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Abstract 

To date, surgery is the most effective cancer treatment. However, traditional surgery 

under visual observation and by palpation limits detection of small metastatic tumor nodules. 

Optical near-infrared (NIR) fluorescence imaging has the clinical potential to improve cancer 

surgery by providing real-time guidance in the operation room. This technology would allow 

surgeons to conduct traditional white-light surgery with the intention of maximal macroscopic 

tumor resection and then reinvestigate suspicious regions and microscopic tumor nodules using 

intraoperative NIR fluorescence imaging.  

Polymeric micelles are a promising class of nanocarriers for delivering NIR fluorescence 

imaging agents to tumors and providing real-time surgical guidance by the enhanced 

permeability and retention (EPR), tumor priming, and active targeting effects.  

Poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) micelles carrying 1,1’-

dioctadecyltetramethyl indotricarbocyanine iodide (DiR) passively targeted (by the EPR effect) 

and delineated LS180 solid colon tumors with a high tumor-to-muscle ratio in fluorescent images. 

Solid tumor visualization in LS180 colon cancer-bearing animals was enhanced by the 

tumor priming effect, which was achieved by a 2-step strategy. (1) A single IV injection of 

poly(ethylene glycol)-block-poly(D,L-lactic acid) (PEG-b-PLA) micelles carrying paclitaxel, 17-
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allylamino-17-demethoxygeldanamycin, and rapamycin debulked LS180 solid tumors and 

induced apoptosis exclusively in tumors (2) Penetration of IV administered PEG-b-PCL micelles 

carrying DiR into the primed LS180 solid tumors was facilitated and resulted in a heightened 

NIR optical signal for the enhanced tumor delineation. 

Lastly, actively targeted apoptosis NIR imaging was obtained by a 2-step strategy in an 

ES-2-luc metastatic intraperitoneal (IP) ovarian cancer model: (1) A single IP injection of PEG-

b-PCL micelles carrying paclitaxel, cyclopamine, and gossypol debulked IP metastatic tumors 

and induced significant apoptosis in tumors. (2) IV injected apoptosis-targeting 

GFNFRLKAGAKIRFGS-PEG-b-PCL micelles carrying DiR actively targeted apoptotic tumors, 

visualized highly metastatic tumors with improved tumor specificity, and provided intraoperative 

optical imaging for surgical guidance. Intraoperative optical imaging surprisingly permitted 

identification of tumor nodules as small as 1 mm, enabled more detailed surgical performance, 

increased surgical accuracy, and decreased residual tumor tissues left undissected in animals. 

These results suggest that the polymeric micelle system may be seamlessly integrated 

into surgical oncology, enhancing visualization of tumors and providing valuable guidance using 

intraoperative NIR fluorescence imaging. 
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1.1. Polymeric micelles for drug delivery 

Polymeric micelles, in general, are spherically shaped nanoparticles generated by 

synthetic amphiphilic block copolymers (ABCs) consisting of hydrophobic and hydrophilic 

blocks in aqueous medium.1-4 Amphiphilic di- or tri-block copolymers spontaneously self-

assemble into a hydrophobic core/hydrophilic shell structure above their critical micelle 

concentration (CMC) driven by hydrophobic interaction along with the dehydration of 

hydrophobic blocks. The hydrophobic core serves as a reservoir for solubilization of 

hydrophobic components while the hydrophilic shell interfaces the aqueous environment. The 

most widely used hydrophilic blocks are composed of poly(ethylene glycol) (PEG). A dense 

brush of PEG ensures micelle solubility in an aqueous medium. There is flexibility in selecting 

hydrophobic blocks, such as poly(ester)s and poly(L-amino acid)s, and this flexibility provides 

versatile and predictive features of polymeric micelles. For example, poly(ε-caprolactone) (PCL) 

is a semicrystalline polymer with a melting temperature (Tm) of 55 °C, whereas poly(D,L-lactic 

acid) (PLA) is fully amorphous with a glass transition temperature (Tg) of 50 °C.5 Therefore, it is 

anticipated that poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) micelles hold a 

“solid-like” core, expand less in particle size after the payload incorporation, and provide slower 

drug release kinetics in comparison to poly(ethylene glycol)-block-poly(D,L-lactic acid) (PEG-b-

PLA).  

