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ABSTRACT 
 

TUNABLE FLUORESCENT ORGANIC SALTS FOR IMAGING AND THERAPY 
 

By 
 

Deanna May Broadwater 
 

Cancer remains a leading cause of death worldwide and many treatments still 

rely on non-targeted chemotherapy, which has inadequate efficacy and is plagued by 

toxic side effects. A promising solution is photodynamic therapy (PDT), a noninvasive 

clinical cancer treatment that combines a light activated photosensitizer (PS) with 

excitatory light to generate toxic reactive oxygen species (ROS). These photoactive 

agents can also produce detectable wavelengths of light upon photoactivation, which 

has been used clinically to image tumors in cancer diagnostics and image-guided 

surgery. Having uses as both diagnostic and therapeutic agents, these molecules are 

known as theranostics. However, current light-activated theranostics are limited by low 

brightness, poor tissue penetration, and nonspecific cytotoxicity independent of light 

excitation. Due to these obstacles, PDT is currently limited to precancerous lesions, 

superficial neoplastic tissue, or palliative care. Therefore, improved theranostic agents 

are needed. Prevailing efforts to improve existing photoactive agents focus on chemical 

modifications that cannot independently control electronic properties (which dictate 

toxicity) from optical properties. To overcome these limitations, work in this dissertation 

develops a novel counterion pairing platform to modulate the toxicity of organic salts 

composed of a photoactive cationic heptamethine cyanine (Cy+) and a non-photoactive 

anion. These counterion-tuned fluorescent organic salts can be designed to be either 

nontoxic for imaging, or phototoxic for PDT. Organic salts self-organize into 



 
 

nanoparticles with shifted frontier molecular orbital levels dependent on the counterion 

while the bandgap remains the same. This allows for tuning of electronic properties 

without affecting optical properties. Improvements in these areas could expand light-

activated theranostics into a wider range of cancers and improve patient outcomes.  

This dissertation will begin with a review of current photoactive agents used in 

cancer therapy and ongoing challenges to the adoption of PDT as a frontline therapy. 

Modern PDT regimens and potential combinatorial therapies will be appraised, and 

recent advances in rational PS design will be highlighted. Initial in vitro studies 

investigated the optoelectronic tuning capabilities of counterion pairing in human lung 

carcinoma (A549) and melanoma (WM1158) cell lines. Viability assays establish that 

pairings with weakly coordinating bulky anions could generate organic salts that are 

non-cytotoxic and selectively phototoxic, while pairing with standard hard anions yield 

cytotoxic organic salts. These studies demonstrate that anion pairing can be exploited 

to shift energy levels and influence ROS generation to either enhance photokilling of 

cancer cells or improve cell imaging. Organic salts were further investigated in a 

metastatic breast cancer mouse model to characterize biodistribution, antitumor efficacy 

within a complex tumor microenvironment, and off-site toxicity. In vivo experiments 

confirm that counterion tuning can generate a selectively phototoxic antitumor PS which 

abolishes tumor growth and reduces metastasis without systemic toxicity in a breast 

cancer mouse model. Overall, this work demonstrates the utility of using counterion 

tuning to control phototoxicity, and further demonstrates the untapped potential of 

photoactive theranostic agents for clinical cancer therapy.  
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CHAPTER 1. 

CURRENT ADVANCES IN PHOTOACTIVE AGENTS FOR IMAGING AND THERAPY 
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1.1 PREFACE 

This chapter is a modified version of a previously published article: 

Broadwater D. M., Medeiros H. C. D., Lunt R. R., Lunt S. Y. (2021). Current 

Advances in Photoactive Agents for Cancer Imaging and Therapy. Annual 

Review of Biomedical Engineering, 23, 29-60. 

Reproduced with permission from the Annual Review of Biomedical Engineering, 

Volume 23 © 2021 by Annual Reviews.  
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1.2 Abstract 

Photoactive agents are promising complements for both early diagnosis and targeted 

treatment of cancer. The dual combination of diagnostics and therapeutics is known as 

theranostics. Photoactive theranostic agents are activated by a specific wavelength of 

light and emit another wavelength, which can be detected for imaging tumors, used to 

generate reactive oxygen species for ablating tumors, or both. Photodynamic therapy 

(PDT) combines photosensitizer (PS) accumulation and site-directed light irradiation for 

simultaneous imaging diagnostics and spatially targeted therapy. Although utilized since 

the early 1900s, advances in the fields of cancer biology, materials science, and 

nanomedicine have expanded photoactive agents to modern medical treatments. In this 

review we summarize the origins of PDT and the subsequent generations of PSs and 

analyze seminal research contributions that have provided insight into rational PS 

design, such as photophysics, modes of cell death, tumor-targeting mechanisms, and 

light dosing regimens. We highlight optimizable parameters that, with further 

exploration, can expand clinical applications of photoactive agents to revolutionize 

cancer diagnostics and treatment. 

1.3 Background 

 Photoactive agents are materials that absorb light and transform this energy into 

heat, luminescence, or excited reactive species. Photoactive compounds can be 

fluorescent (e.g., cyanines), phosphorescent (e.g., porphyrins and phthalocyanines), 

both fluorescent and phosphorescent (rare), or neither (dark—not luminescent). A dark 

photoactive compound without luminescence can still generate heat and chemically 

reactive species. Luminescent agents are generally composed of phosphorescent or 
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fluorescent emitters, depending on the spin states involved in the emission process; 

phosphors generally exhibit long-lived (microseconds to milliseconds) luminescence 

from excited triplet states, whereas fluorophores exhibit short-lived (picoseconds to 

nanoseconds) luminescence from excited singlet states. Fluorescent and 

phosphorescent dyes, which absorb light of a specific wavelength and emit light of a 

different wavelength, offer great potential as both diagnostic and therapeutic agents for 

cancer treatment. These dyes can be utilized as a photosensitizer (PS) for 

phototherapy, in which light is used to activate the PS to induce biological damage, a 

technique commonly known as phototherapy. In the cancer field, phototherapy is a 

promising minimally invasive alternative to traditional chemotherapy, radiotherapy, and 

surgical intervention and can be used to treat a variety of cancers (1, 2). As PSs have 

advanced, they can now also be employed as contrast agents for tumor imaging; this 

combined application of therapy and diagnostics is commonly termed theranostics (3). 

Luminescent theranostic agents increase the precision and effectiveness of treatment, 

as they can detect and treat the tumor while monitoring the pharmacokinetics and 

pharmacodynamics of the PS injected into the patient (4). This review focuses on the 

clinical use of PSs as theranostic agents in cancer therapy. 

 The first use of phototherapy was reported over 3,000 years ago, when ancient 

Egyptian, Indian, and Chinese civilizations applied light to treat different diseases, 

including psoriasis, rickets, and vitiligo. Treatments for these diseases generally 

consisted of ingesting plant and seed extracts followed by exposure to sunlight (5, 6). 

Modern phototherapy began with Niels Ryberg Finsen, the father of ultraviolet therapy. 

In 1903, Finsen received the Nobel Prize in Physiology or Medicine for using short-
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wavelength light, the Finsen lamp, to treat lupus vulgaris and helped bring phototherapy 

to mainstream medicine. In 1907, Hermann von Tappeiner and Albert Jodlbauer 

introduced the term photodynamic action to describe this phenomenon (7), and 

photodynamic therapy (PDT) is now synonymous with phototherapy. 

 Agents with distinct mechanisms based on photothermal therapy (PTT) and PDT 

have been developed. These agents have been used against several targets including 

tumor tissues, bacteria, and fungi. To cause cell death, the PS generates either heat for 

PTT or excessive reactive oxygen species (ROS) for PDT (8). In PTT, the heat 

generated through the PS agent increases the temperature of the surrounding 

environment, ablating cells through either necrosis or apoptosis depending on the 

irradiation level (9). PDT requires three basic elements: a PS, light, and bioavailable 

oxygen in the tissue being treated. The PS absorbs a photon, transforming it from the 

ground singlet state to an excited singlet state, and then transfers this energy to form 

ROS. Often there is an intermediate step in which the excited PS first transfers the 

energy to a triplet state on the PS prior to transferring the energy to form a ROS. The 

generation of ROS is based on two different photochemical reaction processes, type I 

and type II PDT. Type I PDT involves an electron transfer reaction between the PS in 

the singlet excited state with cellular components and the triplet ground state oxygen 

(O2), forming free radicals including superoxide anion (O2· −), hydrogen peroxide (H2O2), 

and hydroxyl radicals (·OH) (10). In type II PDT, an excited triplet state on the PS 

transfers its energy directly to oxygen, converting the (O2) triplet ground state to a 

reactive singlet oxygen (1O2) excited state, which can cleave many organic carbon-
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carbon bonds or can subsequently generate other known ROS (6, 11) (Figure 1.1). 

 

Figure 1.1 Common reactive oxygen species (ROS) generated during 
photodynamic therapy. Type I photoreactions lead to electron transfer, reacting with 
oxygen to generate superoxide (O2· −), which can further react to generate hydrogen 
peroxide (H2O2) and hydroxyl radicals (·OH). In type II photoreactions, an excited triplet 
exciton is transferred to the triplet ground state oxygen, generating a highly reactive 
singlet state oxygen. Collectively, these ROS react with cellular components to induce 
damage by cleaving, oxidizing, and oxygenating biomolecules 

 

These type II photoreactions require PSs (such as phosphors) with highly efficient 

intersystem crossing to form triplet exciton species.  

 Ideal chemical properties for a theranostic PS include high extinction coefficients, 

chemical stability, water solubility, and long wavelengths for optimal tissue penetrance. 

Longer wavelengths of light are not as readily absorbed by biological endogenous 

fluorophores, leading to decreased light scatter and autofluorescence while improving 

penetrance and resolution, respectively. In biological contexts, an ideal PS should 

accumulate in tumor tissue while rapidly clearing from the rest of the body. It should 
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also avoid forming toxic secondary metabolites, be nonmutagenic, and display high 

phototoxicity (toxicity with light activation) with low cytotoxicity (toxicity in the dark) (12). 

 PDT has several clinical uses outside of cancer. The facile and immediate 

delivery of PS and light is ideal for the treatment of superficial dermatologic diseases. It 

can be used to treat various skin disorders, such as actinic keratosis, photorejuvenation, 

warts, and acne (13). Phototherapy is also effective for treating infectious diseases. At 

the beginning of the twentieth century, the first demonstration of photodynamic effect 

against microorganisms was described by Raab (14), when he used acridine orange 

and light to induce the death of a paramecium. In 1960, Macmillan and colleagues (15) 

showed the efficiency of toluidine blue against microorganisms such as bacteria, algae, 

and yeast. Since the 1990s, studies have shown the efficiency of PDT against 

microorganisms, and due to microbial resistance to many antibiotics/biocides, 

photodynamic inactivation and PDT are alternative treatments against bacteria such as 

Helicobacter pylori, Staphylococcus aureus, and Escherichia coli (16, 17). PDT can also 

be used to treat fungal and viral infections (18). For example, human papillomavirus 

infections, which cause genital warts (condyloma acuminate) and increase risk for 

cervical cancer, can be treated with PDT by using a porphyrin precursor, aminolevulinic 

acid (ALA) (19, 20). 

The US Food and Drug Administration (FDA) has approved several PSs. An 

overview of first-, second-, and third-generation PSs is shown in Figure 1.2, and their 

characteristics are summarized in Table 1.1. For cancer treatment, most FDA-approved 

agents for PDT are based on the first generation PS, porfimer sodium (Photofrin), a 

ROS-forming PS that is still in use today. PSs can induce a variety of effects, including 
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ROS generation, ligand dissociation, toxic chemical reactions independent of oxygen, 

and PTT. This review focuses specifically on PSs for oxygen-dependent PDT, as they 

have had the most clinical success and are therefore more widely explored. Unlike PTT, 

which can damage adjoining tissues with high doses of laser irradiation, PDT can be 

repeated many times at the same site if needed. Furthermore, toxicity from oxygen-

dependent PDT is the most tunable, allowing precise control of cellular toxicity to 

mitigate off-site tissue damage. Though important, advances made with alternative PSs 

are outside the scope of this review. We focus on summarizing the foundation of 

traditional PDT therapy and clinically approved PSs, with particular emphasis on clinical 

Figure 1.2 Overview of the three generations of photosensitizers (PSs). First-
generation PSs are porphyrins, most notably Photofrin. Second-generation PSs 
include chlorins, bacteriochlorins, phthalocyanines, and aminolevulinic acid prodrugs. 
Structural differences between porphyrin, chlorin, and bacteriochlorin are highlighted 
with double bonds in boldface. Third-generation PSs include near-IR (NIR)-cyanine 
dyes, such as indocyanine green (ICG), and targeted PSs incorporated into 
nanostructures or bound to tumor-binding moieties, such as ICG-antibody conjugates. 
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criteria such as dosage, biological indications, light delivery, and potential combinatorial 

 

Table 1.1 Overview of photosensitizer generations. Abbreviations: NA, not 
applicable; PDT, photodynamic therapy; PTT, photothermal therapy. 

 

therapies. By highlighting advances in the field, we aim to identify key areas where 

further research is necessary for the extension of photoactive theranostic agents to a 

wider range of cancer types in order to improve diagnostics, therapy, and overall patient 

outcomes. 

1.4 Clinical Indications 

 Clinically, fluorescent agents are used for early diagnostics, as intraoperative 

markers in surgical resection, and for direct tumor treatment via PDT. Currently, PDT 

with various PSs is clinically approved for obstructive esophageal and lung cancers 

(worldwide), high-grade dysplasia in Barrett’s esophagus (worldwide), mild to moderate 

actinic keratosis (worldwide), basal cell carcinoma (worldwide), advanced head and 
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neck cancer (European Union), cutaneous T cell lymphoma (European Union), biliary 

tract cancer (European Union), and prostate cancer (European Union). These clinically 

approved PSs are summarized in Table 1.2 (21, 22). Although several clinical trials 

have shown effective results, PDT has had a slow transition to frontline cancer 

treatment. PDT is currently utilized for early intervention of neoplasms or for palliative 

care (23). PDT is not yet appropriate for major tumor debulking due to the physical 

limitations of light penetrance and hypoxia common in large tumors (24). Work in the 

past 10 years has pushed PDT development, demonstrating its use for first-line 

treatment for small, centrally located tumors, inoperable or widely disseminated tumors, 

cancers with a high rate of recurrence, and metastasis (23, 25). PDT has the potential 

to become a potent frontline cancer treatment due to its ability to increase drug delivery, 

induce cancer cell resensitization to traditional therapies, and trigger the body’s 

antitumor immune response. 

In addition to acting as direct antitumor agents, fluorescent molecules are used 

as real-time imaging probes. Many fluorescence-guided surgery (FGS) trials are utilizing 

PSs as real-time markers for tumor margins during surgery, allowing physicians to 

assess tumor growth, aggressiveness, and possible metastasis during tumor debulking. 

Biopsies can be collected from the stained tumor for fluorescent histological analysis of 

specific tumor markers, allowing more precise diagnoses in order to determine 

appropriate treatment strategies (26). Indocyanine green (ICG) is commonly used for 

sentinel lymph node (SLN) mapping to detect metastasis, and it is also being assessed 

in clinical trials for improving complete surgical resection in pancreatic, breast, liver, and 

brain cancers (27–30). This is termed photodynamic diagnostics and has also been
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Table 1.2 Clinically relevant photosensitizers. 
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Table 1.2 (cont’d) 

 

aCancer types for which photosensitizer treatment has been clinically approved are in boldface, and those for which 

photosensitizer treatment is undergoing preclinical trials are in regular typeface. bThe National Clinical Trial number is a 

unique identification code given to each clinical study registered on https://clinicaltrials.gov/. ch-ALA compounds are 

approved for photodynamic diagnostics of bladder cancer and are undergoing clinical trials for bladder cancer PDT. 
dFimaporfin is not used as a direct antitumor agent, but is rather used in combination with gemcitabine/cisplatin to induce 

tumor cell uptake of chemotherapeutics. Abbreviations: 5-ALA, 5-aminolevulinic acid; ER, endoplasmic reticulum; h-ALA, 

5-aminolevulinic acid hexyl ester; HPPH, 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-α; MAL, methyl aminolevulinate; 

NA, not applicable; ROS, reactive oxygen species. 
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applied in bladder cancer with Hexvix (an ALA analog) to identify masses that were 

initially missed by visual tumor identification during surgery (26). Gliolan, another ALA 

analog, improved complete surgical resection and progression-free survival in malignant 

glioma in a randomized, controlled phase III trial and is now approved in the European 

Union, Japan, and Australia (31, 32). FGS outcomes can also be improved when 

followed by intraoperative PDT. For example, in a phase II clinical trial for patients with 

malignant brain tumors, the debulked tumor site was irradiated with excitatory 

wavelengths following FGS, reducing incomplete resection by PDT-induced 

phototoxicity of the leading tumor edge, a site commonly missed during surgical 

removal of tumor tissue. This strategy reduced recurrence and had a 95.5% 12-month 

overall survival rate with minimal side effects. This finding shows that PDT can be used 

to delineate tumor margins and protect against recurrence (33, 34). Additionally, PDT 

has been widely studied as a neoadjuvant therapy; for example, preoperative PDT in 

non-small-cell lung cancer can increase the number of potential surgery candidates and 

improve resection completeness (35, 36). 

1.5 First-Generation Photosensitizers 

First-generation PSs are hematoporphyrins, a heterocyclic macrocycle 

composed of four interconnected pyrrole subunits derived from hemin. Purified 

oligomeric mixtures of hematoporphyrins make up Photofrin, the first clinically approved 

photosensitizing agent. Photofrin was approved by the FDA in 1995 for palliative care of 

obstructive esophageal and endobronchial non-small-cell lung cancer (37). It is 

delivered intravenously and rapidly concentrates in the tumor and corresponding 

vasculature. Endoscope delivery of 630-nm light irradiation is administered to the tumor 
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48–72 hours following intravenous injection. Photofrin accumulates largely in the 

mitochondria and lysosomes of cells and induces cell death predominantly via apoptosis 

(38). Photofrin has been widely explored in clinical trials for other cancers such as lung, 

pancreatic, head and neck, bile duct, brain, gall bladder, and breast. However, inherent 

problems such as limited penetrance of excitation wavelengths, chemical instability, 

hydrophobicity-induced aggregation, low in vivo singlet oxygen generation, and offsite 

accumulation have hindered its diversification into additional cancers and broader 

establishment as a first-line treatment (39). While Photofrin is still undergoing clinical 

trials to assess the validity of PDT in a wider range of cancer types, the next generation 

of PSs are being developed to improve PDT efficacy and selectivity concurrently. 

1.6 Second-Generation Photosensitizers 

Second-generation PSs were designed to improve upon the limitations of the 

first-generation hematoporphyrins by exhibiting longer wavelength absorption, 

increased water solubility, and increased tumor-targeting ability. They are based on the 

general structures of porphyrin precursors, phthalocyanines, chlorins, and 

bacteriochlorins, with additional side chains to increase solubility. Whereas Photofrin is 

an oligomeric mix of hematoporphyrins, second-generation PSs, which are all 

monomeric mixtures, have faster clearance times and improved intratumoral 

distribution. Below, we discuss current clinically approved second-generation PSs, 

which are also summarized in Table 1.2.  

ALA is the biosynthetic precursor to protoporphyrin IX (PpIX), an endogenous PS 

used in the synthesis of heme. Photosensitive porphyrins have poor solubility and 

chemical stability. Use of the water-soluble porphyrin precursor ALA leads to cellular 



15 
 

biosynthesis and substantial accumulation of PpIX (40). Cancer cells accumulate higher 

amounts of PpIX than normal cells do when dosed with ALA, and subsequent 

photoactivation with 633 nm of light induces ROS and cell death (41). The 

photodynamic effect is thought to be mediated by mitochondria- and cytoplasm 

localized ROS generation in tumor cells and the surrounding vasculature, similar to 

hematoporphyrins (42). Chemically stable ALA can be delivered topically, as well as 

orally or intravenously, which has seen great success in localized treatment of 

precancerous lesions such as actinic keratosis (43). There have been promising clinical 

trials for bladder cancer: Patients at intermediate or high risk received 50 mL of 8 to 16 

mM of hexaminolevulinate (HAL) solution instilled into the bladder following 

transurethral resection. Following HAL-PDT for 3 months, lesions were absent in 52.9% 

of patients at 6 months, 23.5% at 9 months, and 11.8% at 21 months (44). 

Unfortunately, the same results have not been consistently observed with intravenous 

or oral delivery, which led to offsite accumulation in nerve endings, systemic toxicity, 

and poor efficacy in clinical trials for prostate cancer (45, 46). This is likely due to 

variable intratumoral distribution of HAL and oxygen levels, an important diagnostic 

criterion as discussed above. 

Verteporfin is a benzoporphyrin derivative used primarily to treat age-related 

macular degeneration. It was originally investigated for cancer therapy because of its 

ability to suppress angiogenesis via vascular destruction, which downregulates genes 

involved in migration and invasion (47). Verteporfin is rapidly incorporated into plasma 

low-density lipoprotein (LDL), which allows preferential targeting of cancer and 

neovascular cells due to increased expression of LDL receptors (48). Once in the tumor 



16 
 

microenvironment, verteporfin accumulates intracellularly within the mitochondria, 

where it induces ROS-mediated apoptosis following 690-nm light irradiation. It has been 

reported to inhibit growth by interfering with the binding of yes-associated protein (YAP) 

and transcriptional coactivator with PDZ-binding motif (TAZ) oncoproteins to the 

transcriptional enhanced associate domain (TEAD) family of transcription factors, 

independent of light irradiation (49). Although promising in several in vitro studies, 

verteporfin does not have significant non-photoinduced effects in vivo (50–52). 

However, PDT with verteporfin has shown promise in pancreatic and breast cancers 

and has moved on to phase II clinical trials (25). Verteporfin is rapidly cleared through 

the bile, showing decreased photosensitivity and increased penetrance due to the 

longer wavelength. In the United States, verteporfin is approved for the treatment of 

macular degeneration and is undergoing clinical trials for the treatment of inoperable 

pancreatic tumors (NCT03033225) and cutaneous metastases of breast cancer 

(NCT02939274). 

Padeliporfin (TOOKAD) is the third conceptualization of bacteriochlorophylls 

used for therapeutic PDT. The palladium core of the porphyrin enables greater 

possibility for excited-state intersystem crossing from the PS’s singlet state to the triplet 

state, which can generate ROS. Padeliporfin has a strong absorbance at 763 nm and 

accumulates in vasculature-localized prostate tumors while clearing from systemic 

circulation within a few hours following binding to protein serum albumin (53). In a 

phase III clinical trial, men with low-risk, localized prostate cancer were given 4 mg/kg of 

TOOKAD intravenously followed by 753 nm of directed irradiation. At the 24-month 

follow-up only 28% of men treated with vascular-targeted PDT displayed disease 
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progression, with minimal side effects (54). Following these illuminating results, 

TOOKAD was approved in the European Union for the treatment of low-risk prostate 

cancer, and phase I trials have begun for the treatment of obstructing esophagogastric 

cancer. 

Temoporfin (Foscan) is a reduced porphyrin, a chlorin analog with a red-shifted 

absorbance at 650 nm, which is more intense than that of Photofrin. Isotopically labeled 

temoporfin is incorporated into serum lipids and localizes in various cellular organelles, 

excluding the nucleus (55). Upon irradiation, a large number of vacuolization and 

structural alterations occur to the Golgi apparatus, endoplasmic reticulum (ER), and 

mitochondria (56). Similar to many PSs, tumor destruction occurs by direct tumor 

damage as well as vascular damage and the following immune response. Temoporfin 

was approved in the European Union in 2001 for palliative care of advanced head and 

neck squamous cell carcinoma (SCC). This was following a phase III clinical trial in 

which 53% of patients with recurrent/refractory head and neck SCC saw increased 

quality-of-life benefits (57). Temoporfin has also been investigated as the primary 

treatment in head and neck, skin, prostate, thoracic, brain, bile duct, breast, and 

pancreatic cancers (58). 

Talaporfin (Laserphyrin) is a mono-l-aspartyl chlorin specifically designed to have 

lower clearance time than first-generation PSs. It can absorb longer (664 nm) 

wavelengths compared with first-generation PSs and demonstrates reduced skin 

photosensitivity (59). Its antitumor effect is mediated primarily by mitochondrial ROS-

induced apoptosis, though it localizes in other cytoplasmic organelles, in a manner 

similar to that described above with verteporfin (60, 61). These improved qualities have 
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led to improved therapeutic outcomes when compared with Photofrin for esophageal 

cancer (62). It was approved in Japan in 2004 for the treatment of lung cancer and is 

undergoing clinical trials for the treatment of brain, head and neck, esophagus, liver, 

and metastatic cancers. 

Other second-generation PSs also currently under clinical trials are redaporfin, 

fimaporfin (NCT04099888), and 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-α 

(HPPH) (63–65). All function through ROS-induced apoptosis. Common drawbacks 

seen in second-generation PSs are insufficient phototoxicity, poor tumor targeting, and 

insolubility. Although second-generation PSs are chemically purer than first-generation 

PSs, self-aggregation has made drug delivery and pharmacokinetic analysis difficult. 

For example, the tendency of temoporfin to aggregate results in variable clearance 

times and intratumoral distribution (66). Intravascular aggregation complicates the 

passive tumor targeting on which second-generation PSs rely for tumor accumulation. 

Unfortunately, this method of targeting is often not robust enough to mediate 

complete tumor destruction. When small-molecule second-generation PSs were 

designed, the primary focus was on increasing in vitro singlet oxygen generation, as a 

means to maximize potential tumor phototoxicity, and intracellular localization. This 

approach has not translated well to clinical models, as passive tumor targeting does not 

have the level of specificity desired for frontline therapies, and in vitro assessment of 

singlet oxygen generation does not consider oxygen consumption and intratumoral light 

scattering (67). Third-generation PSs have focused on tumor targeting, absorption and 

emission of even longer wavelengths, and improved phototoxicity 

 



19 
 

1.7 Third-Generation Photosensitizers 

 Third-generation PSs are currently being designed to improve targeting and 

advance optical properties including high extinction coefficients, longer wavelength 

absorbance, and photostability. Wavelengths in the near-infrared (NIR) spectrum (650–

1,700 nm) are ideal for in vivo imaging, as they are less absorbed by endogenous 

biological fluorophores (68). This leads to deeper tissue penetration and improved 

resolution. The NIR-I window refers to wavelengths from 650 to 900 nm, and NIR-II 

wavelengths range from 1,000 to 1,700 nm (69). 

