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ABSTRACT 

Peritoneal carcinomatosis of colorectal cancer (pcCRC) is a disease with poor survival 

outcome and limited treatment options. Standard-of-care treatment for pcCRC involves 

cytoreduction with systemic chemotherapy, though a five-year survival of only 36.7% is 

expected with this intervention. The failure of a standardized treatment to address pcCRC 

is largely attributed to the retention of micrometastases within the peritoneal cavity, where 

small size allows the disease to remain undetected during cytoreduction and therapeutic 

resistance limits chemotherapeutic efficacy. 

When isolated to the peritoneum, pcCRC presents with a potential to cure, where 

targeted fluorescent/photothermal nanoparticles represent a candidate for efficacious 

treatment. Photothermal nanoparticles are a class of nanotherapeutics capable of generating 

heat upon excitation with light, allowing the selective treatment of tumors with 

hyperthermia while sparing normal tissue – something that is unavailable with traditional 

hyperthermia. Furthermore, photothermal nanoparticles can easily incorporate a 

fluorophore to allow for targeted, real-time detection of cancer. Our group has recently 

developed Hybrid Donor-Acceptor Conjugated Polymer Particles (HDAPPs), a 

nanoparticle platform composed of two conjugated semi-conducting polymers: 

PCPDTBSe, capable of photothermal heating, and PFBTDBT10, capable of fluorescence. 

When targeted to pcCRC, HDAPPs can both fluorescently detect and photothermally 

ablate the disease.  

While promising, all photothermal nanoparticles designed for clinical application must 

address certain fundamental hurdles to ultimately be efficacious. Often, nanotherapeutics 
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are limited during intratumoral transport by diffusive and binding barriers that are not 

effectively modeled in two-dimensional (2D) and even in some in vivo models. Further, 

once a photothermal nanoparticle has been delivered to its target, it must be able to generate 

sufficient heat under biocompatible laser stimulation to selectively treat the disease. To 

address these pertinent design requirements, this work aims to assay targeted HDAPPs for 

the treatment of pcCRC through development and implementation of pre-clinical models 

that allow exploration of variables directly affecting mass/molar absorption, photothermal 

conversion efficiency, and laser fluence in relation to therapeutic outcome. Specifically, 

these specialized models are developed in order to measure relevant therapeutic efficacy 

to address micrometastases and therapeutic resistance within pcCRC. The tunability, 

biocompatibility, imaging capacity, and efficacy of HDAPPs are demonstrated herein 

using these models. 
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CHAPTER I 

Introduction 

1.1 Peritoneal Carcinomatosis of Colorectal Cancer 

Colorectal cancer (CRC) is the fourth most commonly diagnosed cancer, but the second 

deadliest in the United States.1 The lethality of CRC stems from the frequency of its 

diagnosis at metastatic stage. Of patients diagnosed with CRC, 15% display peritoneal 

carcinomatosis (pc) - disease dissemination throughout the peritoneum due to 

transcoelomic spread of CRC.2 Though treatment for pcCRC is widely considered 

palliative, 58% of cases are isolated to the peritoneum and 64% of these are considered 

localized, where it is believed that this subset of patients represents a potentially curable 

group.3, 4 

For this group of potentially curable patients, hyperthermic intraperitoneal 

chemotherapy (HIPEC) is a treatment that has been investigated.5, 6 HIPEC combines 

aggressive cytoreduction to remove macroscopic disease followed by hyperthermic 

perfusion of the peritoneum (40 – 43 oC as measured by outflow temperature) with 

chemotherapy (mitomycin C, doxorubicin, 5-fluorouracil, or oxaliplatin) at higher 

concentrations than are available systemically due to chemotherapeutic confinement  

within the peritoneal cavity by the peritoneal plasma partition.7, 8 Recent completion of the 

randomized phase III clinical trial PRODIGE 7 instead suggests that HIPEC with 

oxaliplatin does not show increased overall survival or recurrence free survival when 

compared to patients only receiving systemic chemotherapy, but rather emphasizes the role 

of completeness of cytoreduction in increasing treatment efficacy.9 Along with some doubt 
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of the regimen design and power of the trial, the study does lend a possibility of benefit to 

patients with mid-range peritoneal cancer index (PCI), the measure used for extent of 

disease in pcCRC.10 

With no other treatment options for this group of patients, the demand for rapidly 

translatable novel therapies to treat pcCRC is evident. Within treatment of pcCRC, two 

major barriers to relapse free survival exist. One, the development of a chemoresistant 

subpopulation of cells often leads to non-treatable relapse (directly affecting 

chemotherapeutic efficacy to treatment).11, 12 Two, undetected metastases too large for 

chemotherapy penetration but too small for visual identification can remain within the 

peritoneal cavity and lead to patient relapse (directly affecting degree, or completeness, of 

cytoreduction).5 An ideal therapy for pcCRC must simultaneously address aspects of 

therapy to bypass cytotoxic resistance as well as detection for micrometastases 

identification. 

1.2 Thermal Therapy 

Thermal therapy involves the modulation of a tissue’s temperature to achieve a 

therapeutic effect. Hyperthermia, a form of thermal therapy, utilizes temperatures above 

human core temperature (37 oC) and is divided into mild hyperthermia (37 oC < T ≤ 45 oC) 

and ablative hyperthermia (T > 45 oC).13 Mild hyperthermia is typically used as an adjuvant 

therapy to sensitize cells to another agent (often radiotherapy or chemotherapy) and can 

induce cell death via apoptotic pathways while ablative hyperthermia directly kills cells 

via necrotic mechanisms.14, 15 
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Within the past four decades, thermal therapy in the form of hyperthermia has advanced 

to allow treatment using multiple modes of delivery: whole-body hyperthermia, regional 

hyperthermia (isolated to a part of the body such as an organ or limb), local hyperthermia 

(isolated to a small volume of tissue such as a tumor), and targeted hyperthermia 

(hyperthermia that exerts its effect on individual cells such as cancerous cells within a 

tumor).16, 17 Each method of hyperthermic delivery has benefits and limitations. Whole 

body hyperthermia can treat metastatic disease, but becomes limited by exposure to 

thermally sensitive tissues such as the brain. Regional hyperthermia can treat isolated areas 

of the body without affecting other regions that are thermally sensitive, but is limited to a 

maximum thermal dose before damage occurs to normal tissue within the treated region. 

Local hyperthermia can treat a specific tissue with ablative hyperthermia, but uniform 

control of dosing to all areas of the tissue remains a difficult task due to inaccuracies in 

temperature monitoring and thermal diffusion/perfusion limitations. Targeted 

hyperthermia uses heat-generating nanoparticles to specifically bind and ablate cancer 

cells, but still faces barriers to clinical translation primarily resulting from difficulty in 

nanoparticle transport within tumors.18-22 

The clinical utility of hyperthermia stems from its effects on the molecular biology of 

cells and macroscopic physiology of tissues.14 Hyperthermia exerts its therapeutic effect 

primarily by protein inactivation and denaturation in combination with necrotic 

mechanisms, dependent upon which regimen of hyperthermia is delivered. Apoptotic cell 

death under hyperthermia has been related to protein damage and subsequent inability to 

synthesize DNA (primarily associated with mild hyperthermia), where activation of 

intrinsic and extrinsic pathways both are implicated in initiating apoptosis.23 Cell 
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susceptibility to hyperthermia is a largely phase dependent process, where cells are most 

sensitive in M and S phase, and relatively thermotolerant in G1 phase.14 Necrotic cell death 

under hyperthermia has been related to coagulative necrosis, inflammatory response, and 

cell membrane disruption (primarily associated with ablative hyperthermia).14 Though 

apoptotic and necrotic mechanisms are often exclusively associated with either mild or 

ablative hyperthermia, respectively, each mechanism is usually active in both regimens of 

hyperthermia at different prevalence depending on thermal dose delivered. 

Hyperthermia has also been investigated as an adjuvant with chemotherapy, where it is 

known to augment the activity of many chemotherapeutics.24 This occurs both through 

pharmacodynamic mechanisms (increased reaction kinetics as an Arrhenius relationship) 

and pharmacokinetic mechanisms (increased drug diffusion, increased tumor perfusion, 

increased membrane fluidity, decreased efflux, and decreased glutathione activity).14, 25 

Where acquired chemoresistance  presents in relapsed disease following initial treatment 

of metastatic CRC, hyperthermia may also prove beneficial.26 Hyperthermia has been 

previously shown to increase cisplatin efficacy in both sensitive and resistant cell lines, 

where significant reversal of cisplatin-resistance is possible in certain cell populations.27 

Further, resistance status does not seem to interfere with the impact of hyperthermia to 

enhance cisplatin efficacy.27 Clinical evidence of the effect of hyperthermia for sensitizing 

resistant cell populations has been shown for patients presenting peritoneal carcinomatosis 

of epithelial ovarian carcinoma. Here, similar survival outcomes in patients with platinum-

resistant recurrence relative to platinum-sensitive cases were observed following HIPEC.28 

Current implementation of hyperthermia in medicine has been largely experimental, 

where hyperthermia alone for ablative therapy of liver metastases and hyperthermia as an 
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adjuvant for chemotherapy or radiotherapy for superficial cancers are clinically approved 

treatments in the United States.29 Hindrances to the translation of thermal therapies have 

been largely due to difficulties in monitoring thermal dose, controlled delivery of thermal 

dose, and clinical evidence of efficacy.15, 30 The field of thermal dosimetry has seen 

advances with the adoption of magnetic resonance imaging (MRI) to measure temperature 

dynamically in 3-dimensional space, but still has limitations due to equipment 

requirements and physical barriers that may restrict resolution from experimentally 

significant precisions.31, 32 Delivery of therapeutic heat may suffer from improper dosing 

due to anisotropies in tissue and variability in tissue-to-tissue response to hyperthermia.33 

Finally, some applications of hyperthermia that display efficacy in pre-clinical models 

don’t reveal the same effects clinically, possibly due to mischaracterization of subclinical 

damage as clinically relevant or poor trial design.33-35 In spite of these barriers to clinical 

efficacy, a new wave of optimism is surfacing for the utility of hyperthermia in oncology, 

where focusing on methods to surpass these complications may yield a rapid adoption of 

hyperthermia within standard clinical practice. 

1.3 Photothermal Nanoparticles for Thermal Therapy 

In the past two decades, the investigation of heat-generating nanoparticles has unlocked 

a new route to deliver hyperthermia within medicine.18, 36, 37 Nanoparticles can be induced 

to generate heat via multiple modalities: exposure to alternating magnetic field (e.g., 

magnetic hyperthermia with iron oxide nanoparticles), radiofrequency irradiation, and 

near-infrared (NIR) irradiation (photothermal therapy [PTT]). Benefits of nanoparticle 

induced hyperthermia over traditional mechanisms of thermal delivery stem from two 
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major advantages: one, the capacity to target nanoparticles to selectively treat tumors and, 

two, the rapid nature of nanoparticle heat generation.  

Targeted nanoparticles typically utilize surface-functionalization with cancer-specific 

antibodies or ligands to bind overexpressed receptors on the cell membrane, where anti-

epidermal growth factor receptor (anti-EGFR) and folic acid are some of the most common 

nanoparticle functional targets in cancer.19, 38 The selectivity of targeted nanoparticle 

hyperthermia is achieved due to increased nanoparticle binding to cancer cells relative to 

normal cells. In the case of nanoparticles designed for PTT, this increased binding in turn 

leads to an increased optical density for the cancer cells, where exposure to NIR laser will 

yield no cell death in normal cells while killing cancerous cells when equivalent dosing is 

used. NIR laser is used in PTT due to its capacity to stimulate nanoparticles within the 

minimum of normal tissue absorbance (the NIR window).39 This allows for maximal 

penetrance of laser light with minimal off-target heating, where, in combination with 

nanoparticle targeting, yields selective photothermolysis of disease relative to normal 

tissue. Such treatment is evidenced in the study of EGFR-specific binding and PTT ablation 

using gold nanoparticles by El-Sayed et al., where approximately double the laser intensity 

is required to kill normal cells in comparison to cancerous cells of similar tissue origin.40 

This targeting mechanism allows for nanoparticles to selectively heat cancer cells while 

sparing the non-cancerous stroma and is generally considered a noninvasive mode of 

hyperthermia. This is compared to other conventional approaches of delivering 

hyperthermia such as radiofrequency ablation which requires probe insertion into the 

tumor.17 
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The second benefit afforded by nanoparticle-induced hyperthermia stems from their 

capacity for rapid heating. Nanoparticles have been shown to produce increased therapeutic 

effect with shorter exposure times in comparison to traditional hyperthermia that typically 

requires longer duration to achieve an equivalent effect.41, 42 Rapid heating by PTT for short 

duration induces necrosis where slow rate heating to an equivalent temperature (43 oC) 

induces apoptosis, illustrating that rapid heating can produce a stronger killing effect at 

lower thermal dose.43 When comparing induction of necrosis in rapid and slow rate 

hyperthermia regimens at equivalent temperatures (50 oC), rapid hyperthermia achieves 

necrosis in the entire cell population immediately, whereas slow rate hyperthermia 

achieves full necrosis only after 24 hours following treatment.43 These results are explained 

by the lack of thermotolerance induction within rapidly heated cancer cells as measured by 

no elevation in heat shock protein 70 (HSP-70) following treatment with hyperthermia.43 

Furthermore, since cancer cells typically display decreased capacity to undergo apoptosis 

by loss of function of tumor-suppressing pathways, induction of necrosis may be a more 

ideal treatment modality because it bypasses this resistance.44, 45 This is further illustrated 

by the finding that the method of rapid heating is implicated in cell kill, where breast cancer 

stem cells, which are inherently thermotolerant, were found to be sensitive to nanoparticle-

induced rapid heating but not to water-bath-induced rapid heating.41 It is hypothesized that 

the space immediate to the nanoparticles’ surfaces reaches a much higher temperature than 

detected within the bulk medium, capable of causing irreversible membrane 

permeabilization and subsequent necrosis.46 Finally, in combination with  chemotherapy, 

rapid heating from nanoparticles can overcome chemoresistance by inhibiting efflux 
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transporters and increasing membrane fluidity, enhancing chemotherapy internalization.42, 

43  

An additional benefit of targeted nanoparticles beyond their utility as therapeutic agents 

comes from their capacity to be coupled with imaging modalities to be used as a diagnostic 

agent. Therapeutic and diagnostic (theranostic) nanoparticles have been previously 

developed by coupling with a fluorophore.47, 48 Following administration and binding of 

targeted nanoparticles to the tumor, detection and diagnosis of disease is possible. This 

yields a higher precision in treatment, where surgeons can now detect microscopic disease 

that was before visually undetectable. For imaging in tissue, it’s important that 

fluorophores are designed to absorb and fluoresce within the NIR window for maximal 

light penetrance, much as photothermal agents are designed to absorb within this window.39 

A host of polymer fluorophores have been designed for this purpose and can easily be 

incorporated into a nanoparticle structure.49 

Our lab specializes in the development of polymeric photothermal nanoparticles where 

the photothermally active agent is an electrically conductive conjugated donor-acceptor 

polymer.50-53  Photothermal nanoparticles function by absorbing light and subsequently 

producing heat by non-radiative conversion.45 Conjugated donor-acceptor polymers are 

block copolymers containing an electron-rich donor monomer and an electron-deficient 

acceptor monomer, where monomer choice directly influences the polymer’s band gap and, 

consequently, its optical absorption character.53 In addition to heat production, some 

conjugated donor-acceptor polymers have been shown to fluoresce as a mode of 

relaxation.49 We have recently synthesized Hybrid Donor-Acceptor Polymer Particles 

(HDAPPs) composed of both photothermally and fluorescently active polymer 
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components (Figure 1.1).52 The photothermal polymer poly[4,4-bis(2-ethylhexyl)-

cyclopenta[2,1-b;3,4-b’]dithiophene-2,6-diyl-alt-2,1,3-benzoselenadiazole-4,7-diyl] 

(PCPDTBSe) and the fluorescent polymer poly[(9,9-dihexylfluorene)-co-2,1,3-

benzothiadiazole-co-4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole] (PFBTDBT10) are 

mixed together in organic phase such that the fluorescent polymer PFBTDB10 is dominant 

and doped with small amounts of the photothermal polymer PCPDTBSe. Nanoparticles are 

formed by the nanoprecipitation technique, where the organic phase is rapidly mixed into 

a sonicated aqueous phase containing a surfactant. During nanoprecipitation, nanoscale 

particles of hydrophobic polymers enclosed within an amphiphilic surfactant coating form, 

making HDAPPs with diameter of 148.1 nm and surface charge of -17.5 mV. Excitation 

of the PFBTDBT10 component in HDAPPs at 464 nm produces fluorescence emission at 

825 nm due to an amplified energy transfer between the PFBTDBT10 and PCPDTBSe.54  

This emission is within the NIR window making HDAPPs ideal for fluorescence-based 

imaging in medicine. This also has the added benefit of reduced autofluorescence 

interference during imaging due to HDAPPs’ large effective Stokes shift.55 In addition to 

fluoresecence, heat is also produced with photo-excitation at 800 nm within the NIR 

window. 

HDAPPs as a platform for targeted PTT pose multiple benefits over other common 

photothermally active nanoparticles: 1) minimal photobleaching, 2) reproducible heating 

at ablative threshold (versus gold and silver which can melt or fragment in certain heating 

regimens)56, 57, 3) minimal cytotoxicity (versus silver and carbon nanotubes which can be 

toxic depending on preparation)58, and 4) indefinite colloidal stability (versus carbon 

nanotubes which can aggregate and lose heating effect).36, 59  
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Figure 1.1: a) Chemical structure and absorption spectrum of PCPDTBSe polymer and 

b) chemical structure and absorption/fluorescence spectra of PFBTDBT10 polymer. c) 

Visualization of nanoprecipitation process used to form HDAPPs. d) 

Absorbance/fluorescence spectra of HDAPPs displaying amplified energy transfer with 

emission peak at 825 nm. e) Heat generation of HDAPPs in suspension at varying 

concentration under 229.3 J/cm2 (blue) or 305.7 J/cm2 (purple) 800 nm laser. f) 

Transmission electron microscopy (TEM) image of HDAPPs showing spherical 

morphology.52 

a 

b 

c 
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1.4 Pre-clinical Cancer Models for Photothermal Nanoparticle Translation 

Though a large body of research exists on photothermal therapeutics, there are no 

clinically approved photothermal nanoparticles to-date. Of all nanoparticles for thermal 

ablation, NanoTherm (iron oxide nanoparticles) are the only heat generating nanoparticles 

approved (European Union, 2010).60-63  Further, current clinical trials in photothermal 

nanoparticles are only as advanced as Phase I with AuroLase gold nanoshells.45, 64, 65 

In the field of hyperthermia, many of the mechanistic studies revealing the nature of 

thermal toxicity were first elucidated in two-dimensional (2D) in vitro culture.14 Further, 

early studies of photothermal nanoparticle efficacy have been unanimous in their use of 2D 

culture.36 Given the utility of 2D in vitro culture in the early assessment of photothermal 

nanoparticles, it is also important to understand the limitations of 2D culture within pre-

clinical translation. Particularly, 2D in vitro cultures represent a limited subset of clinical 

pathologies that are capable of being grown in monolayers, where lack of empirical 

cytotoxic evidence may not always indicate lack of clinical efficacy (as well as the inverse 

of this).66, 67 Cells that are capable of growth in monoculture have been further shown to 

lose their genetic and molecular alignment from the harvested tumor.66 Though these 

findings cast a negative light on the utility of 2D in vitro culture, a retrospective study 

correlating in vitro activity to Phase II clinical efficacy has revealed some predictive value 

of these models.68 This study further describes that this predictive value is strongly 

dependent on the mechanism of toxicity of the studied therapeutic, where in vitro analysis 

has no predictive value for noncytotoxic agents in comparison to its predictive value for 

cytotoxic drugs.68 Thus, for photothermal nanoparticles that act via the cytotoxic 

mechanisms of hyperthermia, early evaluation in 2D in vitro culture should be performed 
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as an initial screen of efficacy, but molecularly-dependent targeting of nanoparticles should 

be interpreted with caution in respect to their clinical relevance from these models. When 

further compared to three-dimensional (3D) culture techniques, the utility of 2D in vitro 

models is severely limited by their lack of relevant 3D architecture.66, 69 It is well known 

that various physical phenomena including therapeutic transport (diffusive and 

convective), cell-matrix binding and stiffness interactions, and tumor oxygen gradients are 

not replicated within 2D culture.22, 70 Additionally, it has been shown that these physical 

phenomena themselves can directly influence cellular phenotype, even influencing 

epithelial-to-mesenchymal transition.71, 72 Because of these issues, studies of effective drug 

dose in 2D often lack translatable efficacy to the clinic.73, 74  

Early studies on tumor transport revealed that, even in the small molecule and 

monoclonal antibody classes of drugs, diffusion can be inhibited in tumors.75 This 

limitation on penetration is further complicated by cells at the outer layers (immediate to 

tumor vasculature where drug extravasates) sequestering drug uptake and consequently 

protecting the innermost cells of the tumor.76 This is reflected in the capacity of the 

antibody trastuzumab (anti-ERBB2) to fully treat micrometastases, but its relative 

incapacity to treat large tumors where vascularization often leaves cells as far as 100 µm 

or more from the nearest perfusing vessels.77, 78 This effect can further be seen in multiple 

studies citing non-homogenous extravasation of small molecules into tumors.75 Much like 

small molecule and monoclonal antibody class drugs, nanotherapeutics suffer from similar 

transport limitations that are further complicated by their increased size and varying 

shape.79, 80 A recent post-hoc data analysis of systemic nanoparticle delivery in vivo 

suggested that the delivery efficiency of nanoparticles to tumors is only 0.7% of the initial 
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dose.20 This stresses the importance of relevant 3D ex vivo models to properly evaluate 

nanoparticle transport character. 