The most important basis of polymeric micelles as a drug delivery system is their ability 

to increase the aqueous solubility of numerous hydrophobic drugs or drug candidates, noting that 

Lipinski reported in 2000 that a large number of drug candidates have very poor solubility in 

water and fail to reach the required solubility level offering therapeutic potency in clinical trials.6 
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Other important physicochemical aspects of polymeric micelles for drug delivery include their 

controlled particle size, sustained release kinetics of payloads, drug loading capacity, and 

physical stability, which are achieved by manipulating the mass ratio of hydrophilic and 

hydrophobic blocks, substituting hydrophobic blocks to others, or applying a crosslinking 

strategy.3, 7 In addition to physicochemical benefits, polymeric micelles can prolong drug 

circulation time in the blood stream, favorably deliver drugs to targets such as cancerous and 

inflamed tissues, and support the enhanced biomedical activity of drugs at the therapeutic site of 

action, based on the manner of passive targeting or active targeting with further modifications.2, 3  

 

1.1.1. Passive (angiogenesis-associated) targeting through the enhanced permeability and 

retention (EPR) effect  

A dense brush of PEG on intravenously injected polymeric micelles masks incorporated 

drugs from the mononuclear phagocytic system (MPS), also known as the reticuloendothelial 

system (RES), and prevents the process of opsonization followed by phagocytosis, leading to the 

extended plasma residence time.8 The typical particle size of polymeric micelles ranges from 20 

to 100 nm.9 On the basis of physiological parameters, particles > 100 nm in size tend to 

experience higher hepatic uptake and particles < 10 nm in size are easily cleared by renal 

excretion.10 This implies that substantial amounts of polymeric micelles in the size range from 20 

to 100 nm can reside in the blood stream long enough to carry more drugs to tumors. These 

features partially contribute to the passive targeting of polymeric micelles to cancerous or 

inflamed tissues.  
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Importantly, intravenously introduced polymeric micelles can passively target solid 

tumor tissues by the enhanced permeability and retention (EPR) effect based on the unique 

physiological properties of tumors: interstitial compartments of organs and tumors are separated 

from the intravascular compartment by the endothelium (Figure 1.1).3 This creates a barrier for 

the extravasation of drugs into tumor tissues. Normal tissues are less leaky due to the tight 

junctions of endothelial cells with a small window of < 2 nm in pore size, whereas endothelial 

cells in tumors are widely discontinuous and enlarged up to 1.2-2 µm of functional pore size.11 

As a result, enlarged gaps between endothelial cells make blood vessels unusually leaky. 

Additionally, as cancerous cells highly proliferate at an increased rate of 30-40 fold relative to 

normal cells, they require greater amounts of blood capillaries (which are leaky) for the supply of 

extra oxygen and nutrients, as well as for gas exchange and waste removal, known as 

angiogenesis.3 Angiogenesis during rapid tumor growth also results in an abnormally deficient 

lymphatic drainage, causing extended resident time of drugs in tumors12 These physiological 

properties of tumors have given rise to a key rationale of passive targeting of polymeric micelles 

to tumors through the EPR effect as these induce extravasation of polymeric micelles from blood 

vessels to the interstitial space.  

Several polymeric micelle systems passively targeting cancers have been evaluated in 

clinical trials.9 For example, a phase II clinical trial of Genexol-PM, a Cremophor EL-free PEG-

b-PLA polymeric micelle formulation carrying paclitaxel (PTX), showed favorable efficacy in 

patients with metastatic breast cancer (45.3-72.3% response rate) compared with the 

conventional Cremophor EL-based PTX (21-54% response rate).13 A phase I clinical trial of NC-

6004, a PEG-poly(aspartate) polymeric micelle formulation containing cisplatin, showed that 
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NC-6004 did not induce significant nephrotoxicity at the high dose of 120 mg/m2, noting that 

nephrotoxicity is commonly caused by medium-high dose of cisplatin.9  

                        
Figure 1.1. Passively targeted polymeric micelles to tumor tissues through the EPR effect. 

 

1.1.2. Physiological barriers and tumor priming effect 

Although drug delivery using polymeric micelles can benefit from the EPR effect, it does 

not guarantee uniform distribution of polymeric micelles in tumor tissues due to the tumor 

heterogeneity.14, 15 The delivery of drugs into tumor cells is a 3-step process: polymeric micelles 

gather in blood vessels near tumor tissues, cross the vasculature endothelium, and penetrate 

through the interstitial space to enter tumor cells.16 

As aforementioned, it has been proven that abundant blood vessels are recruited around 

the tumor tissues (angiogenesis) and that polymeric micelles can preferentially locate near tumor 

tissues; however, distribution of blood vessels in tumors is highly irregular in the architectural 

aspect: tumor vessels are heterogenous in their spatial distribution, dilated, and tortuous.3, 14, 15 In 

some tumor tissues, highly proliferating tumor cells compress blood vessels with solid stress and 

result in collapsed vessels in tumors. This implies that not all tumors bear permeable and leaky 



6 
 
blood vasculature weaving around tumor tissues to support the EPR effect. For the same reason, 

crossing the endothelium through expanded fenestrations is irregular as the size/distribution of 

window is also heterogeneous. 

