PA Signal of 3-4 in the Presence of a Metal Implant, In 

Vivo: 0.75 mL of S. aureus bacterial (O/N) culture (1´1011 CFUs/mL) was aliquoted into a 1.5 mL 

microcentrifuge tube and incubated with either 0.1 mL 3-4 (850 µM) or 0.1 mL of HBSS for 10 

minutes. The bacterial pellets were washed with HBSS 2 times and resuspended in 0.75 mL of 
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HBSS. An aliquot of each stock was diluted 10´ and 50 µL of each solution was inoculated into 

the right hind limb (bacteria + Dye) or the left hind limb (bacteria + HBSS, ‘neat’). Using a 25-

gauge needle, the gastrocnemius muscle was perforated, and a 5 mm segment of titanium wire (30-

gauge) was then inserted. The mouse was then PA imaged as described in the In Vivo Photoacoustic 

Imaging section.  

 

Statistical Analyses: Data are reported as mean ± standard error of the mean (SEM). 

Concentration and bacteria-binding data were analyzed by one-way analysis of variance 

(ANOVA). Differences between test groups and control were assessed using Dunnett’s Multiple 

Comparison Test on GraphPad Prism version 9 (GraphPad Software, San Diego, CA). In vivo PAI 

data were analyzed using a two-way ANOVA. Differences between tested groups and control were 

assessed using the Tukey Test on GraphPad Prism (Threshold * P≤ 0.05; ** P≤ 0.01; *** P≤ 

0.001). 

 

Ancillary Information: Supporting data are available in Appendix II: In vivo pilot study 

2 photoacoustic imaging data. 
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3.3 Conclusions & Future Directions for PAI of Bacterial Infection 
 
 In this chapter, two bacteria-targeting PIPs, 3-2 and 3-4, were investigated for their ability 

to image sites of bacterial infection. Although 3-2 was able to interact specifically with bacteria in 

vitro, the severe aggregation of the probe in its injectable formulation and the significant PA signal 

overlap with deoxyhemoglobin prompted us to focus our attention on the assessment of PIPs with 

fewer solubility issues and better PA properties. A commercially available ZnDPA-based NIR dye, 

3-4, was then sourced and used as an alternative PIP for evaluating the bacterial-specificity of 

ZnDPA-based probes and the suitability of PAI as a modality for diagnosing bacterial infections. 

 3-4 was demonstrated to specifically detect sites of bacterial infection compared to sterile 

inflammation, and PAI was determined to be a suitable modality for detecting soft-tissue 

infections. A series of proof-of-concept studies were then followed to demonstrate the feasibility 

of detecting 3-4 in the presence of a titanium implant. Results from these studies suggested that 3-

4 could be detected in the presence of the implant, in vivo. However, further follow-up studies are 

required to show in vivo localization & detection of 3-4 at the sites of infection, in the presence of 

the implant.  

Overall, PAI remains a promising modality for the detection of HAIs. In the context of 

implant infection, the PA signal generated by implant materials, such as metals that conduct heat, 

is anticipated to remain a key challenge. Therefore, the continued development of optimized PIPs, 

where ideal bacteria-targeting vectors are combined with strong PA contrast agents, will maintain 

the significance of PAI for applications in diagnosing bacterial infections. Towards this goal, Zn-

DPA has thus far provided promising results, however, expanding the scope of targeting vectors 

used in the design of novel PIPs could improve the percentage of the injected dose that localizes 

to the bacterial infection, which could improve the ability to image metal-based implant infections.   
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A promising bacterial targeting vector to consider is the antimicrobial peptide Ubiquicidin 

(UBI), which has demonstrated specificity to both gram-positive and gram-negative bacterial 

strains.65,66 A synthetic derivative of UBI, UBI-29-41, radiolabeled with 99mTc is currently under 

clinical investigation and has demonstrated several advantages for infection imaging.11,67–69 

Notably, its rapid localization to infectious lesions within 1-2 hours, and its high bacterial 

specificity and SPECT sensitivity provide the possibility for quick patient diagnoses with low rates 

of false negative or positive. Clinical PET studies utilizing a [68Ga]Ga-DOTA-derivative have also 

yielded promising results.10,70 While preclinical investigations have explored attaching fluorescent 

dyes to the protein,71,72 assessing the utility of these probes for PAI has not been documented.73 

Thus, expanding our investigations to include UBI-derived PIPs is warranted.  

 Bacteria-specific metabolizable sugars represent another compelling class of targeting 

vectors for broadening the scope of bacteria imaging work. Although maltodextrin sugar 

derivatives have yet to advance into clinical trials, preclinical studies have showcased their notable 

bacterial specificity and signal sensitivity across PET, fluorescence, and PAI modalities.15,32,33,74,75 

Furthermore, their capacity to penetrate bacterial biofilms, a protective polymer matrix produced 

by bacteria that imparts antimicrobial resistance,76 is a rare characteristic among bacterial-targeting 

vectors and adds to their appeal. This could revolutionize the diagnosis of medical implant HAIs, 

which are notoriously prone to biofilm formation.77  

 The synthesis of novel PA dyes with enhanced aqueous solubility and optimized PA signal 

generation properties is underway. Parallel to expanding the scope of targeting vectors used, this 

endeavour will support the ongoing effort to develop the next generation of bacteria-targeting PIPs. 

Chapter 4 of this thesis is dedicated to the design, synthesis, and evaluation of a general-purpose 

dye that can be utilized to formulate a diverse array of disease-targeting PIPs.  
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4.1 Introduction 
 

Photoacoustic Imaging (PAI) is a dual-modal technique combining optical and acoustic 

imaging that employs pulsed light absorption to create detectable ultrasound waves. PAI offers 

detection sensitivity comparable to FI with enhanced depth-resolution capabilities resulting from 

the reduced scattering of acoustic waves in tissue.1 Spectral unmixing algorithms facilitate the 

visualization of target-specific signals amidst interfering signals generated by endogenous 

chromophores, enabling simultaneous detection of multiple chromophores. Furthermore, 

anatomical mapping, using conventional US signal, can supplement the PA images by 

contextualizing signal location.2  

Currently, ‘label-free’ imaging techniques dominate clinical PA research, offering valuable 

chemical and functional insights into disease pathology without the need for FDA-approved 

exogenous contrast agents. However, the use of exogenous chromophores, combined with specific 

disease-targeted moieties (PIPs), has become prevalent in preclinical research to facilitate the 

expansion of PAI applications. These PIPs enable the detection of biomarkers of disease that lack 

intrinsic light absorption properties.3,4  

 Photophysical and biological properties of molecularly targeted PIPS play a significant role 

in their design. For PA characteristics, the PIP should feature a unique absorbance spectrum in the 
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NIR region to ensure that it can be distinguished in the presence of endogenous chromophores 

such as oxygenated and deoxygenated hemoglobin. Additionally, a high molar extinction 

coefficient will optimize light absorption, while a low quantum yield will maximize the energy 

converted to heat that is used to generate PA signal.1 From a biological standpoint, the implemented 

targeting vector should overcome circulatory and cellular barriers in order to maximize localization 

to the intended site. The PIP should generate a low background signal and exhibit minimal uptake 

in non-target organs to generate a strong signal, with minimal adverse side effects.1  

The use of small molecule dyes for PAI applications is warranted by their commercial 

availability, easily functionalized structures, and biocompatibility. Many commercial NIR dyes, 

marketed for FI applications, possess relatively low fluorescence quantum yields, offering 

intriguing potential for PAI applications.  However, utilizing these dyes in the synthesis of novel 

PIPs requires careful consideration of the pharmacokinetic and photophysical influence that the 

addition of a linker group and targeting vector can have on the overall construct.  

The conjugated backbone and flanking electron donor/cationic electron acceptor, that 

constitute the heptamethine cyanine dyes explored in this work, are responsible for the light 

absorption properties of these molecules but also perpetuate the formation of aggregates in aqueous 

media. High dielectric constant solvents, such as water, have been documented to diminish ionic 

repulsion among similarly charged species, and coupled with the hydrophobic nature of the pi-

conjugated backbone, instigate aggregate formation.5–7 These aggregates are undesirable for in 

vivo use, not only because I.V administration could lead to venous thromboembolism, but also 

because aggregates could cause high levels of off-target uptake that could lead to toxicity and 

lower signal-to-background ratios for imaging.8,9 Thus, a key aspect of this work involved 

employing hydrophilic linkers to enhance the aqueous solubility of the PIPs. 
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The presence of intrinsic chromophores, namely oxygenated and deoxygenated 

hemoglobin, is essential to consider in the design of new PIPs as they produce NIR PA signal 

which could interfere with the detection of lower-intensity exogenous signal. Additionally, if the 

PA signal maximum of the exogenous chromophore overlaps with the predominant peaks 

generated by the endogenous chromophores, multiwavelength signal unmixing algorithms will not 

be able to differentiate the chromophores. Thus, it is critical to design a PIP to generate signals 

with a PA maximum that minimally overlaps with the signal of the blood chromophores to improve 

the accuracy of the signal unmixing algorithm. 

In this work, a novel ‘general-purpose’ dye, IRyne800PEG12 (4-4), was designed to 

improve aqueous solubility and optimize PA signal generation. To detail, a commercially available 

heptamethine cyanine dye, IR783 (2-1) was selected as the chromophore for the PIP, as it offered 

a baseline absorbance maximum (783 nm) and PA signal (775 nm) within the working wavelength 

range of the Vevo LAZR-X PAI system (680-970 nm). The design of the general-purpose dye 

includes a poly(ethylene)glycol (12) (PEG12) linker to improve solubility in aqueous media and a 

central benzoic-ethynyl group, purposefully placed to induce an anticipated bathochromic shift in 

absorption from 783 nm to ~ 800 nm.10 This shift in absorption is expected to shift the PA signal 

maximum to a wavelength that offers greater separation from the signal of endogenous blood 

chromophores, which could improve PA signal quantification and sensitivity. Finally, a carboxylic 

acid handle on the PEG linker was implemented into the design to allow for the functionalization 

of the PIP with amine-containing targeting vectors.  

The work presented here outlines the synthesis of the ‘general-purpose’ dye with a proof-

of-concept functionalization to a Zn-DPA moiety for targeting bacterial infection. To evaluate the 

implemented structural features of the PIPs, commercially available PSVue794, which possesses 
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the same targeting vector, was used for comparative studies. The design and implementation of 

assays to determine aqueous solubility and the accuracy of unmixing the signals from blood are 

detailed and a final series of proof-of-concept were conducted to demonstrate the specificity of the 

targeted PIP. 