Tumor organoids are 3D hydrogel constructs containing cancer cells in suspension to 

mimic cell-extracellular matrix (ECM) interactions.81 To accurately model a target clinical 

tissue, organoids maintain the capacity to be engineered to contain various cell types, ECM 

structural components (typically collagen and hyaluronic acid), tissue-specific growth 

factors, and tissue-specific stiffnesses/densities.82 In addition to modeling disease, 

organoids can also model normal tissue such as liver, cardiac, lung, vascular, testis, colon, 

and brain to study off-target effects of cytotoxic therapies.83 Both diseased tissue and 

normal organoid tissue models can be coupled into a single microfluidic or –on-a-chip 

model, allowing full pharmacokinetic characterization of a therapeutic ex vivo.83 Previous 

work in tumor organoids demonstrates their utility in creating artificial tissues to be utilized 

in high-throughput screening tasks such as small molecule drug discovery and personalized 

medicine in cancer, where tumor organoid biobanks have been formed with relevant 

genetic profiles to those seen in clinical presentation of colorectal cancer.81, 84, 85 

Applications of organoids for precision medicine have also been investigated, where 

culture of a patient’s cells in organoids can allow high-throughput screening of therapeutics 

to discover which is most effective prior to actual clinical application.86  Because of these 

features, organoids and general 3D culture are becoming the new standard for cellular 

assays. 

Nanoparticle research in 3D ex vivo constructs until very recently was nonexistent, 

where, even now, there is still a limited collection of studies of nanoparticles in 3D 

constructs with even less using photothermal nanoparticles.67, 87, 88 Given the evident 



 

14 

necessity of clinically-relevant translational models for photothermal nanoparticle 

interactions with the 3D tumor microenvironment, the paucity of studies implementing 3D 

ex vivo technologies is surprising. Borrowing from their capacity as a vehicle for drug 

screening, our lab has been investigating the utility of previously developed 

collagen/hyaluronic acid tumor organoid constructs for the development and ex vivo 

analysis of photothermal nanoparticles.89 Where the major limitations to nanoparticle 

clinical efficacy appear to be those related to transport, tumor organoid models offer a more 

relevant empirical platform to evaluate treatment efficacy as a direct function of 

intratumoral nanoparticle availability. When combined with proper multiphysics 

computational models to predict therapeutic transport as a function of treatment variables, 

a rigorous model of evaluating photothermal nanoparticles pre-clinically is established. 

The goal of this work is to develop and assess pre-clinical models for the translation of 

photothermal nanoparticles for treatment of pcCRC. This is achieved through 2D, 3D ex 

vivo, computational, and in vivo modeling. Where photothermal treatment is a direct 

function of mass/molar absorption, photothermal conversion efficiency, and laser fluence, 

it is hypothesized that models will emphasize increased mass/molar absorption local to 

tumors as the most relevant and easiest modifiable variable to achieve both efficacious and 

safe therapy. This is due to the fact that nanoparticle formulation, delivery route, delivery 

concentration, delivery duration, and nanoparticle targeting all directly affect this. Instead, 

photothermal conversion efficiency requires modification of the photoactive agent’s 

molecular structure and increasing laser fluence can lead to significant off-target toxicities. 
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CHAPTER 2 

Oxaliplatin-resistant Colorectal Cancer Models for Nanoparticle Hyperthermia* 

*This chapter has been submitted on May 14, 2020 for review in the International Journal of Hyperthermia. 

Authors: Bryce McCarthy, Ravi Singh, Xiaoyan Iris Leng, and Nicole Levi-Polyachenko. 

2.1 Abstract 

Introduction 

Metastatic colorectal cancer (CRC) is a disease with poor survival outcome, 

complicated by the relapse of chemotherapy-resistant cell populations. Clinical 

hyperthermia augments the effect of certain chemotherapies, where photothermal 

nanoparticles that remotely generate heat under laser excitation can enhance the effects of 

hyperthermia. Here, oxaliplatin-resistant (OxR) cell models are presented to quantitatively 

assess hyperthermic chemotherapy and nanoparticle-based hyperthermia. 

Methods 

OxR variants of CT26.WT-Fluc-Neo, RKO, and HT29 CRC cell lines were developed 

using intermittent weekly treatments with oxaliplatin. Parental and OxR variants were 

assayed for viability following 2 hour treatment at 40oC, 42oC, 44oC, or normothermia in 

combination with varying concentrations of oxaliplatin. A correlation of thermal dose to 

intracellular luciferase activity within CT26 cells was established, with which thermal dose 

from custom fluorescent/photothermal polymer nanoparticles was monitored. 

Results 

Human OxR variants showed full reversal of chemoresistance-enhanced viability at 40 

(HT29 only) and 42oC (both). Luciferase-based monitoring of thermal dose within CT26 
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cell lines was validated within the ranges of 0.04 – 8.33 CEM43 for parental cells and 0.05 

– 9.74 CEM43 for OxR cells. This was further confirmed under nanoparticle-induced 

hyperthermia, where single-cell resolution of thermal dose is achieved (1.8 x 1.8 µm pixel 

size). 

Conclusion 

We present for the first time in vitro evidence of re-sensitization of OxR human CRC 

cell lines, supporting hyperthermic chemotherapy for OxR relapses in clinical practice. 

Further, we present a thermal dosimetry technique using luciferase-based luminescence to 

precisely relate therapeutic effect with nanoparticle-induced thermal dose at single-cell 

resolution. 

2.2 Introduction 

Metastatic colorectal cancer (CRC) is a disease with few available treatments, 

displaying a 5-year survival of 14.2%.90, 91 Standard-of-care treatment for metastatic CRC 

is cytoreduction with systemic chemotherapy, although this is often considered palliative 

instead of curative.92 In the case of disseminated disease that is isolated to the peritoneal 

cavity, Hyperthermic Intraperitoneal Chemotherapy (HIPEC) may be used. HIPEC 

involves surgical cytoreduction to remove macroscopic nodules followed immediately by 

intraperitoneal perfusion of heated chemotherapy (40 – 43oC) at concentrations higher than 

allowed with systemic delivery.5, 6 Exposure to hyperthermia alone for 30 minutes or more 

induces apoptosis in cancer cells when restricted to below 45oC (mild hyperthermia) and 

addition of hyperthermia to chemotherapy augments the treatment.14, 24 In the case of 

disseminated peritoneal CRC, prior clinical studies indicate HIPEC to be beneficial over 

both cytoreduction alone and cytoreduction with systemic chemotherapy.7 
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The introduction of the platinum compound oxaliplatin into CRC treatment has 

expanded CRC’s therapeutic library, where pre-clinical studies have shown that 

hyperthermia and oxaliplatin interact synergistically to treat disease.93, 94 In spite of its 

promises, the recent completion of the PRODIGE 7 clinical trial investigating HIPEC 

regimens with oxaliplatin yielded no conclusive evidence to support HIPEC over standard 

cytoreduction with systemic chemotherapy.9 Some skepticism of the study remains, 

particularly surrounding the limitation of the HIPEC perfusion time to only 30 minutes, 

where it is believed that HIPEC with oxaliplatin may still have a beneficial effect if the 

therapy is further optimized in perfusion time.10 In contrast to the PRODIGE 7 trial, a 

randomized clinical trial reporting on the use of HIPEC with cisplatin in combination with 

cytoreductive surgery for treatment of ovarian cancer metastases in the peritoneal cavity 

demonstrated a significantly longer disease free and over-all survival for patients who 

received HIPEC vs those who received surgery and chemotherapy alone.95 Notably, the 

ovarian cancer HIPEC trial involved a perfusion time of 90 minutes, supporting the 

conjecture that longer exposure to hyperthermia may be needed to for maximal benefits. 

Improvements in pre-clinical in vitro models to monitor thermal dose dependent effects 

may be beneficial for optimization of HIPEC. 

One complication that may need to be overcome to achieve effective HIPEC with 

oxaliplatin is resistant relapse. Following initial treatment of metastatic CRC, the relapse 

of undetected and insufficiently treated disease is a common occurrence, with some CRCs 

hypothesized to have acquired chemoresistance following the initial chemotherapeutic 

insult.26 Within treatments such as HIPEC, patient survival is complicated by the relapse 

of resistant disease, where it’s important to understand how oxaliplatin and hyperthermia 
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interact with oxaliplatin-resistant (OxR) sub-populations.12 A recent multi-institutional 

study confirmed the indication of repeat (or iterative) cytoreductive surgery in cases of 

peritoneal CRC recurrence.96 Further, various single-institution studies indicate the use of 

cytoreductive surgery + HIPEC as yielding significant increases in overall survival 

compared to palliative treatment or no treatment.7, 28 While no studies investigating HIPEC 

treatment of CRC directly report the status of disease resistance, several studies 

investigating HIPEC for peritoneal carcinomatosis of epithelial ovarian cancer report 

similar survival outcomes in patients with platinum-resistant recurrence relative to 

platinum-sensitive cases.28 Stemming from these encouraging results in CRC and other 

peritoneal malignancies, it is important to develop a pre-clinical model to investigate the 

utility of hyperthermia with oxaliplatin against OxR CRC. 

Beyond traditional hyperthermia delivery using direct heating of the bulk carrier fluid 

by heat exchanger, more localized and effective hyperthermia can be achieved with heat-

generating-nanoparticles.36, 37, 59 In fact, a recent study has shown that rapid hyperthermia 

generated by photothermal nanoparticles (nanoparticles capable of generating heat 

following light stimulation) can achieve increased cell killing in thermotolerant breast 

cancer stem cells using lower thermal doses in comparison to traditional bulk heating.41 

Furthermore, the combination of photothermal-nanoparticle-mediated hyperthermia 

(42oC) for 10 seconds and oxaliplatin achieved equivalent CRC cell killing and 

chemotherapy internalization as that achieved by incubator-mediated hyperthermia (42oC) 

for 2 hours with simultaneous oxaliplatin treatment.42 Though still in the pre-clinical stage, 

the capacity to target heat-generating photothermal nanoparticles to deliver rapid 

hyperthermia exclusively to cancer cells, thus reducing negative effects on normal tissue, 
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represents the next generation of thermal therapy. Our lab has previously developed dual 

fluorescent/photothermal polymer nanoparticles by combining two semiconducting donor-

acceptor polymers within a single nanoparticle: the fluorescent polymer poly[(9,9-

dihexylfluorene)-co-2,1,3-benzothiadiazole-co-4,7-di(thiophen-2-yl)-2,1,3-

benzothiadiazole] (PFBTDBT10) and the photothermal polymer poly[4,4-bis(2-

ethylhexyl)-cyclopenta[2,1-b;3,4-b’]dithiophene-2,6-diyl-alt-2,1,3-benzoselenadiazole-

4,7-diyl] (PCPDTBSe) which is capable of producing heat following near-infrared (NIR) 

stimulation.52  These Hybrid Donor-Acceptor Polymer Particles (HDAPPs), upon 

excitation at 464 nm, produce fluorescence emission at 825 nm.54  In addition to 

fluorescence, heat is also produced by photo-excitation at 800 nm within the tissue 

absorption minimum, reducing tissue optical attenuation to maximize available energy for 

heat conversion by the HDAPPs. 

The precise measurement of nanoparticle-induced thermal dose is an often complicated 

process due to underestimation of nanoscale vs. bulk temperatures.41 Thermal dose is 

commonly measured by Cumulative Equivalent Minutes at 43oC (CEM43), where a 

tissue’s duration of temperature exposure is mapped to the time required at 43oC to achieve 

an equivalent reduction in viability (termed isoeffect).33, 97 This is performed according to 

the formula 𝐶𝐸𝑀43 = 𝑡𝑅(43−𝑇), where t is time in minutes, R is a correction for the number 

of minutes required to achieve an isoeffect for each degree step away from 43oC (R = 0.25 

when T < 43oC and R = 0.5 when T > 43oC), and T is the temperature. A correlational 

method of measuring thermal dose in CEM43 using intracellular luciferase-based 

luminescence signal decay has been previously reported, where this was used to measure 

nanoparticle-induced thermal doses in hepatocellular carcinoma cells.98 Combination of 
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this technique with bioluminescence imaging at single-cell-resolution has allowed us to 

record thermal dosimetry from photothermal nanoparticles within a single CRC cell, as 

described in the present work. 

Here, we present the development of oxaliplatin-resistant human (RKO and HT29) and 

mouse (CT26) colorectal cancer cell lines and demonstrate their utility in investigating 

multimodal treatment by hyperthermia and oxaliplatin combination therapy. Further, we 

demonstrate how these cell lines can serve as a platform for the investigation of novel 

photothermal nanotherapeutics, utilizing a luciferase-based method to directly quantify 

thermal dose for evaluation of therapeutic efficacy at single-cell resolution. 

2.3 Materials & Methods 

Materials 

1X Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 4.5g/L D-

glucose, L-glutamine (1X), 110 mg/mL sodium pyruvate, penicillin and streptomycin (1X), 

10% fetal bovine serum, and with or without 400 µg/mL G418 (neomycin) was purchased 

from Gibco. 1X McCoys 5A Medium supplemented with L-glutamine (1X), penicillin and 

streptomycin (1X), and 10% fetal bovine serum was purchased from Gibco. Fluorobrite 

DMEM supplemented with 4.5g/L D-glucose, L-glutamine (1X), 110 mg/mL sodium 

pyruvate, penicillin and streptomycin (1X), and 10% fetal bovine serum was purchased 

from Gibco. Oxaliplatin was purchased from Sigma (O9512) and reconstituted in Milli-Q 

grade water for a maximum storage duration of 6 months at 4 oC in the dark. CellTiter 96 

AQueous One Solution Cell Proliferation Assay (MTS) was purchased from Promega 
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(G3580). XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate was purchased from 

Perkin Elmer (122799). 

4H-cyclopenta[1,2-b:5,4-b’]dithiophene, 4,7-Dibromo-2,1,3-benzoselenadiazole, 4,7-

bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazole, and 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-9,9-dihexylfluorane were purchased from TCI America. 

Tetraethylammonium hydroxide, 4,7-dibromo-2,1,3-benzothiadiazole, 4,7-Bis(2-bromo-

5-thienyl)-2,1,3-benzothiadiazole, and tetrakis(triphenylphosphine)palladium(0) were 

purchased from Sigma Aldrich. Toluene was purchased from Fisher Chemical Co. 

Tetrahydrofuran (THF) was purchased from Acros Organics. 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-polyethylene glycol-OH (DSPE-PEG-OH, MW 2000) was 

purchased from Nanocs. 

The following cell lines were utilized for experimentation. CT26.WT-Fluc-Neo; mouse 

colorectal carcinoma cells with transduced LV-Fluc-P2A-Neo (LV011), a firefly luciferase 

gene flanked by neomycin resistance gene for selection were purchased from Imanis Life 

Sciences (CL043). RKO, human colorectal carcinoma cells (wild type) were purchased 

from ATCC (CRL-2577). HT29, human colorectal adenocarcinoma cells (wild type) were 

purchased from ATCC (HTB-38). 

General Cell Culture 

Cells were cultured within a 37 oC, 5% CO2 humidified atmosphere and regularly 

passaged at 70 – 90% confluency, unless otherwise specified. 

Determining Oxaliplatin Half-Maximal Inhibitory Concentrations (IC50) against Parental 

Lines 
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The following protocol was used to determine the IC50 concentrations of oxaliplatin 

against the parental cells lines of CT26.WT-Fluc-Neo, RKO, and HT29 cells prior to 

chemoresistance development. The protocol is modified for each cell line to account for 

different cell proliferation rates. This protocol was again used to quantify IC50 

concentrations as chemoresistance to oxaliplatin was developed. 

CT26.WT-Fluc-Neo, RKO, or HT29 cells were plated in 200 µL of media (DMEM for 

CT26 and McCoy’s 5a for RKO and HT29) at 40,000 cells/well (CT26 and RKO) or 6,000 

cells/well (HT29) in a 96-well tissue-culture-treated transparent plate. Cells were allowed 

to adhere for 24 hours, after which they were exposed to the following oxaliplatin 

concentrations in triplicate for 72 hours (CT26 and RKO) or 168 hours (HT29) in 200 µL 

media: 0, 0.1, 0.5, 1, 2.5, 5, 10, 20, 30, 50, 100, and 300 µM (of which the maximum 

concentration is what is used clinically in HIPEC).99 After treatment, cells were 

immediately assayed for viability using CellTiter 96 Aqueous One Solution Cell 

Proliferation Assay (Promega) read at 490 nm on a TECAN infinite M2000 plate reader. 

Viability as a function of log(oxaliplatin concentration) was fit to a 4-parameter logistic 

model in custom software to determine the IC50 of oxaliplatin. 

Induction of Oxaliplatin Chemoresistance 

The following protocol was used to develop oxaliplatin resistance within the 

CT26.WT-Fluc-Neo, RKO, and HT29 cell lines.100, 101 The protocol is modified for each 

cell line to account for cell proliferation rates. For all cell lines, IC50 values of oxaliplatin 

were monitored periodically throughout development as previously described.  

Parental CT26.WT-Fluc-Neo, RKO, or HT29 cells were initially seeded in DMEM + 

G418 (CT26) or McCoy’s 5a (RKO and HT29) medium in a T-25 flask (10,000 cells for 
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CT26 and 50,000 cells for RKO and HT29) and allowed to adhere, after which, cells were 

either treated with oxaliplatin at previously calculated doses (6.0 µM – CT26 IC50, 3.0 µM 

– RKO IC50, 0.7 µM – half of HT29 IC50) or exposed to no oxaliplatin for 72 hours. 

Following treatment, cells were washed once with 1X PBS and then media was replaced 

with oxaliplatin-free media. Thirty-six hours following first media replacement, media was 

again replaced in the same manner to remove any potential oxaliplatin release by dead 

cells. Cells were allowed to recover for an additional 36 hours, after which they were 

trypsinized and replated at the previously mentioned densities. Twenty-four hours 

following passage, cells were treated with oxaliplatin or no oxaliplatin in the 

aforementioned manner, and the above process was repeated in a weekly manner for 420 

days (CT26), 382 days (RKO), or 401 days (HT29), at which point cells were found to 

have reached peak resistance. Due to the slow proliferation characteristic of HT29 cells, it 

was found that adapting the above protocol by using dose escalation allowed cells to retain 

sufficient viability while developing resistance. Here, 0.7 µM (half of the oxaliplatin IC50 

dose) was used for 18 days, then followed by 1.4 µM for an additional 14 days, and finally 

reaching a sustained concentration of 2.8 µM for the remaining induction period. 

Determination of Resistance Duration as a Function of Passage Length 

To determine how long chemoresistant cells could be cultured without treatment with 

oxaliplatin to select for resistant cells, CT26.WT-Fluc-Neo-OxR and CT26.WT-Fluc-Neo 

(parental) cells cultured for 5 weeks without oxaliplatin were plated in 200 µL DMEM at 

6,000 cells/well in a 96-well tissue-culture-treated transparent plate. Cells were allowed to 

adhere for 24 hours, after which they were exposed to the following oxaliplatin 

concentrations for 72 hrs: 0, 0.1, 0.5, 1, 2.5, 5, 10, 20, 30, 50, 100, and 300 µM. After 
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treatment, cells were immediately assayed for viability using CellTiter 96 Aqueous One 

Solution Cell Proliferation Assay (Promega) read at 490 nm on a TECAN infinite M2000 

plate reader. Viability as a function of log(oxaliplatin concentration) was fit to a 4-

parameter logistic model in custom software to determine the IC50 of oxaliplatin. 

Hyperthermic Response of Oxaliplatin Resistant CRC Cells with Simultaneous Treatment 

by Oxaliplatin 

To determine the sensitivity of parental and chemoresistant cell lines to either 

hyperthermia, oxaliplatin, or their combination, parental and OxR cells were plated in 200 

µL DMEM at 6,000 cells/well in a 96-well tissue-culture-treated transparent plate. To assist 

in cell adherence within the human cell lines only, poly-L-Lysine coated wells were used. 

Cells were allowed to adhere for 24 hours, after which they were exposed to oxaliplatin (0, 

10, 50, 100, and 300 µM) in 200 µL culture media at either 37, 40, 42 oC, or 44 oC for 2 

hours in triplicate (cells of murine origin) or 5 replicates (cells of human origin). 

Immediately after treatment, cells were washed once with media, and then cells were 

allowed to incubate for an additional 24 hours in drug-free media. Following 24 hours, 

cells were assayed for viability using CellTiter 96 Aqueous One Solution Cell Proliferation 

Assay (Promega) read at 490 nm on a TECAN infinite M2000 plate reader. 