1.7.1 Fluorescent small molecules 

 Cyanine dyes, which are fluorescent small molecules that can absorb in the UV, 

visible, or NIR range, have been widely investigated as PSs for PDT (70, 71). ICG, a 

disulfonated heptamethine cyanine that absorbs at 780 nm, has been utilized since 

1959 for medical diagnostics to track hepatic function, blood flow, and tissue and organ 

perfusion, and in 2015 its use was expanded to cancer diagnostics. Due to its 

confinement within the vascular system, ICG’s primary use in cancer is for detecting 

abnormal pulmonary drainage indicative of lymphatic metastasis by SLN mapping (27). 

Although well characterized, ICG suffers from aggregation, short half-life, poor 

photostability, nonspecific binding, and poor aqueous stability (72). However, the 

heptamethine scaffold on which ICG is based is promising for the development of 

alternative theranostic cyanine dyes. The alkyl side chains are easily conjugated to 

tumor-targeting moieties, addition of a carbocyclic ring increases the rigidity to improve 

quantum yields, and N-alkyl substitutions can improve phototoxic effects (73). In the 

past five years, the ability to modify the counterion of promising theranostic cyanine and 
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rhodamine salts has proved useful in increasing the quantum yield (74–77), forming 

self-assembling nanoparticles, and modulating the passive cytotoxicity without light 

irradiation (78, 79). Even more compelling, the organic salt formulation has been used 

to modulate electronic energy levels independent of the bandgap by way of counterion 

pairing to selectively generate ROS, enabling precise tunability of both cytotoxicity and 

phototoxicity (80). Several optimized cyanine dyes are currently undergoing preclinical 

trials to assess therapeutic efficacy capability (30, 81); however, there are many 

analogs undergoing clinical trials for diagnostics and FGS (82, 83). 

 NIR-II small molecules are harder to develop due to their need for increased 

molecular conjugation, instability, and hydrophobicity. In general, achieving light 

absorption and emission beyond 1,000 nm is a challenging material design problem, as 

nonradiative rates typically increase substantially when the conjugation is increased to 

reach bandgaps in this range. This typically results in low quantum yields of less than 

1–10% for photoluminescent emission beyond 1,000 nm (84) and would similarly 

reduce ROS generation yields as well. Although there have been some recent 

demonstrations with the development of NIR-II dyes (85, 86), more preclinical work has 

focused on NIR-I dyes with emission tails that extend past 1,000 nm, such as ICG (87). 

Additional challenges for NIR-II-based molecules are related to available light sources 

and imaging cameras with a deep NIR photoresponse, which will need to become more 

cost-effective and widely available. 

1.7.2 Nanomedicine 

 Nanostructures exhibit one or more dimensions at the nanometer scale, including 

atomic, molecular, nanocrystal, and nanoparticle assemblies (88). They can offer 
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specific physicochemical properties; have an increased surface area–to–mass ratio, 

which alters their reactivity; and possess a great deal of control over particle dimensions 

(89). They can be grouped on the basis of their class (organic, inorganic, and hybrid), 

origin (natural or synthetic), ordering (e.g., amorphous nanoparticle versus crystalline 

nanocrystal versus hierarchical assemblies), and dimensionality (0D, 1D, 2D, and 3D) 

according to the electron movement along the dimensions in the nanomaterial (90, 91). 

In the biomedical sciences, nanostructures have shown promise as theranostics, drug 

carriers, and formulations for drug assembly (92). 

 Nanoparticles can range from nanometers to several microns in size and can be 

simple, disordered aggregate ensembles or exhibit hierarchical structures such as with 

micelles or layered particles. Nanoparticles used as theranostics are primarily organic 

based, inorganic based, or hybrid composites (93–95). Organic nanoparticles, which 

can be based on small molecules or polymers, include carbon-based nanostructures 

(CBNs). CBNs are typically biocompatible, allowing for immune evasion, prolonged 

blood circulation time, and increased tumor-targeting ability. The most common CBNs 

used for theranostic purposes, both as direct PSs and as carriers for loading PSs, are 

graphene, carbon nanotubes, and fullerenes (96). They offer several advantages, 

including high quantum yield, high stability, and good biocompatibility (97). Although 

CBNs generally have low toxicity, researchers have raised concerns about their fibrous-

like structure (98), which could induce inflammatory and fibrotic reactions, and about 

mesothelioma or carcinogenic responses in the lining of the lung (99). 

 Inorganic nanoparticles are predominantly metal (e.g., gold, silver, and 

aluminum), metal oxides (e.g., titanium oxide, iron oxide, and magnetite), or 
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semiconductors (e.g., silicon, lead sulfide, and cadmium telluride). Inorganic 

nanoparticles tend to enable more structural control over exact size and shape and the 

optical resonance can be tuned to NIR regions (100). However, inorganic nanoparticles 

are typically less biocompatible with cells, leading to poor penetration and superficial 

ROS generation. They also often have poor absorption coefficients near the bandgap, 

causing strong absorption of UV and blue wavelengths despite having a NIR bandgap 

(101). Common examples of inorganic nanoparticles as theranostics are quantum dots, 

nanorods, and nanoshells. 

 Quantum dots are luminescent colloidal nanocrystals (or nanoparticles) usually 

1–10 nm in size and are composed of semiconductor materials. They have spatial 

dimensions smaller than the Bohr radius of the bulk excited state, which impart strong 

quantum confinement effects leading to blue shifts in absorption and emission (102). 

Nanorods are rod-like 1D nanostructures between 10 and 120 nm (103). Nanorods and 

nanoshells have a well-established chemistry, and their localized surface plasmon 

resonance, which comes from the coupling between the electromagnetic field and the 

collective oscillations of the free conduction electrons at the nanoparticle surface, can 

efficiently convert the excited-state photon energy to heat (104, 105). They can be 

made from metallic and nonmetallic elements, such as carbon, gold, and zinc oxide, 

among many others. The shape of gold nanostructures, such as nanorods and 

nanoshells, can not only change the absorption and scattering wavelength from visible 

to the NIR region but also increase their absorption and scattering cross sections, 

enabling imaging and PTT in this region with deeper optical penetration in biological 

tissues (106). Gold nanorods, when under irradiation, are also considered to be 
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excellent imagers for cancer and localizable heat sources, desirable traits in an imaging 

and PTT nanostructure (107). However, both gold nanorods and gold nanoshells 

possess a relatively low specific surface area, which limits drug loading and can induce 

aggregation, blue-shifting the absorption window and decreasing tissue penetration 

(108). 

 Hybrid nanoparticles for therapy typically rely on multimodal drug treatments, 

such as combining PDT with O2 economizers/generators, immune activators, ROS 

generators, and apoptotic inhibitors. Potential combinatorial therapies are discussed in 

more detail in subchapter 1.12, but nanoparticles offer a clear benefit as a multidrug 

delivery system. Nanoparticle-mediated PDT allows two antitumor treatments to be 

combined into one delivery system, improving the synergistic effect compared with 

independent PSs and chemotherapeutic delivery. This is demonstrated with hybrid 

nanoparticle C dots, ultrasmall core shell silica nanoparticles, which encapsulate 

fluorescent molecules and can easily accommodate conjugation of a variety of targeting 

moieties, notably cyclic (arginine-glycine-aspartic acid-d-tyrosine-lysine) pentapeptide 

and α-melanocyte stimulating hormone (109, 110). C dots also undergo radiolabeling 

with 124I, allowing preoperative positron emission tomography imaging as well as real-

time fluorescent imaging. C dots have demonstrated tumor-specific accumulation in a 

minipig model of spontaneous melanoma, in which micrometastases in lymph nodes 

have been intraoperatively detected in real time (111). C dots are currently undergoing 

preliminary clinical trials in patients with melanoma or brain tumors to characterize 

biodistribution and pharmacokinetics (NCT01266096) as well as SLN mapping 

(NCT02106598). The clinical relevance of these hybrid-composite nanoparticles is 
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apparent and has the potential to improve surgical diagnostics and therapy. Table 1.3 

provides examples of nanostructures and their uses in theranostic cancer treatment. 

 Although nanostructures have proven to be efficient in nanomedicine, a common 

problem of PSs, especially organic dyes, lies in their high hydrophobicity and rigid 

planar structures. In particular, when PSs are used in the aggregated state or at high 

concentrations, the intrinsic fluorescence signals are reduced or disappear because of 

intermolecular π–π stacking (112). This is well known as the aggregation-caused 

quenching (ACQ) effect. The formation of aggregates results in diminished imaging 

quality due to the quenched fluorescence. To minimize the ACQ effect, Luo et al. (113) 

reported in 2001 that a type of luminogen (i.e., silole derivative) exhibited enhanced 

fluorescence in the aggregated state, and their finding gave rise to the concept of 

aggregation-induced emission (AIE). AIE is a photophysical phenomenon in which 

many organic luminophores show dim or no emission in the dissolved state (single 

molecular state) but show enhanced emission in the aggregated state because of 

restricted intramolecular motion (114). AIE nanoparticles present some desirable 

characteristics, such as excellent photostability, high emission efficiency, and efficient 

ROS generation in the aggregated state for imaged-guided PDT. In addition, AIE 

nanoparticles are suitable for in vivo imaging and have deep penetration ability and 

strong photobleaching resistance. Currently, AIE nanostructures have emerged for 

various applications, including cancer theranostics, and can occur as different 

nanostructures, for example, nanodots, nanorods, C dots, and nanosheets (115–118).
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Table 1.3 The outcomes and parameters of nanostructured formulations used as theranostics and the potential 
applications to treat different types of cancer in vitro and in vivo. 
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Table 1.3 (cont’d) 

 

aExperimental groups were exposed to different wavelengths to achieve the effects of the combined therapy (e.g., synergy 
of PDT/PTT). bSurface-functionalized CDs with l-tyrosine-tagged NDI derivative (NDI-i).cC60 loaded with IONPs and 
functionalized with PEG and FA.dPAA-coated Cu2(OH)PO4 quantum dots. eAu-NRs coated with the pegylated 
mesoporous SiO2 to entrap the PS Ce6 and d-CPP. fPLGA biodegradable matrix loaded with the anticancer drug 
doxorubicin and covered with a porous Au-NS functionalized with HSA, dye ICG, and FA. Abbreviations: C60, 
Buckminsterfullerene; CD, carbon dot; d-CPP, d-type cell-penetrating peptide; ECNT, Evan blue carbon nanotube; FA, 
folic acid; GPH, gold-nanoshell pegylated magnetic hybrid nanoparticle; GQD, graphene quantum dot; Her2, human 
epidermal growth factor receptor 2; HSA, human serum albumin; ICG, indocyanine green; IONP, iron oxide nanoparticle; 
MRI, magnetic resonance imaging; nanoGO, nanographene oxide; NDI, naphthalene diimide derivative; NIR, near-IR; NP, 
nanoparticle; NR, nanorod; NS, nanoshell; PAA, poly(acrylic acid); PAT, photoacoustic tomography; PDT, photodynamic 
therapy; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid); PS, photosensitizer; PTT, photothermal therapy; 
ROS, reactive oxygen species; RTT, radiofrequency thermal therapy; SCC-7, squamous cell carcinoma-7; SWCNT, 
single-walled carbon nanotube; TPE-PTB, 4-(5-(1-(4-(tert-butyl)phenyl)-1H-phenanthro[9,10d]imidazol-2-yl)-thiophen-2-
yl)-7-(4-(1,2,2-triphenylvinyl)phenyl)benzo[c][1,2,5]thiadiazole; TRITC, tetramethyl rhodamine isothiocyanate; UCNP, 
upconversion nanoparticle. 
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1.8 Mode of Action 

 PDT induces antitumor effects by three main mechanisms: (a) destruction of 

tumor cells by the generation of ROS, (b) collapse of the tumor vasculature and 

subsequent nutrient starvation of tumor cells, and (c) activation of the innate immune 

system against tumor antigens (Figure 1.3). Different PSs accomplish these 

mechanisms to varying degrees and being highly efficient at all three is not necessarily 

needed or desirable. Early destruction of tumor vasculature inhibits the systemic 

antitumor immune response and prevents additional drug and oxygen delivery, and 

highly concentrated ROS generation at the tumor site does not effectively stimulate the 

innate immune system. 

The cell death mechanisms of PSs are influenced by their localization. This can 

be in the tumor bed, in the tumor vasculature, or directly within the tumor cells. Certain 

PSs, such as padeliporfin (TOOKAD), have been developed specifically to accumulate 

in the tumor vasculature and inhibit tumor progression by nutrient starvation (53). This is 

usually coupled to additional accumulation of PSs in tumor cells. Most second-

generation PSs were designed to accumulate within tumor cell organelles to improve 

tumor destruction. Generation of ROS within mitochondria, Golgi apparatus, ER, and 

lysosomes can directly initiate apoptosis over a matter of hours. This cleaner form of 

cell death is thought to be ideal, as the programmed cell death routine releases toxic 

cellular components in a controlled manner and recognition of the apoptotic marker, 

phosphatidylserine, by phagocytes suppresses the expression of proinflammatory 
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cytokines (119). Higher doses of light and drug treatment lead to tumor cell necrosis, 

 

Figure 1.3 Photodynamic therapy (PDT) induces tumor cell death through various 
mechanisms depending on photosensitizer (PS) localization. PSs that cause direct 
tumor cell destruction localize in specific cellular organelles, leading to different cell 
death pathways. (1) PSs that localize in the mitochondria generate reactive oxygen 
species (ROS) and damage the mitochondria, causing a decrease in ATP levels and 
depolarization of the mitochondrial membrane potential (ψm). (2) This results in the 
release and recruitment of proapoptotic proteins [cytochrome C (CytC) and the 
SMAC/Diablo complex] that initiate apoptosis. (3) PSs that localize in lysosomes also 
induce ROS while additionally releasing labile iron, which increases cytosolic oxidative 
damage. Low levels of oxidative damage contribute to apoptosis, and high levels 
damage membranes to induce necrosis. Furthermore, destruction of lysosomes inhibits 
autophagy, a mechanism for tumor cell survival. (4) PSs that photodamage the 
endoplasmic reticulum release heat shock proteins (HSPs), calcium, and calreticulin 
(CRT). (5) High levels of cytosolic calcium trigger apoptosis. HSP release and CRT 
displays on the cell surface are important damage-associated molecular patterns 
(DAMPs) that stimulate the antitumor immune system. (6) PSs that localize within 
endothelial cells in the tumor vasculature ablate blood vessels and induce tumor 
starvation. 

 



29 
 

influenced by nonspecific PS accumulation in the plasma membrane, resulting in 

immediate catastrophic damage and loss of membrane integrity (38). These necrotic, 

proinflammatory modes of cell death accelerate tumor growth and metastasis by 

recruiting tumor-associated macrophages, which differentiate into growth-/repair-

promoting macrophages in the presence of cytokines such as interleukin 6 (IL-6), 

leukemia inhibitory factor (LIF), tumor necrosis factor (TNF), C-C motif chemokine 22 

(CCL-22), and stromal cell-derived factor-12 (CXCL-12) (120, 121). However, certain 

forms of PDT recruit natural killer and CD8+ cytotoxic T cells to generate an antitumor 

immune response. Expression of heat shock proteins HSP70 and HSP90, calreticulin, 

and high mobility group protein B1 (HMBG1) in the presence of ROS-induced damage 

in the ER stimulates an immunogenic cell death. Expression of these damage-

associated molecular patterns (DAMPs) stimulates local inflammatory cells, a necessary 

mechanism to achieve optimal PDT (122). PDT-stimulated immune response has the 

acute effect of locally controlling tumor growth and is also preventative against 

metastasis and tumor recurrence by activating systemic immunosurveillance against 

tumor cells. 

 Activation of the innate immune system requires adequate blood flow to allow for 

a systemic antitumor response; thus, PSs designed to ablate tumor vasculature are not 

ideal. To circumvent this problem, an alternative method combines different intensities 

of light irradiation, coupling low- and high-fluence-rate light delivery. Fluence rate is the 

measurement of incident light on a cross-sectional area over a period of time. Initial low-

fluence-rate light delivery can induce disperse PDT effects to implement a systemic 

antitumor immune response, and subsequent high fluence-rate light delivery can 
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destroy tumor vasculature and lead to acute tumor destruction. The PDT-activated 

immunogenic cell death response, also called photoimmunotherapy (PIT), was originally 

observed by the Kobayashi group (123): Light activation of antibody-bound IR700CW 

leads to a conformational change that irreparably damages the plasma membrane when 

bound to tumor cell membrane receptors. This damage leads to the release of DAMPs 

to initiate an immune response. Initially, PIT was found to be independent of ROS 

generation, instead relying on conformational changes to the antibody structure. 

However, ICG antibody conjugates also induce a similar effect via direct cellular ROS 

damage, which has allowed further insight into the molecular mechanisms of antitumor 

immune system stimulation and into rational design of PSs to induce this effect (124). 

1.9 Targeting 

1.9.1 Passive targeting 

 PDT has traditionally relied on the accumulation of PSs in the tumor site by 

passive targeting; a phenomenon in which the inherent pathophysiology of tumors 

allows increased accumulation of macromolecules. This has been exploited primarily in 

nanomedicine to reduce the side effects associated with many chemotherapeutics by 

reaching cytotoxic levels of drugs only at the tumor site. Nanoparticles passively 

accumulate in tumors due to the leaky and malformed vasculature of tumors coupled 

with poor lymphatic drainage, known as the enhanced permeability and retention (EPR) 

effect (125). The EPR effect leads to increased accumulation of larger macromolecules 

and nanoparticles in the tumor bed. Unfortunately, there has been poor clinical 

translation in human studies due to the heterogeneity of the EPR effect across different 
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types of cancers, individuals, and even tumors and metastases within the same patient 

(126). 

1.9.2 Active targeting 

 Due to the limitations of passive targeting, tumor-specific moieties for active 

targeting by PSs of tumor tissue have been developed. Tumor-targeting agents include 

small molecules and antibodies. Small molecules are ideal targeting agents because 

they are generally inexpensive and do not inhibit cellular uptake of PSs, as sometimes 

observed with antibodies targeted to membrane proteins. Conversely, antibodies have a 

higher degree of tumor selectivity and sensitivity. Simple sugars similar to glucose are 

popular targeting moieties that have been used for years, most commonly for positron 

emission tomography scans. Cancer cells overexpress glucose transporter 1 (GLUT-1), 

which can be manipulated to increase the uptake of conjugated PSs (127, 128). Similar 

results have been seen with folate, hyaluronic acid, and transferrin (129, 130). 

 Antibody targeting has the highest degree of specificity for tumor cells (131). 

Unfortunately, many cancers that require additional therapeutic options do not express 

easily targetable receptors. Further, large antibodies lead to poor tumor penetration and 

extended vascular circulation. Antibodies can also induce an immune response and are 

expensive to synthesize. Smaller antibody fragments can lead to reduced circulation 

and improved tissue distribution (132). However, smaller antibody fragments require 

higher-affinity binding to prevent diffusion from the tumor bed and clearance through the 

vascular system (133). 
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 PDT also has the means to enhance tumor drug uptake and can act as an 

indirect tumor-targeting technique. Under proper conditions, PDT induces necrotic cell 

death of tumor cells adjacent to blood vasculature. This perivascular destruction dilates 

the blood vessel, increasing blood volume but decreasing tumor blood pressure. The 

combination leads to increased nanoparticle perfusion into the tumor bed (134). This 

has been studied predominantly with NIR-PIT (near-IR-photoimmunotherapy) using 

various IR700-antibody conjugations; the PS undergoes ligand dissociation from the 

antibody’s light chain when photoactivated, leading to membrane destruction. However, 

similar effects in traditional ROS-inducing PSs and upconverting nanoparticles have 

been seen (135). Histopathology following NIR-PIT shows dilated tumor vasculature 

with a widened tumor interstitium, which has been confirmed by magnetic resonance 

imaging and fluorescent visualization of nanoagent accumulation in the tumor bed. This 

large increase in tumor permeability is known as the super-enhanced permeability and 

retention (SUPR) effect and has been used to increase tumor accumulation of nanodrug 

delivery 24-fold (123). The SUPR effect leads to increased targeted uptake of 

nanomaterials, which offers promising optical properties as well as an ideal platform for 

multidrug delivery, tumor targeting, and improved biostability. 

1.10 Light Dosing Regimens 

 Fiber optics, light-emitting diodes, and microendoscopic delivery have advanced 

light delivery to the tumor environment. Clinical trials using interstitial, endoscopic, 

laparoscopic, and intraoperative light delivery following surgical resection have been 

performed. However, the inherent heterogeneity of tumors makes standardized 

regimens of light treatment and drug delivery challenging. Different PSs localize 
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differently within tumors, and tumors have highly varied microenvironments and drug 

uptake, making it difficult to anticipate the proper light dosimetry to induce a particular 

effect (136). Higher fluence rates (75 mW/cm2) rapidly deplete intratumoral oxygen 

pressure (pO2) and do not significantly decrease tumor growth as expected (137). 

Surprisingly, lower fluence rates are more effective for tumor control (137, 138). The 

rapid generation of ROS with high fluence rates can deplete the tumor oxygen too 

quickly, creating hypoxic conditions that inhibit PDT and promote tumor cell survival. 

Premature vascular collapse also inhibits local tumor phototoxicity, blocking the delivery 

of additional O2 and PSs. Studies have found that an initial low-fluence-rate light 

delivery, followed by high-fluence-rate light delivery, improves the efficacy of PDT using 

the clinically approved PS agent temoporfin (139). Administering two independent light 

treatments with differing dosimetries improves antitumor efficacy in several models and 

across multiple PSs (140). Monitoring tumor oxygen levels during PDT may enable real-

time adjustments to light distribution and intensity, as different PSs can consume 

oxygen at different rates (141, 142). Timing of light treatment is complicated by PS 

pharmacokinetics, which varies dramatically between PSs, and an optimal light 

treatment window can vary from hours to days after PS delivery. A major limitation to 

PDT is recurrence, which is thought to occur due to incomplete tumor response to 

therapy. Optimizing light treatment regimens based on the mode of action of a specific 

PS would reduce recurrence and improve outcomes. 

1.11 Resistance Mechanisms 

 Autophagy, the degradation and recycling of cellular components, promotes cell 

survival under harsh conditions and is often upregulated in cancer cells that are 
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resistant to traditional radiotherapies and chemotherapies. Increased expression of 

autophagy markers in cancer stem cells and malignant precursor cells has been 

reported (143, 144). Autophagy can decrease the efficacy of mitochondria-targeted 

PDT, and incomplete tumor response following PDT increases expression of autophagy 

proteins in tumor cells (145, 146). To address this, researchers have used combinatorial 

therapy with autophagy-inhibiting agents to sensitize cells to PDT (147). PDT in 

combination with lysosome- and mitochondria-targeting PSs should also be considered 

to avoid autophagy induced resistance; lysosomal destruction halts the recycling of 

biomolecules that promote cancer cell survival via autophagy mechanisms. For 

example, the combination of two PSs, phenylbenzothiazole (EtNBS) and verteporfin, 

showed a 95% reduction in the weights of fibrosarcomas in BALB/c mice (148). This 

level of advanced photokilling could not be replicated with dramatically higher doses of 

either PS administered alone or with higher doses of light treatment. These two agents 

localize to different organelles within the cell: EtNBS localizes to the lysosomes, 

inhibiting apoptosis and releasing labile iron and Ca+2; verteporfin localizes primarily to 

mitochondria and the ER to induce apoptosis. Although more preclinical data are 

needed, combining PDT with autophagy or lysosome inhibitors could increase efficacy 

for large tumor debulking or complete tumor response. Understanding the distinct mode 

of action of specific PSs is important for developing combinatorial treatments that inhibit 

cell survival programs induced by PDT. 

 The destructive effect of PDT relies primarily on the production of ROS, which 

causes irreversible oxidative damage to membranes and organelles. Unfortunately, 

cancer cells tend to have highly dynamic stress resistance mechanisms, including high 
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levels of superoxide dismutases (SODs), glutathione peroxidase, and thioredoxins 

(149). This promotes a highly oxidative environment, promoting genetic instability and 

increased resistance to cell death mechanisms. Following PDT, MDA-MB-231 breast 

cancer cell xenografts show an immediate increase in inducible nitric oxide synthase 

(iNOS) and nitric oxide, which leads to increased tumor growth and inhibition of ROS-

induced apoptosis (150). Administration of NOS inhibitors improves PDT efficacy with 

Photofrin, likely by hindering the cytoprotective effects of iNOS (151, 152), though these 

benefits are observed only with high-fluence-rate PDT (153). 

 Resistance to apoptosis is a hallmark of cancer and has been well reported for 

PDT (145, 154). Overexpression of antiapoptotic Bcl-2 and underexpression of 

proapoptotic Bid and Bax inhibit cell death programs to improve cell survival during PDT 

(155). Low-power PDT leads to increases in the survival and stress responses, as 

upregulation is seen in hypoxia inducible factor 1 (HIF-1) - and nuclear factor–κB (NF-

κB)-induced genes (156). Because failure of PDT to fully eradicate tumors can lead to 

increased malignancy and tumor progression, treatment regimens must be 

appropriately designed to avoid inadvertently triggering protumor cell programs. 

 Increased expression of drug efflux pumps is a well-established mode of drug 

resistance. This remains true for PDT, though the efflux pumps expressed tend to 

correlate to the localization and mode of uptake of the PS. ATP-binding cassette super-

family G member 2 (ABCG2) is an efflux pump commonly expressed in multidrug-

resistant cancers, and several PSs are known substrates (157). Increased expression is 

seen after low-dose PDT, and upregulation in cell lines reduces the efficiency of PDT 

(155). Inhibition of efflux pumps has been successful in antibacterial PDT: Treatment 
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with methylene blue PDT is improved when it is combined with a microbial efflux pump 

inhibitor (158). Additionally, cell lines resistant to mitochondrial PDT show changes to 

mitochondrial structure and metabolism, though more research is needed to determine 

the exact molecular mechanisms (159, 160). Overall, this is an area where more 

research is needed in order to interpret potential resistances associated with therapy 

and improved indicators for cancers where PDT could be an ideal therapeutic option. 

1.12 Combinatorial Therapy 

 Increased knowledge about the biochemical interactions driving tumor 

progression has led to combinatorial treatment, by which multiple pathways are targeted 

to improve response to therapy and mitigate drug resistance (161). PDT already has the 

benefit of targeting multiple cell death pathways by inducing direct damage to 

mitochondria, Golgi apparatus, ER, and lysosomes, creating widespread irreversible cell 

damage at proper dosages. As discussed above, combining PDT with autophagy or 

lysosome inhibitors may be effective against tumors with high levels of autophagy. The 

combinatorial therapies discussed below focus on targeting additional pathways to 

enhance PDT and subvert tumor survival responses. 