4.2 Results & Discussion 
 

4.2.1 Synthesis & Characterization 
 

The synthesis of 4-4 (Scheme 4.1) was initiated by performing a Sonogashira coupling 

between IR783 (2-1) and 4-ethynylbenzoic acid (4-1), in an isolated yield of 70%. The product (4-

2) was characterized by HPLC and HRMS (ESI-) and 1H- & 13C-NMR analysis (Figures AIII-1-

4). A coupling reaction between amino-PEG12-propanoic acid t-Butyl ester (4-3) and 4-2, was then 

performed and subsequent acid-deprotection of the tBu-protected carboxylic acid was carried out 

using 1:5 trifluoroacetic acid (TFA) in dichloromethane (DCM) (25% yield) (structural 

characterizations: Figures AIII-5-8).   

 

Scheme 4.1. 2-step synthesis of 4-4 from IR783 (2-1).  

 
 ZnDPA was chosen as the first amine-containing targeting vector to functionalize 

compound 4-4. The addition of the DPA-NH2 (4-5) moiety to 4-4 was carried out using a PyBOP 

coupling reaction to yield 4-6 (60%) (structural characterizations: Figures AIII-9-12). IR-ZnDPA-

1 (4-7) was obtained after incubating 4-6 with Zn(NO3)2 for 30 minutes at 37˚C. The HPLC trace 
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of the product (4-7) did not display a shift in the retention time compared to the starting dye 4-6 

(Figure AIII-13). Based on low-resolution mass spectrometry, the doubly and triply charged 

species of the dye coordinated to 1 and 2 zinc moieties were present (Figure AIII-14-16). 

 

Scheme 4.2. Synthesis of IR-ZnDPA-1 (4-7). 

4.2.2. Photophysical Characterizations of 4-4 & 4-7. 
 

The photophysical properties of 4-4 and 4-7 were characterized via absorbance and 

emission spectra, PA signal, quantum yield and molar absorptivity (Figure 4.1 & Table 4-1). Two 

prominent peaks were observed in the absorbance (740 and 800 nm) and PA (735 and 790 nm) 

spectra of 4-4, corresponding to the dimeric and monomeric species of the dye, respectively. Upon 

functionalizing the dye with 4-5 and coordination with zinc nitrate, a notable decrease in dimeric 

species intensity was observed, leading to a single prominent peak at in both the absorbance (810 

nm) and PA (805 nm) spectra of 4-7. 

A biocompatible solvent of 10 % ethanol in saline was used in all measurements, except 

when calculating the fluorescence quantum yield where methanol was used to allow for a direct 

comparison to the literature value found for 2-1.11  Comparative analysis with 2-1 (Table 4.1) 

demonstrated decreased molar absorptivity for 4-4 and 4-7, yet within expected ranges for 

heptamethine cyanine dyes.12 Low fluorescence quantum yields suggest efficient conversion of 

absorbed energy to thermal or vibrational energy, ideal for PA signal generation.13 The sharper 
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monomer peak of 4-7 suggests potential superiority over 4-4 in the PA signal unmixing algorithm, 

particularly in the presence of blood.  

 
 

Figure 4.1. Spectral characterization of 4-4 and 4-7: a. Absorbance & emissions spectra of 4-4 (20 
µM, 10% ethanol in saline), 𝝀𝒆𝒙𝒄= 746 nm. b. PA spectrum of 4-4 (20 µM, 10% ethanol in saline). 
c. Absorbance & emissions spectra of 4-7 (20 µM, 10% ethanol in saline), 𝝀𝒆𝒙𝒄= 746 nm. d. PA 
spectrum of 4-7 (20 µM, 10% ethanol in saline).  

 

Table 4.1. Photophysical characteristics comparison of 2-1, 4-4, & 4-7. 

Construct Solvent PA 
𝝀𝒎𝒂𝒙 
(nm) 

Absorbance 
𝝀𝒎𝒂𝒙 
(nm) 

Emission 
𝝀𝒎𝒂𝒙 
(nm) 

Fluorescent 
Quantum 
Yield (𝝋𝒇) 

 

Molar 
Absorptivity (𝜺) 

(cm-1M-1) 

2-1 Methanol 760 783 808 0.084* 282 200* 
 

4-4 
Methanol - 802 834 0.036 177 998 

10% Ethanol 
in Saline 

735/790 800 834 - - 

 
4-7 

Methanol - 804 840 0.015 202 913 
10% Ethanol 

in Saline 
805 810 842 - - 
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*Data derived from James, et al., 2013.11 

4.2.3. Solubility Analysis.  
To evaluate the effect of the PEG linker addition, a solubility study was conducted using 

the absorbance spectra of probes 4-4, 4-7, and 3-4 in solvents of varying polarity. It has been well 

characterized in the literature that various states of dye aggregation can be observed in the 

absorbance spectra, where H- and J-aggregates species possess a respective hypsochromic and 

bathochromic shift in absorbance compared to the monomeric species.5 An illustrative example of 

these shifts is provided in Figure 4.2, displaying the differing absorbance spectra of 2-5 in 

methanol (MeOH) and saline. 

 
Figure 4.2. Assessing solubility of a dye using the absorbance characteristics of monomeric, 
dimeric, H- and J-aggregated dye species. 2-5 dissolved in methanol or saline. 

 
Methanol was employed to dissolve the dyes to define the spectrum of a fully solubilized 

dye, while 10% ethanol in saline and 100% saline were used to evaluate probe solubility in 

injectable formulations. Absorbance scans of each formulation were acquired, and the spectra were 

plotted (Figure 4.3). In the absorbance spectra of 3-4 (Figure 4.3a), a propensity to aggregate was 

observed with increasing aqueous solvent content, as indicated by diminished monomer intensity 

and broadening of the spectrum in saline. Notably, the formation of J-aggregates was evident due 

(a
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to the bathochromic shift in absorbance out to ~850 nm. Similarly, a reduction in monomer 

intensity was observed in the spectra 4-4 in 10% ethanol in saline and saline alone, relative to the 

spectra in methanol (Figure 4.3b). However, development of the dimeric species appeared to occur 

in place of the formation of the aggregate species, which suggest that the PEG linker contributes 

to higher solubility in aqueous solvent. Interestingly, the absorbance spectra of 4-7 (Figure 4.7c) 

showed a less extensive decrease in monomer intensity with increasing aqueous solvent content. 

Similar to 4-4, the intensity of the dimer peak increased, without development of the aggregate 

species. These results indicate that not only the addition of the PEG linker but also further 

functionalization to form 4-7, substantially improved the aqueous solubility of the novel 

heptamethine cyanine dye compared to a commercially available dye, 3-4, with similar targeting 

properties. 

 

Figure 4.3. Solubility analysis of 3-4 (a), 4-4 (b), and 4-7 (c) in methanol, 10% ethanol in saline, 
and saline (15 µM). 

 

4.2.4. Blood Signal Unmixing Analysis.  
 

An integral feature of the Vevo LAZR-X imaging system is the multispectral unmixing 

algorithm that allows for the simultaneous detection of multiple chromophores. This component 

is especially important for in vivo PAI applications due to the presence of intrinsic chromophores 
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that interfere with NIR signal detection. Specifically, the spectra of oxygenated and deoxygenated 

hemoglobin generate distinct signals in the instrument’s wavelength range (680-970 nm), which 

are essential to consider in the design of new PIPs. To improve the accuracy of the signal unmixing 

algorithm, it is proposed that a PIP should generate a signal with a PA maximum at a location that 

overlaps minimally with the signal maxima of the blood chromophores. Accordingly, two 

wavelength ranges were proposed as ideal for signal unmixing (Figure 4.4), guiding the design of 

the dyes synthesized in this work.  

 

Figure 4.4. Proposed ideal wavelength ranges for dyes to emit PA signal for optimal unmixing 
capabilities from blood chromophores. 

 

 To assess the ease of unmixing PA spectra of 4-4 and 4-7 from blood chromophores, two 

studies were designed, the first of which utilized whole mouse blood mixed with the dyes in situ. 

Accuracy in distinguishing between deoxygenated hemoglobin and dye was gauged by comparing 

samples of neat blood and blood mixed with dye, from which the detected signals of deoxygenated 

hemoglobin and dye were quantified. Hypothetically, in the absence of dye, the baseline signal of 

deoxyhemoglobin and the background level of dye can be determined. Further, in samples 

containing both blood and dye, the signal of deoxyhemoglobin should not change, while the signal 
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of dye should be detected at significantly higher levels than the background. Detection of a 

deoxyhemoglobin signal higher than the baseline in this sample would suggest that the algorithm 

is unable to accurately distinguish between the signals. 

 As with the solubility assay, 3-4 was compared to the non-targeted dye, 4-4, and the 

targeted dye, 4-7 (Figure 4.5). As anticipated a significantly higher signal of each dye was 

observed between the samples of neat blood and blood mixed with each dye (3-4: 0.106 ± 0.020 

a.u. and 0.327 ± 0.044 a.u., where P< 0.001; 4-4: 0.109 ± 0.006 a.u. and 0.196 ± 0.008 a.u, where 

P< 0.001; 4-7: 0.057 ± 0.007 a.u. and 0.176 ± 0.025 a.u., where P= 0.002). However, the signal of 

deoxyhemoglobin was also detected at levels significantly higher than the baseline in the samples 

of blood mixed with 3-4 (0.060 ± 0.007 a.u. and 0.139 ± 0.018 a.u., where P=0.03) and 4-4 (0.048 

± 0.010 a.u. and 0.139 ± 0.003 a.u., where P< 0.001), indicating that the algorithm was not able to 

accurately distinguish between deoxyhemoglobin and the dyes. Importantly, the detected signal 

from deoxyhemoglobin did not increase above baseline in the sample of blood mixed with 4-7 

(0.069 ± 0.009 a.u. and 0.060 ± 0.016 a.u.). A limitation of this study was the non-biologically 

relevant levels of deoxyhemoglobin present in the drawn blood samples, as what would be 

expected in vivo. This prompted the accompanying in vivo signal unmixing study to assess a 

biologically relevant make-up of intrinsic chromophore interference. 
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Figure 4.5. In vitro blood unmixing analysis of 3-4 (a), 4-4 (b), and 4-7 (c), where the quantified 
signals of dye (green) and deoxyhemoglobin (blue) were unmixed from samples containing neat 
blood or blood mixed with dye.  