To qualitatively illustrate the combinatorial effect of hyperthermia and oxaliplatin 

within parental and chemoresistant cell line variants, planar fits of fraction affected 

(expressed as 1 – viability) as a function of concentration and temperature were determined 

using Equation 1. This model was developed due to its capacity to simultaneously capture 

the power model characteristic of temperature and the third-order polynomial characteristic 

of concentration. 
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𝐹𝐴 = 1 − 𝑎𝑇𝑏 − 𝑐 − 𝑑𝐶 − 𝑒𝐶𝑇 − 𝑓𝐶2 − 𝑔𝐶2𝑇 − ℎ𝐶3  (Equation 2.1) 

FA is fraction affected; T is temperature; C is concentration; and a, b, c, d, e, f, g, and h are 

all fitting coefficients. Data were fit using the MATLAB’s “fit” function with the 

“NonlinearLeastSquares” method. 

Luminescent Monitoring of Cell Effective Thermal Dose in Parental and Resistant CT26 

Cells 

To provide a method of monitoring thermal dose in parental and chemoresistant CT26 

cells, loss of intracellular luciferase-based luminescence activity was correlated to thermal 

dose as has been reported previously.98 CT26.WT-Fluc-Neo-OxR and CT26.WT-Fluc-Neo 

(parental) cells were plated with 10 replicates in 200 µL DMEM at 6,000 cells/well in a 

96-well tissue-culture-treated transparent plate pre-coated with poly-L-Lysine to aid in cell 

adherence. Cells were allowed to adhere for 24 hours, after which they were exposed to the 

following temperatures in a calibrated dry bath incubator (Fisher Scientific) each at the 

following times: 37, 40, and 42 oC for 1, 3, 5, 15, 30, and 60 minutes (42 oC only used time 

points of 15, 30, and 60 minutes due to heating lag causing significant overestimates of 

true thermal dose at 1, 3, and 5 minutes at this temperature). Immediately after treatment, 

cell media was replaced with 0.1 mL of 150 µg/mL luciferin in 1X PBS. Cells were allowed 

to incubate at 37 oC for 10 minutes, after which luminescence activity was measured using 

a Molecular Devices FilterMax F5 Milti-Mode Microplate Reader (1000 ms integration 

time). Cell luminescence was corrected by blank subtraction from triplicate control wells 

of poly-L-lysine coated wells containing no cells. 
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To quantify thermal dose, the amount of time to achieve an isoeffect at 43 oC provided 

by each treatment time and temperature used was calculated using the cumulative 

equivalent minutes at 43 oC (CEM43) unit: 𝐶𝐸𝑀43 = 𝑡𝑅(43−𝑇), where t is time in minutes, 

R is a correction for the number of minutes required to achieve an isoeffect for each degree 

step away from 43 oC (R = 0.25 when T < 43 oC and R = 0.5 when T > 43 oC), and T is the 

temperature.33, 97    

Demonstration of Luminescent Monitoring of Cell Effective Thermal Dose using 

Photothermal Nanoparticles 

Our lab has recently developed HDAPPs photothermal nanoparticles composed of 

electrically conductive donor-acceptor polymers to serve as theranostic agents for 

fluorescent imaging and thermal ablation of cancer.52 It has been reported that the effective 

thermal dose generated by photothermal nanoparticles is often severely underestimated by 

calculations of thermal dose using bulk fluid temperature, suggesting the need of a 

dosimetric technique that can account for this traditionally immeasurable component of 

nanoparticle-generated hyperthermia.41 To determine the predictive value of the CEM43 

luciferase model in photothermal nanoparticle hyperthermia, HDAPPs were utilized to 

generate heat with CT26 parental and OxR cell lines. 

First, HDAPPs coated with the amphiphilic surfactant DSPE-PEG-OH were formed 

according to the following protocol. Poly[(9,9-dihexylfluorene)-co-2,1,3-

benzothiadiazole] (PFBTDBT10) and poly[4,4-bis(2-ethylhexyl)-cyclopenta[2,1-b;3,4-

b’]dithiophene-2,6-diyl-alt-2,1,3-benzoselenadiazole-4,7-diyl] (PCPDTBSe) polymers 

were synthesized as described previously.52 A mixture of PFBTDBT10 (0.93 mg/mL) and 
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PCPDTBSe (0.1 mg/mL) in 1 mL of THF was rapidly injected into an 8 mL solution of 1 

mg/mL DSPE-PEG-OH under horn sonication (1 min, 20% amplitude). Following 

nanoprecipitation, THF was evaporated off under vacuum (11 mmHg subatmospheric) and 

heating (55 oC) for 6 hours. HDAPPs were then isolated by centrifugation at 5,550 rcf for 

30 minutes to remove aggregates, followed by centrifugation at 16,800 rcf for 4 hours to 

yield pelleted HDAPPs. To sterilize, HDAPPs were exposed to UV light for 15 min. 

Following synthesis, HDAPPs were characterized using ultraviolet-visible (UV/Vis) 

light spectroscopy (Mettler Toledo UV5Nano), fluorescence spectroscopy (TECAN 

infinite M2000), nanoparticle tracking analysis (NTA) using 405 nm laser in both 

scattering and fluorescence mode (Nanosight NS500), and dynamic light scattering (DLS) 

and zeta potential (Malvern Nano-ZS). Additionally, nanoparticle heat generation versus 

concentration was determined according to the following protocol. Dilutions of HDAPPs 

in water (200 μL) were exposed to 800 nm continuous wave (CW) laser at 3W for 60s with 

a 1 cm2 spot size (K-Cube, Summus Medical Laser). The dilutions used were as follows: 

2.2*1012, 1.1*1012, 4.4*1011, 1.1*1011, and 0 NP/mL, where these concentrations were 

chosen as they generate thermal doses that span the full range of the luciferase-based 

correlation in both CT26 cell lines when stimulated under the aforementioned laser 

parameters. Solution temperatures before and after laser stimulation were recorded using a 

thermocouple (Fluke 51 K/J Thermometer). 

Next, CT26 parental and OxR cells were plated in triplicate at 6,000 cells/well in 200 

µL Fluorobrite DMEM in a 96-well tissue-culture-treated transparent plate pre-coated with 

poly-L-Lysine. Cells were allowed to adhere for 24 hours, after which cells were exposed 

to HDAPPs (2.2*1012, 1.1*1012, 4.4*1011, 1.1*1011, or 0 NP/mL) and immediately 
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subjected to 800 nm 3W, CW laser for 60 seconds with a 1 cm2 spot size while maintaining 

a baseline temperature of 37 oC. Immediately after treatment, cells were washed twice with 

HEPES buffered saline (250 mM) + 0.1% bovine serum albumin (BSA) and the media was 

replaced with 0.1 mL of 150 µg/mL luciferin in 1X PBS. Cells were allowed to incubate 

at 37 oC for 10 minutes, after which luminescence activity was measured using a Molecular 

Devices FilterMax F5 Milti-Mode Microplate Reader (1000 ms integration time). Cell 

luminescence was corrected by blank subtraction from triplicate control wells of poly-L-

lysine coated wells containing no cells and then relative luminescence was normalized 

within each concentration to the relative luminescence at 37 oC for cells treated with 

equivalent concentrations but no laser. To achieve hyperthermia monitoring of cells via 

luminescence at a single-cell resolution, additional cell populations treated in the 

aforementioned manner were imaged 10 minutes following incubation with luciferin at 37 

oC using an electron-multiplying-CCD (EM-CCD) detector (iXon, Andor Inc) (200 gain, 

60s exposure, 10X objective). 

Statistical Methods 

All data were analyzed using SAS 9.4 (Cary, NC). Three way analysis of variance 

(ANOVA) with factors of OxR status, temperature and concentrations were used to 

examine the factor effects on proliferation for each cell line (CT26, HT29 and RKO) 

respectively. Two-way and three-way interactions were also included in the ANOVA 

models.  Comparisons were made between OxR status at each combination of temperature 

and concentration, as well temperature effect within parental/OxR cells at each 

concentration. Bonfferoni adjustment were used to take into account for multiple 
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comparisons while controlling for the overall significance level of 0.05 for all two-sided 

tests. 

2.4 Results 

Induction of Oxaliplatin Chemoresistance 

Prior to induction of OxR population variants, parental cell lines for CT26, RKO, and 

HT29 showed baseline oxaliplatin IC50 sensitivities of 6.0, 3.0, and 1.6 µM, respectively 

(Figure 2.1). Following induction of resistance by weekly intermittent treatment, final 

resistant IC50 values were 48.0, 19.8, and 13.2 µM for CT26, RKO, and HT29 cell lines, 

respectively. In comparison to their initial values, the OxR variants demonstrate an order 

of magnitude increase in IC50 values. Further, following passage of CT26-OxR cells for 5 

weeks without oxaliplatin treatment, over half of the acquired resistance has been lost (IC50 

= 18.5 µM), where continued selective pressure is necessary to retain the platinum-resistant 

phenotype in OxR cell populations.102, 103 
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Figure 2.1: IC50 values of oxaliplatin in OxR CT26 (A), RKO (B), and HT29 (C) cell 

populations as a function of induction time. At approximately 400 days of intermittent 

treatment, the following IC50 values were measured: CT26-OxR – 48.0 µM, RKO-OxR – 

19.8 µM, and HT29-OxR – 13.2 µM, each accounting for a near order-of-magnitude 

increase (CT26-Parental – 6.0 µM, RKO-Parental – 3.0 µM, and HT29-Parental – 1.6 µM). 
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Hyperthermic Response of Oxaliplatin Resistant CT26 Cells with Simultaneous Treatment 

by Oxaliplatin 

To assay the augmentation of hyperthermia and chemotherapy against parental and 

OxR cell variants, each cell line was subjected to combination treatment of either 

hyperthermia (40, 42, or 44 oC) or normothermia with oxaliplatin over increasing 

concentrations up to the clinical dose used in HIPEC (300 µM) (Figure 2.2). Data was fit 

according to Equation 2.1 and is presented to qualitatively represent the different 

responses to combination therapy in parental and OxR variants of each cell line (Figure 

A1.1, Appendix pg. 136). In general, assessment of the effect of mild hyperthermia for 2 

hours without chemotherapy showed no resolvable decrease in proliferation at 40 or 42 oC 

in any of the assayed cell lines. In fact, at 40oC without oxaliplatin within the RKO parental 

variants, a slight proliferative stimulatory effect was observed due to hyperthermia. Only 

treatment at 44 oC significantly decreased proliferation in both parental and OxR variants 

of all cell lines. Full analysis of the effect of hyperthermia without chemotherapy is shown 

in Figures A1.2, A1.5, and A1.8 (Appendix pgs. 138, 140, & 142). 
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Figure 2.2: Cell viability as a function of concentration and temperature within each 

parental and resistant population. (* indicates significant difference between 37 and 40 oC. 

** indicates significant difference between 37 and 42 oC. *** indicates significant 

difference between 37 and 44 oC. † indicates significant difference between parental and 

OxR within 37 oC treatment. ‡ indicates significant difference between parental and OxR 

within 40 oC treatment. ♦ indicates significant difference between parental and OxR within 

42 oC treatment. ◊ indicates significant difference between parental and OxR within 44 oC 

treatment.) 
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Combination of oxaliplatin and hyperthermia at 40 or 42 oC within the CT26 

populations did not yield a significant decrease in proliferation relative to normothermia 

within the same concentration. Comparison of the OxR population with the parental 

population shows that at high oxaliplatin concentrations (≥ 50 µM) at 40 or 42 oC, OxR 

cells are consistently less responsive to oxaliplatin therapy at hyperthermic conditions. In 

contrast, combination of oxaliplatin and hyperthermia at 44 oC yielded a significant 

decrease in proliferation for concentrations ≤ 50 µM within parental CT26 lines and all 

concentrations within OxR CT26 lines, where responses were equivalent when both lines 

are compared at each concentration. Full analysis of each effect within the CT26 cell line 

is available in Figures A1.2, A1.3, and A1.4 (Appendix pgs. 138-139).  

Combination of oxaliplatin and hyperthermia within the RKO populations yielded a 

significant decrease in proliferation relative to normothermia at the same concentration 

with 42oC + 100 µM for the parental cells. Within the resistant cell population, the 

following combinations were significant relative to normothermia at the same 

concentration: 42oC + 50 µM, 42oC + 100 µM, 40oC + 300 µM, and 42oC + 300 µM. 

Comparison of the OxR population with the parental population shows that at all instances 

when oxaliplatin is included in therapy (10, 50, 100, and 300 µM) at either 40oC or 42oC, 

OxR cells are consistently less responsive to oxaliplatin therapy even at hyperthermic 

conditions, excluding 42oC + 300 µM where both parental and OxR cells are equally 

sensitive. With the combination of oxaliplatin and hyperthermia at 44oC, the same 

comparison of OxR and parental populations becomes equivalent in effect at 

concentrations ≥ 50 µM. Further, the combination of oxaliplatin and hyperthermia at 44oC 

yielded a significant decrease in proliferation for all concentrations within both parental 
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and OxR RKO lines excluding 44oC + 300 µM where the parental variant shows no 

difference between treatment at normothermia at equivalent concentration. Full analysis of 

each effect within the RKO cell line is available in Figures A1.5, A1.6, and A1.7 

(Appendix pgs. 140-141).  

Combination of oxaliplatin and hyperthermia at 40 or 42 oC within the HT29 

populations only yielded a significant decrease in proliferation relative to normothermia at 

the same concentration when 42oC + 300 µM was used with the OxR cells. Comparison of 

the OxR population with the parental population shows that, at low oxaliplatin 

concentrations (≤ 100 µM), parental cells display increased proliferation at 40 oC relative 

to resistant variants. At 300 µM concentration, though treatment at 37oC is relatively 

ineffective for the OxR cell line, treatment at both 40 and 42oC significantly decreases OxR 

proliferation, where the viability of the parental variant is equivalent to that of the OxR 

cells when both 40 and 42oC are used. Combination of oxaliplatin and hyperthermia at 

44oC yielded a significant decrease in proliferation for all concentrations within both 

parental and OxR HT29 lines, where OxR cells were consistently less responsive to this 

combination across all oxaliplatin concentrations used except at 300 µM where responses 

were equivalent for both parental and OxR variants. Full analysis of each effect within the 

HT29 cell line is available in Figures A1.8, A1.9 and A1.10 (Appendix pgs. 142-143).  

Luminescent Monitoring of Cell Effective Thermal Dose in Parental and Resistant CT26 

Cells 

The experimental measurement of thermal dose in cell populations using intracellular 

luciferase activity has been previously reported as a method to accurately measure 
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nanoparticle-mediated hyperthermia in a human liver cancer cell line.98 Here, we validate 

this previous finding and demonstrate its utility in both our parental and OxR variants of 

CT26 CRC cells. As seen in Figure 2.3A,B, plots of normalized relative luminescence 

(RLU) vs. treatment time demonstrate a probable breakpoint (temperature above which 

thermotolerance no longer develops) around 42 oC in both parental and OxR cell lines 

marked by a sharp decrease in luminescence activity. When each treatment time and 

temperature shown in Figure 2.3A,B is translated to its equivalent CEM43 value, it can be 

seen that a logarithmic fit of normalized RLU as a function of CEM43 (only using 40 and 

42 
oC) is strongly correlated (Figure 2.3C,D). Here, 91% and 94% of the variance for 

parental and OxR cells, respectively, is accounted for by thermal dose with this model, 

providing a precise mode of thermal dosimetry with minimal threat of confounding 

influences. The valid range over which this method can record thermal dose is 0.04 – 8.33 

CEM43 for CT26 parental cells and 0.05 – 9.74 CEM43 for CT26-OxR cells. 
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Figure 2.3: Loss of luminescence (normalized) as a function of treatment time at 37, 40, 

and 42 oC in CT26 parental (A) and OxR (B) cells. Translation of treatment time and 

temperature to CEM43 and plotting relative to loss of luminescence (normalized) shows 

valid applicable ranges for the luminescence-intensity correlation from 0.04-8.33 CEM43 

(Parental) (C) and 0.05-9.74 CEM43 (OxR) (D), where corresponding normalized RLU 

values are between 1 and 0. 
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Demonstration of Luminescent Monitoring of Cell Effective Thermal Dose using 

Photothermal Nanoparticles 

HDAPPs were synthesized and utilized for analysis of the compatibility of 

photothermal-nanoparticle-mediated hyperthermia with luciferase-based dosimetry in both 

CT26 parental and OxR cells. Characterization of HDAPPs shows their characteristic 

absorbance and fluorescence (Figure 2.4A), where HDAPPs display a fluorescence 

quantum yield of 0.63%, sufficient to detect through 6 mm of tissue as shown by previous 

work (Figure 2.4B).104 Measurement of heating potential demonstrates HDAPPs’ capacity 

to induce hyperthermia within both the mild and ablative (T > 45 oC) regimens (Figure 

2.4C). Average particle diameters as measured by DLS and NTA (scattering mode) were 

96.7 nm and 80.2 nm (Figure 2.4D). Sizing between DLS and NTA shows good agreement 

with a relatively unimodal distribution.  Average particle diameter measured using NTA in 

fluorescence mode indicates a particle size of 82.5 nm, in strong agreement with the 

scattering analysis (Figure 2.4E). This serves as confirmatory evidence that our fluorescent 

polymer nanoparticles can be quantified with NTA to determine nanoparticle concentration 

in particles/mL as a function of both scattering and fluorescence. Zeta potential 

measurements indicate an average surface charge of -33.2 mV. 
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Figure 2.4: Measurement of HDAPPs absorbance and fluorescence (A) spectra shows 

retention of the characteristic HDAPPs absorbance and fluorescence before and after UV-

sterilization. Fluorescent spectra (B) with varying absorbances at 452 nm were used to 

calculate quantum yield (0.63%). Measurement of photothermal heat generation (C) 

reveals HDAPPs maintain the capacity to reach ablative potential (ΔT = 8 oC) at relatively 

low concentration. Frequency plots of nanoparticle size measured by NTA in scatter (D) 

and fluorescence (E) modes shows good agreement in HDAPPs size, 80.2 nm and 82.5 nm, 

respectively. 
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Following mild hyperthermia induced by HDAPPs at varying concentrations, the loss 

in luciferase activity was determined as a function of nanoparticle concentration (Figure 

2.5A). Luciferase activity was then correlated to intracellular CEM43 and is shown related 

to the CEM43 calculated from bulk nanoparticle solution temperatures measured by a 

thermocouple (Figure 2.5B). All luminescent measurements map closely to their 

theoretical values obtained by thermocouple measurement illustrating the relative accuracy 

of the dosimetry technique in both parental and OxR cell lines. Visualization of 

hyperthermia with single-cell resolution is shown as qualitative proof of the above 

methodology. Utilizing an EM-CCD capture device, luminescent signal from individual 

cells was recorded and intensity decay as a function of thermal dose is displayed following 

HDAPPs-mediated hyperthermia at multiple concentrations within both parental and OxR 

CT26 variants (Figure 2.5C). Here, spatial resolutions with pixel sizes of 1.8 µm x 1.8 µm 

were achieved. These are directly compared to brightfield images of the same region of 

interest showing the affected cells (Figure A1.11, Appendix pg. 144). 
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Figure 2.5:  A) Normalized percent loss of luminescence intensity as a function of 

nanoparticle concentration and CT26 cell variant under 60s irradiation with 3W, 800 nm 

continuous wave laser (1 cm2 spot size). Temperatures provided are interpolated values 

from experimental data collected in Figure 2.4B. B) Correlated CEM43 as a function of 

nanoparticle concentration and CT26 cell variant. Gray bars indicate CEM43 measured 

with thermocouple in bulk solution. C) Visual confirmation of loss of luminescence under 

respective nanoparticle concentrations in both parental and OxR CT26 cell lines. EM-CCD 

imaging allows resolution down to a single cell. 
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2.5 Discussion 

In the present work, oxaliplatin-resistant cell models were developed for the evaluation 

of hyperthermic chemotherapy treatment in CRC. For the first time in a pre-clinical setting, 

we report the finding that hyperthermic oxaliplatin treatment can yield the resensitization 

of human OxR-CRC cells, making them equivalently susceptible to oxaliplatin treatment 

at clinical concentration (300 μM) as their non-resistant counterparts at 40oC (HT29 only) 

and 42oC (both). At 44oC, it is further shown that CT26 mouse cells are resensitized to 

oxaliplatin at clinical concentration. These promising results warrant additional studies to 

further elucidate the effects of hyperthermia and oxaliplatin in combination. 