The deficient lymphatic drainage can ideally allow polymeric micelles to extensively 

reside in tumors; however, the abnormally deficient lymphatic drainage system contributes tumor 

heterogeneity as well: the normally functioning lymphatic network exists near the margin of 

solid tumor tissues, but the abnormally deficient lymphatic drainage mainly exists in the center 

of tumor tissues.17 This dysfunctional lymphatic system in the center of tumors, which does not 

impair tumor cell survival, fails to remove excess fluid from tumor tissues, stores it in the center 

of tumor tissues, and contributes to interstitial hypertension in the center of solid tumor tissues, is 

called interstitial fluid pressure (IFP).16, 17 The interstitial hypertension is also largely induced by 

the density of the tumor tissues from the large tumor cell population in the center of tumors. The 

consequence of the gradient in interstitial pressure across the tumor tissues hinders delivery of 

drugs deeper into the tumor tissues. Several approaches have been reported to alter the 

physiological properties of tumor tissues and enhance delivery of nanomedicine. Jain et al 

proposed a strategy named “normalization” of tumor vasculature in 2010.16 Blocking 

proangiogenic molecules, such as vascular endothelial growth factor (VEGF), decreased in 

vessel density and diameter in tumor tissue, removed immature vessels, and restructured the 

vasculature into that resembling normal vessels. This normalization of tumor vasculature reduced 

IFP and in turn, induced deeper penetration of drug molecules into tumors. Au et al showcased a 

strategy of “tumor priming” effect on solid tumors that intravenous pretreatment of a potent drug 

inducing apoptosis, such as PTX, could reduce tumor cell density, expand interstitial space, 
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enhance the uptake rate of the following drugs to tumors, and eliminate drug concentration 

gradient of drugs between periphery and the center of solid tumors (Figure 1.2).17, 18 For example, 

in the FaDu human hypopharyngeal carcinoma xenograft model, Au et al achieved a higher 

fraction of apoptotic cells, lower tumor cell density, rapid drug penetration, higher drug 

accumulation, and more uniform drug distribution in tumor tissues with the treatment schedule of 

the pulse of a high dose of PTX, followed by the remainder of the dose given 24 hr later, as 

compared to continuous infusion of the same total dose of PTX over 24 hr. Another example was 

that intravenously pre-administrated 40 mg/kg of Taxol (PTX in Cremophor EL formulation) 

improved the tumor-selective delivery and efficacy of following 20 mg/kg of Doxil (doxorubicin 

HCl liposomes) due to the tumor priming effect on FaDu xenograft model.   

 

Figure 1.2. Examples of the delivery of near-infrared (NIR) imaging agent to solid tumors without and with tumor 

priming. 

 

1.1.3. The hallmarks of cancer and active targeting 

Recent advances in nanotechnology have explored active targeting of cancer by 

decorating polymeric micelles with targeting moieties.19 Targeting moieties, in general, have 

been chosen based on the characteristics and hallmarks of target cancer. In 2000, Weinberg et al 

made an effort to simplify hallmarks of cancer into six categories: self-sufficiency in growth 



8 
 
signals, insensitivity to anti-growth signals, tissue invasion and metastasis, limitless replicative 

potential, sustained angiogenesis, and evading apoptosis (Figure 1.3).20 The hallmarks of cancer 

have provided good resources for selecting targeting moieties in drug delivery.19, 20 Vascular 

endothelial growth factor receptor-2 (VEGFR-2), the most relevant inducer of tumor 

angiogenesis, and ανβ3, a receptor overexpressed in neovascular endothelial cells, have been 

actively targeted by nanoparticles conjugated with VEGF monoclonal antibodies (mAbs) and 

Arginine-Glycine-Aspartic Acid (RGD) peptides, respectively, aiming for anti-angiogenesis 

therapy for cancers. The matrix metalloproteinases (MMPs), endopeptidases playing an 

important role in tumor invasion and metastases, have been widely aimed to target and treat 

metastatic cancers. The folate receptor (FR) is one of the most investigated targets for 

chemotherapy in a broad range of cancers, such as ovarian, lung, brain, head and neck, and 

breast cancers. FR is overexpressed in many cancer cells as folic acid is essential for functioning 

in rapidly growing cells. Folate-conjugated nanoparticles have been successfully shown to have 

efficacy in acute myelogenous leukemia. The epidermal growth factor receptor (EGFR), a 

receptor mediating cell growth and proliferation, is also highly expressed in over one-third of 

solid tumors at their advanced stages; therefore, the tumor targeting strategies using mAbs have 

been investigated in various types of cancers, such as colorectal and head and neck cancers.  

