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ABSTRACT 

 

Colorectal cancer (CRC) is the second leading cause of cancer-related deaths and 

the fourth most common cancer in the United States. When CRC disseminates into the 

abdominal cavity, there can be hundreds, if not thousands, of small tumors infiltrating the 

surfaces of organs, making it extremely difficult to treat by conventional methods. 

Hyperthermic Intraperitoneal Chemotherapy (HIPEC) in combination with cytoreductive 

surgery (CRS) has improved the 5-year survival rate of late-stage CRC patients from 12% 

to 51%. However, the survival rates of these patients have stagnated, which emphasizes 

the need for more innovative approaches to improve patient survival outcomes.  

The purpose of this dissertation was to assess an adjuvant nanoparticle therapy that 

could aid in targeting and treating micro-sized tumors in a disseminated colorectal cancer 

model. We hypothesized that polymer nanoparticles, synthesized from PCPDTBSe and 

PFBDTBT10 blends, with surface targets (hyaluronic acid) would bind specifically to 

CD44+ surface CRC tumors and cancer cells in vivo.   The nanoparticles developed here, 

designed to target the cancer stem cell marker CD44, allowed for visualization of the tumor 

locations and possessed the ability to generate on-demand local ablative heating to treat 

small tumors. The nanoparticles were perfused throughout the abdominal cavity of mice 

with disseminated colorectal cancer to bind small and micro-sized disease. This 

dissertation will outline the development and properties of the nanoparticles utilized for 

the described experiments, the results from the disseminated murine model applying this 

nanoparticle perfusion system, and the impact this data has for future clinical treatments of 

disseminated abdominal cancers. 
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CHAPTER 1 

INTRODUCTION 

Colorectal Cancer and Current Treatments 

The colon and rectum are a part of the gastrointestinal system. In humans, the colon 

is responsible for absorbing water and salts remaining in digested food leftover from the 

small intestine.  Any waste material that is unconsumed is stored in the rectum until it is 

expelled via the anus. The epithelial cells that make up the crypts and villi of the colon 

have high turnover rates due to their continuous exposure to acids and volatile molecules 

contained in digested food. For this reason, it is accepted that normal adult stem cells exist 

and serve as the source of these rapidly turned over cells in the colon.[1, 2] It is also 

understood that these adult stem cells can accumulate mutations and epigenetic changes 

over time; this in turn can lead to the formation of cancer stem cells that contribute to the 

rapidly dividing, self-renewing, undifferentiated cells seen in colorectal cancers.[3] The 

primary type of colorectal cancer is adenocarcinoma, derived from the cells that secrete the 

mucus that lubricates the colon and rectum.[4]  

Cancer is the second leading cause of death in the United States and colorectal 

cancer (CRC) is the fourth most commonly diagnosed cancer among both sexes.[5] For 

2017, the American Cancer Society estimated for there to be over 135,000 new cases of 

CRC and over 50,000 deaths.[6] Statistics from the National Cancer Institute’s SEER 

database (2004-2010) showed that early forms of CRC have 5-year survival rates: 87-92% 

(stage I), 80-87% (stage IIA), 49-63% (stage IIB), 84-89% (stage IIIA), and 69-71% (stage 

IIIB).[6] Patients with earlier forms of CRC typically undergo a combination treatment of 

surgical removal with local treatment regimens like radiation therapy, arterial 
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embolization, chemoembolization, or radioembolization.[6, 7] However, later stage forms 

of CRC have low to very poor 5-year survival statistics: 53-58% (stage IIIC) and 11-12% 

(stage IV).[6] The current treatments for late staged CRC include surgery with one or more 

secondary systemic treatments such as chemotherapy, targeted therapeutics (VEGF, 

EGFR, kinase inhibitors), or immunotherapies (checkpoint inhibitors).[7]  

 Stage IV CRC is difficult to treat due to a number of factors, but two of the primary 

causes of death in CRC are from metastatic disease to the liver and the onset of peritoneal 

carcinomatosis.[8]  Peritoneal carcinomatosis (PC) occurs when the primary CRC 

disseminates and infiltrates the peritoneal cavity.[9] It is classified as a secondary cancer 

that is associated with poor prognosis and median survival of 5-6 months.[10] It should be 

noted that many other abdominal cancers (ovarian, appendiceal, gastric) can also develop 

PC and have the same poor prognosis, but this dissertation will focus on CRC. 

Disseminated CRC can progress and lead to intestinal blockades, excessive ascites, pain, 

and fractures.[11] A disruption of a primary tumor site by either trauma or surgical 

intervention can contribute to the rapid spreading of tumors in abdominal cancers.[11]  

Additionally, cancer cells that translocate into the peritoneal fluid can also supplement the 

rapid dissemination of these cancers.[11] It has been reported that tumors have been found 

in the scar tissue of previous surgeries, and tumors in scar tissue can be shielded from 

intravenous treatments.[11, 12] CRC patients that develop PC have a reduced response to 

systemic treatments because of the large surface area of the peritoneum, poor distribution 

of systemic drugs to the peritoneal fluid, and the poor vascularization of PC tumors which 

do not allow adequate drug concentrations to infiltrate the tumors.[13, 14]  A clinical 

example of PC dissemination in a gastrointestinal cancer patient is shown in Figure 1.  
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Figure 1 – Clinical example of peritoneal surface dissemination from a gastrointestinal 

primary tumor during a surgical debulking surgery. Reproduced with permission from 

reference ([11]). 

 

Surgery is the primary course of treatment to remove or reduce the tumor burden 

in these patients, but due to the excessive tumor burden and the minimal effects from 

intravenously delivered drugs, more intensive surgical regimens have been implemented 

to compensate for these challenges.  

 

Hyperthermic Intraperitoneal Chemotherapy 

In recent years, the incorporation of intraperitoneal (IP) chemotherapy, a form of 

regional chemotherapy, has been shown to increase the 5-year survival of patients with 

disseminated cancer up to 51%.[15, 16] For IP chemotherapy delivery, the chemotherapy 

solutions are added directly to the abdominal cavity either through a port or during surgery 

when the abdominal cavity is already opened. The reasoning for using IP chemotherapy 

include, I) higher doses of chemotherapy (5-30 fold higher) can be used while reducing 
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systemic toxicity, II) combinations of different chemotherapies can be used 

simultaneously, III) the chemotherapy comes into direct contact with surface malignancies 

(PC tumors) that would otherwise receive minimal drug from an intravenous route.[17] 

The treatment of disseminated abdominal cancers was further transformed by combining  

heated intraoperative chemotherapy with cytoreduction surgery in the 1990’s.[17–19]  

Surgeons remove as many tumors and non-essential diseased tissues within the 

abdominal cavity as possible.  Naturally, in these cases, there can be micro-size surface 

tumors and free-floating cancer cells that may not be detected, and/or there may be tumors 

integrated into tissues that are too dangerous to remove. In order to better eradicate remnant 

surface malignancies, surgeons can apply Hyperthermic Intraperitoneal Chemotherapy 

(HIPEC). A HIPEC regimen consists of a warmed chemotherapy solution (40-43oC) that 

is perfused throughout the abdominal cavity for 30-120 minutes post an extensive 

cytoreduction surgery.[20] The warmed chemotherapy can be perfused throughout the 

abdominal cavity in an open “coliseum” procedure, where the abdomen remains open 

following surgical debulking, allowing the surgeons to physically manipulate the tissues to 

ensure drug distribution (Figure 2A).[20] Alternatively, catheters can be temporarily 

inserted into the abdomen which is then briefly sutured together to form a “closed” cavity 

where the abdomen swells as the chemotherapy is perfused through the circuit (Figure 

2B).[20] The abdomen is massaged externally to promote better drug distribution when 

using the closed perfusion.[20] 
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Figure 2 - HIPEC examples. Chemotherapy is perfused through the abdominal cavity, 

filtered, and rewarmed before returning to the patient. Monitors help to control 

temperature, flow rate, and duration of perfusion. (A) Example of an open “coliseum” 

perfusion, (B) Example of a “closed” perfusion.  Reproduced from with permission from 

reference ([21]). 

 

Heat enhances the pharmacokinetics and pharmacodynamics of cytotoxic agents 

and increases vascular transport of drugs into tumors by vasodilation of the surrounding 

vasculature.[11, 22–24]   However, studies have shown that the drug penetration of the 

chemotherapy through the surface of the tumors is only 1.0 - 2.0 mm.[15] The rationale for 

integrating a warmed chemotherapy solution includes years of data supporting the benefit 

of heat in the treatment of malignancies.[22, 23, 25, 26] The utilization of heat for 

augmented treatment of cancer has been reported as early as 1700 BC, for treatments of 

breast tumors using a hot firedrill.[27] Since then the use of heat to treat cancers has 

become more precise with microwave, radiofrequency, and ultrasound technologies to 

induce elevated temperature in tumors. It has been established that most cancers have very 

low heat tolerance, because the heat-shock proteins and other safeguards for thermal 

damage recovery are typically lost in tumor cells.[28] 

Hyperthermia is the raising of temperature above a physiological normal baseline; 

clinical hyperthermia is defined as temperatures between 39-45oC. The target temperature 

for a HIPEC procedure is between 39-43oC, any lower and the hyperthermic benefit is 

B A 
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ineffective, any higher and excessive thermal damage to non-tumorigenic tissues 

occurs.[22, 24, 26] Hyperthermia begins to cause cytotoxicity at temperatures above 

42oC.[22] It has been proposed that heat induces cell death by the denaturation of proteins 

in the cytoplasm and membrane.[22] Cancer cells can be thermally ablated with 

temperatures above 55oC.[25] Closed HIPEC procedures have the advantage of providing 

stable hyperthermia during the perfusion, but can have heterogeneous distribution of the 

perfused drugs. The coliseum HIPEC procedure can provide homogeneous perfusate 

distribution, but this method is more susceptible to heat loss.[20, 29] The consequences of 

these deficiencies can contribute to more micro-sized tumors evading treatment, thus 

leading to relapse. In order to help improve the clinical outcomes of HIPEC regimens, 

targeted adjuvants could be utilized. 

 

 

CD44 Receptor and Colorectal Cancer 

                                              

CD44 is a class I transmembrane glycoprotein that is involved in several signaling 

pathways, including migration, differentiation, and survival.[30] The human CD44 gene is 

comprised of 20 exons, 19 introns, approximately 50-60 kb,  and is located on chromosome 

11.[31] In humans, exons 1-5  along with 16 and 17 are constant and code for the 

extracellular domain, exon 18 codes for the transmembrane domain, and exons 19 or 20 

can code for the cytoplasmic tail.[32]  CD44 has an intracellular domain of 72 amino acids, 

a transmembrane domain of  23 amino acids and extracellular domain region composed of 

approximately 248 amino acids.[33] Exons 6-15, also denoted as v1-v10, are incorporated 

into CD44 via alternative splicing through exclusion and/or inclusion of various 

combinations.[32–35] The different combinations of alternative splicing with the 10 
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variant exons are designated as CD44v. Over 40 different variants exist, but the most 

common and the shortest is known as CD44s (CD44 standard), where exon 5 is spliced 

directly to exon 16, omitting the variant exons (Figure 3).[32] CD44s is most commonly 

expressed on hematopoietic, progenitor, and stem cells, while CD44v isoforms are 

expressed in advanced staged cancers.[35, 36] CD44v isoforms CD44v3 and CD44v8-10 

can be utilized in co-receptor interactors for growth factors and protein-tyrosine kinase 

interactions. [37–39] CD44v8-10 isoforms play a role in promoting cystine uptake to 

increase glutathione (an intracellular antioxidant), which increases reactive oxygen species 

resistance, a hallmark survival strategy seen in metastatic tumors.[37, 40, 41]                                   

 
Figure 3.  CD44s and CD44v structure – CD44s is the most common “standard form” of 

CD44, any CD44 isoforms that incorporate exons 6-15 from alternative splicing 

combinations are denoted as CD44v.  

 

 

CD44 transmembrane proteins are classified as a part of the cell adhesion molecules 

family (CAMs). The role of CAMs in normal tissues involves mediating communication 

Cytoplasmic Tail 

Hyaluronic Acid 

Binding Domain  

Hyaluronic Acid 

Binding Domain  
CD44s 

CD44v 

Variable Exon 

Coding Region 
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between cells or between cells and the ECM, and so, CD44 is involved with controlling 

tissue structure.[42] The N-terminal region of the extracellular domain is the binding site 

for ligands, CD44 is known to bind glycosaminoglycans, collagens (I and VI), and 

fibronectin.[42] The predicted size of CD44s, without post translational modifications is 

around 37 kDa, but due to post translational modifications, mainly N-linked and O-linked 

glycosylations, and the variations in alterative splicing, the molecular weight can range 

from 80-200 kDa.[32]  The glycosylations of CD44, more so the N-glycosylations, greatly 

affect how the receptor binds to its primary ligand, hyaluronic acid (HA). CD44 with lesser 

amounts of N-glycosylations binds HA the most readily.[32] Nonstandard glycan patterns 

can enable or inhibit HA binding, and complete removal of N-glycans prevents HA 

binding, while O-glycosylations alterations can reduce HA binding in some cell lines.[32]  

CD44 binding to HA is believed to be a primary driver in cell signaling in the ECM and 

cellular junctions.  HA, a natural negatively charged polysaccharide composed of 

alternating (1→4)-β linked D-glucuronic and (1→3)-β linked N-acetyl-D-glucosamine 

residues, is commonly found in the extracellular matrix and synovial fluid.[43]  

Data from other groups has shown that the expression of CD44 and its isoforms 

have important rolls in cancer stem cell initiation, cancer prognosis, and metastatic 

potential.[35, 36, 44, 45] CD44 has recently been  shown to act as a cancer stem cell (CSC) 

biomarker for colorectal cancer both as a standalone marker and in combination with other 

CSC markers.[35]  The potential functional role of CD44 as a CSC marker was recognized 

by groups that did direct transcriptional reprogramming of CD44 negative colon cancer 

cells to induce stem cell like CD44 positive cancer cells.[46, 47] The “stemness” of CD44 

as a CSC marker was supported by groups such as Al-Hajj et al., who isolated 
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CD44+/CD24-/low tumor cells from breast cancer patients and implanted these cells in 

immunocompromised mice and found that as few as 100 cells could generate tumors, 

whereas CD44- cells alone did not.[48] 

In general, CD44 expression is limited to the base of the intestinal crypts, but is 

drastically overexpressed on tumor surfaces.[49] In clinical samples, it has been found that 

CD44v isoform with the v5 epitope was increased in late-staged colon cancer and tumor 

progression was closely correlated with CD44v6 expression.[49]  Other groups have shown 

that CD44 mRNA expression is higher in colon cancer tissues than in the non-cancerous 

corresponding tissue.[50, 51] CD44s and CD44v6  expression has been shown to be higher 

in primary tumors than in metastasis, but CD44s expression increased with histological 

grade.[52] However, CD44s expression in cervical and prostate cancer has been shown to 

impact tumor suppression, thus indicating favorable prognosis.[53] For colorectal cancer, 

the mechanism of CD44 and its relationship to the metastatic cascade is not fully 

understood, but there is a general trend that CD44 is overexpressed in CRCs.   

Recently, CD44 has been the center of attention for targeted cancer therapies.[54–

56] Since aberrant expression of CD44 is associated with poor prognosis and metastatic 

phenotypes, the nanoparticles used in this dissertation were designed to target it.  

 

Nanoparticles and Photothermal Therapy 

Many studies have found a strong correlation between the use of hyperthermia in 

conjunction with cancer therapies and improved survival.[22, 25] Results from these 

studies indicate that cancer cells are more susceptible to hyperthermia than healthy cells, 

yet, too much heat can still damage healthy tissue.[25] In an effort to localize hyperthermia 
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to tumor regions, nanomaterials, with on-demand heating properties, have been 

investigated.[25, 57–62] Popular nanomaterials used to thermally treat cancer include gold, 

single- and multi-walled carbon nanotubes, and graphene nanoparticles. [22, 25, 57, 63]  

These materials are capable of generating temperatures above 50oC.[22, 25, 57, 63] Some 

nanomaterials are designed so that the on-demand heating is initiated by near-infrared 

(NIR) irradiation by a laser source (laser stimulated photothermal therapy, PTT). It is 

advantageous to utilize materials that absorb in the NIR (700-900 nm) because in this 

window, water and hemoglobin have an absorption minima, thus there is less absorption 

of the NIR energy into the native tissue and the light can penetrate deeper.[57] Recently, 

reports that have shown that PTT with nanoparticles such as gold (rods, spheres, shells, 

flowers, stars, etc.), silver, carbon-based, and polymer based nanoparticles have promising 

results in pre-clinical in vitro and in vivo tumor models.[25, 58–61, 64–69] However, for 

the in vivo models, non-specific nanomaterials rely on the poor lymphatic drainage and 

increased permeability and retention effects (EPR) of the tumor microenvironments in 

order to collect and concentrate in the tumors prior to initiating the hyperthermia 

treatment.[25, 57, 63, 70]  Nanomaterial uptake into tumors can be improved upon by 

functionalizing the nanomaterials with targeting moieties that will allow for specific 

adherence to tumors rather than rely on passive accumulation.[25] Nanomaterials can be 

conjugated with proteins, antibodies, or peptides in order to improve detection, drug 

delivery, and/or thermal ablation of cancer cells and tumors.[71–73] However, the potential 

toxicity risks and stability limitations of gold, silver, and carbon nanoparticles, and the 

stabilizers used to synthesize them, have prompted a shift into investigating biocompatible 

polymer materials for PTT of cancer.[62, 66, 74, 75]   
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Donor-accepter conjugated polymers have recently been shown to offer exceptional 

heating and stability as shown in previous studies from our group.[66, 74]  Donor-acceptor 

conjugated polymers refer to materials that have electron exchanges between a donating 

monomer and acceptor monomer. Electrons are able to freely flow in these polymers, 

giving these materials great charge transition and potential for the manipulation of the 

materials’ band gaps.[74] The band gap refers to the energy differences between the 

valence orbital and the conduction orbital in a material.[74] Materials with lower band gaps 

(1.7-1.1 eV) can absorb light in the NIR with some materials having the ability to release 

heat.[74]   

 

Hybrid Donor Acceptor Polymer Particles (H-DAPPs) 

The original publication on the synthesis and rationale for using donor-acceptor 

polymers nanoparticles (NPs) can be found in Appendix 1. Our group has specialized in 

generating NIR absorbing (800 nm) NPs derived from a donor-acceptor monomer 

combination of 4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-cyclopenta-[2,1-b;3,4-

b0]dithiophene to 4,7-dibromo-2,1,3-benzoselenadiazole  to yield poly[4,4-bis(2-

ethylhexyl)cyclopenta[2,1-b;3,4-b′]dithiophene-2,6-diylalt-2,1,3-benzoselenadiazole-4,7-

diyl] (PCPDTBSe).[66, 74, 76] PCPDTBSe was originally synthesized to enhance the 

harvest of sunlight for polymer solar cells.[76]  Polymer solar cells typically have very 

active bulk heterojunctions of electron donating and electron accepting blended materials, 

which allow for the absorption of solar radiation.[76]   The incorporation of PCPDTBSe 

into solar cells was due to a need for a red-shift in the absorbing polymers in order to reduce 

overlap among materials in the solar cells.[76] However, PCPDTBSe displays significant 
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charge recombination, meaning that when excited, electrons and electron-holes recombine 

in this material and there is significant heat generation.[77] Heat release decreases the 

efficiency of the solar cells.[78]  

Although heat release from donor-acceptor materials is problematic in solar cell 

performance, the heat generation can be exploited for medical purposes.[66, 74, 77] Our 

lab has spent recent years synthesizing PCPDTBSe polymer and PCPDTBSe NPs in order 

to create novel NPs for on-demand, localized heating for  PTT cancer treatment.[66, 74] 

Initially, PCPDTBSe NPs were synthesized using a phase separation and sonication 

method without a stabilizing surfactant coating. These NPs were large in diameter with 

strong negative zeta potentials. When these PCPDTBSe NPs (125 µg/mL) were irradiated 

with 600 mW  of 808 nm light for five minutes they were able to thermally ablate human 

RKO and HCT-116 colorectal cancer cells in vitro.[74]  

To improve the stability and versatility of PCPDTBSe NPs, the NPs were 

subsequently prepared by means of a re-precipitation method using Pluronic® F127.  These 

Pluronic®-F127 "coated” NPs had an average zeta potential of -15 mV, and hydrodynamic 

diameters of ~100 nm and  ~60 nm  using transmission electron microscopy, high colloidal 

stability, and NIR absorbance ~750-800 nm. When 100-200 μL of the Pluronic®-F127 

coated PCPDTBSe NPs were stimulated with 3.82 W/cm2 (60 s) 800 nm NIR light, the 

total temperature change (∆T in oC) exceeded 45oC with concentrations as low as 50 

μg/mL.[66] No cytotoxicity was detected with non-stimulated NPs at concentrations below 

1 mg/mL.[66] The synthesis schematic and general characterization of PCPDTBSe NPs 

synthesized for this dissertation are shown below in Figure 4.  
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Figure 4 – PCPDTBSe Polymer and Nanoparticles. (A) Synthesis of PCPDTBSe, (B) 

Absorbance spectra of PCPDTBSe in tetrahydrofuran, (C) Absorbance spectra of 

PCPDTBSe nanoparticles in water (D) Fluorescence of PCPDTBSe with 465 nm 

excitation, PCPDTBSe does not produce detectable NIR fluorescence. (E) Heat Curve of 

200µL of PCPDTBSe in a 96 well plate stimulated with 3W 60s of 800 nm light (180 

J/cm2) in ∆TᴼC, (F) TEM images of various PCPDTBSe NPs.  
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Fluorescent conjugated polymers have been developed for in vitro and in vivo 

imaging by multiple groups.[70, 79–81] It has been shown that certain polymer NPs have 

significantly brighter fluorescence and long-term stability compared to standard 

fluorescent dyes and molecules.[79, 80] Fluorescence in the NIR is beneficial in biological 

imaging due to this range having lower biological auto-fluorescence and higher tissue 

penetrance.[79] A far-red/near-infrared fluorescently conjugated polymer poly[(9,9-

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

benzothiadiazole] (PFBTDBT10), was developed by Ding et al. (2013) and was shown to 

yield non-photo-bleaching, low cytotoxic NPs. PFBTDBT10 NPs  were shown to be a 

superior alternative to quantum dots, organic fluorophores, and fluorescent proteins.[79] 

PFBTDBT10 has been shown to have a high quantum yield; photostability; colloidal, 

kinetic, and serum stability; and strong fluorescence signal in vivo.[79] The 

characterization for PFBTDBT10 polymer and nanoparticles used for this work is shown 

below in Figure 5.  
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Figure 5.  PFBTDBT10 Polymer. (A) Synthesis of PCFBTDBT10, (B) Absorbance 

spectra of PCFBTDBT10 in tetrahydrofuran (THF), (C) Fluorescence of PFBTDBT10 NPs 

with 465 nm. 

 

Our group recently sought to incorporate PCPDTBSe polymer NPs with a 

fluorescent component in order to track the NPs in vivo. PFBTDBT10 was combined with 

the PCPDTBSe polymer to synthesize a specialized nanoparticle that could simultaneously 

heat and fluoresce. We named these dual-purpose hybrid nanoparticles Hybrid Donor 

Acceptor Polymer Particles (H-DAPPs). Appendix 1 describes the properties and 

therapeutic benefit of using H-DAPPs in a murine orthotopic breast cancer model. H-

DAPPs have shown similar heating and cytotoxicity properties of PCPDTBSe 

nanoparticles and gold nanoparticles, as well as stable fluorescence. The standard 
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formulation our group uses to produce H-DAPPs is 95% PFBTDBT10 to 5% PCPDTBSe. 

The H-DAPPs generate heat reproducibly over multiple cycles when stimulated with 800 

nm light. The hybrid nanoparticles have a reduced quantum yield and have a red-shift in 

the NIR to 825 nm that does not originate from PFBTDBT10. The H-DAPPs are believed 

to have amplified energy transfer, due to exciton diffusion, which has been reported by 

other groups using conjugated polymer nanoparticles.[81, 82] The amplified energy 

transfer is believed to arise from the energy absorbed from PFBTDBT10 and released in 

the NIR at 650 nm being re-absorbed by the PCPDTBSe and resulting in a new NIR 

fluorescence peak at 825 nm. Our recent work has shown that the H-DAPPs are a unique 

hybrid material, PCPDTBSe NPs and PFBTDBT10 NPs have been mixed together in 

similar ratios and the degree of fluorescence quenching was less in comparison to the H-

DAPPs. In addition, changes in the Fourier transform infrared photoacoustic spectroscopy 

(FTIR-PAS) account for two new peaks not present in the parent polymers alone, 

suggesting OH/NH stretching vibrations only present in the H-DAPPs. H-DAPPs that were 

synthesized for this dissertation are described in Figure 6. 
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Figure 6. H-DAPP Synthesis and Characterization. (A) Schematic of H-DAPPs, (B) 

PCPDTBSe (0.1 mg) and PFBTDBT10 (1.9 mg) polymers in tetrahydrofuran injected 

under horn sonication to a solution of 1 mg/mL Pluronic F127 to yield H-DAPPs. (C) 

Absorbance of H-DAPPs, peaks of both parent polymers present, (D) Fluorescence of H-

DAPPs after 465 nm excitation. (E) Heat curve, temperature changes in oC with 3.3 W/cm2 

for 60s using 800 nm light irradiation. (F) CellTiter 96 Aqueous Assay for cytotoxicity 

assay of H-DAPPs incubated with CT26 cells for 24 hours, (G) TEM of H-DAPPs. 
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H-DAPPs heating and fluorescence capabilities were investigated in an orthotopic 

breast cancer model [Appendix 1]. A breast tumor was developed by injecting BALB/c 

mice with 4T1 murine breast cancer cells into the mammary fat pad. H-DAPPs (100 

µg/mL) were directly injected into the tumors. The H-DAPPs were localized in the tumor 

region by IVIS imaging (ICG filter, 465 ex) and the tumors were irradiated with 2.654 

W/cm2 of 800 nm light using a K-Laser CubeTM continuous wave diode laser for 60 

seconds. Luminescence and fluorescence images of the mice were taken before and after 

treatment and every 48-72 hours until a humane endpoint was reached. In the laser and 

nanoparticle treated mice, only a partial response was perceived, and thus all the tumors in 

the mice regrew.  The mice suffered from dermal burns due to the power of the laser and 

thermal heating of the nanoparticles in the tumors causing the tissue to optically change 

and prevent further laser penetration. The penetration depth of the NIR light and the 

resulting heat generated by the nanoparticles was a major factor that was taken under 

consideration from the breast cancer study in order to implement H-DAPPs in a colorectal 

cancer model. 