1.12.1 Impairment of Cellular Redox 

 Many combinatorial treatments enhance the primary mechanism of PDT—

generation of ROS. PDT can be augmented by increasing tumor oxygen saturation, 

interfering with cellular redox balance, or potentiating the effects of PDT-generated 

ROS. Antioxidant inhibitors have had poor effects independently but show promise for 

enhancing the effects of PDT (162, 163). Dysfunction to redox homeostasis via cellular 
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antioxidant inhibitors such as diethyldithiocarbamate (a Cu/Zn-SOD inhibitor), 2-

methoxyestradiol (a Mn-SOD inhibitor), l-buthionine sulfoximine (a glutathione synthesis 

inhibitor), and 3-amino-1,2,4-triazole (a catalase inhibitor) has displayed increased cell 

death and ROS generation with traditional PDT agents in cell models but requires 

further study in animal models (163). Exogenous small-molecule antioxidants such as 

vitamins E (tocopherol) and C (ascorbate) have shown promise both as protective 

agents in normal cells and as selectively toxic agents against cancer cells at higher pro-

oxidant concentrations (164). However, reaching clinically effective dosages of these 

agents has proved to be difficult, which has limited their use and study. Hollow MnO2 

nanoparticles have become a promising nanoplatform for PDT, as they provide delivery 

of PSs, which tend to be poorly soluble, and also stimulate oxygen levels. MnO2 

catalyzes the breakdown of H2O2 into water and oxygen, maintaining stable levels of 

oxygen for a prolonged PDT response (165, 166). MnO2 nanosheets have also been 

implemented with PDT to oxidize intracellular glutathione, which impairs the antioxidant 

response to ROS generation (167). There have been many studies of the antineoplastic 

effects of cannabidiol, which increase ROS generation in mitochondria and ER of 

cancer cells (168). Although not efficacious on its own, cannabidiol showed dramatically 

increased potency when combined with PDT and radiotherapy (169). For ALA prodrugs, 

agents that alter heme and iron metabolism have led to increased accumulation of PpIX 

and subsequent improvements to PDT in preclinical models (170–172). 

1.12.2 Ferroptosis 

 Ferroptosis is another form of regulated cell death that ties in closely with 

oxidative stress and cancer. This unique form of cell death is based on iron-dependent 
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lipid peroxidation. Cellular iron homeostasis is highly regulated due to the high reactivity 

of labile iron with oxygen to form ROS (173). Ferroptosis can be induced by 

perturbations to the glutathione antioxidant network and metabolism, inhibition of 

glutathione peroxidase 4 (GPX4), and increasing levels of intracellular iron. For 

example, although pancreatic cancer is highly resistant to cellular apoptotic 

mechanisms, ferroptosis can subvert typical apoptotic cell signaling to induce cell death 

in pancreatic ductal adenocarcinoma cell lines (174, 175). Iron chelators such as 

deferoxamine combined with prodrug ALA treatment have been investigated, as the 

sequestration of iron inhibits the final step of heme synthesis, increasing the generation 

of photoactive PpIX from ALA (176, 177). Conversely, iron chelation can also inhibit 

ferroptosis; iron complexed with deferoxamine lacks redox potency, reducing the 

efficacy of PDT-induced cell death (178). Potential PDT combinatorial methods could 

involve dual delivery of small-molecule ferroptosis inducers (e.g., erastin, sorafenib, and 

RSL3), iron doping via nanoparticle delivery, and iron-based nanoparticles. Not only has 

ferroptosis been shown to resensitize cancer cells to chemotherapy and promote PDT, 

but high levels of ROS combined with labile iron could produce O2 via Fenton reactions. 

This would resupply the hypoxic tumor microenvironment with molecular oxygen, 

solving a key problem inherent to PDT. Finally, many ferroptosis inducers act by 

inhibiting the cellular redox balance, a mechanism that would also enhance PDT. 

1.12.3 Tumor Sensitization 

 PDT has been shown to improve the outcome of traditional chemotherapy and 

radiotherapy. Although PDT itself primarily has a localized effect, resulting in minimal 

side effects, it can also heighten the effect of radiotherapies and chemotherapies. 
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Sensitization of the tumor to traditional therapies allows for lower effective doses, 

reducing side effects while improving therapeutic outcomes. This has been especially 

notable with platinum-based chemotherapeutics because of their induced expression of 

proapoptotic pathway proteins (179). In xenograft models of small-cell lung cancer, low-

dose cisplatin combined with PDT displayed a synergistic effect on tumor size when 

compared with either treatment alone (180). However, reports regarding cisplatin in 

preclinical models have been contradictory; due to the reliance of PDT efficacy on the 

immune system, nude mouse models may not be appropriate for this type of therapy 

(181). PDT combined with radiotherapy led to similar results, although the interaction 

between the two treatments has proved difficult to study. The combination of verteporfin 

and radiation therapy showed a 60% reduction in tumor doubling time in patients with 

fibrosarcoma (182). Reduced side effects are common with this type of combinatorial 

therapy, but the mechanism for the unexpectedly low cross-interaction toxicity has yet to 

be determined (183). 

1.12.4 Immunostimulators 

 Immune activation is a crucial part of the PDT mechanism. An increased immune 

response has been reported to promote PDT efficacy in human patients, provoking 

interest in enhancing this effect (184). Immune checkpoint therapy in T cells enhances 

antitumor therapy by preventing tumor proteins from inhibiting the activation response of 

T effector cells (185). Treatment of bilateral cancer in cholinergic mouse models with a 

pyrolipid PS and PD-1/PD-L1 (programmed cell death protein 1/programmed cell death 

ligand 1) axis inhibitor (oxaliplatin) improved regression of the primary-site, light-treated 

tumor as well as that of distant tumors. This abscopal effect was attributed to antitumor 



40 
 

immunity, evidenced by increased exposure to calreticulin by treated tumor cells 

followed by increased presence of CD8+ and CD4+ T cells at distant tumor sites (186). 

Similar synergistic effects have been observed with immunostimulators, such as 

glycated chitosan, CpG oligodeoxynucleotides, and cyclophosphamide, as well as other 

immune checkpoint inhibitors (187, 188). 

1.13 Conclusions and Future Outlook 

In this review, we have highlighted the scientific advances in photoactive 

theranostics that are expanding clinical PDT and photodynamic diagnostic applications. 

These advances have the potential to revolutionize modern treatments of cancer and 

other diseases. Breakthroughs in materials science, electronics, and imaging equipment 

have enabled exploration into NIR fluorophores/phosphors and have expanded the 

clinical applicability of PDT. This expansion has facilitated novel investigations into 

photosensitizing agents in order to meet the demand for optimized, accessible cancer 

treatments. We have summarized several innovative and promising preclinical works. 

Moving these multimodal PSs into clinical settings should be prioritized. However, 

several areas still need to be advanced in order to fully realize the tremendous potential 

of photoactive theranostics. The wide variety of PSs studied with different tumor and 

cellular models has made it difficult to develop optimized regimens for ideal patient 

outcomes. Further research into each potential theranostic agent is needed to 

determine proper dosing criteria, both for the photoactive agent and for the activating 

light. Improved PS agents need to be designed with minimal off-target effects, greater 

selectivity, enhanced phototoxicity, and enhanced penetrance. Additional standards, 

generally neglected in the literature, are required to establish proper dosing intervals for 
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different combinatorial therapies with PDT. Whether PDT is being used as a sensitizing 

agent, an immune activator, or the primary treatment, it will have different dosing 

windows depending on the combined therapy. Substandard clinical trial results may be 

due to variable pharmacokinetics, which is important for determining the timing of light 

treatment. Furthermore, PDT is an ideal complement for combinatorial therapies with 

great potential for enhancing tumor-killing efficacy beyond that of either approach alone 

and for enabling greater space for treatment development and exploration. Many of the 

chemotherapeutic agents discussed are well tolerated at low concentrations, and the 

combination of tumor targeting and broad effects of PDT promises a potent antitumor 

effect. Future work should aim to improve the efficacy of PDT through rationally 

designed treatment strategies, to explore novel photoactive materials, and to continue 

to expand applications in a broader range of cancer types. 
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1.15 Dissertation Goals 

Light-activated theranostics offer promising potential to enhance both early 

diagnostics and cancer therapy. Advances in optical technologies have allowed strides 

to be made in imaging techniques and light irradiation, but current photoactive agents 

have not met the necessary requirements to improve early cancer therapy and 
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diagnostics. At present, they are plagued by poor optical properties and undesirable 

toxicity in healthy tissue, which limits effective dosage and leads to poor clinical 

outcomes.  

To address this need, I have adopted a counterion pairing platform originally 

developed for engineering solar cells. A photoactive cationic cyanine (Cy+) is paired with 

a coordinating anion, which has been shown with ultraviolet photoelectron spectroscopy 

to shift the frontier molecular orbital levels (which dictate electronic properties), without 

changing the bandgap (which dictates optical properties). The counterion pairing 

approach allows independent optimization of optical parameters through a photoactive 

cation, which can then be adjusted with an anion to shift valence energy levels. This 

exciting new engineering paradigm has been capitalized on in photovoltaics, however, 

its biomedical application has yet to be determined. My guiding hypothesis is that in vivo 

toxicity of fluorescent organic salts can be modulated by counterion pairing to control 

the generation of resonant reactive oxygen species in biological environments. The 

primary goals of this dissertation are to 1) elucidate the effect of adjusting frontier 

molecular orbital energy levels of organic salts in the context of cellular 

environments and 2) ascertain the physiological relevance of counterion tuning in a 

translational cancer model.  

To study this, I first characterized the chemical and photophysical properties of 

organic salts in solution. Small angle X-ray scattering revealed that in aqueous solution 

organic salts self-organize into 5-9 nm organic salts nanoparticles, capturing the 

composition of the photoactive cation and electronic modulating anion. Redox potential 

and zeta potential measurements confirm the electronic shifts observed in the physical 
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state are retained with organic salt nanoparticle formation. Upon confirmation that 

photophysical characteristics of organic salts are maintained in solution, cell viability 

screenings were done in human lung carcinoma (A549) and melanoma (WM1158) cell 

lines. Counterion pairing with standard small hard anions yields cytotoxic organic salts 

(toxic in the dark), while counterion pairing with soft weakly coordinating anions yields 

phototoxic (toxic with light) and nontoxic organic salts. Cellular ROS measurements 

demonstrate that counterion pairing leads to different levels of photoinduced 

mitochondrial ROS generation. These findings were further validated using mass 

spectrometry to quantitate cellular uptake of organic salts and toxicity assays, which 

demonstrated that phototoxicity trends are inversely correlated to uptake, and that 

anions are not independently toxic. The measured zeta potential of nanoparticles in 

aqueous solution correlates with phototoxicity trends, validating this energy modulation 

platform and its potential for generation of optimized organic salts as non-toxic for 

therapy or phototoxic for PDT.  

I expanded on these promising in vitro findings by shifting to a clinically relevant 

mouse model of metastatic breast cancer. While initial studies were done in human 

cancer cell lines, the effect of the immune system on cancer is integral, especially when 

assessing therapeutic efficacy. Therefore, I utilized an orthotopic MMTV-Myc driven 

mammary cancer model to assess in vivo photodynamic therapy and off-site toxicity. 

Findings confirm in vitro results, utilizing our previously established counterion tuning 

strategy I developed a selectively phototoxic PS capable of deep tissue photoactivation 

and imaging. Counterion tuning enhances phototoxicity upon NIR irradiation to induce a 

robust antitumor response with minimal toxicity observed in normal tissue. Traditional 
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organic salts that do not maintain counterion contact in cellular milieu are 

nonspecifically cytotoxic, with an inadequate therapeutic margin for light induced 

phototoxic effects without nonspecific dark cytotoxicity.  

My work validates the potential for counterion tuning to engineer optimized 

fluorescent agents for clinical cancer therapy. I have additionally contributed to the 

phototherapy field by demonstrating and characterizing potent PDT in a preclinical 

model. My findings within this work have translational potential and could revolutionize 

photoactive agent design. 
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CHAPTER 2.  

MODULATING CELLULAR CYTOTOXICITY AND PHOTOTOXICITY OF 

FLUORESCENT ORGANIC SALTS THROUGH COUNTERION PAIRING 
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2.2 Abstract 

Light-activated theranostics offer promising opportunities for disease diagnosis, 

image-guided surgery, and site-specific personalized therapy. However, current 

fluorescent dyes are limited by low brightness, high cytotoxicity, poor tissue penetration, 

and unwanted side effects. To overcome these limitations, we demonstrate a platform 

for optoelectronic tuning, which allows independent control of the optical properties from 

the electronic properties of fluorescent organic salts. This is achieved through cation-

anion pairing of organic salts that can modulate the frontier molecular orbital without 

impacting the bandgap. Optoelectronic tuning enables decoupled control over the 

cytotoxicity and phototoxicity of fluorescent organic salts by selective generation of 

mitochondrial reactive oxygen species that control cell viability. In this chapter, we show 

that through counterion pairing, organic salt nanoparticles can be tuned to be either 

nontoxic for enhanced imaging, or phototoxic for improved photodynamic therapy. 

2.3 Introduction 

 Fluorescent dyes offer great potential as both diagnostic and therapeutic agents 

and the combined application has been termed “theranostics”. These compounds can 

be used to improve cancer diagnoses, assist with image-guided surgery, and treat 

tumors by photodynamic therapy (PDT). Theranostic agents localize in tumors and 

become activated by a specific wavelength of light to either emit a different wavelength 

of light that can be detected for imaging, or generate reactive species for PDT (1, 2). 

PDT provides double selectivity through the use of both the dye and light, with the goal 

of minimizing side effects from the dye or light alone (3). To realize the full potential of 

fluorescent dyes in biomedical applications, it is necessary to increase their brightness 
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and tissue penetration in order to detect and treat deeply embedded tumors, while also 

eliminating unwanted side effects. 

Fluorescent dyes that absorb and emit in the near-infrared (NIR) range offer 

several advantages for both PDT and in vivo imaging applications. While visible light 

(400-650 nm) travels only millimeters in tissues, NIR light (650–1200 nm) can travel 

centimeters (4): 810 nm and 980 nm NIR light have been shown to penetrate 3 cm of 

skin, skull, and brain tissue (5). Additionally, visible light absorbance by endogenous 

biological fluorophores such as heme and flavin groups (6) causes autofluorescence 

and weak signal intensity. On the other hand, NIR light is minimally absorbed by 

biological material, drastically reducing background noise and increasing penetrance (7, 

8). FDA-approved NIR-responsive fluorescent dyes including indocyanine green, 5-

aminolevulinic acid, and methylene blue are available and used in medical diagnostics 

(9) but are limited due to their low level of brightness. Other commercially available NIR-

responsive fluorescent dyes include heptamethine cyanine (Cy7), Alexa Fluor 750, and 

heptamethine dye IR-808 (10–12). However, these dyes display low brightness, high 

toxicity, and poor aqueous stability (13). Recent PDT-based nanocrystals show energy 

level tunability via surface ligand modification but have poor biocompatibility due to 

heavy elements and minute absorbance in the NIR range that stem from a lack of 

oscillator strength near their bandgap. For example, semiconductor nanocrystals have 

absorption coefficients of ~103/cm for PbS and PbSe compared to ~106/cm for cyanines 

with bandgaps around 850 nm – this translates to 1000 times less absorption per 

nanometer of material by nanocrystals (Figure 2.1).  
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Fluorescent organic salts, composed of a fluorescent ion and a counterion, have 

been developed to increase aqueous solubility and photostability (14, 15). The 

counterion has largely been thought to have little impact on the properties of the 

fluorescent organic salts. Only a few reports have investigated the impact of the 

counterion but have been limited to encapsulated matrices for modestly increasing the 

quantum yield (16–19), or have shown no impact on toxicity (20, 21). The latter study 

investigated two anions with a visible rhodamine dye but showed no significant 

difference in cell viability between the two key anions in a range of cell lines (Hs578Bst, 

Hs578T, and MDA-MB-231) and did not investigate phototoxicity (20). Here, we focus 

on NIR-responsive polymethine cyanine dyes, which have been used as effective 

theranostic agents (10, 22). Heterocyclic polymethine cyanine dyes have been found to 

Figure 2.1 Solid state absorption coefficient versus wavelength comparison for an 
exemplary organic salt (CySbF6) and nanocrystal (PbS), both with bandgap 
around 1.3 eV.  The organic salt has an absorption coefficient that is orders of 
magnitude larger than that for the nanocrystal at wavelengths in the near-infrared 
around the bandgap (650-950 nm). 
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preferentially accumulate in tumors and circulating cancer cells (23) even in the 

absence of bioconjugation to tumor-targeting molecules. This is hypothesized to occur 

through a mechanism mediated by increased expression of organic anion transporter 

polypeptides (OATPs) and hypoxia-inducible factor 1-alpha (HIF1α), both of which are 

upregulated in cancer cells (24). HIF1α promotes tumor angiogenesis and expression of 

OATPs, which facilitate the uptake of polymethine cyanine dyes (25), as shown by 

competitive inhibition of OATP1B3 (22). Lipophilic photosensitizers may also associate 

into circulating low-density lipoproteins (LDLs) and be imported by cells via ATP-

mediated endocytosis (26). Charged molecules taken up by the cell accumulate in 

organelles such as mitochondria and lysosomes, where light irradiation can induce 

generation of reactive oxygen species (ROS) (27). While the exact mode of uptake and 

localization varies depending on the chemical characteristics of any given 

photosensitizer, these mechanisms are uniquely active in tumor cells, leading to tumor-

specific accumulation and retention (28).  

Cellular toxicity of fluorescent molecules is caused by the combination of 1) 

cytotoxicity – toxicity in the dark, independent of photoexcitation; and 2) phototoxicity – 

toxicity with light illumination, or photoexcitation. While the tumor-specific accumulation 

of polymethine cyanine dyes reduces their nonspecific toxicity, low levels of systemic 

toxicity remain due to the cytotoxicity of unexcited molecules (28). For applications in 

tumor imaging, both cytotoxicity and phototoxicity need to be reduced to minimize side 

effects. For applications in PDT, cytotoxicity must be eliminated, while phototoxicity 

should be enhanced to selectively kill cancer cells with targeted light therapy.  
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We recently reported that a range of weakly coordinating anions can modulate 

frontier molecular orbital levels of a photoactive heptamethine cyanine cation (Cy+) in 

solar cells without changing the bandgap (29, 30). Thus, we are able to control the 

electronics (i.e.  frontier molecular orbitals) of photoactive molecules independently from 

their optical properties (i.e. bandgaps). We have subsequently employed this electronic 

tunability to demonstrate cyanine-based organic salt photovoltaics with > 7 year lifetime 

under typical solar illumination (31).  

Here, we demonstrate the impact of the counterion on independently controlling 

both cytotoxicity and phototoxicity of fluorescent organic salts in cancer cells for 

enhanced imaging and improved PDT (Figure 2.2A). We achieve this by pairing the 

NIR-absorbing Cy+ with various dipole-modulating counterions and characterizing their 

effect on human lung carcinoma and metastatic human melanoma cell lines. We find 

that counterion pairings with small hard anions lead to high cytotoxicity even at low 

concentrations. In comparison, counterion pairings with bulkier, halogenated anions 

display low cytotoxicity even at 20x higher concentrations. We further report a distinct 

intermediate group of anion pairings that are highly phototoxic, but exhibit negligible 

cytotoxicity, making them ideal photosensitizers for PDT. This concept of tuning the 

cytotoxicity and phototoxicity of fluorescent organic salts is a new platform for controlling 

the photoexcited interactions at the cellular level. It opens new opportunities for greater 

tissue penetration and the potential for minimizing side effects. Moreover, this approach 

may be applied to both novel and existing luminophores, including assembled 

fluorescent probes, phosphors, nanocrystals, and other hybrid nanoparticles (32–36).  
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Figure 2.2 Pairing a fluorescent cation such as heptamethine cyanine (Cy+) with 
varying counterions enables tunability in cellular toxicity through optoelectronic 
control to improve near-infrared (NIR) imaging and photodynamic therapy. (A) 
Anions on the left are generally cytotoxic, anions in the middle are selectively phototoxic 
and ideal for applications in photodynamic therapy, and anions on the right reduce 
toxicity for applications in fluorescence imaging. Anions: Iodide (I−); 
hexafluoroantimonate (SbF6

−); hexafluorophosphate (PF6
−); o-carborane (CB−); 

terraces(4-fluorophenyl)borate (FPhB−); cobalticarborane (CoCB−); tetrakis 
(pentafluorophenyl) borate (TPFB−); tetrakis[3,5-bis(trifluoro methyl)phenyl]borate 
(TFM−); Δ-tris(tetrachloro-1,2-benzene diolato) phosphate(V) (TRIS−). (B) The 
counterion shifts the HOMO energy level while allowing the band gap to remain the 
same. Ultraviolet photoelectron spectroscopy (UPS) was used to measure the frontier 
energy levels of Cy+ with indicated counterion pairings in the solid state. Data 
were extracted from Suddard et al. (29) and Traverse et al. (31). (C) Fluorescent 
organic salts aggregate in aqueous environments. Organic salts fully dissolved in 
DMSO have a clear maximum at 830 nm with a leading shoulder when characterized 
with UV-Vis spectroscopy. However, in aqueous solution combinations of H- and J-
aggregation of organic salts can be seen by blue-shifted peaks (lower wavelength) and 
red-shifted peaks (higher wavelength), respectively. 
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2.4 Results 

2.4.1. Characterization of fluorescent organic salts 

 Heptamethine cyanine cation (Cy+; Figure 2.2A) is a photoactive cation that 

absorbs and emits in NIR wavelengths, with a bandgap of 1.3 eV (Figure 2.2B). A 

range of anions were tested with Cy+ and Cy7+ based on our previous studies that 

demonstrated a full range of valence energy levels tailored by over 1 eV (29, 31). These 

include: hard anions iodide (I-), hexafluoroantimonate (SbF6
−), and hexafluorophosphate 

(PF6
−), o-carborane (CB-); and bulkier soft anions  tetrakis(4-fluorophenyl)borate (FPhB-

), cobalticarborane (CoCB-), tetrakis (pentafluorophenyl) borate (TPFB-), tetrakis[3,5-

bis(trifluoro methyl)phenyl]borate (TFM-), and Δ-tris(tetrachloro-1,2-benzene diolato) 

phosphate(V) (referred to as Δ-TRISPHAT−, further abbreviated as TRIS−) (Figure 2.3). 

The counterion causes distinct shifts in the highest occupied molecular orbital (HOMO)

 

Figure 2.3 Molecular structures of anions investigated in the study.   (A) Iodide (I-) 
(B) Hexafluoroantimonate (SbF6

-) (C) Hexafluorophosphate (PF6
-) (D) O-carborane (CB-

) (E) Tetrakis(4-fluorophenyl)borate (FPhB-) (F) Cobalticarborane (CoCB-) (G) Tetrakis 
(pentafluorophenyl) borate (TPFB-) (H) Tetrakis[3,5-bis(trifluoro methyl)phenyl]borate 
(TFM-) (I) Δ-Tris(tetrachloro-1,2-benzene diolato) phosphate(V) (TRIS-). 
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energy levels of heptamethine cyanine salts without changing the size of the bandgap in 

the solid state (Figure 2.2B). These changes to energy level are found to be consistent 

for salt nanoparticles in aqueous solution by measuring shifts to the redox potential and 

zeta potential (Figure 2.4A-B, Table S2.1), both of which have been correlated to

 

Figure 2.4 Differential pulse voltammetry measurements. (A, B) Nanoparticles 
(NPs) of the salts at 0.1 mM in 10% DMSO (CyI, CyPF6) and 50% DMSO (CyFPhB) in 
water. CyTPFB NPs have greater solubility and were tested at 0.5 mM in 50% DMSO.  
(C, D) Monomer solutions of a representative cytotoxic, phototoxic, and nontoxic salt in 
acetonitrile. None of the differential pulse voltammetry measurements were performed 
in the presence of cells. Monomers demonstrate similar initial oxidation peaks, while 
nanoparticles have different peak locations. The CyTPFB nanoparticle oxidation peak is 
outside the redox window available for DMSO/H2O mixtures. A lower peak potential for 
CyPF6 compared to CyI and the shift out of the redox window for CyTPFB match anionic 
effects on the HOMO level shown in the solid state with UPS and correlated to redox 
levels. CyFPhB nanoparticles show a shift but do not fit the expected redox-HOMO 
trend. Monomers do not display this trend because their electronic environments are 
identical after dissociation due to the supporting electrolyte’s higher concentration. 
DMSO/water solutions were measured with an Ag/AgCl reference electrode (-45 mV vs 
SCE), acetonitrile with a Ag/AgNO3 electrode (0.36 V vs SCE). 
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 HOMO (37, 38). The optical properties of the different ion-counterion pairings remain 

the same, with equivalent quantum yields and absorbance/emission spectra (Figure 

2.2C, Figure 2.5, Table S2.2). In DMSO, fully dissolved salt monomers display a major 

peak at 833 nm and a minor shoulder at 764 nm (and no observable shifts in redox 

potential between various salts as shown in Figure 2.4C-D). Organic salt nanoparticles

 

Figure 2.5 Photoluminescence measurements of Cy7X and CyX salts. Absolute 
scale, background corrected photoluminescence spectra for (A) 1 μM Cy7X monomers 
in DMSO, (B) 5 μM CyX monomers in DMSO, and (C) 2.5 μM CyX nanoparticles in 1:99 
DMSO:H2O. Due to the peak emission being past 950 nm, quantum yields of the 
nanoparticles are unmeasurable with our system, but we demonstrate here that the 
nanoparticles still fluoresce, albeit at different wavelengths than the monomer salts 

 

were formed by diluting these solutions in mixtures of DMSO:H2O. All of the organic 

salts formed soluble nanoparticles with this approach, which is expected due to their 

similar solubilities in water (Figure 2.2C, Table S2.3). In aqueous solution, the 

nanoparticles exhibit distinct peak broadening from the major peak and the minor 

shoulder. The hypsochromic shift of the 764 nm shoulder peak and a bathochromic shift 

of the 833 nm peak are indicative of both H- and J-aggregation during the nanoparticle 

formation process. Nanoparticle organization limits the availability for exchange of the 

ions and preserves salt composition. These peak shifts are also detectable in live cells, 
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demonstrating that nanoparticles are uptaken and stable in the cellular environment 

(Fig 2.6). Nanoparticle size of a typical bulky pairing (CyTPFB) was characterized by 

small-angle X-ray scattering (SAXS): the mean particle size is 4.1 ± 0.6 nm (Figure 

2.7A), a size that is easily taken up by cells (39). This data was corroborated using 

scanning electron microscopy (SEM) (Figure 2.7B). Additional nanoparticle size 

distributions were measured using SEM, and all counterion pairings display similar 

nanoparticle sizes ranging from 5 to 9 nm (Figures 2.7C-I). Lifetime experiments 

confirmed that nanoparticle formation remains stable, with no sign of decomposition into 

monomers for at least 22 days. The nanoparticles also demonstrated colloidal stability, 

showing no signs of sedimentation or aggregation over the same period (Figure 2.8). 