The careful consideration of general hallmarks of cancers has encouraged the 

development of effective drug delivery systems utilizing targeted polymeric micelles.19 Cancer is 

too variable to simplify because the physiological changes of cancers are variable across the 

spectra of cancer types.14 There are large variations depending on the host (sex, age and genetics) 

and evidence of multiple tumor subpopulations within the single cancer. Additionally, identical 
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cancer type can have various physiological and biomolecular differences depending on the origin 

site and stages of cancer. Most importantly, most target molecules or receptors are not 

exclusively present in cancer cells but are also found on normal cells. The expression rate of 

target molecules or receptors also varies in different patient individuals.  

Apart from the hallmarks of cancer, there are stimuli-based (or stimuli-responsive) active 

targeting approaches, such as the use of apoptosis as a biomarker of a tumor response to the 

chemotherapy.21 One of the most studied apoptosis targeting strategies is to develop carriers for 

drugs or imaging agents that recognize phosphatidylserine (PS) on the surface of cell membranes 

under the apoptotic conditions. In quiescent cells, adenosine triphosphate (ATP)-dependent 

translocation (flippase: inward transport, floppase: outward transport) controls PS to locate 

predominantly in the inner leaflet of plasma membrane.22, 23 Upon apoptosis induction, the 

mitrochondrial apoptogenic factor activates phospholipid scramblase (bi-directional lipid 

scrambling), destroying phospholipid migration and PS asymmetric structure. As a result, PS is 

exposed on the outer leaflet of plasma membrane of apoptotic cells. PS has been considered as 

an attractive target for apoptosis imaging in oncology mainly because PS is a unique feature of 

apoptotic cells, regardless of how apoptosis was induced before the imaging. In oncology, as 

chemotherapy is one of the most widely used treatments, information on tumor response to 

chemotherapy, predicting chemosensitivity, and tracking apoptotic evidence after chemotherapy 

in patients is a key step to making a decision for the future chemotherapy regimen. Weissleder 

and colleagues developed active Cy5.5-annexin V to image apoptotic cells in both 

cyclophosphamide chemosensitive and cyclophosphamide chemoresistant Lewis lung 

carcinomas. The results proved that the active Cy5.5-annexin V preferentially accumulated in 
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cyclophosphamide-pretreated chemosensitive cancer.21 The use of annexin V is one of the most 

common methods of detecting PS in apoptotic cells. However, because of the weaknesses of 

annexin V-based apoptosis targeting, such as high molecular weight and requirements of high 

extracellular Ca2+ level for complete annexin V binding to PS, several alternatives based on 

peptide conjugation have been proposed to substitute annexin V. Recently, Li and colleagues 

showed that SAAC(99mTc)-PSBP-6, a small molecular weight peptide binding PS, could be used 

to assess early response to chemotherapy (PTX)-induced apoptosis in B16/F10 melanoma and 

38C14 lymphoma tumor models with increased uptakes of ca. 112% and ca. 142%, respectively, 

whereas tumor uptakes of non-targeted 18F-FDG were ca. 63% and ca. 67%, respectively.24, 25  

Figure 1.3. The hallmarks of cancer (reproduced from reference 20: Weinberg et al., 2000). 

 

1.2. Combination drug delivery in oncology 
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As cancer research has progressed, combination chemotherapy has become a standard 

regimen over single drug-based monotherapy. The primary idea of combination chemotherapy is 

to reduce chemoresistance and achieve synergistic anticancer effects. In 1965, Frei et al initiated 

a strategy of combination chemotherapy in children with acute leukemia: Methotrexate/6-

mercaptopurine, prednisone/6-mercaptopurine, and prednisone/vincristine improved complete 

remission rate over individual treatments.26, 27 Frei et al also demonstrated that alternating 

methotrexate and 6-mercaptopurine at 28-day intervals did not prolong the duration of remission 

whereas the concurrently administrated combination of methotrexate and 6-mercaptopurine did. 

Since then, efforts to find effective drug combinations have been made to improve anticancer 

efficacy in oncology. For example, one of the most effective chemotherapy regimens for adult 

Hodgkin’s lymphoma is known as ABVC, which consists of adriamycin, bleomycin, vinblastine, 

and dacarbazine. For non-small cell lung cancer (NSCLC) and ovarian cancer treatments, the 

combination of carboplatin and PTX is widely used in clinics.28 Successful drug combinations 

are required to have distinctive mechanism of action, intervene in multiple biological pathways, 

prevent cross-talk between different membrane receptors, and minimize additive toxicity. Yet 

concurrent combination drug delivery is challenging due to the difficulty of managing a regimen 

of multiple drug components, multi-drug-associated side effects, and the risk of additive toxicity 

caused by two or more vehicles used for drug solubilization.  