 The theranostic properties of H-DAPPs demonstrated in the previous breast cancer 

study suggest that these materials could also be beneficial in other cancer types. The 

primary focus of this work was to target disseminated colorectal cancer tumors using 

functionalized H-DAPPs. By doing this, more of the NPs would bind to tumors than non-

cancerous tissues, thus allowing for more accurate fluorescence detection and cancer cell 

death by PTT. However, the first section of this dissertation focuses on determining the 

fluorescence detection and heating potential limitations of H-DAPPs through increasing 

thicknesses of tissue phantoms in order to establish a baseline for future experiments.   
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CHAPTER 2 

 

Assessing Fluorescence Detection and Effective Photothermal Therapy of Near-

Infrared Polymer Nanoparticles Using Alginate Tissue Phantoms 

 

Abstract 

Photothermal therapy (PTT) uses light absorbing materials to generate heat for treatment of 

diseases, like cancer. The advantage of using PTT materials that absorb in the near-infrared (NIR) 

include less interference from tissue auto-fluorescence and higher penetration depths than visible 

or ultra-violet light. However, NIR laser light can still be scattered and absorbed by biological 

tissues, thus affecting the distribution of the energy reaching the PTT agents. We have developed 

two distinct formulations of NIR-absorbing nanoparticles that can be used for PTT and/or 

fluorescence imaging of colorectal cancer. In this work, the fluorescence detection limits and the 

PTT heating potential of the two nanoparticle types were determined using CT26 mouse colorectal 

cancer cells in 3D collagen tumor spheroids. Alginate tissue phantoms were used to mimic the 

obscuration of NIR light caused by tissue. The data generated from this study design will allow 

higher quality nanoparticle formulations to be evaluated prior to in vivo experimentation.  
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INTRODUCTION  

Annually, colorectal cancer (CRC) kills over 50,000 patients and has over 135,000 new 

cases diagnosed. [5] Surgical resection of the entire tumor region in combination with 

chemotherapy is currently the primary curative treatment regimen but is only successful in 

local, non-metastatic forms of CRC. Unfortunately, patients who have highly disseminated 

peritoneal CRC have a projected 5-year survival rate of merely 14%.[5] These patients can 

have hundreds to thousands of small, poorly vascularized tumors dispersed throughout the 

abdominal cavity. Unfortunately for these patients, intravenous drugs and imaging agents 

may not reach the disseminated tumors in high enough concentrations to be effective.[18] 

In order to overcome this limitation, patients with disseminated CRC tumors can undergo 

a surgical procedure where the abdominal cavity is opened for surgical resection of bulk 

disease and then chemotherapy is perfused throughout the abdominal cavity. This treatment 

regimen has been shown to improve survival of patients with disseminated abdominal 

cancer, but this regimen could still profit from adjuvant therapies.[83, 84] 

 

Advances in the field of nanomedicine have shown the potential of gold, silver, carbon, 

and polymer-based nanoparticles, as tools for improving tumor detection and 

hyperthermia-based therapy both in vitro and in vivo.[4–15] Nanoparticle induced 

photothermal therapy (PTT) utilizes light absorbing materials to generate heat and is 

advantageous because it can provide localized heating once the nanoparticles have 

selectively localized in tumors.  Specific thermal ablation of tumors can be achieved at 

temperatures above 45oC.[16]  A strategic benefit of using materials that absorb in the near 

infrared (NIR) is lower NIR absorption in native tissues, with the practical result of less 

erroneous heating of non-targeted tissues.[85, 87, 89, 90] NIR-absorbing materials that also 
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have fluorescence are even more attractive for the reason that they can provide therapeutic 

heating and visualization of the tumor location when utilized in open abdominal procedures 

for removing peritoneal dissemination of CRC.   

 

When PTT agents are in the tumor region it is imperative to understand their heating 

potential as well as the penetration depths of the energy source since this will determine 

the final temperatures the tumors encounter.  Previous PTT experiments have demonstrated 

that tumor volumes can be drastically reduced by inducing ablative temperatures, however, 

many of the tumors in these studies regrew.[12, 19–21] This is in part due to the uncertainty 

of the distribution of the energy source throughout the biological tissues because tissues 

possess heterogeneous light scattering and absorption properties.[22] The energy source 

can be scattered and reduced as it reaches the material in the tumors, thus resulting in 

reduced total heating throughout the entire tumor. Normal, non-cancerous human colon 

tissue can range in thickness from 1-8 mm.[23–25]  With this in mind, it is important to 

determine the depth at which our PTT nanoparticles would be effective prior to evaluation 

in in vivo models.  

 

Our group has specialized in generating NIR absorbing nanoparticles derived from the 

donor-acceptor 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).[74] PCPDTBSe 

nanoparticles have been shown to have very low cytotoxicity at concentrations of 100 

µg/mL and can provide ∆T= 30oC at concentrations of ~30 µg/mL using 3.8W/cm2 800 

nm light in vitro.[66] However, PCPDTBSe nanoparticles do not have any detectable 
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fluorescence, making them difficult to visualize in vivo. In order to visualize the 

PCPDTBSe nanoparticles, PCPDTBSe polymer was combined with the fluorescent 

conjugated polymer poly[(9,9-dihexylfluorene)-co-2,1,3-benzothiadiazole-co-4,7-

di(thiophen-2-yl)-2,1,3-benzothiadiazole] (PFBTDBT10). The ratio of PCPDTBSe to 

PFBTDBT10 found to produce the highest fluorescence and heating was 5% PCPDTBSe 

to 95% PFBTDBT10. This hybrid polymer nanoparticle blend, termed Hybrid-Donor 

Acceptor Polymer Particles (H-DAPPs), has been shown to produce ∆T= 25oC at 

concentrations of ~100 µg/mL using 3.8W/cm2 800 nm light in vitro.[28] The auspicious 

theranostic potentiality of H-DAPPs for colorectal cancer treatment evoked the inspiration 

for this manuscript. In order to evaluate the fluorescence detection and heating potential of 

H-DAPPs preceding use in an in vivo colorectal cancer model, we investigated an in vitro 

alternative by utilizing tissue phantoms.  

 

Tissue-mimicking phantoms have become an essential tool for testing nanoparticles and 

other materials for biomedical procedures and therapies.[29–38] Dabbagh et al., reviewed 

several different types of tissue phantoms and their specific advantages and limitations.[39] 

For example, agar phantoms are excellent for mimicking the mechanical strength of large 

tissue specimens, such as a torso, and are frequently used for high intensity focused 

ultrasound (HIFU).[40–43] Agar phantoms can also be used for microwave and 

radiofrequency ablation studies; however, agar is very fragile and has high visual opacity.  

For laser-mediated photothermal therapy, alginate phantoms are considered to be optimal 

for determining the thermal response of nanomaterials to laser irradiation due to their 

advantageous optical properties and mechanical stiffness.[109, 114] Tissue phantoms are 
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typically doped with different agents to adjust their optical properties to mimic how NIR 

light can be scattered and absorbed by biological tissues. For adjusting the optical 

properties, a scattering agent such as Intralipid® can be used to produce a scattering 

coefficient that is similar to tissue in the NIR window.[45–47] Bovine hemoglobin has 

been used to simulate the absorption of blood in laser-mediated studies.[39, 48–52] In this 

study, previously published formulations of alginate tissue phantoms were modified with 

Intralipid and bovine hemoglobin to mimic tissue absorption and scattering.[53]   

 

Alginate tissue phantoms were placed between 3D tumor spheroids and the laser energy 

source or the fluorescence imager to determine at which depths the nanoparticles could be 

visualized and to determine the parameters where PTT would be effective. A 3D tumor 

spheroid was used because it serves as a better model for a patient’s tumor than a two-

dimensional cancer cell monolayer.  The phantom thicknesses used here were made similar 

to clinically relevant thicknesses of human colon (1-8 mm).[23–25, 54, 55] 

 

 The goal of this paper was to evaluate the heating potential and fluorescence detection 

limits of a potentially advantageous theranostic material, which could be utilized for 

detecting and treating disseminated colorectal cancer in the near future, by exploiting a 

tissue phantom methodology.  

 

MATERIALS AND METHODS 

Cell Line: CT26 luciferase transfected mouse colorectal cancer cells were a generous gift 

from Dr. John H. Stewart at Wake Forest University Health Sciences. Unless otherwise 

indicated, all cell culture materials were purchased from Thermo Fisher Scientific USA. 
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The cells were cultured in RPMI 1640 media, supplemented with 1% L-glutamine, 1% 

penicillin/streptomycin, and 10% fetal bovine serum. Cells were grown on T75 and T225 

polystyrene culture flasks until 80% confluent and then sub-cultured with 0.25% Trypsin 

at 1:10-1:50 re-plating ratios.    

 

Polymer Synthesis: Nanoparticles synthesized for this manuscript have previously been 

described.[7, 27] The heating component, 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), was 

synthesized by dissolving 4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-cyclopenta 

[2,1-b;3,4-b’]dithiophene (1.5 mmol) and 4,7-dibromo-2,1,3-benzoselenadiazole (1 mmol) 

in anhydrous toluene with the catalyst Pd(PPh3)4 (5 mol %) at 110-120°C for 36 hours. The 

polymer was removed from the reaction apparatus by dissolving in chloroform, then 

concentrated by rotary evaporation. The polymer was precipitated with methanol and 

collected via vacuum filtration. The solid was transferred to a Soxhlet thimble and size 

extracted with methanol, hexanes, and chloroform. The chloroform fraction was again 

concentrated, then precipitated in methanol, and collected by vacuum filtration to yield 

high molecular weight PCPDTBSe polymer.  The fluorescent component, poly[(9,9-

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

benzothiadiazole] (PFBTDBT10), was synthesized by combining 2,2'-(9,9-dihexyl-9H-

fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)(0.5 mmol), 2,1,3-

benzothiadiazole (0.4 mmol), and 4,7-Bis(2-bromo-5-thienyl)-2,1,3-benzothiadiazole (0.1 

mmol)  in 20 mL of anhydrous toluene with the Pd(PPh3)4 (20 mmol) catalyst at 80°C for 

20 hours. After the mixture was heated, an aqueous solution of Tetramethylammonium 
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hydroxide (1.7 mL, 35 wt %) was added to initiate the reaction. After 20 hours, the reaction 

was allowed to cool to room temperature to yield high molecular weight PFBTDBT10. The 

PFBTDBT10 was dissolved in dichloromethane, washed three times with water and dried 

over magnesium sulfate. After solvent removal by rotary evaporation, the polymer was 

dissolved in tetrahydrofuran (THF) and stored. 

 

Nanoparticle Synthesis: H-DAPPs were made by preparing a blended mix of 5% by weight 

ratio of PCPDTBSe to 95% by weight PFBTDBT10 of polymers in THF. H-DAPPs were 

synthesized by injecting 1 mL of the polymer mixture, at 2 mg/mL in THF, into an aqueous 

Pluronic®F127 (8 mL, 1 mg/mL) solution, under constant horn sonication, using a Branson 

Digital Sonifier with a microtip (1 minute, 20% amplitude). The THF in the aqueous 

nanoparticle solutions was removed via evaporation, then the solution was sterilized by 

autoclaving (30 min, 121oC).  The solutions were transferred to sterile Eppendorf tubes 

(1.5 mL) and quickly centrifuged (30 minutes, 7,000 rcf) to separate large aggregates from 

the supernatant. The nanoparticle supernatant was concentrated by centrifuging the 

solutions for 4 hours at 16,800 rcf and finally resuspended in water. The 100% PCPDTBSe 

nanoparticles were prepared in the same fashion as described above, with the exception of 

the initial polymer solution being 1 mg/mL in THF. 

 

Size and Morphology Characterization: The hydrodynamic diameters and zeta potentials 

of the nanoparticles in water were determined using a Malvern Instruments Zetasizer Nano-

ZS90 light scattering instrument. Transmission Electron Microscopy of the nanoparticles 

was performed using a FEI Technai BioTwin 120 keV TEM.  
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Optical Characterization: The optical absorption spectra of the nanoparticles in water were 

evaluated using a Beckman Coulter DU® 730 Life Sciences UV-Vis spectrophotometer. 

The fluorescence spectra were acquired using a TECAN M200 Infinite plate reader. The 

relative fluorescence quantum yield (Φ) of the nanoparticles was calculated by comparing 

the Φ of the standards Rhodamine 6G in ethanol (η = 1.36, Φ = 0.95) and Fluorescein in 

0.1M sodium hydroxide (η = 1.36, Φ = 0.92).[56]  Quantum yields of the nanoparticles in 

water were calculated according to the equation below.  

Φ = ΦR(
m
mR⁄ )(

η2

ηR
2⁄ ) 

The slope of the line acquired from the plot of integrated fluorescence intensity versus 

absorbance is represented by (m) and η represents the refractive index of the solvent 

used.[56] The R subscript denotes the reference fluorophore with a known quantum yield. 

The fluorescence spectra were measured by exciting the samples at 465 nm, collecting 

readings from 490 - 850 nm, baseline corrected, integrated, and plotted using SigmaPlot® 

Software. 

 

Heat Generation: A K-CubeTM continuous wave diode laser from K-laser, USA (800 nm) 

was used to apply 2.2 W/cm2 light to wells containing 200 µL nanoparticle samples (0-100 

µg/mL) for 60 s. Temperatures of the solutions were taken before and after laser stimulation 

using a Fluke 714 thermometer and a type k 80Pk-1 bead probe wire thermocouple. All in 

vitro experiments with cells used 100 µg/mL of nanoparticles.  

 

Alginate Tissue Phantoms: A 100 mL volume of 1% sodium alginate (High viscosity, 
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Dharma Trading Co.) was made with distilled water and stored at room temperature. The 

tissue phantoms used were based on the previously published formulation: 20% Intralipid 

emulsion and 2% bovine hemoglobin were added to 10 mL of 1% alginate to achieve final 

concentrations of 0.5% Intralipid and 0.08% hemoglobin respectively.[123] The tissue 

phantom solution was added to the phantom molds (Figure 1) with the O-ring thickness 

dictating the final phantom (1.5 or 3 mm) thickness. The O-ring was sandwiched between 

two pieces of filter paper and the mold was sealed and submerged in 50 mM CaCl2 solution 

for 1.5-2 hours.   

 

Power loss through Phantoms: For this study, phantoms of various thicknesses were 

prepared and were irradiated with 0.8-4.5 W/cm2 (1-6W) of 800 nm light with a 1.3 cm 

spot size to determine the amount of power lost through the phantoms. The laser was kept 

at a constant vertical distance and the phantoms were placed on a 1 mm thick glass slide 

positioned above an OPHIR® Nova II light power meter. The glass slide reduced all power 

readings by 8%.  

 

Three-Dimensional Collagen/Tumor Spheroids: Collagen spheroids were prepared 

similarly to the product specifications sheet of Type 1 collagen (BD Biosciences, rat-tail 

high concentration). To each well of a ninety-six well plate on ice: 1 M NaOH (2.5 µL), 

10×PBS (12.5 µL), nanoparticles in 1×PBS (16.25 µL, 1 mg/mL – for a final concentration 

of 100 µg/mL), 5 mg/mL collagen (100 µL), and 1×PBS (31.25 µL) were added. Tumor 

spheroids were made by substituting the 1×PBS (31.25 µL) with RPMI 1640 media (31.25 

µL) containing 100,000 CT26 mouse colorectal cancer cells. The viscous solutions were 

mixed well to distribute the nanoparticles and incubated for 1 hour at 37ᴼC to solidify. 



 

28 

 

Wells were subsequently filled with medium (100 µL, RPMI 1640), then used 24 hours 

later.  

 

Nanoparticle Cytotoxicity in Tumor Spheroids: Three-dimensional collagen spheroids 

were prepared as described above. For cytotoxicity, the tumor spheroids with either 1×PBS, 

100 µg/mL H-DAPPs, or PCPDTBSe nanoparticles were incubated at 37ᴼC for 72 hours 

with media changes every 24 hours. The tumor spheroids were digested with 2 mg/mL 

collagenase in medium for 2 hours at 37oC, and the live cells were counted using a 

hemocytometer and Trypan blue. 

 

Fluorescence Loss with Phantoms Using In Vivo Imaging System (IVIS): In a 96 well plate, 

tissue phantoms (0-9 mm) were placed over wells containing three-dimensional collagen 

spheroids infused with 100 µg/mL nanoparticles. The collagen spheroids were imaged 

using an IVIS Lumina Series III. Samples were excited with a 465 nm filter and collected 

using an indocyanine green (ICG) emission filter (810-875 nm) and exposure of 1 second. 

The region of interest (ROI) of each well was measured using the IVIS Living Image 

software and all fluorescence was normalized to the maximum intensity of the H-DAPPs 

without a phantom.   

    

Temperature Generated Through Phantoms: To determine how laser penetration through 

the tissue phantom affected the final temperatures achieved by the nanoparticles, 200 uL 

aliquots of 100 µg/mL H-DAPPs in triplicate were added to a 96-well plate, and different 

thicknesses of tissue phantoms (0-9 mm) were placed on the top of the wells. The wells 
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were irradiated for 60 s with various powers (0.8-4.5 W/cm2) using a 1.3 cm spot size, 800 

nm light. The temperatures of the solutions were taken before and after laser stimulation 

using a Fluke 714 thermometer and a type k 80Pk-1 bead probe wire thermocouple. 

 

Photothermal Ablation of CRC Cells in Tumor Spheroids: The 96-well plates were 

prepared for tumor spheroids by first inserting a polypropylene and polyethylene blended 

plastic platform into the bottom of the wells right before the addition of the collagen 

spheroids. The platforms were added to the wells to decrease the air interface and amount 

of media volume in the wells. Collagen tumor spheroids were prepared as described earlier 

and incubated at 37oC for 24 hours. The medium was changed on the tumor spheroids and 

then phantoms were added to the plate. The plates with the tissue phantoms were incubated 

at 37oC for 30 minutes before laser treatment to equilibrate the phantom temperatures. 

Laser treatment was conducted using a K-CubeTM continuous wave diode laser with 800 

nm light at 2.2 W/cm2 for 60 s. After laser treatment, the tumor spheroids were returned to 

the incubator for 24 hours. To determine cell viability, the tumor spheroids were digested 

with 2 mg/mL collagenase in medium for 2 hours at 37oC, and the live cells were counted 

using a hemocytometer and Trypan blue. Statistical analysis was done using SigmaStat 3.5, 

one-way ANOVA (p=0.034), and the Multiple Comparisons versus Control Group (Holm-

Sidak method, α=0.05). 

 

RESULTS 

Characteristics of PCPDTBSe and H-DAPPs Nanoparticles 

The purpose of this manuscript was to demonstrate the fluorescence detection limit and 

heating potential of a unique theranostic nanoparticle formulation using tissue phantoms. 
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These data will be vital prior to using these nanoparticles in in vivo PTT models. 

PFBTDBT10 polymer in tetrahydrofuran (THF) has absorption peaks at 320 nm and 450 

nm and no absorbance in the NIR. PCPDTBSe polymer (THF) and PCPDTBSe 

nanoparticles (water) both have absorbance peaks at 420 nm and near 750 nm. The 

PCPDTBSe absorbance peak at 750 nm was irradiated with NIR light to generate heat for 

the PTT experiments. The H-DAPPs have muted signatures of the parent polymers, the 

450 nm peak was from PFBTDBT10 and the NIR peak was from PCPDTBSe (Figure 2B). 

The fluorescence emission of the H-DAPPs was obtained after exciting the material with 

465 nm light (Figure 2C), and produced a 650 nm peak and an 820 nm peak. No 

fluorescence was detected in PCPDTBSe nanoparticles using the same excitation 

parameters. The heat generation of the nanoparticles in water at various concentrations 

showed H-DAPPs had a linear increase in temperature with concentration and ∆T= 17.3oC 

at 100 µg/mL.  The PCPDTBSe nanoparticles had a steeper linear increase in temperature 

up to 30 µg/mL until the temperature increases plateaued at ∆T= ~46.0oC with higher 

concentrations of nanomaterial   (Figure 2D).  

 

The average diameter and zeta potentials of PCPDTBSe and H-DAPPs nanoparticles in 

water were 74 nm/-19.9 mV and 82.8 nm/-13.2 mV respectively (Table 1). Diameters of 

the nanoparticles determined by TEM were 78.5 nm for H-DAPPs and 71.5 nm for 

PCPDTBSe nanoparticles. Quantum yield for PCPDTBSe and H-DAPPs were negligible 

and 0.89% respectively (Table 1).  The H-DAPPs are slightly bigger and have a more 

neutral zeta potential than the PCPDTBSe nanoparticles, possibly due to stacking of the 

two polymers in the H-DAPPs formulation.  
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Fluorescence Detection 

An In Vivo Imaging System (IVIS) was used to determine the fluorescence detection limit 

of 100 µg/mL H-DAPPs in collagen spheroids through tissue phantoms using 465 nm 

excitation. Fluorescence was detectable with the aforementioned settings through 6 mm of 

tissue phantoms (Figure 3A).  Fluorescence intensity was normalized to the phantom-free 

control spheroids (Figure 3B).  

 

Power Loss 

Power loss through increasing thicknesses of tissue phantoms was determined by using a 

previously described method.[123] Previous findings prompted the question as to whether 

or not increasing the laser energy would increase the penetration depth of the laser. Figure 

4 illustrates five phantoms, ranging from 1.5-9.0 mm thick, being irradiated with increasing 

power settings, from 1W to 6W (800 nm), in triplicate and the resulting energy that reached 

the power meter. A 1 mm thick glass slide was used to separate the tissue phantoms from 

the power meter and attributed to an 8% decrease in all power readings. Only about 60% 

of the laser energy penetrated through the thinnest phantom (1.5 mm), which was made 

equivalent to human colon thickness, regardless of the power.[95] Phantoms that were 

about 4 mm thick only allowed 30% of the laser energy through, and the 9 mm phantoms 

only allowed about 10% of the laser energy to penetrate. When the energy readings were 

normalized to no phantom for each power the trend in power loss was the same for all 

phantom thicknesses. 

  

Temperature Generation Through Phantoms 

After determining the loss of laser energy through different phantom thicknesses, at 
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different laser powers, the same experiment was repeated with nanoparticles to determine 

potential heating loss. A 96-well plate with 200 µL of 100 ug/mL H-DAPPs or PCPDTBSe 

nanoparticles were irradiated for 60 s (800 nm) using different laser powers through 

different phantom thicknesses (Table 2). The average loss of heat with each thickness of 

tissue phantom compared to the max temperature at 0 mm phantom thickness was found 

to be greater with the H-DAPPs than the PCPDTBSe nanoparticles. For example, in the 

PCPDTBSe section at 2.2 W/cm2, if ∆T at 0 mm = 50.2oC and ∆T at 9 mm = 4.2oC, the 

nanoparticles only achieved 8% of their heating potential at the 9 mm thickness.  

 

Thermal Ablation of Tumor Spheroids Through Tissue Phantoms 

Cytotoxicity of the nanoparticles to the cells in the 3D tumor spheroids was assessed by 

comparing the cell counts of the collagen only and nanoparticle containing spheroids after 

72 hours. The cell counts were found to be insignificant using a student’s t-test (Figure 

5A). The apparatus for the thermal ablation experiments is depicted in Figure 5B. For 

simplicity, only one laser parameter and one concentration of PCPDTBSe nanoparticles 

and H-DAPPs was used (100 µg/mL nanoparticles, 2.2 W/cm2 for 60 s, 800 nm). The 

results of the thermal ablation experiments using each of the nanoparticle types is 

represented in Figure 5C. Over 50% of the cells were destroyed using the established laser 

setting with PCPDTBSe nanoparticles up through 6 mm of phantoms (72% cell death at 3 

mm and 59% at 6 mm).  The H-DAPPs, undergoing the same laser parameters, achieved 

55% cell death through tissue phantoms up to 3 mm thick. Though significant cell death 

was not achieved by H-DAPPs above 3 mm thick phantoms, there was still a trend in 

decreased cell viability with the thicker phantoms.  
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DISCUSSION  

This work has shown the heating capacity of different formulations of theranostic polymer 

nanoparticles and the potential they have in reducing CRC cell numbers using an in vitro 

tissue phantom. The PCPDTBSe material offers substantial heating for PTT experiments, 

but lacks the option for visualization. The H-DAPPs offer dual-purpose heating and 

fluorescence, for photothermal therapy and tumor detection. In the H-DAPP formulation, 

the 450 nm absorbance peak was contributed by PFBTDBT10 and the peak in the NIR 

arises from the PCPDTBSe polymer. The 630 nm fluorescence peak in the H-DAPPs was 

believed to be from the PFBTDBT10 component and the 820 nm peak was believed to 

originate from the PCPDTBSe polymer via an amplified energy transfer from PFBTDBT10 

to PCPDTBSe.[98] The dual fluorescence peaks in the H-DAPPs allowed them to be 

detected using IVIS with excitation at 465 nm for one second and the indocyanine green 

(ICG) filter. In this work, the fluorescence was detected through 6 mm of tissue phantom, 

giving a more definitive idea of the detection limits of H-DAPPs. Fluorescence is a sought 

after property for nanoparticles because it allows for easy biodistribution analysis with 

regards to nanoparticles bound to tumor and non-cancerous tissue.  

 

The tissue phantoms used in this study also allowed for determination of laser penetration 

with H-DAPPs and PCPDTBSe nanoparticles. The determination of the laser penetration 

and thus heat generation is clinically important because thermal ablation properties of NIR-

mediated nanoparticles in PTT experiments have been shown to reduce tumor volumes.[69, 

91–93] However, in many PTT studies, it was unclear how deep the NIR light was 

delivered and how much the native tissues absorb NIR light; thus, it was unclear how much 
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heat was produced by the nanoparticles at specific depths.[94]  

 

This paper furthers our understanding of the limitations of theranostic photothermal 

nanoparticles by demonstrating the amount of NIR energy that was lost at different tissue 

phantom thicknesses and how this affects the resulting heat generated by the nanoparticles. 

With the laser parameters used here (2.2 W/cm2, 60s), 59% cell death was achieved through 

6 mm of tissue phantoms using PCPDTBSe, and 55% cell death was attained through 3 

mm using H-DAPPs. The 100% PCPDTBSe nanoparticles were expected to have higher 

rates of cell death than the H-DAPPs at 100 µg/mL since H-DAPPs only contain 5% by 

weight of the heating component, PCPDTBSe. However, it was very intriguing to see that 

H-DAPPs showed a similar capacity for generating ablative temperature with only 

modestly higher concentrations. Our fluorescence and PTT data further support the notion 

that H-DAPPs are a promising theranostic polymer nanoparticle. The stable fluorescence 

and on-demand heating capabilities offered by the H-DAPPs could be integrated into 

clinical settings where current methodologies are lacking.[98] The diagnostic capacity of 

H-DAPPs could be utilized in an open abdominal cavity for a disseminated colorectal 

cancer environment to provide both reliable fluorescence for tumor localization and PTT 

of surface malignancies.  