 Noting the pleiotropic effects of hyperthermia compared to other single-target 

molecular therapies that are largely dependent on tumor genotype, hyperthermic 

chemotherapy may be a superior modality for augmentative treatment of pcCRC, even 

pcCRC refractory to chemotherapy, as evidenced in our results.27 Though no studies on the 

combination of oxaliplatin and hyperthermia for resensitization of OxR CRC have been 

performed previously, similar evidence in cancer cell lines resistant to cisplatin, an earlier 

generation platinum drug that uses the same DNA binding mechanism, shows that 

significant reversal of resistance is possible in certain cell populations.27 These studies also 

support our finding of varying thermal augmentation in parental and OxR populations as a 

function of cell line origin. Additional pre-clinical research in combination oxaliplatin and 

hyperthermia therapy of colorectal cancer shows that, for treatment naïve models, 

augmentation and even synergism also occur.9, 94, 105 
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Our findings further link to clinical studies that prescribe the use of cytoreductive 

surgery + HIPEC in recurrent CRC, and in particular the findings from platinum-resistant 

and sensitive relapse of epithelial ovarian carcinoma presenting peritoneal dissemination.28, 

96 In these clinical studies of ovarian carcinoma, HIPEC was found to increase patient 

survival in the platinum-sensitive group in comparison to a non-HIPEC group, while 

platinum-resistant survival was equivalent to that of the sensitive HIPEC group.95, 106-109 

Current measurement techniques for thermal dose are often limited by specialized 

equipment and physical impediments that lead to restricted resolution such as in MRI-

dosimetry.110 Other techniques that can achieve single-cell resolution such as fluorescent-

correlated thermography often require utilization of foreign probes that can alter cell 

behavior in addition to measurement imprecisions from environmental effects.111, 112 These 

variations represent the need for a standard by which thermal dose can be referenced in 

mild hyperthermic treatment of cancer. Particularly in cases where nanoparticle-mediated 

thermal dose is severely underestimated due to misleading bulk vs. nanoscale temperatures, 

a native, nontoxic metric localized within the cell is important.41, 46  Here, a previously 

established luciferase-based model was validated within both parental and OxR CT26 CRC 

cells.98 Intracellular luminescence measurements serve as a precise means of measuring 

cellular thermal dose in the case of nanoparticle-based heating, where single-cell thermal 

dosing is captured. This model can be used to directly relate hyperthermic treatment 

outcomes to thermal dosing, allowing the fine-tuning of augmentative hyperthermia in the 

pre-clinical stage. While our current study is limited to 2-dimensional culture, it is easily 

envisioned for these measurements to be performed with previously established HIPEC in 

vivo models.113, 114 Additionally, we demonstrate that the utilization of this luciferase-based 
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dosimetry with luminescence microscopy allows for the resolution of thermal damage at 

the single-cell, and feasibly sub-cellular level, where such precision in thermal 

measurement is largely inaccessible by most other modalities of temperature measurement. 

Localization of luciferase through organelle specific expression vectors, such as nuclear 

luciferase, represents an already available technology that can advance the spatial precision 

of this metric.115 Perhaps the greatest benefit of this method is that it relies on simple and 

intuitive imaging equipment, where no in-line temperature imaging is required to measure 

thermal dose while a treatment is being applied. We demonstrate that for use in rapid 

hyperthermia from photothermal nanoparticles, this method is applicable throughout the 

full regimen of mild hyperthermia. Thus, we envision the OxR-CT26 luciferase model to 

be critical in evaluating heat-generating nanoparticles for their capacity to serve as both a 

standalone, targeted mild hyperthermia therapeutic as well as a means to augment 

oxaliplatin against chemoresistant CRC cells based on prior evidence for the advantage of 

nanoparticle-mediated hyperthermia over classical modes of thermal delivery.41, 42 

Additional coupling of these cell lines with therapeutic agents also carrying diagnostic 

capacity, such as the theranostic potential of fluorescent HDAPPs, will serve as a means to 

confirm targeting mechanisms within OxR populations as well as directly relate thermal 

dose to a calculable dose of nanoparticles bound to cells. 

2.6 Conclusion 

We present here models of OxR-CRC to serve as a quantitative, pre-clinical platform 

for the advancement of next generation thermal therapies, particularly photothermal 

nanoparticles. Here, the utility of hyperthermia to augment oxaliplatin and re-sensitize 

OxR-CRC is demonstrated for the first time, where human OxR-CRC cells are shown to 
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be equivalently susceptible to hyperthermic oxaliplatin at clinical concentrations as 

parental variants. Moreover, the development of a new high-resolution luciferase-based 

thermal dosimetry technique permits the investigation and translation of targeted 

modalities of hyperthermia, such as photothermal nanoparticles, to better realize the 

potential of hyperthermia within clinical practice. 
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CHAPTER 3 

Evaluation of Semiconducting Polymer Nanoparticles for Targeted Imaging and 

Photothermal Ablation Treatment of Colorectal Cancer within 3D Tumor Organoids* 

*This chapter is under preparation for manuscript submission. 

Authors: Bryce McCarthy, Amit Cudykier, Ravi Singh, Nicole Levi-Polyachenko, and Shay Soker. 

3.1 Abstract 

Peritoneal carcinomatosis of colorectal cancer (pcCRC) occurs when CRC disease 

disseminates throughout the peritoneum due to transcoelomic spread and is present in 

approximately 15% of patients diagnosed with CRC. Treatment for metastatic CRC is 

cytoreduction with systemic chemotherapy, although undetected metastases too large for 

effective chemotherapy penetration but too small for cytoreduction can remain within the 

peritoneal cavity and lead to patient relapse. For patients with pcCRC isolated to the 

peritoneum, it is believed that the disease is potentially curable so long as these 

complications are addressed.   

Photothermal nanoparticles represent a growing field within cancer therapy that non-

invasively generate heat under laser excitation to thermally ablate tumors. Semiconducting 

polymer nanoparticles containing both a photothermal and fluorescent polymer have seen 

a recent emergence in pre-clinical development, where targeting these particles to 

overexpressed surface receptors allows for cancer-specific imaging and ablation. pcCRC 

may serve as a promising candidate for these thermally ablative therapies due to their 

capacity to target diffuse, inoperable nodules throughout the peritoneal cavity. 

A major hurdle for the clinical translation of nanoparticle-based treatments is their 

interaction with the three-dimensional (3D) tumor microenvironment, where nanoparticle 
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transport and photothermal heat dosing may be isolated to areas of the tumor that are 

immediate to nanoparticle entry routes. Delivery of higher dose therapy by intraperitoneal 

perfusion has been investigated in hyperthermic intraperitoneal chemotherapy (HIPEC), 

where this delivery route is also possible for nanoparticles and may bypass the transport 

limitations of systemic therapy that lead to insufficient intratumoral dose. Thus, proper 

models that recapitulate these clinical barriers and allow study of alternative delivery routes 

are necessary. 

Here, we report the utility of a CRC tumor organoid model for custom targeted 

photothermal/fluorescent nanoparticles termed Hybrid Donor-Acceptor Polymer Particles 

(HDAPPs) and their optimized formulation for photothermal therapy, PCPDTBSe 

nanoparticles (BSe NPs). When targeted to the overexpressed CD44 receptor via 

hyaluronic acid (HA), a common targeting molecule in CRC, fluorescent HA-HDAPPs 

demonstrated the capacity to bind and fluorescently detect CRC cells in 2D culture. 

Further, HA-BSe NPs designed for targeted hyperthermia ablated CRC cells in 2D culture 

relative to non-targeted BSe NPs which display no effect. Evaluation of transport behavior 

in 3D organoid matrices revealed that, while non-targeted fluorescent HDAPPs can diffuse 

freely into and out of the matrices, targeted HA-HDAPPs interact with the matrix 

components and are retained at the edge of the organoid. When ablative HA-BSe NPs were 

delivered to organoids under the same conditions and subsequently exposed to laser, only 

organoids incubated with HA-BSe NPs showed significant reduction in tumor cell 

viability. This suggests that tumor cell targeting may be vital for nanoparticle-mediated 

photothermal therapy. In conclusion, this work presents an ex vivo experimental platform 
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for testing proper nanoparticle targeting, delivery, and thermal dosing to evaluate the 

therapeutic efficacy of photothermal nanoparticles for pcCRC. 

3.2 Introduction 

Colorectal cancer (CRC) is the fourth most diagnosed cancer in the United States, but 

the second deadliest owing to limited treatment efficacy when diagnosed in late stage.116-

118 The standard of care interventions, cytoreduction and chemotherapy, still face clinical 

limitations that ultimately result in patient relapse.5, 12 For cytoreduction, non-visible 

micrometastases go unresected during surgery and lead to patient relapse, as completeness 

of cytoreduction is directly implicated in patient disease-free survival.5 Further, drug-

resistance complicated both by tumor biology (e.g., increased cellular efflux and drug 

inactivation) and physiology (e.g., poor tumor vascularization and high interstitial fluid 

pressure) limits chemotherapeutic efficacy.79, 119, 120 Together, these complications in 

treating late stage CRC are reflected in a 5-year survival rate of 14.3%, stressing the 

importance of novel therapeutic development to treat colorectal cancer.121-123 

In the past four decades, research in thermal therapy in the form of hyperthermia has 

yielded a new field of cancer treatment owing to the capacity for hyperthermia to induce 

apoptosis and necrosis in tumors.14 Hyperthermia is typically divided into two regimens: 

mild hyperthermia (37 oC < T ≤ 45 oC) capable of inducing apoptosis and ablative 

hyperthermia (T > 45 oC) capable of inducing necrosis. Drawbacks to traditional thermal 

therapies occur due to limitations in the capacity to localize heating to the target site in a 

uniformly distributed manner, restricting treatment primarily to the mild hyperthermia 

regimen that is typically associated with apoptosis.16 Utilization of necrotic cell death 
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bypasses apoptotic resistance in cancer, but, barring invasive local administration, ablative 

hyperthermia is difficult to apply due to the sensitivity of normal tissues adjacent to tumors. 

A method of targeting ablative hyperthermia to cancer cells that has gained recent 

traction is through the use of photothermal nanoparticles.18, 36 Photothermal nanoparticles 

are capable of producing heat under photoexcitation through non-radiative decay 

mechanisms, where they can be tuned to absorb near-infrared (NIR) light to exploit its 

maximum penetration into tissue within the absorption minimum window.55 Additional 

functionalization of the nanoparticle surface provides a means to which ablative 

hyperthermia can be targeted to cancer, sparing normal tissue from necrosis.19, 38 Further 

evidence of the benefits of photothermal ablation via nanoparticles stems from recent 

findings that cell necrosis can be induced by rapid heating to temperatures typically 

associated with apoptosis.43 This is believed to be due to the extreme and rapid heat 

generation local to cell membranes with bound nanoparticles, while bulk solution 

temperature remains within a non-ablative regimen.41, 124-126 A further benefit of 

photothermal nanoparticles comes from their capacity to be used for cancer detection and 

diagnosis via coupling to imaging modalities, typically by incorporating fluorophores.127 

This demonstrates the utility of photothermal nanoparticles as a theranostic platform to 

both detect and treat previously undetectable micrometastases in a method that bypasses 

typical chemoresistant pathways. 

Conjugated donor-acceptor polymers are a class of photothermal agents that have 

recently seen emergence in nanoparticle research for targeted hyperthermia.53 Conjugated 

donor-acceptor polymers have a unique block copolymer structure that makes them 

amenable for tuning their optical absorption character. They contain an electron-rich donor 
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monomer and an electron-deficient acceptor monomer, where monomer choice directly 

influences the polymer’s band gap.53 In addition to heat production, some conjugated 

donor-acceptor polymers have been shown to fluoresce as a mode of relaxation.49 Our 

group has recently developed a conjugated donor-acceptor polymer nanoparticle composed 

of the fluorescent polymer poly[(9,9-dihexylfluorene)-co-2,1,3-benzothiadiazole] 

(PFBTDBT10) that is additionally doped with the photothermal conjugated polymer 

poly[4,4-bis(2-ethylhexyl)-cyclopenta[2,1-b;3,4-b’]dithiophene-2,6-diyl-alt-2,1,3-

benzoselenadiazole-4,7-diyl] (PCPDTBSe) capable of heat generation within the ablative 

regimen when exposed to NIR radiation.52  Termed Hybrid Donor-Acceptor Polymer 

Particles (HDAPPs), our group has demonstrated the capacity of HDAPPs to reproducibly 

heat by excitation within the near-infrared window, display minimal fluorescence 

photobleaching, remain colloidally stable to indefinite time points, show minimal 

cytotoxicity, and generate fluorescence emission within the NIR window (825 nm). The 

combination of these characteristics into a single targetable nanoparticle platform 

demonstrate the utility of HDAPPs as a photothermal theranostic for both detection and 

ablation of CRC. 

While ideal for ablative therapy, a recent post-hoc data analysis of systemic 

nanoparticle delivery in vivo suggested that the delivery efficiency of nanoparticles to 

tumors is only 0.7% of the initial administered dose.20 Additionally, peripheral restriction 

and anisotropic diffusion of nanoparticles within the tumor microenvironment are major 

barriers to therapeutic success.22 These particular limitations may be overcome by using 

alternative strategies for delivery such as an intraperitoneal route that directly apposes the 

therapeutic to the diffuse tumor nodules. This is already used in clinical studies of 
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hyperthermic intraperitoneal chemotherapy (HIPEC) for pcCRC.6 A collection of recent 

studies regarding intraperitoneally-delivered photothermal nanoparticles for treatment of 

in vivo peritoneal malignancies have indicated the use of this administration route with 

successful reduction of disease.128, 129 In one study that compared intraperitoneal perfusion 

for 30 minutes to injection with a 24 hour latency period before laser application, only 

injection was successful in reducing tumor burden.129 This suggests that both delivery route 

and duration can significantly affect photothermal nanoparticle efficacy. 

The necessity of an ex vivo tumor model to assess and optimize such delivery may be 

fundamental to realizing clinical efficacy with photothermal nanoparticles. Recent 

advances in biofabrication technologies, such as cell culture systems, and biomaterials have 

led to the development of three-dimensional (3D) cell culture platforms, such as tumor 

organoids.67, 130 This method of 3D formation lends to a versatile platform for replicating 

tumor microstructures, where, in addition to simulating tumor diffusive boundaries, culture 

of cancer cells in 3D extracellular matrices (ECMs) has been shown to confer a more 

clinically relevant phenotype.81, 84, 85 Tumor organoids that are more physiologically 

accurate to the in vivo system can mimic pathological and physical characteristics of 

tumors, compared with traditional two-dimensional (2D) cancer cell culture systems. 

Furthermore, tumor organoids have advantage over animal models, being made from 

human cells and easily controlled in the laboratory to attain the desired tissue 

characteristics. These unique properties of tumor organoid cultures illustrate their possible 

utility as a standard for pre-clinical design and translation of photothermal 

nanotherapeutics. In this study, fluorescent HDAPPs and photothermally optimized 

PCPDTBSE nanoparticles (BSe NPs) that are both targeted to CD44, an overexpressed and 
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commonly targeted receptor in CRC, were evaluated within CRC tumor organoids for 

targeted fluorescent imaging and photothermal ablation.131 We demonstrate for the first 

time the use of a tumor organoid platform to assess targeted semiconducting polymer 

photothermal nanoparticles for not only their pharmacodynamics, but also their 

pharmacokinetics within the CRC ECM.  

3.3 Materials and Methods 

Materials 

4H-cyclopenta[1,2-b:5,4-b’]dithiophene, 4,7-Dibromo-2,1,3-benzoselenadiazole, 4,7-

bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazole, and 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-9,9-dihexylfluorane were purchased from TCI America. 

Pluronic®F127, tetraethylammonium hydroxide, 4,7-dibromo-2,1,3-benzothiadiazole, 

4,7-Bis(2-bromo-5-thienyl)-2,1,3-benzothiadiazole, 

tetrakis(triphenylphosphine)palladium(0), Tris base, oxaliplatin, 

ethylenedinitrilotetraacetic acid (EDTA), Triton X-100, deoxycholic acid, and chitosan 

(medium molecular weight, 190 – 310 kDa) were purchased from Sigma Aldrich. Toluene 

and glacial acetic acid were purchased from Fisher Chemical Co. Tetrahydrofuran (THF) 

was purchased from Acros Organics. Rhodamine 6G was purchased from Allied Chemical. 

Fluorescein was purchased from Fluka Analytical. Sodium Hyaluronate (60 kDa) for 

nanoparticle functionalization was purchased from Lifecore Biomedical. Heprasil 

Hyaluronan Acid for organoid matrix was purchased from ESI-BIO. Methacrylated Type 

I Collagen for organoid matrix was purchased from Advanced Biomatrix. CellTiter-Glo® 

3D Cell Viability Assay was purchased from Promega. 
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1X Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 4.5g/L D-

glucose, L-glutamine (1X), 110 mg/mL sodium pyruvate, penicillin and streptomycin (1X), 

10% fetal bovine serum, and with or without 400 µg/mL G418 (neomycin) was purchased 

from Gibco. Fluorobrite DMEM supplemented with 4.5g/L D-glucose, L-glutamine (1X), 

110 mg/mL sodium pyruvate, penicillin and streptomycin (1X), and 10% fetal bovine 

serum was purchased from Gibco. DMEM without phenol red supplemented with 4.5g/L 

D-glucose, L-glutamine (1X), 110 mg/mL sodium pyruvate, penicillin and streptomycin 

(1X), and 10% fetal bovine serum was purchased from Sigma (D2902). 

Tris-Triton Buffer was prepared by mixing Tris base, pH 7.4 (10 mM); EDTA (1 mM); 

Triton X-100 (1%); and deoxycholic acid (0.5%). The solution pH was adjusted to 7.4 and 

filtered with a 0.45 μm filter. 

Cell Culture 

CT26.WT-Fluc-Neo cells, a mouse colorectal carcinoma cell line transduced with 

firefly luciferase flanked by a neomycin resistance gene, were purchased from Imanis Life 

Sciences (CL043) and cultured in DMEM (Hyclone) supplemented with 10% fetal bovine 

serum (FBS), 1% L-glutamine, and 1% penicillin and streptomycin (P/S). Cells were 

maintained in a humidified incubator under a 5% CO2 atmosphere at 37 oC. 

Formation of CD44-Targeted HDAPPs and BSe Nanoparticles 

PFBTDBT10 and PCPDTBSe polymers were synthesized as described previously.52 

HDAPPs were prepared by nanoprecipitation according to a modified version of a 

previously described protocol from our group.52 A mixture of PFBTDBT10 (0.93 mg/mL) 
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and PCPDTBSe (0.1 mg/mL) in 1 mL of THF was rapidly injected into an 8 mL solution 

of 1 mg/mL Pluronic F127 under horn sonication (1 min, 20% amplitude). Following 

nanoprecipitation, THF was evaporated off by stirring and heating at 55 oC for 1.5 hours. 

To sterilize, HDAPPs were then autoclaved at 250 oC for 30 minutes with no drying. 

Following sterilization, HDAPPs were isolated by centrifugation at 5,500 rcf for 30 

minutes to remove aggregates, followed by centrifugation at 16,800 rcf for 4 hours to yield 

pelleted HDAPPs. 

To target the CD44 receptor, HDAPPs were coated with 60 kDa hyaluronic acid 

through layer-by-layer electrostatic deposition according to the following protocol.129 First, 

350 μL HDAPPs were added to a 5 mL solution of chitosan (3 mg/mL) in 2% acetic acid 

(filtered with 0.22 μm filter) and stirred for 1 hr. Following stirring, chitosan-coated-

HDAPPs were diluted into an equivalent volume of 2% acetic acid (filtered with 0.22 μm 

filter) and then centrifuged at 8,600 rcf for 2 hours to remove nanoparticle aggregates. To 

isolate smaller, more colloidally stable chitosan-coated-HDAPPs, nanoparticle 

supernatants were stepped through a series of sequential centrifugations at 8,600 rcf to 

pellet all chitosan-coated-HDAPPs, where pellets were next collected and diluted into 

sterile Milli-Q water (1:10 v/v) and then centrifuged at 8,600 rcf to wash away acetic acid. 

Washed chitosan-coated-HDAPPs were then added to a 10 mL solution of 60kDa sodium 

hyaluronate (100 μg/mL) in Milli-Q water (filtered with 0.22 μm filter) and stirred for 1 

hour. Following stirring, hyaluronic-acid-coated-HDAPPs (HA-HDAPPs) were diluted 

into an equivalent volume of sterile Milli-Q water and then centrifuged at 2,152 rcf for 20 

minutes (the pelleted fraction here is rejected due to poor colloidal stability). To ensure all 

colloidally stable HA-HDAPPs were isolated, nanoparticle supernatants were stepped 
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through a series of sequential centrifugations at 8,600 rcf and pellets were collected to yield 

isolated HA-HDAPPs. 

In a similar manner, to produce nanoparticles optimized for ablative therapy, 

PCPDTBSe only nanoparticles were formed by instead using 2 mg/mL PCPDTBSE within 

the organic fraction (THF) during nanoprecipitation. BSe NPs were coated with HA as 

described above to yield HA-BSe NPs. 

Following synthesis, HDAPPs and HA-HDAPPs were characterized with 

ultraviolet/visible (UV/Vis) spectroscopy for absorbance (Spectrophotometer UV5Nano, 

Mettler Toledo) and fluorescence emission spectra (Infinite M200 Microplate Reader, 

TECAN), dynamic light scattering (DLS) and zeta potential (Zetasizer Nano ZS, Malvern 

Panalytical), nanoparticle tracking analysis (NTA) using 405 nm laser in both scattering 

and fluorescence mode (NanoSight NS500, Malvern), and transmission electron 

microscopy (TEM) (FEI Tecnai BioTwin Transmission Electron Microscope). 

Similarly, BSe and HA-BSe NPs were characterized with ultraviolet/visible (UV/Vis) 

spectroscopy for absorbance (Spectrophotometer UV5Nano, Mettler Toledo), dynamic 

light scattering (DLS) and zeta potential (Zetasizer Nano ZS, Malvern Panalytical). 