Recently there have been efforts to develop polymeric micelle-based drug delivery 

platforms to concurrently deliver multi-drugs and overcome the aforementioned issues. One of 

the co-encapsulation approaches for concurrent multi-drug delivery is to physically incorporate 

drugs into the hydrophobic core of polymeric micelles.29 This approach is versatile, easy to 
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implement, and requires no chemical modification of drugs or polymers. The polymeric micelles 

physically carrying multi-drugs tend to increase water solubility of drugs, delay drug release 

kinetics, and nullify surfactants or cosolvents-related toxicity concerns (by using biocompatible 

or biodegradable polymers). For example, previously, Shin et al could co-incorporate PTX 

(microtubule stabilizer), rapamycin (RAPA, mammalian target of rapamycin (mTOR) inhibitor), 

and 17-allylamino-17-demethoxygeldanamycin (17-AAG, heat shock protein 90 (Hsp90) 

inhibitor) in PEG-b-PLA micelles (Triolimus, Figure 1.4) using a simple solvent evaporation 

method in various drug(s)-in-micelle combinations, such as 1-in-1, 2-in-2, and 3-in-1, but PTX 

failed to be incorporated in PEG-b-PLA micelles alone as a 1-in-1 formulation.30 Presumably, 

due to the intermolecular interaction among three hydrophobic drug components, 3-in-1 micelles 

remarkably increased solubility of drug components, PTX, RAPA, and 17-AAG, in water, and 

delayed in vitro release of three drugs from 3-in-1 micelles compared to those from 1-in-1 

micelles. Most importantly, intravenously injected 3-in-1 PEG-b-PLA micelles carrying 60, 30, 

and 60 mg/kg of PTX, RAPA, and 17-AAG, respectively (q4d x 3), synergistically delayed 

tumor growth in A549 NSCLC and MDA-MB-231 human breast cancer xenograft models with 

no notable toxicity, presumably by simultaneously inhibiting both PI3K/Akt/mTOR and 

Ras/Raf/MEK/ERK signaling pathways, noting that these two pathways are known to be 

interconnected with complicated feedback mechanisms.31 The pharmacokinetic profiles of PTX, 

RAPA, and 17-AAG at 10, 5, and 10 mg/kg, respectively, from 3-in-1 PEG-b-PLA micelles 

showed identical pharmacokinetics as those from 1-in-1 micelles.32 The well-designed polymeric 

micelles-based combination drug delivery not only brings multi-drugs together but also offers 

benefits on favorable pharmacological effect without additive toxicity.  
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Figure 1.4. Composition of Triolimus, PEG-b-PLA micelles carrying PTX, 17-AAG, and RAPA (from reference 31: 

Hasenstein et al., 2012). 

 

1.3. Human cancer imaging 

Recent technological advances have accelerated the development of screening, staging, 

and treatment of human cancers. Currently, there are five imaging modalities available in clinics 

to diagnose, stage, and plan follow-up care after treatments in oncology, such as ultrasound, 

computed tomography (CT), magnetic resonance imaging (MRI), single photon emission 

computed tomography (SPECT), and positron emission tomography (PET).33 Both macroscopic 

imaging systems (CT, MRI), which provide anatomical and physiological information and 

microscopic imaging systems (PET, SPECT), which provide physiological and molecular 

information, are useful for routine clinical practice in radiation oncology.34 Because each 

modality has its own strengths and weaknesses, new technologies have been developed based on 

the combination of formats such as PET/CT and PET/MRI. These imaging modalities, alone or 

streptomycin. Paclitaxel, rapamycin, and 17-AAG were
obtained from LC Laboratories. Drug-loaded poly(ethy-
leneglycol)-block-poly(lactic-acid; PEG-PLA) micelles
were prepared and characterized as previously described
(12,13). Briefly, PEG-PLA, paclitaxel, 17-AAG, and rapa-
mycin are dissolved in acetonitrile in a round-bottom
flask. Acetonitrile is removed under reduced pressure
and the resultant polymer film is rehydrated with dou-
ble-distilled water. The aqueous solution is then centri-
fuged and filtered (0.45 mm). Before use, drug loading is
quantified by reverse phase high-performance liquid
chromatography. The drug ratio in Triolimus (paclitax-
el:rapamycin:17-AAG, 2:1:2 by mass or 2:1:3 on a molar
basis) was selected to permit mouse dosing of paclitaxel:
rapamycin:17-AAG at 60 mg/kg:30 mg/kg: 60 mg/kg as
previously reported (12).