 
 To assess the accuracy of the algorithm in a biologically relevant environment, naïve mice 

were imaged using the multiwavelength unmixing algorithm, where oxygenated and deoxygenated 

hemoglobin were unmixed from predetermined spectra for 3-4, 4-4, or 4-7. The objective was to 

assess how the PA spectral characteristics of each dye impacted the background levels detected in 

the absence of injected dye. Figure 4.6a-c shows the overlay of the pre-determined spectral 

signatures for oxygenated and deoxygenated hemoglobin with 4-4, 3-4, and 4-7, respectively, and 

the subsequent hindlimb images with the unmixed signals. Additionally, the green signal from each 

3D scan was quantified (Figure 4.6d), demonstrating that the background signal of 4-4 (0.077 ± 

0.004 a.u.) was significantly higher than that of 3-4 (0.066 ± 0.007 a.u., where P=0.05) and that of 

4-7 (0.049 ± 0.001 a.u., where P< 0.001). A significant difference was also observed between 3-4 

and 4-7 (P= 0.009). Upon further analysis, the background signal between the dyes decreases as 

the monomer-to-dimer peak ratio of the dyes (4-4: 1.07, 3-4: 1.18, and 4-7: 1.67) increases. This 

result points to the importance of maintaining a single PA signal maximum, unique from the PA 

signal of blood chromophores, for accurate signal unmixing in vivo, and highlights how the 
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improved solubility of 4-7, compared to a similarly designed construct, 3-4, contributes to 

optimized in vivo PAI. 

 
 
Figure 4.6. In vivo blood unmixing analysis of 4-4 (a), 3-4 (b), and 4-7 (c). Where the quantified 
background signals for each dye (green) (d) were unmixed from blood chromophores using pre-
determined PA spectra, in the hindlimb of a naïve mouse. Blue= deoxygenated hemoglobin, red= 
oxygenated hemoglobin.  

 

4.2.5. Proof-of-Concept In Vitro Bacteria Binding Assay.  
 

To assess the targeting ability of the PIP, an in vitro bacteria binding assay was performed, 

comparing the fluorescence intensity of S. aureus bacterial pellets incubated with or without the 

non-targeted (4-4) or the targeted (4-7) dyes (Figure 4.7). The fluorescence intensity of the 

bacterial pellets incubated with 4-4 (919 ± 1111 a.u.) was not found to be different from the 

intensity of the no-cell control (3850 ± 865 a.u.), whereas the intensity of the bacterial pellet 

incubated with 4-7 (18169 ± 2279 a.u.) was significantly higher than the no-cell control (4378 ± 

1325 a.u., where P < 0.001), as well as the intensity of the bacterial pellet incubated with 4-4 (P < 

680 825 970
0.0

0.5

1.0

Wavelength (nm)

PA
 A

ve
ra

ge
 S

ig
na

l (
a.

u.
)

Oxygenated Hemoglobin
Deoxygenated Hemoglobin
4-4

a. b. c. d.

4-4 3-4 4-7
0.00

0.02

0.04

0.06

0.08

0.10

PA
 A

ve
ra

ge
 S

ig
na

l (
a.

u.
)

* P = 0.05
** P < 0.01

*** P < 0.001

✱

✱✱✱

✱✱

680 825 970
0.0

0.5

1.0

Wavelength (nm)

PA
 A

ve
ra

ge
 S

ig
na

l (
a.

u.
)

Oxygenated Hemoglobin
Deoxygenated Hemoglobin
4-7

680 825 970
0.0

0.5

1.0

Wavelength (nm)
PA

 A
ve

ra
ge

 S
ig

na
l (

a.
u.

)

3-4 

Oxygenated Hemoglobin
Deoxygenated Hemoglobin

x

z
y

2 mm 2 mm 2 mm

US
DyeMax Min
Oxy
DeOxy



Ph.D. Thesis- R. Swann; McMaster University- Chemistry & Chemical Biology 
 

 132 

0.001). A signal-to-background (S/B) ratio of 4.15 and targeted-to-non-targeted (T/NT) ratio of 

19.7 were calculated, indicating that the construct was able to bind to the anionic outer membrane 

of bacteria, as anticipated.  

A sample of dye alone, at 10 µM, that was not treated through centrifugation, was measured 

to determine the intensity of the signal that would be generated if all the dye remained in solution. 

This control group represents situations where no bacteria-binding occurred and no dye crashed 

out of the solution through centrifugation. It was used to assess the degree of bacterial binding 

based on the initial supernatants and the washed bacterial pellets (Figure 4.7b-c). It was observed 

that no significant drop in the fluorescence intensity occurred between the 10 µM control (236573 

± 13655 a.u.) and the initial supernatant (217893 ± 10451 a.u.) of 4-4, indicating no non-specific 

bacterial binding occurred (Figure 4.7b). Additionally, there was a significant decrease in the 

signal intensity of the dye remaining on the washed bacterial pellet (919 ± 1112 a.u., where P < 

0.001). A similar result was observed when comparing the 10 µM control to the no-cell control for 

4-4 (Figure AIII-17a). A significant drop was observed between the 10 µM control (405344 ± 

4020 a.u.) and the supernatant of the sample incubated with 4-7 (284202 ± 18376 a.u., where P < 

0.001), which was not observed with the no-cell control (Figure AIII-17b), indicating that the 

drop in signal was attributed to the bacterial binding affinity of the dye and not to a crash-out of 

dye during centrifugation. However, a significant drop was also noted between the initial 

supernatant and the washed bacterial pellet (18170 ± 2280 a.u., where P < 0.001) (Figure 4.7c). 

Although it was not tested beyond this result, it was hypothesized that the increased aqueous 

solubility of the dye may have caused the dye to possess a higher affinity to diffuse back into 

solution compared to its electrostatic affinity of the cationic zinc for the anionic outer membrane 

of the bacteria as the pellet was being washed. The significant difference between the 10 µM 
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control signal of 4-7 and the signal in the initial supernatant, along with the significant differences 

between the washed bacterial pellets of 4-4 and 4-7, provide evidence that a specific interaction 

between the targeted dye and the bacteria was maintained.  

  
Figure 4.7. In vitro S. aureus binding assay. a. Quantified fluorescence intensity measurements, at 
836 nm, of the washed ‘pellets’ with or without cells incubated with 4-4 or 4-7. Fluorescence 
intensity measurements of samples with bacteria cells, including the supernatant, the washed 
pellet, and a 10 µM control of 4-4 (b), and 4-7 (c).  

 

4.2.6. Proof-of-Concept In Vivo PAI of S. aureus-Induced Bacterial Infection.  
 

A final in vivo PAI study was pursued to assess the ability of the dye to localize to sites of 

bacterial infection. Mice were inoculated with S. aureus (1x108 CFUs) in the right hindlimb and 

the vehicle control in the left hindlimb, and then split into two cohorts. The mice were injected 

with either the non-targeted dye (4-4) or the targeted dye (4-7) (n=4 per cohort) and imaged pre-

injection and 12 hours post-injection (Figure 4.8a). No differences were observed in either 

hindlimb pre- (vehicle: 0.097 ± 0.028 a.u.; infected: 0.145 ± 0.014 a.u.) or post-injection (vehicle: 

0.188 ± 0.031 a.u.; infected: 0.097 ± 0.004 a.u.) of the non-targeted cohort (Figure 4.8b). The 

spectrum of the signal generated from within the inoculation site did not show indication to the 
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presence of the dye, specifically in the anticipated 735 and 790 nm regions (Figure 4.8d). The 

cohort injected with the targeted dye (4-7) showed a significantly higher signal in both hindlimbs 

post-injection (vehicle: 0.437 ± 0.063 a.u., where P = 0.005; infected: 0.378 ± 0.057 a.u., where P 

= 0.02) compared to the pre-injection signal (vehicle: 0.110 ± 0.017 a.u.; infected: 0.115 ± 0.023 

a.u.) (Figure 4.8c), and a characteristic peak at 805 nm was observed in the spectrum of the signal 

present in both hindlimbs at 12 hours, that was not present pre-injection (Figure 4.8e). The PA 

signal in the vehicle control limb was not expected to be significantly higher than the background 

signal since bacterial infection was not established in that location. Therefore, a histological 

examination of the tissues is currently underway and will be necessary to analyze before an official 

conclusion on these unanticipated results can be made.  

 

Figure 4.8. PAI of S. aureus-induced myositis using 4-4 or 4-7: a. Representative PA multispectral 
unmixing images (pre-injection and 12 hours post-injection (12h) of mice injected I.V. with 4-4 or 
4-7 (1 mM, 100 µL, n=4). b-c. Quantified 3D PA average signal, derived from the scans in a. of 
mice injected with 4-4 and 4-7, respectively, within the inoculation sites of the mice. d-e. Spectral 
analysis of the inoculation sites pre-injection and 12h of mice injected with 4-4 and 4-7, 
respectively. For all multiwavelength unmixing scans, greyscale= US images overlaid with 
unmixed PA signal, where green= 4-4 or 4-7. The signals from oxygenated and deoxygenated 
hemoglobin have been subtracted from each image. 
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4.3 Conclusion 
 

Compound 4-4, a novel NIR dye designed to possess properties ideal for in vivo PAI, 

features a PEG-linker for enhanced aqueous solubility and a shifted absorbance maximum to for 

more accurate signal unmixing. To evaluate these modifications, the dye was conjugated with a 

Zn-DPA targeting vector to form 4-7, which was tested alongside the non-targeted counterpart and 

a commercially available Zn-DPA NIR dye, PSVue794 (3-4). In aqueous solvent, where 3-4 

demonstrated a tendency to aggregate, 4-4 and 4-7 primarily formed dimeric species, with 4-7 

exhibiting the highest monomer intensity out of the three constructs in the prominently used 

injectable formulation of 10% ethanol in saline. These results suggest that the addition of the PEG 

linker and conjugation with a targeting vector to form 4-7 conferred high solubility in aqueous 

solvent, potentially improving in vivo biodistribution. The high solubility of 4-7 also led to a single 

PA maximum at 805 nm, which was found to enhance the accuracy of the signal unmixing 

algorithm in distinguishing 4-7 from endogenous blood chromophores compared to 4-4 and 3-4, 

which displayed lower monomer-to-dimer peak ratios. 