 

CONCLUSION 

In this work, we investigated the heating potential and fluorescence detection limits of two 

novel polymer nanoparticles and their feasibility as theranostic adjuvants using 3D tumor 

spheroids and tissue phantoms. H-DAPPs and PCPDTBSe nanoparticles have desirable 
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heating with NIR stimulation through various thicknesses of tissue phantoms, but the 

heating potential for both materials diminished once the thicknesses of the phantoms 

exceed 6 mm. Hence, using these materials for PTT would be most appropriate during open 

abdominal surgical procedures for treating peritoneal disseminations of CRC. The 

fluorescence imaging and PTT properties of H-DAPPs make these theranostic 

nanoparticles appealing for future colorectal cancer treatment. In conclusion, the data here 

will help establish baseline heating and fluorescence detection expectations of 

nanomaterials to be used in future PTT treatment protocols for cancer therapy. 
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Figure 1 – Diagram of phantom preparation – Non-crosslinked phantom mixture is 

placed in the plastic O-ring of the apparatus shown. The top and bottom of the chambers 

are hollow to allow outside fluid to flow towards the filter paper. Once the mold is sealed, 

the mold is placed in a bath of 50 mM CaCl2 to initiate the crosslinking. The mold is opened 

to yield disk-shaped tissue phantoms of either 1.5 or 3 mm in thickness and 15 mm in 

diameter.   
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Figure 2 - Nanoparticle Characterization - A) UV-Vis absorbance of polymers in 

THF, B) UV-Vis absorbance of H-DAPPs and PCPDTBSe nanoparticles in water, C) 

Normalized emission spectra of H-DAPPs excited at 465 nm, D) Heat curves of 200 

µL of nanoparticles PCPDTBSe and H-DAPPs at (2.26 W/cm2 for 60s) of 800 nm 

light, E) TEM images of H-DAPPs and PCPDTBSe nanoparticles and size distribution 

histograms.  
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Figure 3 - Fluorescence detection of H-DAPPs - A) Fluorescence of H-DAPPs 

through various thicknesses of tissue phantoms visualized by IVIS.  No fluorescence 

was detected in the PCPDTBSe nanoparticles. B) Quantification of fluorescence 

detection through tissue phantoms was normalized to the no phantom wells (error bars 

represent standard error of the mean). 
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Figure 4 – Power Loss through Tissue Phantoms – Laser penetration decreases 

exponentially with increasing phantom thickness.  Phantoms at various thicknesses 

(1.5, 3.0, 4.5, 6.0, and 9.0 mm thick) were irradiated at different powers (1-6W) and 

the penetrated energy was recorded using a power meter. A glass slide was used to 

separate the phantoms from the power meter and caused an 8% decrease in all power 

readings. Increased laser power did not have any impact on laser penetration. Error 

bars represent standard deviation. 
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Figure 5 – Thermal ablation of tumor spheroids through tissue phantoms - A) 

Viability of CT26 cells in collagen gels with 1×PBS, or 100 µg/mL H-DAPPs or 

PCPDTBSe nanoparticles after 72 hours. No significant difference in cell count between 

was found in the collagen only (no laser) and nanoparticles (no laser) wells using a 

Student’s t-test. B) A visualization of how the tumor spheroids were irradiated through 

the tissue phantoms in a 96-well plate. C) 100 µg/mL of nanoparticles in respective 

tumor spheroids were heated by NIR-stimulation through increasing thicknesses of tissue 

phantoms. Left- PCPDTBSe nanoparticles, Right- H-DAPPs. Significant cell death was 

determined using a one-way ANOVA: p=0.034. Holm-Sidak tests: Control vs. 

Thickness: p<0.05.  

* = Significant different between no laser control and treated group, NPs = 

Nanoparticles, No NP/NL = No nanoparticles / No Laser (control), error bars are 

standard error of the mean. 
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Table 1. Nanoparticle Size and Morphology Characterization 

 

 
Hydrodynamic 

Diameter (nm) 

Polydispersity 

Index 

TEM Measured 

Diameter (nm) 

Zeta Potential 

[mV] 

Quantum 

Yield 

PCPDTBSe  74.0 0.249 71.5 -19.9±1.3 N/A 

H-DAPPs 82.8 0.179 78.5 -13.2±0.6 0.89% 

 

 

 

Table 2. – Temperature Generated Through Phantoms 
 

 

Average Heating Potential Achieved Through Increasing Tissue Phantom Thickness  

Phantom Thickness (mm) PCPDTBSe H-DAPPs 

0 100% 100% 

1.5 60.2% 37.9% 

3.0 41.3% 29.5% 

4.5 23.2% 18.9% 

6.0 19.1% 12.8% 

9.0 8.5% 6.4% 

Temperature measurements at each laser power were normalized to the temperature at the 0 mm phantom 

thickness –  Above shows the average heating potential achieved at each phantom thickness 

 

 

Temperature Change in oC =PCPDTBSe 

Phantom Thickness 

(mm) 

Laser Power (800 nm for 60s) 

0.8W/cm2 1.5W/cm2 2.2W/cm2 3.0W/cm2 3.8W/cm2 4.5W/cm2 

0 17.4 ± 1.2 34.2 ± 3.4 50.2 ± 3.0 53.7 ± 2.6 63.5 ± 1.1 66.7 ± 5.7 

1.5 8.7 ± 1.8 17.6 ± 1.8 26.1 ± 2.4 32.4 ± 1.5 38.1 ± 1.3 43.7 ± 1.8 

3.0 6.4 ± 1.6 11.9 ± 2.8 20.0 ± 3.5 26.7 ± 2.6 27.9 ± 3.9 28.5 ± 2.9 

4.5 3.1 ± 0.5 6.7 ± 2.0 11.9 ± 2.4 15.1 ± 2.0 15.5 ± 0.7 17.2 ± 0.3 

6.0 3.2 ± 0.3 5.7 ± 0.9 8.5 ± 0.1 11.9 ± 1.3 11.4 ± 0.6 15.1 ± 1.2 

9.0 1.1 ± 0.4 2.6 ± 0.4 4.2 ± 0.6 5.2 ± 0.2 6.0 ± 0.8 6.2 ± 0.4 

Change in Temperature and standard deviations with 200 µL of 100µg/mL  PCPDTBSe through tissue 

phantoms with various powers for 60s 

Temperature Change in oC  =  H-DAPPs 

Phantom Thickness 

(mm) 

Laser Power (800 nm for 60s) 

0.8W/cm2 1.5W/cm2 2.2W/cm2 3.0W/cm2 3.8W/cm2 4.5W/cm2 

0 8.0 ± 0.4 15.4 ± 0.9 25.5 ± 1.6 30.5 ± 2.5 36.8 ± 1.4 41.2 ± 2.5 

1.5 2.8 ± 0.2 5.8 ± 0.4 8.9 ± 1.0 10.8 ± 0.4 14. ± 0.4 18.5 ± 0.6 

3.0 2.0 ± 0.3 4.5 ± 0.2 6.9 ± 0.3 8.3 ± 0.6 12.0 ± 0.8 15.1 ± 0.6 

4.5 1.5 ± 0.4 2.8 ± 0.8 4.7 ± 0.6 5.4 ± 0.7 7.2 ± 0.6 8.7 ± 0.9 

6.0 1.1 ± 0.1 2.3 ± 0.2 3.9 ± 0.1 4.0 ± 0.3 3.7 ± 0.3 4.0 ± 0.2 

9.0 0.4 ± 0.2 0.9 ± 0.1 1.5 ± 0.2 1.7 ± 0.4 3.2 ± 0.2 2.9 ± 0.4 

Change in Temperature and standard deviations with 200 µL of 100µg/mL H-DAPPs through tissue 

phantoms with various powers for 60s 
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CHAPTER 3 

Development of a Murine Disseminated Abdominal Cancer Perfusion Model 

Abstract 

 This section builds upon the data collected from the tissue phantom study, the prior 

study gave insight to the depths at which the H-DAPPs could be detected trough tissue, 

and the breadth that the laser system could penetrate tissue, and thus the amount of thermal 

ablative temperatures that could be achieved with the H-DAPPs with specific laser 

parameters. The purpose of this section was to develop a clinically comparative murine 

model of disseminated colorectal cancer that would have nanoparticles distributed to the 

surface malignancies via a perfusion circuit, similar to the methodologies used in the 

HIPEC regimen. The perfusion circuit was based upon the two most prominent methods 

used to delivery adjuvants and chemotherapies in HIPEC, either closed circuit perfusion or 

open coliseum perfusion. 

 

 

 

 

 

 

 

 

 

 This manuscript was submitted to the Journal of Surgical Research. The construction of 

the perfusion model was a team effort; the first blueprints of the circuit were designed by 

Brad Terry, MD, and the first closed perfusion models were conducted by Margarita 

Peterson and April J. Brown. I proposed and developed the open coliseum perfusion 

method and performed the subsequent surgeries, and then I trained Laura Galarza-Paez 

and Bryce McCarthy to execute the technique to aid in surgical output.  
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Introduction 

1. The Pathology of Peritoneal Carcinomatosis from Colorectal Cancer 

Peritoneal carcinomatosis (PC) is an advanced (stage IV) manifestation of cancers of pelvic 

and abdominal organs presenting as a widespread dissemination of tumor nodules over the 

surface of the peritoneum. The most common primary cancers associated with 

development of PC are gastric, colorectal, ovarian, pancreatic and appendiceal.[126, 127] 

The presence of peritoneal metastases portends a poor prognosis and is associated with 

significant morbidity and mortality. For example, in colorectal cancer (CRC), the five-year 

survival rate for localized disease is nearly 90% while metastatic disease survival plummets 

to below 14%; without treatment, CRC patients with PC have a mean survival time of only 

6 months.[5, 128, 129]  

 

Historically, PC has been poorly amenable to conventional cancer treatments like surgery 

and chemotherapy. This poor response is in part due to the architecture and physiology of 

the peritoneal cavity. Structured like a fluid-filled “sac”, it allows cancer cells to bathe and 

seed the large surface of the peritoneum and abdominal organs, leading to widespread 

disease dissemination and concealment of microscopic disease. The large surface area 

combined with CRC and appendiceal cancer sub-types that produce excessive mucus 

secretion upsurges the surgical challenges.[130] Cytoreductive surgery (CRS) and/or 

peritonectomy are most commonly performed to remove all macroscopic lesions in PC 

patients.[131] Tumor nodules and micro-metastases that escape CRS have the potential to 

re-seed the peritoneal surface, leading to regrowth of tumors.[132] Traditionally, the issue 

of residual disease has been solved by administration of systemic chemotherapy; however, 
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chemotherapeutic agents cannot reach significant concentrations inside the peritoneal 

cavity due to the presence of the peritoneum-plasma barrier.[133–135] 

 

In order to bypass the peritoneum-plasma barrier, the incorporation of intraperitoneal (IP) 

chemotherapy for malignancies was investigated in the 1980’s.[136, 137] The justification 

for using IP chemotherapy include: I)  higher doses of chemotherapy (5-30 fold higher) 

can be used while reducing systemic toxicity due to peritoneal containment by the 

peritoneal plasma barrier,[18] II) the chemotherapy comes into direct contact with surface 

malignancies (PC tumors) that would otherwise receive minimal drug from an intravenous 

route due to abnormal vasculature.[17, 18] IP delivery was then combined with 

cytoreductive surgery, a surgical approach to remove substantial tumor burden, in order to 

lengthen survival.[19] The treatment of disseminated abdominal cancers was further 

transformed by the addition of hyperthermic intraperitoneal chemotherapy (HIPEC), 

following cytoreduction surgery in the 1990’s.[8, 19, 138] HIPEC in combination with 

CRS is considered the gold-standard treatment regimen for PC in the French guidelines, 

and is gaining acceptance in the United States.[139] 

 

2. Human HIPEC procedure  

HIPEC is a surgical technique where a warmed chemotherapy solution (40-43oC) is 

perfused throughout the peritoneal cavity for 30-120 minutes, depending on the drug and 

drug dose, following cytoreductive surgery.[138] Hyperthermia, defined as heat above 

physiological norm, has been used as a tool for cancer treatment since 1700 BCE.[27] 

Hyperthermia augments the activity of chemotherapy by affecting both drug 
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pharmacokinetics and pharmacodynamics.[24] Notably, hyperthermia acts by increasing 

vascular transport to tumors by vasodilation of their irregular vasculature.[22, 23] Most 

cytotoxic drugs used for HIPEC have synergism at temperatures above 39oC, here 

cytotoxic effects of the drugs against the tumors are increased and penetration depths of 

the drugs into tissue are increased.[140, 141] However, most HIPEC regimens have target 

temperatures between 40-45oC and studies have shown that the penetration depth of the 

warmed chemotherapy through tumors and tissues is only 1.0 - 3.0 mm. [15, 138, 140, 142] 

The small bowel has a thermal tolerance up to 45oC and, to improve penetration depths of 

cytotoxic drugs, increased intra-abdominal pressure can be used. [142–146] 

 

Combination of HIPEC and cytoreductive surgery (CRS) has led to improvement in 

survival times among patients with intraperitoneal carcinomatosis, although the reason for 

this increase is still debated.[147]  HIPEC can be delivered by a few different perfusion 

methods but this manuscript will focus on the two most common methods: the open 

abdomen (“coliseum”) method or the closed abdomen method.[140]  

 

In the open abdomen method, the edges of the longitudinal abdominal incision are 

suspended with the use of a Thompson retractor, creating an open “bowl” to contain the 

chemotherapy solution.[140, 148] Inflow lines are placed in the upper quadrant and 

outflow lines are placed in the lower quadrant and perfused at a rate of ~ 1L/min.[19] A 

plastic sheet is placed over the open cavity to prevent exposure of the surgical staff to 

chemotherapy by containing the liquid and aerosolized chemotherapy. A slit through the 

sheet allows the surgeon’s hand to enter the peritoneum and manipulate its contents to 
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distribute the chemotherapy. The advantages of the open technique are the ability to 

achieve homogenous temperature and even distribution of chemotherapy within the 

peritoneal cavity.[140] The disadvantages include the potential for exposing the operating 

room staff to chemotherapy as well as heat dissipation at the sheet interface.[140, 149]  

 

In the closed abdomen method, the layers of the abdominal cavity are closed with a 

continuous running suture following cytoreductive surgery. Inflow and outflow lines are 

placed and heated chemotherapy is subsequently perfused varying from 400 mL/min to 1 

L/min. The abdomen is vigorously compressed for the duration of perfusion to agitate the 

contents. The temperature of the perfusate is monitored on inflow and outflow in order to 

maintain the perfusate temperature.[29] The closed technique reduces the risk of operating 

room staff exposure to chemotherapy, increases chemotherapy perfusion through the 

peritoneal surfaces, and quickly reaches and maintains hyperthermic conditions.[140, 150] 

However, the main caveats of using the closed technique encompass non-homogenous 

distribution of chemotherapy and temperature within the cavity, thus  leading to both 

untreated tissue by chemotherapy and thermal insult to overexposed tissue.[150, 151] 

 

Combinations and modifications of each of these methods have been proposed, including 

the “open-closed” technique, laparoscopic HIPEC, and pressurized intraperitoneal 

chemotherapy (PIPAC).[152]  In order to quickly and more efficiently investigate efficacy 

of new adjuvants and methods for a HIPEC regimen, clearly defined animal models for 

reproducible studies are essential. 

  



 

47 

 

3. The Role of Animal Models in Developing Treatments for Peritoneal Carcinomatosis 

Various animal models including; mouse, rat, porcine, and rabbit have been introduced in 

order to facilitate HIPEC research.[153] Specifically, several rodent models for developing 

disseminated abdominal cancer for PC treatments have been found to be translatable.[154–

159] However, comprehensive technical descriptions of intraperitoneal perfusion 

procedures in mice are lacking, making it challenging to reproduce experimental results. 

In this work, we detail survival procedures for both closed and open (coliseum) abdominal 

perfusion using a disseminated colorectal cancer mouse model to mimic CRC with PC 

presentation.  . However, the perfusion methods described here are meant to focus on the 

experimental setup of the perfusion model and can be adjusted accordingly to the users’ 

needs. No cytotoxic drugs were used in this manuscript.  

 

METHODS 

Cell Line 

CT26.WT-Fluc-Neo cells (Imanis Life Sciences, CL043), a polyclonal population 

of the CT26.WT (ATCC® CRL-2638™) mouse colorectal carcinoma line transduced with 

lentivirus encoded with firefly luciferase flanked by a neomycin resistance gene, were 

purchased from Imanis Life Sciences. The CT26 cell line is an N-nitroso-N-

methylurethane-(NNMU) induced, undifferentiated colon carcinoma cell line derived from 

BALB/c mice. Cells were grown in DMEM media (GibcoTM) supplemented with 10% 

FBS, 1X Penicillin/Streptomycin, and 0.4 mg/mL G418 in T225 flasks until reaching 80% 

confluency. Cells were trypsinized with 0.25% (w/v) Trypsin-0.03% (w/v) EDTA until 

cells lifted and neutralized with culture media. For in vivo injections, cell suspensions were 

spun down gently, washed once with 1X PBS, and finally re-suspended in 1X PBS for 

injection.    

 

Animals: 

Six week old female BALB/c mice weighing 15-20 g were purchased from Charles 

River Laboratories, housed with 3-5 cage mates at a time, maintained in a vivarium on a 

12-hour light/dark schedule, and had food and water available ad libitum. All mouse 
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experiments were performed in accordance with and by approval of the Wake Forest 

University guidelines on animal use and welfare (Animal Care and Use Committee of 

Wake Forest University Health Sciences). 

 

Surgical Equipment 

 Adson Forceps, 12cm, Straight, Serrated, TC Jaws (World Precise Instruments 

Sarasota, FL Item#: 500222) 

 Noyes Scissors, 12cm, Straight, Sharp/Sharp, 15mm blades, SS (World Precise 

Instruments Sarasota, FL Item # 500228) 

 Fine Scissors, 9cm, Straight, Sharp Tip, Swiss (World Precise Instruments 

Sarasota, FL Item#: 504613) 

 Webster Needle Holder, 12.5cm, Straight, Serrated, Extra Delicate (World Precise 

Instruments Sarasota, FL Item #: 14109) 

 Gauze pads 

 6-0 Prolene suture 

 4-0 and 6-0 Vicryl suture 

 Green surgical towel, sterile 

 Blue surgical drape, sterile 

 Ring stand and 10 cm ring support 

 

Perfusion Circuit 

Dual Outflow Circuit components 

 Masterflex L/S Digital Pump 

 Masterflex XX8000004 Head 

 Masterflex 96400-15 Tubing (0.189” I.D.) 

 SmartSite Extension Set (Alaris 30262E) (2.7 mm I.D.) 

 Tygon AAQ04127 Tubing (0.040” I.D., 0.070” O.D.) 

 BD Vacutainer® Safety-Lok™ Blood Collection Set (367282) 

 AIRCARE Cuffed Endotracheal Tube (100/100/050) (5.0 mm I.D., 6.9 mm O.D.) 

 Y-drain (Nalgene 15-320-10A, 1/8” ID) 

 
 

Single Outflow Circuit Components 

 Masterflex L/S Digital Pump 

 Masterflex XX8000004 Head 

 Tygon AAQ04127 Tubing (0.040” I.D., 0.070” O.D.) 
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 BD Vacutainer Push Button Blood Collection Set (367344) 

 White Polypropylene Straight Barbed Connector (1/8” ID) 

 Tygon R-3603 Tubing (3/32” I.D., 5/32” O.D.) 

 Fisherbrand PolyEthylene Quick Disconnect (15-315-27C) (0.125” I.D.) 

 Masterflex 96400-15 Tubing (0.189” I.D.) 

 Fisherbrand Tygon S3 E-3603 Flexible Tubings (14-171-104) (3/16” I.D., 3/8” 

O.D.) 

 

Additional Equipment 

 Baker’s Biopsy Punch BakerCummins 0889 2mm 

 Acuderm Acu-Punch Biopsy Punch, sterile, 3 mm (P325) 

 16 Gauge Stainless Steel Blunt Needle with Leur PPE (Component Supply NE-

161PL-25) 

 18 ½ gauge Needle 

 4-0 and 6-0 Vicryl Absorbable Suture 

 5-0 Ethilon Monofilament Suture 

 #10 or #15 Surgical Blades 

 SurgiStatTM II-20 Electrosurgical Generator  

o Bipolar handles 

 

Animal Preparation Equipment 

 Hair depilatory cream 

 7.5% Betadine Solution 

 0.9 % NaCl solution 

 1 and 5 mL sterile syringes 

 Lactated Ringers Solution 

 Buprenorphine Hydrochloride (0.01 mg/mL) 

 

I. Development of the Dissemination Model 

Six-week-old BALB/c mice were briefly anesthetized under 2% isoflurane. The 

abdomens were swabbed with alcohol and 3.0x106 CT26.WT-Fluc-Neo (Imanis Life 

Sciences) cells suspended in 1X PBS were injected intraperitoneally. The abdomens of the 

mice were thoroughly massaged to distribute the cell suspension throughout the abdominal 

cavity.  
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The Living Image Software (PerkinElmer) was used to quantify the total 

bioluminescence signal (photons/second) of the disease in the animals. D-Luciferin (200 

µL of 15 mg/mL stock; PerkinElmer) was injected intraperitoneally into the mice 24 hours 

after implantation of the CT26 cells and every 72 hours subsequently. The bioluminescence 

signal was detected using an In Vivo Imaging System (IVIS: Caliper-PerkinElmer) with 1 

and 10 second exposures on the ventral and dorsal sides of the animals, respectively, using 

subject heights of 1.5 cm and medium binning. Surgery for this model must be conducted 

within 5 days of inoculation, otherwise tumor burden and vascular supply to tumors will 

be too excessive for a survival surgery. 

 

II. Manufacture of Circuit Components 

We tested our perfusion models using a single inflow line and either a single or 

double outflow (drainage) line(s). Dual drainage lines are commonly used in human 

perfusions, but run the risk of developing inconsistencies in line pressure in mice thus 

leading to fluid backflow of loss of circulation of the perfusate. In the later versions of both 

our closed and open models we deviated from the double outflow lines to a single outflow 

line to avoid pressure loss and backflow in the circuit. Using a single circuit line also 

decreased the necessary volumes needed for the perfusion and decreases the amount of 

heat loss that can occur with longer circuit lines.  The tubing diameter and lengths were 

selected in order to reduce the circuit volume and lessen heat loss. 

Below we describe the methodology for forming both the double and single circuits. 

Circuit perforations were made to mimic the fenestrated tubing at the outlets used 

clinically. The fenestration avoids suction of any organs that occurs from outflow blockage 

and subsequent circuit pressure increases that occurs in non-fenestrated outflows. 

  

Double Outflow Circuit 

1. Cut Masterflex 96400-15 tubing to the length of 16 cm. 

2. Cut the first SmartSite Extension tubing to the length of 25.5 cm from the top of 

female luer. 
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3. Cut the second SmartSite Extension Set to the length of 33.0 cm from the top female 

luer. At the distal 0.5 cm of the tubing, create 30 perforations circumferentially 

using 18 ½ gauge needle. Cut Tygon tubing to the length of 5.5 cm. 

4. Cut BD Vacutainer® Safety-Lok™ Blood Collection Set to the length of 5 cm from 

the top of the male luer lock. 

5. Cut AIRCARE endotracheal tube to the length of 1 cm. Use 2 mm biopsy punch to 

make 12 perforations circumferentially in a staggered pattern. 

6. Cut a 1 mm x 1 mm strip from AIRCARE endotracheal tube. Insert into the 

perforated tip of SmartSite tubing so that it is partially occluded. 

 

Single Outflow Circuit 

1. Cut the Tygon AAQ04127 tubing to the length of 6 cm. 

2. Cut BD Vacutainer® Safety-Lok™ Blood Collection Set to the length of 4 cm from 

the top of the male luer lock. 

3. Cut the Tygon R-3603 tubing to the lengths of both 20 cm and 30 cm. 

4. Cut Masterflex 96400-15 tubing to the length of 17 cm. 

5. Using the Acuderm Acu-Punch Biopsy Punch, Sterile, 3 mm (P325), create a 

circular punch cut from the Fisherbrand Tygon S3 E-3603 Flexible Tubings to 

serve as a circuit cap. 

 

Figure 1: Demonstrates the single outflow circuit assembly 

Figure 2: Illustrates the final circuit design (single outflow) that was the most reliable and 

beneficial for this study.   

 

Complete circuits were sterilized by ethylene oxide gas. 

 

III. Circuit Assembly 

Double Outflow Circuit 

1. Inflow tube assembly: 

a. Attach the BD Vacutainer luer lock to cut end of 25.5 cm SmartSite Extension 

tube. 
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b. Insert Tygon tubing into cut end of BD Vacutainer tubing. 

2. Load Masterflex tubing into pump head. 

3. Insert female luer of inflow tube into left end of Masterflex tubing. 

4. Insert female luer of outflow tube into right end of Masterflex tubing. 

 

Single Outflow Circuit 

1. Insert the Tygon AAQ04127 Tubing approximately 1 mm into the tubing of the 

prepared BD Vacutainer Push Button Blood Collection Set component to serve as 

the perfusion inflow. 

2. Connect the assembled inflow to the 20 cm Tygon R-3603 Tubing via the White 

Polypropylene Straight Barbed Connector. 

3. Insert the female end of the smallest inner diameter connection of the Fisherbrand 

PolyEthylene Quick Disconnect into one side of the Masterflex 96400-15 tubing 

and connect assembled 20 cm Tygon R-3603 Tubing to the male end. 

4. At one end of the 30 cm Tygon R-3603 Tubing, form three rows of four perforations 

to a maximum length of 0.5 cm from the end using the 16 Gauge Stainless Steel 

Blunt Needle. 

5. Plug the perforated end of the circuit with the prepared Fisherbrand Tygon S3 E-

3603 Flexible Tubings circular punch cut. 

6. Insert the female end of the smallest inner diameter connection of the Fisherbrand 

PolyEthylene Quick Disconnect into the other side of the Masterflex 96400-15 

tubing and connect prepared 30 cm Tygon R-3603 Tubing to the male end. 

 

IV. Perfusate preparation 

Warm 0.9% saline solution to desired hyperthermic temperature before the start of 

surgical operations. For our needs, we warmed our solutions using a water bath prior to 

loading the circuit. 

 

Customization Option 1: Heat exchangers for rodent HIPEC perfusion models 

have been used before, such as a water bath, to maintain the temperature of the 

perfusates.[154, 160] The techniques we describe here can be modified for the 
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addition of a heat exchanger if desired.  

 

Customization Option 2: Intraperitoneal perfusion using cytotoxic agents in 

rodents has been described and demonstrated intraperitoneal tolerability of 

commonly used human chemotherapy agents in peritoneum of mice.[158, 161] 

V. Circuit priming 

1. Flush the circuit with 0.9% saline solution. 

2. Preload circuit lines with perfusate to remove air. 

VI. Operative Procedure (Closed) 

Closed abdominal perfusion in mice was explored first in 12 mice. The animals 

were survived for 24 hours following surgery. Below is the technical description 

for executing the closed perfusion model  

 

A. Anesthesia and surgical preparation of the animal: 

a. Induce general anesthesia with 2% isoflurane in oxygen (2 liters/min). 

b. Following induction of anesthesia, transfer the animal onto operative platform 

and maintain anesthesia by isoflurane inhalation through a nose cone at 1.5% (1.5 

liters/min). 

i. We used an acrylic water pad platform to maintain the outside body 

temperature of the mouse above 30oC.  

c. Inject 1.0 cc of Lactated Ringers Solution subcutaneously near the dorsal base of 

the neck and add 1 drop Rugby Artificial Tears Ointment to each eye to prevent 

the eyes from drying out. The Lactated Ringers solution will keep the animal 

hydrated during the surgery and in our experience, this has led to the mice 

regaining consciousness quicker once they were removed from anesthesia.  

d. Apply hair removal cream to abdominal skin for 5 minutes and remove with 0.9% 

saline solution. 

e. Disinfect the exposed skin with Betadine solution three times then move mouse 

onto a dry surgical cloth. 

f. Secure mouse to operating surface with medical tape. 

B. Incisions and tube insertion: 
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a. Make a horizontal incision of 2 mm in length in the right upper subcostal area 

halfway through right hemifield. Insert inflow tube to the depth of 5 mm and 

secure with a single simple interrupted 5-0 Ethilon suture on each side. 

b. Make a second incision of 5 mm in length in oblique orientation in the left lower 

quadrant in the midline of left hemifield. 

c. At the second incision, lift the skin and the peritoneal membrane forceps and 

insert the outflow device up to the proximal edge of the cap and place gently on 

top of the organs. 

d. Secure the opening around the tube with purse-string 5-0 Ethilon suture to 

create a tight seal. 