Immunoblotting and immunohistochemistry
A549 and MDA-MB-231 cells were grown to approxi-

mately 70% confluence. Cells were then treated with di-
methyl sulfoxide vehicle control, paclitaxel (30 nmol/L),
rapamycin (30 nmol/L), 17-AAG (30 nmol/L), or combi-
nations for 24 hours. Thefinal concentration ofDMSOwas
0.1%. Cells were washed twice in cold PBS and protein
isolated in cold NP-40 lysis buffer [50 mmol/L HEPES
(pH 7.4), 150 mmol/L NaCl, 1% NP-40, 0.5% deoxycholic
acid, 10%glycerol, 2.5mmol/LEGTA, 1mmol/LEDTA, 1
mmol/L DTT, 1 mmol/L PMSF, 1 mmol/L Na3VO4, 20
mmol/LBGP, and 10mg/mLof leupeptin and aprotinin].
Proteinswerequantifiedusing a standardBradfordabsor-
bance assay. Proteins were separated on 4% to 20% gra-
dient SDS-PAGE gels and transferred to polyvinylidene
difluoride membrane by electrophoretic transfer. Mem-
branes were subsequently blocked in 5% non-fat milk in
Tris buffered saline-Tween buffer (TBST) [1 mmol Tris
Base (pH 8.0), 150 mmol NaCl, 0.5% Tween-20] or 5%

bovine serum albumin in TBST buffer. All primary anti-
bodies for Western blot detection were from Cell Signal-
ing Technology Inc. unless otherwise stated. Primary
antibodies forWestern blot detection of Akt (1:1000, Santa
Cruz Biotechnology Inc.), phospho-Akt (1:1000), ERK 1/2
(1:1000), phospho-ERK 1/2 (1:1000), eIF4E (1:1000), phos-
pho-eIF4E (1:1000), 4E-BP1 (1:1000), phospho-4E-BP1
(1:1000), p70S6K (1:1000), and phospho-p70S6K (1:1000)
were applied overnight at 4!C. Secondary antibody for
detection was either goat anti-rabbit IgG-HRP (1:4000,
Santa Cruz Biotechnology Inc.) or goat anti-mouse IgG-
HRP (1:4000, Santa Cruz Biotechnology Inc.). Proteins
weredetected via enhanced chemiluminescence detection
system (Amersham Biosciences).

For Ki-67 and cleaved caspase-3 immunohistochemis-
try, tissue was fixed for 24 hours in 10% neutral buffered
formalin, dehydrated through graded ethyl alcohols, par-
affin infiltrated and embedded. Tissue sectionswere cut at
5 mm and mounted on glass slides. Slides were depar-
affinized in xylene and hydrated through graded ethyl
alcohols to water. Slides were washed with PBS 3 times.
Nonspecific binding was blocked with 10% goat serum in
PBS for 1 hour and endogenous peroxidase was blocked
with 0.3% hydrogen peroxide in PBS for 10 minutes.
Endogenous biotin was blocked with 0.001% avidin in
PBS for 10 minutes and the avidin quenched with 0.001%
biotin in PBS for 10 minutes. The slides were then incu-
bated with either anti-Ki-67 (US Biological) at a 1:800
dilution in PBS with 1% goat serum or anti-cleaved cas-
pase-3 (Asp175; Cell Signaling Technology Inc.) at a 1:800
dilution in PBS with 1% goat serum overnight at 4! C.
After washingwith PBS, the sectionswere incubatedwith
biotinylated goat anti-rabbit IgG (Vector Laboratories) at
1:200 in PBS for 1 hour at room temperature. Slides
were washed in PBS and then incubated 30 minutes
at room temperature with Vectastain ABC Elite (Vector

Figure 1. Triolimus composition.

Hasenstein et al.

Mol Cancer Ther; 11(10) October 2012 Molecular Cancer Therapeutics2234



14 
 
in combinations of two, have improved diagnostic accuracy, staging, and physiological response 

of cancer after treatments as pre- and post-operative imaging technologies. However, during 

surgery, the eyes and hands (visual inspection and palpation) of surgeons are still the dominant 

decision-making factors in surgical process. Although fluorescence imaging (microscopic 

imaging system) has been mainly used for research purposes, it is rapidly emerging due to the 

clear translational potential into clinics, particularly in surgical oncology. The most attractive 

property of fluorescence imaging is a capability to generate intraoperative optical fluorescence 

images to guide surgeons in a real-time manner in the operation room by providing valuable 

information on the monitor/goggle that naked eyes cannot detect. Fluorescence imaging and its 

application in surgical oncology will be briefly overviewed in sections 1.3.1-1.3.3. 