Proof-of-concept bacteria targeting studies were conducted to assess the specificity of 4-7 

for the anionic membrane of bacteria compared to 4-4. An in vitro binding assay demonstrated 4-

7’s ability to bind to bacteria, while 4-4 did not. However, 4-7 also exhibited a tendency to diffuse 

back into solution upon washing of the bacterial pellet. In an in vivo model of bacterial infection, 

4-7 generated a low background level and a clear post-injection signal, while 4-4 did not produce 

a signal above background. Unfortunately, a significant signal was also detected in the vehicle 

control limb, which indicated that the in vivo bacteria-targeting ability of the PIP was inconclusive. 

It is currently hypothesized that the high aqueous solubility of the dye may hinder the 

comparatively weak electrostatic forces that drive the bacterial targeting mechanism. Future 
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investigations will focus on blood circulation studies and exploration of the relationship between 

solubility and target affinity. Alternative Zn-DPA derivatives, such as those containing phenethyl- 

or butyl-ureido substituents, offer documented improvements for anionic membrane affinity over 

4-5,14,15 and may be tested to continue evaluations of ZnDPA-based PIPs. Additionally, substituting 

the Zn-DPA for other bacteria-targeting vectors is outlined in Chapter 3 is warranted. Finally, 

functionalization of 4-4 with a similar PSMA targeting vector that was used in YC-27,16 will be 

investigated for PAI of prostate cancer. 

4.4 Experimental Section 
 

General Materials, Instrumentation, & Methods: Unless otherwise noted, all reagents 

and solvents were ACS grade, purchased from commercial suppliers, and used without further 

purification. Distilled water was used for all experiments requiring the use of water. Amino-PEG12-

propanoic acid t-Butyl ester was purchased from Conju-Probe, LLC (CP-1019). Distilled water 

was used for all experiments requiring the use of water. Deuterated solvents for NMR samples 

were purchased from Cambridge Isotope Laboratories. 

Nuclear magnetic resonance (NMR) spectra (1H, 13C) were recorded on a Bruker AV600 

MHz spectrometer at ambient temperature. Mass spectrometry analyses were provided by the 

McMaster Regional Center for Mass Spectrometry on an Agilent 6340 Ion Trap LC/MS mass 

spectrometer operating in electrospray ionization (ES) mode. High-resolution mass spectrometry 

(HRMS) was collected on a Waters/Micromass Q-Tof Global Ultima spectrometer. Absorbance 

and fluorescence scans were collected on a Tecan Infinite M1000 plate reader using Corning 96-

well, clear bottom plates (non-treated surface) (Corning 3631). Solvents were evaporated using 

reduced pressure with a rotary evaporator. Unless otherwise stated, flash chromatography 

purifications were carried out on a CombiFlash®Rf+. Compounds were dried using a VirTis 

Benchtop lyophilizer equipped with an Edwards RV5 pump. High-performance liquid 

chromatography (HPLC) was performed on a Waters 1525 Binary (Midford, MA), monitored 

simultaneously with 2998 photodiode array detector at 245/700 nm using the Empower software 

package. Analytical HPLC of each compound was performed, using the HPLC method described 

below, on a Gemini 5 µm C18 110 Å (250 ´ 4.6 mm) Column (00G-443-E0, Phenomenex), 
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operating at a flow rate of 1 mL/min. The same HPLC method was used for preparatory HPLC of 

4-6, performed on a Gemini 5 µM NX-C18 110 Å (250 ´ 10 mm) Column (00G-4454-N0, 

Phenomenex), operating at a flow rate of 4 mL/min. 

CombiFlash®Rf+ Method A: Using the Prep HPLC Column: C18Aq Dimensions: 30 

mm x 150 mm 5µm. Solvent A: Acetonitrile, Solvent B: Water. 1-10 min 100% B, 10-20 min 100-

70% B, 20-30 min 70% B, 30-40 min 70-50% B, 40-50 min 50% B. 

 

HPLC Method: Solvent A: Water + 0.1% Trifluoroacetic acid (TFA), Solvent B: 

Acetonitrile + 0.1% TFA. Gradient: 0-2 min 90% A, 2-6 min 90-40% A, 6-8 min 40% A, 8-10 min 

40-10% A, 10-11 min 10-90% A, 11-15 min 90% A. 

 

Synthesis of IRyne-800 (4-2): IR-783 (2-1) (0.130 g, 0.17 mmol), 4-ethynylbenzoic acid 

(4-1) (0.05 g, 0.34 mmol), N,N-diisopropylethylamine (DIPEA) (0.08 mL, 0.44 mmol), copper (I) 

iodide (0.0064 mL, 0.034 mmol), Bis(triphenylphosphine)palladium (II) dichloride (0.012 g, 0.017 

mmol) and 40 mL of water: acetonitrile (1:1) (sparged with argon gas) were added to a round 

bottom flask under inert atmosphere and equipped with a magnetic stir bar. The mixture was 

refluxed for 1 hour and then cooled to room temperature. The mixture was filtered through a pad 

of celite, washed with water, and the solvent was evaporated. CombiFlash®Rf+ Method A was 

used to purify the material yielding the 4-2 as a DIPEA salt (70% yield). HPLC (UV 700 nm) tr= 

9.87 min. HRMS (ESI-) m/z calculated for C47H51N2O8S2-: 835.3081 [M-H]-, found 835.3104; 

417.151 [M-2H]2-, found 417.1522. 1H NMR (600 MHz, CD3OD) δ= 8.452 (d, J=13.8 Hz, 2H), 

8.103 (d, J=7.8 Hz, 2H), 7.723 (d, J=7.8 Hz, 2H), 7.460 (d, J=7.2 Hz, 2H), 7.365 (dt, J=7.8, 1.2 

Hz, 2H), 7.307 (d, J=7.8 Hz, 2H), 7.203 (t, J=7.8 Hz, 2H), 6.328 (d, J=14.4 Hz, 2H), 4.162 (t, J=7.2 

Hz, 4H), 3.628 (sep, J=6.6 Hz, 2H), 3.184 (q, J=7.2 Hz, 2H), 2.855 (t, J=7.2 Hz, 4H), 2.685 (t, J=6 

Hz, 4H), 1.997-1.887 (m, 10H), 1.705 (s, 12H) ppm, 1.335 (t, J=6.3,15H) ppm; 13C NMR (150 

MHz, CD3OD) δ=173.5, 147.0, 143.7, 142.5, 142.1, 134.2, 132.4, 131.2, 129.9, 126.2, 126.1, 

123.5, 112.2, 103.1, 102.1, 87.9, 55.8, 51.8, 50.5, 44.9, 43.8, 28.6, 27.3, 25.5, 23.6, 21.9, 18.6, 

17.3, 13.1 ppm. 

 

Synthesis of IRyne-800-PEG12Ca (4-4): To a dry microwave vial equipped with a 

magnetic stir bar, compound 4-2 (0.035 g, 0.042 mmol), PyBOP (0.048 g, 0.097 mmol) and N,N-
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diisopropylethylamine (DIPEA) (0.015 mL, 0.084 mmol) were added. The vial was capped, and a 

nitrogen atmosphere was induced. The mixture was dissolved in 2 mL of DMF. In a separate, dry 

microwave vial, Amino-PEG12-propanoic acid t-Butyl ester (4-3) (0.042 g, 0.063 mmol) was added 

and dissolved in 3 mL of anhydrous DMF once the vial was capped and under nitrogen. Once fully 

dissolved, 4-3 was added dropwise to the vial containing the reaction mixture. The reaction was 

sparged with argon then shielded from light and stirred at room temperature for 12 hours. The 

solvent was evaporated and placed on a high vacuum for 20 minutes. The material was then 

redissolved in 1 mL of DCM, and 100 µL of trifluoroacetic acid (TFA) was slowly added to the 

mixture and stirred for 1 hour at room temperature. The solvent was evaporated and then diluted 

in 10 mL of water and loaded onto a C18 cartridge. 5 mL of water was used to wash the cartridge 

and ethanol was used to elute the dye. The material was purified using a prep-TLC (normal phase) 

eluted in 12.5% methanol in DCM (product Rf=0) (25 % yield). HPLC (UV 700 nm) tr= 8.96 

min. HRMS (ESI-) m/z calculated for C74H105N3O21S2: 1435.6609 [M-H]-, found 1434.6631; 

716.8268 [M-2H]2-, found 716.827. 1H NMR (600 MHz, CD3OD) δ= 8.453 (d, J=14.04 MHz, 

2H), 7.949 (d, J=8.34 MHz, 2H), 7.724 (d, J=8.4 MHz, 2H), 7.397 (d, J=7.44 MHz, 2H), 7.331 

(dt, J=8.1, 0.84 MHz, 2H), 7.278 (d, J=7.92 MHz, 2H), 7.167 (t, J=7.44 MHz, 2H), 6.296 (d, 

J=14.1 MHz, 2H), 4.129 (t, J=7.08 MHz, 4H), 3.635 (m, 6H), 3.589 (m, 6H), 3.545 (m, 38H), 

2.808 (t, J=7.32 MHz, 4H), 2.639 (t, J= 5.94 MHz, 4H), 2.421 (t, J=6.12, 2H), 1.899 (m, 10H), 

12.339 (s, 12H) ppm; 13C NMR (150 MHz, CD3OD) δ=173.5, 169.2, 147.1, 143.9, 142.6, 141.9, 

136.7, 134.4, 132.9, 130.1, 129.4, 126.5, 126.4, 123.6, 112.4, 102.7, 102.3, 88.4, 71.7, 71.6, 71.5, 

71.49, 71.47, 71.45, 71.4, 71.37, 71.36, 71.33, 71.30, 71.23, 70.7, 68.7, 58.5, 51.9, 50.7, 45.1, 41.2, 

37.4, 33.2, 33.1, 30.9, 30.8, 30.6, 28.8, 27.5, 25.7 23.9, 23.8, 22.1, 18.5, 14.6 ppm.  