C. Performing Closed Perfusion – Figure 3: 

Establishing perfusion parameters 

The perfusion flow rate for the closed perfusion model was derived from the rates 

used in humans and scaled down for use in a mouse. Reported human perfusion rates vary 

from 400 mL/min to 1 L/min and rodent perfusions can safely be upwards of 6 

mL/min.[160, 162, 163] Mouse body surface area constitutes 0.43% of human body surface 

area.[164] We based our calculations for murine perfusion on the lowest reported human 

flow rate we found in literature, and began our perfusion at rates  at half of the value 

obtained to avoid exceeding the tolerated perfusion rate and hemodynamic effects of 

intraperitoneal perfusion in mice.[162] 

400 mL/min x 0.0043 = 1.72 mL/min 

1.72 mL/min / 2 = 0. 86 mL/min ~ 50 mL/hr 

Human perfusion times for standard HIPEC procedure range between 30 and 120 

minutes. We used a flow rate of 50 mL/hr for the closed perfusion and perfusion time of 

30 minutes. The 30-minute time frame was chosen to match the shortest perfusion time 

reported in humans, to increase the likelihood of animal survival.[165] Perfusion time was 

carefully selected to balance approximating human parameters and avoiding previously 

reported complications with excess peritoneal pressures in small rodents.[166] In our 

experience, we found that higher flow rates using in the closed perfusion model sometimes 

impeded mouse respiration.  
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a. Set the Masterflex L/S Digital Pump to continuous flow at 50 mL/hr with flow 

direction oriented such that the perfusion inlet is dispensing fluid. 

b. Perfuse desired solution for 30 minutes with firm circular massage of the 

abdominal cavity every 2-5 minutes.   

c. Drain perfusate and flush abdomen by perfusing warm 0.9% saline 3 times.  

D.  Removal and recovery: 

a. After final drainage, carefully remove inflow tubing, and close peritoneal sac with 

1-2 interrupted absorbable 6-0 vicryl suture. Close skin with 2-3 interrupted 

monofilament 5-0 ethilon suture; repeat for outflow tube site.  

b. Wean mouse off isoflurane and once the animal is conscious administer 0.05 

mg/kg subcutaneous buprenorphine in 800 µL Lactated Ringers solution.  

E. Post-operative care of the animals 

a. Animals were monitored in the immediate post-op period to ensure full return of 

mobility, acceptable pain level as monitored by rodent grimace scales, and 

acceptance by cage mates. Staff veterinarians conducted routine animal checks. 

b. Animals survived to 24 hour post-operative end-point and were euthanized in 

accordance with institutional policy for humane euthanasia.  

F. Post-mortem examinations 

a. Following euthanasia, animals were dissected and organs inspected for signs of 

injury related to the procedure.  

 

VII. Operative Procedure (Open/Coliseum) 

After evaluating the closed perfusion model and 24-hour post-surgery survival, we 

switched the perfusion model to the open abdomen “coliseum” technique and short-term 

survival. By switching to the coliseum technique a surgical debulking step was 

incorporated in order to remove larger tumor nodules on the peritoneum using bipolar 

cauterizers (Figure 3). We did not resect any other organs, besides the peritoneum, on 

which tumors may have seeded in order to maintain high survivability from the surgery 

and minimize morbidity. To help the mice thermo-regulate we covered their bodies with a 

plastic surgical draping and shortened the perfusion circuit. The open abdomen required 

more perfusate by volume, so the flow rate was increased up to 200 mL/hr to ensure at least 
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5 total exchanges of the perfusate during a 30 minute perfusion. Both dual and single drain 

circuits were assessed. A total of nine mice were used in the coliseum technique perfusion 

group. 

A. Repeat (VI-A.(a-f)) Anesthesia and surgical preparation: 

a. Apply a surgical draping (Glad® Press'n Seal®) over the entire body, exposing 

only the tail and 10 mm clearance from the nosecone to the base of the neck.  

B. Incision: 

a.  Make a 20 mm midline incision starting from the base of the sternum, through the 

drape, skin, and peritoneal sac.  

b.Use 4-0 vicryl suture to secure 4-6 points of skin and peritoneum to the ring support, 

approximately 10 cm above the open abdomen to form the “coliseum”.  

c. Apply the Rugby Artificial Tears Ointment to the edges of the skin using a sterile 

swab to prevent drying of the skin. 

d.Remove ascitic abdominal fluid and any cancer-secreted mucus with sterile gauze 

pads. Gently move organs with blunted probes, as needed, to access organ surfaces. 

e. If small, non-adherent tumors are present, remove with saline rinses, pickups, or 

cotton tips. - (Figure 4) 

f. If small tumor nodules are present on the peritoneal wall, excise them with bipolar 

cauterizer handles with cut and coagulation set to 10W. Nodule removal using 

bipolar cauterization reduces the risk of bleeding (many PC tumors can develop 

significant vascularization). Established tumors located on intra-abdominal organs, 

fat or omentum were not removed in this model. 

C. Coliseum Technique Perfusion – Figure 5 and Figure 6 

a. Saline Flush – Using a 5 mL syringe, slowly add 5 mL of desired temperature 0.9% 

saline to the open cavity; manipulate the organs with the blunted probe to aid in 

removing the ascitic abdominal fluid and any cancer-secreted mucus.   

b.Insert the suction outflow line(s) to remove saline flush (200 mL/hr). Position the 

outflow line(s) against internal peritoneal sac on the left lower quadrant to prevent 

organ suction. 

c. Insert inflow line at the upper right quadrant against the peritoneal wall. 
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d.Set the Masterflex L/S Digital Pump to continuous flow counter counter-clockwise 

at 200 mL/hr. (Figure 6) 

e. Perfuse for 30 minutes using blunted probes to manipulate organs to ensure an even 

distribution of perfusate throughout the abdominal cavity every 2-5 minutes.   

f. Drain perfusate and flush abdomen with warm 0.9% saline 3 times.  

D. Removal and recovery: 

a. Remove sutures connected to the ring support, remove surgical draping, and suture 

peritoneal sac using absorbable 6-0 vicryl with a continuous stitch. 

b.Close skin with 5-0 ethilon monofilament suture using 8-9 interrupted stitches.  

c. Wean mouse from isoflurane and clean mouse abdomen with warm saline. 

d.Administer 0.05 mg/kg subcutaneous buprenorphine in 800 µL Lactated Ringers 

solution once mouse has attained consciousness.  

 

VIII. Disease progression monitoring/endpoint  

B. Disease progression in the mice was monitored by measuring tumor burden via the 

detected bioluminescence signal of the luciferase transfected CT26 cells using a 

PerkinElmer In Vivo Imaging System (IVIS). Bioluminescence monitoring is an 

effective method for estimating tumor localization and tumor size in live 

rodents.[167, 168] 

C. The mice undergoing closed perfusion constituted the initial study group and were 

only survived out to 24 hours per the requirements of our pilot protocol. After 

switching to the coliseum technique, the mice were allowed to survive until a humane 

endpoint was reached in order to determine the survivability of the mice to both the 

debulking surgery and the coliseum technique.  

Humane endpoints were defined by:  

1. Post-operative weight loss that is greater than 20% of pre-operative weight. 

2. Mouse exhibiting distress or extreme lethargic characteristics. 

3. Presence of blood pooling within the abdomen, and confirmed by an IP draw via a 

25-gauge needle and 1 mL syringe. 
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Results 

I. Closed Perfusion Results 

A. Surgical Morbidity and Mortality (Closed) 

i. All mice in the closed perfusion study were survived out to only 24 hours. This 

was because the early experiments were approved only for 24-hour survival and 

there was no debulking surgery.  

ii. Of 12 mice studied, 11 survived to the 24-hour post-operative end-point. There was 

one intraoperative death.  

iii. Intraoperative complications included suction of organs into outflow tube (3) and 

incomplete circuit closure at outflow with leakage of perfusate (4). The 

intraoperative death was due to the intestine being sucked into the capped outflow 

line.  

1. Circuit complications included bubble formation during every surgery and 

loss of suction in one of the outflow drain lines when using a dual outflow 

circuit.  

 

II.  Coliseum Technique Results 

A. Surgical Morbidity and Mortality 

i. All mice that underwent the coliseum technique were subject to a surgical debulking 

that included a partial peritonectomy and removal of easily disturbed disseminated 

tumors that were not seeded onto the surfaces of tissues (Figure 3C). After the 

debulking step, mice were perfused for 30 minutes, then had 3 abdominal flushes. 

The mice were closed and allowed to recover and survive until their disease burdens 

reached the endpoint.  

ii. Of the 9 mice studied, all mice survived surgery and survived until disease burden 

reached a humane endpoint, which was between 4-8 days post-surgery. 

1. Organ suction was not observed in the open model, nor was there any 

leakage of perfusate. 

iii. Intraoperative complications included bleeding following midline incision and some 

bleeding of the tumor vasculature. 
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B. Model Notes – Coliseum Technique 

i. Circuit continuity was often disrupted in the double outflow circuit; the perfusate 

would backwash into the abdomen of the animals as if the circuit failed. This 

phenomenon was most likely due to a pressure difference between the two prongs 

that is created by the establishment of any difference in height of the two 

prongs.[150]  

ii. Many tumors excised from the mice in the coliseum model exhibited mucus 

production and were very easy to detach from organ surfaces. 

iii. Tumors seeded on organs other than the peritoneum were not removed in this study. 

Leaving these tumors behind may have contributed to these animals having elevated 

tumor burdens and caused them to reaching a humane endpoint sooner compared to 

surgically removing the infiltrated tissue. 

iv. Nearly all mice exhibited ascites by the time of endpoint. Pathology reports indicated 

that the ascitic fluid originated from the tumors and not from infection or 

inflammation. 

 

Discussion and Conclusions 

Animal models are beneficial for the advancement of research regarding the 

treatment of peritoneal carcinomatosis and, specifically, HIPEC. Many murine models for 

colorectal cancer (CRC) studies have been developed and offer unique advantages for 

studying disease progression and treatments.[169] An important detail to consider with this 

model design is that there is no primary tumor site. The goal of this model was to develop 

a murine perfusion model that could be used for future experiments aimed at treating late 

stage dissemination CRC with PC presentation. Many of the tumors here produced ascites, 

a common hurdle in human CRC.[170]  

The closed technique was not pursued after the first 12 animals due to the inability 

to visualize the tumor burden directly, perfusate distribution, bubble formation in the 



 

60 

 

circuit, and organ suction. The coliseum technique became our preferred model due to ease 

of access to the entire cavity, possibility of debulking of large tumors, easier circuit 

blockage corrections, and the ability to better control the distribution of the perfusate. We 

recommend the coliseum technique model for future studies investigating the use of 

peritoneal perfusion for treatment of disseminated abdominal cancers.  

An important limitation of the techniques described in this manuscript is the fact 

that no chemotherapeutic agents were tested. In humans, morbidity of HIPEC is attributed 

to both the hemodynamic stress of the perfusion and the toxicity of chemotherapeutic 

agents. In theory, addition of cytotoxic agents could compromise animal survival in our 

procedure; however, previous reports of HIPEC in mice have demonstrated the use of 

commonly used human agents mitomycin, oxaliplatin, and cisplatin with excellent 

survival. Table 7 provides maximum reported concentrations of each of the above agents. 

Reference PC Origin Agent Concentration 

Muenyi et al. 2011 Ovarian Cisplatin 3 mg/kg 

Graziosi et al. 2012 Gastric Mitomycin 8.25 μg/L of perfusate for each mouse 

Cisplatin 62.5 μg/L of perfusate for each mouse 

Miailhe et al. 2017 Ovarian Oxaliplatin 920 mg/m2 

Trépanier et al. 2016 None 
Oxaliplatin 460 mg/m2 

Mitomycin C 35 mg/m2 

 

Another limitation of the models presented here is the absence of a heating element. 

The aim of the present work was a technical description of a base procedure of 

intraperitoneal perfusion in mice to allow additional modifications as required for a given 

project. Addition of heat could theoretically increase the hemodynamic stresses 

encountered in the procedure and thus increase procedure morbidity and mortality.  

A survival mouse model of abdominal perfusion is achievable and can be 

customized to either open or closed techniques. This study describes the methodology for 
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making murine perfusion models of the closed and coliseum technique used in humans. 

The methods described in this manuscript can provide guidelines for developing future 

research that will involve abdominal perfusion in mice.  
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Figure 1: Single outflow circuit assembly. (A) Inflow Tygon AAQ04127 tubing; (B) 

Inflow BD Vacutainer Push Button Collection Set Male Luer Lock; (C) Inflow White 

Polypropylene Straight Barbed Connector; (D) Inflow Tygon R-3603 tubing; (E) 

Fisherbrand Polyethylene Quick Disconnect; (F) Masterflex 96400-15 tubing; (G) Outflow 

Tygon R-3603 with inset displaying perforations formed with 16 Gauge Stainless Steel 

Blunt Needle; (H) Fisherbrand Tygon S3 E-3603 Flexible Tubings used to form 3 mm 

diameter plug to insert at inset of picture G. 
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Figure 2- Final circuit design: (1) Outflow end with perforations, (2) Masterflex tubing, 

and (3) Inflow end. 

 

 

 

 

 

 
 

Figure 3 – Closed Perfusion Circuit – (LEFT): Perfusion circuit in a mouse with a single 

drain, (RIGHT): Closed circuit in mouse with dual drain port. 
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Figure 4 – Tumors that developed in IP injection dissemination model. (A) Tumors 

adhered to internal peritoneal wall (B) Tumors integrated onto surface of the large intestine. 

(C) Clumps of tumors with poor vasculature; these tumors were easily disturbed and 

produced mucus. 
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Figure 5 – Open Abdominal “Coliseum” Technique Perfusion: (TOP): Mouse with open 

abdomen sutured to a ring stand to form the “coliseum”. (BOTTOM): Mouse with 

perfusion circuit inserted into the coliseum. This circuit has a single inflow tube and two 

outflow tubes. 
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Figure 6. – Complete Open “Coliseum” Technique Perfusion Circuit – The perfusate can 

be customized to drug or therapeutic of choice. (1) Ring stand, (2) Ring support for sutures 

to be tied onto to secure the open abdomen, (3) Dual outflow circuit with perfusate flowing, 

(4) Inflow line of the circuit, (5) Anesthesia airline, (6) Masterflex pump with 200 mL/hr 

continuous flow rate, (7) Hemostat securing sutures used to maintain shape of the coliseum 
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CHAPTER 4 

 

In Vitro, Ex Vivo, and In Vivo Binding of Hyaluronic Acid Coated H-DAPPs to 

Murine Colorectal Tumors 

Abstract 

 Nanoparticles present many promising advantages for improving current surgical 

regimens used to detect and treat metastatic abdominal diseases. Current variations of 

nanomaterials incorporate targeting agents such as antibodies, RNA, or specific 

compounds to augment the efficiency of nanomaterials binding to tumors. Here, we chose 

to target the cancer stem cell marker CD44 in murine CT26 cells. The presence of CD44 

in CT26 cells was determined by western blotting and immunofluorescence. H-DAPPs 

were coated with hyaluronic acid (HA-H-DAPPs) in order to target CD44. HA-H-DAPPs 

were found to have similar heating and fluorescence properties compared to the non-coated 

nanoparticles. HA-H-DAPPs bound to CT26 cells in vitro 2-fold more than H-DAPPs, and 

3-fold higher ex vivo. When HA-H-DAPPs were perfused throughout the open abdomens 

of mice with peritoneally disseminated CT26 tumors, two phenomena occurred; first, 

nanoparticles co-localized to tumors in vivo and second, the nanoparticle perfusates that 

were collected immediately after the perfusion were found to have entrapped small tumors 

and individual cancer cells. This finding prompted us to switch from delivering the 

nanoparticles via intraperitoneal (IP) perfusion and instead to an IP injection of the 

nanoparticles prior to surgery.  Four mice received a 1 mL IP injection containing 100 µg 

HA-H-DAPPs 24 hours prior to the debulking/rinsing surgery. During surgery, it was 

discovered that nanoparticles had co-localized to the disseminated tumors. Mice were 

perfused with saline to remove excess ascites and unbound nanomaterial. After euthanasia, 

the mice were dissected and the excised tissues were imaged then prepped for ICP-MS.  

The ICP-MS data was used to verify the capacity at which the nanoparticles bound to 

tumors and in specific tissue types. 

 

This chapter builds from the murine perfusion model designed in Chapter 3.  I developed 

the hyaluronic coated H-DAPPs used for this section and performed multiple surgeries 

along with Laura Galarza-Paez and Bryce McCarthy. Quantification of selenium in the 

excised tissues was determined by ICP-MS with assistance from Dr. George Donati and 

John Sloop. Statistical analysis was completed with support from Julia Rushing.    
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Introduction  

Peritoneal carcinomatosis originating from colorectal cancer has a poor clinical 

outcome of only about 6 months survival.[171] Surgical intervention remains the gold-

standard for reducing tumor burden and prolonging patient survival. However, with the 

extensive tumor burden and aggressive nature of colorectal cancer (CRC), surgical 

resection of all disseminated lesions is difficult. Combination regimens, such as 

cytoreductive surgery (CRS) and hyperthermic intraperitoneal chemotherapy (HIPEC) 

have greatly improved the survival outcome for many patients with PC from CRC, but the 

need for improvement is still imperative. The utilization of nanomaterials as adjuvants for 

eliminating additional disseminated tumors in these patients is a promising avenue. A 

comprehensive review of the potential benefits nanomaterials have as adjuvants for PC 

treatment in conjunction with CRS and HIPEC is included in Appendix A2. 

 There is not currently a standardized method for investigating the effects of 

nanomedicine on clinically relevant models. This chapter summarizes our approach to 

define the therapeutic benefit of our nanoparticles (H-DAPPs) as targeted theranostic 

adjuvants for the treatment of peritoneally disseminated colorectal cancer. The 

methodology for this chapter is built upon the foundations laid from the heating potential 

and fluorescence detection data from Chapter 2 and the development of the murine 

perfusion model in Chapter 3.  

The cancer stem cell marker CD44 was the chosen target for functionalizing the H-

DAPPs. CD44, both the standard and variant isoforms (CD44s and CD44v), have been 

shown to be expressed in primary CRCs and PC disseminated tumors.[52, 172, 173] 

Reports have illustrated that human CRC cells that are CD44+ have very high clonal 
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formation and tumorigenicity both in vitro and in vivo.[44, 174] The same reports have 

indicated that a single CD44+ cell isolated from a patient can give rise to a tumor in 

vitro.[44] CD44 is believed to play a presumed role in the formation of PC due to its role 

as an adhesion molecule by binding to the ECM protein hyaluronan.[175]  The primary 

ligand for CD44 receptor is hyaluronic acid (HA, hyaluronan, hyaluronate), a 

glycosaminoglycan which is a dominant component of the extracellular matrix in many 

vertebrates.[32, 43]  

HA is a dynamic natural polysaccharide composed of repeating disaccharide units 

of (1–3)-β linked N-acetyl-D-glucosamine and (1–4)-β linked D-glucuronic acid. Though 

HA is simplistic in composition, it can range in size from 5,000 to 20,000,000 Daltons in 

vivo.[176] There is a general accepted consensus that the term “high molecular weight HA” 

(H-MW-HA) denotes HA consisting of over 1,000,000 Da, but the true definition of “low 

molecular weight HA) (L-MW-HA) is open-ended and can encompass HA constructs up 

to 700 kDa.[177] The size of HA can impact different signaling pathways in a variety of 

cell types; however, the exact immune effects that HA induces is still debatable.[177–179] 

The glycosylation intensity of CD44 regulates the binding capacity CD44 has for HA. The 

most active form of CD44 is one that has the least glycosylation, and thus can actively bind 

HA.[32] HA constructs that are less than 20 kDa have been shown to have low, or even 

reversible binding affinity with CD44, but isoforms of HA near 100 kDa form tighter bonds 

[180–182] Bearing in mind that nanomaterial size is a critical factor for binding, colloidal 

stability, and distribution, the HA chosen for coating the H-DAPPs was between 66-99 

kDa. This HA size was chosen in order to maximize binding affinity to CD44 while 

simultaneously considering the size of the final nanoparticle product.   
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In order to determine whether or not HA-H-DAPPs were binding to disseminated 

tumors in the murine model, IVIS fluorescence and bioluminescence imaging was done on 

the excised organs of the euthanized mice. ICP-MS was completed on the tissue following 

IVIS because H-DAPPs have a selenium component which can be detected in ppb 

concentrations in acid digested tissue samples.  

 

Materials and Methods 

Here, we exploited an immunocompetent mouse line (BALB/c) with its synergistic 

undifferentiated colon carcinoma cell line (CT26) and induced a disseminated colorectal 

cancer model. The model was advantageous because it provided excessive tumor numbers, 

with tumors that exhibited low vascularization and were easily detached from their adhered 

surfaces. Larger tumors on the peritoneum were excised with bipolar cauterizers, and 

smaller, unattached tumors were removed with saline perfusion rinses and gauze/cotton 

tips.  This model mimicked peritoneal surface disease. Hyaluronic acid coated 

nanoparticles were perfused throughout the abdominal cavity to bind small tumors or free-

floating cells that were overlooked during the debulking surgery.   

 

Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. 

 

Nanoparticle Synthesis and Characterization 

 Hyaluronic acid coated Hybrid Donor-Acceptor Polymer Particles (HA-H-DAPPs) 

nanoparticles were synthesized according to [Appendix A1]. Donor-acceptor 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)  polymer was combined with poly[(9,9-
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dihexylfluorene)-co-2,1,3-benzothiadiazole-co-4,7-di(thiophen-2-yl)-2,1,3-

benzothiadiazole] (PFBTDBT10) at a 95% to 5% by weight ratio in tetrahydrofuran. A 1 

mL volume of 2 mg/mL polymer mix was added to 8 mL of 1 mg/mL pluronic F127, in 

water, solution under constant horn sonication with a Branson Digital Sonifier with a 

microtip (1 minute, 20% amplitude). Nanoparticles were autoclaved (30 minutes, 121oC) 

then isolated by centrifugation. Large aggregates were removed by centrifugation of 7500 

rpm for 30 minutes and the subsequent supernatant was centrifuged at 16,800 rcf for 4 

hours, to collect the nanoparticles.  

 

Hyaluronic Acid Coated Nanoparticles 

Sterilized H-DAPPs were coated with sterile mid-molecular weight chitosan by 

vigorous stirring for 1 hour at room temperature (5 mL chitosan in 2% acetic acid to 1 mL 

H-DAPPs). Chitosan coated H-DAPPs were diluted in 15 mL of fresh sterile 2% acetic 

acid in water and centrifuged for 2 hours at 8,600 rcf.  The chitosan coated H-DAPPs pellet 

was resuspended in 15 mL sterile water and centrifuged for 2 hours at 8,600 rcf to remove 

excess chitosan and acetic acid. The washed pellet was then added to 5 mL of sterile 100 

µg/mL 66-99 kDa sodium hyaluronate (Lifecore Biomedical, MN) solution and subjected 

to 1 hour vigorous of stirring at room temperature in ambient light. The hyaluronic acid 

coated H-DAPPs (HA-H-DAPPs) were diluted into 10 mL of sterile water and centrifuged 

for 2 hours at 5,500 rcf to remove excess hyaluronic acid. All materials were stored at 4oC 

in the dark until use; size was determined by dynamic light scattering (DLS) and 

transmission electron microscopy (TEM).  
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Cells 

 CT26.WT-Fluc-Neo (CT26) cells, a polyclonal population of the CT26.WT 

ATCC® CRL-2638™ mouse colorectal carcinoma line, transduced with lentivirus 

encoded with firefly luciferase and a neomycin resistance gene, were purchased from 

Imanis Life Sciences.2 Cells were grown in DMEM supplemented with 10% FBS, 1X 

Penicillin/Streptomycin, and 0.4 mg/mL G418 in T225 flasks until reaching 80% 

confluency. Cells were trypsinized with 0.25% EDTA until cells lifted, and neutralized 

with culture media. For in vivo injections, once cells were trypsinized and neutralized, cells 

were pelleted and then washed once with 1xPBS, and finally re-suspended in 1xPBS for 

injection.   

 

Immunofluorescence 

 CD44 expression was determined by immunofluorescence microscopy. Cells were 

grown on poly-L-lysine coated glass slides and fixed with 4% paraformaldehyde for 10 

minutes, then rinsed three times with 1xPBS. Cells were permeabilized with 0.1% TritonX-

100 for 10 minutes then rinsed three times with 1xPBS. Cells were blocked with 1% BSA 

(bovine serum albumin) for 30 minutes then rinsed with 1xPBS then incubated with anti-

CD44 (Abcam - ab157107, rabbit polyclonal) at 1:1000 in 1% BSA at 4oC overnight. The 

next day the primary antibody was removed and the cells were rinsed three times with 

1xPBS. The secondary antibody, goat-anti-rabbit Alexa 488 (Abcam ab150077) was 

incubated 1:1000 in 1% BSA for one hour at ambient temperature for 1 hour in the dark, 

then the cells were rinsed three times with 1xPBS. A 1:1000 DAPI stain was incubated on 
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the cells for 60 seconds then rinsed three times with 1xPBS. Cells were imaged on an 

Olympus IX70 epifluorescence microscope.   

 

In Vitro Nanoparticle Binding  

 CT26 cells were plated in a 48 well plate and grown to 80% confluency. The media 

was removed and the cells were rinsed once with saline.  Nanoparticles (80 µg/mL of H-

DAPPs or HA-H-DAPPs, or saline) were suspended in 0.9% saline and incubated with 

cells for 30 minutes at 37oC. Saline was used instead of PBS in order to mimic the in vivo 

binding perfusate. The solution was then removed, wells were rinsed once with sterile 

saline, and fresh saline was placed in wells. The amount of nanomaterial that bound to cells 

was determined by measuring the Average [photons/s/cm²/steradian] / [µW/cm²] and Total 

[photons/s] / [µW/cm²] Radiant Efficiency of the nanoparticle fluorescence signal excited 

at 465 nm and imaged with an Indocyanine green (ICG) filter (810-875 nm) using the 

Living Image Software (PerkinElmer).  

 

Nanoparticle Cytotoxicity MTS Assay 

 CT26 cells were plated (7,500 cells/well) in a 96 well plate and grown in culture 

media overnight. The next day, the media was removed, cells were rinsed once with sterile 

1xPBS and plated with 100 µL of various concentrations (0, 10, 20, 40, 80, 160 µg/mL) of 

HA-H-DAPPs in culture media in triplicate. The solutions were incubated with the cells 

for 24 hours, afterwards the nanoparticle solutions were removed, the cells were rinsed 

once with 1xPBS and 120 µL of Celltiter 96 Aqueous non-radioactive cell proliferation 

assay solution (in media) was added to each well. The absorbance of the solutions was read 

at 490 nm and background was subtracted. Cell survival was normalized to the 0 µg/mL 
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HA-H-DAPPs control.   

 

 

Animals 

 All animal studies were conducted in the Animal Research Core Facility at Wake 

Forest School of Medicine in accordance with institutional guidelines. Surgical procedures 

were approved by the Institutional Animal Care and Use Committee of Wake Forest 

University Health Sciences. Female BALB/c mice (5-7 weeks) were purchased from 

Charles River Laboratories, and sustained in a vivarium with a 12-hour light/dark schedule.  

Humane time-points were determined either by disease burden (signal saturation) using 

IVIS, dramatic changes in weight or abdominal circumference, or animals showing signs 

of lethargy or distress. 

 

Development of disseminated colorectal cancer model 

 Six-week-old female BALB/c mice were anesthetized with 2% continuous 

vaporized isoflurane and injected intraperitoneally with 500 µL of 3 x 106 

CT26.WT.Fluc.Neo (CT26) cells suspended in 1xPBS. Cells were injected slowly while 

the syringe was moved around the abdominal cavity. The mice were placed in supine 

position and their abdomens massaged for several minutes while under anesthesia. The 

mice were maintained for an additional five minutes in this position to allow the cells to 

settle to the dorsal side of the mice. Mice were awakened from anesthesia and returned to 

their cage.  