As shown in Table 1.1, the nanotechnology accompanied with radio- and optical-

pharmaceuticals for imaging has been extensively investigated because exogenous contrast 

agents can be well-associated with nanoparticles in a variety of ways to obtain desirable 

advantages such as enhancing selectivity to the disease site and improving the stability of 

incorporated contrast agents, as aforementioned in section 1.1.35, 36 
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Modality 
Resolution 
(voxel/pixel 
dimensions) 

Depth 

Clinically 
available 

exogenous 
contrast 

agent 

Strength Weakness Cost 

 
Nano-

technology 
under 

development 
 
 

 
Ultrasound 

1µL 
(1x1x1 mm) cm Microbubbles 

Good 
vascular 
imaging 

High 
resolution 

 

Poor bone 
imaging  

Air interfaces 
$$ Polymeric 

nanoparticle 

Computed 
tomography 

(CT) 

1µL 
(1x1x1 mm) 

No 
limit Iodine 

Excellent 
bone 

contrast 

Molar 
concentrations 

of contrast 
agents 

required 
 

$$ Gold 
nanoparticle 

Magnetic 
resonance 
imaging 
(MRI) 

1µL 
(1x1x1 mm) 

No 
limit 

Chelated 
Gd3+ 

Excellent 
soft tissue 
contrast 

 
Long imaging 

acquisition 
time required  

Poor bone 
imaging 

 

$$$ 

Superparamag 
-netic iron 

oxide 
nanoparticle 

(SPION) 

Single 
photon 

emission 
computed 

tomography 
(SPECT) 

 

1.7 cm3 

(12x12x12 
mm) 

No 
limit 

99mTc 
111In 
67Ga 

Versatile 
Quantatitive 

Low 
sensitivity and 

resolution 
$$ Liposome 

Positron 
emission 

tomography 
(PET) 

 

0.5 cm3 
(8x8x8 mm) 

No 
limit 

18F 

Versatile 
Excellent 

solid tumor 
contrast 

Cyclotron 
required $$$ Carbon 

nanotube 

Optical 
fluorescence 

imaging 

 
0.01 mm2 

(0.1x0.1 mm) 
(2-D) 

 
 

< 1cm 
 

 

Indocyanine 
green (ICG) 

 
Good 

surface-
based 

disease 
contrast 
Intra-

operative 
use 

Limited 
detection 

depth 
$ 

Quantum dot 
Polymeric 

nanoparticle 

 

Table 1.1. Overview of cancer imaging modalities (modified from references 33 and 34: Frangioni et al., 2008 and 

Weissleder et al., 2008). 
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1.3.1. Optical fluorescence imaging 

The basic principle of optical fluorescence imaging is illustrated in Figure 1.5. A light source 

emits a bundle of lights and lights in a specific wavelength reach the object through the filter 

selected by investigators.37 Light is attenuated and enters the tissue as a result of multiple effects 

such as absorption, scattering (randomization of the direction of light), and reflection. The first 

propagation of light is to be absorbed into tissue. When light reaches the skin under large angles, 

a large portion of the light reflects on the surface, and the rest of the non-reflected light travels 

into the tissue. As tissue contains various components such as water, lipids, oxyhemoglobin, and 

deoxyhemoglobin, avoiding absorption of light in such unnecessary components is a key rule to 

maximizing the amount of light approaching the fluorophore. Unlike the visible (400-650 nm) 

and the infrared (> 900 nm) light spectra, in the near-infrared (NIR) region (700-900 nm), light 

absorption by water (~ 900 nm), oxyhemoglobin (~ 600 nm), and deoxyhemoglobin (~ 600 nm) 

diminishes, leading to the deeper tissue penetration of photons. Tissues and cells contain 

endogenous fluorophores that become fluorescent when excited by mainly UV or visible 

radiation (known as autofluorescence).38 Consequently, NIR light can travel from the millimeter 

to the centimeter scale through blood and tissues with minimal light scattering and 

autofluorescence, whereas visible light penetrates tissue on the micrometer scale. As a result, the 

use of probes in the NIR range can offer a high signal-to-background ratio (SBR), reducing 

negative influence by intrinsic factors.  

Scattered and absorbed photons in tissue meet extrinsic fluorophore, and this fluorophore 

gains in energy entering an excited state. The energy in the excited state rapidly decay to that of 

the lowest vibration level (vibrational relaxation) and, in turn, return to the ground state, emitting 
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photons in all directions, including refraction and reflection. Eventually, the part of the photons 

emitted from extrinsic fluorophore (the desired fluorescence), reflected from the surface of the 

skin and emitted from intrinsic fluorophore in tissue (autofluorescence) are all detected by the 

camera system. In order to distinguish the desired photons emitted from extrinsic fluorophore, 

excited photons with a specific wavelength can be separately collected after passing through an 

appropriate filter.   

 

 

Figure 1.5. Light penetration through tissue in different wavelength spectra (left) and light traveling into tissues 

originated from light source (middle) or light traveling onto camera from fluorophore (right) (modified from 

reference 37: Keereweer et al., 2013). 