Nanoparticle Heat Generation 

Heat generated by HDAPPs, HA-HDAPPs, BSe NPs, or HA-BSe NPs was determined 

by exposing 100 μL nanoparticle dilutions in water (5.225*1011, 2.5*1011, 1*1011, 5*1010, 

and 1*1010 NP/mL) to 800 nm continuous wave laser at 5W for 36s or 60s with a 1 cm2 

spot size (K-Cube, Summus Medical Laser). Solution temperatures before and after 

exposure were recorded using a Neoptix Nomad® fiber optic thermometer. 
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HDAPPs Fluorescence Quantum Yield 

Fluorescence quantum yield was determined relative to Rhodamine 6G and Fluorescein 

dyes according to a previously established protocol.132 The fluorescence quantum yield of 

each reference was determined relative to the other using the following formula: Φ = 

ΦR(m/mR)(η2/ ηR
2), where Φ is the fluorescence quantum yield, m is the slope of the plot 

of integrated fluorescence intensity versus absorbance, and η is the solvent refractive index 

(ethanol and 0.1 M NaOH: η = 1.36). The subscript “R” represents a reference parameter. 

Following calibration, HDAPPs and HA-HDAPPs fluorescence quantum yield was 

determined by measuring their respective fluorescent spectra (exc. 452 nm; em. 600-840 

nm) in water at multiple dilutions below 0.1 peak absorbance. The fluorescence quantum 

yield was determined as outlined above relative to each reference. 

Photothermal Conversion Efficiency 

Photothermal conversion efficiencies of HDAPPs, HA-HDAPPs, BSe NPs, and HA-

BSe NPs were determined by irradiating 3.9 mL of 1.18*1011 NP/mL (HDAPPs), 

5.23*1010 NP/mL (HA-HDAPPs), 7.47*109 NP/mL (BSe NPs), and 3.31*109 NP/mL (HA-

BSe NPs) solutions in a 10 mm pathlength quartz cuvette (QS High Precision Cell, 100-

10-40). Nanoparticle solutions under continuous stirring were exposed to 800 nm laser (1 

cm2, 3W) for 60 minutes while temperature was monitored at a 1 second sampling rate 

with a Neoptix NOMAD-Touch Optical Thermometer. Following irradiation, the solution 

temperatures were monitored until the initial, ambient temperature (Tamb) prior to 

irradiation was achieved. To calculate the photothermal conversion efficiencies, first, the 

characteristic time constant for cooling (τs) was determined by plotting the non-
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dimensionalized temperature driving force (Eq. 3.1) vs. time and taking the negative 

reciprocal of the slope of a linear fit of the data. 

𝜃 =  
𝑇𝑎𝑚𝑏−𝑇

𝑇𝑎𝑚𝑏−𝑇𝑚𝑎𝑥
        (Eq. 3.1) 

To determine the heat loss due to external heat flux, the linearized form of Newton’s Law 

of Cooling is employed as in equation 3.2. 

𝑄𝑒𝑥𝑡 = ℎ𝐴(𝑇 − 𝑇𝑎𝑚𝑏)       (Eq. 3.2) 

To solve for the heat-transfer coefficient across the entire area of flux (hA), equation 3.3 is 

utilized. 

𝜏𝑠 =
∑ 𝑚𝑖𝐶𝑝,𝑖𝑖

ℎ𝐴
         (Eq. 3.3) 

Under the assumption that the nanoparticles are a negligible component of mass (mnp < 

0.005 % total mass), the system properties are defined for water with a heat capacity 

(Cp,H2O) of 4.18 kJ/kg*K and a total mass of 3.9 g. The hA term is then utilized to solve the 

photothermal conversion efficiency at steady state laser irradiation, where the heat 

dissipation due to water absorption (Q0) was determined to be 0.0692 W and subtracted 

from the overall heat generation according to equation 3.4. QI is the energy influx due to 

nanoparticle absorption and is described by equation 3.5, where I is the laser irradiation 

power, Aλ is the absorption of nanoparticles within the cuvette system at 800 nm, and ηT is 

the photothermal conversion efficiency. 

𝑄𝐼 = ℎ𝐴(𝑇 − 𝑇𝑎𝑚𝑏) − 𝑄𝑂       (Eq. 3.4) 

𝑄𝐼 = 𝐼(1 − 10−𝐴𝜆)𝜂𝑇        (Eq. 3.5) 
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HA-HDAPPs Binding to CT26 Colorectal Cancer Cells in 2D Culture 

HDAPPs and HA-HDAPPs binding affinity to CT26 CRC cells was determined 

according to the following procedure. CT26.WT-Fluc-Neo cells were seeded at a density 

of 18,750 cells/cm2 in a 96-well plate. These cells have been previously shown to express 

CD44 (Figure A2.1, Appendix pg. 145).129 Following incubation for 24 hours, cells were 

treated with 100 μL of HA-HDAPPs or 100 μL of HDAPPs for 1 hour at 4 oC at the 

following concentrations: 1.18*1013, 5.9*1012, 4.1*1012, 2.4*1012, 1.2*1012, and 0 NP/mL 

for HDAPPs and 5.2*1012, 2.6*1012, 1.8*1012, 1.0*1012, 5.2*1011, and 0 NP/mL for HA-

HDAPPs. Nanoparticle concentrations were chosen such that the resultant bound 

population of nanoparticles represented a range including populations sufficient for 

photothermal ablation. Following treatment, cells were washed twice with 100 μL of 

HEPES buffered saline (250 mM) and then cells were lysed with 100 μL of Tris-Triton 

buffer. Fluorescence intensity was measured with excitation at 450 nm and emission read 

at 650 nm (Infinite M200 Microplate Reader, TECAN). 

Nanoparticle binding was quantified using a calibration curve prepared by measuring 

fluorescence intensity at 650 nm of 100 μL standard solutions of known HDAPPs and HA-

HDAPPs concentrations in Tris-Triton buffer after excitation at 450 nm. The following 

concentrations were used: 7.1*1010, 2.4*1010, 2.4*109, 2.4*108, 2.4*107, 2.4*106, and 0 

NP/mL for HDAPPs and 3.1*1010, 1.1*1010, 1.1*109, 1.1*108, 1.1*107, 1.1*106, and 0 

NP/mL for HA-HDAPPs. 

Additionally, to qualitatively display HA-HDAPPs binding, 1.65*1012 NP/mL of 

HDAPPs or 7.32*1011 NP/mL HA-HDAPPs were incubated with CT26.WT-Fluc-Neo 



 

58 

mouse CRC cells for 60 min at 4oC, washed twice with cold HEPES-buffered saline (250 

mM), fixed in formaldehyde and stained with methylene blue for cell contrast, and then 

imaged via fluorescence microscopy with a texas red channel. To confirm that 

nanoparticles weren’t adhering to the plastic well, similar procedures were followed in 

wells without cells. 

Targeted HA-BSe NP Ablation of CT26 Colorectal Cancer Cells in 2D Culture 

The capacity for targeted ablation of CT26 colorectal cancer cells using HA-BSe NPs 

was demonstrated according to the following procedure; here, HA-HDAPPs were 

substituted with HA-BSe NPs to achieve maximum heating for cell kill which was not 

achievable with HA-HDAPPs. CT26.WT-Fluc-Neo cells were seeded at a density of 

18,750 cells/cm2 in a 96-well poly-L-lysine coated plate. Following incubation for 24 

hours, cells were treated with 100 μL of 5.225*1012 particles/mL HA-BSe NPs, BSe NPs, 

or no treatment control for 1 hour at 4 oC to achieve binding. Following treatment, cells 

were washed twice with 100 μL of HEPES buffered saline (250 mM) + 0.1% BSA to 

remove non-specifically bound nanoparticles and then cells were exposed to 5W, 800 nm 

laser for 36 s with a 1 cm2 spot size (cell temperature was regulated at 37 oC baseline). 24 

hours following treatment, cells were stained with Trypan Blue and assayed for viability 

using the Countess automated cell counting system. 

Formation of 3D Tumor Organoids 

CT26 tumor organoids were formed by suspending 100,000 CT26 cells in 10 μL of a 

heprasil hyaluronan acid/methacrylated collagen solution (0.5 mg/mL heprasil/4.1 mg/mL 

collagen), plating the mixture into a 96-well plate, and then exposing the cell containing 
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hydrogel to UV light (BlueWave 75, Dymax) for 2 seconds to statically crosslink them.89 

Tumor organoids were then incubated in Fluorobrite DMEM media (Gibco) supplemented 

with 10% FBS, 1% L-glutamine, and 1% P/S. 

HDAPPs Diffusion into 3D Tumor Organoid Extracellular Matrices 

To study the diffusive behavior of fluorescent HDAPPs in tumor organoids, tumor 

organoid extracellular matrices without cells were formed by crosslinking 10 μL of a 

heprasil hyaluronan acid/methacrylated collagen solution in a 96-well plate such that the 

geometry formed is semi-ellipsoidal with its planar surface in direct contact with the plastic 

well and its curved surfaced exposed. Organoid matrices were then immediately exposed 

to HDAPPs or HA-HDAPPs (5.225*1012 particles/mL) suspended in Fluorobrite DMEM 

and incubated for the following time points: 0, 4, 12, and 24 hours. This method of delivery 

reflects that of an intraperitoneal injection. At the end of each time point, matrices were 

washed twice with HEPES buffered saline (250 mM) + 0.1% BSA to remove nanoparticle 

aggregates and then immediately imaged without media using a Leica TCS LSI Macro 

Confocal 490-1 Microscope (z-depth: 500 µm, z-step: 5 µm, excitation: 488 nm, emission: 

600 – 800 nm, gain: 900, offset: -2.00). Nanoparticle concentration as a function of z-

penetration depth was determined by selecting three representative lines drawn from the 

organoid boundary to the center and plotting average fluorescence intensity as a function 

of depth for each time point (performed in Image J). Nanoparticle concentration as a 

function of depth was then correlated to fluorescence intensity using standards (described 

below). Average nanoparticle concentration within the whole organoid was also 

determined by taking the average concentration measured along the lines for each time 

point. If discrete segments of this line were found to have uniform concentration, each 
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segment was weighted according to the organoid volume it represented and from this 

concentration was calculated. 

Following 24 hours of diffusion into organoids, HDAPPs and HA-HDAPPs diffusion 

out of organoids into nanoparticle-free Fluorobrite DMEM was measured at 2, 12, and 24 

hrs using the same imaging protocol as outlined above. 

Fluorescence standards for HDAPPs and HA-HDAPPs concentration within tumor 

organoid matrices were made by homogenously suspending respective nanoparticles 

within tumor organoid matrices at the following concentrations and imaging with Leica 

TCS LSI Macro Confocal 490-1 Microscope (using the same imaging parameters as 

previously described): 1.178*1012, 1.178*1011, 1.178*1010, 1.178*109, and 0 NP/mL for 

HDAPPs and 5.225*1011, 5.225*1010, 5.225*109, 5.225*108, and 0 NP/mL for HA-

HDAPPs. As described before, three representative lines were drawn from organoid 

boundary to center and average fluorescence intensity (depth invariant) was determined as 

a function of concentration (performed in Image J). 

Computational Modeling of Microscale Diffusive Transport of Nanoparticles into 

Organoid Matrices 

To serve as a comparative measure to experimental nanoparticle diffusion, theoretical 

modeling of diffusion into 10 µL organoid geometries at 24 hours was performed utilizing 

COMSOL according to a previously validated model.133 Organoid geometry is semi-

ellipsoidal and was experimentally determined by caliper measurement of three organoids. 

Nanoparticle diffusivity was estimated using the Stokes-Einstein equation (Equation 3.7) 

for HDAPPs and HA-HDAPPs (133.6 and 189.1 nm diameter, respectively) and corrected 
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for diffusion of rigid spheres into a porous matrix using the Ogston model (Equation 3.8). 

A weighted average of collagen and HA fiber volumetric fractions (φ = fiber 

concentration*fiber specific volume) and radii was used to determine the Ogston model 

correction factor, then the mass transport equation (Equation 3.6) was solved as a time-

dependent process excluding convective transport and isolating diffusion to the radial 

direction. Parameters used for modeling are outline in Table 3.1 below. With the given 

assumptions, the following equations of mass transport133, 134 were utilized within finite 

element analysis software (COMSOL).  

𝜕𝐶𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑡𝑖𝑎𝑙

𝜕𝑡
= 𝐷𝑖𝑛𝑡 (

1

𝑟2

𝜕

𝜕𝑟
(𝑟2 𝜕𝐶𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑡𝑖𝑎𝑙

𝜕𝑟
))     (Eq. 3.6) 

where Equation 3.6 represents the governing mass transport equation measuring time-

dependent Cinterstitial (interstitial concentration) as a function of Dint (diffusivity in a porous 

matrix) and r (radius). 

𝐷0 =
𝑘𝐵𝑇

6𝜋𝜂𝑟𝑝
         (Eq. 3.7) 

where Equation 3.7 is the Stokes-Einstein relationship for the diffusivity (D0) of a spherical 

body as a function of kB (Boltzman constant), T (temperature), η (solvent viscosity), and rp 

(particle radius). 

𝐷𝑖𝑛𝑡 = 𝐷0𝑒 [(−√𝜑𝑖𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑡𝑖𝑎𝑙) ∗
𝑟𝑝

𝑟𝑓
]      (Eq. 3.8) 

where Equation 3.8 (Ogston model) is a correction for diffusivity in a porous matrix (Dint) 

with φinterstitial (volume fraction of interstitial matrix) and rf (fiber radius). 
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Diffusion Model Parameters 

Hyaluronic Acid135, 136 rf 81 nm 
 

ν 0.547 mL/g 
 

φ 0.0003  

    

Collagen133, 137 rf 20 nm 

 ν 1.89 mL/g 

 φ 0.0078  

    

Weighted Average rf 22.06 nm 
 

φinterstitial 0.0081 
 

    

Stokes Parameters133 kB 1.38*10-23 m2kg/(s2K) 
 

T 310.15 K 
 

η 0.000818 Ns/m2 

 rp (HDAPPs) 66.8 nm 

 rp (HA-HDAPPs) 94.55 nm 

    

HDAPPs D0 4.16*10-12 m2/s 

 Dint 3.16*10-12 m2/s 

    

HA-HDAPPs D0 2.94*10-12 m2/s 

 Dint 2.00*10-12 m2/s 

    

Time Parameters t 86400 s 
 

Δt 1 s 

    

Organoid Geometry 

(Semi-Ellipsoid) 
Volume 6.9 mm3 

 a,c-semiaxes 2.02 mm 
 

b-semiaxis 0.81 mm 

    

Concentration Boundary 

Conditions 
Ellipsoid Surface (HDAPPs) 1.18*1011 NP/mL 

 Ellipsoid Surface (HA-HDAPPs) 1.02*1011 NP/mL 

 Well Contact 0 NP/mL 

Table 3.1: Parameters for diffusive transport model. 
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Targeted HA-BSe NP Ablation of CT26 Colorectal Cancer Cells in Tumor Organoids 

(Diffusion Dependent) 

Tumor organoids were seeded in a 96-well plate such that the geometry formed is semi-

ellipsoidal with its planar surface in direct contact with the plastic well and its curved 

surfaced exposed as previously described. Organoids were allowed to incubate for 24 hours 

and then exposed to no nanoparticles, BSe NPs (5.225*1012 particles/mL), or HA-BSe NPs 

(5.225*1012 particles/mL) suspended in DMEM without phenol red (Sigma) and incubated 

for 1 or 24 hours. Organoids were then washed twice with HEPES buffered saline (250 

mM) + 0.1% BSA to remove nanoparticle aggregates and then immediately treated with 

an 800 nm continuous wave laser at 5W for 36s (1 hr diffusion) or 5W for 60s (24 hr 

diffusion) with a 1 cm2 spot size (K-Cube, Summus Medical Laser) in 100 µL of 

nanoparticle-free DMEM without phenol red. Twenty-four hours following laser ablation, 

organoid viability was assessed using CellTiter-Glo® 3D Cell Viability Assay (Promega), 

where luminescence was measured in a Varioskan Lux plate reader (Thermo Fisher). 

Statistical Analysis 

All experiments were performed in triplicate, excluding HDAPPs Diffusion Assay which 

was performed in duplicate for diffusion in and once for diffusion out. Statistical analyses 

were performed using two-way ANOVA for all ablation assays with post hoc analyses 

(Fisher’s LSD for 2D and Holm-Sidak for 3D) and ANCOVA for binding profiles. 
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3.4 Results 

Fluorescent HDAPPs and Ablative BSe NPs are Successfully Coated with Hyaluronic Acid 

Fluorescent HDAPPs and ablative BSe NPs were both synthesized and subsequently 

coated with hyaluronic acid, providing the panel of nanoparticles as presented in Figure 

3.1A. The optimized properties of each nanoparticle were used for fluorescent imaging or 

thermal ablation as specified in each experiment. 

Fluorescent HDAPPs exhibit no significant change in their characteristic absorption or 

fluorescent spectra following coating as shown in Figure 3.1B. HDAPPs possess a 

quantum yield of 0.0035 where, following functionalization, HA-HDAPPs possess a 

quantum yield of 0.0033. As previously reported, HDAPPs both fluoresce (Exc: 452 nm, 

Em: 825 nm) and are photothermally activated (Exc: 760 nm) within the near-infrared 

(NIR) window, where tissue absorbs the lowest amount of light (indicated by blue box in 

Figure 3.1B and C).39 Hydrodynamic diameter as measured by DLS indicates an initial 

measurement of 133.6 nm prior to coating with chitosan and hyaluronic acid which display 

a stepwise increase to 149.0 nm and then 189.1 nm, respectively (Figure A2.2, Appendix 

pg. 146). Secondary confirmation of diameter by NTA indicates average diameters of 85.1 

and 134.2 nm for HDAPPs and HA-HDAPPs, respectively; TEM imaging qualitatively 

confirms these results (Figure A2.4, Appendix pg. 147). Further, NTA size collected in 

fluorescence mode (133.9 nm) displayed strong agreement with that of scattering mode. 

Fluorescence mode measurement with NTA allows for detection of potentially non-

encapsulated fluorophores indicated by a small measured particle size, where size 

agreement indicates that the nanoparticles presenting with fluorescent imaging capacity 
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were in fact the isolated HA-HDAPPs and not two separate populations (Figure A2.5, 

Appendix pg. 148). This serves as confirmatory evidence that our fluorescent polymer is 

encapsulated within the Pluronic coating, where NTA can then be used to quantify 

nanoparticle concentration in particles/mL as a function of both scattering and 

fluorescence. 

As an indication of successful electrostatic surface functionalization, the zeta potential 

changes from a negative value (-14 mV), reflecting the base Pluronic F127 coating, to a 

positive value (41.5 mV), reflecting the chitosan intermediate layer, and finally back to a 

negative value (-28.2 mV), suggesting hyaluronic acid was electrostatically bound to the 

HDAPP surface (Figure A2.2, Appendix pg. 146). 

Coating ablative BSe NPs with HA does not alter their absorption signature, where they 

are also photothermally activated within the NIR-window (indicated by blue box, Figure 

3.1C). Results of DLS and zeta potential measurements for BSe NPs reveal particles with 

132.7 nm diameter and -13.8 mV zeta potential, where coated HA-BSe NPs display a mean 

diameter of 185.3 nm and -13.3 mV (Figure A2.3, Appendix pg. 147). This once again 

indicates a successful coating process, where BSe NPs are nearly identical by sizing to 

HDAPPs before and after coating, only containing a different core polymer composition. 

Characterization of each nanoparticle’s heating potential reveals that HDAPPs and BSe 

NPs are capable of generating ablative hyperthermia at concentrations at or above 1*1010 

NP/mL, where BSe NPs generate significantly more heat at each concentration due to their 

increased molar absorptivity Figure 3.1D. This reveals the importance of using the BSe 

NP formulation for photothermal heating relative to the fluorescent HDAPPs formulation 
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due to their enhanced heating. Coating with HA for both nanoparticles yields much higher 

heating potentials than those that are non-targeted. As a further indication of the retention 

of photothermal activity, photothermal conversion efficiency (PTCE) values are 51.2%, 

57.1%, 53.17%, and 49.8% for HDAPPs, HA-HDAPPs, BSe NPs and HA-BSe NPs, 

respectively (Figure A2.6, Appendix pg. 149). This close PTCE agreement between all 

nanoparticle formulations indicates that the BSe polymer PTCE is minimally effected by 

either coating or core formulation. 
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Figure 3.1: HDAPPs Physical Characterization 

A) Panel of fluorescent HDAPPs and ablative BSe NPs variants used within 

experimentation. HDAPPs NPs were used within this work as targeted fluorescent agents 

and BSe NPs were used as targeted photothermal agents. B) HDAPPs and HA-HDAPPs 

UV/Vis absorbance and fluorescence spectra indicate no loss in characteristic activity due 

to coating with HA. C) BSe NPs and HA-BSe NPs UV/Vis absorbance spectra indicate no 

loss in characteristic activity due to coating with HA. D) Heating potentials of HDAPPs, 

BSe NPs, and their HA-coated variants were measured by exposing NPs to 800 nm laser 

at specified laser durations. This illustrates the capacity of each nanoparticle to reach 

ablative potential at relatively low concentrations in bulk solution phase. 
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HA-coated NPs Display Increased Binding Affinity and Ablative Potential to CT26 CRC 

Cells 

Fluorescent HA-HDAPPs display increased binding to CT26 cells relative to non-

coated HDAPPs. Although saturable binding was not possible due to the aggregation of 

high concentrations of HDAPPs and HA-HDAPPs, we observed a significant increase in 

the binding curve of HA-HDAPPs compared with HDAPPs (Figure 3.2A) (p = 0.0012). 