 

In Vivo Bioluminescence 

 D-Luciferin (200 µL of 15 mg/mL stock; PerkinElmer) was injected IP into the 
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mice 24 hours after implantation, 12 hours post surgery, and at every 48-72 hours. The 

bioluminescence signal was detected using an In Vivo Imaging System (IVIS: Caliper-

PerkinElmer) with 1 and 10 second exposures on the front and back sides of the animals, 

using subject heights of 1.5 cm,  and medium binning. The Living Image Software 

(PerkinElmer) was used to quantify the total bioluminescence signal (photons/second) of 

the disease in the animals. Animals were considered at endpoint when the signal saturated 

at 1-second exposure.  

 

Surgery and Nanoparticle Perfusion  

 The perfusion circuit was based on the open perfusion method developed in Chapter 

2. Once the disseminated model was established, 11 mice underwent the coliseum 

technique perfusion. Mice that presented with significant bioluminescence signals 

indicative of disseminated disease were anesthetized with 2% isoflurane (2 liters/min) then 

moved to the heated operative platform and kept on isoflurane inhalation at 1.5 liters/min. 

Mice were subcutaneously injected with 800 µL of Lactated Ringers Solution and had 1 

drop of Rugby Artificial Tears Ointment added to each eye. A depilatory cream was used 

to remove the fur on the abdomen and the skin was disinfected with 7.5% betadine solution. 

The mouse was secured to a dry surgical towel and draped with Glad® Press'n Seal®. A 

20 mm midline incision was made between the base of the sternum to the tail, and through 

the peritoneal sac. The skin and peritoneum were secured to a metal ring with four 4-0 

vicryl sutures to form the open “coliseum” and Rugby Artificial Tears Ointment was 

applied to the edges of the skin to prevent drying. Mucus, excessive ascites, and 

disseminated surface tumors were removed with sterile gauze pads or sterile pickups. 
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Tumors (>1 mm) present on the peritoneum were removed with bipolar cauterizers to 

minimize bleeding from tumor removal. Early surgeries using mice that received saline-

only perfusions had their excised tumors used for ex vivo binding experiments.  

 The circuit, described at length in Chapter 3, was comprised of a single inflow and 

outflow line attached to a Masterflex pump. The inflow line was placed in the abdomen, 

below the sternum, and the outflow lines was placed against the lower abdominal cavity 

wall on the left side of the mouse. Approximately 6-8 mL of warmed HA-H-DAPPs at 80 

µg/mL, or saline was introduced into the circuit and perfused throughout the abdominal 

cavity, with organ manipulation using a blunted probe, for 30 minutes. The flow of the 

nanoparticles in the circuit was set between 50-200 mL/hr and equated to about 5 total 

exchanges during the perfusion. The size of the primary incision and the size of the mouse 

dictated the final volume of solution needed for the perfusion. At the end of the perfusion, 

the abdomen was drained and the perfusate was collected. The abdomens were flushed 

three times with saline to remove unbound material. The sutures forming the coliseum were 

removed and the peritoneum was closed using 6-0 vicryl and a continuous stitch and the 

skin was closed with 5-0 ethilon using interrupted sutures. Mice were weaned from the 

isoflurane then once they were awake and stable, were given an 800 µL subcutaneous shot 

of 0.05 mg/kg buprenorphine for pain.  

 Disease progression and nanoparticle localization in the mice was monitored by 

IVIS using luciferin injections for bioluminescence and the fluorescence of the 

nanoparticles was detected by exciting at 465 nm for 20 s using an Indocyanine green (ICG) 

filter (810-875 nm). Four mice were perfused with saline, six mice were perfused with HA-

H-DAPPs, and one mouse was perfused with non-functionalized H-DAPPs. 
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Ex Vivo Nanoparticle Binding 

 A BALB/c mouse was given a 500 µL intraperitoneal injection of 3x106 CT26 cells 

and the resulting tumors were excised 16 days later. The mouse was perfused with saline 

to remove free-floating cancer cells or tumors. The excised tumors were placed in saline 

and put at 4oC until use, approximately four hours later. The tumors were cut into equal 

sizes (~ 19 mg) and placed in a 96-well plate. The excised tumors were incubated for 30 

minutes with either 100 µL of 0.9% saline, 80 µg/mL non-coated H-DAPPs, or 80 µg/mL 

of HA-H-DAPPs at 37°C in a 5% CO2 humidified incubator. Afterwards, the incubating 

solutions were removed and the tumors were rinsed once with saline to remove unbound 

material, then replenished with 100 µL of fresh saline.  

The plate was placed in the IVIS and the nanoparticles were excited at 465 nm and 

fluorescence was observed using the ICG filter. The signal of the nanoparticles bound to 

the tumors was normalized to control wells containing 100 µL of 0.9% saline, 80 µg/mL 

non-coated H-DAPPs, or 80 µg/mL of HA-H-DAPPs. The region of interest (ROI) of each 

well was determined using the Living Image software and the total radiant efficiency signal 

was compared to the controls. The saline signal was subtracted from each sample and the 

fluorescence in the tumor wells was normalized against the total signal in the nanoparticle 

controls (fluorescence of nanoparticles bound to tumor total radiant efficiency / 

fluorescence of nanoparticle controls (100 µL of 80 µg/mL) total radiant efficiency). 

 

Ex Vivo Staining 

 Disseminated tumors removed from saline control mice during the debulking 

surgery (<2 mm) were rinsed with saline and briefly fixed with ethanol on microscope 
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slides. The tumors were briefly stained (10 minutes) with 0.05% Alcian blue stain, to stain 

negatively charged mucins. The tumors were rinsed with saline and then covered with a 

coverslip that marginally flattened the tumors. The tumors were imaged with a 10x 

objective using a light microscope. Tumors that were excised from euthanized mice, that 

had undergone the intraperitoneal injection of nanoparticles, were fixed and stained with 

Alcian blue as mention above and imaged for fluorescence using a Zeiss Axio Scope and 

647 nm filter.  

 

Nanoparticle Perfusate Analysis 

 HA-H-DAPPs solutions that were perfused in mice were collected after every 

surgery in a glass vial. The nanoparticle perfusates were moved to a 35 mm dish and 

observed using a light microscope with a 10x objective.  The same perfusates were taken 

to the IVIS an excited at 465 nm to image nanoparticle fluorescence and 150 µg/mL D-

luciferin was added to the perfusate to image for CT26 cells’ bioluminescence. 

 

Surgery and Intraperitoneal Nanoparticle Delivery and Perfusion  

 Once it was confirmed that the nanoparticle perfusate was entrapping free-floating 

cancers cells and small disseminated tumors, the nanoparticle delivery method was 

switched to an IP injection followed by a debulking surgery with saline perfusion. The five 

mice in this part of the study were injected with tumorigenic cells as described before and 

the disease progression was monitored by IVIS. Mice that presented measurable 

bioluminescence signal were anesthetized with isoflurane and intraperitoneally injected 24 

hours prior to surgery with 1 mL of 100 µg of HA-H-DAPPs in saline. The day of surgery 
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the mice were imaged by IVIS again to evaluate disease progression and nanoparticle 

localization. Mice were prepped for surgery as described above and had mucus, ascites, 

and tumors removed with gauze pads and bipolar cauterizers. The open abdomens were 

rinsed with saline at least three times while moving the organs with blunted probes in order 

to remove unbound nanoparticles. Mice were recovered as defined above and disease 

progression and nanoparticle localization was monitored with IVIS. When tumor burden 

caused bioluminescence saturation with 1 s excitation or mice became lethargic, they were 

euthanized. Five mice were injected IP with HA-H-DAPPs, but one mouse did not develop 

disseminated tumors and was omitted from the study.  

 

Ex Vivo Nanoparticle Fluorescence and Disease Bioluminescence Detection 

After mice were euthanized, they were quickly dissected and the organs were 

placed in separate, sterile, non-coated petri dishes and placed on ice. The tissues were 

imaged by IVIS for fluorescence detection of the nanoparticles. After fluorescence 

imaging, 150 µg/mL D-luciferin solution was added dropwise to the tissues until the tissue 

was moistened, then the tissue was imaged for bioluminescence for 10 s.  The fluorescence 

and bioluminescence images were overlaid to determined co-localization of the 

nanoparticles bound to the tumors. 

 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

After imaging, all tissues were rapidly frozen at -80oC and stored until further use. 

Next, the tissues were weighed, lyophilized, re-weighed, and stored in a desiccator to 

prevent moisture contamination prior to preparation for ICP-MS analysis. The dried tissues 

were then microwave digested using 2 mL of nitric acid (TraceMetal Grade, Fisher 

Scientific), 3 mL of 30% hydrogen peroxide (Low Trace Metals, GFS Chemicals) and 5 
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mL of Milli-Q water using an Ethos Up Microwave-Assisted Digestion system 

(Milestone). Samples were diluted to 50 mL using Milli-Q water to yield 4% nitric acid 

solutions and stored in 50 mL conical tubes at room temperature. A calibration curve with 

selenium standards was made using 0, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0 ppb 

selenium in a 4% nitric solution. Samples were run on an Agilent 8800 ICP-MS/MS to 

detect the selenium concentration in each sample. This analysis using the ICP-MS was 

done by Dr. George Donati and John Sloop. Selenium concentration in tissues was 

calculated as Se in µg/g of tissue.  

 

RESULTS 

Properties of Hyaluronic Acid Coated H-DAPPs 

 The HA was coated on the H-DAPPs to form HA-H-DAPPs via an electrostatic 

interaction. In order to achieve this, the cationic biocompatible polysaccharide, chitosan 

was coated onto the H-DAPPs first, then HA was attached. Chitosan and HA assemblages, 

especially in nanocomplexes, have been cited in the literature as useful due to the low 

toxicity of chitosan and targeting of CD44 by HA.[183, 184]  The HA-H-DAPPs were 

found to have very similar optical properties to the non-coated H-DAPPs. There was no 

shift in the UV-Vis absorbance spectra of the nanoparticles and only a slight amount of 

fluorescence signal dampening from H-DAPPs to HA-H-DAPPs (Figure 1A&B). The HA-

H-DAPPs were found to achieve comparable ∆Ts as the non-coated H-DAPPs using the 

same laser parameters (Figure 1C). The hydrodynamic diameters of the nanoparticles 

increased with the chitosan and hyaluronic acid coatings from the base diameter and the 

zeta potentials shifted from negative, to positive with chitosan, then back to negative after 
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the addition of the hyaluronic acid (Table 1). 

  
 

 

 
   

Figure 1. (A) UV-Vis absorbance spectra of H-DAPPs (blue) and HA-H-DAPPs (red) (14 

ug/mL). (B) Fluorescence spectra of H-DAPPs (blue) and HA-H-DAPPs (~14 ug/mL) 

excited at 465 nm. (C) Heating curve of H-DAPPs and HA-H-DAPPs irradiated with 2.6 

W of 800 nm light for 60 s with a 1 cm spot size. 3.3 W/cm2. (D) TEM images of (1) H-

DAPPs, (2) Chitosan coated H-DAPPs, and (3) Hyaluronic acid coated H-DAPPs (HA-H-

DAPPs). 

 

Table 1. Hydrodynamic diameter and zeta potential of H-DAPPs with chitosan then 

hyaluronic acid coatings. 
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CD44 Detection in CT26 Murine Cells 

CD44 expression in CT26 cells was confirmed by Western blotting and 

immunofluorescence. Western blot showed low staining at the predicted MW of 81 kDa 

for CD44 in CT36 cells, but had strong bands at lower molecular weights. This could be 

due to aberrant glycosylation of these cells. The same antibody was used for 

immunofluorescence staining and verified the presence of CD44 in CT26 cells.   

 

    
Figure 2. (A) Western blot of CD44 staining in (a) NIH-3T3, (b) CMT-93, (c) CT26, (B) 

Immunofluorescence staining of CD44 in CT26 cells using anti-CD44 antibody (1:1000) 

(green) and the nuclear stain DAPI (blue). 

  

In Vitro Cytotoxicity and Binding of H-DAPPs 

 To determine whether viability of the CT26 was affected by HA-H-DAPPs, CT26 

cells were incubated with various concentrations of HA-H-DAPPs in culture media for 24 

hours. The HA-H-DAPPs showed no significant cytotoxicity to CT26 cells in vitro, which 

corresponds to our findings with non-coated H-DAPPs in our previous works [Appendix 

A1]. 

 Binding of the HA-H-DAPPs was assessed by a 30-minute incubation of the 

   a          b      c 

75 kDa 

25 kDa 

50 kDa 

37 kDa 

A  B 



 

83 

 

nanomaterials, non-coated H-DAPPs and HA-H-DAPPs, with CT26 cells. The 

fluorescence signal of the non-coated H-DAPPs had the fluorescent intensity equivalent to 

~11% uptake and the HA-H-DAPPs had fluorescent intensity uptake of ~22%. Thus, the 

HA-H-DAPPs had nearly two-fold higher binding than non-coated H-DAPPs in vitro.   

 

Figure 3. (A) CellTiter 96 assay of CT26 cells incubated with HA-H-DAPPs for 24 hours 

at increasing concentrations. Cell viability was not significantly impacted at any 

concentration. (B) Fluorescence signal of nanoparticles bound to CT26 cells after 30 

minutes, using IVIS. (C) Graphical representation of percent bound material to CT26 cells 

in vitro, HA-H-DAPPs bound 2-fold higher than H-DAPPs. Error bars represent standard 

deviation. 
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Excised Murine Disseminated Tumors  

  Mice that were injected with CT26 cells developed disseminated tumors both free 

floating in the abdominal cavity and attached to the peritoneum (Figure 4A&B). Tumors 

that were attached to the peritoneum were removed with bipolar cauterizers and 

disseminated tumors were excised with gauze, cotton tips, or pick-ups. Some tumors were 

found to secrete mucus, which was confirmed by Alcian blue staining (Figure 4C-E).  

   

 

Figure 4. (A) Colorectal cancer disseminated tumors in mouse model during surgery, (B) 

Peritoneal seeded tumors, (C) Photograph of excised tumors in a 100 mm dish on lab 

bench imaged with a camera, (D) Excised tumor secreting mucus imaged with a camera 

using a light microscope, (E) Tumor stained with Alcian blue to detect 

mucopolysaccharides imaged like (D). 
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Ex Vivo Binding of HA-H-DAPPs 

 Early experiments that included a surgical debulking and saline perfusion had the 

excised tumors utilized for ex vivo binding experimentation to confirm binding efficiency 

of HA-H-DAPPs as opposed to the non-coated H-DAPPs. Bioluminescence was used to 

indicate that the excised tumors (~19 mg each) had live cancer cells (Figure 5A) and the 

fluorescence signal of the nanoparticles on the respective tumors (Figure 5B) was 

determined using IVIS.   The fluorescence signal of the H-DAPPs and HA-H-DAPPs was 

quantified and compared using a t-Test. It was found that HA-H-DAPPs had significantly 

higher (3-fold) signal than H-DAPPs (Figure 5C).   

 

 

 

Figure 5. Nanoparticle Ex Vivo Binding – (A) Bioluminescence signal of excised tumors, 

(B) Nanoparticle fluorescence signal bound to tumors, (C) Quantification of fluorescence 

signal. Error bars represent standard deviation, 1-3 represent tumor samples. 
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Perfusion Solutions 

 HA-H-DAPPs stocks were stable in saline for a few days, and did not precipitate 

or aggregate during the 30 minute perfusion in the mouse abdomens. However, shortly 

after the HA-H-DAPPs perfusate was collected following the abdominal perfusions, the 

nanoparticles always precipitated out of solution (Figure 6A). Interestingly, non-

functionalized H-DAPPs in saline that were perfused in a mouse for 30 minutes never 

aggregated or precipitated after being collected (Figure 6B).  The HA-H-DAPPs perfusates 

were taken and observed using a light microscope with 100x magnification.  It was 

perceived that the brown precipitated aggregates (which were assumed to be aggregated 

HA-H-DAPPs) had entrapped cells and possibly small disseminated tumors (Figure 

6C&D). In order to verify the identity of the aggregations, cells, and tumors in the 

perfusates, the HA-H-DAPPs perfusate was imaged for nanoparticle fluorescence and 

CT26 bioluminescence using the IVIS. Using the ICG filter and 465 nm excitation on the 

IVIS, it was confirmed that the brown aggregates in the HA-H-DAPPs perfusate were 

comprised of the nanoparticles (Figure 6E). A few drops of luciferin were added to the 

aggregates in the perfusate and bioluminescence signals were observed, indicating that 

CT26 cells and tumors were entrapped in the aggregates (Figure 6F).  Note that the 

aggregates in the perfusate slightly shifted upon addition of the luciferin. 
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Figure 6. Collected Nanoparticle Perfusates. (A) Stock HA-H-DAPPs solution (LEFT) 

and HA-H-DAPPs perfusate collected from a mouse perfused with the stock HA-H-DAPPs 

for 30 minutes (RIGHT). The HA-H-DAPPs perfusate began to aggregate and precipitate 

out of solution shortly after collecting it from the mouse abdomen. (B) Comparison of H-

DAPPs (LEFT) and HA-H-DAPPs (RIGHT) perfusates collected from two separate 

perfused mice. The H-DAPPs perfusate did not aggregate but the HA-H-DAPPs perfusate 

quickly aggregated. (C) Zoomed in photograph (light microscope) of HA-H-DAPPs 

perfusate with entrapped cells. (D) Zoomed in photograph of the same HA-H-DAPPs 

perfusate with an entrapped tumor (E) The same HA-H-DAPPs perfusate was imaged for 

fluorescence by IVIS (465 ex, ICG filter) to confirm that the aggregates were nanoparticles. 

(F) The same HA-H-DAPPs perfusate was treated with luciferin to illustrate that CT26 

cells and tumors were entangled in the aggregates. The aggregates in the perfusate shifted 

upon addition of the luciferin to the 35 mm plate. 
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HA-H-DAPPs Binding In Vivo Using Perfusion 

After mice recovered from surgery, they were returned to their respective cages for 

12 hours then imaged again to determine nanoparticle co-localization to disease (Figure 7).  

The co-localization of HA-H-DAPPs to the remnant tumors was difficult to verify with 

certainty in live mice using IVIS. Since the disseminated tumors are scattered throughout 

the abdominal cavity, whole body bioluminescence images from IVIS give limited insight 

to the exact location of tumors, with respect to the nanoparticles. The nanoparticle 

fluorescence was minimal with mice in the prone position, partially due to the fluorescence 

detection limitations discussed in Chapter 2 and ascites produced by the tumors may have 

optically scattered some signals.  

 

Figure 7. (TOP) Disease bioluminescence pre-surgery, (LEFT) Post-surgery 

fluorescence of HA-H-DAPPs in live mice 12-hours following, (RIGHT) and 12-hours 

post-surgery bioluminescence. 
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 This model produced a high number of small tumors disseminated throughout the 

abdominal cavity. No evidence of CT26 cell evasion outside of the peritoneum was found. 

Once the animals were euthanized and the organs were excised, co-localization of disease 

and nanoparticles was easier to distinguish with IVIS (Figure 8). The individual organs 

were photographed first, then imaged for nanoparticle fluorescence on the IVIS, and finally 

luciferin was added to the organs to distinguish tumors from non-cancerous tissue. In this 

way we were able to show that more nanoparticles were bound to tissues that had surface 

disseminations rather than non-cancerous tissue. 

 Although there were numerous lesions on the intestinal tract and peritoneum, few 

tumors were observed on the liver and spleen. Nanoparticle binding was not observed in 

the brain, heart, and lungs, but some nanoparticle binding was seen in the liver, spleen, and 

kidneys. Not all of the disseminated tumors removed from the mice had bound 

nanoparticles, suggesting that new tumors may have grown post the surgery and these new 

tumors did not encounter nanoparticles.  High bioluminescence signal from the 

disseminated tumors on the intestines and the peritoneum along with significant 

nanoparticle signal, indicative of high nanoparticle binding. These results are very 

encouraging for supporting the binding affinity of the HA-H-DAPPs to the disseminated 

cancer.  
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Figure 8. Excised tissues from three mice perfused with HA-H-DAPPs, imaged with 

photography and IVIS (fluorescence and bioluminescence). From left to right (photograph, 

fluorescence image, bioluminescence image); (A) Brain, (B) Lungs, (C) Heart, (D) 

Kidneys, (E) Liver, (F) Spleen, (G) Peritoneum, (H) Intestines, (I) Tumors. 
 

 

Intraperitoneal HA-H-DAPPs Delivery 

 The data collected up to this point supported the fact that HA-H-DAPPs were 

binding to the CT26 disseminated tumors in vivo.  However, the observation of the 

nanoparticle perfusate entrapping free-floating cells and tumors prompted us to try a 

different delivery approach. Instead of perfusing the nanoparticles for 30 minutes, 100 μg 
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of HA-H-DAPPs were intraperitoneally injected into the mice presenting with 

disseminations, 24 hours prior to using the coliseum technique to perfuse and flush non-

bound nanoparticles (Figure 9). The fluorescence signal was strong both prior to and after 

surgery. 

 

Figure 9. Disease and nanoparticle signal prior to and following surgery. (LEFT) Pre-

surgery cancer bioluminescence and nanoparticle fluorescence following an IP injection of 

HA-H-DAPPs 24 hours prior. (RIGHT)  Cancer bioluminescence and nanoparticle 

fluorescence 12-24 hours after debulking surgery with saline flushes.   

 

During the surgery, it was discovered that many of the disseminations were covered 

with a brown film (Figure 10A), which was later identified as nanoparticles via IVIS. The 

mice were perfused with saline to remove the nanoparticle aggregates that had entrapped 

free-floating disease and unbound material. Another observation was that the injection site 

of the nanoparticle delivery in the interior-side of the peritoneum had a dark brown spot 

form (Figure 10B). This spot was an aggregation point of the HA-H-DAPPs because the 

needle used for the injection caused a small amount of bleeding and CD44 is moderately 

expressed on blood cells. This finding suggests that HA-H-DAPPs should not be delivered 
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intravenously. After the mice were euthanized the injection site was excised (Figure 10C) 

and imaged for nanoparticle fluorescence using IVIS (Figure 10D). 

 

 

Figure 10. HA-H-DAPPs binding via IP delivery. (A) A cotton-tip used to remove tumors 

during surgery has a tumor with a brown film of nanoparticles. (B) The injection site of the 

HA-H-DAPPs for the IP delivery 24 hours prior to surgery. (C) The excised injection site 

(and a skin suture) after the mouse was euthanized. (D) Nanoparticle fluorescence in the 

injection site imaged with IVIS. 
 

Intraperitoneal Binding 

 After the mice from the IP delivery pilot study were euthanized, it was discovered 

that two of the four mice presented with high accumulation of nanoparticles in the liver 

and spleen, as seen before in our breast cancer work [Appendix A1] but no other mice had 

high concentrations of nanoparticles in their livers or spleens. All of the mice in the IP 

delivery study had significant nanoparticle binding to the peritoneum, intestines, and 

disseminated tumors, but minimal nanoparticle binding in the brain, lungs, heart, and 
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kidneys.  The disseminated tumors removed after euthanasia were found to have significant 

nanoparticle co-localization as per the IVIS images in Figure 11.  

 

Figure 11. Excised tissues from four mice intraperitoneally injected with 100 µg of HA-

H-DAPPs 24 hours prior to debulking surgery, organs were photographed and imaged with 

IVIS (fluorescence and bioluminescence). (A) Brain, (B) Lungs, (C) Heart, (D) Kidneys, 

(E) Liver, (F) Spleen, (G) Peritoneum, (H) Intestines, (I) Tumors. 
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ICP-MS quantification of HA-H-DAPPs in Tissues 

 The ICP-MS data in Figure 12 represents the amount of selenium detected in each 

respective tissue excised from the mice post euthanasia. H-DAPPs have a selenium 

component that accounts for approximately 0.65% of the total weight of the polymer blend 

(5% PCPDTBSe to 95% PFBTDBT10). This was determined by grossly estimating that 

selenium makes up ~13.5% of the PCPDTBSe complex by mass, but since PCPDTBSe 

makes up only 5% of the H-DAPPs complex (13.5% * 5%), the selenium component is 

less than 1% of the H-DAPPs. Therefore, we attempted to quantify the amount of bound 

nanoparticles in each respective tissue from mice in the different treatment groups (saline 

perfusion, nanoparticle perfusion, IP nanoparticle delivery). Note that tumors and 

intestines were grouped as one tissue because tumors were mainly integrated on the 

intestines and were isolated as one “tissue”. The amount of selenium in each tissue type 

was calculated as micrograms of selenium per gram of tissue. A one-way ANOVA was 

used between the different surgery types (saline perfusion (n=3), nanoparticle perfusion 

(n=4), and IP nanoparticle delivery (n=4)) for each specific tissue type.  

The data collected here did not show statistically significant amounts of selenium 

between mice in the saline perfusion or the nanoparticle treatments in any tissue (Figure 

12). The spleens of the mice in the different groups had a significant difference but failed 

the ad hoc Holms-Sidak method comparing the nanoparticle surgeries against the saline 

controls. The trend in the data shows that there is more overall selenium in the nanoparticle 

surgeries, as expected, and the most selenium is in the IP nanoparticle surgeries.  
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Figure 12. – ICP-MS Quantification of Selenium. Tissues from mice that underwent a 

saline perfusion, nanoparticle perfusion, or IP injection followed by perfusion had their 

organs excised post euthanasia to quantify the selenium in each tissue. Selenium 

concentration was determined in each tissue in micrograms per gram of tissue. Selenium 

concentrations between the different groups in specific tissues were not significant. Saline 

n=3, Perfusion n=4, IP n=4. Error bars represent standard deviation. 

 

DISCUSSION and CONCLUSIONS 

Disseminated CRC remains one of the top contributors to cancer related deaths 

worldwide and the development of better disease models, adjuvants, and therapeutics to 

treat this disease are necessary. We exploited the versatility of the established 

immunocompetent BALB/c mouse model with its synergistic colorectal cancer CT26 to 

develop a disseminated colorectal model to mimic human disease. The murine 

dissemination model better stresses the difficulty in removing all disease, especially micro-
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tumors, in a model that focused on tumor number rather than tumor size. Surgeries for CRC 

are focused on removing as many lesions as possible while simultaneously trying to spare 

as much healthy tissue as possible. However, this is exceedingly difficult because the 

dissipated disease makes it nearly impossible to distinguish tumor-contaminated tissue 

from unaffected tissue.  

Advances in the field of nanomedicine are bridging the gap between clinical 

challenges and improved clinical diagnostics and outcomes.[25, 86, 185, 186] Our H-

DAPPs are classified as theranostics agents, materials that offer both a therapy option and 

an imaging component for tumor visualization. Here, we have taken the adaptability of H-

DAPPs a step further by adding the targeting component, hyaluronic acid (HA). The 

addition of HA increased the binding of the H-DAPPs in vitro and in vivo.  

The western blot for CT26 cells did not show the expected band for CD44 at 81 

kDa but did reveal strong staining of potential smaller variants. Since CD44 has a predicted 

MW of only 37 kDa, but N- and O-glycosylations make up the difference in the MW to 81 

kDa.[187] However, the smaller bands detected by the western blot in the CT26 cells, may 

indicate aberrantly glycosylated CD44, which is a more active form of CD44 and binds 

more strongly to HA.[32] Thus, this may have contributed to the superior binding of the 

HA-H-DAPPs to the CT26 tumors ex vivo and in vivo.  

The HA-H-DAPPs had moderate stability in saline for several days before 

aggregating. Interestingly, HA-H-DAPPs that were perfused in the mice precipitated 

shortly after the end of the perfusion after being collected, and they had entrapped free 

floating cancer cells and tumors. This provided an opportunistic means to explore pre-

surgical IP delivery of the HA-H-DAPPs to ensnare more tumors and cells. The 
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nanoparticle IP delivery group, like the nanoparticle perfusion group, had limited 

nanoparticle binding to the lungs, heart, and brain, which advocated that the nanoparticles 

stayed in the abdominal cavity for both delivery methods. These results iterate that there is 

reduced risk of non-specific binding of the nanoparticles to distant tissues using the 

perfusion and IP delivery methods. Some non-specific nanoparticle binding was detected 

by IVIS in the liver and kidneys in the nanoparticle perfusion group and high nanoparticle 

signal was seen in the liver and spleens for two of the four mice in the IP delivery group. 