 

Synthesis of IRyne-800-PEG12-DPA (4-6): To a dry microwave vial equipped with a 

magnetic stir bar, compound 4-4 (0.012 g, 0.0085 mmol), PyBOP (0.01 g, 0.017 mmol) and N,N-

diisopropylethylamine (DIPEA) (2.0 µL, 0.017 mmol) were added. The vial was capped, and a 

nitrogen atmosphere was induced. The mixture was dissolved in 1.5 mL of DMF. In a separate, 

dry microwave vial, DPA-NH2 (4-5) (0.01 g, 0.017 mmol) was added and dissolved in 1 mL of 

anhydrous DMF once the vial was capped and under nitrogen. Once fully dissolved, DPA-NH2 

was added dropwise to the vial containing the reaction mixture. The reaction was shielded from 

light and stirred at room temperature for 12 hours. The solvent was evaporated, and the material 
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was purified by prep-HPLC (dissolved in 2 mL of water) (60% yield). HPLC (UV 700 nm) tr= 

8.08 min. HRMS (ESI+) m/z calculated for C110H144N10O21S2: 2006.022 [M+H]+, found 

2005.9974; 1003.5047 [M+2H]2+, found 1003.5083; 681.9919 [M+Na-H+3H]3+, found 681.9928. 
1H NMR (600 MHz, CD3OD) δ= 8.63 (d, J=4.8 MHz, 4H), 8.39 (d, J=13.9 MHz, 2H), 7.99 (dt, 

J= 7.8, 1.8 MHz, 4H), 7.96 (d, J=8.4 MHz, 2H), 7.72 (d, J=8.4 MHz, 2H), 7.57 (d, J=8.4 MHz, 

4H), 7.51 (t, J=6.6 MHz, 4H), 7.42 (d, J=7.2 MHz, 2H), 7.33 (t, J=7.2 MHz, 2H), 7.29 (d, J=8.4 

MHz, 2H), 7.18 (t, J=7.8 MHz, 2H), 6.94 (s, 1H), 6.73 (s, 2H), 6.32 (d, J=13.8, 2H), 4.26 (s, 8H), 

4.16 (t, J=6.7 MHz, 4H), 3.92 (s, 4H), 3.89 (s, 1H), 3.80 (t, J=6.2 MHz, 2H), 3.64-3.62 (m, 3H), 

3.61-3.59 (m, 6H), 3.58-3.3.55 (m, 5H), 3.54-3.52 (m, 3H), 3.51-3.45 (m, 37H), 3.14 (t, J=7.0 

MHz, 2H), 2.87 (t, J=7.2 MHz, 4H), 2.55 (t, J=6 MHz, 4H), 2.33 (t, J=6 MHz, 2H), 1.93 (m, 10H), 

1.78 (t, J=6 MHz, 2H), 1.65 (s, 15H), 1.55 (q, J=7.2 MHz, 2H) ppm; 13C NMR-UDEFT (150 

MHz, CD3OD) δ= 174.1, 169.2, 161.0, 154.7, 147.6, 143.8, 142.7, 137.4, 136.8, 132.9, 130.2, 

129.5, 126.6, 126.1, 125.3, 123.7, 117.8, 71.8, 71.7, 71.6, 71.5, 71.4, 70.7, 68.9, 68.5, 60.3, 58.6, 

57.6, 52.1, 50.7, 45.1, 41.4, 39.9, 37.9, 30.9, 28.9, 28.5, 27.5, 27.3, 26.4, 25.7, 23.8, 17.4 ppm. 

 

Synthesis of IR-ZnDPA-1 (4-7): Compound 4-6 (0.001 g, 0.0005 mmol) and Zn(NO3)2 

(0.00019 g, 0.001 mmol) were dissolved in methanol (490 µL) and stirred at 37˚C for 30 minutes. 

The solvent was evaporated, and the material was redissolved in a suitable solvent (chosen based 

on the application) and used without purification. HPLC (UV 700 nm) tr= 8.08 min. LRMS (ESI+) 

m/z: 1035 [M+Zn+2H]2+, 1068 [M+2Zn+2H]2+, 690 [M+Zn+3H]3+, 712 [M+2Zn+3H]3+. 

 

Sample Preparation: Compounds 4-4 and 4-7 were dissolved in methanol to create stock 

solutions at 1 mM, from which aliquots were taken and the solvent evaporated. The material was 

then redissolved in an appropriate solvent (Methanol, 10% Ethanol in 0.9% w/v saline, or 0.9% 

w/v saline) and at an appropriate concentration for the desired application (10, 15, 20 µM or kept 

at 1 mM). 

 

Absorption/Emission Spectra & Solubility Analysis: Each sample (10 µM in 10% 

ethanol in 0.9% w/v saline) was aliquoted, in triplicate, into a 96 well plate and the absorption 

(600-950 nm) and emission (excitation at 736 nm, emission from 746-850 nm) spectra were 

collected on a Tecan Infinite M1000 plate reader. Blank scans, of neat 10% ethanol in 0.9% w/v 
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saline, were subtracted from the data to correct for any solvent effects. The same method was 

applied for the solubility analysis using samples at 15 µM and dissolved in methanol, 10% ethanol 

in 0.9% w/v saline, or 0.9% w/v saline. Absorption coefficients and quantum yields were calculated 

using procedures that can be found in AI-1: Supporting Methods. 

 

Photoacoustic Phantom Imaging: PA phantom work was performed using a Vevo 

Phantom imaging chamber (see Figure AI-17) and the Vevo LAZR-X (FUJIFILM VisualSonics, 

Inc., Toronto, ON, Canada) imaging system equipped with a 680-970 nm laser. Samples (20 µM, 

10% ethanol in 0.9% w/v saline) were injected into Vevo Contrast Agent Phantom tubing 

(PN52807) that was threaded into the Vevo Phantom chamber. A 30 MHz, linear array US 

transducer equipped with integrated fibre optic cables (MX400 and LZ-400 [15-30 mJ(cm3)-1], 

FUJIFILM VisualSonics, Inc., Toronto, ON, Canada) was positioned overtop of the tubes.  

Spectral analysis was performed using Spectro scans, where the PA signal of a 2D, x,y-

cross-section of a sample is quantified at each wavelength (690-970 nm) and is used to plot the 

spectral curve from a defined ROI. From this, the signal intensity of the chromophore of interest 

can be quantified by the signal unmixing algorithm utilized in the VevoLAB software 

(VisualSonics, Inc., Toronto, ON, Canada). Additionally, 2D multispectral unmixing scans 

(oxygenated and deoxygenated hemoglobin unmixed from the spectra of 4-4 or 4-7) were taken 

for the desired sample in triplicate. Designated wavelengths based on notable signals generated 

within individual chromophore spectra (oxygenated and deoxygenated hemoglobin: 680, 924, 936 

nm; 3-4: 692 and 802 nm; 4-4: 735 and 802 nm; or 4-7: 806 nm), were used by the Vevo-

3100/LAZR-X unmixing algorithm. Images from the Spectro and multiwavelength unmixing 

scans are displayed to show the PA signal overlaid on the US B-mode (greyscale) signal of a cross-

section of the tubing. All image processing was carried out using the VevoLAB software. A ROI 

was drawn around the US image of the tube and, applying ROIs of the same size and shape to each 

image, a spectrum of PA average signal was generated from the overlaid PA data of each image. 

 

Animal Studies: All procedures were conducted according to the guidelines of the 

Committee for Research and Ethics Issues of the International Association for the Study of Pain, 

and guidelines established by the Canadian Council on Animal Care and the McMaster University 
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Animal Research Ethics Board. In each animal study 7-10 week-old female BALB/c mice (Charles 

River Laboratories, Raleigh, NC), weighing around 20 g, were used. The mice were sterile housed 

and maintained at 21 ˚C with a 12-hour light/dark cycle and were provided autoclaved food and 

water ad libitum.  

 

In Vivo Photoacoustic Imaging Studies: PAI was performed using the Vevo-3100/LAZR-

X imaging system. Mice were anesthetized, and the fur of their right hindlimb was thoroughly 

removed before being placed in a prone position on a platform that enabled the monitoring of their 

respiration and heart rate. A generous amount of US gel was applied before imaging with the 

transducer (MX400/LX400) positioned over the leg. At each imaging time point, Spectro scans 

and 3D multispectral unmixing scans were taken of each hindlimb. The transducer was positioned 

laterally overtop of the hindlimb, corresponding with the inoculation site. Scan distances averaged 

20 mm and scans were taken every 0.33 mm.  

3D multiwavelength unmixing scans were performed to construct images depicting dye-

specific PA signal present within the hindlimb. Designated wavelengths based on notable signals 

generated within individual chromophore spectra (oxygenated and deoxygenated hemoglobin: 

680, 924, 936 nm; 3-4: 692 and 802 nm; 4-4: 735 and 802 nm; or 4-7: 806 nm), were used by the 

Vevo-3100/LAZR-X unmixing algorithm. The series of 2D cross-sectional scans collected were 

then reconstructed by the instrument into a 3D image, where the signals from each chromophore 

are assigned a colour and overlaid onto a b-mode ultrasound scan. The scans are displayed as either 

render mode or texture mapping images where the PA signal is overlaid on US B-mode (greyscale) 

signal for sections of the hindlimb. Signals from oxygenated and deoxygenated hemoglobin were 

subtracted from the images to reduce visual complexity. The spectrally unmixed signal of 4-4 or 

4-7, in the 3D multiwavelength unmixing scans, was quantified using 3D ROI drawn around the 

inoculation sites. All signal unmixing algorithms and image processing were carried out using the 

VevoLAB software. Image processing consisted of signal optimization, with parameters set the 

same for each image within the study. 3D regions of interest were drawn around the inoculation 

site. 

Spectral analysis was performed using ‘Spectro’ scans (as described in the “Photoacoustic 

Phantom Imaging’ section) and was used to verify whether the spectral signature of the in vivo 

signal matched that of the exogenous dye.  
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Signal Unmixing Analysis 

Phantom PA Signal Unmixing: 12.8 µL of 4-4 or 4-7 (1 mM in 10% ethanol in 0.9% w/v 

saline) were added to 187.2 µL of whole mouse blood (mixed with 10% EDTA in PBS). The 

samples (including 12.8 µM of 10% ethanol in 0.9% w/v saline added to 187.2 µL of blood) were 

injected into Vevo contrast agent phantom tubing and Spectro scans were taken of the material in 

triplicate. The signals from the spectra scans were unmixed and analyzed as described in 

‘Photoacoustic Phantom Imaging’. 

 

In Vivo PA Signal Unmixing: Naïve Balb/C mice (n=4) were imaged as described in the 

section titled ‘In Vivo Photoacoustic Imaging Studies’, on the Vevo LAZR X pre-injection. 3D 

multiwavelength unmixing scans were taken of the same tissue where the signals of 3-4, 4-4, or 4-

7 were unmixed from oxygenated and deoxygenated hemoglobin, as outlined in ‘In Vivo 

Photoacoustic Imaging Studies’. 