This increase in binding was found to be explained by the HA coating (p =0.0031). This 

was further visualized qualitatively by fluorescent imaging and brightfield co-registration, 

where even when HA-HDAPPs were incubated at a lower nanoparticle concentration than 

the HDAPPs control, increased binding is evident (Figure 3.2B).  

Next, HA-BSe nanoparticles optimized for ablative capacity were bound to CT26 cells 

and exposed to laser for photothermal therapy in comparison to non-coated BSe NPs. 

Results further suggest the increased binding capacity of the HA targeting mechanism, 

where, at rapid heating with 5W laser, the viable cell population is reduced by 38% in 

comparison to negligible changes from all other controls (p≤0.003 for all comparisons) 

(Figure 3.2C). 
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Figure 3.2: HDAPPs/BSe NP Activity in 2D in vitro culture.  

A) Fluorescent HA-HDAPPs display an increased binding profile to CT26 cells. B) This 

is qualitatively confirmed by fluorescent imaging of HA-HDAPPs and HDAPPs and 

registering to brightfield images of CT26 cells. C) Reduction in percent of viable cells 

measured by automated cell counting indicates that only targeted HA-BSe NPs were 

capable of inducing ablation under laser stimulation. 
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HA-HDAPPs Irreversibly Sequester at Organoid Peripheries Relative to Freely Diffusing 

HDAPPs 

Dynamic monitoring of fluorescent HA-HDAPPs and HDAPPs transport within the 

organoids’ matrix reveals unique diffusive behaviors dependent on nanoparticle coating 

(Figure 3.3A). HA-HDAPPs sequester at the periphery, only penetrating approximately 

200 µm of the 915 µm vertical depth of semi-ellipsoidal organoids. In contrast, HDAPPs 

diffuse throughout the entire organoid depth. Maximum average concentrations reached at 

24 hours of incubation are 8.57*1010 (± 3.20*1010) NP/mL for HDAPPs and 3.34*1010 (± 

4.60*109) NP/mL for HA-HDAPPs. These values in organoids are approximately two 

orders-of-magnitude smaller than the concentration of the exposing media (5.225*1012 

NP/mL), where equilibration should lead to concentrations within the organoids closer to 

this.  

As an additional test of nanoparticle mobility following initial diffusion into organoid 

matrices, clearing of nanoparticles from organoids incubated in control free media was 

evaluated (Figure 3.3B). HA-HDAPPs remain at the organoid periphery and display no 

drop in concentration within a 24-hour clearing period. HDAPPs fully cleared out of 

organoids within the same 24-hour period. 

As noted above, the actual concentration within organoids is much lower than the 

external concentration available. To further establish a predictive dosing model and 

evaluate nanoparticle transport interactions with organoid matrices, nanoparticle diffusion 

within a porous matrix was computationally modeled and compared to a representative 

experimental profile for HDAPPs and HA-HDAPPs. Experimentally measured profiles 
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were appended to 810 nm depths here to match the computational model dimensions that 

were determined by direct measurement of organoids with calipers. We assumed that the 

total available concentration of nanoparticles for diffusion into organoids was equal to the 

edge concentration measured for each representative profile within organoids at 24 hours 

(HDAPPs: 1.18*1011; HA-HDAPPs: 1.02*1011). Comparison of HDAPPs computational 

diffusion profile to its experimental profile shows relative agreement that suggests it is 

fully explained by a diffusive mode of transport (Figure 3.3C). The computational 

diffusion profile for HA-HDAPPs, instead, suggests that such a profile fully explained by 

diffusion would penetrate farther into the organoid than was experimentally determined 

(Figure 3.3D). This indicates that HA-HDAPPs are interacting with the organoid matrix 

in a manner that restricts their penetration depth. 
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Figure 3.3: Experimental and Computational Diffusion Profiles 

A) Experimental images of fluorescent HDAPPs and HA-HDAPPs diffusing into organoid 

matrices over a 24 hour period and B) experimental images of HDAPPs and HA-HDAPPs 

diffusing out of organoid matrices over a 24 hour period. Computational profiles were 

calculated for HDAPPs (C) and HA-HDAPPs (D) and are shown (red lines) in comparison 

to experimentally measured profiles (black lines), each at the 24 hr time point. 
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HA-coated NPs Display Increased Ablative Potential to CT26 CRC Organoids 

HA-BSe NPs optimized for ablation were exposed to CT26 CRC organoids at the same 

concentration (5.225*1012 NP/mL) and duration (24 hrs) as described above for the 

fluorescent HDAPPs and HA-HDAPPs, following which they were activated by laser for 

photothermal ablation of the organoids. Noting that equal concentrations of BSe NPs and 

HA-BSe NPs generate different temperature changes under the same laser parameters, the 

above nanoparticle dose and duration were chosen such that final organoid nanoparticle 

concentrations would achieve near equivalent temperature change (BSe NPs: 50.2oC; HA-

BSe NPs: 50.8oC). Analysis of ablative capacity of laser-induced HA-BSe nanoparticles 

revealed almost full elimination of viable cells (p=0.006). In contrast, the non-coated BSe 

nanoparticles yielded only 26% reduction in cell viability, which was not statistically 

significant (Figure 3.4A). 
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Figure 3.4: HA-BSe NP Photothermal Activity in 3D 

A) Reduction in organoid viability following treatment with ablative HA-BSe 

Nanoparticles + Laser relative to non-targeted BSe Nanoparticles and No Treatment with 

and without laser exposure. *indicates significant difference between HA-BSe 

Nanoparticles + Laser and both both No Treatment + No Laser and HA-BSe Nanoparticle 

+ No Laser. 
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3.5 Discussion 

The ex vivo investigation of photothermal nanoparticles within 3D tumor constructs is 

still a field in its infancy.67 As viable methods of 3D cell culture are established and 

standardized, the incorporation of these techniques to more rigorously evaluate a 

nanotherapeutic’s clinical potential represents a valuable tool to accelerate viable 

candidates to approval. The current body of literature surrounding the study of 

nanotherapeutics in 3D tumor constructs highlights the importance of 3D evaluation of 

nanoparticle performance.67 This is most apparent in a study of paclitaxel-conjugated 

micelles for prostate cancer where 2D assay indicated no benefit of micelles over free drug, 

but micelles instead proved to be more efficacious than free drug in 3D spheroids.138 As is 

most evident in the work presented here, our current dependency on archaic 2D culture 

methods cannot sufficiently model nanoparticle transport behavior in a tissue. 

Additionally, it’s well-known that the phenotypic behavior of cells can change dramatically 

when cultured in 3D.81, 84, 85 

We demonstrate here a next-generation photothermal nanoparticle platform combined 

with the well-established HA targeting mechanism.139-141 Optical characterization of both 

HDAPPs and HA-HDAPPs shows their characteristic photothermal excitation and 

fluorescent emission within the NIR window.52 This feature minimizes limitations in 

imaging and treatment depth due to light delivery, instead allowing the limiting factor for 

treatment to be more weighted in nanoparticle transport character. In addition to the benefit 

of NIR-availability, both HDAPPs and HA-HDAPPs are non-cytotoxic, colloidally stable 

in aqueous solutions, and reproducibly heat and fluoresce, serving as an ideal theranostic 

for tumor imaging and ablation.52, 129  
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While fluorescent HA-HDAPPs did show increased binding potential relative to non-

targeted HDAPPs, the lack of sufficient nanoparticle concentration to leverage HA-

HDAPPs as photothermally active proved a difficulty for therapy ((Figure A2.7, 

Appendix pg. 150).129 Instead, evaluation of the relevant parameters for effective 

photothermal therapy led to the conclusion that, when the HDAPPs platform is utilized, an 

insufficient amount of the photothermally active agent (the BSe polymer, only 1/10 of the 

HDAPPs formulation) was being delivered to the CT26 CRC cells.  From this conclusion, 

we optimized the HDAPPs platform for heating by developing HA-BSe NPs based on our 

previously formulated BSe NP.51 Successful reduction in 2D viability demonstrated that 

sufficient binding was in fact achieved for efficacious photothermal therapy, reinforcing 

our hypothesis that the HDAPPs formulation of photothermal agent was not ideal for 

treating this CRC model. Through these results, we believe an ideal therapy based on this 

platform would include a concoction of both HA-HDAPPs for targeted CRC imaging and 

HA-BSe for targeted photothermal therapy. 

Beyond 2D experimentation, this work represents the first exploration into the 

photothermal activity of organic semiconducting polymer nanoparticles in 3D ex vivo 

tumor constructs. As is reinforced by other reports on photothermal nanoparticle activity 

in 2D versus 3D, our nanoparticles fail to display activity in 3D when the same treatment 

parameters are used that yielded successful therapy in 2D (data not shown).67 These results 

indicate that the rate-limiting process of our therapy is intratumoral diffusion. Confocal 

monitoring of fluorescent HDAPPs and HA-HDAPPs within organoid matrices void of 

cells supports this, where HDAPPs were undetectable within the precision of our apparatus 

at 1 hr of diffusion (data not shown) and only start to become visible at 4 hrs. Non-
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functionalized HDAPPs display uniform diffusion profiles throughout the organoids, 

contrary to many reports that show non-functionalized nanoparticles limited to the tumor 

periphery.67 It is noted, though, that these results are highly dependent on choice of 3D 

model and cell line, where organoids have reduced cell-cell interaction relative to spheroids 

– the abundance of tight junctions in culture model is believed to have a strong effect on 

diffusivity.67, 133 As another contradiction to previously published results, our 

functionalized HA-HDAPPs do not diffuse beyond the organoid periphery, where others 

reported greater penetration with functionalization.67 Further contrasting non-

functionalized HDAPPs, HA-HDAPPs become visible following 30 minutes of diffusion 

but remain sequestered at this periphery with very little change in concentration up to 24 

hrs. When compared to the computationally determined diffusion profile, HA-HDAPPs are 

experimentally underrepresented within the organoid core, suggesting a matrix interaction 

that sequesters the nanoparticles at the periphery.  When challenged to diffuse out of 

organoids, HDAPPs freely diffuse fully out within a 12 hr period, where HA-HDAPPs are 

immobilized due to this apparent matrix interaction. We believe it is this matrix interaction 

in combination with their increased cell binding affinity that make HA-targeted 

nanoparticles effective in treating CT26 CRC tumor organoids by photothermal heating. 

The tumor organoid platform is presented here as a means to optimize photothermal 

treatment parameters to realize therapeutic efficacy that is both clinically and 

physiologically relevant. Tumor organoid models recapitulate the physical boundaries that 

cannot be replicated in 2D culture (e.g., diffusion hindrance), where we demonstrate 

methods of quantifying some therapeutic barriers due to the presence of an ECM.67 It is 

shown that HA-HDAPPs display enhanced binding to CT26 CRC cells in 2D culture, yet 
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they have poorer penetration into tumor organoids. According to prior reports that indicate 

peripheral immobilization may be all that is necessary to deliver sufficient thermal dose 

from photothermal nanoparticles, the 3D tumor organoid model confirms this.67 Utilization 

of the organoids model here allows for the isolation of matrix interactions in comparison 

to models such as spheroids which are dependent on cells to form their 3D architecture. 

We demonstrate here that the most important parameters for efficacious treatment are 

photothermal agent availability within the nanoparticle formulation, diffusion time, 

nanoparticle surface functionalization, and laser duration. For example, laser duration has 

a relatively sensitive therapeutic window, where treatment of organoid matrices without 

nanoparticles at 5W for 250s (800 nm, 1 cm2) frequently resulted in partial to full ablation 

of the organoid (data not shown). 

As organoid models become more complex, we envision the utilization of tumor 

organoids to quantify additional therapeutic-limiting effects beyond what is demonstrated 

here (e.g., the addition of stromal co-culture or tumor interstitial pressure gradients).79, 142 

For CRC, the clinical relevance of evaluating HDAPPs in tumor organoids is most 

prominent in the similarity between tumor organoids and micrometastases that are missed 

by cytoreduction.5 With a clinically relevant model such as the tumor organoid, the 

capacity for high throughput analysis is important in the context of pre-clinical candidacy 

screening. From these results and considerations, we believe that with the proper ex vivo 

organoid model to influence design, photothermal nanoparticles will see a rapid adoption 

into cancer therapies, particularly within the treatment of CRC. 
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3.6 Conclusions 

This study represents the first investigation of semiconducting polymer nanoparticles 

in 3D tumor matrices. We demonstrate here the importance of nanotherapeutics 

investigation in 3D, where transport character in 3D was shown to have a strong influence 

on nanoparticle and delivery design. Following optimization of our therapeutic and 

delivery regimen, we demonstrate successful targeted ablation in 3D, where this required 

both increased dosing and delivery time. These results emphasize the observation that 

therapeutic design and dosing in 2D often does not translate clinically, where we suggest 

the 3D tumor organoid to fill this experimental gap for novel photothermal nanoparticles 

such as the HDAPPs platform used here. 
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CHAPTER 4 

In vivo Murine Model for Pre-clinical Translation of CXCR4-targeted HDAPPs against 

Oxaliplatin-resistant Peritoneal Carcinomatosis of Colorectal Cancer 

4.1 Abstract 

Relapse of oxaliplatin-resistant (OxR) subpopulations represents a major barrier to 

therapeutic efficacy for peritoneal carcinomatosis of colorectal cancer (pcCRC). 

Theranostic HDAPPs capable of fluorescent detection and photothermal ablation pose as a 

potential treatment to bypass this therapeutic resistance. Targeting of HDAPPs via the 

antagonist AcTZ14011 to CXCR4, an overexpressed receptor in CRC that is implicated in 

metastatic outgrowth, allows for simultaneous tumor detection, localized photothermal 

therapy, and CXCR4-receptor antagonism. We report here the first in vivo investigation of 

photothermal nanoparticles to address peritoneal micrometastases that are resistant to 

oxaliplatin. CXCR4-targeted HDAPPs show increased retention following peritoneal 

delivery, but were not found to decrease tumor burden or increase mouse survival 

following laser exposure. A clinical limit for laser fluence is established, where we posit 

optimized molar absorbance that is localized to micrometastases for efficacious treatment 

of OxR-pcCRC with photothermal nanoparticles. 

4.2 Introduction 

The necessity to overcome oxaliplatin-resistance (OxR) in colorectal cancer (CRC) 

therapy is vital if advancement in the current standard-of-care outcomes is to occur. Due 

to the classical methods of acquired resistance against oxaliplatin (decreased 

influx/increased efflux, glutathione inactivation, and increased nucleotide excision repair 
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activity), the investigation of therapeutics that bypass these mechanisms is ideal to either 

serve as an adjuvant or standalone therapy for oxaliplatin-refractory colorectal cancer.12, 

143 Thermal therapy using targeted nanoparticles possesses the capacity to induce necrosis 

in cultured cells while only raising the bulk temperature of suspension to negligible levels 

of hyperthermia.41, 46 

The chemokine receptor CXCR4 and its ligand CXCL12 play an important role in 

cellular migration, typically for embryogenesis and immune signaling.144 Recently, the 

CXCR4 receptor has been implicated in metastatic outgrowth of CRC and has been found 

to be upregulated in both late stage, high grade and OxR CRC.145-149  Antagonism of the 

CXCR4 receptor may serve as a utility to stall the proliferation of disseminated CRC. 

AcTZ14011 (sequence: Ac-RR-2Nal-CY-Cit-RKPYR-Cit-CR-Amide), a cyclic-peptide 

antagonist of CXCR4, has recently been explored as a mechanism of cell targeting for 

detection.150-155 Given its antagonistic nature and specificity towards CXCR4, covalent 

surface-functionalization of HDAPPs with AcTZ14011 could serve as a dual targeting and 

pharmacoactive agent in photothermal therapy. 

Our lab has previously developed an orthotopic syngeneic model of peritoneal 

carcinomatosis (pc) using CT26 cells in Balb/c mice. This was used to investigate the 

binding and ablation of hyaluronic-acid-targeted HDAPPs.113, 129 Using CT26-OxR cells 

developed as described in Ch.2, we posit this pcCRC model’s use to evaluate the efficacy 

of AcTZ14011-targeted HDAPPs against CT26-OxR cells in vivo. 
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4.3 Methods & Results 

AcTZ14011-functionalized HDAPPs for Targeted Photothermal Therapy 

To functionalize nanoparticles with AcTZ14011 antagonist peptide, the amphiphilic 

surfactant 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol- N-

hydroxysuccinimide (DSPE-PEG-NHS; MW: 2 kDa) was covalently bound to AcTZ14011 

using NHS reactive chemistry as illustrated in Figure 4.1. The AcTZ14011 cyclic peptide 

contains a single primary amine located at the base of its loop within a lysine, where this 

is outside of the active binding region of the peptide. NHS reactive chemistry proceeds by 

the primary amine performing a single step nucleophilic substitution with the NHS on the 

DSPE-PEG-NHS molecule, forming an amide bond between the DSPE-PEG and 

AcTZ14011 (DSPE-PEG-AcTZ14011) (Figure 4.1A). In the presence of water, hydrolysis 

of the NHS ester proceeds as a secondary reaction to form DSPE-PEG-COOH (Figure 

4.1B). The formation of DSPE-PEG-AcTZ14011 was accomplished according to the 

following protocol. DSPE-PEG-NHS (18*10-6 mol) was dissolved into a 1.8 mL solution 

of HEPES buffer (pH 8.3) containing dissolved AcTZ14011 (7.5*10-6 mol) at 4 oC. This 

reaction was stirred overnight, following which the solution was dialyzed for 24 hours to 

remove NHS byproduct (molecular weight cutoff: 1 kDa). Reacted DSPE-PEG-

AcTZ14011 was lyophilized to yield the final product. 
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Figure 4.1: A) Primary reaction of DSPE-PEG-NHS and AcTZ14011 to form DSPE-

PEG-AcTZ14011. B) Secondary reaction of DSPE-PEG-NHS and water to form DSPE-

PEG-COOH. 

 

B
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DSPE-PEG-AcTZ14011 chemical structure was analyzed using 1H-NMR (Figure 

4.2). Results of 1H-NMR indicate loss of the NHS group in DSPE-PEG-AcTZ14011 when 

analyzed in chloroform-D, suggesting a successful substitution, though gain of AcTZ14011 

characteristic peaks is not evident in this solvent (Figure 4.2B). Because of this, 1H-NMR 

of DSPE-PEG-AcTZ14011 was analyzed in D2O and compared to the spectrum of 

AcTZ14011. Here, the gain of the characteristic peaks of AcTZ14011 is seen (between 6.5 

– 8.0 ppm) (Figure 4.2D). 
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Figure 4.2: 1H-NMR spectra (A) for DSPE-PEG-NHS in CDCl3 (red arrow indicates 

NHS peak), (B) DSPE-PEG-AcTZ14011 in CDCl3 (red arrow indicates lack of NHS 

peak), (C) DSPE-PEG-NHS in D2O, (D) DSPE-PEG-AcTZ14011 in CDCl3 (red box 

indicates AcTZ14011 characteristic peaks), and (E) AcTZ14011 in D2O.  
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Following synthesis of DSPE-PEG-AcTZ14011, AcTZ14011-functionalized HDAPPs 

(AcTZ-HDAPPs) were synthesized according to the nanoprecipitation technique.52 A 

mixture of PFBTDBT10 (0.93 mg/mL) and PCPDTBSe (0.1 mg/mL) in 1 mL of 

tetrahydrofuran (THF) was rapidly injected into an 8 mL solution of 1 mg/mL DSPE-PEG-

AcTZ14011 under horn sonication (1 min, 20% amplitude). Following nanoprecipitation, 

THF was evaporated off under vacuum (11 mmHg subatmospheric) and heating (55 oC) 

for 6 hours. AcTZ-HDAPPs were then isolated by centrifugation at 5,500 rcf for 30 minutes 

to remove aggregates, followed by centrifugation at 16,800 rcf for 4 hours to yield pelleted 

AcTZ-HDAPPs. To sterilize, AcTZ-HDAPPs were exposed to UV light for 15 min. As a 

negative control, HDAPPs with non-functionalized PEG surfaces (OH-HDAPPs) were 

prepared using 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol-

OH (DSPE-PEG-OH, MW 2000) as the surfactant. AcTZ- and OH-HDAPPs were 

characterized using UV/Vis, DLS, and NTA. Heat-generation by OH- and AcTZ-HDAPPs 

was determined by exposing 200 μL dilutions of HDAPPs in water to 800 nm continuous 

wave laser at 3W for 60s with a 1 cm2 spot size (K-Cube, Summus Medical Laser). The 

dilutions used were as follows: 2.2*1012, 1.1*1012, 4.4*1011, 1.1*1011, and 0 NP/mL. 

Solution temperatures before and after exposure were recorded using a thermocouple 

(Fluke 51 K/J Thermometer). 