This might be due to unbound nanoparticles that were not flushed during the saline rinses. 

It is important to note that the nanoparticle concentrations in the respective tissues among 

the different treatment groups were not found to be significant based on the ICP-MS 

quantification data. The ICP-MS data did illustrate trends that more selenium (the isolation 

target in the nanoparticles used for ICP-MS) was in tissues that had higher fluorescence 

signals from IVIS. Although this was a pilot study and the treatment groups were small, 

thus, it is possible that we did not have adequate power for our statistical analysis. 

In conclusion, nanoparticle binding to disseminated tumors was detected with IVIS 

in both the nanoparticle perfusion and IP delivery methods and low non-specific 

nanoparticle binding was observed on most non-cancerous tissues.  Based on this pilot 

study alone, it is too early to claim that IP delivery of the nanoparticles is superior to the 

perfusion delivery method, but the results of where the nanoparticles bound in both 

delivery methods are still encouraging. The IP delivery is promising since tumors excised 

during these surgery were covered with nanomaterials, which will be very beneficial when 

the laser is applied to induced photothermal therapy in future studies.  
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CHAPTER 5 

Conclusions and Future Directions 

Colorectal cancer remains one of the most common and deadly cancers in the 

world. Advances in medicine and surgical technique have yielded significant 

improvements to overall CRC patient survival, but there is still an unbounded urgency for 

improvement. The field of nanomedicine has seen considerable advancement in recent 

years, and is now frequently utilized in multiple disciplines. The overall goal of this 

research was to further advance our unique theranostic material with a targeted moiety so 

that it could be applied as a multi-purpose adjuvant for disseminated colorectal cancer 

treatment in a surgical environment.  

H-DAPPs were originally developed for photothermal treatment and fluorescence 

detection of solid breast tumors in mice [Appendix 1]. However, while there was good 

systemic uptake of the H-DAPPs to the tumors and strong fluorescence signal in the mice, 

the photothermal therapy induced by the H-DAPPs only extended the survival of the mice 

by about 50%. This was because the tumors were not fully ablated and eventually regrew. 

It was speculated that the regrowth of the tumors was due to limited penetration of the NIR 

laser source and reduced heat generation of the H-DAPPs through increasing thicknesses 

of tissue. In order to address this concern, Chapter 2 described the approach for using tissue 

mimicking phantoms to determine the fluorescence detection limitations and heating 

potential of the H-DAPPs through increasing thickness. The fluorescence of the H-DAPPs 

was detectable using IVIS up through 6 mm of tissue phantom. H-DAPPs (100 µg/mL) 

could be used to achieve ΔT’s greater than 5oC consistently up through 4.5 mm thick 

phantoms with power above 2.2 W/cm2. However, H-DAPPs could not achieve a ΔT of 

more than 4oC once the tissue phantom thickness went beyond 6 mm, regardless of the 
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laser power. These results were still encouraging because these nanoparticles could still 

have a clinical impact as adjuvants for fluorescently detecting and thermally treating 

disseminated abdominal tumors since disseminated tumors can be on the surfaces of tissues 

and can be small (<2 mm). 

In Chapter 3 the clinical challenges and therapeutic options for treating 

disseminated colorectal cancer with the presentation of peritoneal carcinomatosis was 

discussed as well as the importance of clinically relevant, reproducible pre-clinical models 

for testing new surgical procedures and adjuvant therapies. The goal of Chapter 3 was to 

describe our methods for designing a clinically relevant murine model of disseminated 

colorectal cancer for intraperitoneal perfusion. We had success with the “coliseum” 

technique and were able to remove large peritoneal tumors and perfuse the mice for 30 

minutes with limited surgical complications. The data gathered here was the foundation for 

the work done in Chapter 4. 

The goal in Chapter 4 was to develop functionalized H-DAPPs that would be used 

to target disseminated colorectal tumors via perfusion in the murine model from Chapter 

3. Hyaluronic acid (HA) coated H-DAPPs were synthesized and were found to have 3 fold 

higher binding to CT26 tumors ex vivo compared to non-functionalized H-DAPPs. This 

result was very promising and supported the rationale to move forward to the in vivo 

perfusion model using the HA-H-DAPPs. After the mice were perfused with HA-H-DAPPs 

for 30 minutes, nanoparticle signal was detected on the tumors and minimal nanoparticle 

signal was seen in non-cancerous tissues. The secondary effect of the nanoparticle 

perfusion was that the nanoparticles were entrapping free-floating cancer cells and small 

tumors. This prompted the investigation for a pilot study with IP delivery of the 
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nanoparticles. The IP delivery of the HA-H-DAPPs produced similar results with 

nanoparticle co-localization to tumors and minimal nanoparticle binding to non-cancerous 

tissues. Even more interesting was the result that all of the tumors that were excised during 

the surgery of these mice were found to have a visible coating of the nanoparticles. This 

was a well-received result since future experiments will incorporate the NIR laser to 

activate the heating potential of the HA-H-DAPPs for PTT. However, the IP delivery 

method resulted in mice developing an aggregation site of the nanoparticles where the 

needle punctured the skin and peritoneum. This result suggests that HA-H-DAPPs would 

not be ideal for intravenous delivery, since blood cells express CD44.  

Inductively coupled plasma mass spectrometry was incorporated to quantify the 

percent of nanoparticles that had bound to the tumors and tissues using either the IP 

delivery or perfusion method. Unfortunately, the concentrations of selenium (a component 

of the NPs) in the different tissues was not significant among the control or treatment 

groups due in part to the lack of power from the size of the pilot study. Although the amount 

of bound nanoparticles was not quantified, the IVIS images provided assurance that the 

HA-H-DAPPs were binding to tumors using both delivery methods.  

The future of this project will focus on the incorporation of the NIR laser to induce 

photothermal ablation of the tumors bound with nanoparticles. Based on the data described 

in this dissertation, we are confident that the HA-H-DAPPs are binding to CT26 tumors in 

vivo. The laser application will need to focus on ensuring uniform delivery of the NIR 

energy throughout the abdominal cavity. Based on Chapter 2, ablative temperatures should 

be achievable through at least 4.5 mm of tissues, with respect to laser power and 

nanoparticle concentration. In order to maximize the therapeutic benefit of the laser source, 
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the mice will need to have a scattering agent distributed in their abdomens to improve the 

delivery of the laser energy. Alternatively, the organs of the mice can be manipulated so 

that smaller sections of tissues can be irradiated separately to ensure adequate energy 

reaches the nanoparticles. Regardless, the final laser power coming into contact with the 

tissue surfaces needs to be considered. In our experience in Chapter 2, the final laser energy 

on a surface is greatly impacted by the total surface area over which it is applied.   

Once laser parameters have been established and it has been shown that PTT with 

functionalized H-DAPPs in this disseminated model can increase the survival of the mice, 

long-term immunology studies should be examined.  An analysis into the mechanisms of 

how hyperthermia, induced by the nanoparticles, affects the immune system would be 

interesting. Future work for this project should also include investigating the long-term 

cytotoxicity and clearance of the nanoparticles that remain in the mice after PTT treatment. 

Another broad avenue of research should encompass investigating the effects of the 

nanoparticles on various metabolic pathways (migratory, apoptosis, etc.).  

The future directions of this work can additionally look into to optimizing the 

surface targets of the nanoparticles for patient specific tumor surface markers. The 

advantage of having nanoparticles with customizable surface chemistry results in 

numerous targeting options for patient specific needs. Other potential targets for in vivo 

binding could include the folate receptor 1 and mucin 1 (MUC1), which are known to be 

overexpressed in certain CRC patients. Finally, synthesis techniques that increase the final 

fluorescence quantum yield of the nanoparticles should be explored.  
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Appendix 1 

 

Hybrid Donor-Acceptor Polymer Particles with Amplified Energy Transfer for 

Detection and On-Demand Treatment of Breast Cancer 

 

ABSTRACT 

Recent advancements in the synthesis of semiconducting polymers with alternating 

electron donor (D) and acceptor (A) segments have led to the production of highly efficient 

organic solar cells having strong near infrared (NIR) absorption.  Here, we demonstrate 

that judicious combination of D-A polymers provides a platform for development of hybrid 

nanoparticles with amplified energy transfer, leading to significantly red-shifted emission, 

while simultaneously providing photothermal capabilities. Hybrid D-A polymer particles 

(H-DAPPs) passively localized within orthotopic breast tumors, serving as bright 

fluorescent beacons to identify where treatment was needed. Laser stimulation induced 

heat generation on par with gold nanorods, resulting in selective destruction of the tumor 

and prolonged animal survival.  H-DAPPs can also undergo multiple thermal treatments, 

with no loss of fluorescence intensity or photothermal potential.  These results indicate that 

D-A polymers provide new avenues for the synthesis of hybrid nanoparticles useful in 

localized detection and immediate treatment of disease.   
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Reprinted with permission from Graham-Gurysh, E., Kelkar, S., McCabe-Lankford, E., et al.: 

‘Hybrid Donor–Acceptor Polymer Particles with Amplified Energy Transfer for Detection and On-

Demand Treatment of Breast Cancer’ ACS Appl. Mater. Interfaces, 2018, 10, (9), pp. 7697–7703. 
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Donor Acceptor (D-A) conjugated polymers were originally developed to aid in the 

production of more efficient organic solar cells, since photo-excitation generates a high 

yield of excitons which decay into free charge carriers.[188]  However, a major challenge 

remains reducing charge re-combination, as this leads to energy losses and poor device 

performance.[189–191]  The complex mechanisms of charge re-combination have been 

investigated by many groups, especially with regards to bulk heterojunction solar cells, 

which comprise blends of conjugated polymers.[189, 192–197]  Based upon the previous 

understanding of polymer blends in organic energy devices, the focus of the current work 

is to capitalize on the heat produced by charge re-combination.  Confinement of the D-A 

polymers into a nanoparticle minimizes interfacial regions and exciton diffusion, hence 

driving charge recombination which leads to the generation of heat.[191, 195, 198]  Some 

of the optimal D-A polymers for solar applications are designed to have a strong absorption 

in the near infrared (NIR), which is an ideal therapeutic window due to the minimal tissue 

absorption, autofluorescence and scatter.[199]  Nanoparticles (NPs) composed of 

optically-tunable NIR- absorbing polymers offer flexibility in the various combinations of 

polymer subtypes they contain, facile synthesis, robustness, and can provide for 

photothermal therapy (PTT).   Also, NPs utilized for PTT provide greater benefits if they 

can be imaged to ensure their localization to a specific region for highlighting disease.  

Motivation along this front has already transpired with the development of 

photostable D-A polymer particles (DAPPs), as non-toxic agents useful for photoacoustic 

and fluorescence imaging.[200–202]  Two complicating factors are that the quantum yield 

of conjugated polymers decreases at longer wavelengths and polymer aggregation can lead 
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to fluorescence self-quenching.[203] Recently, NPs composed solely of poly[(9,9-

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

benzothiadiazole] (PFBTDBT10), have been shown to retain their far-red and NIR 

fluorescence.[204] The aim of the current work was to evaluate specific formulations of 

Hybrid -DAPPs (H-DAPPs) composed of PFBTDBT10 for fluorescence imaging 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) for heat generation, for use as multi-modal 

agents for detection and PTT of breast cancer (Figure 1a).  

Results and Discussion 

NMR, UV-Vis absorption, and gel permeation chromatography characterization of 

the synthesized D-A polymers are provided in Supplemental Figure 1.  Before preparing 

H-DAPPs, water soluble PCPDTBSe (25.8 kDa) and PFBTDBT10 (43.1 kDa) NPs were 

synthesized individually using nanoprecipitation to yield green and red nanoparticle 

solutions respectively (Figure 1b, inset). Both nanoparticles were spherical (Figure 1b, 

inset), and their hydrodynamic diameters found to be 120 nm for PCPDTBSe and 115.3 

nm for PFBTDBT10, with polydispersity indices (PDIs) of 0.301 and 0.158respectively.  

The corresponding zeta potentials were-12.3mV for PCPDTBSe, and -27.9 mV for 

PFBTDBT10 NPs.  PCPDTBSe NPs have two absorption peaks, one at 438 nm and the 

other at 760 nm, whereas PFBTDBT10 NPs absorb at 322 nm and 465 nm, respectively 

(Figure 1b).  Upon 465 nm excitation, PFBTDBT10 NPs reveal a large Stokes shift of 191 

nm, leading to a peak fluorescence emission at 656 nm with a quantum yield of 0.31; 

however, no fluorescence was detected when PCPDTBSe NPs were stimulated with 465 

nm light.  The heating efficacy of PCPDTBSe NPs was compared to two commercially 
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available photothermal nanomaterials: gold nanorods and gold nanoshells (Figure 1c), both 

with dominant absorption peaks near 800 nm. On an equivalent mass basis, when exposed 

to 229.3 J/cm2 of 800 nm light, PCPDTBSe NPs generate as much heat as gold nanorods, 

and significantly more than nanoshells.  

To develop hybrid NPs with fluorescence and photothermal capabilities, 

PCPDTBSe and PFBTDBT10 were combined at different ratios prior to nanoprecipitation, 

yielding an orange solution (Figure 1d, inset).   The D-A polymer mass ratios, absorbance, 

fluorescence, and size characterization of the various formulations of H-DAPPs are 

provided in Supplemental Figure 2.  The goal of developing H-DAPPs was to provide a 

nanoparticle that was optically detectable, aqueously stable and capable of PTT. These 

qualities will be described below for what was found to be the ideal polymer ratio; 95% 

PFBTDBT10 to 5% PCPDTBSe.  As with PCPDTBSe and PFBFDBT10 NPs alone, H-

DAPPs are spherical (Figure 1d, inset), and have a hydrodynamic diameter of 148.1 nm, 

with a PDI of 0.172, and zeta potential of -17.5 mV.  The absorption spectrum of the H-

DAPPs shows peaks at 322 nm and 464 nm indicating the presence of PFBDBT10 and a 

smaller peak at 760 nm, corresponding to PCPDTBSe (Figure 1d). The fluorescence 

spectrum of the H-DAPPs and the corresponding quantum yield, 0.055, indicates 

significant quenching of PFBTDBT10 fluorescence by the close association with 

PCPDTBSe.  Amplified energy transfer, due to exciton diffusion, shifts the fluorescence 

emission into the NIR, with a peak at 825 nm.  Similar phenomenon has been described 

previously for other conjugated polymer NPs.[205, 206]  Although mild quenching was 

observed when aliquots of individual PCPDTBSe and PFBTDBT10 nanoparticles were 

mixed together (Supplemental Figure 3a), the degree of quenching suggests that H-DAPPs 
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are in fact a hybrid nanoparticles and that the two polymers do not form separate 

nanoparticles during nanoprecipitation. This is confirmed by the change in Fourier 

transform infrared photoacoustic spectroscopy (FTIR-PAS) (Supplementary Figure 2c), 

with the appearance of two new bands around 3384 cm-1 and 1060 cm-1, which may be 

attributed to OH/NH bond stretching vibrations.  

The H-DAPPs generate heat when stimulated by 800 nm light (Figure 1e), and have 

the capacity to reproducibly generate heat over multiple cycles (Supplemental Figure 3b).  

Additionally, photothermally- induced heat cycles do not significantly affect the absorption 

or fluorescence spectra of H-DAPPs (Supplemental Figure 3c&d). Prior to their evaluation 

in a biological system the H-DAPPs required sterilization, which for nanoparticles is most 

often performed using filtration techniques.  Since polymer solar cells are often annealed 

to improve their crystalline fraction and enhance device performance, we evaluated the 

potential for steam sterilization (autoclaving) of H-DAPPs.[189, 207]  H-DAPPs were 

incredibly robust, with no precipitation or aggregation incurred by autoclaving.[208]  There 

was a 27 nm decrease in the hydrodynamic diameter, resulting in the autoclaved H-DAPPs 

having a size of 121.1 nm, and a PDI of 0.218.  One possibility for the reduction in 

nanoparticle size may be attributed to reorganization and closer proximity of the polymer 

chains in the nanoparticle due to the increased temperature and pressure applied during 

autoclaving. The Zeta potential increased slightly, from -17.5 to -16.8 mV, which may be 

attributed to dissociation of the Pluronic®F127 surfactant at the surface of the nanoparticle.  

A minor hyperchromic shift was observed near 450 nm following thermal sterilization 

(Supplemental Figure 3e), further alluding to the potential for closer proximity of the 

polymer chains within the nanoparticles.  There was a corresponding increase in 
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fluorescence near 650 nm, due to the hyperchromic shift induced by autoclaving 

(Supplemental Figure 3f). 

The H-DAPPs exhibited good colloidal stability, as well as uniform absorption, and 

fluorescence spectra after a 30-day exposure to ambient light in a variety of solutions 

(Supplemental Figure 4). The hydrodynamic diameter and zeta potential varied little at pH 

4 or 10; however, phosphate buffered solution resulted in a mild positive shift in zeta 

potential (from -15.4 to -3.8 mV).  Incubation in 10% fetal bovine serum resulted in a 

strong negative shift (from -15.4 to -35.6 mV), which was accompanied by a slight increase 

in hydrodynamic diameter, indicative of serum protein adsorption.  

After 24 hours of incubation in the absence of 800 nm light, H-DAPPs did not 

exhibit any reduction in the viability of BALB/c CL.7 (non-cancerous breast epithelial), 

EO771, or 4T1 (murine breast cancers) cells (Supplemental Figure 5a).  Prolonged 

exposure (7-10 days) of the cells to H-DAPPS also did not have a significant impact on 

reducing cell viability (Supplemental Figure 5b).   Upon stimulation with 800 nm laser 

light at fluences of either 229.3 J/cm2 or 305.7 J/cm2, the onset of cell death was observed 

at 50 or 80 µg/mL, with 90-100% ablation of the cells using H-DAPPs concentrations 

above 80 µg/mL (Supplemental Figure 5c, d).  

The fluorescence imaging and photothermal ablation capabilities of H-DAPPs were 

evaluated in vivo using bioluminescent 4T1 breast cancer cells for developing a tumor in 

the mammary fat pad of mice.  The mice were separated into 4 treatment groups: (1) PBS 

(n=3), (2) PBS + NIR irradiation (n=3), (3) H-DAPPs (n=5), and (4) H-DAPPs + NIR 

irradiation (n=5).  H-DAPPs were readily detectable using fluorescence imaging following 

intratumoral injection, and laser treatment groups were irradiated with 229.3 J/cm2 of 800 
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nm light.  A statistically significant delay in tumor growth was observed in mice treated 

with both H-DAPPs and NIR light (Figure 2a), and this correlated with prolonged animal 

survival (Figure 2b).  In an animal that received intratumoral injection of H-DAPPS (no 

NIR light), the fluorescent signal was still observed 15 days post-injection (Figure 2c).  

Analysis of the organs revealed that nanoparticles had prolonged retention in the tumor, 

and no other organs had evidence of H-DAPPs, as shown in Figure 2d.  This indicates that 

intratumoral H-DAPPs do not appear to elicit an immune response that would facilitate 

their immediate clearance from the tumor, in the absence of PTT.   

The H-DAPPs were evaluated for their potential to reach the breast tumors passively 

following intravenous delivery in the same orthotopic mammary fat pad tumor model.  The 

mice were assigned to 1 of 3 treatment groups with n = 7 for all groups, including: (1) PBS 

+ NIR irradiation, (2) H-DAPPs, or (3) H-DAPPs + NIR irradiation.  An optimal treatment 

time for NIR irradiation following H-DAPPs accumulation in the tumor was determined 

by imaging mice immediately, 6, and 24 hours after injection. It was found that H-DAPPs 

had good accumulation in the tumor at 24 hours (Figure 3a), and passive accumulation was 

calculated to be 3.32 ± 0.5 µg, or 1.66% of the total systemic dose.  Based on this result, 

groups (1) and (3) were irradiated with 305.7 J/cm2 of 800 nm continuous wave light 24 

hours after tail vein administration of PBS and H-DAPPs, respectively.  Similar to direct 

injection, H-DAPPs combined with NIR light results in a statistically significant delay in 

tumor growth (Figure 3b) which corresponded to increased overall survival (Figure 3c), 

and decreased bioluminescence signal from the breast cancer cells (Figure 3d). 

Fluorescence analyses of organs from animals in group 2 demonstrate that H-DAPPS could 

be detected 18 days after systemic delivery and the concentrations in liver, spleen, and 
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tumor were calculated to be was 3.3 ± 0.4 µg, 1.6 ± 0.4 µg, and 1.4 ± 0.7 µg respectively 

(Supplemental Figure 6).  These mice also exhibited normal kidney, lung, heart, spleen and 

bone marrow tissue morphologies.  Those mice treated with laser and saline had 

extramedullary hematopoiesis in the liver due to the impact of the tumor burden.  However, 

two of the mice treated with H-DAPPs and exposed to NIR irradiation who responded well 

to therapy showed normal liver morphology, concluding that the photothermal treatment 

using H-DAPPs was beneficial for aiding in the return of normal liver pathology by 

resolving the tumor.   

In summary, we have demonstrated that H-DAPPs have bright fluorescence for in 

vivo detection. They are colloidally and optically stable, retaining their fluorescent and 

absorption spectra through autoclaving, multiple laser excitations, and over 30 days in 

ambient light. The H-DAPPs were found to exhibit minimal cytotoxicity and are capable 

of generating efficient photothermal ablation. The H-DAPPs were utilized by both direct 

tumoral injection and systemic administration in an orthotopic murine breast cancer model 

and, in combination with NIR laser irradiation, reduced tumor burden and prolonged 

animal survival.  We have also observed that H-DAPPs did not induce significant toxicity 

to lungs, liver, spleen, kidneys, or heart upon systemic administration. In conclusion, H-

DAPPs are a promising theranostic nanoparticle for in vivo photothermal ablation and 

fluorescent imaging of breast cancer. 
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Methods 

Synthesis of Hybrid, PFBTDBT10, and PCPDTBSe Nanoparticles 

PFBTDBT10 and PCPDTBSe Nanoparticles: PFBTDBT10  or PCPDTBSe (1 mL, 2 

mg/mL in tetrahydrofuran (THF)) were injected under continuous horn sonication 

(Branson Digital Sonifier, 1 minute, 20% amplitude) into 8 mL of water containing 

Pluronic®F127 (1  mg/mL).  

Hybrid: PFBTDBT10 and PCPDTBSe were combined in various ratios (1, 4, 8, 10, 20, and 

40 to 1) of a 2 mg/mL polymer concentration in THF.  One milliliter of the pre-mixed  

PFBTDBT10 and PCPDTBSE polymer was injected under continuous horn sonication into 

8 mL of water containing Pluronic®F127 (1  mg/mL).  

Nanoparticle solutions were autoclaved to sterilize before being centrifuged (30 

minutes, 7,500 rpm) to remove large nanoparticles and aggregates. The resulting 

supernatant was centrifuged (4 hours, 14,000 rpm) to collect nanoparticles.  Lyophilized 

NPs solution was used to measure mass, serially diluted and absorption spectra were taken 

on a Beckman Coulter DU® 730 Life Sciences UV-vis spectrophotometer using   λmax = 

760 nm of H-DAPPs to generate an absorption-concentration calibration curve. 

In vitro Photothermal Ablation  

4T1, EO771, and BALB/c CL.7 cell lines were plated at a density of 5,000 cells per 

well in a 96 well tissue culture plate and cultured for 24 hours. 200 µL of the 20:1 

formulation of H-DAPPs suspended in media were added to the well plates at 

concentrations of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 µg/mL. NIR light (800 nm, 

continuous wavelength) was applied at 229.3 J/cm2 or 305.7 J/cm2 per well. Following NIR 

light exposure, nanoparticle solutions were removed, cells were washed twice with cold 1x 
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phosphate buffered saline (PBS), fresh cell medium was added and the cells were incubated 

at 37°C for 24 hours. Cell viability was then quantified using a colorimetric assay 

(CellTiter96®AQueous One, Promega) according to the manufacturer’s instructions and 

absorbance values were normalized to the 0 µg/mL control. 

Development of Orthotopic Murine Mammary Fat Pad Model 

Female BALB/c mice were purchased from Charles River Laboratories, maintained 

in a vivarium on a 12-hour light/dark schedule, 23°C and a relative humidity of 50%. Food 

and water were available ad libitum. Mice were anesthetized with 2.5% isoflurane before 

receiving a 50 µL injection of 40,000 luciferase transfected 4T1 cells into the mammary 

fat pad of the left fourth nipple. Tumor growth was monitored by caliper measurements of 

the length and width, and luminescence. Tumor volumes were calculated using the volume 

of an ellipsoid V = (4/3)π(L)2(W). Luminescent and fluorescent images were obtained 

using a Perkin Elmer Lumina LT In Vivo Imaging System (IVIS). 

In Vivo Photothermal Ablation of 4T1 tumors in Mammary Fat Pad – Direct Injection 

Mice were divided into treatment groups, and received intratumoral injections of: 

(1) PBS injection, (2) PBS injection + laser exposure, (3) H-DAPPs injection, (4) H-DAPPs 

injection + laser exposure.  Average tumor volumes were calculated using the volume of 

an ellipsoid V = (4/3)π(L)2(W), and had an average of 42 ± 14.7 mm3 on the day of 

treatment.  Groups (3) and (4) received an intratumoral injection of 50 µL of 0.1 mg/mL 

of H-DAPPs (total mass of 5 µg) suspended in PBS. Groups (1) and (2) received an 

intratumoral injection of 50 µL of PBS. Immediately after injection, groups (2) and (4) 

were exposed to 229.3 J/cm2, 800 nm light. Fluorescent and luminescent images of mice 

were taken before and after treatment and for the remainder of the study every 2 to 3 days. 
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In Vivo Photothermal Ablation of 4T1 tumors in Mammary Fat Pad – Systemic 

administration 

Mice were divided into treatment groups: (1) PBS injection + laser exposure, (2) H-

DAPPs injection, (3) H-DAPPs injection + laser exposure. All groups were treated 14 days 

after injection of the tumor cells, and had an average tumor volume of 88 ± 11.2 mm3 on 

the day of treatment.  Groups (2) and (3) received tail vein injection of 100 µL of 2 mg/mL 

of H-DAPPs (total mass of 200 µg) suspended in PBS. Group (1) received an injection of 

100 µL of PBS.  Twenty-four hours after injection, groups (1) and (3) were exposed to 

305.7 J/cm2, 800 nm light. Fluorescent and luminescent images of mice were taken before 

and after treatment and for the remainder of the study every 2 to 3 days. 
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Figure 1. Synthesis and Characterization of PCPDTBSe and PFBTDBT10 

nanoparticles. a, molecular structures of PCPDTBSe and PFBTDBT10, and schematic 

visualization of polymer chain packing in individual polymer nanoparticles. b, Ultraviolet-

visible absorption spectra (solid lines) and fluorescent spectra (dashed line) of PCPDTBSe 

(green) and PFBTDBT10 (red). As PCPDTBSe does not generate any fluorescent signal, 

one is not shown. Inset: photographic image of PCPDTBSe and PFBTDBT10 nanoparticle 

solutions, and corresponding TEM images. c, Heating curve of gold nanorods (red line), 

gold nanoshells (blue line), and PCPDTBSe nanoparticles (green line) upon exposure to 

229 J/cm2 of continuous wavelength 800 nm light. Schematic of H-DAPPs where the 

polymer chains may serve as molecular spacers within the nanoparticle. d, Absorption 

(solid line) and fluorescent spectra (dashed line) of H-DAPPs. Inset is representiative TEM 



 

116 

 

image of nanoparticle morphology and solution color. e, Heating curves of H-DAPPs 

exposed to 229.3 J/cm2 (blue line) or 305.7 J/cm2 (purple line) of 800 nm light.  