 

Proof-of-Concept Bacteria-Binding Analysis of 4-7 Compared to 4-4 

 In Vitro Bacteria Binding Assay: 4-4 or 4-7 (12 µM) were incubated with 1´109 CFU (50 

µL) of S. aureus (ATCC; 25923) in HBSS or 50 µL of HBSS (no-cell control), for 10 minutes in 

triplicate. The samples were washed 3 times and the pellet was resuspended in 250 µL of HBSS. 

200 µL sample and 200 µL stock solution were transferred to a black flat clear bottom 96-well 

plate. A fluorescence scan (Ex= 736 nm; Em= 746-850 nm) was performed. The fluorescence 

intensities (at 829 nm) of blank samples were subtracted from samples of 4-4 and 4-7 incubated 

with or without bacteria and the change in intensity was evaluated. 

 

Staphylococcus aureus-Induced Myositis Model: An aliquot of S. aureus (OD600=8.43, 

1´108 CFUs, 50 µL in HBSS) was injected intramuscularly (I.M.) on the right hindlimb. 50 µL of 

the vehicle control, HBSS, was injected IM into the left hindlimb. 18 hours post-inoculation of the 

bacteria, tissues were collected and analyzed as described in the section titled ‘Histological 

Analysis’. Animals were end-point monitored throughout the study. 
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Photoacoustic Imaging of S. aureus-Induced Bacterial Infection using 4-4 or 4-7: 6 

hours after inoculating mice (n=4), as described previously, the mice were injected intravenously 

with 100 µL of 4-4 or 4-7 (1 mM) and were imaged, as described in the section titled ‘In Vivo 

Photoacoustic Imaging Studies’, on the Vevo LAZR X, pre-injection, and 12 hours post-injection. 

Animals tolerated administration of the PIPs well and end-point was not reached throughout the 

study. 

 

Statistical Analyses: Data are reported as mean ± standard error of the mean (SEM). 

Concentration and hydroxyapatite binding data were analyzed by one-way analysis of variance 

(ANOVA). Differences between test groups and control were assessed using Dunnett’s Multiple 

Comparison Test on GraphPad Prism version 9 (GraphPad Software, San Diego, CA). Each 

experiment was performed and validated at least 3 times. In vivo PAI data were analyzed using a 

two-way ANOVA. The Tukey Test on GraphPad was used to assess the differences between the 

test and control groups. Statistical significance was established using * P≤ 0.05; **P≤ 0.01; *** 

P≤ 0.001 vs. control or appropriate diluent. 

 

Ancillary Information: Supporting data are available in Appendix III: Supporting 

methods & calculations for molar absorptivity and fluorescence quantum yield, HPLC, HRMS, 

and 1H & 13C-NMR data of all compounds. 
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Chapter 5 : Conclusions & Future Directions 
 

5.1 Summary & Conclusions 
 

MI techniques are a critical aspect of clinical research and medical practice, as they enable 

the non-invasive visualization of cellular biochemistry which facilitates the advancement of our 

understanding of disease pathology. PAI is an emerging MI modality that utilizes the non-radiative 

relaxation of contrast agents excited by pulsed light absorption, to generate detectable ultrasound 

waves. PAI offers the capability to take real-time images, with superior depth resolution compared 

to fluorescence imaging, and without the use of ionizing radiation.1 Although light penetration is 

a limiting factor in the clinical translation of PAI, there are many suitable disease imaging 

applications for this modality, including localized diseases accessible via the various tomographic, 

handheld, and endoscopic transducer configurations. Despite these mechanical advancements, 

there is a current paucity of clinically relevant molecularly targeted agents. Therefore, to meet this 

demand, the work presented within this thesis aimed to evaluate suitable combinations of light-

absorbing small molecule dyes, disease-targeting molecules, and in vivo targeting strategies.  

First, a near-infrared photoacoustic probe was used to image bone and was assessed via 

active and pre-targeting strategies. To do this a tetrazine-derived cyanine dye and a trans-

cyclooctene-modified bisphosphonate, were synthesized. In vitro hydroxyapatite binding of the 

probe via active and pre-targeting strategies showed comparable binding to hydroxyapatite versus 

a non-targeted control. Intrafemoral injection of the bisphosphonate-dye conjugate showed 

retention out to 24 hours post-injection, with a 14-fold increase in signal over background, while 

the non-targeted dye exhibited negligible binding to bone and signal washout by 4 hours post-

injection. Accumulation in the bone was demonstrated as early as 4 hours post-intravenous 

injection using both active and pre-targeting strategies, where the signal was found to be 3.6- and 
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1.5-fold higher, respectively, than the signal from the non-targeted dye. The described bone-

targeted PIP enabled in vivo photoacoustic imaging and the synthetic strategy provided a 

convenient building block for developing PIPs from other TCO-based targeting vectors. 

 The tetrazine dye was then tested alongside a ZnDPA-derived TCO, to explore the utility 

of PAI for diagnosing bacterial infections. This first-generation probe demonstrated poor aqueous 

solubility and overlapping photoacoustic (PA) signal with deoxyhemoglobin, which prompted the 

exploration of a commercially available bacteria-targeting fluorophore, PSVue794. A radiolabeled 

version of the dye, [99mTc]Tc-PSVue794, was developed to facilitate quantitative biodistribution 

studies beyond what is currently feasible to generate with optical imaging methods, which showed 

a target-to-non-target ratio of 10.1 ± 1.1, 12 hrs post-injection. The ability of the PIP to differentiate 

between bacterial infection, sterile inflammation, and healthy tissue in a mouse model, was then 

evaluated via PAI. The T/NT and the S/B ratios derived from the PAI analysis in LPS-induced 

(T/NT= 1.04 ± 0.17, S/B= 1.07 ± 0.11) and S. aureus-induced (T/NT= 2.40 ± 0.49, S/B= 2.17 ± 

0.05) myositis showed that the Zn-DPA targeting moiety facilitates the specific localization of the 

PIP at sites of bacterial infection and that the commercially available fluorophore could be used to 

generate a detectable PA signal, in vivo.  

 Since inflammation and cell death are pathologies that often accompany medical implant 

infections, a series of proof-of-concept studies were then executed to demonstrate the feasibility 

of detecting PSVue794 in the presence of a PA signal-emitting metallic implant. The signal of the 

PIP was identifiable against the signal of the implant and the spectral signature of the PIP was 

verified. Although the work requires a follow-up study, where the PIP is administered I.V. and 

assessed for its ability to distinguish between sterile and infected implants, Zn-DPA-based PIPs 

have remained promising candidates for PAI of bacterial infection. 
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In consideration of the challenges faced by the bone and infection-targeted PIPs, namely 

their solubility and the capacity to accurately unmix their PA signals from the signal generated by 

blood, a novel NIR dye was designed to possess properties ideal for in vivo PAI. The PIP featured 

a PEG-linker for enhanced aqueous solubility and a shifted absorbance maximum to facilitate 

accurate signal unmixing from endogenous blood chromophores. To evaluate these modifications, 

the general-purpose dye was conjugated with a Zn-DPA-based bacteria targeting vector, which 

was tested alongside the non-targeted counterpart and the previously discussed commercially 

available dye, PSVue794. The novel dyes primarily formed dimeric species in aqueous solution, a 

notable improvement from the aggregate formation of PSVue794, and the targeted PIP exhibited 

a high monomer intensity in all solvents. This ideal solubility also led to a single PA maximum at 

805 nm, which was found to contribute to the accuracy of the signal unmixing algorithm in 

distinguishing the target dye from endogenous blood chromophores. In vivo, the novel PIP did not 

demonstrate target-specificity, potentially resulting from the weak electrostatic forces that drive 

the bacterial targeting mechanism in combination with the high aqueous solubility of the PIP. The 

rationale that contributed to the design of the general-purpose dye did lead to high solubility and 

promising PA properties of the targeted PIP and will remain a key aspect of future work, which 

will aim to investigate the dye with higher affinity targeting vectors for PA-compatible diseases.  

5.2 Future Directions 
 

5.2.1 Continued Investigation of Photoacoustic Imaging for Diagnosing Bacterial Infection 
 

With the general-purpose dye described in Chapter 4, the infection imaging work will be 

continued by assessing the dye alongside various bacteria-targeting vectors. Although our initial 

studies with 4-7 were inconclusive on the targeting ability of the construct, it will be valuable to 

assess ZnDPA moieties that possess phenethyl- or butyl-ureido substituents, which have been 
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documented to strengthen the probe’s interaction with the outer membrane of the bacteria by 

implementing secondary non-covalent interactions between the substituents and 

phosphatidylserine in the membrane.2,3 Alternative bacteria-targeting vectors, including the 

antimicrobial peptide, UBI, and bacteria-metabolizable sugars, such as maltodextrins, are also 

currently under consideration for moving forward with the work.  

With the final PIPs, a series of in vitro and in vivo studies will be performed to assess 

their utility. To detail, evaluation of bacterial binding will be conducted for each of the probes 

using the in vitro S. aureus assay described in Chapters 3 and 4. Additionally, the probes may be 

tested against various other bacterial strains that are commonly associated with implant and 

surgical site infections, namely Escherichia coli, Pseudomonas aeruginosa, Klebsiella 

pneumoniae, Methicillin-resistant S. aureus (MRSA) and Staphylococcus epidermidis.4–8 The S. 

aureus- and LPS-induced myositis models (described in Chapters 3 and 4) will be used to 

evaluate the probe’s specificity to sites of infection over sterile inflammation.  

Once the targeting ability of the probes has been demonstrated, follow-up studies can be 

performed to assess the detectability of the PA signal generated by the PIPs in the presence of an 

infected titanium implant. Mice will be inoculated with bacteria and implanted with the titanium 

rod in the gastrocnemius muscle (as described in Chapter 3.2), after which, the PIP will be 

injected intravenously. Once enough time has passed, to allow for localization of the PIP to the 

infection site, the mice will be imaged and the PA signal of the PIP will be unmixed from the 

signal generated by both blood chromophores and the metal implant, and quantified. If the PIPs 

can preferentially localize to sites of infected implants, at detectable concentrations, compared to 

sites of non-infected implants, a focus will then be placed on evaluating the use of the PIPs for 

detecting early-stage infections. While the infection models described in this work utilized higher 
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concentrations of bacteria for proof-of-concept,  lower concentrations of bacteria, starting with 

1.0´106 CFUs and 1.0´104 CFUs, will be inoculated into the muscle and the signal-to-

background ratios will be used to conclude on the PIPs sensitivity towards lower levels of 

bacteria to represent earlier-stages of infection. The data generated from these studies will be 

used toward the greater goal of developing non-invasive methods to accurately diagnose early 

stages of healthcare-associated bacterial infections, enabling precise therapeutic intervention and 

a reduction in the misuse of antibiotics.  