 

Figure 2.6 UV-vis absorption spectra of A549 cells treated with organic salts. 
A549 cells were incubated with 1 μM CyPF6, 5 μM CyFPhB, or 15 μM CyTPFB over 24 
hours. Following incubation cells were dissociated, washed, and resuspended for UV-
Vis analysis. There is a high amount of background due to endogenous fluorophores, 
but CyFPhB and CyTPFB display peak broadening indicative of nanoparticle formation, 
having a peak at 830 nm and 764 nm. 
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Figure 2.7 Nanoparticle size distribution is similar for all nanoparticles. (A) 
Nanoparticle aggregation size distribution measurements from SAXS measurements of 
CyTPFB. Mean particle size is 4.1 ± 0.6 nm. PbS quantum dot size distribution is shown 
as a control with a nominal size of 3 nm. (B-I) Nanoparticle size distribution 
measurements from SEM images (inset, scale bar = 100 nm) of CyX. Mean aggregate 
size ranges from 5 to 9 nm with no observable precipitation. Other salts were examined 
with SAXS but did not produce usable data because of solubility limitations. SAXS 
requires at least 1 mg/mL of the material of interest, and such concentrations are only 
obtainable with CyTPFB. 
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Figure 2.8 Nanoparticle lifetime and stability is demonstrated with CyFPhB and 
CyTPFB. CyPF6 does not form nanoparticles in cell media but nonetheless 
demonstrates a stable chromophore. Lifetime absorption (100-%T) data collected with 
UV-Vis spectroscopy for 5 µM CyPF6, CyFPhB, and CyTPFB in cell media. All three 
solutions were measured daily for 5 days and again at 8, 15, and 22 days. 

 

2.4.2 Tunable cellular toxicity 

 Human lung carcinoma (A549) and metastatic human melanoma (WM1158) cell 

lines were used as representative models of two distinct cancer types with increased 

expression of OATP1B1 and OATP1B3 (40, 41) but have limited treatment options. 

Cells were treated with multiple Cy+-anion pairings by diluting organic salts with cell 

media to generate self-forming nanoparticles. Cells were incubated with various 

concentrations of the salt nanoparticles with or without 850 nm light to assess 

cytotoxicity in the dark and phototoxicity with 850 nm irradiation. Cell viability assays 

show that Cy+ is cytotoxic at 1 μM for A549 cells even without exposure to NIR light 

when paired with small hard anions such as I-, SbF6
-, or PF6

−, and only slightly more 

phototoxic when exposed to light (Figure 2.9A). In contrast, pairings with anions such 

as FPhB- and CoCB- have little cytotoxicity for concentrations below 7.5 µM but are 

already highly phototoxic at 5.0 µM and 5.5 µM, respectively (Figure 2.9B). The 

combination of low cytotoxicity and high phototoxicity is ideal for photosensitizers in 

PDT.  This  starkly contrasts to reports that the anion has no impact on dark  cytotoxicity 
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Figure 2.9 Organic salts with tunable toxicity can be used to target human cancer 
cells. Toxicity of photoactive cation heptamethine cyanine (Cy+) is tuned with anion 
pairing. Human lung cancer A549 cells were incubated with various concentrations of 
Cy+ with different anionic pairings with or without NIR (850 nm) excitation. Cell viability 
was determined on day 4 by trypan blue staining and cell counting. (A) In A549 cells, 
CyI, CySbF6, CyPF6, and CyCB (red/orange) are toxic at low concentrations (1 μM), and 
cell death occurs independent of light excitation (cytotoxic). (B) CyFPhB and CyCoCB 
(yellow/green) do not display significant toxicity without light activation, but when 
photoexcited they induce significant cell death (phototoxic). (C) CyTPFB, CyTFM, and 
CyTRIS (blue) display lower toxicity with and without light. Data are displayed as 
means ± S.E.M., n = 3. 

 

in breast cancer cells when paired with a larger bandgap fluorophore (20). On the other 

hand, Cy+ is found to have reduced cytotoxicity and phototoxicity when paired with 

TPFB-, TFM-, and TRIS−. These pairings display negligible cytotoxicity and only modest 

phototoxicity at much higher concentrations of > 15 μM (TPFB), > 20 μM (TFM), and > 

30 μM (TRIS), making them more ideal for in vivo imaging applications (Fig 2.9C). Both 

cytotoxicity and phototoxicity are shown to be dose-dependent for all ion pairings tested, 

with the exception of TRIS-, which displayed no cytotoxicity in the concentrations tested 

up to 100 μM (Figure 2.9C; Table S2.4). The dose-dependent response observed in 

A549 cells is also consistent in WM1158 cells (Figure 2.10). 
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Figure 2.10 Organic salts with tunable toxicity can be used to target metastatic 
human melanoma cells. Metastatic human melanoma WM1158 cells were incubated 
with various concentrations of Cy+ with different anionic pairings with or without NIR 
(850 nm) excitation for 4 days at which point cell viability was measured by cell count 
with trypan blue exclusion. (A) CyI, CySbF6, CyPF6, and CyCB (red/orange) are 
cytotoxic at low concentrations (1μM), with and without NIR excitation (cytotoxic). (B) 
CyFPhB and CyCoCB (yellow/green) do not display significant toxicity without light 
activation, but when photoexcited they induce significant cell death (phototoxic). (C) 
CyTPFB, CyTFM, and CyTRIS (blue) display low toxicity with and without light. This 
data agrees with the trend observed in A549 cell toxicity. Data are displayed as means 
± S.E.M., n = 3. 

 

2.4.3 Mechanism of toxicity 

 To determine the mechanism of the observed tunability in cytotoxicity and 

phototoxicity, we investigated salt localization within the cell, which can influence the 

types of ROS generated and their impact on the cell. Colocalization analysis was done 

in A549 cells incubated with CyPF6 (Figure 2.11A) and stained with a DNA stain, 

Hoechst (Ho; Figure 2.11B), and a mitochondrial stain, Rhodamine 123 (Rho123; 

Figure 2.11C). Colocalization was observed for CyPF6 and mitochondrial tracker 

Rho123, but not with DNA-specific Ho (Figure 2.11D). This indicates that the salts 

preferentially localize in the mitochondria, which is expected due to the charge and 

hydrophobicity of CyPF6 nanoparticles. Some of the salts that do not colocalize with 

Rho123 can be observed as red dots on the periphery of the cell. This is likely 
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endosome accumulation and implicates another potential form of uptake for organic salt 

nanoparticles besides OATPs, such as endocytosis. Similar results were observed with 

CyFPhB and CyTPFB (Figure 2.12, Table S2.5). It should be noted that the limits of 

resolution with this colocalization method are unable to differentiate nanoparticle 

localization near the mitochondria, versus localization within the mitochondria, an 

important point which will be expanded on later in the text.  

The mechanism of tunability was further studied by oxidative stress analysis 

using ROS sensitive probes. MitoSOX was used to measure mitochondrial superoxide 

and chloromethyl-2′, 7′-dichlorodihydrofluorescein diacetate (Cm-H2DCFDA) was used 

to analyze general cytoplasmic ROS levels in cells treated with phototoxic levels of 

organic salts with similar levels of intracellular fluorescence (Figure 2.13). These 

organic salt concentrations are also where there are similar levels of fluorescent signal 

within the cells (Figure 2.14). We found that an increase in mitochondrial superoxide is 

 

Figure 2.11 CyPF6 preferentially accumulates in the mitochondria and lysosomes 
of cells. A549 cells were treated with 1 μM CyPF6. (A) CyPF6 staining. (B) DNA staining 
using 1 μM 2′-[4-ethoxyphenyl]−5-[4-methyl-1-piperazinyl]−2,5′-bi-1H-benzimidazole 
trihydrochloride trihydrate (Hoechst). (C) Mitochondrial staining using 15 μM Rhodamine 
123 (Rho). (D) Superimposed CyPF6 + Hoechst + Rho123 staining. Scale bar = 20 µm 
(100x). 
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Figure 2.12 Fluorescent organic salts preferentially accumulate in the 
mitochondria and lysosomes of cells. A549 cells were treated with either 5 μM 
CyFPhB or 15 μM CyTPFB. (A) CyFPhB staining. (B) Mitochondrial staining using 15 
μM Rhodamine 123 (Rho123). (C) Superimposed CyFPhB + Rho123 staining. (D) 
CyTPFB staining. (E) Mitochondrial staining using 15 μM Rho123. (F) Superimposed 
CyTPFB + Rho123 staining.  Scale bar = 20 µm (40x). 

 

directly correlated with both cytotoxicity and phototoxicity of organic salts. Cytotoxic 

CyPF6 generates superoxide with or without light; phototoxic (but not cytotoxic) CyFPhB 

photo-generates superoxide only with illumination; and CyTPFB generates minimal 

superoxide even with illumination at high concentrations. No significant cytoplasmic 

ROS was detected using general cytoplasmic ROS probe Cm-H2DCFDA (Figure 2.13). 



81 
 

 

 

 

 

 

Figure 2.13 Fluorescent organic salts generate mitochondrial superoxide. 
MitoSOX was used to measure mitochondrial superoxide, and H2DCFDA for general 
cytoplasmic ROS in A549 cells treated with organic salts at indicated phototoxic 
concentrations over 4 days. Phototoxic concentrations were determined from the data in 
Figure 2.9. This data confirms that CyPF6 is cytotoxic, catalyzing superoxide with or 
without light; CyFPhB is phototoxic but not cytotoxic, photo-generating superoxide only 
with illumination; and CyTPFB is nontoxic, generating minimal superoxide even with 
light at high concentrations (*P ≤ 0.05). Data are displayed as means ± S.D., n = 3. 

Figure 2.14 Levels of intracellular fluorescence in A549 cells at 24 hours. 
Concentrations of organic salts used for FCS-ROS studies display similar levels of 
intracellular fluorescence. Data are displayed as means ± S.D., n = 3. 
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This data demonstrates that the toxicity of organic salts is caused by localized 

generation of superoxide within the mitochondria. Mitochondrial superoxide is known to 

mediate apoptosis through oxidative damage of mitochondrial DNA, hyperpolarization of 

the mitochondrial membrane potential, and protein modifications leading to the opening 

of the mitochondrial permeability transition pore (42). A key difference in cells treated 

with CyPF6 is the presence of mitochondrial ROS even without light excitation. This is 

likely due to the stability of nanoparticles: UV-Vis spectroscopy showed that while 

pairings with small, hard anions (CyI, CySbF6, and CyPF6,) can form nanoparticles in 

aqueous solution (Figure 2.2C), they do not form nanoparticles in cell media containing 

fetal bovine serum (Figure 2.15). Pairings with bulkier halogenated anion pairings 

formed stable and soluble nanoparticles even in cell media containing fetal bovine

 

Figure 2.15 Different ion pairings display varying degrees of nanoparticle stability 
in cell media. Organic salts fully dissolved in DMSO have a clear maximum at 830 nm 
with a leading shoulder when characterized with UV-Vis spectroscopy. After 
nanoparticle formation and introduction into cell media, combinations of H- and J-
aggregation of organic salts can still be seen by blue-shifted peaks (lower wavelength) 
and red-shifted peaks (higher wavelength), respectively. This is not observed in smaller 
anions (I-, SBF6

-, PF6
-), indicating a lack of stability in maintaining nanoparticle 

formation. 



83 
 

serum. Lack of nanoparticle formation may lead to cytotoxic species, which are toxic 

even without light activation because they are more likely to interfere with mitochondrial 

electron transport chain complexes, a process known to generate ROS. In contrast, 

stable nanoparticles with average sizes of < 20 nm are still able to enter the cell (39), 

but size limitations likely restrict their ability to directly interact and inhibit protein 

complexes in the mitochondrial membrane. This difference in localization would not be 

detectable due to the limits of resolution with traditional colocalization methods.  

 

Figure 2.16 Tunability in phototoxicity is not due to cellular accumulation or 

counterion toxicity. (A) Intracellular organic salt accumulation by A549 cells was 

determined using high-performance liquid chromatography-mass spectrometry. In all 

cases, cells were incubated with 1 μM of indicated organic salt for 30 hours. Data are 

displayed as means ± S.D., n = 3. (B) Iodide (I-) is not toxic when paired with potassium 

(K+), and KI addition does not make CyTRIS toxic. A549 cells were incubated with 

vehicle, 1 μM KI, 30 μM CyTRIS, or 1 μM KI + 30 μM CyTRIS with or without NIR (850 

nm) excitation. Cell viability determined by trypan blue staining and cell counting. (C) 

The phototoxicity and cytotoxicity of CyPF6
 can be mitigated by the addition of KTPFB, 

which is not found to be toxic. A549 cells were incubated with vehicle, 15 μM KTPFB, 1 

μM CyPF6, or 15 μM KTPFB + 0.5 μM CyPF6 with or without NIR (850 nm) excitation. 

Data are displayed as means ± S.E.M., n = 3. 
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To determine whether the counterion affects cellular uptake of organic salts, 

intracellular levels of different Cy+-anion pairings were measured by high performance 

liquid chromatography-mass spectrometry (HPLC-MS). No correlation was observed 

between toxicity and the intracellular concentration of organic salts (Figure 2.16A). This 

demonstrates that differential anion-mediated uptake is not the cause of the observed 

modulation in toxicity, even if it is possible that nanoparticle size may be altered upon 

cellular uptake. In fact, it appears that the opposite may be true: Cy+ anion pairings with 

lower cytotoxicity generally had higher intracellular concentrations. However, it should 

be noted that toxic salts that induce cell death are more likely to rupture and release 

dyes, potentially decreasing the observed intracellular concentrations. 

Furthermore, we find that the anions themselves are not toxic: addition of a 

phototoxic anion such as I- paired with a non-fluorescent cation such as potassium (K+) 

is neither cytotoxic nor phototoxic (Figure 2.16B). Non-cytotoxic anion-cation pairings 

cannot be made more toxic by addition of toxic anion salts; for example, a less toxic salt 

(CyTRIS) does not become cytotoxic or phototoxic by addition of a toxic precursor salt 

(KI; Figure 2.16B). However, when the reverse experiment was done and a toxic salt 

(CyPF6) was supplemented with a nontoxic precursor salt (KTPFB), toxicity was 

mitigated (Figure 2.16C). This is likely due to variance in nanoparticle stability in cellular 

environments: in cell media, nanoparticles become less stable when Cy+ is paired with 

small, hard anions (I-, SbF6
-, and PF6

-), while nanoparticles remain stable when Cy+ is 

paired with bulkier halogenated anions (FPhB-, CoCB-, TPFB-, TFM-, and TRIS-; Figure 

2.15). Thus, CyPF6 may undergo an energetically favorable anion exchange with 

KTPFB to generate the less toxic CyTPFB species in cell media, leading to decreased 
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toxicity and increased cell viability. These data indicate that the toxicity of organic salts 

is not due to the toxicity of the anion itself, or cellular uptake. 

2.4.4 Applications in imaging 

We next demonstrated that the concept of counterion-mediated tunability can be 

used to improve in vitro imaging of live cells. Commercially available cyanine molecules 

used for NIR imaging are typically formulated with halide anions (e.g. chloride or iodide), 

including the Cy3, Cy5, and Cy7 analogs. We performed anion exchange reactions on 

Cy7Cl to replace the chloride with the range of anions described above. While Cy7Cl is 

highly cytotoxic, Cy7+ can be tuned to become less toxic when paired with TPFB- and 

TRIS- (Figure 2.17A). This demonstrates that anionic modulation of toxicity is not 

limited to a specific fluorescent cation, and this effect can be replicated in alternative 

organic salt formulations. Reduced toxicity is desirable for live cell imaging, as brighter 

images can be captured with less cellular damage. We have improved live cell imaging 

using less toxic anion pairing in both Cy+ and Cy7+. In contrast to the images obtained 

using toxic CyPF6 and Cy7Cl, brighter images can be captured using less toxic organic 

salts, such as CyTPFB and Cy7TPFB (Figure 2.17B-E). Due to their high toxicity, 

CyPF6 and Cy7Cl must be used at low concentrations of 1.2 µM and 1.0 µM, 

respectively. Less toxic CyTPFB and Cy7TPFB can be used at higher doses of 95 µM 

and 6 µM, respectively, allowing for increased absorption and absolute brightness while 

preserving cell viability. Thus, enhanced brightness and lack of toxicity lead to improved 

images that capture representative cells under less cellular stress. Finally, an initial in 
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vivo demonstration of the tumor-targeting ability of fluorescent organic salts is provided: 

 

Figure 2.17 Novel and commercial fluorescent dyes can be tuned to be less toxic 
for brighter imaging. (A) Commercially available Cy7, sold as Cy7Cl, can be tuned for 
toxicity through counterion pairing. A549 cells were incubated with Cy7+ paired with 
indicated anions at 1 μM. Commercial formulation of Cy7 with Cl− is found to be 
cytotoxic; TPFB− pairing shows a dramatic decrease in cytotoxicity with a minor amount 
of phototoxicity; TRIS− pairing eliminates both cytotoxicity and phototoxicity (*P ≤ 0.05). 
Data are displayed as means ± S.E.M., n = 3. (B) Novel fluorescent cation Cy+ paired 
with PF6

− is cytotoxic at low concentrations (1.2 μM), leading to dim images. (C) 
However, Cy+ paired with TPFB− is non-toxic even at increased concentrations (95 μM) 
and provides brighter images. (D) Commercially available Cy7Cl is cytotoxic at 1 μM 
and provides dim images. (E) When Cy7 is paired with counterion TPFB−, it also 
becomes non-toxic at higher concentrations (6 μM) and provides brighter images. Scale 
bar = 100 µm (40x). (F) Anteroinferior image of supine FVB WT mouse with a MMTV 
myc-driven mammary tumor. Hair was removed from the abdomen for improved 
visualization. (G) CyPF6 localizes to tumors to enable tumor detection and therapy. 
Fluorescent images were taken at 41 hours post intraperitoneal injection of 1 mg/kg 
CyPF6 in PBS. Scale bar represents relative grey value. 
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intraperitoneally injected CyPF6 preferentially localizes to the tumor in a mouse breast 

cancer model (Figure 2.17F-G).  

2.5 Discussion 

There is growing interest in developing noninvasive cancer theranostic agents 

that can detect and target a wide range of tumor types with minimal toxic side effects. 

This work develops a platform for tuning the toxicity of theranostic agents through 

counterion pairings for applications in both enhanced imaging and effective therapy. We 

have demonstrated the ability of weakly coordinating anions to tune cellular toxicity of 

multiple organic salts by influencing the energy level of the fluorescent cation to impact 

generation of mitochondrial superoxide. Nanoparticle formation is necessary for the 

observed modulation of cellular toxicity by the counterion, as it preserves salt 

composition and prevents ionic dissociation in aqueous solution. However, it should be 

noted this effect is only feasible due to the poor solubility of the organic salts, which 

could potentially lead to hurdles such as dosage limitations and poor biostability in vivo.  

We have shown that the tunability in cellular toxicity is independent of 

intracellular concentration, anionic toxicity, and is not specific to a particular ionic 

fluorophore. We do report organic salt localization outside of the mitochondria that may 

indicate alternative mechanisms and rates of uptake. This could potentially lead to ROS 

generation at different organelles which would not be measured with MitoSOX, but we 

do not observe increases in cytoplasmic ROS. There are changes to intracellular 

fluorescence which could be attributed to changes in uptake, however, this does not 

explain or correlate to observed differences in the lack of cytotoxicity in the organic salt 

nanoparticles and why the nanoparticles possess different phototoxicities. There are 
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limitations to this study imposed by the chemical nature of the nanoparticles. Many 

assays rely on charged molecules, such as MitoSOX and Rhodamine 123, which can 

influence the properties of the charged nanoparticles during the assay. Additionally, the 

small hydrophobic size limits most traditional intracellular imaging techniques. We have 

attempted to account for this by including orthogonal assays such as mass 

spectrometry and UV-vis measurements. Additional methods that may allow for 

improved insight into nanoparticle localization is confocal NIR microscopy, which would 

allow for improved resolution of cellular organelles, and FRET colocalization.  

We do find a correlation between the zeta potential of nanoparticles in aqueous 

solution and their cyto- and phototoxicity (Figure 2.18). Cytotoxic/phototoxic organic salt 

 

Figure 2.18 Toxicity of organic salts is directly related to changes in zeta 
potential. Toxicity of cyanine counterion-pairings can be correlated to changes in the 
electrostatic charge on the nanoparticles as measured by zeta potential. Cytotoxic anion 
pairings (red) are found to have positive zeta potentials, while non-cytotoxic pairings 
display negative zeta potentials. Zeta potentials were obtained from Table S2.1 and 
toxicity values are the inverse of IC50 values obtained from Table S2.4. Error displayed 
as standard deviation. 
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nanoparticles have positive zeta potentials, while non-cytotoxic/phototoxic nanoparticles 

have negative zeta potentials, and non-cytotoxic/non-phototoxic nanoparticles have 

even lower negative zeta potentials (Table S2.1). Interestingly, nanoparticles with 

negative zeta potentials have distinct cyto- and phototoxicities, while nanoparticles with 

positive zeta potentials have overlapping cyto- and phototoxicities (Figure 2.18). Zeta 

potential has been correlated to HOMO level (38), and these shifts in HOMO are likely 

the driving force for dictating phototoxicity. While we have demonstrated the correlation 

between energy level modulation and phototoxicity, the exact mechanism by which 

valence energy levels effect cellular toxicity remains an open question for future studies. 

We speculate that the degree of phototoxicity may be dictated by energy level 

resonance with components in the mitochondria. For example, CyFPhB with a lower 

absolute HOMO is highly phototoxic, while CyTPFB with a higher absolute HOMO is not 

phototoxic even at orders of magnitude higher concentrations. This is potentially due to 

the ability of the photoactivated fluorophore to resonately perform electron transfer 

reactions within the mitochondria and therefore produce varying amounts and types of 

particular radical and reactive species. Energy level modulation is only achievable with 

nanoparticle formulation, as free salts show the same redox potential and therefore the 

same energy level (Figure 2.4) (29). Low toxicity pairings with anions such as TPFB- 

and TFM- can be used to reduce cellular toxicity during diagnostic imaging. In contrast, 

we have selectively enhanced phototoxicity in response to NIR excitation while 

eliminating dark cytotoxicity of Cy+ across a range of cell lines by pairings with anions 

such as FPhB− and CoCB−. This approach has the potential to increase targeting 

efficacy in tumors while minimizing nonspecific toxicity in healthy tissue. While In 
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addition to having broad clinical applications, this work gives insight into a novel method 

for modulating the electronic characteristics of fluorescent cation-anion pairings and 

provides a rational strategy for enhancing existing photodynamic drugs and imagers. 

2.6 Methods 

2.6.1 Synthesis  

Synthesis of CyPF6, CySbF6, CyFPhB, and CyTPFB: Precursor salts (CyI and 

NaPF6, NaSbF6, NaFPhB, or KTPFB) were dissolved in methanol:dichloromethane 

(MeOH:DCM) mixtures and stirred at room temperature under nitrogen. The counterion 

precursor was added in 100% molar excess to drive the exchange of ions. The product 

compounds were formed as solid precipitates after approximately 5 minutes. They were 

collected using vacuum filtration and rinsed with MeOH. The crude product was 

dissolved in minimal DCM and run through a silica gel plug with DCM as the eluent to 

remove unreacted precursors and other impurities. The product compound exiting the 

silica was recognized by its color and collected. Excess DCM was removed in a rotary 

evaporator. Reaction yield and purity were confirmed using a high mass accuracy time-

of-flight mass spectrometer coupled to an ultra-high performance liquid chromatography 

(UPLC-MS) in positive mode to quantify cations, and in negative mode to quantify 

anions. For ion purity measurements, solutions of precursors and products were 

prepared in various known concentrations and analyzed by UPLC-MS. Typical reactions 

led to products yields of > 60% with purities > 95%. Reaction schemes and purification 

procedures described previously were used (30, 43). 
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Synthesis of CyTRIS and CyTFM: Precursor salts (CyI and TBA-TRIS or NaTFM) 

were dissolved in DCM in a 1:2 molar ratio and stirred at room temperature under 

nitrogen for 1 hour. The reaction contents were passed through a silica gel plug using 

DCM as the eluent, where the purified product was collected and quantified with UPLC-

MS as described for the salts above. Similar yields and purities were achieved for 

CyTRIS and CyTFM as other salts. 

Synthesis of CyCoCB: Precursor salts CyI and NaCoCB were dissolved in MeOH 

in a 1:2 molar ratio and stirred at room temperature under nitrogen. CyCoCB formed 

and precipitated out of solution after approximately 5 minutes. The crude product was 

collected using vacuum filtration and rinsed with MeOH. It was then purified with silica 

gel chromatography and the purity was quantified with UPLC-MS as detailed previously. 

Reaction yield and purity of CyCoCB was similar to that of the other salts discussed 

here (30, 31). 

Synthesis of Cy7PF6, Cy7FPhB, Cy7TPFB, and Cy7TRIS: Precursor salts (Cy7Cl 

and NaPF6, NaFPhB, KTPFB, and TBA-TRIS) were dissolved in DCM in a 1:2 molar 

ratio and stirred at room temperature under nitrogen for 1 hour. Reaction contents were 

passed through a silica gel plug using DCM as the eluent, where the purified product 

was collected and quantified with UPLC-MS. Reaction yields were 45-50% with similar 

purity to other salts discussed here. 

Cyanine7 NHS ester (Cy7) was utilized as received (Lumiprobe), as a 

commercial reference. 
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2.6.2 Cell culture 

Human lung carcinoma (A549) and metastatic human melanoma (WM1158) cells 

were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose 

without sodium pyruvate with 10% heat inactivated fetal bovine serum supplemented 

with 1 mM glutamine and 1% penicillin and streptomycin. Cells were incubated in 37°C 

with 5% CO2 without light exposure.  

2.6.3 Viability studies 

A549 and WM1158 cells were seeded at a density of 50,000 cells per well in 6-

well tissue culture plates. After 24 hours of incubation, media was aspirated and 

replaced with media containing fluorescent dyes at indicated concentrations. Each well 

was irradiated with an 850 nm LED lamp with an illumination flux of 526 mW/cm2 for an 

hour in the incubator, and control cells were left in a dark incubator without irradiation. 

For studies using Cy7, a custom made 740 nm LED lamp was used, but with the same 

illumination flux. Immediately after irradiation, the media was replenished with fresh dye-

laced media and allowed to incubate for another 24 hours. The same procedure was 

done at 48 and 72 hours, but the cells received no further dye-laced media after 72 

hours. Viable cell number was determined at 24 and 96 hours using 4% trypan blue and 

a Nexcelom Cellometer Auto T4 cell counter. All assays were done with 3 biological 

replicates. The fold change in cell proliferation over days of treatment was calculated 

using the following equation (44): 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 =  log2

𝐷𝑎𝑦 4 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡

𝐷𝑎𝑦 1 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡
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The half maximal inhibitory concentration (IC50) was calculated by linear regression 

analysis of cell viability versus concentration data.  