Measured UV/Vis spectra show the characteristic HDAPPs profile and indicate 

minimal differences in absorbance and fluorescence between OH-HDAPPs and AcTZ-

HDAPPs (Figure 4.3). Sterilization using UV light does not affect either nanoparticle as 

indicated by no change in UV/Vis spectra. Nanoparticle diameter as measured by dynamic 

light scattering (DLS) (OH-HDAPPs: 96.7 nm; AcTZ-HDAPPs: 105.4 nm) (Figure 4.4) 
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and nanoparticle tracking analysis (NTA) (OH-HDAPPs: 80.2 nm; ActZ-HDAPPs: 84.9 

nm) (Figure 4.5) suggests a slight increase in size between OH- and AcTZ-HDAPPs. This 

change in size appears to be due to the presence of aggregates as shown in NTA results by 

the presence of a small population of large diameter peaks to the right of an AcTZ-HDAPPs 

distribution that matches that of OH-HDAPPs. A true change in size due to coating is likely 

not resolved here. Instead, zeta potential reliably confirms the presence of surface-

functionalized AcTZ14011. Characterization of zeta potential reveals an expected negative 

charge in OH-HDAPPs (-32.7 mV) reflecting the PEG surface hydroxyl group, where zeta 

potential is positive on AcTZ-HDAPPs (11.5 mV), explained by presence of the cationic 

peptide AcTZ14011 on the surface (Figure 4.6). Heat generation of OH-HDAPPs and 

AcTZ-HDAPPs was found to be similar, indicating that coating does not affect 

photothermal capacity (Figure 4.7). 

 

Figure 4.3: OH- and AcTZ-HDAPPs absorption and fluorescence characterization 

using UV/Vis before and after UV-sterilization. 
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Figure 4.4: Hydrodynamic diameter of OH-HDAPPs (A) and AcTZ-HDAPPs (B) by 

DLS measurement. 

 

 

Figure 4.5: Particle diameter OH-HDAPPs and AcTZ-HDAPPs measured by NTA. 
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Figure 4.6: Zeta potential measurements of OH-HDAPPs (A) and AcTZ-HDAPPs (B). 

 

Figure 4.7: Heat generation as a function of nanoparticle concentration for OH-HDAPPs 

and AcTZ-HDAPPs. 

OH-HDAPPs 

AcTZ-HDAPPs 
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CT26 Parental and OxR Variants Both Express Membrane-localized CXCR4 

To confirm positive expression and localization of the CXCR4 receptor to cellular 

membranes of CT26 parental and OxR cells, a Western blot was performed according to 

the following protocol. CT26 parental and OxR cells were grown to approximately 90% 

confluency in T225 flasks, where an additional culture of CT26-OxR cells was prepared 

under treatment with oxaliplatin for 3 days (oxaliplatin treatment has been noted to select 

for CXCR4 positive cells).149 At 90% confluency, cells were harvested by scraping and 

membrane-associated proteins were extracted using the Mem-PER Plus Membrane Protein 

Extraction Kit (Thermo Science). CXCR4 expression was analyzed by staining with 

CXCR4 rabbit anti-mouse/human 1o antibody (Invitrogen PA3-305) and secondary 

staining with goat anti-rabbit 2o antibody (horseradish peroxidase) (Abcam ab97051). 

CXCR4 staining was imaged with Western Lightning Plus-ECL assay kit (Perkin Elmer). 

Results indicate that all CT26 cell lines stain positive for CXCR4 localized to their 

membranes (Figure 4.8). 

  

Figure 4.8: Western blot of CXCR4 showing 60 and 72 kDa isoforms. 
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AcTZ14011-Functionalized HDAPPs are Retained within the Peritoneum Following in 

vivo Administration in CT26-OxR Murine Peritoneal Carcinomatosis Model 

In order to demonstrate the capacity of AcTZ-HDAPPs to target and detect CT26-OxR 

tumors in vivo, the following protocol was utilized to produce a CT26-OxR murine pcCRC 

model displaying tumors of typical micrometastatic size (2.5 mm). CT26-OxR cells (3*106 

cells in 0.5 mL normal saline) were injected intraperitoneally into female Balb/c mice and 

allowed to disseminate within the peritoneum for 3 – 7 days to establish micrometastases. 

A consistent baseline tumor burden as determined by luciferase-based bioluminescent 

imaging with an In Vivo Imaging System (IVIS) was established prior to treatment. 

Animals were assigned to one of the following treatment groups (3 mice per group): a) 

saline control (no HDAPPs), b) 4.39*1011 NP/mL OH-HDAPPs in saline, or c) 4.39*1011 

NP/mL AcTZ-HDAPPs in saline. In order to deliver treatments for binding assessment, the 

“open coliseum” method was utilized as described below (Figure 4.9). 

First, mice were anesthetized using 2% inhaled isoflurane on a sterile field heated by a 

far infrared warming pad (Kent Scientific, RT-0515). Abdomens were prepped by 

removing fur with depilatory cream followed by sterilization with betadine. An 

approximately 20 mm incision was made from the sternum through the midline of the 

abdomen, where the peritoneum and abdominal skin were sutured to a ring-stand to form 

the “coliseum”. The peritoneal cavity was then flushed with normothermic normal saline 

twice, followed by a 30 minute perfusion of selected treatment at normothermia (constantly 

heated through recirculating heat exchanger). Following 30-minute perfusion, the abdomen 

was emptied of treatment, washed twice with normothermic normal saline, and then the 

peritoneum and abdomen were sutured sequentially. Mice were survived for 24 hours, at 
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which point mice were imaged using IVIS for nanoparticle fluorescent signal (Ex: 465 nm, 

Em: ICG filter) and tumor bioluminescent signal. After imaging, mice were euthanized. 

 

Figure 4.9: (A) Overview of surgical field for mouse nanoparticle perfusion with 

(B) open coliseum formed by sutures. Average tumor size indicated by red arrow. 

(C) Laser application for photothermal ablation with 5 cm2 area. 

 

 

 

 

 

 

 

B C 

A 



 

94 

Results of nanoparticle binding indicate that only AcTZ-HDAPPs are retained at 24 

hours (Figure 4.10). Further, there appears to be some degree of co-localization of 

nanoparticle and tumor signal for AcTZ-HDAPPs, where lack of overlap could be due to 

unbinding of nanoparticles over the 24-hour period prior to imaging. 

 

Figure 4.10: Evidence of AcTZ-HDAPPs binding in comparison to saline and OH-

HDAPPs controls. Each group of “Tumor Luminescence” and “Nanoparticle 

Fluorescence” images under one of the treatment headings represents one mouse. 

Luminescent signal that is purple or blue is generally disregarded as scatter and is 

not true disease.  
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In vivo Photothermal Ablation using AcTZ-HDAPPs is Physiologically-Limited in CT26-

OxR Murine Peritoneal Carcinomatosis Model 

In order to determine if AcTZ-HDAPPs could yield a therapeutic benefit for the 

treatment of CT26-OxR peritoneal carcinomatosis, the above protocol for in vivo binding 

analysis was utilized with the addition of a laser treatment protocol. Following nanoparticle 

perfusion and wash, the abdomen was filled with 0.1% Intralipid (optical scattering agent) 

and then the abdomen was exposed to 3W continuous wave 800 nm laser (1 cm2 area) for 

60s. The laser was applied throughout the entire abdomen by continuous movement of the 

focal area. Following laser treatment, the peritoneal cavity was washed twice with saline 

and then mice were recovered as described before. At 24 hours, mice were imaged using 

IVIS for nanoparticle fluorescent signal (Ex: 465 nm, Em: ICG filter) and tumor 

bioluminescent signal. Mice were assigned to treatment with or without AcTZ-HDAPPs 

with or without laser exposure for both groups (n = 3 mice per group). Primary endpoint 

for this arm was percent disease reduction 24-hours following intervention quantified via 

IVIS. 

Results indicate no clear benefit from treatment as confirmed by two-way ANOVA (p 

= 0.89 for laser effect, p = 0.91 for nanoparticle effect, and p = 0.821 for interaction of 

laser and nanoparticle) (Figure 4.11A). This is largely due to variability in disease burden 

at onset of treatment. 
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Figure 4.11: Results of (A) disease reduction endpoint and (B) survival endpoint. 

 

As a confirmation that this is not an endpoint-dependent finding, we further 

investigated the effect of nanoparticle-induced photothermal ablation therapy on a separate 

arm measuring overall survival. Survival was quantified by duration of days lived 

following intervention until 200% increase in disease burden was achieved (this was 

previously determined as the ethical limit of survival at which an increase in pain score 

A 
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was noted). All treatment parameters remained the same for this arm as described for the 

percent disease reduction arm with the exception of laser area, which was increased to 5 

cm2 such that the laser did not have to be moved during therapy and still be applied to the 

entire abdomen. Mice were assigned to treatment with or without AcTZ-HDAPPs with or 

without laser exposure for both groups (n = 3 mice per group). 

Results of the survival arm further indicate no increase in therapeutic efficacy of AcTZ-

HDAPPs photothermal ablation by Gehan-Breslow analysis (p = 0.61) (Figure 4.11B). We 

believe that the lack of therapeutic efficacy can be explained by our findings in CRC 

organoids as outline in Ch.3, where it was found that an optimized nanoparticle formulation 

for heating, a higher concentration of nanotherapeutic delivered, longer delivery times, and 

a higher laser fluence were all necessary to achieve efficacious treatment. 

A final arm of the study was established to determine if optimized parameters derived 

from CRC organoids could yield therapeutic efficacy (n = 3 mice). While nanotherapeutic 

formulation, concentration, and delivery time could not be modified within this model, an 

experimental survival arm of mice treated with AcTZ-HDAPPs and laser was established 

where laser parameters were changed to 5W continuous wave 800 nm laser for 150s (5 

cm2). This is the maximum tolerable laser dose in organoids as determined by viability 

measurements (data not shown). Twenty-four hours following laser therapy, mice 

exhibited signs of pain and were euthanized. They had developed distended bowels with 

evidence of loss of peristalsis most likely due to coagulative necrosis from laser absorption 

by blood and fecal matter (Figure 4.12A).  
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To gain insight on the cause of this distension and organ failure, we exposed mouse 

fecal matter (0, 5, 15, and 25 g) in 200 μL of water and 200 μL of blood (sheep origin) to 

the laser parameters used in mice (5W, 150s of 800 nm laser with 5 cm2 area or 3W, 60s 

of 800 nm laser with 5 cm2 area) and measured solution temperatures before and after laser 

treatment (Figure 4.12B). Results of this experiment suggest that all tissue exposed to 5W 

laser for the treatment parameters outlined increase at least by 9.1 oC as evidenced by the 

temperature increase in water alone. Further, blood gelated at the 5W parameters strongly 

suggesting onset of coagulative necrosis. Application of the laser at 3W showed no 

evidence of gelation in blood and achieved much milder increases in temperature for each 

biospecimen. 
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Figure 4.12: A) Evidence of intestinal and stomach distention (indicated by red 

arrows) in mouse after 5W, 800 nm laser photothermal ablation for 150s with 5 cm2 

focal area. B) Change in temperature of biospecimen after stimulation with 

respective laser parameter. 
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4.4 Discussion 

The exploration of CXCR4-targeted diagnostics and therapeutics has been previously 

described for various malignancies.152 When inhibited by the anti-CXCR4 antibody 12G5, 

CRC cells have shown reduced chemotaxis, adhesion, and proliferation.147 Here, we 

synthesize for the first time an AcTZ14011-targeted nanoparticle for simultaneous CXCR4 

inhibition, fluorescence imaging, and photothermal ablation of OxR-CRC. CXCR4 has 

been implicated in metastatic outgrowth of CRC, where its upregulation has been 

associated both with late stage, high grade CRCs as well as OxR-CRC.145-149 Following 

selection of CT26-OxR cells as described in Ch. 2, we were not able to detect an increase 

in CXCR4 expression relative to parental CT26 variants. One report of a decrease in 

CXCR4 expression in multiple CRC cell lines following oxaliplatin treatment contradicts 

the above cited work, though, for our study, no discernable decrease in expression under 

all conditions tested was observed either.156 Our result may be a function of the CT26 cell 

line, which was not investigated in any of the cited studies linking oxaliplatin treatment to 

CXCR4 expression.  

The study of photothermal therapy for colorectal cancer has primarily been conducted 

in subcutaneous xenograft tumor models, which may artificially lend to the overwhelming 

success of these therapies in pre-clinical studies in vivo assessment.157 The subcutaneous 

xenograft is a general theme among all applications of photothermal nanoparticles in 

cancer, where models that replicate clinical presentations such as metastases are 

necessary.158 This is reflected by the fact that only one photothermal nanoparticle therapy, 

Aurolase, is currently being investigated in clinical trials, where it is in early phases of 

study for treatment of primary prostate tumors.45, 64, 65 To date, only three studies of PTT 
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for CRC extend beyond a subcutaneous xenograft. These have investigated PTT for 

spontaneous orthotopic CRC, pcCRC, and CRC lymph metastases.129, 159, 160   

This work represents the first implementation of an OxR-pcCRC in vivo model, where 

our group previously published the first study of photothermal nanoparticles for in vivo 

targeting and treatment of pcCRC.129 Application of AcTZ-HDAPPs in vivo showed 

increased retention compared to all controls. This suggests that AcTZ14011 binding to 

CXCR4-expressing OxR-CT26 cells is likely a factor in the retention of these 

nanoparticles, although this needs further elucidation to clarify. Following exposure to 

laser stimulation, AcTZ-HDAPPs do not yield decreased disease burden or increased 

survival. This result is likely indicative of insufficient dosage parameters, where our work 

in organoids suggests that increasing molar absorption coefficient by modifying 

nanoparticle formulation, increasing delivered nanoparticle dose, increasing nanoparticle 

delivery duration, and increasing laser fluence are all necessary to treat diffuse 

micrometastases. Due to limitations in our animal model, the only parameter we could 

modify from the initial arms of our study was the laser fluence. Increasing laser dosage to 

5W for 250s (5 cm2 focal area) yielded morbid inflammation and distension of the 

peritoneal organs. Clinical reports of photodynamic therapy for peritoneal malignancy that 

result in capillary-leak syndrome support this finding, where non-targeted photodynamic 

agents exhibited significant off-target effects that led to the condition.161, 162 For AcTZ-

HDAPPs which are targeted, it is unlikely that this is an off-target effect due to 

nanoparticle-generated heating. Instead, we demonstrate that both blood and fecal matter 

within the peritoneal cavity can easily reach temperatures sufficient for coagulative 
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necrosis at the highest laser fluence used, where the 3W parameters used were shown to be 

relatively benign. 

To date, five studies have been performed investigating photothermal therapies for 

peritoneal malignancies in mice. Bagley et al. describe enhanced accumulation of  

doxorubicin-loaded liposomes for ovarian peritoneal metastases using mild hyperthermia 

from gold nanorods delivered by intravenous injection (14 mg/kg).163 The entire peritoneal 

cavity was exposed 48 hrs post-injection to an implanted 810 nm laser for 300s (~0.135 

W/cm2). This study did not attempt to assess a therapeutic benefit. Wu et al. describe 

successful reduction in ovarian peritoneal metastases using anti-CD47 gold nanoshells 

delivered intraperitoneally (OD800 = 0.625).128 Immediately following injection, five areas 

of the peritoneal cavity were irradiated through the abdominal wall with an 808 nm laser 

for 60s each (3.2 W/cm2, 0.54 cm2 laser focus). Additionally, it was found that non-targeted 

gold nanoshells under the same treatment conditions were able to reduce ovarian peritoneal 

metastases if repeated lasering was applied. Zhang et al. describe both reduction in tumor 

burden and increased survival benefit in ovarian peritoneal metastases using intravenously-

delivered cisplatin-loaded core-shell gold nanoparticles (1*10-9 M).164 Twenty-four hours 

following administration, nanoparticle-bound tumors were located through surface-

enhanced Raman scattering and each identified tumor was exposed to 808 nm laser for 

300s during laparotomy (3 W/cm2, 5 mm diameter laser focus). For treatment of intestinal 

adhesions, laser duration was reduced to 180s to minimize the effect on intestinal 

peristalsis. Wang et al. describe both reduction in tumor burden and increased survival 

benefit in gastric peritoneal metastases using gold nanoshells delivered intravenously (200 

µg/mL in 100 µL carrier).165 Twenty-four hours following administration, tumors were 



 

103 

visualized by NIR-fluorescence from the gold nanoshells (functionalized with indocyanine 

green) and detected tumors were resected. Following resection, the entire peritoneal cavity 

was exposed to 808 nm laser for 180s during laparotomy (2 W/cm2). Application of the 

laser was performed up to three times over a 48-hour period. Finally, McCabe et al. 

describe successful reduction of pcCRC burden using HA-HDAPPs delivered 

intraperitoneally (100 µg/mL in 1 mL saline).129 Twenty-four hours following 

administration, visible tumors were removed by resection following which the entire 

peritoneal cavity was exposed to 800 nm laser for 60s during laparotomy (3 W, 5 cm 

diameter laser focus). 

In review of these studies and our own findings here, we conclude that increased molar 

absorption of photothermal nanoparticles localized to the micrometastases is necessary to 

achieve efficacious and safe therapy for peritoneal malignancies. This increased localized 

molar absorption can be achieved through optimized nanoparticle formulation to include 

more of the photoactive agent, higher nanoparticle delivery concentration, optimized 

delivery route (intravascular or intraperitoneal), longer delivery durations (24 – 48 hrs), 

and tumor-targeting. In comparison to the gold nanoshells used by Wang et al. with a 

reported photothermal conversion efficiency (PTCE) of ~17.5%, our HDAPPs have a 

PTCE of 51.2%.165 Wang et al. report successful therapy with a slightly greater fluence 

(360 J/cm2) than used in our study (250 J/cm2), where both were applied to the entire 

peritoneal cavity. This strongly suggests the importance of delivery mode and duration for 

nanotherapeutics in successful therapy, where the study by McCabe et al. on HA-HDAPPs 

using equivalent delivery route and time as Wang et al., increased total nanoparticle mass 

(100 µg HA-HDAPPs vs. 20 µg gold nanoshells), and lower fluence (9.2 J/cm2) applied to 
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the entire peritoneal cavity yielded successful disease reduction.129 Finally, laser fluence 

appears to be the major limiting-factor for physiological compatibility, where our use of 

250 J/cm2 yielded morbidity in all mice. Oddly, Wang et al. reported a higher laser fluence 

(360 J/cm2) with no indication of morbidity or toxicity.165 The only other group to exceed 

our fluence was Zhang et al., which reported a laser fluence of 900 J/cm2, though this was 

focused into a 5 mm diameter spot and, when treating intestinal adhesions, fluence was 

reduced to 540 J/cm2 due to noted effect of high fluence on peristalsis as we report here.164 

4.5 Conclusions 

The pre-clinical translation of photothermal nanotherapeutics for pcCRC is a process 

complicated by inaccuracies of modeling in respect to clinical disease presentation. 

Question can be brought to the ability of currently used in vivo standards to translate 

therapeutics. We demonstrate here the formation of HDAPPs with a novel CXCR4 

targeting mechanism to treat OxR-pcCRC, but also demonstrate the complications that 

arise due to physiological limits of PTT as dictated by tissue absorption of high fluence 

lasers. While the current study did not show proof of efficacious treatment, evidence of 

binding along with insight from other successful photothermal treatments of peritoneal 

malignancies leads us to believe there is still potential for HDAPPs to serve as either a 

standalone hyperthermia treatment or an adjunct to chemotherapy. It is clear that optimized 

molar absorption localized to micrometastases is the major variable to success for PTT in 

OxR-pcCRC. 
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CHAPTER 5 

Discussion and Conclusions 

This work details the development of pre-clinical models for the translation of 

photothermal nanoparticles to address peritoneal carcinomatosis of colorectal cancer 

(pcCRC). Here, the theranostic HDAPPs platform is utilized to address the major barriers 

to clinical efficacy in pcCRC: therapeutic-resistance and micrometastases. 

To model therapeutic-resistance of pcCRC in pre-clinical studies, we have developed 

oxaliplatin-resistant (OxR) variants of the murine CRC line CT26.WT-Fluc-Neo and 

human CRC lines HT29 and RKO. We show here for the first time in a pre-clinical setting 

that mild hyperthermia can re-sensitize human OxR-CRC cells to oxaliplatin when applied 

in combination. This has strong implication for the clinically investigated hyperthermic 

intraperitoneal chemotherapy (HIPEC) regimen, where no clinical studies on the response 

of OxR-pcCRC to hyperthermic chemotherapy have been conducted. While not clinically 

studied for platinum-resistant CRC, HIPEC for peritoneal carcinomatosis of platinum-

resistant ovarian cancer has been indicated previously in multiple clinical studies.28, 95, 106-

109 With HIPEC already indicated for recurrent pcCRC, we interpret our results as an early 

suggestion of HIPEC for treatment of recurrent OxR-pcCRC.96 

The capacity of our OxR-CRC model was further expanded to be used as a thermal 

dosimetry platform, particularly for the study of photothermal nanoparticles such as 

HDAPPs. Using the luciferase-transfected line CT26.WT-Fluc-Neo, luminescence activity 

was measured as a function of thermal dose applied by bulk hyperthermia. This correlation 

of luminescence activity to thermal dose was then utilized to monitor HDAPPs-generated 
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thermal dose with imaging resolution up to a single cell. We have validated and extended 

a previously developed luminescence-based thermal dosimetry technique, where it is now 

feasible to relate thermal dose from targeted photothermal nanoparticles directly to a 

biological outcome in OxR-CRC.98 Given the results of OxR-CRC sensitization using 

hyperthermia and prior literature indicating the benefit of rapid nanoparticle hyperthermia 

for chemotherapeutic augmentation, this platform allows for the investigation of targeted 

photothermal agents such as HDAPPs for oxaliplatin augmentation with direct relation of 

result to delivered thermal dose.42 With the increasing demand for study of therapeutics in 

relevant 3D environments, these cells are designed to be easily incorporated into organoid 

cultures and in vivo models, the latter of which is demonstrated in this work. 