5.2.2 Other Applications of PAI 
 
 Many articles have discussed projected clinical applications of PAI with a consensus 

surrounding the promise of PAI towards screening for and treatment monitoring of various 

cancers.1,9–12 It is evident how the continued advancement of tomographic, handheld, and 

endoscopic PA transducers warrants the development of PIPs targeted towards prostate, breast, 

and ovarian cancers. Within our group, progress has already been made toward the development 

of a prostate cancer-targeted PIP that utilizes glutamate-ureido-lysine (GUL) to target prostate-

specific membrane antigen (PSMA), a biomarker overexpressed on the surface of prostate cancer 

cells.13 The probe, which utilizes the general purpose dye, 4-4 targeted with GUL, will be 

compared to YC-27 a similarly designed probe reported by Chen, et al.13,14 The aqueous 

solubility of the probes will be compared before assessing the in vivo prostate cancer-targeting 

capabilities of each PIP using patient-derived LNCaP (PSMA+) and PC3 (PSMA-) xenografts. 

Additional efforts should be dedicated to determining breast and ovarian cancer-targeting agents, 

to be used alongside 4-4, and the most suitable biological models of disease to validate the utility 

of these probes.  
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As it currently exists, PAI has discernible advantages over other optical techniques, such 

as fluorescent imaging, and has been used extensively in the preclinical study of disease. 

Nevertheless, the adoption of ‘label-free’ PAI methods in clinical practice has only recently 

gained traction, while the availability of translational exogenous contrast agents has been limited. 

Progress in developing exogenous PIPs with optimal synthetic, photophysical, and biological 

properties, alongside the establishment of robust validation methodologies to ensure efficacy and 

safety, will enhance the recognition and clinical utility of PAI.   
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AI-1: Supporting Methods 
 

Molar Absorptivity Calculation of Dyes: Molar absorptivity (𝜀, M-1cm-1) of the dyes 

were calculated using equation 1 from absorbance measurements of 2-1, 2-5, and 2-7 

(concentration, C=5 µM, dissolved in methanol; optical path length, b= 1cm) acquired from the 

Ultrospec 2100 pro spectrophotometer. 

 

Equation AI-1: 𝜀 = ,
-.

 

 

Quantum Yield Calculation of Dyes: The relative fluorescence quantum yield (Φ&) was 

determined for 2-5 and 2-7 (5 µM, methanol) using equation 2, with Φ/0!= quantum yield of 2-

1 as a reference.1 Ax and Aref are the absorbance at the fluorescence excitation wavelength (736 

nm), of 2-5 or 2-7 and of 2-1, respectively. Fx and Fref are the areas under the curves of the 

fluorescence emission spectra for 2-5 or 2-7 and of 2-1, respectively. Because the material was 

dissolved in the same media as the reference material (methanol), . 1%
1&'(

/
2
= 1. 

 

Equation AI-2: Φ& = Φ/0! • 2
,&'(
,%
3 • . 3%

3&'(
/ • . 1%

1&'(
/
2
 

 

Limit of Detection (LOD) Calculation: 

 

Equation AI-3: 𝐿𝑂𝐷 = 3 × 45%16%/6	80#9%59:1	:!	%	;:<	":1"015/%59:1
4;:=0	:!	5>0	;910

 

 

Hydroxyapatite (HA) Binding Equation: The percent binding of the probe to HA was 

calculated using equation 4,2 where AbswithHA is the absorbance (770 nm) of the supernatant of 

the sample incubated with HA and AbswithoutHA is the absorbance (770 nm) of the supernatant of 

the sample incubated without HA.  

 

Equation AI-4: %	𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = [1 − (,-@)*+,	./)
(,-@)*+,01+	./)

] × 100 
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AI-2: Supporting Data 
 

 

 
Figure AI-1. UV-HPLC trace (700 nm) of 2-3, HPLC Method A. 
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Figure AI-2. HRMS (ESI-) of 2-3. 
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Figure AI-3. 1H NMR (600 MHz, CD3OD) of 2-3. 

 

 
Figure AI-4. 13C NMR (150 MHz, CD3OD) of 2-3. 
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Figure AI-5. UV-HPLC trace (700 nm) of 2-5, HPLC Method A. 
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Figure AI-6. HRMS (ESI-) of 2-5. 
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Figure AI-7. 1H NMR (600 MHz, CD3OD) of 2-5. 

 
 
Figure AI-8. 13C NMR (150 MHz, CD3OD) of 2-5. 
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Scheme AI-1. Expected Inverse electron demand Diels-Alder (IEDDA)-products. 
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Figure AI-9. UV-HPLC trace (700 nm) of 2-7, HPLC Method A. Where the peak at 7.57 min most 
likely corresponds to the thermodynamic pyridazine product (Refer to Scheme S1). 
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Figure AI-10. HRMS (ESI-) of 2-7. 
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Figure AI-11. Absorbance & photoacoustic signal analysis 2-5 in neat solvent 10% ethanol in 
saline, as a function of concentration: a. Absorbance spectra of 2-5. b. Absorbance intensity of 2-
5 at 770 nm. c. PA spectra of 2-5. d. PA average signal of 2-5 at 770 nm. e. Corresponding PA 
images of 2-5 in PA phantom. 
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Concentration 

(µM) 
PA Average 

Signal Values 
(a.u) 

 Concentration 
(µM) 

PA Average 
Signal Values 

(a.u) 
0 0.0377 ± 0.00451  0 0.0377 ± 0.00451 

2.5 0.0743 ± 0.0159  2.5 0.104 ± 0.0268 

5 0.0683 ± 0.00493  5 0.0760 ± 0.0113 

10 0.146 ± 0.0120  10 0.113 ± 0.00862 

20 0.157 ± 0.0110  20 0.317 ± 0.0605 

50 0.297 ± 0.0374  50 0.521 ± 0.0241 

100 0.660 ± 0.0199  100 0.743 ± 0.133 

 

Figure AI-12. Linear regression analysis of 2-5 and 2-7 in 10% ethanol in saline. a-b. Linear 
regression fitting of 2-5 and 2-7, respectively. c-d. Table of values of 2-5 and 2-7, respectively, as 
a function of concentration. 
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Figure AI-13. Photoacoustic signal analysis of 5 in whole murine blood: a. Analysis of the PA 
average signal of 2-5 unmixed from blood, as a function of concentration. b. Corresponding 
unmixed PA images of the samples in PA phantom. Red= oxygenated hemoglobin, blue= 
deoxygenated hemoglobin, green= 2-5. 
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Concentration 

(µM) 
PA Average 

Signal Values 
(a.u) 

 Concentration 
(µM) 

PA Average 
Signal Values 

(a.u) 
 

0 0.00967 ± 0.00451  0 0.00967 ± 0.00451 

2.5 0.0173 ± 0.00231  2.5 0.0153 ± 0.0105 

5 0.0247 ± 0.0232  5 0.0310 ± 0.0183 

10 0.0193 ± 0.00231  10 0.0360 ± 0.0166 

20 0.0507 ± 0.00907  20 0.0560 ± 0.00529 

50 0.102 ± 0.00700  50 0.107 ± 0.00917 

100 0.215 ± 0.00416  100 0.339 ± 0.0155 

 
Figure AI-14. Linear regression analysis of 2-5 and 2-7 in murine blood. a-b. Linear regression 
fitting of 2-5 and 2-7, respectively. c-d. Table of values of 2-5 and 2-7, respectively, as a function 
of concentration. 
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Figure AI-15. An example of a 3D ROI used for in vivo PA signal quantifications: A 30 mm3 
volume (pink) represents the approximate size and location, when superimposed on a texture 
mapping image of a hindlimb, of the ROIs used throughout all quantitative in vivo PA average 
signal analyses. 
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Figure AI-16. Absorbance analysis of 2-5 & 2-7 at an extended concentration (100 µM). Analysis 
was performed using the Nanodrop 1, where 1 µL of each dye (formulated in 10% ethanol in 
saline) was pipetted onto the pedestal for analysis. Samples were measured in triplicate. Based on 
literature reports on the altered absorbance properties of cyanine dyes in various states of 
aggregation,3 the absorbance spectra were interpreted as follows: The spectrum of 2-5 shows that 
the dye remains non-aggregated with a monomer peak at 760 nm and a dimer peak at 710 nm. The 
spectrum of 2-7 shows that the dye formed H-aggregates at a hypsochromic shift in absorbance 
(675 nm), and a small intensity of J-aggregates at a bathochromic shift in absorbance (840 nm), 
relative to the monomer peak. 
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Figure AI-17. Example of the PAI phantom set-up & images acquired from tubing. 
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Appendix II: Supporting Information for Chapter 3 
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AII-1: Supporting Methods 
 
Equation AII-1: Activity Yield Calculation (non-decay corrected): 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦	𝑌𝑖𝑒𝑙𝑑 = .
𝐴!
𝐴B
/ × 100 

 

Where A0 is the initial amount of radioactivity (at t=0) added to the reaction and Af is the final 

activity remaining after purification of the product. 

 

Equation AII-2: Bacterial Percent Binding Calculation: 

 

%	𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = [
K𝐴=0;;05L

K𝐴CBB%	@9E1%;L
] × 100 

 

Where Apellet is the counts per minute (CPM) measured in the washed pellet and A100% signal is the 

CPM measured in the sample that represents 100 % of the signal possible from the amount of 7 

that was added to the bacteria and no-cell controls. 
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AII-2: Supporting Data 
 

 

Figure AII-1. Mass spectrum of 3-2. 
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Figure AII-2. UV-HPLC trace (700 nm) of 2-5, 3-1, and 3-2, overlayed, HPLC Method A.  
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Figure AII-3. a. Radiosynthesis of [99mTc][Tc(CO)3(H2O)3]+ (3-6) from [99mTc][TcO4]- (3-5), as 
reported by Causey, et al. (2008).1 b. Radio-TLC analysis of 3-6 on aluminum oxide plate, eluted 
with 1% HCl in MeOH. c. Radio-TLC analysis of 3-6 with a co-spot of 3-5 on aluminum oxide 
plate, eluted with 1% HCl in MeOH. d. HPLC gamma traces of 3-5 and 3-6 using HPLC method 
A. 
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Table AII-1. Summary of reaction conditions tested in the synthesis of 3-8.  