2.6.4 Fluorescent imaging 

Images were obtained using a Leica DMi8 microscope with a PE4000 LED light 

source, DFC9000GT camera, and LAS X imaging software. A549 cells were seeded in 

3 cm tissue culture plates at a density of 50,000 cells per well in DMEM containing 

fluorescent organic salts at indicated concentrations. The cells were incubated for 2 

days at 37°C with 5% CO2 until the day of imaging. For live cell imaging, the media was 

aspirated, and the cells were washed with phosphate buffered saline (PBS, Sigma-

Aldrich) 5 times before being imaged in PBS.  

For colocalization analysis, A549 cells were grown on 0.5 mm coverslips placed 

in 3 cm tissue culture plates containing media for 3 days. Cells were then fixed by 

aspirating media, washing with PBS 5 times, then submerging the coverslip in cold 

methanol and incubating on ice for 15 minutes. The fixed cells were stained with 1 µM 

2'-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bi-1H-benzimidazole trihydrochloride 

trihydrate (Hoechst 33342, Invitrogen) for 5 minutes, washed with PBS, and then 

incubated with 15 µM of 3,6-diamino-9-(2-(methoxycarbonyl)phenyl chloride 

(Rhodamine123) and 1 µM CyPF6 for 15 minutes before being washed and mounted to 

slides with Fluoromount-G (Invitrogen). Cells were analyzed using a Leica DMi8 

microscope with a PE4000 LED light source, DFC9000GT camera, and LAS X imaging 

software.  
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2.6.5 Flow cytometry 

Cells were incubated with phototoxic concentrations of CyPF6 (1 µM), CyFPhB (5 

µM), or CyTPFB (15 µM) and exposed to NIR light for 4 days as described above. Each 

day, cells were collected for analysis by trypsinization from plates (prior to any 

illumination), spun down and resuspended in a staining buffer consisting of Hank’s 

buffered salt solution (HBSS, Sigma-Aldrich) with 10 mM 4-(2-Hydroxyethyl)piperazine-

1-ethanesulfonic acid (HEPES, Sigma-Aldrich) and 2% FBS. Cells were separated into 

2 populations for staining with 15 µM of chloromethyl-2′, 7′-dichlorodihydrofluorescein 

diacetate (cm- H2DCFDA, Invitrogen) for 60 minutes, or 2.25 µM of MitoSOX 

(Invitrogen) for 20 minutes. Hydrogen peroxide was used as a positive control for 

H2DCFDA. Cells were analyzed on a BD LSR II using FITC and PE-A channels and 

30,000 events counted. Fluorescence was normalized to the initial value. 

2.6.6 Ultraviolet visible spectroscopy 

Cyanine dyes were diluted to a concentration of 5 µM in cell media. All dyes were 

characterized using a Perkin-Elmer 25 UV-Vis spectrometer in the wavelength range 

from 500-1100 nm in normal incidence transmission mode with a resolution of 1 nm and 

a 1.27 cm path length. A pure solvent reference was utilized to remove reflections so 

that the absorption is calculated as 1-transmission. For intracellular characterization, 

A549 cells were incubated with DMSO, 1 µM CyPF6, 5 µM CyFPhB, or 15 µM CyTPFB 

for 24 hours. Cells were dissociated from plates with 0.05% trypsin, washed with PBS, 

spun down, and resuspended in HBSS with 10 mM HEPES and 2% FBS. Cell 

suspensions gently mixed prior to characterized using the same parameters described 

above. DMSO treated cell samples were used as the solvent reference.  
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2.6.7 Zeta potential measurements of nanoparticles 

A Zetasizer Nano Z (Malvern Instruments, UK) at 25ᵒC with a 633 nm laser was 

used to calculate zeta-potential measurements (𝜁) using laser Doppler micro-

electrophoresis. Measured electrophoretic mobilities (µ𝑒) were converted to zeta 

potentials from the Henry equation:  

𝜁 =
µ𝑒3𝜂

2𝜀𝜏𝜀0𝑓(𝐾𝑎)
 

where 𝜀𝜏 is the dielectric constant of the medium, 𝜀0 is the permittivity of the vacuum, 

𝑓(𝐾𝑎) is Henry’s function, and 𝜂 is the viscosity of the colloid. Samples were run in 

triplicate at a concentration of 10 µM in 10% phosphate buffered saline and 1% DMSO.  

2.6.8 Scanning electron microscopy 

Polished glass substrates (Xin Yan Technology LTD) for SEM imaging were 

cleaned by sonicating in soap, deionized water, acetone, and by boiling in isopropanol 

for 6 minutes each, followed by oxygen plasma treatment for 3 minutes. Nanoparticles 

of CyX were spin-coated with 50 µL of 0.5 µM solutions on a glass substrate at 2000 

rpm for 30 seconds. A thin film of platinum was deposited on the SEM samples to 

reduce charging. A Carl Zeiss EVO LS 25 Variable Pressure Scanning Electron 

Microscope and a Tescan Mira3 Scanning Electron Microscope were used to capture 

SEM images of organic salt nanoparticles. Size distributions were obtained using 

ImageJ software (45). 
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2.6.9 Small-angle x-ray scattering 

Small-angle X-ray scattering (SAXS) was performed with a Rigaku Ultima IV X-

ray Diffractometer in the Robert B. Mitchell Electron Microbeam Analysis Lab at the 

University of Michigan. Parallel beam and SAXS alignment procedures were performed 

to prepare the diffractometer for measurements. Boron-rich glass capillaries with 1.5 

mm outside diameter were purchased from the Charles Supper Company for these 

measurements. A control sample of 2 mg/mL PbS quantum dots (Millipore Sigma, 3 nm 

nominal size) in toluene was run first to verify measurement accuracy, producing a 

mean particle size of 3.3 ± 0.2 nm after subtracting a toluene background scan. A 

sample of 2.6 mg/mL CyTPFB nanoparticles in 50% DMSO, 50% water was tested, 

along with a 50% DMSO, 50% water blank, and produced a size distribution curve 

shown in Figure 2.7 with a mean particle size of 4.1 ± 0.6 nm. Solubility limits prevented 

collection of SAXS data for the other CyX nanoparticles, as high concentrations of > 1 

mg/mL were necessary to obtain data above the background (see Table S2.3).   

2.6.10 Differential pulse voltammetry 

Differential pulse voltammetry measurements were made using a μAutoLabIII 

potentiostat to evaluate oxidation potentials for monomer and nanoparticle salts. For 

monomers, salts were dissolved at 1 mM in acetonitrile with 100 mM TBA-PF6 as a 

supporting electrolyte. Glassy carbon, Ag/AgNO3 (0.36 V vs SCE), and Pt mesh were 

used as the working, reference, and counter electrodes, respectively. Nanoparticles of 

the salts were made at 0.1 mM in 10% DMSO (CyI, CyPF6) and 50% DMSO (CyFPhB) 

in H2O with 100 mM NaCl as a supporting electrolyte. CyTPFB NPs have greater 

solubility and were tested at 0.5 mM in 50% DMSO. Ag/AgCl reference electrode (-45 
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mV vs SCE) was used for the nanoparticle measurements. Nanoparticle solubility 

limitations in acetonitrile limited collection of CV scans to CyI, CyPF6, CyFPhB and 

CyTPFB, for which concentrations of at least 0.1 mM were achievable. 

2.6.11 Photoluminescence  

Photoluminescence (PL) spectra were collected using a PTI Spectrofluorometer 

for monomers of Cy7X and CyX salts, as well as nanoparticles of CyX salts. For Cy7X 

monomers, solutions at 1 μM salt in DMSO were used. Solutions of 5 μM CyX salts 

were prepared in DMSO for PL measurements. Nanoparticles of CyX salts were made 

at 2.5 μM in 1% DMSO, 99% water. A mounted Thorlabs 735 nm LED was used at 

approximately 5% power as the excitation source for the PL spectra of the CyX 

monomers and nanoparticles, while a monochromated Xenon lamp (700 nm) was used 

as the excitation source for Cy7X PL. 

2.6.12 Quantum yield 

Quantum yield (QY) data was gathered using a PTI Spectrofluorometer with an 

integrating sphere (350-900 nm) for monomers of Cy7X and CyX salts. A Thorlabs 735 

nm LED was used at approximately 5% power as the excitation source for all quantum 

yield measurements. Cy7X solutions were made at 1 μM in DMSO, while CyX salts 

were prepared at 2.5 μM in DMSO.  

2.6.13 Determination of intracellular organic salt concentrations 

Cells were seeded at a density of 50,000 cells per well in 6-well plates in media 

containing 1 µM of indicated dye. Cells were allowed to incubate for 3 days at 37°C with 

5% CO2 with a media change to fresh dye-laced media on day 2. For extraction, media 
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was aspirated from each well, and cells were washed with PBS. The cells were 

removed from the plate using 0.05% trypsin/EDTA (Thermo Fisher) and centrifuged at 

1,500 rpm for 6 minutes. The supernatant was aspirated, and the cell pellet was washed 

with saline. Saline was aspirated, and the pellets were resuspended with room 

temperature HPLC-grade 3:7 methanol:acetonitrile (Sigma Aldrich) and centrifuged at 

13,000 rpm for 5 minutes. The supernatant was collected in a separate tube, and the 

pellet was again resuspended in HPLC grade 3:7 methanol:acetonitrile and centrifuged 

at 13,000 rpm for 10 minutes. The supernatant was combined with the first supernatant 

for analysis by liquid chromatography-mass spectrometry.  

Cell extracts were analyzed the day of extraction using a Waters Xevo G2-XS 

QToF mass spectrometer coupled to a Waters Acquity UPLC system. The UPLC 

parameters were as follows: autosampler temperature, 10ºC; injection volume, 5 µl; 

column temperature, 50°C; and flow rate, 300 µl/min. The mobile solvents were Solvent 

A: 10mM ammonium formate (Sigma-Aldrich) and 0.1% formic acid (Sigma-Aldrich) in 

60:40 acetonitrile:water; and Solvent B: 10mM ammonium formate and 0.1% formic acid 

in 90:10 isopropanol:acetonitrile. Elution from the column was performed over 5 minutes 

with the following gradient: t = 0 minutes, 5% B; t = 3 minutes, 95% B; t = 4 minutes, 

95% B; t = 5 minutes, 5% B. ESI spray voltage was 3,000 V. Nitrogen was used as the 

sheath gas at 30 psi and as the auxiliary gas at 10 psi, and argon as the collision gas at 

1.5 mTorr, with the capillary temperature at 325ºC. Data were acquired and analyzed 

using MassLynx 4.1 and QuanLynx software. Cy+, which typically elutes at 2.5 minutes, 

was analyzed in positive mode. Standards of each anion-cation pair were run at 
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concentrations of 5, 10, 25, 50, and 100 nM to generate standard curves for 

quantitation. Blanks were run before each sample to minimize sample carryover.  

2.6.14 In vivo imaging 

All animal protocols were approved and performed in accordance with guidelines 

set by the Institute of Animal Care and Use Committee (IACUC) of Michigan State 

University. Primary MMTV-Myc papillary tumors were donated by Dr. Eran Andrechek 

and have been previously described (46). Viable frozen tumor chunks (1 mm3) were 

implanted into the right fourth mammary fat pad of FVB/NJ female mice (purchased 

from Jackson Laboratories, Bar Harbor, ME, USA) at 6-8 weeks of age. Tumors were 

monitored with calipers twice a week. Once tumors reached 7.5 mm by the longest axis, 

mice were given a 1 mg/kg intraperitoneal injection of CyPF6 in 200 µL of sterile PBS 

and 1% DMSO. Mice were anesthetized with 3% isoflurane and fluorescent images 

were taken at 41 hours post injection using a Leica M165FC stereoscope with a 740 nm 

PE4000 LED light source, DFC9000GT camera, and LAS X imaging software.  

2.6.15 Statistical analysis 

 Statistical analysis was done using OriginPro 8 software. For analyses with more 

than two group comparisons, a one-way ANOVA analysis was performed with an ad 

hoc Bonferroni test. To assess the homogeneity of variance and suitability for ANOVA 

analysis, a Levene’s test was performed. P-values < 0.05 are reported as statistically 

significant.  
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Table S2.1 Zeta potential changes as a function of counterion pairing. Zeta 

potential of organic salt nanoparticles was calculated from electrophoretic mobility using 

a Malvern Zetasizer NS. The anion shifts the zeta potential, similar to what is observed 

in the solid-state using UPS (Figure 2.1B). 

 

 

 

Table S2.2 Quantum yields for CyX and Cy7X salts. The quantum yields of the 

monomer salts do not change significantly with the counterion. Quantum yield data for 

the nanoparticles is unobtainable with our system due to the emission range of the 

nanoparticles and the detection limits of our system in the near-infrared region. 
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Table S2.3 CyX salts display similar solubilities in water. The water solubility of 

monomer cyanines is not significantly affected by counterion pairing. SAXS 

measurements have been limited to CyTPFB as the only nanoparticle with high enough 

solubility in 50:50 DMSO:Water. Small anions such as I- and PF6
- do not form 

nanoparticles at more than 25% DMSO. 

 

 

 

Table S2.4 Toxicity of photoactive cation heptamethine cyanine (Cy+) is 

determined by counterion pairing. The half maximal inhibitory concentration (IC50) 

values were generated by linear regression analysis for A549 cells. The error is 

displayed as a 95% confidence interval. aCyCoCB and CyFPhB Dark IC50 values were 

extrapolated from observed values. NA - values could not be calculated from 

experimental trends.  
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Table S2.5. Intracellular localization of the fluorescent ion in A549 cells does not 

change with the counterion. Variables of colocalization that measure the linear 

relationship between red (organic salt analog) and green (Rhodamine123) fluorescence 

(Pearson’s coefficient), overlap of red to green area (Mander’s coefficient 1), and 

overlap of green to red area (Mander’s coefficient 2). All organic salts show a positive 

linear correlation with mitochondrial fluorescence, with similar degrees of colocalization 

in the mitochondria.  
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CHAPTER 3. 

COUNTERION TUNING OF NIR ORGANIC SALTS IMPROVES PHOTOTOXICITY TO 

INHIBIT TUMOR GROWTH IN A METASTATIC BREAST CANCER MOUSE MODEL  
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3.1 PREFACE 

This chapter is a modified version of a primary research manuscript. 
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3.2 Abstract 

Photodynamic therapy (PDT) has the potential to improve cancer treatment by 

providing dual selectivity through the use of both photoactive agent and light, with the 

goal of minimal harmful effects from either the agent or light alone. However, current 

PDT is limited by insufficient photosensitizers (PSs) that suffer from low tissue 

penetration, insufficient phototoxicity (toxicity with light irradiation), and undesirable 

cytotoxicity (toxicity without light irradiation). To overcome these limitations, we reported 

a novel platform for decoupling optical and electronic properties with counterions that 

modulate frontier molecular orbital levels of a photoactive ion in Chapter 2. Here, we 

demonstrate the utility of this platform in vivo by pairing near-infrared (NIR) photoactive 

heptamethine cyanine cation (Cy+), which has enhanced optical properties for deep 

tissue penetration, with counterions that make it cytotoxic, phototoxic, or nontoxic. We 

find that pairing Cy+ with weakly coordinating anion FPhB- results in a selectively 

phototoxic photosensitizer (CyFPhB) that abolishes tumor growth in vivo with minimal 

side effects in a mouse model of metastatic breast cancer. This work provides proof-of-

concept that our counterion pairing platform can be used to generate improved cancer 

photosensitizers that are selectively phototoxic to tumors and nontoxic to normal healthy 

tissue.  

3.3 Introduction 

The lack of targeted therapy options remains a major problem for effective 

treatment of many cancer types, and non-specific chemotherapy leads to harsh side 

effects due to unintended toxicity in normal tissue (1). A promising solution is 

photodynamic therapy (PDT), which uses light-activated photosensitizers (PSs) to treat 
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cancerous tissue by the generation of toxic reactive oxygen species (ROS) upon 

photoexcitation (2, 3). PSs that absorb and emit in the near-infrared (NIR) range (650-

1200 nm) display superior tissue penetration and reduced photodamage by avoiding 

visible light wavelengths (400-650 nm) absorbed by biological tissue components (4, 5). 

Cyanines are commonly used NIR scaffolds due to their ease of synthesis, structural 

tunability, and biocompatibility (6–8). For example, indocyanine green is an NIR 

heptamethine cyanine used in diagnostic clinical cancer studies for sentinel lymph node 

mapping to detect metastasis (9). However, it suffers from poor chemical stability, 

nonspecific binding, and off target toxicity, resulting in limited medical usage (10, 11). 

Indeed, this is a common problem in cancer therapy: even with tumor targeting 

approaches such as nanoparticle formulation or antibody-conjugation, 

chemotherapeutics can still accumulate in healthy tissue, notably the liver (12–14). PDT 

with PSs such as Photofrin (porfimer sodium) and Foscan (mTHPC, temoporfin) have 

displayed off-site cytotoxicity (toxicity without light irradiation), preventing their use in 

many cancers (15, 16). Therefore, despite advances in tumor targeting, there is a need 

for NIR-PSs with selective phototoxicity (toxicity with light irradiation) with minimal 

cytotoxicity in normal tissue.  

We recently reported a platform to modulate the toxicity of NIR photoactive 

heptamethine cyanine cation (Cy+) by counterion pairing with weakly coordinating 

anions (17). The dipole-modulating counterions modify the frontier molecular orbital 

energy without changing the bandgap, allowing for independent modification of 

electronic properties from optical properties. This allows us to adjust the toxicity of the 

organic salts without affecting the optical properties such as absorption, emission, and 
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Stokes shift. The composition of photoactive salts is locked in cellular environments by 

formation of nanoparticles that prevent cation-anion dissociation (Figure 3.1). Indeed, 

these results showed that pairing Cy+ with small, hard anions produce organic salts that 

are cytotoxic, while pairing with bulky, halogenated anions produces organic salts that 

are either phototoxic and non-cytotoxic or non-phototoxic and non-cytotoxic in human 

lung carcinoma cells (17). This novel engineering platform through counterion pairing 

could be used to design PS agents that are specifically designed for PDT with low 

cytotoxicity and high phototoxicity.  

 

Figure 3.1 Schematic for a CyTPFB nanoparticle. (A) Dimensions of heptamethine 
cyanine cation and (B) TPFB- anion. (C) Potential model of an energetically feasible 
CyTPFB trimer nanoparticle within size constraints from SAXS (41 ± 6 angstrom) and 
SEM (70 ± 30 angstrom) diameter measurements (17). (D) Model rotated 90 degrees. 
Measured distances are in angstrom. 
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To test the hypothesis that our toxicity tuning platform can be used to design a 

PS with low cytotoxicity and high phototoxicity for PDT in vivo, we use a clinically 

relevant orthotopic mouse model of metastatic breast cancer: 6DT1 cells derived from 

an MMTV-Myc driven tumor inoculated into the fourth mammary fat pad of syngeneic 

FVB mice (18). This model allows us to assess our counterion-tuned PSs in a 

physiologically relevant tumor microenvironment in immunocompetent mice, which are 

both critical for metastasis and PDT pharmacodynamics studies (19–22). Furthermore, 

metastatic breast cancer has poor patient prognoses and no targeted therapies 

currently available, making it potential candidate for PDT (23). 

In addition to their improved NIR optical properties, cyanine dyes have inherent 

tumor targeting capabilities, in large part due to their uptake by organic anion 

transporter polypeptides (OATPs, human; Oatps, rodent) (24, 25). OATPs are 

promiscuous cellular uptake mediators for numerous amphipathic endogenous and 

exogenous molecules; they are expressed throughout the body in a wide range of 

tissues and play a critical role in drug uptake and biodistribution (26). OATPA1/B1 and 

OATP2B1 transporters, which mediate uptake of cancer chemotherapeutics, are 

upregulated in a number of cancer cells, and are regulated by HIF-1α, a transcription 

factor commonly expressed in the hypoxic tumor environment (27, 28). PDT in vitro 

studies with cyanine dyes frequently assess cancer uptake specificity with inhibition 

assays of OATPA1/B1 and OATP2B1 transporters (29, 30). In addition to OATPs, 

recent studies suggest serum albumin may be an overlooked mediator of cyanine tumor 

targeting capabilities. Serum albumin is the predominant protein in the blood and is 

responsible for maintaining osmotic pressure and chaperoning endogenous molecules 
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through the vascular system (31). Albumin has been shown to have increased tumor 

accumulation due to upregulated albumin catabolism that fuels cancer growth (31). 

Recent studies report meso-chlorinated cyanines covalently bind to albumin, and these 

cyanine albumin adducts accumulate within the tumor interstitium (32, 33). Albumin is a 

commonly used targeting moiety for chemotherapeutics and nanomaterials; thus, 

albumin conjugation may contribute to the tumor targeting ability of cyanine dyes (34, 

35). To assess the mechanisms of tumor targeting, biodistribution, and potential 

translatability of our findings to additional cancers and preclinical models, we 

characterize uptake mediated by mouse Oatps and albumin in vitro.  

In this chapter, we use an orthotopic model of metastatic breast cancer to test 

PDT in vivo using Cy+ paired with 3 different representative toxicity-tuning anions: 

hexafluorophosphate (PF6
-), tetrakis (4-fluorophenyl) borate (FPhB-), and tetrakis 

(pentafluorophenyl) borate (TPFB-) (Figure 3.2A).  We find that our previous in vitro 

results in human lung carcinoma and melanoma cell lines are reproducible both in vitro 

and in vivo in a metastatic breast cancer model, observing similar trends for the 

cytotoxic (CyPF6), phototoxic (CyFPhB), and less toxic (CyTPFB) anion pairings. We 

further assess all three organic salts based on in vivo pharmacokinetics, antitumor 

efficacy with light irradiation, and offsite toxicity. Organic salts all display tumor specific 

accumulation in vivo, but we report differential influences of Oatps and albumin in vitro. 

Cellular uptake of CyPF6 in culture is dependent on Oatps and shows increased liver 

uptake in vivo. We find CyFPhB is heavily reliant on albumin, and while the exact 

mechanism is not fully elucidated, we report increased tumor specific accumulation in 

vivo, providing a wide therapeutic window for NIR irradiation. We find that by using our 



117 
 

counterion tuning platform we can develop a potent PS agent, CyFPhB, which 

possesses enhanced phototoxicity that eliminates cancer growth upon NIR excitation 

with minimal side effects in a breast cancer mouse model. These in vivo results validate 

our counterion tuning strategy, which has potential to expand the clinical applications of 

cancer PDT agents. 

3.4 Results 

3.4.1 Counterion tuning of organic salts controls toxicity during photodynamic 

therapy of mouse metastatic mammary cancer cells in vitro 

 To confirm that our previous in vitro findings from A549 human lung cancer and 

WM1158 melanoma cell lines can be translated to our mouse model, we performed in 

vitro PDT on 6DT1 mouse mammary carcinoma cells following incubation with various 

concentrations of CyPF6, CyFPhB, and CyTPFB with or without 850 nm light irradiation 

(17). We observe consistent results for 6DT1 cells as previously shown for A549 and 

WM1158 cells. CyPF6 is cytotoxic in 6DT1 cells with similar half-maximal inhibitory 

concentration (IC50) values of 1.0 µM and 0.7 µM without (dark IC50) and with (NIR IC50) 

light irradiation, respectively (Figure 3.2B, Table S3.1). CyFPhB is highly phototoxic 

with low cytotoxicity, with a dark IC50 of 9.3 µM and NIR IC50 of 3.4 µM (Figure 3.2C, 

Table S3.1). With a dark IC50
 nearly 3x the concentration of the NIR IC50, CyFPhB is a 

promising candidate for in vivo PDT applications. CyTPFB displays minimal cytotoxicity 

and minor phototoxicity with a dark IC50 of 45.2 µM and NIR IC50 of 21.6 µM (Figure 

3.2D, Table S3.1). While there is a two-fold difference in dark and NIR IC50, a NIR IC50 

concentration of 21.6 µM is too high to achieve in vivo for PDT applications (36).  
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Figure 3.2 Fluorescent organic salts can be used as photosensitizing agents to 
treat breast cancer cells. Mouse mammary cancer cells (6DT1) were incubated with 
the indicated concentrations of organic salt pairings with or without near-infrared (NIR, 
850 nm) irradiation to determine half maximal inhibitory concentrations (IC50). (A) 
Photoactive heptamethine cyanine cation (Cy+) is tuned with counterions to modulate 
toxicity. (B) CyPF6 is toxic at low concentrations, and cell death occurs independent of 
NIR irradiation (Dark IC50 = 1.0 μM, NIR IC50 = 0.7 μM). (B) CyFPhB does not display 
significant toxicity without NIR activation (Dark IC50 = 9.3 μM), but when photoexcited 
induces significant cancer cell death (NIR IC50= 3.4 μM). (C) CyTPFB displays low 
toxicity with and without NIR irradiation (Dark IC50 = 45.2 μM, NIR IC50 = 21.6 μM). Data 
are displayed as means ± S.E.M., n = 3. Statistical significance (p-values) of IC50 shifts 
(Dark IC50 vs NIR IC50) are displayed on graphs. 

 

3.4.2 Oatps and albumin mediate cellular uptake of fluorescent organic salts 

 Next, we investigated the roles of Oatps and albumin on mediating cancer cell 

uptake of fluorescent organic salts and verified their relevance in our model. As 

discussed above, OATPs and albumin have been shown to mediate uptake of cyanine 

dyes. Data from Gene Expression Omnibus (GEO) shows that 6DT1 tumors and cells in 
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culture express the gene product of mouse Oatp1b2 (slco1b2), which has 65% amino 

acid sequence homology with human OATP1B1 (Table S3.2) (37). In addition to 

expression of Oatp1b2, 6DT1 tumors and cells express higher levels of proteins that 

uptake albumin, including Secreted Protein Acidic and Rich in Cysteine than found in 

surrounding breast tissues (38, 39) (Table S3.2). These expression data show that our 

6DT1 model reflects expression trends found in human breast cancer and is therefore 

appropriate and clinically relevant for investigating Oatp- and albumin-mediated cellular 

uptake of cyanine organic salts.  

To assess the role of Oatps on organic salt uptake in our breast cancer model, 

6DT1 cells were pre-incubated in cell media with 250 µM bromosulfophthalein (BSP), a 

competitive inhibitor of Oatps, or 1mM dimethyloxalylglycine (DMOG), a HIF-1α 

stabilizer to increase expression of Oatps (27, 32, 40, 41). Following drug pre-

incubation, organic salts were added to cell media, and intracellular fluorescence was 

measured at various time points to determine cellular uptake. Fluorescence over time 

was plotted and fit with a sigmoidal curve to determine uptake kinetics. Nanoparticle 

absorption spectra were monitored using UV-vis to confirm that addition of chemical 

agents did not affect nanoparticle composition or stability (Figure 3.3). Cellular uptake 

of CyPF6 increases rapidly upon addition to media, reaches maximal uptake at 4 hours, 

and stably plateaus after 6 hours. (Figure 3.4A, Table S3.3). CyPF6 cellular uptake 

dynamics fit a standard sigmoidal curve, indicative of protein-mediated transport. 