 

Figure 2. Intratumoral Injection of H-DAPPs in vivo. a, Tumor volume progression in 

time. Treatment occurred on Day 0. Error bars are standard deviation. * denotes 

significance p<0.05. b, Kaplan Meier survival curve. ** denotes significance p<0.01 with 

respect to all other groups c, Fluorescent images taken on IVIS on one individual mouse 

treated with H-DAPPs only (no NIR). d, Representative photograph and fluorescent image 

of organs from an animal treated with intratumoral H-DAPPs only (no NIR). Organs top 

row: lungs, liver, spleen. Organs bottom row: kidneys, heart, and tumor. Scale bar is 2 cm.  
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Figure 3. Systemic Injection of H-DAPPs in vivo. a, Fluorescent images taken 0, 6, and 

24 hours after tail vein injection of H-DAPPs. b, Tumor volume plotted versus time. Laser 

irradiation occurred on Day 0. Error bars are standard error of the mean. * denotes 

significance p<0.05. c, Kaplan Meier survival curves.  * denotes significance p<0.05 with 

respect to H-DAPP alone. d, Luminescent signal of luciferase transfected 4T1 cells across 

groups at Day 0 and Day 11. 
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Supplementary Information 

Materials 

All reagents were purchased from common commercial sources and used without further 

purification unless otherwise noted. 4H-cyclopenta-[1,2-b:5,4-b’]dithiophene was 

purchased from Astar Pharma. 4,7-dibromo-2,1,3-benzoselenadiazole and 2,2'-(9,9-

dihexyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane), CAS #: 

254755-24-3,  were purchased from TCI America.  Pluronic®F127, tetraethylammonium 

hydroxide, 2,1,3-benzothiadiazole, CAS # 15155-41-6, and 4,7-Bis(2-bromo-5-thienyl)-

2,1,3-benzothiadiazole, CAS # 288071-87-4 were purchased from Sigma Aldrich. 

Tetrahydrofuran (THF) was purchased from Fisher Chemical Co. 4,4-Bis(2-ethylhexyl)-

2,6-bis(trimethylstannyl)-4H-cyclopenta-[2,1-b;3,4-b’]dithiophene were synthesized 

according to published procedure.  

Synthesis of PCPDTBSe 

4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-cyclopenta [2,1-b;3,4-

b’]dithiophene (1.5 mmol) and 4,7-dibromo-2,1,3-benzoselenadiazole (1 mmol) were 

dissolved in anhydrous toluene and stirred in the presence of Pd(PPh3)4 (5 mol %) at 110°C 

for 24 hours. The polymer was precipitated in methanol and collected by vacuum filtration. 

The solid was then transferred to a Soxhlet thimble and subjected to extraction with 

methanol, hexanes, and finally chloroform. The chloroform extract was evaporated, 

precipitated in methanol, and collected to yield high molecular weight PCPDTBSe. 

Synthesis of PFBTDBT10 

2,2'-(9,9-dihexyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)  

(293 mg, 0.5 mmol), 2,1,3-benzothiadiazole (117.6, 0.4 mmol), and 4,7-Bis(2-bromo-5-

thienyl)-2,1,3-benzothiadiazole (45.8 mg, 0.1 mmol)  were dissolved in 20 mL of 
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anhydrous toluene and stirred in the presence of Pd(PPh3)4 (25 mg, 20 mmol) at 80°C for 

20 hours. After the mixture was heated, an aqueous solution of Et4NOH (1.7 mL, 35 wt 

%) was added to initiate the reaction. After 20 hours, the reaction was allowed to cool to 

room temperature to yield poly[(9,9-dihexylfluorene)-co-2,1,3-benzothiadiazole-co-4,7-

di(thiophen-2-yl)-2,1,3-benzothiadiazole] (PFBTDBT10). PFBTDBT10 was dissolved in 

dichloromethane, washed three times with water and dried over magnesium sulfate. After 

solvent removal by rotary evaporation, the polymer was dissolved in THF and stored. 

Gel Permeation Chromatography 

Polymers were characterized using GPC to determine the relative weight-average 

molecular weights (MW). A calibration curve was developed using three polystyrene 

standards (ReadyCal-kit, Polymer Standards Service-USA Inc.) of molecular weights 

varying between 500-1200 kDa. High performance liquid chromatography grade THF was 

used as mobile phase and flow rate was adjusted to 0.5 mL/min. Polymers were dissolved 

in THF at 2 mg/mL concentration and separated with a Styragel® HT 3 column (7.8 x 300 

mm, Waters Corporation, USA) on a GPC system equipped with Waters 2998 

Photodynamic array, 2414 refractive index detectors, and Wyatt’s miniDAWN TREOS 

multi-angle light scattering detector. The data was recorded and analyzed using ASTRA 

(version 6.1) software. 

Characterization of Nanoparticles: UV-Vis, DLS, TEM, FTIR-PAS, Fluorescence 

Quantum Yield 

Dynamic light scattering (DLS) with zeta potential was measured in water using a 

Malvern Instruments Zetasizer Nano-ZS90 light scattering instrument. UV-Vis 

spectrometry was taken on a Beckman Coulter DU® 730 Life Sciences UV-vis 
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spectrophotometer. Fluorescence spectra were obtained on TECAN M200 Infinite plate 

reader. The relative fluorescence quantum yield (φ) of nanoparticle samples was calculated 

using a comparative method. Rhodamine 6G in ethanol (η = 1.36, Φ = 0.95) and 

Fluorescein in 0.1M sodium hydroxide (η = 1.36, Φ = 0.92) were used as reference 

standards. Absorbance of samples and standards were kept below 0.1 to minimize re-

absorption effects.35 An excitation wavelength of 465 nm was used for both individual 

nanoparticles. Fluorescence spectra were measured from 600 - 850 nm. The fluorescence 

spectra were baseline corrected, integrated and plotted against the absorbance of the 

corresponding solutions. The following equation was used to calculate the relative 

fluorescence quantum yield:  Φ = ΦR(m/mR)(η2/ η2
R). Where Φ is the fluorescence quantum 

yield, m is the slope of the line obtained from the plot of integrated fluorescence intensity 

vs. absorbance and η is the refractive index of the solvent. The R subscript is representative 

of the reference fluorophore in which the quantum yield is known.  

Fourier transform infrared photoacoustic spectra (FTIR-PAS) in the 400 – 4000 cm-

1 were acquired by co-adding 256 scans at a resolution of 8cm-1 using a Varian 7000 FTIR 

spectrometer equipped with a MTS300 photo-acoustic module from MTEC Photo-

acoustics, Inc. The photoacoustic module consisted of a microphone with a nominal 

sensitivity of 50 mV/Pa and a sample cup of 10 mm diameter. The sample cup contained 

helium gas to enhance the signal amplitude. The spectrometer included a water cooled mid-

IR source and KBr beam splitter.  The samples were used as is, without mixing with KBr. 

The final spectra were light intensity normalized using photoacoustic signals from a carbon 

black pellet under the same experimental conditions.  
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Heating Analysis 

Aqueous gold nanoshells and nanorods were purchased from Nanocompsix and were 

used without further modification.  Both types of gold nanoparticles had an absorption peak 

near 800 nm.  A K-CubeTM continuous wave diode laser from K-laser, USA (800 nm, 229.3 

J/cm2) was used to apply near infrared light.  Temperature increases of 500 µL volumes of 

gold nanoshells, nanorods, or PCPDTBSe nanoparticles in a 48-well plate were measured 

using a type k 80Pk-1 bead probe wire thermocouple and a Fluke 714 thermometer 

immediately before and after laser application.  To determine heating potential of H-

DAPPs, 200 µL of particles suspended in water were added to a 96 well plate for 

temperature testing. To assess heating reproducibility, heating/cooling curves of H-DAPPs 

were completed over 3 cycles. Each cycle included 229.3 J/cm2, 800 nm light exposure 

followed by 30 minutes of cooling to room temperature before the start of the next cycle. 

To determine the effect that multiple heating cycles have on the optical properties and size 

of H-DAPPs, absorption spectra, fluorescent spectra, dynamic light scattering 

measurements, and TEM images were taken.   

Cells and Reagents 

Non tumorigenic murine epithelial cell line, BALB/c CL.7, and murine breast cancer 

cell line 4T1 were purchased from American Type Culture Collection (ATCC # TIB-80 

and CRL-2539 respectively). Murine breast cancer cell line, EO771, was generously gifted 

by the Metheny-Barlow lab. 4T1 and EO771 cell lines were cultured in RPMI 1640 

medium and BALB/c CL.7 was cultured in DMEM medium. Both media were 

supplemented with 1% L-glutamine, 1% penicillin/streptomycin, and 10% fetal bovine 

serum. Cells were cultured and maintained in the exponential phase of growth at 37°C 
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under 5% carbon dioxide. Cell viability was quantified using Promega’s 

CellTiter96®AQueous One assay. 

Cytotoxicity Assay 

4T1, EO771, and BALB/c CL.7 cells were plated at a density of 5,000 cells per 

well in a 96 well tissue culture plate and cultured for 24 hours. 200 µL of H-DAPPs 

suspended in media were added to the well plates at concentrations of 0, 25, 50, 75, 100, 

125, and 150 µg/mL and incubated for 24 hours. Nanoparticle solutions were removed and 

cells were washed twice with ice cold phosphate buffered solution before quantifying cell 

viability. Absorbance values were normalized to the 0 µg/mL control. 

Clonogenic Assay 

4T1 and EO771 cells,   at a density of 150 cells per well, and BALB/c CL.7 cells, at 

a density of 100 cells per well, were plated in a 12-well tissue culture plate and cultured 

for 24 hours. 1 mL of H-DAPPs were added to the wells at concentrations of 0, 25, 50, 75, 

100, 125, and 150 µg/mL and incubated for 24 hours. Nanoparticle solutions were removed 

and cells were washed twice with cold PBS and fresh media was added. Cells were cultured 

for 7-10 days before being fixed with methanol and stained with crystal violet. Colonies 

with greater than 50 cells were counted and normalized to the 0 µg/mL control. 

Statistical Analysis 

Statistical analysis of cell viability was performed using one-way analysis of 

variance and post hoc Fisher LSD test. Statistical significance for tumor volume 

measurements and survival curves were evaluated by Wilcoxon Signed Rank Test and Log-

Rank Mantel Cox Test respectively using GraphPad PRISM software.  Statistical analysis 

for quantifying the concentration of nanoparticles in the gels and organs used a two-way 
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ANOVA with Turkey’s multiple comparison tests and 95% confidence interval. 

Pseudo-Tumor-Nanoparticle Gels for in vivo Calibration Curve:  

To calibrate the concentration of nanoparticles inside the mouse tumors in vivo, 

pseudo-tumor-spheroids made of type-I collagen and nanoparticles were created and 

inserted into C57BL./6 mouse carcasses (received from an unrelated study). The collagen 

gel spheroids were prepared in a manner similar to the product specifications sheet of the 

type 1 collagen (Corning® Collagen I HC, rat tail). Each well in a 96-well-plate on ice 

received 146.25 µL of a master-mix composed of; NaOH (1 M, 2.5 µL), 10×PBS (12.5 

µL), 1×PBS (31.25 uL), and collagen (7 mg/mL, 100 µL).  Next, 16.25 µL of H-DAPP 

solutions (0, 40, 80, 160, 250, and 500 µg/mL) that were 10-fold more concentrated than 

the final gels (0, 4, 8, 16, 25, and 50 µg/mL) were made with 1xPBS and added to respective 

wells. The viscous solutions were allowed to incubate for 2 hours at 37ᴼC to crosslink. As 

the gels were solidifying, the carcasses of three C57BL/6 mice were prepped for imaging. 

Hair was removed from the carcasses using a depilatory and the spheroids were inserted 

beneath an elevated dermal flap to mimic the mammary fat pad location. The mice were 

imaged with a 10 second exposure using a Perkin Elmer In Vivo Imaging System Lumina 

LT Series III, with excitation at 465 nm and an ICG emission filter (810 nm – 870 nm). 

For each gel, the region of interest (ROI), representing total fluorescent intensity, was 

selected using the Living Image 4.0 Software for IVIS® in vivo Imaging Systems. 

Calibration curves for the fluorescent intensity versus nanoparticle concentration were 

made for both the spheroids inside the mouse abdomens and out of the mouse (n=3). This 

allowed for crude approximations of the mass of H-DAPPs in the mouse tumors in vivo as 

well as in excised organs post-mortem to be made.  
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Supplemental Figure 1. a,b NMR of PCPDTBSe and  PCPDTDBT10. c, Absorption 

spectra of PCPDTBSe (green)  and PFBTDBT10 (red) polymers in THF which match 

literature values. d ,Gel permeation chromatography plot illustrating retention time of 

PCPDTBSe (green) and PFBTDBT10 (red). 

  



 

125 

 

 

Supplemental Figure 2. Table, Mass ratios of PFBTDBT10 and PCPDTBSe polymers 

for optimization of fluorescent, photothermal nanoparticles for visualization in an animal.  

a, Absorption of H-DAPPs formulations. b, Fluorescence of H-DAPPs formulations and 

visualization of formulation #4 in a subcutaneously implanted tumor tissue phantom. c, 

Photoacoustic spectra of PFBTDBT10 alone (red), PCPDTBSe (green), and hybrid H-

DAPPs (orange).  
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Supplemental Figure 3. a, Fluorescent spectra of PFBTDBT10 alone (red), PFBTDBT10 

and PCPDTBSe nanoparticles mixed together (grey), and H-DAPPs (orange).  b, Heat 

cycles illustrate that PolyDOTS are capable of reproducibly generating heat when 

repeatedly exposed to 2.654 W/cm2 of 800 nm light for 1 minute. Error bars shown are 

standard deviation. c,d, The effect that heat cycles have on absorption and fluorescence 

(before heating = solid, after 3 cycles = dotted), with TEM image after photothermal 

heating.  e, f, The effect of autoclaving on absorption and fluorescence (before (red line) 

and after (blue line) autoclaving), with TEM image after autoclaving.  
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Supplemental Figure 4. a, Image of H-DAPPs in suspension for 30 days in various 

solutions (from left to right: water with a pH of 7, water titrated to a pH of 4, water titrated 

to a pH of 10, 10x phosphate buffered solution, 10% fetal bovine serum, 10% fetal bovine 

serum without PolyDOTS). b, Maximum fluorescent intensity of H-DAPPs in various 

solutions at Day 1, 7, and 30, normalized to the intensity at Day 0. c, Absorption spectra 

of H-DAPPs in water at Day 0 and Day 30. Table includes hydrodynamic diameter, 

polydispersity index, and zeta potential for H-DAPPs in various solutions. 
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Supplemental Figure 5. a, Cytotoxicity and b, Clonogenic assay of H-DAPPs in BALB/c 

CL.7 (blue), 4T1 (red), and EO771 par (green). c, and d, Photothermal ablation of cells 

incubated with H-DAPPs  and exposed to 229.3 J/cm2 or 305.7 J/cm2, 800 nm light 

respectively. Error bars shown are standard deviation. * p<0.001, † p<0.05. 
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Supplemental Figure 6. Pseudo-Tumor-Nanoparticle Gels were used to estimate the 

concentration of H-DAPPs in vivo. Fluorescence imaging was performed on H-DAPPs 

spheroids prepared with different concentrations placed inside (a) and outside (inset in 

part d) of C57 mouse carcass. Calibration curves were generated for in vivo (b) and ex 

vivo (d) determination of H-DAPPs concentrations. The biodistribution in vital organs was 

studied with fluorescence imaging post-euthanasia (c).  Representative photograph and 

fluorescent image of organs from an animal treated with H-DAPPs alone (no NIR).  Scale 

bar is 2cm.  
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Appendix 2 

Nanoparticle as a Novel Tool in Hyperthermic Intraperitoneal and Pressurized 

Intraperitoneal Aerosol Chemotherapy to Treat Patients with Peritoneal 

Carcinomatosis 

Abstract  

 The aim of this review is to provide an overview of nanoparticles developed for 

potentially improving drug delivery and treatment outcomes for patients with peritoneal 

carcinomatosis. This review highlights various nanomaterials and their respective 

mechanisms of action as well as concepts and strategies that nanoparticles could influence 

HIPEC and Pressurized IntraPeritoneal Aerosol Chemotherapy   (PIPAC). This review also 

reviews nanoparticles that have been incorporated for in vitro, in vivo and clinical studies. 

However, this review was published before our manuscript describing H-DAPPs, and so 

lacks in the description of the versatility of using this nanotheranostics. 
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INTRODUCTION 

The treatment of peritoneal surface malignancies has evolved extraordinarily over the 

years from cyto-reductive surgery (CRS) techniques through intraperitoneal drug delivery 

to intraoperative chemotherapy with hyperthermia (HIPEC) and/or post-operative 

normothermic chemotherapy (EPIC.)[209] One of the most recent evolving intraperitoneal 

delivery systems is PIPAC (Pressurized IntraPeritoneal Aerosol Chemotherapy) [210, 

211], which is performed with palliative intent or before HIPEC in selected cases [212]. It 

is also used as intraperitoneal neoadjuvant therapy that can be combined with systemic 

neoadjuvant chemotherapy to induce responsiveness with CRS+HIPEC to treat with 

curative intent patients. The cytostatics do not remain in the abdominal cavity for 

prolonged periods of times particularly small molecular weight chemotherapeutics, which 

are quickly absorbed into the circulation.[134, 213] The ideal drug for intraperitoneal 

administration should remain active in the peritoneal cavity for prolonged period of time 

to avoid systemic absorption and toxicity. In addition, it should be a selective target for the 

tumor cells with deep penetration into tumor nodules.[133, 214]. Currently, most of the 

HIPEC, EPIC and PIPAC procedures are using the intravenous formulation of 

chemotherapeutic agents. 

The rationale for using nanoparticles (NPs) in the treatment of peritoneal 

carcinomatosis is to take advantage of the anti-cancer therapy as potential target for longer 

effectiveness in the peritoneal cavity. The high intracellular concentrations of nanoparticles 

can be achieved because they are able to enter the cells without being recognized by P-

glycoprotein, which is one of the most important mechanisms in drug resistance.[185] 

Nanoparticles work as carriers of chemotherapeutics selectively target the tumor cells.[185, 
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215] Twelve nanomedicines are clinically approved as anti-cancer drugs but their 

intraperitoneally use has not been reported.[216] However, the peritoneum can be targeted 

with NPs and EPIC can be performed using NPs carrying chemotherapeutics as 

metronomic therapy.[214, 217] The NPs can also be used for HIPEC or PIPAC. The depot 

systems such as hydrogels have some problems of homogenous distribution and tolerance 

was investigated to achieve the sustained release of NPs. 

The large surface area of the peritoneum, presence of adhesions, mucus, fluid and 

effects of gravity make intraperitoneal delivery of chemotherapy challenging. Many of the 

intravenous formulations are currently use the off-label for HIPEC and PIPAC which are 

susceptible to rapid clearance, exhibit local toxicity have limited penetration depths.[218] 

Nanoparticles with their sub-micron size, versatility of physical, chemical properties and 

easily modifiable surface are uniquely poised to bypass the body clearing systems. They 

penetrate through extra- and intracellular barriers to deliver drugs into cancer cells thereby 

enhancing chemotherapeutic efficacy. Specific manipulation of the chemical composition 

of nanoparticles can significantly increase peritoneal residence time, thereby prolonging 

exposure of tumor to chemotherapeutic agents will increase the local drug concentration is 

primary goal of intraperitoneal chemotherapy.[29] 

The latest advances in the field of nanoparticles and their application to precision 

diagnostics and improved treatment strategies for peritoneal carcinomatosis (PC) will be 

discussed. These advances will likely develop both the HIPEC and PIPAC methods that 

were tested in in vitro and in vivo studies. We will discuss: 1) Nanoparticles as drug 

delivery systems; 2) Nanoparticles and Near Infrared (NIR) Irradiation; 3) use of 

nanoparticles in perioperative diagnostic and individualized treatment planning; 4) use of 
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nanoparticles as anticancer dressing’s, hydrogels and as active beads for optimal recurrence 

prevention; and 5) finally the current in vitro and in vivo studies and clinical trials of 

nanoparticles. 

 

Nanoparticles as drug delivery systems 

Nanocarriers are the epitome of rational drug design with advancements in material 

science allowing for the manufacture of nanoparticles optimized for desired mode of 

delivery, location within the body, and characteristics of the tumor. These advantages offer 

an exciting prospect for improving the therapeutic index of chemotherapy drugs, 

overcoming drug resistance mechanisms and enhancing tumor penetration.[219–221] The 

important for the treatment of peritoneal surface malignancies that that has limited response 

to systemic chemotherapy since no current approved Food and Drug Administration (FDA) 

drugs for intraperitoneal treatment.[10] The following section will provide an overview of 

nanoparticle technologies used for intraperitoneal cancer drug delivery. 

 

Advantages of using nanoparticles as drug delivery vehicles in the peritoneum 

Nanoparticles delivered intravenously or intraperitoneally selectively localize to 

tumor through passive and active targeting mechanisms. Passive accumulation of 

nanoparticles is mediated by enhanced permeability and retention effect (EPR), which 

relies on imperfections in tumor architecture for intratumoral accumulation, and retention 

due to diminished lymphatic recovery by the tumor.[222] Active targeting is achieved 

through the addition of specific moieties to the surface of nanoparticles that can interact 

with a wide range of molecular targets to enhance nanoparticle localization to tumors. The 
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availability of biodegradable slow-release formulations and offers the prospect of long-

acting intraperitoneal chemotherapy. Xu and colleagues developed a biodegradable 

Paclitaxel-loaded thermosensitive hydrogel system that demonstrated enhanced 

cytotoxicity to CT26 cells, residence time upward of 96 hrs compared to 24 hrs for 

Taxol® and excellent biocompatibility.[223] 

In addition to rapid clearance, many existing chemotherapeutic agents effective for 

IV treatment of peritoneal malignancies are either highly hydrophobic or toxic to peritoneal 

tissues.[224–227] Sequestering drugs within nanoparticles allows delivery of highly 

hydrophobic drugs into the peritoneum and minimizing toxicity to healthy tissues by 

eliminating solvents or carriers. The use of nanocarriers also increases the intraperitoneal 

and intratumoral concentration of drugs as well as the maximum the tolerated dose 

compared to conventional formulations.[228] For example, nanoparticle formulation of 

paclitaxel (Nanotax®) at doses up to 275 mg/m2was delivered intraperitoneally with no 

Grade 2, 3, or 4 neutropenia compared to Grade 4 neutropenia at 175 mg/m2 of standard 

formula of paclitaxel.[229] Differences in sampling methods and data reporting preclude 

the comparisons of efficacy and pharmacokinetics of standard versus nanoparticle drug 

formulations. Available pharmacokinetics data from selected studies are summarized 

in Table 1. 

 

 

 

 

 



 

135 

 

Drug Exposure Time Cmax IP mg/L Cmax Plasma mg/L 

Paclitaxel [230] 2 hours 46.61 0.112 

Nab-PTX [231] Not reported 40.622 0.138 

Nanotax® [232] 30–60 minutes 5.723 0.004 

1Dose of 175 mg/m2 measured at 2 hours in 12 patients. 
2Doses of 35–112.5 mg/m2 measured at 0, 1, 2, 4, 6, 8, 24 and 48 hours over 1 cycle 

 (Days 1 and 15) in 8 patients. 3Doses of 50–275 mg/m2 measured at 2 hours in 13 patients. 

Table 1: Comparisons of efficacy and pharmacokinetics of standard versus 

nanoparticle drug formulations. 

 

While most of the literature on the intraperitoneal use of nanoparticles has focused 

on nanoparticle delivery of chemotherapeutic or imaging agents, some studies have 

explored the possibility of using nanoparticles as palliative therapy to prevent peritoneal 

adhesions and scarring.[233] Such of these studies showed that tanshinone IIA loaded 

nanoparticles delivered intravenous (IV) was successfully prevented peritoneal adhesions 

in rats by upregulating fibrinolysis.[234] Alternatively, developing of tissue plasminogen 

activator loaded with thermosensitive hydrogel exhibited an excellent anti-adhesion effect 

in a rat model that repeated-injury of intraperitoneal adhesions.[235] 

 

Types of nanocarriers 

A variety of materials including polymers (dendrimers, nanospheres, nanoparticles, 

polymer-drug-conjugates, injectable and implantable depots), lipids (liposomes, solid lipid 

nanoparticles), metals (quantum dots, gold nanoshells), and carbon (buckyballs, 

nanotubes) are available for nanoparticle synthesis. Selection of material depends on the 

desired properties of the final nanoparticle as well as characteristics of the intended drug 

cargo such as hydrophobicity and susceptibility to enzymatic degradation. Polymers and 

lipids have received special attention for use in drug delivery system because of their 

excellent biocompatibility and versatility as well as their promising results from in 
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vivo studies of intraperitoneal delivery.[236, 237] The list of nanocarriers that have been 

used so far in medicine is summarized in Table 2. 

Type of 

nanocarriers 
Examples Advantages Application 

Naturally polymers 

[238] 

 heparin - highly biocompatible - advanced prostate cancer 

 chitosan - biodegradable 
- non-small cell lung cancer and 

breast cancer [239] 

 gelatin - non-toxic  

hyaluronate - non-immunogenic - intraperitoneal treatment [231] 

 albumin  - peritoneal metastasis in gastric 

cancer [240] 

Synthetic polymers 

[241] 

 PEG - biodegradable - imaging and therapy [242] 

 PLGA 

- biocompatible 
- drug delivery in the peritoneum 

[243] 

- non toxic  

- modifies the surface of a variety of 

nanoparticles 
 

- improves in-vivo stability  

- preventing opsonization and 

phagocytosis 
 

- diminishing clearance by the 

reticuloendothelial system [242, 244] 
 

Liposomes [245]  

- approved by the FDA [246] - ovarian cancer [247] 

- susceptibility to opsonization and 

clearance by the reticuloendothelial 

system 

- drug encapsulation and loading 

- increase likelihood of lodging in the 

lymph nodes 

- controlled rate of drug release 

[248, 249] 

- propensity to liposomal vesicle 

destabilization [250, 251] 
 

- ready availability  

- non-toxic,  

- biodegradable  

- unique structure that creates two 

separate compartments for entrapment 

for both lipophilic and hydrophobic 

compounds [252, 253] 

 

PEG - polyethylene glycol; PLGA - poly (lactic-co-glycolic acid). 