Reaction 
Number 

Zn(NO3)2 
Added* 

Temperature 
(˚C) 

Time 
(min) 

Radio-TLC 
Conversion 

Degradation** 

1 After 90 20 96 % Yes 

2 After 110 3.5 >99 % Yes 

3 After 37 60 96 % Yes 

4 After r.t. 60 90 % No 

5 Before r.t. 90 70 % No 
* Zinc Nitrate was either added before or after the coordination of [99mTc][Tc(CO)3(H2O)3]+. 
** Degradation observed by gamma and uv HPLC.  
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Figure AII-4. Characterization of [99mTc]-TcPSVue794 (3-8) radiolabeling, resulting in 90% 
crude radiochemical conversion, 99% RCP, and 57 MBq activity yield starting from 108 MBq at 
end of synthesis. Radio-TLC and gamma HPLC analysis of 3-7 (crude) (a), 3-7 isolated by C18 
SepPak extraction (b,d), and 3-8 after 30-minute incubation (37˚C) (c,e). Radio-TLC plates 
eluted with 1% HCl in MeOH. 
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Figure AII-5. Stability analysis of 3-8 in formulation buffer (r.t.) (a) and mouse serum (37 ˚C) (b) 
at 0, 2, and 18 hours, assessed by radio-TLC using 1% HCl in methanol as an eluent. 
 
 
 
Table AII-2. Stability analysis of 3-8, quantified from radio-TLC. 

[99mTc]TcPSVue794  
(3-8) 

Dura6on of Incuba6on 

0 h 2 h 18 h 

Formula6on Buffer 98.7 % 98.7 % 97.7 % 

Mouse Serum - 98.7 % 97.1 % 
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Table AII-3. Biodistribution Data for 3-8 in (a) mice with bacterial infection and (b) healthy 
mice. 
a. 

Bacterial Myositis 12 hr Post-Injection 
Organs 1 2 3 4 Mean SEM 
Blood 0.63 0.96 2.05 1.40 1.26 0.31 
Adipose 0.59 0.16 0.65 0.42 0.45 0.11 
Adrenals 3.66 3.20 6.37 7.29 5.13 1.00 
Bone 1.01 0.54 0.79 1.09 0.86 0.12 
Brain 0.03 0.02 0.03 0.03 0.03 0.00 
Gall bladder 126.94 49.91 55.33 19.55 62.93 22.74 
Heart 1.76 0.75 3.08 2.03 1.90 0.48 
Kidneys 3.08 2.17 3.59 3.09 2.98 0.30 
Lg Int + Caecum (+cont) 55.78 32.83 33.54 52.53 43.67 6.09 
Liver 26.78 6.88 20.05 30.48 21.05 5.19 
Lungs 1.48 0.73 29.04 1.64 8.22 6.94 
Pancreas 1.35 0.42 1.58 1.51 1.22 0.27 
Sm Int (+ contents) 5.75 2.87 6.97 3.92 4.88 0.92 
Spleen 11.84 0.60 5.69 19.54 9.42 4.08 
Stomach (+ contents) 2.32 0.51 1.58 0.57 1.24 0.43 
Thyroid/Trachea 1.21 0.52 1.58 1.30 1.15 0.23 
Urine + bladder 0.57 1.47 3.02 1.29 1.59 0.51 
Contralateral Muscle 0.24 0.10 0.13 0.21 0.17 0.03 
Infected Muscle 2.48 1.13 1.28 1.84 1.68 0.31 

 

b. 

Healthy Mice 12 hr Post-Injection 
Organs 1 2 3 4 Mean SEM 
Blood 0.88 0.69 0.45 0.46 0.62 0.10 
Adipose 0.20 0.18 0.18 0.21 0.19 0.01 
Adrenals 2.14 2.47 1.95 2.90 2.36 0.21 
Bone 0.89 0.63 0.76 0.84 0.78 0.06 
Brain 0.03 0.02 0.03 0.01 0.02 0.00 
Gall bladder 12.00 37.86 5.40 7.04 15.58 7.56 
Heart 1.42 1.18 1.28 1.43 1.33 0.06 
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Kidneys 2.00 1.67 1.60 1.79 1.76 0.09 
Lg Int + Caecum (+cont) 6.89 2.79 2.99 4.45 4.28 0.94 
Liver 23.39 19.97 23.45 18.96 21.44 1.16 
Lungs 2.26 1.31 1.36 1.79 1.68 0.22 
Pancreas 0.78 0.65 0.73 0.72 0.72 0.03 
Sm Int (+ contents) 3.20 1.61 1.54 1.61 1.99 0.40 
Spleen 7.83 6.77 10.76 11.58 9.23 1.15 
Stomach (+ contents) 3.19 0.32 0.27 2.86 1.66 0.79 
Thyroid/Trachea 1.27 0.98 1.19 1.11 1.14 0.06 
Urine + bladder 0.58 2.41 0.76 0.76 1.13 0.43 
Healthy Naïve Muscle 0.32 0.29 0.37 0.32 0.33 0.02 
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Figure AII-6. Pilot Study 2. a. In vivo 3D multiwavelength unmixing scans of mice inoculated 
with S. aureus, neat (in left limb) or pre-incubated with 3-4 (10% ID/g) (in right limb), and 
implanted with a 5 mm, 30-gauge titanium segment. b. Spectral analysis of a cross-section of the 
inoculation/implantation site. Pink= titanium, Green= 3-4, Greyscale= US B-mode. The signals 
from oxygenated and deoxygenated hemoglobin have been subtracted from each image.  
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Appendix III: Supporting Information for Chapter 4 
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AIII-1: Supporting Methods 
 

Molar Absorptivity Calculation of Dyes: Molar absorptivity (𝜀, M-1cm-1) of the dyes 

were calculated using equation AIV-1 from absorbance measurements of 4-4 and 4-7 

(concentration, C=5 µM, dissolved in methanol; optical path length, b= 1cm) acquired from the 

Ultrospec 2100 pro spectrophotometer. 

 

Equation AIII-1: 𝜀 = ,
-.

 

 

Relative Fluorescence Quantum Yield Calculation of Dyes: The relative fluorescence 

quantum yield (Φ&) was determined for 5 and 7 (5 µM, methanol) using equation AIV-2, with 

Φ/0!= quantum yield of 1 as a reference.1 Ax and Aref are the absorbance at the fluorescence 

excitation wavelength (746 nm), of 4-4 or 4-7 and of 2-1, respectively. Fx and Fref are the areas 

under the curves of the fluorescence emission spectra for 4-4 or 4-7, and of 2-1, respectively. 

Because the material was dissolved in the same media as the reference material (methanol), 

. 1%
1&'(

/
2
= 1. 

 

Equation AIII-2: Φ& = Φ/0! • 2
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AIII-2: Supporting Data 

 
Figure AIII-1. UV-HPLC trace (254 & 700 nm) of 4-2. 
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Figure AIII-2. HRMS (ESI-) of 4-2. 
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Figure AIII-3. 1H NMR (600 MHz, CD3OD) of 4-2. 

 
Figure AIII-4. 13C NMR (150 MHz, CD3OD) of 4-2. 
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Figure AIII-5. UV-HPLC trace (254 & 700 nm) of 4-4. 
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Figure AIII-6. HRMS (ESI-) of 4-4. 
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Figure AIII-7. 1H NMR (600 MHz, CD3OD) of 4-4. 

 

 
Figure AIII-8. 13C NMR (150 MHz, CD3OD) of 4-4. 
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Figure AIII-9. UV-HPLC trace (254 & 700 nm) of 4-6. 
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Figure AIII-10. HRMS (ESI+) of 4-6. 
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Figure AIII-11. 1H NMR (600 MHz, CD3OD) of 4-6. 

 

 
Figure AIII-12. 13C NMR-UDEFT (150 MHz, CD3OD) of 4-6. 

 

 

 



Ph.D. Thesis- R. Swann; McMaster University- Chemistry & Chemical Biology 
 

 190 

 
Figure AIII-13. UV-HPLC trace (254 & 700 nm) of 4-7. 

 

 
Figure AIII-14. Low-Resolution (LR) MS (ESI+) of 4-7. 

 

Rowan Stacked  

Project Name:    JVRG\2022 Reported by User:  JVRG user (JVRGuser)
Report Method:  Rowan Stacked Date Printed: 

1600 2023-11-15 Report Method ID: 1600
8:39:45 AM US/Eastern Page: 1 of 1

S A M P L E      I N F O R M A T I O N
 JVRGuserAcquired By: IR-DPA-1Sample Name:

Sample Set Name: UnknownSample Type:
 1Vial: Acq. Method Set:  PSVUE_method
 70Injection #: Processing Method:  ****
 100.00 ulInjection Volume: Channel Name:  ****

Run Time:  15.0 Minutes Proc. Chnl. Descr.:  ****

 2023-11-15 8:06:26 AM ESTDate Acquired:
Date Processed:  ****

 IR-DPA-1;  2998 Ch1 254nm@1.2nm
 IR-DPA-1;  2998 Ch2 700nm@1.2nm

A
U

0.00

0.20

0.40

0.60

0.80

1.00

1.20

A
U

0.00

0.20

0.40

0.60

0.80

1.00

Minutes
0.0 5.0 10.0 15.0

700 nm

254 nm

IR-ZnDPA-1

m/z
500 600 700 800 900 1000 1100 1200

%

0

100
IR-ZnDPA-1 43 (3.737) Cm (43:47-30:34) Scan ES+ 

9.60e7712

712

712
691

670
579

534
558

645622

713

713

713

714

758
757

735

1125758
1036

809
764 842 877

891 1004

1037

1100 11921167



Ph.D. Thesis- R. Swann; McMaster University- Chemistry & Chemical Biology 
 

 191 

 
Figure AIII-15. LRMS (ESI+) analysis of doubly charged species of 4-7. 
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Figure AIII-16. LRMS (ESI+) analysis of triply charged species of 4-7. 
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Figure AIII-17. In vitro S. aureus binding assay. Fluorescence intensity measurements of 
samples without bacteria cells (no-cell control), including the supernatant, the sample after 3 
washes, and a 10 µM signal control of 4-4 (a), and 4-7 (b). 
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