Corroborating this result, BSP inhibition of Oatps eliminates CyPF6 uptake, displaying 
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minor cellular uptake only after 8 hours and 84.2 ± 11.6% decrease from CyPF6 at 25 

 

Figure 3.3 Addition of Oatps inhibitor bromosulfophthalein (BSP) does not affect 
organic salt nanoparticle composition or absorption in cell media. Absorption 
(100-%T) data collected with UV-Vis spectroscopy for 5 µM (A) CyPF6, (B) CyFPhB, 
and (C) CyTPFB with increasing concentrations of BSP 

 

Figure 3.4 Organic anion transporter polypeptides (Oatps) mediate cellular uptake 
of CyPF6, but only partially account for CyTPFB and CyFPhB uptake. 6DT1 cells 
were preincubated with 1 mM dimethyloxalylglycine (DMOG), a HIF-1α stabilizer, or 250 
μM bromosulfophthalein (BSP), a competitive Oatps inhibitor. Following pre-incubation 
with Oatps modulating drugs, cells were incubated with the indicated organic salt over 
25 hours. Curves were fit using a sigmoidal dose-response function using Origin Pro8. 
(A) 1 μM CyPF6 quickly reaches saturated maximal uptake at 4 hours, following a 
standard sigmoidal curve fit. Addition of DMOG increases the initial rate of uptake, and 
BSP inhibits a significant 84% of uptake at 25 hours. (B) 5 μM CyFPhB has a slower 
rate of uptake relative to CyPF6, linearly increasing to reach maximal uptake at 24 
hours, but unlike CyPF6 there is no uptake saturation. DMOG increases the initial rate of 
uptake and BSP inhibits 79% of uptake. (C) 15 μM CyTPFB follows a sigmoidal uptake 
trend, but similar to CyFPhB BSP inhibits only 71% of uptake. This data demonstrates 
that OATPs are important for cellular uptake, but they mediate the uptake of the organic 
salt pairings differently. Data are displayed as means ± S.D., n = 3. Statistically 
significant differences (p-value < 0.05) are marked with asterisks. 



121 
 

hours. As expected, DMOG modestly increases the rate of CyPF6 uptake, with similar 

levels of saturation after 6 hours. CyFPhB displays substantially delayed cellular uptake, 

increasing steadily with incubation time until experimental end at 24 hours (Figure 3.4B, 

Table S3.3). CyFPhB cellular uptake over time follows a linear trend, poorly fitting a 

sigmoidal curve, and does not display saturable uptake. BSP inhibition inhibits 79.8 ± 

14.0% percent of uptake at 24 hours. Addition of DMOG increases the initial rate of 

uptake and plateaus at 12 hours, fitting a sigmoidal curve. Similar to CyFPhB, CyTPFB 

has delayed uptake, reaching maximal uptake at 24 hours, and BSP only inhibits 71.1 ± 

6.3% of cellular uptake. However, it also displays a high rate of uptake at 12 hours and 

saturates at 24 hours, fitting a sigmoidal curve similar to CyPF6 (Figure 3.4C, Table 

S3). These results indicate that while Oatps mediate CyPF6 cellular uptake in a 6DT1 

cell model, they only partially account for CyFPhB and CyTPFB uptake and an 

additional cellular transport mechanism is likely present. 

Noting the differences in Oatps uptake and kinetic trends, we examined 

alternative forms of cellular uptake. We previously reported that organic salt 

nanoparticles display different electronic zeta potentials, which could cause differences 

in protein affinity (17). Therefore, we investigated endocytotic mechanisms.  We did not 

observe a difference in organic salt uptake upon incubation with various endocytotic 

inhibitors (dynasore, methyl-β-cyclodextrin, amiloride) (Figure 3.5). However, we 

observed notable differences in uptake in serum free media (Dulbecco’s Modified Eagle 

Medium, DMEM): CyFPhB uptake decreased dramatically when cells were incubated in 

media without serum, while CyPF6 and CyTPFB display similar levels of uptake (Figure 

3.6A). To determine if this effect was mediated by changes to organic salt structure in  



122 
 

 

Figure 3.5 Endocytotic inhibition does not inhibit uptake of organic salts. 6DT1 
cells were pretreated with amiloride, dynasore, or methyl-β-cyclodextrin. Control 
samples were treated with an equivalent volume of DMSO. Cells were then incubated 
with 1 µM CyPF6, 5 µM CyFPhB, or 15 µM CyTPFB and fluorescence intensity was 
measured at 8 hours. While there is a decrease in fluorescence intensity for CyPF6 + 
Dynasore, this has been found to be due to an interaction between the molecules 
themselves and not a decrease in cellular uptake. 

 

different solutions and the serum component responsible, UV-vis spectroscopy was 

performed on organic salts in DMEM, DMEM + serum, and DMEM with increasing 

concentrations of bovine serum albumin, the most abundant protein in blood serum 

(42). We find that DMEM destabilizes CyFPhB and CyPF6 nanoparticles, while CyTPFB 

remains stable (Figure 3.6B-D, Figure 3.7). Albumin stabilizes the entire CyFPhB 

nanoparticle, but only the Cy+ monomer from the CyPF6 organic salt (Figure 3.6B-C). 

To determine the effect this may have on cellular uptake, 6DT1 cells were incubated in 

serial dilutions of purified bovine serum albumin in DMEM with the indicated organic  
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Figure 3.6 Albumin plays a critical role in organic salt stability and uptake. (A) 
6DT1 cells were incubated in serum-free media (DMEM) and complete media (DMEM + 
serum) over 24 hours with organic salts. In the absence of serum, only negligible 
amounts of intracellular fluorescence were measured with 5 μM CyFPhB. 15 μM 
CyTPFB and 1 μM CyPF6 only display minor changes in the presence of serum. (B) To 
determine the serum component responsible, UV-vis spectroscopy was used to 
characterize 5 μM organic salts in DMEM with increasing amounts of bovine serum 
albumin. (B) DMEM destabilizes the CyPF6 nanoparticle, as can be seen by reduction in 
the absorbance peak height. Addition of albumin stabilizes only the Cy+ monomer from 
CyPF6, not the complete nanoparticle. (C) DMEM destabilizes the CyFPhB nanoparticle; 
however, the addition of albumin stabilizes the entire nanoparticle. (D) CyTPFB 
maintains a stable nanoparticle formation in all solutions. These trends are also 
observed in complete cell media, indicating that albumin interaction has a significant 
impact in biological systems. Complete spectra can be found in Figure 3.7. To 
determine the influence of albumin on cellular uptake, cells were incubated with serial 
dilutions of albumin in DMEM with the indicated organic salt. Intracellular fluorescence 
was normalized to maximal fluorescence intensity. (D) Addition of albumin inhibits 
cellular uptake of 1 μM CyPF6, displaying higher maximal uptake in the presence of 
lower amounts of albumin, and uptake is entirely abolished at higher concentrations. (F) 
5 μM CyFPhB cellular uptake increases correlatively with albumin concentration. (G) 15 
μM CyTPFB displays a moderate decrease in cellular uptake at higher concentrations of 
albumin. Data are displayed as means ± S.D., n = 3. Statistically significant differences 
(p-value < 0.05) between initial albumin concentration and final albumin concentration 
are marked with asterisks. 
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Figure 3.7 Absorption (100-%T) data collected with UV-Vis spectroscopy for 5 µM 
CyPF6, CyFPhB, and CyTPFB with increasing concentrations of bovine serum 
albumin (BSA) in serum free DMEM, and complete cell media (DMEM + serum).  
DMEM destabilizes CyPF6 and CyFPhB nanoparticles. BSA stabilizes the CyFPhB 
nanoparticle, but only the Cy+ monomer from CyPF6. 

 

salts. Surprisingly, intracellular fluorescence from CyPF6 decreased with increasing 

albumin concentration (Figure 3.6E). CyFPhB has negligible uptake in DMEM and 

requires albumin for cellular uptake, increasing correlatively with the concentration of 

albumin (Figure 3.6F). CyTPFB is not as inhibited to the same degree as CyPF6 but is 

still negatively correlated with increasing concentrations of albumin (Figure 3.6G). 

While albumin may stabilize the Cy+ monomer from CyPF6, increasing albumin 

concentration has a negative correlation with cellular uptake. We verified that this trend 

is not due to changes in CyPF6 fluorescent quantum yields when associated with 

albumin (Figure 3.8). This data shows that while Oatps are predominately responsible 

for CyPF6 uptake, CyFPhB is reliant on albumin to enter the cell.  

3.4.3 Organic salts display differential in vivo biodistribution 

In vivo experiments were performed to verify trends observed in vitro and potential 

clinical application. FVB mice received an orthotopic injection of 10,000 syngeneic 6DT1 

mammary cancer cells into the 4th mammary fat pad. At 9 days post-injection, a 
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palpable tumor formed, and mice received an intravenous injection of CyPF6, CyFPhB, 

or CyTPFB through the tail vein. Biodistribution of organic salts was tracked using a 

fluorescent stereo microscope, which allowed monitoring of tumor localization and PS 

clearance from normal tissue. To assess in vivo biodistribution, fluorescent intensity was 

measured over 5 days from the liver, the tumor located on the right mammary fat pad, 

and the non-tumor bearing left mammary fat pad (Figure 3.9A). Tumor uptake trends 

are consistent with those observed in vitro (Figure 3.4). CyPF6 is rapidly uptaken and 

dispersed into all measured tissue, but initially at 1.5-6 hours is predominately localized 

within the liver. Maximal tumor fluorescence is at 24 hours but only displays a modest 

increase from liver fluorescence. Observed tumor clearance is slower than from normal 

tissue, allowing a minor difference in fluorescence at 48 hours of 24.5% ± 4.9; however, 

tumor fluorescence is then cleared rapidly, displaying poor overall retention (Figure 

3.9B).  We  have shown CyPF6 is strongly dependent on Oatps for uptake  (Figure 3.4), 

Figure 3.8 Photoluminescence spectra of CyPF6 monomers. Absolute scale, 
background corrected photoluminescence spectra for 1 μM CyPF6 monomers in DMSO, 
DMEM, and DMEM + 2mg/ml bovine serum albumin demonstrates that albumin 
association does not significantly influence fluorescent quantum yields. 
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Figure 3.9 In vivo biodistribution data shows organic salts preferentially 

accumulate and are retained within 6DT1 tumors. Following 6DT1 tumor formation 

mice received a tail vein injection of 1 μmol/kg CyPF6, 3 μmol/kg CyFPhB, or 5 μmol/kg 

CyTPFB. (A) NIR fluorescence from the tumor-bearing 4th right mammary fat pad, liver, 

and left 4th mammary fat pad was measured to determine biodistribution of organic 

salts. Pictured is a mouse dosed with 1 μmol/kg CyPF6 at 48 hours. Fluorescence 

intensity was normalized to a vehicle control. (B) CyPF6 displays rapid tissue uptake in 

the first 12 hours, predominately to the liver which reaches maximal uptake at 6 hours. 

Maximal tumor uptake is at 24 hours and displays modest retention over 48 hours 

before gradually diminishing after 72 hours. There is an effective therapeutic window 

between 36 and 48 hours, when there is a statistically significant 24% increase in tumor 

fluorescence compared to the liver. (C) CyFPhB displays slower tumor uptake, reaching 

maximal fluorescence intensity at 48 hours, however, it stably remains within the tumor 

environment, while clearing from normal tissue. There is no liver specific accumulation 

as observed with CyPF6, and after 24 hours the tumor fluorescence intensity continues 

to rise while fluorescence in the liver and mammary fat pad plateaus and then 

decreases. At 72 hours CyFPhB displays a 45% tumor fluorescence increase from 

normal tissue and is stably retained up to 120 hours as fluorescence persists within the 

tumor. The observed broad therapeutic window from 36-120 hours is both longer and 

possesses a greater magnitude of tumor specific retention than CyPF6. (D) CyTPFB 

displays a similar biodistribution as observed with CyPF6, displaying initial liver specific 

uptake, but also the prolonged tissue uptake as observed with CyFPhB. Data are 

displayed as means ± S.D., n = 3. Statistically significant differences (p-value < 0.05) 

between tissue samples are marked with asterisks.  
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but this effect could also lead to increased hepatic uptake and faster clearance as 

observed here, as these transporters are also present in hepatocytes and responsible 

for drug uptake (43). We again observe delayed uptake with CyFPhB, reaching maximal 

uptake at 48 hours, but do not observe the same degree of liver uptake compared to 

CyPF6 (Figure 3.9C). CyFPhB liver fluorescence is similar to background tissue, as 

quantitated by the fluorescence of the non-tumor bearing right mammary fat pad. 

Indeed, CyFPhB displays exceptional tumor specific uptake, reaching over 45.2 ± 

10.2% fluorescent signal increase from surrounding tissues over 48-72 hours, giving it 

an ideal therapeutic window for PDT. CyTPFB displays prolonged fluorescent uptake 

similar to CyFPhB, but also displays liver uptake similar to CyPF6 (Figure 3.9D).  

3.4.4 CyFPhB is a selectively phototoxic antitumor agent when combined with 

NIR irradiation 

 For PDT experiments (Figure 3.10A), tumor-bearing mice were dosed with 1-5 

µmol/kg of the indicated organic salt or vehicle control (Veh) and irradiated with 150 

J/cm2 of 810 nm light (Veh + NIR, CyX + NIR) at 48 and 96 hours following organic salt 

administration (Figure 3.10B). Dark control group mice did not undergo light irradiation 

(Veh, CyX). This protocol was repeated a week later. Tumor volume was monitored with 

caliper measurements and mice were euthanized on day 28 due to tumor burden in 

control groups. Mouse health was monitored throughout the experiment by weight and 

visual inspection of light irradiation site every other day, and with blood chemistry 

assays at endpoint. In the 5 µmol/kg CyPF6 + NIR treatment group all mice expired 

within 24 hours post-injection (Figure 3.10C). The 3 µmol/kg CyPF6 + NIR group 

exhibited  severe tail  swelling and could only  undergo one  course of the PDT  protocol 
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Figure 3.10 Counterion tuning of organic salts produces a potent photosensitizer 
(PS) for photodynamic therapy (PDT) in a metastatic breast cancer mouse model. 
(A) Experimental overview of photodynamic therapy experimental timeline. FVB mice 
were injected with 10,000 6DT1 cells into the fourth right mammary fat pad. After 9 
days, when a palpable tumor is present, mice were dosed with an organic salt via 
intravenous tail vein injection. After 2 days the organic salt has localized within the 
tumor and cleared from the surrounding offsite tissue. Mice are then irradiated with 150 
J/cm2 of 810 nm near-infrared light (NIR) at 48 and 96 hours following organic salt 
administration. This PDT regimen is then repeated one week after the first organic salt 
injection. Tumor growth is monitored throughout the course of the experiment with 
manual caliper measurement until 28 days when mice are euthanized due to tumor 
burden. (B) Representative image of tumor specific localization of organic salts prior to 
NIR light irradiation. Pictured is an FVB mouse 44 hours post IV injection of 5 μmol/kg 
CyFPhB. (C) 5 μmol/kg CyPF6 is too toxic for PDT. Even without NIR irradiation mice 
succumb to the non-specific cytotoxicity of the treatment and die within 48 hours of 
organic salt administration. The experiment was repeated at 1 μmol/kg CyPF6, but there 
was no discernable difference between CyPF6 treatment groups from the vehicle control 
groups (Figure 3.12). CyPF6 does not have an adequate dosage margin between non-
specific cytotoxic effects, and light activated phototoxicity, making it unsuitable for PDT. 
(D) 3 μmol/kg CyFPhB did not show any acute off target cytotoxic effects independent 
of NIR treatment (CyFPhB) and upon NIR irradiation eliminates tumor growth (CyFPhB 
+ NIR). At the end of the experiment, the CyFPhB + NIR treatment group showed 93% 
reduction in tumor volume compared to controls. (E) 5 μmol/kg CyTPFB did not display  
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Figure. 3.10 (cont’d) 

any cytotoxicity or phototoxicity. Data are displayed as means ± S.D., n = 4.  Error bars 

represent SD. Statistically significant differences (p-value < 0.05) in CyFPHB + NIR 

tumor volumes from control groups at endpoint are marked with asterisks (*). 

 

(Figure 3.11). There was no observable change to tumor growth or appearance 

following light irradiation. 1 µmol/kg CyPF6 with or without NIR light irradiation did not 

display any discernable effect on tumor growth compared to control groups (Figure 

3.12). Similar trends were also observed with CyI, demonstrating that PF6
- is not 

independently toxic in vivo, which has also been shown in vitro in previous works 

(Figure 3.13) (17).  

 

 

Figure 3.11 Tumor growth with 3 µmol/kg CyPF6. No difference observed in tumor 
growth with 3 μmol/kg CyPF6 with NIR light (150 J/cm2) from vehicle controls. Severe 
tail swelling after the first injection of 3 μmol/kg CyPF6 limited the treatment protocol to 
one organic salt injection and 2 light treatments. Data are displayed as means ± S.D., n 
= 3, Error bars represent SD. 
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Figure 3.12 Tumor growth with 1 μmol/kg CyPF6. No difference observed in tumor 
growth with 1 µmol/kg CyPF6 with or without NIR light (150 J/cm2), consistent with data 
in Figure 3.10C that there is not an adequate margin between cytotoxic and phototoxic 
dosages for effective in vivo PDT. At higher dosages there is significant tissue damage 
(3 µmol/kg CyPF6) and mice do not survive treatment (5 µmol/kg CyPF6). Data are 
displayed as means ± S.D., n = 4.  Error bars represent SD. 

 

 

Figure 3.13 Tumor growth with 1 µmol/kg CyI. No difference observed in tumor 
growth with 1 µmol/kg CyI with or without NIR light (150 J/cm2), following the same trend 
observed with CyPF6 (Figure 3.10C, Figure 3.12).  Data are displayed as 
means ± S.D., n = 4.  Error bars represent SD. 

 

CyFPhB + NIR treatment is found to have a potent antitumor effect at a 3 

µmol/kg dosage. After the first light treatment on day 11, a bruise formed around the 

tumor, which then formed a black eschar. This is indicative of vascular specific-PDT, a 

combination of direct photodamage to the cancer cells and ablation of the tumor 

vascular, which starves the tumor of nutrients (44). There was a 93% reduction in tumor 
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volume from control groups in the 3 µmol/kg CyFPhB + NIR treatment group at 

experimental endpoint (Figure 3.10D). CyFPhB, Veh, and Veh + NIR control groups all 

displayed severe labored breathing and decreased activity by day 28, while the CyFPhB 

+ NIR group are still visually healthy. CyFPhB is also found to be non-toxic at 5 µmol/kg, 

however, there is not an appropriate level of dye clearance at 48 hours from normal 

tissue and CyFPhB + NIR treatment groups display health issues with only moderate 

tumor remission (Figure 3.14). 5 µmol/kg CyTPFB with or without NIR light did not 

exhibit any antitumor effect (Figure 3.10E). This cannot be directly attributed to 

counterion tuning due to the poor tumor accumulation of CyTPFB (Figure 3.9D). 

 

 

Figure 3.14 Tumor growth with 5 µmol/kg CyFPhB. In vivo PDT with 5 µmol/kg 
CyFPhB and NIR light (120 J/cm2) can effectively inhibit tumor growth. Excessive 
dosages of CyFPhB (5 µmol/kg CyFPhB) than required for efficacious therapy (3 
µmol/kg CyFPhB) still does not display cytotoxic effects as observed with CyPF6. Data 
are displayed as means ± S.D., n = 4. Error bars represent SD. Statistically significant 
differences (p-value < 0.05) in CyFPHB + NIR values from control groups are marked 
with asterisks (*). 
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Figure 3.15 CyFPhB irradiated with NIR light induces an antitumor effect via 
tumor necrosis and impedes cancer progression in a metastatic breast cancer 
mouse model. At the end of the PDT experiment, tumor tissue from the 3 µmol/kg 
CyFPhB treatment groups was collected for further analysis of disease progression. (A) 
Tumor weight confirms trends observed in tumor volume throughout the course of the 
experiment. CyFPhB + NIR treated tumors show a significant 69% decrease in weight 
from control tumors at 28 days. (B) Tumor cross sections were stained for Ki67, a 
proliferation biomarker. There were no statistically different differences across groups, 
showing that CyFPhB + NIR treatment does not drive aggressive tumor growth. One of 
the CyFPhB + NIR tumors was completely eradicated, and therefore was not available 
for analysis (CyFPhB + NIR, n=3) (C) 3 days following NIR irradiation, PDT-treated 
tumors display increased terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL), a marker of apoptotic and necrotic regions (Vehicle, n = 3, CyFPhB + NIR, n 
=3). Values are the average of four samples unless otherwise indicated. Error bars 
represent SD. Statistically significant differences (p-value < 0.05) in CyFPHB + NIR 
values from control groups are marked with asterisks (*). 
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At the experimental endpoint mice were sacrificed, and tumors were collected, 

weighed, and underwent histological analysis to further analyze treatment response. 

The CyFPhB + NIR group displays 69% decrease from control tumor weights, 

confirming volume calculations from caliper measurements (Figure 3.15A). A concern 

with many cancer treatments is that the treatment may drive selection to induce 

increased tumor malignancy, leading to recurrence and drug resistance (45, 46). To 

assess this, healthy margins of tumors were stained for Ki67, a proliferation biomarker 

which is commonly used to prognose tumor aggressiveness (47, 48). There was no 

increase in Ki67+ nuclei in the FPhB + NIR group compared to control groups, and by 

percent-positive nuclei, all tumors would be considered Ki67+-low (Figure 3.15B) (49). 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays 

determined apoptotic and necrotic regions within the CyFPhB-NIR treated tumor (50). 

TUNEL-stained cells are identified by brown staining within tumor cross-sections. 

Samples taken at the end of the experiment no longer had any relevant necrotic regions 

(Figure 3.16), however samples taken 72 hours after PDT treatment display extensive 

TUNEL-staining indicative of tumor necrosis and apoptosis (Figure 3.15C, Figure 

3.17).  

3.4.5 CyFPhB + NIR antitumor treatment has minimal side effects to normal tissue 

 Mouse weight and skin irritation at the site of light irradiation were recorded 

throughout the course of the experiment to monitor acute toxic side effects. Due to the 

aggressiveness of the 6DT1 breast cancer model, control tumors did display minor 

ulceration prior to experimental endpoint. This was not observed in the  CyFPhB  +  NIR 
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Figure 3.16 TUNEL assay color thresholds for treatment groups at experimental 
endpoint (28 days). (A) Cross-sections of tumors after TUNEL staining. Images with 
(B) TUNEL+ area highlighted, and (C) full tumor area highlighted were used to calculate 
the percent area of TUNEL+ staining shown in Figure 3.16D. 

 

Figure 3.17 TUNEL assay color thresholds for Vehicle and CyFPhB + NIR 

treatment groups 3 days after PDT. (A) Cross-sections of tumors after TUNEL 

staining. (B) TUNEL+ area highlighted, and (C) full tumor area highlighted were used to 

calculate the percent area of TUNEL+ staining shown in Figure 3.15C. 
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group as a result of reduced tumor growth, and the black eschar formed during the 

ablation of the tumor was healing at experimental end. Body weights were measured 

every other day and urine assessed weekly for proteinuria using clinical dipsticks. There 

were no detectable levels of protein in found in urine samples (Table S3.4). There was 

a minor decrease in mouse weight after PDT, however the mice recovered, and weight 

loss is primarily attributed to dehydration as the weight rebounds rapidly (Figure 3.18A). 

There is a minor difference in final weight at the end of the experiment, though this is 

not statistically significant and can also be accounted for by the lack of a large tumor in 

CyFPhB + NIR mice. Liver health was assessed at the end of the experiment by 

measuring blood serum levels of aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT), biochemical markers of liver damage. All CyFPhB + NIR 

treatment mice displayed serum values within normal ranges and did not increase from 

control treatment mice serum values (51) (Figure 3.18B, Figure 3.19).  

While CyFPhB + NIR mice were visibly in good condition upon experimental 

endpoint, potential offsite toxicity was assessed from tissue where residual fluorescence 

was noted upon ex vivo organ extraction, notably the spleen, kidneys, duodenum, and 

liver (Figure 3.18C). These tissues were fixed in formalin and underwent H&E staining. 

The CyFPhB + NIR group did not display any morphological alterations or increased 

inflammatory exudation (Figure 3.18D). Collectively, this data demonstrates that 

CyFPhB is a promising photosensitizing anticancer agent with minimal side effects.  
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Figure 3. 18 Minimal systemic toxicity is observed with CyFPhB + NIR treatment. 
(A) There is minor decrease in mouse weight following CyFPhB + NIR treatment, but 
there no statistical difference due to a wide degree of variance in mouse size and no 
mouse lost more than 10% of body weight throughout the course of the experiment. (B) 
At experimental endpoint aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) serum levels were measured to assess liver damage. CyFPhB 
+ NIR treatment groups fall within normal serum levels. (C) Residual fluorescence of 
normal biological tissue (spleen, duodenum, kidney, liver) from CyFPhB + NIR 
treatment mice. Representative images of each group are shown with fluorescence 
intensity. Inset bar = 10 mm. (D) No morphological alterations or increased immune 
invasion were found within tissues that retain CyFPhB organic salts, as measured by 
fluorescence in panel C. Representative histological images from each treatment group 
are shown. Inset bar = 100 µM. Data are displayed as means ± S.D., n = 4.  Error bars 
represent SD. 
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Figure 3. 19 Serum levels of liver enzymes AST and ALT. At experimental endpoint, 
(A) alanine aminotransferase (ALT) and (B) aspartate aminotransferase (AST) serum 
levels were measured to assess liver damage. All 3 µmol/kg CyFPhB treatment groups 
fall within normal serum levels. 

 

3.5 Discussion 

 In this study, we explore the utility of counterion tuned organic salts for in vivo 

PDT in a metastatic breast cancer model. To do so, we developed a thorough in vivo 

PDT regimen for assessment of counterion tuned organic salts’ antitumor efficacy, 

biodistribution, and off-site toxicity to normal tissue. We find that without counterion 

modulation, organic salt cytotoxicity independent of NIR irradiation is too severe for 

efficacious therapeutic concentrations. Reflecting trends reported in vitro, the margin 

between dark cytotoxicity and light-induced phototoxicity is too small in CyI or CyPF6 for 

effective therapy. Mice die or cannot complete the full PDT regimen due to passive 

cytotoxicity in normal tissue, but at lower concentrations there is not an adequately 

potent phototoxic effect to suppress tumor growth. By using a weakly coordinating 

counterion to modulate toxicity (FPhB-), we have reduced off target cytotoxicity and 
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improved phototoxicity to inhibit tumor growth in an aggressive breast cancer model. 