This work continues with the analysis of HDAPPs in organoid models to address their 

efficacy against micrometastases in an ex vivo platform. We report here the first study of 

semiconducting polymer nanoparticles in three-dimensional (3D) ex vivo culture. The 

organoids platform is utilized to monitor HDAPPs and hyaluronic-acid-targeted HDAPPs 

(HA-HDAPPs) diffusion into and interaction with the extracellular matrix, making 

possible the study of matrix influence on nanoparticle transport behavior in isolation from 

effects of cellular interaction. We show that HA-HDAPPs strongly interact with the 

organoids matrix and are retained at the organoid periphery in diffusion. HDAPPs instead 

freely diffuse throughout the matrix and clear the organoid when challenged to diffuse out.  

In comparison to computationally derived diffusion profiles, we show that HDAPPs 

transport is fully predicted by diffusive transport, where HA-HDAPPs transport is not, 

confirming the presence of this matrix interaction. The implementation of predictive 

computational modeling to study therapeutic transport behavior is a growing concept in 
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medicine.22 As organoids are known to better replicate clinical malignancies than two-

dimensional (2D) cultures, they represent a highly controllable basic science platform for 

fitting therapeutic transport data to mathematical models.22, 70-72, 81 Ultimately, a fully 

computational method of predicting therapeutic efficacy can be realized, leading to rapid 

identification of drug candidates and minimizing experimental load from early screening. 

These models might then be advanced to even predict a patient’s response to a therapeutic.  

 Within organoids, we further show that the parameters necessary to ablate cells in 2D 

culture are insufficient to treat cells in 3D, requiring optimized reformulation (for increased 

molar absorption), increased delivery concentration, increased delivery time, and increased 

laser fluence. This lack of efficacy is a common theme among translation of therapeutics 

from 2D to 3D.73, 74 Reformulation resulted in full removal of the fluorescent component, 

where these nanoparticles that are optimized for heating are termed BSe NPs and have 

previously been investigated for CRC.50 Analysis of targeted HA-BSe NPs versus non-

targeted BSe NPs shows that only HA-BSe NPs can fully ablate tumor organoids. This is 

believed to be due to the combination of the increased retention of the HA-BSe 

nanoparticles in addition to their increased CRC cell affinity. The organoids platform here 

represents an easily scalable technology for high-throughput screening, personalized 

medicine, and ex vivo pharmacokinetic analysis with –on-a-chip technology becoming 

available.81, 83-85 Particularly for nanoparticles that are targeted, the implication of patient 

cell culture to identify viable targeting moieties represents a powerful tool for advancing 

these precision therapeutics to the clinic.86 

The final application of this work was to assess the efficacy of AcTZ14011-targeted 

HDAPPs (AcTZ-HDAPPs) against OxR-CRC micrometastases in a novel in vivo model. 
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The targeting molecule AcTZ14011 is an antagonist of CXCR4, implicating its utility for 

simultaneous nanoparticle targeting and cancer pharmacoactivity.150-155 This warrants 

further investigation to clarify if any selective antagonistic effect is present with AcTZ-

HDAPPs. Investigation of AcTZ-HDAPPs in vivo yielded increased retention, but no 

reduction in tumor burden or survival benefit was observed. Following from our findings 

on the maximum tolerable laser dose in organoids, fluence was increased for mice but 

yielded significant physiological toxicity which we attribute to off-target absorbance 

primarily in the blood and feces. Comparison of our study to others investigating 

photothermal therapy (PTT) for peritoneal malignancies revealed that, of the manipulable 

parameters for our therapy, those that lend to an increased mass absorption local to the 

OxR-CRC micrometastases will yield efficacious PTT at safe laser doses. 128, 129, 163-165 As 

mostly addressed by research in organoids, this could be achieved through formulation of 

nanoparticles to include more of the photoactive agent, higher nanoparticle delivery 

concentration, optimized delivery route (intravascular or intraperitoneal), longer delivery 

durations (24 – 48 hrs), and tumor-targeting. In cases where the off-target effects of ablative 

PTT are significant as to restrict clinical application, investigation of mild hyperthermia 

from PTT for oxaliplatin augmentation in this model should avoid such difficulties, where 

our early evidence in 2D culture for OxR-CRC re-sensitization supports such an 

application. Instead of delivery of hyperthermic chemotherapy for the 1.5 - 2 hour 

treatment window as performed with traditional bulk hyperthermia delivery in HIPEC, 

targeted PTT can potentially yield the same augmentative effect in mere minutes of 

treatment.8 Additionally, it may be more feasible to investigate alternative thermally-active 

nanoparticles for targeted hyperthermia, particularly magnetic nanoparticles which 
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perform better at remote heating through larger tissue depths and have seen approval for 

adjuvant therapy of glioblastoma in combination with radiotherapy in Europe.37, 166 

As seen from our work in organoids, much of the in vivo therapeutic behavior of 

HDAPPs was predictable with ex vivo culture. Where 2D culture typically requires a lower 

dose to be effective, it is proposed that 2D culture serve primarily to identify cell targeting 

agents and reject low efficacy therapies (though even therapies with low efficacy in 2D 

have been shown to work in the clinic).66 In vivo models here served primarily to provide 

relevant anatomical interactions, from which we were able to identify therapeutic toxicities 

that would not be discovered in 2D or 3D cell culture alone. From these studies, we 

demonstrate a rigorous, clinically-relevant translational platform moving candidates from 

2D culture, to organoids culture, and finally to mouse models for the assessment of PTT 

for pcCRC. We believe that the inclusion of organoids within this process will help to 

increase translational success further downstream, where many candidates are often 

rejected.167 Development of the OxR-CRC cell line allows its inclusion along any of the 

steps of this process, also providing a powerful vehicle for assessing intracellular thermal 

dose in relation to therapeutic outcome, something that is not well understood in PTT. 

Ultimately, pcCRC models are developed to study the capacity of photothermal 

nanoparticles to address therapeutic resistance and micrometastases with the hope that such 

a rigorous process of candidate evaluation will increase the availability of therapies to treat 

pcCRC, for which few options are clinically available.  
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Appendix A1 

Supplemental Material for Ch. 2 

To qualitatively illustrate the combinatorial effect of hyperthermia and oxaliplatin 

within parental and chemoresistant cell line variants (data from Figure 2.2 “Hyperthermic 

Response of Oxaliplatin Resistant CRC Cells with Simultaneous Treatment by 

Oxaliplatin”), planar fits of fraction affected (expressed as 1 – viability) as a function of 

concentration and temperature were determined using Equation 2.1. This model was 

developed due to its capacity to simultaneously capture the power model characteristic of 

temperature and the third-order polynomial characteristic of concentration. 

𝐹𝐴 = 1 − 𝑎𝑇𝑏 − 𝑐 − 𝑑𝐶 − 𝑒𝐶𝑇 − 𝑓𝐶2 − 𝑔𝐶2𝑇 − ℎ𝐶3  (Equation 2.1) 

FA is fraction affected; T is temperature; C is concentration; and a, b, c, d, e, f, g, and h are 

all fitting coefficients. Data were fit using the MATLAB’s “fit” function with the 

“NonlinearLeastSquares” method (Figure A1.1). 
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Figure A1.1: Front and rear aspects of fitted fraction affected data from combination 

treatment with hyperthermia and oxaliplatin for A) CT26, B) RKO, and C) HT29 cell lines. 

Adjusted R-squared values are provided for each fitting. 
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Three way analysis of variance (ANOVA) with factors of OxR status, temperature and 

concentrations were used to examine the factor effects on proliferation for each cell line 

(CT26, HT29 and RKO) respectively. Two-way and three-way interactions were also 

included in the ANOVA models.  Comparisons were made between OxR status at each 

combination of temperature and concentration, as well temperature effect within 

parental/OxR cells at each concentration. Bonfferoni adjustments were used to take into 

account for multiple comparisons while controlling for the overall significance level of 

0.05 for all two-sided tests. Results of each test are displayed below for the cell lines CT26 

(Figures A1.2-A1.4), RKO (Figures A1.5-A1.7), and HT29 (Figure A1.8-A1.10). 
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Figure A1.2: Heatmap of statistical analysis within CT26 cell line - pairwise 

comparisons of temperature effect at each concentration for parental and resistant 

variants. (Red indicates statistically significant difference.) 

 

 

Figure A1.3: Heatmap of statistical analysis within CT26 cell line - pairwise 

comparisons of concentration effect at each temperature for parental and resistant 

variants. (Red indicates statistically significant difference.) 
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Figure A1.4: Heatmap of statistical analysis within CT26 cell line - pairwise 

comparisons of resistance status effect at each combination of concentration and 

temperature. (Red indicates statistically significant difference.) 
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Figure A1.5: Heatmap of statistical analysis within RKO cell line - pairwise comparisons 

of temperature effect at each concentration for parental and resistant variants. (Red 

indicates statistically significant difference.) 

 

 

Figure A1.6: Heatmap of statistical analysis within RKO cell line - pairwise comparisons 

of concentration effect at each temperature for parental and resistant variants. (Red 

indicates statistically significant difference.) 
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Figure A1.7: Heatmap of statistical analysis within RKO cell line - pairwise comparisons 

of resistance status effect at each combination of concentration and temperature. (Red 

indicates statistically significant difference.) 
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Figure A1.8: Heatmap of statistical analysis within HT29 cell line - pairwise 

comparisons of temperature effect at each concentration for parental and resistant 

variants. (Red indicates statistically significant difference.) 

 

 

Figure A1.9: Heatmap of statistical analysis within HT29 cell line - pairwise 

comparisons of concentration effect at each temperature for parental and resistant 

variants. (Red indicates statistically significant difference.) 
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Figure A1.10: Heatmap of statistical analysis within HT29 cell line - pairwise 

comparisons of resistance status effect at each combination of concentration and 

temperature. (Red indicates statistically significant difference.) 
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To demonstrate the capacity of luciferase-based thermal dosimetry to monitor 

hyperthermia from HDAPPs at a single-cell resolution with high spatial accuracy, loss of 

luminescence images from electron multiplying CCD (EM-CCD) capture for each 

treatment condition were registered with brightfield images of the same region-of-interest 

(ROI) (Figure A1.11). 

 

Figure A1.11: Loss of luminescence under respective nanoparticle concentration (Figure 

2.5-C) with registered brightfield images of the same ROI. 
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Appendix A2 

Supplemental Material for Ch. 3 

Western blot staining for CD44 expression (81 kDa) was performed as described 

previously for NIH-3T3 embryonic fibroblasts (control), CMT-93 rectal polyploidy 

carcinoma (control), and CT26-WT-Fluc-Neo cells (Figure A2.1).129 All cells indicate 

positive staining for CD44 at the expected 81 kDa, where CT26 have a much lower 

expression at this molecular weight and instead show prevalence of alternative 

molecular weight CD44 variants. This is possibly linked to aberrant glycosylation of 

the receptor. 

 

Figure A2.1: Positive staining of CD44 in NIH-3T3, CMT-93, and CT26 cell lines. 

 

 

 



 

145 

Electrostatic layer-by-layer deposition of HA was monitored using DLS and zeta 

potential measurement for HDAPPs (Figure A2.2) and BSe NPs (Figure A2.3). 

Increase in size at each step of coating with observed zeta potential reversal in HDAPPs 

indicates successful coating. This is further seen with an increase in size as imaged by 

TEM and measured by NTA (HDAPPs: 85.1 nm; HA-HDAPPs: 134.2 nm) (Figure 

A2.4). HA-BSe NP coating was only observed before and after the full coating process, 

where charge and size indicate a successful coating. 

 

Figure A2.2: Iterative increase in nanoparticle hydrodynamic diameter as measured by 

DLS combined with charge alternations as a function of coating indicate successful coating 

with HA. 
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Figure A2.3: BSe NPs DLS and zeta potential measurements indicate successful coating 

with HA. 

 

 

Figure A2.4: TEM and NTA confirm layer growth with increasing size of HDAPPs as a 

function of coating step. 
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NTA size of HA-HDAPPs collected in fluorescence mode (133.9 nm) displayed strong 

agreement with that of scattering mode (134.2 nm), indicating that the nanoparticles 

presenting with fluorescent imaging capacity were in fact the isolated HA-HDAPPs and 

not two separate nanoparticle populations (Figure A2.5). 

 

Figure A2.5: NTA measurement of HA-HDAPPs captured in fluorescence mode. 
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The photothermal conversion efficiency of each nanoparticle was measured according 

to the protocol outlined by Roper et al. and provided in section 3.2.56 Photothermal 

conversion efficiency (PTCE) values are 51.2%, 57.1%, 53.17%, and 49.8% for HDAPPs, 

HA-HDAPPs, BSe NPs and HA-BSe NPs, respectively (Figure A2.6). This close 

agreement between all nanoparticle formulations indicates that the BSe polymer PTCE is 

minimally effected by either coating or core formulation. 

 

Figure A2.6: Heating and cooling plots for each nanoparticle (top) with plots of 

transformed cooling data (bottom) used to calculate τ (Eq. 4.3). 
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An ablation assay of CT26 CRC cells in 2D culture using HDAPPs and HA-HDAPPs 

was attempted according to the protocol outlined in the “Targeted HA-BSe NP Ablation of 

CT26 Colorectal Cancer Cells in 2D Culture” section of Ch. 3. No significant decrease in 

viability was detected within any group, informing our decision to substitute BSe NPs for 

HDAPPs (Figure A2.7). 

 

Figure A2.7: HDAPPs and HA-HDAPPs show no significant reduction in viability 

following binding and exposure to laser in 2D culture. 
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Appendix A3 

Fiber-Optic-Based Reconstructive Imaging of Multicellular Tumor Organoids and 

HDAPPs 

Introduction 

This work stems from Ch. 3, where a previously described fiber-optic-based (FOB) 

reconstructive imaging platform is demonstrated for imaging of fluorescently-labeled 

colorectal cancer (CRC) cells, stromal cells, and HDAPPs in organoids.168-170 

CT26 GFP-Transfection and Cell Selection 

CT26.WT-Fluc-Neo cells were transduced by lentivirus encoding the target plasmid 

pCDH GFP (pCDH-null GFP-Puro-System biosciences CD513B-1) which localizes green 

fluorescent protein (GFP) throughout the cytoplasm when expressed. Cells expressing GFP 

were sorted from non-expressing cells with FACSAriaTM II (BD Biosciences). 

Mouse Mesenchymal Stem Cell (mMSC) Source 

mCherry-expressing mMSCs were isolated from the bone marrow of B6(Cg)-Tyrc-2J 

Tg(UBC-mCherry)1Phbs/J mice and cultured in Alpha MEM supplemented with 20% FBS 

and  penicillin/streptomycin. Cells were generously donated by Frank Marini. 

Fiber-Optic-Based Imaging 

Non-destructive fluorescent imaging of tumor organoids seeded on an imaging scaffold 

was performed using an FOB imaging system as described previously.168-170 First, a 

scaffold to allow compatibility of organoids with the FOB imaging system was fabricated 
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according to the following procedure. Degassed polydimethylsiloxane (PDMS) (Sylgard 

184 Silicone Elastomer Kit, Dow) was spin-coated onto a 2” x 3” x 1.2 mm glass slide 

(VWR CN: 48312-018) to yield a 400 μm thick layer. A micro-imaging channel (MIC) 

with inner diameter of 148.7 μm and outer diameter of 241.3 μm made from an optically 

transparent and flexible fused-silica hollow fiber (Polymicro Technologies) was inserted 

into the PDMS layer and wells cut from two stacked layers of 3.175 mm polymethyl 

methacrylate (PMMA) matching the dimensions of a 12-well plate (4 cm2) were placed 

onto the PDMS which was then cured for 1 hr at 60 oC. Scaffolds were cleaned with 70% 

ethanol, washed with 1X PBS to remove ethanol, and then UV-sterilized for 30 minutes. 

The final construct is displayed in Figure A3.1A. 

Following scaffold fabrication, a 45o polished, single-mode optical fiber (SMF430, 

Nufern Inc) was inserted into the MIC and used to deliver excitation light for fluorescent 

imaging from laser (GFP and HDAPPs: 450 nm [QFLD-450-10S 10 mW, Qphotonics]; 

mCherry: 532 nm [TEM 01, 50 mW, China]). A 10X long working distance lens (M plan 

Apo 10, Mitutoyo) was fixed 8 cm below a stage supporting the organoid which was then 

coupled to an electron-multiplying-CCD (EM-CCD) (iXon, Andor Inc) detector for 

reconstructive imaging. Fluorescent emission was filtered with respective bandpass or 

longpass filters (GFP: 512/18 nm [BrightLine]; HDAPPs: > 650 nm [FEL0650, Thor 

Labs]; mCherry: 628/32 nm [BrightLine]). This equipment comprised the FOB imaging 

system displayed in Figure A3.1B. 
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Figure A3.1: A) Imaging scaffold with seeded organoids (pink) and visible MIC at right 

of image. B) Picture of FOB imaging system. 

To image by reconstruction, the optical fiber was rastered underneath a 500 x 200 μm 

region of interest (ROI) of the organoid by rotating the fiber 120o from a starting position 

of 30o with a 1o step-size (this represents ~200 μm in the y-direction after tangential 

correction). The optical fiber was then translated by a step size of 4 μm in the x-direction 

prior to rotating again. This rastering was continued until the optical fiber had translated 

500 μm in the x-direction. At each step, a representative image was collected by the EM-

CCD camera (binning: 4x4, gain: 5, exposure: 0.1 s), after which a 5x5 pixel square with 

the highest representative intensity of the representative image was selected and 

reconstructed into an image array. The reconstructed image was then compared to a control 

image captured by a CCD camera fixed above the scaffold. The FOB imaging device 

function and imaging procedure are illustrated in Figures A3.2A and A3.2B, respectively. 
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Figure A3.2: FOB image reconstruction procedure. A) Schematic of image reconstruction 

process. B) EMCCD representative images are analyzed by a window (yellow) to 

determine their areas of maximum fluorescent intensity, from which the window’s summed 

intensity value will be used as a pixel value in the image reconstruction in the center. A 

single image on the left represents one pixel for the middle image. The CCD camera control 

image (top right) and respective fully reconstructed image (bottom right) are shown. 
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FOB Imaging of Tumor Organoids 

Tumor organoids were formed by suspending respective contents in 10 μL of a heprasil 

hyaluronan acid/methacrylated collagen solution (0.5 mg/mL heprasil/4.1 mg/mL 

collagen), plating the mixture into a 96-well plate, and then exposing the cell containing 

hydrogel to UV light (BlueWave 75, Dymax) for 2 seconds to statically crosslink them.89 

Tumor organoids were then incubated in Fluorobrite DMEM media (Gibco) supplemented 

with 10% fetal bovine serum (FBS), 1% L-glutamine, and 1% penicillin and streptomycin 

(P/S). 

Organoids composed of a homogenous mixture of 10,000 CT26-GFP cells and 10,000 

mMSC-mCherry cells were formed for imaging using the parameters outlined for each 

respective cell line. Both CT26-GFP and mMSC-mCherry cells were resolved by FOB 

imaging (Figure A3.3A). Unfortunately, control imaging for the mMSC-mCherry cells 

was unsuccessful and further confocal imaging was unable to resolve the same ROI as seen 

in the FOB image. This was found to be due to a laser power issue for mCherry excitation, 

where imaging an additional organoid of the same composition was successful in confocal, 

but not FOB or control imaging due to this laser power issue (Figure A3.3B). (Some 

autofluorescence in the GFP channel from the MIC is noted by yellow arrow.) 
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Figure A3.3: Images of CT26-GFP and mMSC-mCherry cells in organoids. (Yellow 

arrow indicates autofluorescence from MIC in GFP channel.) A) First and B) second 

imaging attempts. 
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Additional organoids containing 10,000 CT26 cells and large HDAPPs aggregated 

were used to illustrate the capacity of the FOB imaging system to resolve HDAPPs. 

Successful imaging of both CT26-GFP cell and HDAPPs within a single organoid is shown 

to be possible, where control images co-register well with those captured by the FOB 

imaging system (Figure A3.4). (Some autofluorescence in the GFP channel from the MIC 

is noted by yellow arrow.)  

 

Figure A3.4: FOB reconstruction image and CCD control image of CT26 and HDAPPs in 

organoids. (Yellow arrow indicates autofluorescence from MIC in GFP channel.) 
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Discussion & Conclusions 

The FOB imaging system is a novel, non-destructive reconstructive imaging device utilized 

previously for two-dimensional vascular scaffolds.170 In this study, we demonstrated the 

compatibility of FOB reconstructive imaging with both three-dimensional organoids and 

nanoparticles, furthering its utility in biological imaging. We envision furthering this work 

by utilizing the FOB imaging system to excite HDAPPs bound to a single cell within tumor 

organoids for photothermal ablation of individual cells. This may allow precision therapy 

by first detecting and identifying cancerous cells through imaging with targeted HDAPPs 

followed by selective ablation of targeted cancer cells through FOB-guided laser delivery 

for photothermal ablation. Unfortunately, due to system maintenance issues affecting laser 

power, this study was not able to be completed. 
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