Table 2: Types of nanocarriers used in clinical applications 
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Overview of nanoparticle types 

The shape and architecture of nanoparticles determine how the drug is affixed to the 

carrier and transported in the body. Drugs can be absorbed onto, encapsulated within, 

conjugated to or absorbed into nanocarriers. Drugs can also be loaded into nanoparticles 

using self-assembling hydrophobic/hydrophilic micelles, direct conjugation via chemical 

synthesis, self-assembled. Drug loaded nanoparticles have several mechanisms to release 

of the encapsulated material, including light triggers (near-infrared, ultra-violet), thermal 

stimulation, magnetic guidance, ultrasound, electrical stimulation and endogenous 

gradients which can be dependent on pH, enzymatic concentrations or redox potential.[254, 

255] Table 3 provides the brief descriptions of nanoparticles with peritoneal applications. 
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Type Description Applications 

Liposomes 

Colloidal particles composed of 

phospholipids. On contact with water, 

hydrophobic and hydrophilic 

components 

Mirvetuxumab soravansine in combination with 

pegylated liposomal doxorubicin in adults with 

folate receptor alpha positive primary peritoneal 

cancer [256] 

Intraperitoneal delivery of paclitaxel [247] 

Nanospheres 
Solid spherical structures composed of a 

matrix into which a drug is disbursed 

IP injection for in vivo imaging of 

intraperitoneal tumors [257] 

Micelles 

Self-assembling spherical structures with 

an inner hydrophobic core and an outer 

hydrophilic shell 

IP delivery of paclitaxel-loaded micelles to treat 

ovarian cancer [258] 

Prevention of peritoneal adhesions [230] 

Injectable and 

implantable depots 

Macroscale deposits of liquid or gel-like 

matrix containing a therapeutic agent or 

nanoparticles loaded with a therapeutic 

agent 

Intraperitoneal chemotherapy with extended 

residence time and slow release 

Hyaluronic acid-based hydrogels for delivery of 

paclitaxel to treat peritoneal tumors [259] 

Hyaluronic acid-based hydrogels for delivery of 

cisplatin for treatment of disseminated gastric 

cancer [260] 

Prevention of peritoneal adhesions [223, 235] 

Expansile 

Nanoparticles 

Environment-responsive spheres that 

expand and release contents in response 

to a programmed stimulus such as pH 

pH-triggered intraperitoneal delivery of 

chemotherapy [261] 

Paclitaxel loading for intraperitoneal delivery 

with extended release time [261, 262] 

Gelatin 

nanoparticles 

Solid spheres composed of natural, non-

toxic biopolymer in micro- or nano-size 

range 

Gelatin nanoparticles for paclitaxel delivery in 

mouse model of disseminated peritoneal cancer 

[263] 

Suppression of peritoneal fibrosis using siRNA-

conjugated gelatin microspheres [264] 

Bioadhesive 

nanoparticles 

Polylactic acid-based copolymer 

nanoparticles 

Adhesion to proteins allows longer residence 

time in the peritoneum [265] 

Mesoporous silica 

nanoparticles 

Biocompatible, biodegradable spheres 

with pores of adjustable sizes allowing 

drug loading and modifiable drug release 

rate 

Mesoporous silica nanoparticles improve 

paclitaxel loading and peritoneal residence time 

[266] 

Table 3: Types and peritoneal cancer applications of nanoparticles 

Challenges in intraperitoneal nanoparticle drug delivery 

Nanoparticles face multiple physical and biological barriers on the way to their target. 

Increasing the number of barriers resulted in diminishing scale of the targets. These barriers 

include reticular structures, lumens of small capillaries, endothelial covering of vessels, 

epithelium and stroma of tumors, cell membranes, and nuclear membranes. Additional 

challenges in the peritoneum include achieving its distribution in the cavity due to the 
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presence of organs, mucus, fluid, effects of gravity, and micro-scale obstacles such as 

phagocytosis that remove by macrophages and clearance through lymphatics. The 

distribution of nanoparticles can be physically improved through manipulation of organs 

and positional changes, adverse effects of mucus and premature clearance. A review of 

human and animal peritoneal physiology studies reveals several important considerations 

for the design of intraperitoneal therapeutics including: 1. higher molecular weight and 

diameter of prolong peritoneal residence time, 2. lymphatic drainage is the major route of 

removal of intraperitoneally delivered drugs, 3. peritoneal capillary membrane transports 

water and water-soluble substances through 4 nm pores and proteins through 25 nm pores 

and 4 nm. Negatively charged agents are rapidly cleared from the peritoneum, while 

positively charged agents exhibit increased retention time.[135, 267] Previously 

considerable effort has been devoted to develop a nanocarrier that optimized for peritoneal 

delivery, including manipulation of size, surface charge and PEG coating. 

Studies of nanoparticle-mucus interactions reveal that mucus interferes with 

penetration of nanoparticle through hydrogen bonding, adhesion, and electrostatic 

interactions.[268] PEG coating has been used to minimize mucus-nanoparticle interaction 

thereby increasing nanoparticle penetration through mucus.[269] To achieve the target, 

alternative strategies include conjugation of mucolytic to the nanoparticle surface or the 

extensive mucin content of mucus has been used. It is important to consider the toxicity 

effects of intraperitoneal delivery of nanoparticles. These effects include systemic 

penetration, splenic and liver accumulation, and inflammatory responses in the peritoneum. 

The safety findings from selected studies of intra-peritoneal (IP) nanoparticle delivery are 

summarized in Table 4. 
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Nanoparticle Year Results 

Animal studies 

Microspheres 2006 
Microspheres induced inflammation 

Liver and splenic sequestration with foamy macrophages 

Human studies 

Paclimer microspheres 2006 Microspheres induced inflammation; study discontinued 

Pegylated liposomal Doxorubicin (with 

HIPEC at the time of CRC) 
2008 Well tolerated 

Nanotax®(nanoparticulate paclitaxel) 2015 
Well tolerated with minimal systemic exposure and 

reduced toxicity compared to IV paclitaxel 

Table 4: Conclusions from select studies/trials of intraperitoneal nanoparticle safety 

 

Surface modifications for targeting of peritoneal malignancies 

The search for molecular targets to enhance target the tumor by the nanoparticle has 

yielded several candidates with potential for clinical utilization. These candidates include 

folic acid and transferrin which are showing the most effective enhancers.[270–273] An 

alternative targeting strategy involves is encapsulation of targeted therapeutic agent in non-

targeted nanocarrier.[274] Currently, the bevacizumab and pemetrexed only target 

therapeutics have been used in the peritoneal cavity. Bevacizumab was successfully used 

as a palliative treatment of malignant ascites in peritoneal carcinomatosis of ovarian 

origin.[275] Pemetrexed (folic acid targeting drug) used in Phase I trial for treatment of 

optimally debulked ovarian, peritoneal, and tubal cancers showed lower toxicity and 

efficacy compare to other chemotherapeutic agents.[276, 277] 

 

Nanoparticles and near infrared (NIR) irradiation 

Many advances listed for the aforementioned drug delivery systems (DDS) that 

encourage number of groups to explore the great effect of dual combination of external 

excitatory source and nanoparticle based DDS.[278, 279] The investigations have entailed 
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to use different types of external energy sources to activate or control the drug.[280] This 

approach via the anticancer hyperthermia techniques method has been quickly adopted and 

focused on the Near Infrared (NIR) Irradiation to take the therapeutic advantages of 

specific effects to deliver the nanoparticles.[281, 282] 

NIR irradiation was identified 200 years ago and it is used in nanomedicine since the 

1990s.[283] NIR irradiation represents specific electromagnetic wave that exhibiting both 

wave and particle properties to be strongly absorbed by water, hemoglobin and myoglobin. 

As demonstrated in experimental animal models, this type of irradiation noninvasively 

delivers energy to cytochrome C oxidase by stimulating the respiratory chain enzyme 

(Complex IV) and leads to increased adenosine triphosphate (ATP) production.[284, 

285]The most important therapeutic useful effect in targeted tumor involves hyperthermia 

implementation when the nanoparticles used for phototherapy-based therapeutic 

strategies.[25, 280, 286–288] The main specific effects of NIR irradiation and nanoparticle 

implantation are favored and/or considered most important to cancer treatment are 

summarized in Table 5. 
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Selected specific effects of the NIR 

irradiation use combined with 

nanoparticle implementation 

Possible practical application 

Hyperthermia 

The possible usage of NIR induced hyperthermia for example using 

the phenomenon of surface plasmon resonance effect to destroy 

only cancer cells.[25, 280] 

Fully localized (targeted) therapy 

The use of NIR and selected nanoparticles allows for fully targeted 

anticancer treatment i.e. in intratumoral nanospheres–cytostatics 

systems application or selective anatomical distribution with 

subsequent radiation. Such therapy could prospectively acts more 

sparing on healthy cells and tissues.[289, 290] 

The possibility of multiple 

therapeutic interventions 

The use of a representative group of nanoparticles allows the 

multiple NIR intervention in case of the planed interval treatment or 

rapid progression.[291, 292] 

Radiation dose enhancement 

Some authors suggested that selected nanoparticles such as gold 

nanoparticles could be used to enhance the radiation dose with good 

anticancer effects.[293, 294] 

Precise control over the released 

dosage 

In some applications of nanoparticle based DDS the amount of the 

released anticancer molecules could be well-tuned by altering the 

time duration and intensity of NIR light exposure. This specific 

effect and property is especially important in practical application 

when the depot form of nano-DDS is used[295, 296] 

Table 5: Data from in vitro and in vivo studies described the main specific effects of Near-infrared 

(NIR) irradiation use combined of nanoparticle implementation potentially prospectively that useful 

in HIPEC and PIPAC 

 

There have been only a few published papers that have fully referred to the potential 

use and initial experimental effects of nanoparticles and NIR for HIPEC and none for 

PIPAC. One of the first publications addressing this topic suggested that the 

NIR/nanoparticle concept could improve HIPEC.[11] They further discussed the current 

three main types of nanoparticles including: carbon nanotubes, metal and magnetic 

nanoparticles. Moreover, Single Walled Carbon Nanotubes (SWNT) is more efficient than 

gold nanoshells when it is stimulated by infrared light and when SWNT stimulated by 

radiofrequency induces much higher temperature. 

Wu et al. tested nanoparticle-induced intraperitoneal hyperthermia and targeted 

photoablation on ovarian cancer using ID8 cells and non-scid mouse with artificially 
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induced PC using ID8-luc cells (C57BL/6 origin).[297] They used PEGylated silica-core 

gold nanoshells (pSGNs) with external near-infrared (NIR) laser irradiation and found that 

repeated photothermal treatment can effectively eliminate intraperitoneal tumors. 

Furthermore, they found that conjugation of pSGNs with anti-human CD47 monoclonal 

antibody enhanced targeted intraperitoneal anti-cancer therapy. Their findings raised the 

possibility of repeated non-invasive photoablative therapeutic interventions after initial 

HIPEC. The number of promising nanomaterials for NIR-induced hyperthermia increased 

but their cytotoxicity and systemic impact need more evaluation.[298] 

 

Nanoparticles in perioperative diagnostic 

Over the last few years there are improvements in the treatment of patients with 

peritoneal metastases (PM) as well as diagnosis of the advance stage of the disease by using 

the fluorophore nanoparticles. The new era of surgical guide with molecular navigation 

helped in detection of tumor in lymph nodes, vessels and vital structures and lead to 

improve the surgical precision. The fluorophores are visible in the near-infrared light range 

(700–900 nm).[299] It can be visualized using a special camera with light emitting diodes 

(LED) when it injected into the patient.[300] The LED produce is a beam with near-

infrared wavelength to which the fluorophore responds and emits another wavelength of 

near-infrared light that can be detected with a camera.[301]  Many new nanoparticles have 

been developed that are widely used in sentinel node biopsy, visualization of 

gastrointestinal structures, ureter visualization, and tumor visualization as well as 

peritoneal spread.[302–306] Real time visualization of fluorophores may help in 

optimizing the planning of surgical procedures, the protection of important vital structures 

such as the ureter or common bile duct, visualization of blood vessels or nerves, obtaining 
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a negative resection margin and detection of small tumor deposits. The limitation of NIRF 

(near-infrared fluorescent) guided surgery is small detection depth (about 5–8 mm).[301] 

Currently, the mostly widely fluorophores that approved for use in humans are indocyanine 

green (ICG), methylene blue (MB) that represents some NIRF properties, 5-aminolevulinic 

acid (5-ALA), and fluorescein. In cytoreductive surgery (CRS) and HIPEC, we can use 

NIRF-guided nanoparticles like MB for visualization of important structures such as the 

ureter, which is extremely important in reoperations.[304] NIRF nanoparticles are also 

used in the detection of peritoneal spread. One study has used tumor specific fluorescence 

imagining to target over expressed folate receptor-α in ovarian cancer and more tumor 

deposits were visualized using NIRF nanoparticle than with the naked eye.[305] The 

visualization with targeted NIR fluorophores in CRS and HIPEC procedures may result in 

more efficient cytoreduction due to more precise resection of even the smallest tumor 

nodules.[305] Another study from the same team also analyzed the sensitivity and 

diagnostic accuracy of α(v)β(3)-integrin-targeted NIRF compound in ovarian cancer and 

found it has 95% sensitivity, 88% specificity, and 96.5% diagnostic accuracy.[307] 

Optimization of molecular imaging that combines immunological probes with 

fluorophores in order to improve cancer detection is actively being pursued.[308] 

Currently, there are clinical 3 trials to evaluate NIRF technology for the detection of 

peritoneal spread (NCT02032485, NCT01982227, NCT 01834469). The pilot study results 

from the first trial (NCT02032485) showed evaluation of NIRF imagining in peritoneal 

metastases detection due to colorectal cancer.[309] Intravenous indocyanine green (ICG) 

was intraoperatively applied to 63 of 78 peritoneal resected nodules in 14 patients. These 

data showed that the fluorescence and final pathological examination are 84% malignant 
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and 16% benign. Moreover, in 4 of 14 (29%) of the patients surgery, the fluorescent 

detection was adjusted because of the additional PM not detected by naked eye 

visualization and palpation. The data from the pilot study concluded that ICG fluorescence 

imaging appears to be particularly useful for non-mucinous PM of colorectal origin. The 

visualization of PM in gastric cancer mouse model using ICG combined with antibodies 

against CEA or EGFR was reported.[306] The potential of near infrared 

photoimmunotherapy in peritoneal carcinomatosis was reported in ovarian origin of mouse 

model.[310]The utility of ICG with other probes was demonstrated using a liposomal 

synthesized ICG liposomal derivative.[311] 

Another potential 5-ALA fluorophore demonstrated in PM evaluated the best pre-

operation application time and the dose for intraoperative detection of peritoneal 

metastases in ovarian cancer patients.[312] In addition, 5-ALA was used for detection of 

staging of laparoscopic gastric cancer surgery.[232, 313] These studies evaluated the 

peritoneal visualization after chemotherapy by conventional laparoscopy in 12 of 38 

patients with advanced gastric cancer and peritoneal metastases. Additional 4 patients were 

positive for peritoneal metastases with laparoscopy and 5-ALA visualization and 

interestingly 3 of these 4 patients were negative by peritoneal washing cytology 

analysis.[232] Combination of 5-ALA fluorescence detection with molecular analysis of 

specific genes that mediate 5-ALA transport, such as peptide transporter PEPT1 (ALA 

influx transporter). PEPT1 was overexpressed in tumors suggest that evaluation of the 

expression of PEPT1 may help in the selection of patients who will benefit from 5-ALA 

visualization of tumor deposits.[314] 
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Nanoparticles as anticancer dressing’s, hydrogels and as active beads used for 

optimal recurrence prevention 

 

The preclinical studies from using of novel DDS systems based on nanoparticles for 

the treatment and diagnosis in the peritoneal surface malignancy could lead to new 

applications for NP’s such as direct chemotherapeutics delivery into the compartment 

created after resection or before or after HIPEC and PIPAC procedure.[315] Fan et 

al. demonstrated antitumor effects of docetaxel/LL37 in tumor bearing mice and loaded 

thermosensitive hydrogel nanoparticles in PC of colorectal origin.[316] In addition, 

polymer-lipid biodegradable depot (PoLigel) used in mouse model of ovarian cancer for 

sustained intraperitoneal chemotherapy resulted in reduction of tumor burden supporting 

the notion that nanomaterials loaded with cytostatic could be used to enhance anti-tumor 

effects and prevent or mitigate recurrence.[317] 

Various advances in DDS for intraperitoneal therapy such as implants and injectable 

depots to extend the residence time of chemotherapeutic agents in the peritoneal cavity 

have been discussed.[318] Based on nanofibers, carbonaceous nanomaterials and 

polycaprolactone materials were evaluated and termed nano- designs or hybrid beads with 

anticancer properties [236, 315, 319] The honokiol nanoparticles and called the forms 

thermosensitive hydrogel composites have been also used.[320] The terminology for DDS 

will be depend on number of diverse factors including: types of nanomaterial (i.e., 

biodegradable-active carriers of drug), pharmacodynamics and pharmacokinetic 

knowledge of the material; the particular programmable smart targeted drug delivery 

device and the intraoperative application(s) of particular depot.[321, 322] 

Currently there are two primary direction to use the array of available nanoparticles 

to extend the residence time of cytostatic in the peritoneal cavity and improve their targeted 
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influence [315, 323]First is to be used it before HIPEC to support CRS and prospectively 

for protection with biopsy for histopathology and resections performed laparoscopically 

before PIPAC procedure. Second is to be used it after completion of HIPEC or PIPAC 

during the last perfusion/spraying cycle or after the washing procedure.[236] The 

biodegradable depot solutions available are summarized in Table 6. The tumors following 

resection after organ sparing of non-anatomical resections parenchymal organs are detected 

on the liver surface.[236] The material used in these procedures should be sufficiently 

durable to withstand all subsequent HIPEC or PIPAC procedures. The second approach is 

not required any special development of materials after HIPEC or PIPAC to avoids 

exposure to circulating/sprayed liquid or heat.[236] The large challenge is to find the depot 

forms that meet specific product characteristics and important following requirements; full 

cytotoxicity without side effects, cytostatic distribution, planned biodegradation and 

physicochemical stability. Nonetheless, it is widely recognized that drug delivery by 

nanoparticles is highly promising and will likely follow the rigorous of preclinical and 

clinical studies develop in HIPEC and PIPAC.[220, 236, 324, 325] 
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Type of used material Type of experimental intervention 

Pegylated silica-core gold nanoshells (pSGNs) in 

vivo with external near-infrared (NIR) laser 

irradiation. 

Experimental nanoparticle-induced intraperitoneal 

hyperthermia and targeted photoablation in treating 

ovarian cancer.[297] 

Thermosensitive hydrogel system 

(PTX/PECT(gel)) assembled by PTX 

(paclitaxel)-loaded amphiphilic copolymer 

Thermosensitive hydrogel system used in experimental 

for sustained intraperitoneal chemotherapy of 

peritoneal carcinomatosis.[223] 

Nanovehicles based on anti-CD133 antibodies 

bioconjugated to carbon nanotubes loaded with 

platinum (Pt) –prodrugs 

Nanovehicles used as a novel target strategy for 

hyperthermic intraperitoneal chemotherapy on mouse 

melanoma B16 PC model.[236] 

Curcumin loaded polymeric micelles (Cur-M) 

Anti-Tumor Activity of Curcumin by Polymeric 

Micelles in Thermosensitive Hydrogel System tested in 

Colorectal Peritoneal Carcinomatosis Model [326] 

Paclitaxel-loaded pH-responsive expansile 

nanoparticles (Pax-eNP) 

Expansile nanoparticles used in in vitro and in 

vivo murine models of malignant peritoneal 

mesothelioma [261] 

Paclitaxel loading nanoparticle (PLA) by 

ultrasonic emulsification 

Nanoparticles tested in vitro on rat ovarian carcinoma 

cells and in vivo on PC induced in F344 rats [324] 

Combination of 5-fluorouracil (5-FU) loaded 

polymeric micelles and cisplatin (DDP) in 

biodegradable thermosensitive chitosan (CS) 

hydrogel 

Nanosystems tested on colorectal peritoneal 

carcinomatosis mouse model [327] 

Table 6: Potentially suitable materials possible to use in the future construction of depot 

supporting tools for HIPEC and PIPAC 

 

In vitro, in vivo and clinical studies 

Nanoparticles have a potential important role in cancer therapy. However, utilization 

of nanomaterials in HIPEC is a new concept. Most of the research with the application of 

nanoparticles in peritoneal carcinomatosis treatment has been without the use of 

hyperthermic conditions. The registered clinical studies using nanoparticles in peritoneal 

carcinoma are summarized in Table 7. Using nanoparticles in ovarian cancer and 

associated peritoneal carcinomatosis is the primary interest. Hijaz et al. evaluated the 

preclinical use of cerium oxide nanoparticles conjugated with folic acid (NCe-FA) for 

treatment of ovarian cancer. Folate receptor-α has been reported to be overexpressed in 

ovarian cancer. Exposure of ovarian cancer cells to NCe-FA led to the intracellular 
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accumulation of drug and inhibited cell proliferation. Mice treated with NCe-FA compared 

with NCe exhibited decreased in tumor burden without toxicity. In addition, combined 

treatment of mice with cisplatin enhanced the anti-tumor action of NCe-FA.[328] 

 

Conditions Intervention Enrollment Phase Number 

Fallopian tube carcinoma Primary peritoneal 

carcinoma Recurrent ovarian carcinoma 
Nab-PTX 51 II NCT00499252 

Peritoneal carcinoma Nanotax 22 I NCT00666991 

Ovarian cancer Peritoneal cavity cancer Nab-PTX 27 I NCT00825201 

Table 7: Registered clinical studies using nanoparticles in peritoneal carcinoma 

 

The cytotoxicity of another folate receptor-targeted formulation with paclitaxel [folic 

acid-coupled PEGylated nano-paclitaxel liposome (FA-NP)] was evaluated in paclitaxel-

resistant SKOV3/TAX ovarian cancer cells and in murine model of peritoneal ovarian 

cancer. FA-NP overcame paclitaxel-resistance in ovarian cancer raising the possibility of 

the FR-targeted chemo agents might prolong the survival in patients with drug-resistant 

ovarian cancer.[329]Another group with similar findings underscore the potential of folate-

targeted nanoparticles containing chemoradiotherapy for treating ovarian peritoneal 

metastasis.[270] Most ovarian tumors and peritoneal implants express the CD44 receptor, 

a mediator of drug resistance that is associated with unfavorable prognosis. Hyaluronic 

acid (HA) is the ligand for CD44 promotes the proliferation, migration and invasion of 

cancer cells. Based on this observation HA has been evaluated for CD44-targeted 

chemotherapy in ovarian cancer. Injection of HA-based Paclitaxel (PTX)-loaded 

nanoparticles significantly reduced tumor burden compared to conventional PTX, thereby 

underscoring the promise of HA-based nano-system for delivering PTX.[330] 
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Wang et al. evaluated the preclinical effect of selenium (Se) nanoparticles in mouse 

model of peritoneal carcinomatosis. The Se nanoparticles were administrated 

intraperitoneally prior to the injection of high malignant H22 hepatocarcinoma cells into 

the abdominal cavity. Overall, their findings demonstrated that Se nanoparticles induced 

of reactive oxidant species (ROS), exhibited potent anti-tumoral effects without induction 

of host cytotoxicity indicate the possibility of high risk to patients with PC.[331] 

A number of studies have investigated the application of paclitaxel (PTX) 

nanoparticles for peritoneal cancer treatment. Polymeric pH-sensitive nanoparticles 

engineered to slowly release PTX (Pax-eNP) at endosomal pH (pH ≤ 5), thereby allowing 

for extended drug action to deliver the chemotherapeutic drug in mouse models of 

malignant peritoneal mesothelioma. The DDS exhibited prolonged intraperitoneal 

residence time, enhanced cellular uptake and increased tumor affinity. It was approved to 

be effective against a mesothelioma cell line (MSTO-211H) in vitro, and simultaneous 

treatment with DDS of the tumor potently decreased tumor burden, initial intraperitoneal 

tumor implants and extended survival.[261] Pax-eNP was also evaluated in rat xenograft 

model of pancreatic peritoneal carcinomatosis using Panc-1-cancer stem cells. They found 

that cancer stem cells are responsible for disease recurrence, therapy resistance and 

metastatic phenotype. Although nanoparticles loaded with PTX inhibited tumor growth to 

the same extent as PTX alone but it showed fewer side effects.[262] The ability of 

liposome-encapsulated paclitaxel (Nano-Taxol) to influence the stemness phenotype and 

metabolic reprogramming of a paclitaxel-resistant cell line was investigated. 

Intraperitoneal delivery of Nano-Taxol in mouse xenograft model controls of tumor growth 

compared to standard treatment with Taxol® (intravenous delivery).[247] 
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Promising preclinical studies have led to introduction of nanoparticles in clinical 

practice. A number of reported advantages of using albumin nanoparticles loaded with PTX 

(nab-PTX) include: ability to delivery of higher dose of paclitaxel; obtain higher intratumor 

concentration of paclitaxel; easy administration and avoidance of Cremophor EL medium 

and related toxicity.[332] Nab-paclitaxel was used to treat 47 patients with platinum- and 

taxane-resistant ovarian cancer. Data showed the persistent or progressive disease 

following primary chemotherapy or recurrence within six months of completing treatment. 

Nab-PTX demonstrated significant clinical efficacy and was well tolerated.[332] Nab-PTX 

was also evaluated in patients with recurrent epithelial cancer of the ovary, fallopian tube, 

or peritoneum. Among the 44 patients who underwent treatment, 15 demonstrated 

complete and 13 partial response. [333] Nanotax®, a sterile nanoparticulate paclitaxel 

powder was used in 21 patients with peritoneal malignances and its intraperitoneal 

administration was well tolerated by patients with slide side effect. Use of DDS showed 

significant and prolonged concentrations of paclitaxel in peritoneal fluid.[229] Although, 

there are small numbers of registered clinical trials evaluating nab-PTX for peritoneal 

carcinoma treatment, this area of clinical investigation is nonetheless highly promising 

(Table 7). Currently, clinical studies are evaluating the use of intraperitoneal administration 

of nanoparticles alone, without induction of hyperthermic conditions. Combining 

nanotherapy with hyperthermia could potentially enhance peritoneal carcinoma treatment 

and important step in the evolution of the treatment of peritoneal carcinomatosis. 
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SUMMARY AND CONCLUSIONS 

The number of HIPEC and PIPAC administrations performed yearly is growing 

systematically worldwide. Simultaneously, the number of fully qualified and reference 

centers offering these therapies is fortunately increasing as well.[334, 335] There are also 

many new studies related to development of these techniques being conducted such as 

those aimed to improve the surgical and technical aspects of the procedures to optimize the 

patient selection.[336–338] The large investment of resources correlates naturally with the 

emerging social need and register the number of patients suffering from peritoneal 

carcinomatosis.[339] Currently, the HIPEC is fully recommended and recognized for 

treatment to increase patient survival with improvement this kind of therapy using 

nanomedicine.[340, 341] 

In the current review, we summarized the current use, developing concepts and 

strategies of nanoparticles in vitro, in vivo and in clinical studies and their potential impact 

on HIPEC and PIPAC. The use of nanoparticles as novel drug delivery systems and the 

evaluation of diverse materials in various applications has been area of concerted 

investigation pushing the frontier of cancer diagnostics and therapeutics. Developments of 

nanoparticle-based DDS have occurred with carbonaceous origin nanoparticles and gold 

nanoshells. Many novel advances have been made using of nanoparticles together with 

NIR irradiation for enhance drug delivery and improvements of perioperative diagnostics. 

The implementation of special beads and hydrogels in the construction of nanovehicles 

loaded with specific drug combinations and conjugated with select antibodies for targeted 

anti-cancer treatment has generated significant excitement. 
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In conclusion, there is large a number of innovative and translational studies to 

advance using of nanotechnologies as permanent treatment for peritoneal carcinomatosis. 

Several preclinical and early clinical studies using nanoparticle in intraperitoneal 

chemotherapeutic methods in HIPEC and PIPAC provided a new evidence of its 

effectiveness for treatment patients with PC. Most of the research projects have been 

carried out in vitro and in vivo models has been invaluable prior to clinical translation. The 

key issues of non-tumor cytotoxicity and product safety need to be fully addressed prior to 

nanoparticle implementation. We hope the new direction of therapy using advance 

nanotechnologies as nanoparticle-based chemotherapy will be more effective for treatment 

patients with peritoneal carcinomatosis. 
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