We report CyFPhB has improved characteristics for a therapeutic PS, including NIR-

absorption, prolonged tumor retention, and high phototoxicity relative to cytotoxicity, 

reducing tumor growth by 93% with no toxicity to normal tissue.  

Following CyFPhB + NIR treatment we observe bruising and formation of an 

eschar within 24 hours, which is then followed by shrinking of the tumor and formation 

of necrotic and apoptotic regions, determined by TUNEL-staining. Due to the 

combination of the observed tumor necrosis and the appearance of a bruise at the 

irradiation site, this antitumor effect is likely due to destruction of the tumor vasculature. 

While there is a probable combination of PDT induced photodamage directly to tumor 

and indirectly to the vasculature, in many preclinical studies the primary antitumor effect 

is due to PDT ablation of the tumor vasculature, leading to tumor starvation and 

necrosis (51). This strategy of vasculature-PDT is reported in clinically approved PS 

talaporfin sodium and is characterized by bruising at the irradiation site (53).  

We also assessed potential uptake mechanisms in vitro to elucidate the cause of 

tumor specific accumulation and determine translatability to alternative cancer models 

and human disease. We find that through a combination of serum albumin interaction 

and Oatp uptake our organic salt particles preferentially concentrate within tumors over 

time. We report a higher degree of liver accumulation in CyPF6 and CyTPFB in vivo, 

which may be due to their reliance on cellular uptake by Oatps, which are also highly 

expressed in the liver. The effect of Oatps on the uptake of fluorescent molecules is well 

documented in the literature, however, it has been reported recently that assays 

commonly used to assess the effect of Oatps by BSP inhibition have several 
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confounding variables (29, 32). BSP interacts with a wide range of compounds besides 

Oatps and is fluorescent (54). We have attempted to account for this by including an 

orthogonal approach by increasing Oatp expression with DMOG, which corroborates 

the BSP inhibition results. Collectively, these results indicate that Oatps play a role in 

the cancer cell uptake of organic salts but should not be overinterpreted. For example, 

in this study CyTPFB demonstrates a reliance on Oatps for uptake in vitro, however, in 

vivo uptake was extremely poor. This could be due to other factors, but the magnitude 

of Oatp influence on organic salt uptake merits further investigation, particularly if Oatps 

affects in vivo tumor uptake and accumulation of organic salts. BSP also interferes with 

albumin binding, and tumor specific uptake historically attributed to Oatps may be in 

part due to albumin (55). We report an importance on albumin for organic salts in vitro, 

CyPF6 displays albumin-induced monomeric stabilization; however, increasing 

concentrations of albumin lead to decreased uptake. Conversely, CyFPhB is stabilized 

as a nanoparticle, yet dependent on albumin for cellular uptake. While the influence of 

albumin is apparent, attempts to elucidate the entire mode of uptake have eluded 

current efforts. We do report lower levels of CyFPhB liver accumulation in vivo, and 

significantly higher levels of tumor retention over time. 

Our findings constitute that our novel counterion tuning strategy has clinical 

potential and could revolutionize PS engineering. We have demonstrated efficacious 

PDT in an immunocompetent murine model of metastatic breast cancer, which holds 

promise for translating to human cancer after further validation in patient-derived 

xenografts. We do observe differences in cellular and tumor uptake, and the targeting 

methods relied in our mouse model may not translate to human cancer. However, 
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modern cancer treatment focuses on combinatorial, personalized therapy. Full 

realization of our counterion toxicity tuning method will likely involve direct tumor 

targeting, by stable incorporation into larger nanomaterials or antibody conjugation, 

common engineering platforms for multi-agent tumor delivery. Indeed, NIR-PSs are 

promising components for multimodal synergistic cancer therapy as they have deep 

tissue imaging capabilities, and their therapeutic mechanism strongly benefits from 

combinatorial therapy (56, 57). Reducing the nonspecific cytotoxicity and improving 

phototoxic yields with counterion tuning is an efficient engineering strategy to advance 

tumor-specific PDT and cancer medicine.  

3.6 Methods 

3.6.1 Synthesis and purification of organic salts 

 Precursor salts (CyI and NaPF6, NaFPhB, or KTPFB) were dissolved in 5:1 

methanol:dichloromethane (MeOH:DCM) mixtures and stirred at room temperature 

under inert nitrogen gas. The counterion precursor was added in 100% molar excess to 

drive the exchange of ions, and the product compounds precipitate out of solution after 

5 minutes. Product was collected using vacuum filtration and rinsed with MeOH. Crude 

product was dissolved in minimal DCM and run through a silica gel plug with a DCM 

wash to remove unreacted precursors, side products, and other impurities. The product 

compound exiting the silica was identified by its color and elution time and collected. 

Excess DCM was removed in a rotary evaporator. Reaction yield and purity were 

confirmed using a high mass accuracy time-of-flight mass spectrometer coupled to an 

ultra-high performance liquid chromatography (UPLC-MS) in positive mode to quantify 

cations, and in negative mode to quantify anions. Typical reactions led to products 
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yields of >60% with purities >95%. Reaction schemes and purification procedures 

described previously were used (58, 59). 

3.6.2 Cell culture conditions 

Mouse mammary carcinoma cells (6DT1) were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM, Corning) with 4.5 g/L glucose without sodium pyruvate with 

10% heat inactivated fetal bovine serum supplemented with 2 mM glutamine and 1% 

penicillin and streptomycin. Cells were incubated in 37 °C with 5% CO2 without light 

exposure. Fluorescent organic salts were dissolved to 5.6 mM in dimethyl sulfoxide 

(DMSO, Millipore Sigma, D4540), and then further diluted in aqueous solution to form 

nanoparticles for various experiments. 

3.6.3 Cell viability studies 

 6DT1 cells were seeded at a density of 40,000 cells per well in 6-well tissue 

culture plates, in dye-laced or vehicle (DMSO) media. After 24 hours of incubation, 

media was aspirated and replaced with untreated media. Each well was irradiated with 

an 850 nm LED lamp with an irradiation flux of 425 mW/cm2 for 30 minutes in the 

incubator, and control cells were left in a dark incubator without irradiation. Following 

irradiation treatment, the media was replenished with fresh dye-laced media and 

allowed to incubate for another 24 hours. The same procedure was done at 48 and 

72 hours, but the cells received no further dye-laced media after 72 hours. Viable cell 

number was determined at 96 hours using 4% trypan blue and a Nexcelom Cellometer 

Auto T4 cell counter. All assays were done with 3 biological replicates. The half maximal 



142 
 

inhibitory concentration (IC50) was determined by plotting percent inhibition versus 

concentration and fitting using a nonlinear regression with Graphpad Prism. 

3.6.4 Kinetic inhibition studies 

 6DT1 cells were seeded at a density of 25,000 cells per well in 24-well tissue 

culture plates. After 24 hours, cells were pre-incubated for 15 minutes with 250 µM 

bromosulfophthalein (BSP, Cayman Chemical, 21058), or 12 hours with 1 mM 

dimethyloxalylglycine (DMOG, Sigma-Aldrich, D3695). Following the indicated pre-

incubation with each inhibitor, the inhibitor-laced media was replaced with organic salts 

and inhibitor-laced media. For live cell imaging, the cells were washed x3 with PBS and 

excited with 740 nm light. Fluorescence was measured using a Leica DMi8 microscope 

with a Cy7 filter cube, PE4000 LED light source, DFC9000GT camera, and LAS X 

imaging software. Cellular fluorescence was measured at the indicated timepoints, and 

all conditions were done in triplicate. Fluorescence was quantitated using ImageJ 

software. Curve fitting was performed with Origin Pro8 software by plotting relative 

fluorescent units versus time and using a dose-response sigmoidal equation. 

3.6.5 Endocytosis inhibition studies 

 6DT1 cells were seeded at a density of 25,000 cells per well in 24-well tissue 

culture plates. After reaching 80-90% confluency, cells were serum starved for 2 hours. 

Following serum starvation, cells were pre-incubated for 30 minutes in 3mM amiloride 

(Sigma, A7410), 1 hour in 1 mM methyl-β-cyclodextrin (Sigma, C4555), or for 20 

minutes with 200 μM dynasore (Abcam, ab120192). Following pre-incubation with 

various endocytotic inhibitors, inhibitor-laced media was replaced with organic salts and 
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inhibitor-laced media. After 24 hours cellular fluorescence was measured as described 

above. 

3.6.6 Ultraviolet visible spectroscopy 

 Organic salts were diluted to a concentration of 5 µM in cell media and combined 

with the indicated concentrations of inhibitors. For albumin characterization, organic 

salts were diluted to a concentration of 5 µM in cell media, serum free media (DMEM), 

and DMEM with the indicated concentrations of BSA. All dyes were characterized using 

a Perkin-Elmer 25 UV-Vis spectrometer in the wavelength range from 500–1100 nm in 

normal incidence transmission mode with a resolution of 1 nm and a 1.27 cm path 

length. Cell media with inhibitors was used as the solvent reference to remove 

reflections so that the absorption is calculated as 1-transmission. 

3.6.7 Bovine serum albumin uptake studies 

 Purified bovine serum albumin (BSA, Sigma-Aldrich, A7030) was resuspended in 

serum-free media (DMEM) and was serially diluted to create the indicated 

concentrations. Indicated concentrations of fluorescent organic salts were added to 

solutions, and after 14 hours cellular fluorescence was measured as described above. 

3.6.8 Photoluminescence  

 Photoluminescence (PL) spectra were collected using a PTI Spectrofluorometer 

for monomers of 5 μM CyPF6, completely solubilized in DMSO or associated with 

2mg/mL BSA in DMEM without phenol red.  
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3.6.9 Orthotopic cancer model 

 All animal protocols were approved and performed in accordance with guidelines 

set by the Institute of Animal Care and Use Committee (IACUC) of Michigan State 

University. 6DT1 cells were harvested for tumor implantation at 80% confluence while in 

the logarithmic phase of growth. 10,000 6DT1 cells in 50 μL of sterile saline were 

inoculated into the right fourth mammary fat pad of 6-8-week-old syngeneic FVB/NJ 

female mice (purchased from Jackson Laboratories, Bar Harbor, ME, USA), as 

described previously (60). Tumor growth was monitored every other day with external 

caliper measurements to determine tumor length and width to calculate volume, V = L x 

W2/2. Animal wellbeing was also monitored by recording mouse weight every other day 

and watching for potential skin irritation at the tumor site. The presence of protein in 

urine was monitored using urine reagent test strips (URS-1B/G/K/P, Cortez 

Diagnostics). Mice were euthanized at a 28-day endpoint, when majority of control mice 

exhibit excessive morbidity due to tumor burden. Following euthanasia by carbon 

dioxide asphyxiation and subsequent cervical dislocation, tissues of interest were 

collected for further analysis. 

3.6.10 In vivo imaging 

 For biodistribution studies, at 11 days post orthotopic injection tumor bearing 

mice were dosed with 1 µmol/kg CyPF6, 3 µmol/kg CyFPhB, or 5 µmol/kg CyTPFB via 

intravenous tail vein injection. For imaging, mice were anesthetized with 2.5% isoflurane 

and brightfield and NIR fluorescent images were taken at the indicated time points using 

a Leica M165FC stereoscope with a 740 nm PE4000 LED light source, DFC9000GT 

camera, and LAS X imaging software. Using ImageJ, brightfield images were used to 
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determine regions of interest (ROIs) for the tumor in the right 4th mammary fat pad, the 

liver, and the left 4th mammary fat pad. ROIs were then overlaid on the NIR fluorescent 

image for blinded quantitation of fluorescence intensity and normalized to a vehicle 

injected mouse. The study ended after 5 days upon tumor ulceration due to rapid tumor 

growth.  

3.6.11 Photodynamic therapy 

 At 9 days post orthotopic injection tumor-bearing mice were randomly divided 

into 4 treatment groups, 1) vehicle injection (Veh), 2) organic salt injection (CyX), 3) 

vehicle injection with NIR light irradiation (Veh + NIR), 4) organic salt injection with NIR 

light irradiation (CyX + NIR). For organic salt injection treatment groups (2 and 4), mice 

were given a 1-5 µmol/kg intravenous injection of a fluorescent organic salt dissolved in 

5% DMSO and 0.03% Tween 20 in 100 µL of sterile saline prior to injection through the 

lateral tail vein. Vehicle groups (1 and 3) received a tail vein injection of 5% DMSO and 

0.03% Tween 20 in 100 µL of sterile saline. ImageJ software was used to quantitate 

relative brightness and localization within tumor tissue relative to normal tissue at 

various time points throughout the experimental study. At 48 hours post IV injection of 

the organic salt, NIR light irradiation groups (3 and 4) were anesthetized with 2.5% 

isoflurane, placed on a heated pad, and underwent tumor irradiation with an 810 nm 

LED. Mice received a 120-150 J/cm2 dose over 15-20 minutes, depending on previously 

decided treatment conditions. This was repeated 48 hours later. A week following the 

first organic salt IV injection, the PDT treatment was repeated. The PDT experimental 

timeline is outlined above (Figure 3.10A).  
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3.6.12 Histology 

 All histologic preparation and immunohistochemistry staining was performed by 

the Investigative HistoPathology Laboratory at Michigan State University. Tumor, lung, 

spleen, kidney, liver, and duodenum were harvested, fixed in formalin, embedded in 

paraffin, sectioned and stained with hematoxylin and eosin (H&E) for qualitative 

analysis. Tissues were visualized using an Olympus VS200 research slide scanner at 

20x magnification.  

3.6.13 Ki67 nuclei staining assessment 

 Ki67 staining was measured using images taken from healthy cross-sections of 

tumors. Image processing was performed in ImageJ. The color images were first 

deconvoluted into H (hematoxylin) and DAB (diaminobenzidine) color channels using 

Color Deconvolution (“H DAB” deconvolution matrix). Deconvoluted H and DAB images 

were saved as new TIFF images. For each image, smoothing was applied 5 times, then 

Auto Local Threshold was performed using Phansalkar’s's algorithm to detect stained 

nuclei. Stained nuclei were counted using Analyze Particles (minimum size 30, 

minimum circularity 0.3). To check that threshold parameters were appropriate, several 

output images were manually inspected to confirm that visually identifiable nuclei were 

properly counted. The percent Ki67+ nuclei was calculated as the ratio of DAB-stained 

nuclei counts (representing proliferating cells) to H-stained nuclei counts (representing 

all cells) for each tumor. 
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3.6.14 TUNEL-area quantification 

 Terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling 

(TUNEL) assays were evaluated using ImageJ to determine the percentage of necrotic 

to total area of each tumor cross-section. Images were acquired using a Leica M165FC 

stereo microscope operated at 1.6x magnification. Images were duplicated, smoothed 

to reduce artifacts, and color thresholding was used to select either the TUNEL+ area or 

the entire tumor area. Representative thresholding can be found in Figure 3.16 and 

Figure 3.17. 

3.6.15 AST and ALT assays 

 Serum levels for alanine aminotransferase (ALT, Sigma-Aldrich, MAK052) and 

aspartate aminotransferase (Sigma-Aldrich, MAK055) were measured using 

commercially available kits according to the manufacturer's protocol. Samples were run 

in duplicate and averaged for analysis, before averaging levels for each treatment 

group. 

3.6.16 Statistical Analyses 

 Statistical analyses were performed using an unpaired student’s t-test and all 

error bars are representative of standard deviation, except where otherwise noted. All 

displayed data has a minimum of 3 biological replicates. Curve fittings were done using 

Origin Pro8 and GraphPad Prism software. P-values < 0.05 are reported as statistically 

significant (*). 
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Table S3.1 Half maximal inhibitory concentrations (IC50) of fluorescent organic 

salts with and without NIR irradiation in 6DT1 cells. IC50 values were generated by 

nonlinear regression analysis using GraphPad Prism.  

 

 

Table S3.2 6DT1 gene expression values. Gene expression data for genes of interest 

(solute carrier organic anion transporter family member 1B2, slco1b2; Secreted Protein 

Acidic and Rich in Cysteine, Sparc) and levels of relative controls (glyceraldehyde-3-

phosphate dehydrogenase, gapdh; actin) in 6DT1 tumors (n = 4 biological replicates) 

and cultured cells. 

 

 

 

Table S3.3 Sigmoidal curve fitting values. Curve fitting values for graphs in Figure 

3.2 were generated using a dose-response sigmoidal function in Origin Pro8.  
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Table S3.4 Urinary protein throughout course of PDT.  No significant difference was 

observed between 3 µmol/kg CyFPhB treatment groups with or without NIR irradiation. 

Mice were euthanized at week 4 with no detectable proteinuria.  
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4.1 Introduction 

 The following data are included to supplement experiments discussed in previous 

chapters, as well as summarize inconclusive experiments from the thesis work. These 

studies are contained within a separate chapter because the experiments were 

inconclusive, preliminary and not reproduced, or yielded null results. Follow up 

experiments could be performed for some of the studies, but overall they were 

considered to be outside the realm of the core thesis work.  

4.2 Organic salts in a normal breast cancer cell line 

To determine preferential uptake and toxicity of organic salts for cancer cells, cell 

viability and uptake assays were performed in normal human breast epithelial MCF10A 

cells. MCF10A cells were purchased from ATCC and maintained in Brugge media 

(Table S4.1). The MCF10A cell line was derived from proliferative breast cancer tissue, 

is nontumorgenic, and one of the most commonly used in vitro breast cell models (1). 

Cells were treated with the indicated organic salt and 526 mW/cm2 of 850 nm light over 

3 days. Cell viability is reported as cell number on day 4. Absolute quantitative 

differences from human breast cancer MDA-MB-231 cells are difficult to directly 

compare due to the slower growth rate of the MCF10A cells, however the relative 

changes in growth inhibition are similar (Figure 4.1A-B). Cancer and normal breast cell 

lines treated with CyPF6 and CyFPhB display 100% inhibition from the dark control with 

NIR light excitation. MCF10A cells do appear to be more resistant to CyTPFB with NIR 

irradiation, but these results would require additional experiments to determine that this 

result was not due to technical error and is reproducible. This would also need to be 

performed  at a range of concentrations  to determine dose  response  and  IC50 values.   
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Figure 4.1 Organic salts in human breast epithelial cell lines. Cells were incubated 
in the indicated concentrations of organic salts with or without NIR excitation for 4 days. 
On day 4 cell viability was measured by cell count with trypan blue exclusion. (A) 
Normal human breast epithelial MCF10A cells display similar toxicity trends as MDA-
MB-231 cancer cell lines. (B) Human breast cancer MDA-MB-231 cells are provided as 
a comparison for MCF10A cells. (C) MCF10A and MDA-MB-231 display similar levels of 
intracellular fluorescence. Data are displayed as means ± S.D., n = 3. Statistically 
significant differences (p-value < 0.05) are marked with asterisks (*).  

 

Cell viability data is corroborated by organic salt uptake measured by intracellular 

fluorescence. MDA-MB-231 and MCF10A cells were incubated in 15 µM CyTPFB over 

24 hours before fluorescence intensity was measured with a Leica fluorescent 

microscope using 740 nm excitation and a Cy7 filter cube. Differences in fluorescent 

signal are not statistically significant (Figure 4.1C). OATP1B1/3 has also been shown to 

be expressed in human epithelial breast tissue, so this effect is not entirely unexpected 
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or unexplainable (2). It should also be noted that experiments using MCF10A cells were 

difficult to reproduce consistently. This could potentially be attributed to changes in cell 

cycle when measurements were made, as normal cell lines display a regular cell cycle 

that regulates uptake of biomolecules (3). Further experiments should proceed with a 

more stringent protocol in response to time from cell thawing to experimental initiation, 

number of cell passages, and shorter experimental timelines for more consistent data. 

There were also problems culturing the MCF10A cells for more than 3 passages, cells 

began to undergo morphological changes and slower growth rates as experiments 

progressed. MCF10A cells also require 15-20 minutes at 37°C incubation with 0.05% 

trypsin to detach from the culture plate, and 25-30% of cells remain on the plate. This 

has affected reproducibility and confidence in results, and optimal culturing standards 

would need to be developed prior to any further in-depth analysis with this cell line. 

Overall, it was decided these in vitro experiments were too artificial to characterize 

tumor specific uptake, and studies were moved to a more relevant in vivo system using 

a mouse orthotopic cancer model. 

4.3 Antioxidant rescue studies 

 Studies with antioxidant supplementation were performed in vitro to determine if 

the toxicity from organic salt phototherapy could be rescued with the addition of reactive 

oxygen species (ROS) scavengers. In Chapter 2 I discussed the correlation of 

mitochondrial ROS generation to phototoxicity in human lung carcinoma A549 cells, 

which is well supported by existing literature (4). Therefore, it is reasonable to 

hypothesize that antioxidant supplementation should reduce phototoxicity.  
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Initial studies were performed in human lung carcinoma A549 cells with N-

acetylcysteine (NAC, Sigma-Aldrich A7250), a glutathione (GSH) precursor known to 

attenuate oxidative stress by reducing disulfide (S-S) bonds, scavenging ROS, and 

inactivate reactive electrophiles (5, 6). Antioxidant rescue studies were performed 

following the same protocol for in vitro cell viability studies described above, except with 

the addition of antioxidants to the cell media throughout the experiment. Studies were 

initially done with CyTPFB as the ROS-inducing photosensitizer, as it displays lower 

potency than other photosensitizers and it may be easier to observe a rescue effect. 

Early studies with 7.5 µM and 15 µM CyTPFB did not show any changes to cellular 

viability with increasing levels of NAC (Figure 4.2A-B). When no effect was observed 

with NAC, studies were done with glutathione monoethyl ester (GSH, Sigma-Aldrich 

353905), a cell permeable derivative of reduced glutathione (7). No effect was observed 

with increasing levels of GSH with 7.5 µM or 15 µM CyTPFB (Figure 4.2C-D).  

 

Figure 4.2 Antioxidant supplementation does not lead to a rescue effect in PDT 
studies with CyTPFB in A549 cells. A549 cells were incubated with increasing conc-    
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Figure 4.2 (cont’d)  

centrations of (A, B) N-acetylcysteine (NAC) or (C, D) cell permeable glutathione (GSH) 
with the indicated concentration of CyTPFB with or without NIR excitation for 4 days. 
Cell viability is represented as cell doublings per day. There are no statistically 
significant differences in cytotoxicity or phototoxicity with antioxidant supplementation. 
Data are displayed as means ± S.D., n = 3. Statistically significant differences (p-value 
< 0.05) are marked with asterisks (*).  

 

Following the null results in CyTPFB treated A549 cells, later studies were 

performed using 1.2 µM CyPF6, however with only two light treatments with half the light 

dosage typically performed (263 mW/cm2). NAC levels used previously with CyTPFB 

were too low and levels were increased to 4.2 mM NAC pre-light treatment incubation, 

700 µM NAC continuous incubation during the experiment, or 4.2 mM NAC post-light 

treatment incubation. Early results indicate that there may be a reduction in 

phototoxicity in A549 cells pre-treated with 4.2 mM NAC prior to light treatment (Figure 

4.3A). Higher dosages were not used because above 5 mM NAC morphological 

changes were noticed in the cells. This affect is minor, but optimizations to organic salt 

dosage, light dosimetry, and timing of treatments may lead to a more significant 

response. 

In Chapter 2, flow cytometry data showed that phototherapy with organic salts 

generate mitochondrial specific ROS. Therefore, I utilized a mitochondrial targeted 

antioxidant to directly reduce ROS levels that are driving phototoxicity. Mito-Tempo 

combines an antioxidant piperidine nitroxide (Tempo) group with a cationic 

triphenylphosphonium (TPP+) group which targets the molecule to the mitochondria. 

Mito-Tempo has been shown to selectively reduce levels of mitochondrial specific ROS 

(8). Cell viability assays were performed with 1.2 µM CyPF6
 and 3 526 mW/cm2 light 
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treatments with increasing levels of Mito-Tempo. No results were statistically significant 

but increasing levels of Mito-Tempo trended with increased cytotoxicity (Figure 4.3B). 

This could be due to mitochondrial-targeting by both Mito-Tempo and CyPF6, which 

could interfere with electron transport and induce more mitochondrial ROS generation, 

leading to increased cytotoxicity. Incubation with Mito-Tempo also has the potential to 

interfere with mitochondrial targeting, when cells were incubated with Mito-Tempo there 

is shown to be an increase in mitochondrial ROS as measured by MitoSOX using flow 

cytometry (Figure 4.3C). Due to these confounding variables this experimental route 

was abandoned.  

 

Figure 4.3 Antioxidant supplementation does not lead to a rescue effect in PDT 
studies with CyPF6 in A549 cells. A549 cells were incubated with increasing 
concentrations of N-acetylcysteine (NAC) or MitoTempo (MT) and treated with 1.2 µM 
CyPF6 with or without NIR excitation. Cell viability is reported as cell doublings per day. 
(A) Cells were incubated with 0.7mM NAC throughout treatment, 4.2 mM NAC 24 hours 
prior to treatment (pre-inc), or 4.2 mM NAC 24 hours after treatment (post-inc).  



165 
 

Figure 4.3 (cont’d)  

There is a statistically significant difference in cells pre-incubated with 4.2 mM NAC 
prior to treatment (B) Supplementation of a Mito-Tempo (MT) throughout CyPF6 
treatment does not result in a statistically significant difference in cytotoxicity or 
phototoxicity. Data are displayed as means ± S.D., n = 3. (C) Preliminary fluorescence 
flow cytometry (FFC) results show that incubation with 5mM MitoTEMPO increases 
MitoSOX fluorescence in A549 cells treated with a DMSO vehicle.  

 

In the preliminary studies discussed above no convincing rescue effect with 

antioxidants was observed. Promising early results observed with high levels of NAC 

pre-incubation before light treatment with CyPF6 could be expanded upon with more 

organic salts, a range of dosages, and ROS quantification. One of the hurdles to this 

study may be determining appropriate dosages and incubation times to have an 

adequate reducing pool to inhibit ROS generation and diminish phototoxicity. Mass 

spectrometry could be used to quantitate intracellular antioxidant levels, determining 

optimal time points to observe a more robust oxidative stress response. It is also 

possible this mitochondrial localized effect may be too potent to be significantly 

mitigated with exogenous antioxidant supplementation. Cell viability studies with lower 

dosages of organic salts and light treatments could be employed. Alternatively, the 

CRISPR-cas system could be used to knock down superoxide dismutase, glutathione 

reductase, catalase, or other cellular antioxidant proteins to enhance phototoxicity.  

4.4 Papillary mouse model studies 

Early in vivo photodynamic therapy studies were performed in a MMTV-Myc 

mouse tumor model. Orthotopic mammary tumors were generated by the implantation 

of a tumor chunk derived from the MMTV-Myc papillary and epithelial-mesenchymal-

transition (EMT) histological  subtypes into the 4th  mammary fat pad of 8-week-old  FVB  
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Figure 4.4 Photodynamic therapy studies in a papillary tumor model. No difference 
observed in tumor growth with 1.5 μmol/kg CyPF6 (n=1) with NIR light (20 J/cm2). There 
appears to be a delay in growth, but the tumor did not fully establish and begin growing 
until day 16. No difference observed in tumor growth with 1.5 (n=3), 3 (n=2), or 5 (n=3) 
μmol/kg CyFPhB with NIR light (20 J/cm2). Data are displayed as means ± S.D.  

 

mice (9). EMT tumors did not display tumor specific accumulation of 1.17 µmol/kg CyI or 

CyFPhB delivered intraperitoneally when tumor volume was approximately 40 mm2. 

Tumor specific accumulation was observed in the papillary tumor model, as shown in 

Chapter 2. However, no changes were observed in tumor growth or appearance 

following intravenous injection of 1.5 µmol/kg CyI, 1.5 µmol/kg CyFPhB, 3 µmol/kg 

CyFPhB or 5 µmol/kg CyFPhB and NIR light treatment (Figure 4.4A-B). There appears 

to be a delay in growth in the CyI + NIR tumor, but this is due to an error in tumor 

implantation which delayed tumor establishment in the 4th mammary fat pad. Once a 

palpable tumor formed it progressed at the same rate as the other tumors in the study. 

This papillary tumor model was used in early optimization studies and null results could 

be due to a number of factors. This PDT regimen only underwent a single IV dose of the 

organic salt on day 5 and a single light treatment 24 hours later, compared to later 

optimized studies that underwent 2 courses of PDT treatment as discussed in Chapter 
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3. Additionally, early PDT studies utilized a low power LED light system which only 

generated 20 J/cm2 over 20 minutes of irradiation with 850 nm light. Light intensity 

assessments also showed a high degree of variability from the LED lamp used for NIR 

tumor irradiation. Follow-up studies could be performed with the 150 J/cm2 light dosage 

utilized in the 6DT1 mouse model discussed in Chapter 3, but these studies would be 

unlikely to yield any new data of significant interest.   

4.5 Cellular uptake of organic salt nanoparticles 

Early experiments with a transmission electron microscope (TEM) were used to 

detect intracellular levels of organic salts prior to procurement of a fluorescent 

microscope with NIR imaging capabilities. Initial energy dispersive x-ray microanalysis 

(EDS) studies were performed on organic salt precipitates by Dr. Fan using a JEOL 

2200FS ultra-high resolution transmission electron microscope. For elemental analysis, 

an electron beam is sent into the sample and chemical elements are identified by a 

characteristic X-ray spectrum. This technique is not quantitative, and primarily used to 

elucidate chemical composition in material science studies (10). Brightfield images were 

generated using an omega filter to identify regions of interest. Organic salt precipitates 

were affixed on lacy carbon grids for elemental analysis to determine composition. 

Chlorine signal was used to identify the cation and fluorine or iodide to identify the anion 

(Table S4.2). Both the cation and the anion are present in CyI and CyTFM particles 

(Figure 4.5, Table S4.3, Table S4.4).  
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Figure 4.5 TEM-EDS of organic salt particle mounted on lacy carbon grid. (A) 
Elemental spectra of CyI particle. Representative elemental analysis shows that 
nanoparticle composition includes chlorine (representative element from the Cy+ cation) 
and I (representative element from I- anion). (B) Brightfield image of CyI particle. (C) 
Elemental spectra of CyTFM particle. Representative elemental analysis shows that 
nanoparticle composition includes chlorine (representative element from the Cy+ cation) 
and F (representative element from the TFM- anion). (D) Brightfield image of CyTFM 
particle on lacy carbon grid. Inset = 200 nm. 
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For intracellular studies, human lung carcinoma A549 cells were incubated for 24 

hours with 7.5 µM CyTPFB or an equal volume of vehicle dimethyl sulfoxide (DMSO). 

Cultured cells were dissociated from tissue culture plates with trypsin and centrifuged to 

generate a 2 cm cell pellet. Cell pellets were fixed with 2.5% glutaraldehyde for 15

 

Figure 4.6 TEM-EDS detection of intracellular CyTPFB in an A549 cell. (A) 
Elemental spectra of DMSO treated A549 cells do not display detectable levels of 
chloride, which is used to identify the presence of Cy+. (B) Elemental spectra of A549 
cells incubated with 7.5 µM CyTPFB show detectable levels of intracellular chlorine, 
confirming the presence of Cy+. (C) Brightfield image of A549 cell with representative 
line scan for EDS measurements. Inset = 4 µm (D) Representative detection counts of 
chlorine from line scan show that there is an increase within the cellular environment. 

minutes at room temperature and stored at 4 degrees. The MSU Center for Advanced 

Microscopy (CAM) generated 100 nm width sections, stained samples with uranyl 
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acetate, and fixed them on copper grids for imaging analysis. Brightfield images were 

used to identify cells and their organelles such as the mitochondria and nucleus. Cells 

incubated with CyTPFB show increased intracellular levels of chloride (Figure 4.6). 

Chloride was not detectable in cells incubated in the DMSO vehicle control.  

These experiments ran into several complications, leading to a shift to an 

orthogonal method. Initially, staining with lead citrate and uranyl acetate provided the 

best contrast for brightfield imaging, however the lead (Pb) peak for elemental analysis 

overlays the Cl peak, inhibiting the detectable signal. Cell pellet sections stained with 

only uranyl acetate displayed poor resolution to accurately identify unique cellular 

morphology and the elemental levels of interest remain at lower level of detection. 

Additional problems with the beam intensity required to accurately be perform EDS also 

inhibited elemental mapping, as the accelerating voltage necessary to differentiate low 

level atomic signals (> 200 kV) destroyed the sample (11) . Furthermore, detection of 

chlorine was possible to identify the cation, but fluorine detection for the anion was not 

due to peak overlap with intracellular oxygen. Fluoride is also a difficult element to 

detect using EDS due to its low atomic number (10). For sample processing, 

glutaraldehyde fixation retains most proteinaceous cellular structures, but poorly retains 

non-directly crosslinked molecules such as lipids during the subsequent dehydration 

steps. Glutaraldehyde also makes molecular visualization difficult in tissue due to strong 

covalent interactions with small molecules of interest and limits electron probe diffusion 

(12, 13). Lastly, visualization of lipophilic materials of this size is extremely difficult 

without a heavy metal core due to limited electron density. Collectively, due to the high 

degree of background, difficulty of detection of atoms of interest, and poor intracellular 
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resolution it was decided to utilize mass spectrometry for intracellular quantification of 

organic salts. While mass spectrometry does not allow for elemental mapping at distinct 

cell areas, it is a more sensitive and quantitative method.  

Organic salt quantification by high performance liquid chromatography coupled 

mass spectrometry (HPLC-MS) shows A549 intracellular concentrations of both the 

cationic cyanine and the weakly coordinating phenyl borate counterions in A549 cells 

(Figure 2.16). Detection of small hard counterions (I-, SbF6
-, PF6

-) is not possible 

because they do not bind to a C18 column and are eluted in the salt wash, as high-level 

salt solutions cannot be sent to the mass spectrometry detector. However, the phenyl 

borate counterions are easily detectable with this method and shown to be taken up by 

the cancer cell. The exact mass spectrometry method to quantitate intracellular organic 

salts is discussed extensively in Chapter 2. There are lower intracellular concentrations 

of Cy+ measured for small hard anions, however this could be due to passive toxicity 

without light irradiation causing a loss of membrane integrity prior to extraction. Organic 

salts with a lower dark IC50 (CyPF6 = 0.9 µM, CySbF6 = 0.9 µM, CyI = 1.0 µM) may 

experience cell leakage, leading to lower intracellular concentrations. Organic salts with 

a higher dark IC50 are less likely to experience membrane permeabilization (CyTPFB = 

19.7 µM, CyFPhB and CyCoCB possess dark IC50 values > 20 µM which were 

extrapolated from observed experimental values, and CyTFM and CyTRIS and did not 

display a cytotoxic trend at the concentrations evaluated in A549 cells) (Table S2.4). 

While this method does not provide intracellular visualization as seen with EDS-TEM it 

is less artificial, quantitative, and reproducible. 
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The uptake of organic salt nanoparticles was also characterized by intracellular 

UV-vis spectroscopy. As demonstrated in Chapter 2, in aqueous solution organic salts 

self-organize to form stable nanoparticles, which have been categorized based on size, 

charge, solubility, chemical stability, and composition. Nanoparticle stability is monitored 

by UV-vis, identified by hypsochromic and bathochromic shifts in the absorption spectra 

as compared to the monomeric peak. To determine whether this shift was detectable 

within the cellular environment, cells were incubated for 24 hours in 1 µM CyPF6, 5 µM 

CyFPhB, or 15 µM CyTPFB. After trypsin dissociation the cells were resuspended in 

Hank’s buffered salt solution with 2% fetal bovine serum and analyzed using UV-vis 

spectroscopy (Figure 2.6). Due to a high degree of background noise distinct shifts are 

difficult to characterize, nevertheless, CyFPhB and CyTPFB show a secondary local 

maxima peak at 764 nm that is not seen with CyPF6. This indicates nanoparticles are 

present in the cellular environment.  

While this data is not irrefutable, at the time of analysis these were the best 

technical options available. Intracellular elemental analysis tracking has been performed 

with other nanomaterials in the field, but this technique is generally used with larger 

nanomaterials with a heavy metal composition that are stable to glutaraldehyde fixation 

and easily distinguishable from the intracellular environment. The organic salt 

nanoparticles characterized in this study are small (5-10 nM) and highly lipophilic. This 

size and lack of easily detectable heavy metal composition makes them biocompatible 

and ideal for biological applications, but difficult to image with TEM (14). Further 

intracellular imaging experiments could be attempted at a higher magnification but 

attempts to couple this with EDS are unlikely to be successful or representative of the 
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biological environment. Higher resolution results may be possible using freeze-fracture 

or cryogenic TEM. To elucidate nanoparticle position within cells a superior method 

would be high resolution confocal fluorescence microscopy at NIR wavelengths.  

I have shown that similar amounts of photoactive cation and anions are 

detectable by mass spectrometry in cellular extracts and that there are shifts in the 

absorption spectra within live cells. Further experimentation into this route was 

abandoned due to inconclusive data and the potential that for solid cancer analysis in 

vivo, cellular uptake of organic salt nanoparticles may not necessarily lead to more 

efficacious antitumor therapy.  
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Table S4. 1 Brugge media recipe for culturing MCF10A cells. 

 

 

 

Table S4. 2 Theoretical cation and anion elements detectable by TEM-EDS.  

 

 

 

Table S4. 3 Experimental CyI elements detected by TEM-EDS. 

 

 

 

 Table S4. 4 Experimental CyTFM elements detected by TEM-EDS. 
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CHAPTER 5. 

SUMMARY AND FUTURE DIRECTIONS 
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5.1 SUMMARY 

 This dissertation determined how counterion pairing can be used to electronically 

modify fluorescent organic salts and regulate reactive oxygen species (ROS) generation 

upon photoexcitation. This research also laid the groundwork for a photosensitizer (PS) 

development workflow to characterize therapeutic and diagnostic potential on a 

molecular, cellular, and physiological level. Through my thesis work, I have 

demonstrated a novel optoelectronic platform to engineer photoactive theranostic 

agents which will expand their clinical usage in cancer diagnostics and therapy.  

The results presented here outline my research contributions to advance clinical 

photoactive agents, which are summarized in Chapter 1 and published in Annual 

Reviews in Biomedical Engineering. In Chapter 2, I have characterized organic salts 

and found that pairing a photoactive heptamethine cation with a weakly coordinating 

anion induces self-organizing nanoparticle formation, maintaining ion interaction in 

solution and cellular environments. Nanoparticles exhibit similar shifts in redox potential 

and zeta potential that reflect changes in frontier molecular orbitals. The use of 

molecular self-assembly to generate nanoparticles with tunable electronic properties for 

biomedical applications was previously unexplored in aqueous and cellular 

environments. In human lung carcinoma cell lines (A549), organic salts were found to 

localize within mitochondria, generate differential levels of ROS, and display a spectrum 

of toxicity based on anion pairing. Shifts in energy level modulation were found to 

correlate to phototoxicity, establishing counterion modulation as a means to control 

cellular toxicity. This modality was previously unexplored in the existing biomedical 
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literature and had only been extensively studied in photovoltaics (Chapter 2, published 

in Scientific Reports, U.S. Patent No. 6550-000311).  

In Chapter 3, I expanded on initial studies in human cancer cell lines in a 

metastatic breast cancer mouse model. In vivo findings establish the clinical relevance 

of counterion tuning, revealing that a heptamethine cyanine cation paired with a 

selectively phototoxic aryl borate anion can abolish tumor growth upon light excitation. 

Photoexcitation induces tumor necrosis at the site of light irradiation with minimal 

cytotoxic effects to normal tissue. The use of a self-assembled nanoparticle to reduce 

off-site cytotoxicity in an in vivo model was previously unexplored in the literature. 

Additionally, I examined the role of organic anion transporter proteins and their role in 

photosensitizer uptake. There is evidence in the literature that OATPs are the primary 

mediators of cancer cell accumulation of small molecule photosensitizing agents. My 

results have also implicated albumin-mediated uptake as a potential mechanism which 

merits further investigation.  

Collectively, these studies discovered that counterion tuning can modulate 

valence energy levels of organic salt nanoparticles in solution to influence generation of 

ROS and enhance photodynamic therapy (PDT) in a translational animal model of 

cancer. The knowledge gained through this work will advance photoactive agents and 

expand their use in the treatment and diagnosis of cancer. Furthermore, this research 

establishes a foundational optoelectronic tuning platform, which can be used in future 

investigations of additional PSs and translational cancer models. 
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5.2 FUTURE DIRECTIONS 

5.2.1 Exploration of additional fluorescent organic salts 

 Having established a counterion platform to independently tune toxicity 

independent of optical properties, we can now utilize it to generate optimized PSs for 

clinical diagnostics and therapy. This work was primarily accomplished with a base 

heptamethine cyanine, which can be covalently modified to generate a fluorophore with 

more ideal optical properties for even deeper tissue. Cyanines are well-characterized 

fluorescent molecules, and the effects of their structural alterations are well established 

in the literature (1). Adjustments to headgroups, changes to the central methane 

position, and alkyl groups can increase the rigidity to the fluorophore, which will 

increase quantum yield by limiting vibrational freedom (2). The central methane position 

is typically occupied by a halide to increase rigidity. For my thesis studies, I utilized a 

heptamethine cyanine with a chloro-cyclohexyl moiety within the methine bridge; 

however, this cyanine only displays modest a Stokes shift (wavelength difference 

between excitation and emission maxima) of 20-30 nm. Alternative electron 

donating/withdrawing nitrogen groups can be substituted at this position to generate 

large Stokes shifts greater than 120 nm. This modification also blue-shifts the 

absorption peak, but this can be compensated for by using base cyanines with 

extended methine bridges to have a deeper NIR absorbance. Additionally, introduction 

of asymmetric electronic structures has been shown to increase cyanine Stokes shifts 

and red shift absorption into the NIR range (3). Dr. Babak Borhan is a collaborator to 

this work and an expert in the synthesis and modification of cyanine dyes, who could 

design optimized cyanine dyes for deep tissue imaging. Additionally, our lab has a 
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NIRvana camera with an InGaAs detector capable of imaging NIR-II wavelengths (900–

1700 nm), which are capable of penetrating even deeper into biological tissue (4). While 

there are cyanine dyes that absorb in this range, this also opens exciting new 

possibilities for alternative and enhanced photoactive compounds.  

Cyanines were originally chosen for this work because they are biocompatible 

and easily modifiable to absorb in the NIR, making them ideal for deep tissue imaging. 

Further work should expand upon this work in the cationic heptamethine cyanine model 

by investigating counterion pairing in a broader group of photoactive ions, such as 

BODIPY, anionic heptamethine cyanine, rhodamines, and phthalocyanine dyes (5–8).  

After engineering optimal photoactive ions, Dr. Richard Lunt’s group has a wide 

range of energy modulating counterions. For this work, I primarily used aryl borates but 

there are alternative counterion groups as well, such as a series of carboranes that 

have yielded promising results in early studies. Future work should elucidate the 

counterion chemical properties that drive the shifts in energy levels of the cationic 

fluorophore. This could be attributed to numerous anionic chemical properties, such as 

1) electronic structure, 2) molecular level interface dipoles, 3) steric hindrance, 4) 

electron withdrawing ability, and 5) reorganization energies for electron transfer. This 

could be investigated by a series of methodological substitutions on a base aryl borate 

to understand the impact of different chemical groups on shifts in valence energy levels. 

Investigating counterion properties and their effects on photoactive ion energy levels will 

enable future work to pair specific ions more easily to create desired shifts in energy 

levels and generate phototoxic or nontoxic organic salts. Furthermore, these shifts in 

energy level can be designed to generate particular types of ROS through resonant 
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electron transfer. These optimized phototoxic organic salts could potentially be 

designed to target different cancer antioxidant systems. Potential for application in 

various cancer lines could be easily screened using the workflow designed in this 

thesis. This research established a robust workflow for screening photoactive agents 

from photophysical to physiological attributes. This will allow future work into additional 

organic salts to proceed rapidly to further generate optimized photoactive agents. 

5.2.2 Expansion of in vivo studies 

 The translatability of findings in preclinical models to human medicine is a 

constant goal in cancer research. One of the benefits of PDT is that it can be broadly 

applied to a number of cancers and does not rely on exploiting any particular cancer 

mechanism. Thus, I believe this work will be highly translatable to additional cancer 

models and human patients. Problems with clinical PDT generally arise from incomplete 

tumor ablation and recurrence, which is attributed to insufficient light penetrance and 

low ROS yields within the heterogeneous tumor environment (9). To assess the viability 

of PDT and my counterion-tuned phototoxic PSs, additional experiments should be 

done in a more disseminated, deep-seated cancer model. Our lab has begun working 

with a syngeneic orthotopic murine model of pancreatic cancer, which I believe would 

be another test for the efficacy of PDT agents. This model would also allow studies in 

male and female mice, as therapeutic outcomes in my studies have only been assessed 

in mammary cancer bearing female mice, as the majority of human breast cancer 

occurs in females. Another potential model would be inoculating immunocompromised 

mice with isogenic human breast cancer cell lines, such as MDA-MB-231, a highly 

metastatic breast cancer cell line. While this does offer insight into human disease, it is 
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worth noting that the high degree of artificiality of the tumor microenvironment without a 

fully present immune system may not be the best model for therapeutic efficacy in 

human patients. Alternatively, also available are humanized CD34+ mouse models that 

have been used to assess oncogenic progression and pharmacological modulation of 

the human immune system (10). However, they are expensive, difficult to maintain, and 

the presence of a humanized immune system requires regular validation (11).   

In Chapter 3, I report a reduced percentage of metastatic tissue within the lung of 

PDT treated mice. While these results were not statistically significant due to an outlier 

in the PDT cohort whose tumor responded completely and immediately after the first 

light treatment, they should be followed up in future experiments. Additional light 

treatments were performed on the outlier mouse to maintain experimental consistency, 

but there was no tumor present. However, upon necropsy at endpoint, this mouse had a 

significantly higher degree of lung metastasis than the rest of the PDT cohort. In 

Chapter 1, I discuss certain PDT regimens that induce an inflammatory response to 

stimulates the innate immune system (12). The subsequent induction of inflammatory 

mediators and immune cells prime the adaptive immune system and induce systemic 

antitumor surveillance (13). This effect is more commonly reported and attributed to low 

fluence rate light irradiation over multiple periods, which adequately primes the immune 

system against cancer cells to induce a long-term and far-reaching immune response 

(14). This may have occurred in my experiment with the outlier mouse, as the 

differential response to therapy and immediate destruction of the tumor did not induce 

an effective inflammatory response to prime the adaptive immune system, which would 

curb metastatic progression.  
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To elucidate the effects of PDT with organic salts on the adaptive immune 

system, a more appropriate approach may be to study the abscopal effects of PDT on a 

distant tumor. While the anti-metastatic potential of PSs is the ideal measurement, lung 

metastasis can only be measured at experimental endpoint or through difficult and 

expensive imaging techniques, making study design and optimization difficult. I have 

adopted a noninvasive orthotopic injection method that would allow inoculation of a 

primary treatment tumor into the right mammary fat pad, and after 5 days inoculation of 

a second tumor into the left mammary fat pad (15). This will allow the second tumor to 

be palpable upon initiation of PDT for the first tumor. Only the first tumor will undergo 

PDT, but indirect effects of PDT and induction of the adaptive immune system could be 

studied by growth of the second tumor. Promising findings could be confirmed in a 

metastatic model and extend into a variety of experiments to study the PDT-induced 

immune response, such as flow cytometry to characterize immune populations within 

the tumor, metastatic sites, and systemic circulation. 

 An additional area of in vivo PDT which could be expanded on is the 

toxicological studies. In my research, I assessed long term toxicity, but not acute 

toxicity. Additionally, I was not able to deduce the underlying cause of observed 

cytotoxic reactions or identify a measurable biomarker. Mice that receive more than 3 

µmol/kg of CyPF6 or CyI perish rapidly, but this occurs too quickly for detection of any 

specific molecular signal. To further investigate this effect, wildtype mice should be used 

for expanded toxicology panels with a series of dosages of each organic salt. I have 

previously attempted to monitor toxicology with specific enzyme assays, but this narrow 

approach has not proven successful. Therefore, it may be more efficient to pool 
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biological replicates to obtain a volume large enough to utilize the Veterinary Diagnostic 

Laboratory which will provide a comprehensive blood chemistry profile that may help 

elucidate mechanistic insight.   

Lastly, in my studies many assays rely upon fluorescent signal intensity to 

extrapolate uptake of the organic salts. While this is a commonly used technique, and 

fluorescent tags are standard for localization and temporal assays, interactions with 

biological components can influence quantum yields. It was verified that albumin binding 

does not affect quantum yields in solution, but it is not feasible to study this across the 

range of biological components which could interact with organic salts. Early cellular 

uptake assays were verified with ultrahigh-performance mass spectrometry (UPLC-MS) 

(Chapter 2), and this method will need to be applied to in vivo models for exact 

quantification of organic salt levels within tissues of interest. Furthermore, UPLC-MS will 

allow characterization of breakdown products of PSs. It is still not clear whether 

decreases in fluorescent signal are indicative of drug clearance, metabolic breakdown, 

or instability. Therefore, in-depth pharmacokinetic studies only possible with mass 

spectrometry will be needed to assess serum levels, urinary clearance, metabolic 

products, and concentrations in organs. These experiments would be straightforward to 

perform, as I have previously extracted and quantitated organic salts from cell cultures 

using a UPLC-MS and have extensive experience with tissue extractions.  

5.2.3 Active targeting moieties and nanoparticle incorporation 

In my studies I established a reliance on organic anion transporter polypeptides 

(OATPs) and albumin interaction for cancer cell uptake of organic salts. It is also 

suggested in the literature that inhibition of macropinocytosis can reduce uptake of 
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cyanine dyes or albumin conjugated drugs; however, this was not replicable in my work 

(16). Bromosulfophthalein (BSP) is frequently used as competitive inhibitor in assays to 

determine the influence of OATP-mediated uptake (17, 18). However, BSP is found to 

interact with a large range of compounds (19, 20). It possesses structural features 

similar to many pan-assay interference compounds, which are known to yield false 

positives and interfere with interpretation of numerous screening assays (21). I have 

attempted to account for this by including an orthogonal approach by increasing OATPs 

expression with dimethyloxalylglycine (DMOG), which corroborates BSP inhibition 

results in that there is dependence on OATP-mediated uptake. I also observed tumor 

specific accumulation in vivo, which has historically in the literature been attributed to 

OATP expression (22). However, OATP expression is poorly represented in mouse 

models and drug distribution studies in mice often poorly translate to clinical trials, due 

to differences in OATP expression, primarily in the liver (23–25). If there is a reliance on 

OATPs for tumor specific accumulation, this model is unlikely to translate appropriately. 

Furthermore, complete reliance on OATPs is not likely to be adequate for any kind of 

clinical strategy, and the next steps should likely be incorporation into a stable, lipophilic 

nanoparticle with active targeting moieties for tumor biomarkers. There will still be 

disparities in biodistribution, but this will always be an inherent problem in early animal 

models. However, to assess the efficacy of exploiting an overexpressed tumor receptor, 

it would be critical that studies are done in patient-derived xenograft models.  

In my work, I did not have the opportunity to assess the potential of counterion 

tuned organic salts for diagnostic purposes. As mentioned above, to truly assess 

diagnostic potential in human disease, a specific biomarker must be identified and 
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targeted, which was outside of the realm of this work. However, further research into 

this matter is critical for full realization of counterion tuning as a photoactive theranostic 

engineering platform. The cyanine dyes used in this thesis are commonly used for 

protein tagging and are easily conjugated via alkyl chain to a number of targeting 

moieties, which I have outlined in Chapter 1. The effect of tumor-targeting moieties on 

nanoparticle formation is unknown, and inclusion of linker chemistry adds another level 

of design complexity. Therefore, my recommendation to continue this work for 

diagnostic purposes would be stable incorporation into lipophilic nanoparticles. This will 

allow for stable ion pairing and addition of targeting moieties that do not directly interact 

with organic salts. Using this nanoparticle delivery system and the IVIS imaging core, 

diagnostic capabilities could be assessed by measuring correlation with luciferase-

tagged cancer cells and organic salt fluorescence. The lipophilic environment may have 

unexpected impacts on quantum yields and will need to be characterized. This model 

could also be expanded to a multimodal therapeutic platform, combining selectively 

phototoxic organic salts for PDT, tumor-targeting molecules, and incorporation of 

chemotherapeutics to synergize PDT effects.   

In conclusion, in my thesis work I established and elucidated counterion tuning 

for optimizing fluorescent organic salts through independent control of optical and 

electronic properties. This was demonstrated with in vitro and in vivo cancer models, 

which I used to thoroughly investigate fluorescence intensity, uptake, biodistribution, 

phototoxicity, and nonspecific cytotoxicity. This foundational screening workflow can be 

used to characterize future photoactive agents for cancer therapy and imaging. 

Additionally, my results expanded the collective knowledge regarding design of 
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photoactive molecules as well as insight into preclinical PDT. By elucidating how 

photophysical properties can be leveraged to improve organic salts for cancer therapy, 

this work will overcome critical barriers that have limited the clinical adoption of 

photoactive agents. The findings presented in this thesis illustrate the development of 

innovative light-activated theranostic agents which will advance cancer diagnostics and 

therapy to combat the global cancer burden and improve patient outcomes. 
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