 

The intrinsic autofluorescence of cancerous tissues correlated with the increased 

hemoglobin concentration due to the angiogenesis can be useful to detect tumor tissues. For 
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example, Softscan® (Figure 1.7, Advanced Research Technologies, Montreal, Canada) is a time-

domain optical mammography that measures photon migration through the breast to distinguish 

benign tumors.39 However, “tumor-specific autofluorescence” is not reliable because the 

autofluorescence signal varies over time and other factors (inflammation, scar formation, and 

chemotherapy) can cause strong artifacts of signals. Most importantly, autofluorescence is not 

sufficient to define small tumor tissues and tumor margins.  

 

 

Figure 1.6. Softscan® (Advanced Research Technologies, Montreal, Canada). 

 

A few exogenous NIR fluorophores, for example, indocyanine green (ICG) and 5-

aminolevulinic acid (5-ALA), are in clinical use. More NIR fluorophores (small molecule 

organic dyes and quantum dots) and fluorophore-conjugated or -carrying nanoparticles have 

been in development. Figure 1.7 briefly summarizes types of optical imaging agents that have 

been developed and reported in the last decades. Fluorophores (ICG, cyanine derivatives, or 

Alexa dyes) are chemically linked to targeting ligands such as small molecules, antibodies and 

peptides to offer active targeting effects with high SBR (Figure 1.7, top left).40 In a further 

development, “activable probes” have been found to increase SBR. One of examples of activable 
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probes is shown in Figure 1.7 (top right): fluorophores-peptide conjugates are attached on a poly-

L-lysine (PLL) backbone and are quiescent in fluorescence intensity (at the self-quenched state) 

because of their close proximity. Then peptide spacer is cleaved by MMP-2 when activable 

probes are delivered to invasive tumor tissues/cells, triggering the release of fluorophores from 

the PLL backbone which become brightly fluorescent.40, 41 

The same approach can be made using nanoparticles. Instead of conjugating fluorophores 

to targeting moieties, fluorophores can be incorporated in tumor-targeting nanoparticles surface-

decorated with targeting moieties (known as fluorophore-doped or -containing nanoparticles), as 

shown in Figure 1.7 (bottom left). Fluorophore-doped nanoparticles can incorporate a large 

amount of lipophilic fluophores and produce high fluorescence intensity when those break apart 

and release fluorophores at the target site. In particular, polymer-coated nanoparticles carrying 

fluorophores increase photostability of fluorophores owing to the polymer coating, which 

prevents penetration of oxygen and reduces photobleaching.40, 42 Nanoparticles also permit 

incorporation of multi-components; for example, loading both chemotherapeutic and imaging 

agents in nanoparticles enables the “theranostics” (therapy + diagnostics) strategy to “see and 

treat” tumors.43 Another type of optical imaging agents is “activable fluorophore-incorporated 

nanoparticles.” For example, the conjugates of fluorophore and caspase-specific peptides are 

linked to the branched-polyethylenimine (PEI) and form nanoparticles in aqueous solution 

(Figure 1.6, bottom right). Under the apoptotic condition, caspase-3 and -7 cleave peptides, 

destroy the structure of nanoparticles and paint apoptotic tissues/cells with a strong fluorescence 

intensity due to the release of fluorophores.44  
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Figure 1.7. Summary of types of optical imaging agents in development (adapted and modified from references 40-

44). 

 

1.3.2. Intraoperative NIR optical imaging and surgical guidance  

Investigators have reported successful preclinical and clinical applications of 

fluorescence optical imaging for sentinel lymph node (SLN) mapping, diagnostic tumor imaging, 

and intraoperative surgical guidance. SLN mapping using optical imaging systems by now has 

been most extensively studied in various diseases such as breast, colorectal, cervical, and head-

and-neck cancers, and melanoma. Tanaka et al used NIR fluorophore HSA800 (human serum 

albumin (HSA) covalently conjugated to the CW800) to map SLN and further utilize SLN 

images for surgical guidance in a melanoma swine xenograft model.45 The same group of 
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investigators successfully made a transition from the NIR fluorescence imaging system to the 

image-guided oncologic surgery in a clinical trial.46, 47 A mixture of ICG:HSA as an imaging 

agent and Fluorescence-Assisted Resection and Exploration (FLARETM)  as a real-time optical 

imaging system were used for intraoperative SLN mapping of breast cancer patients and as a 

result, in 4 out of 6 patients, the identical SLNs were identified by both 99mTc-sulfur colloidal 

lymphoscintigraphy and intraoperative optical imaging.  

Van Dam et al reported that intraoperative tumor-specific fluorescence imaging with a 

folate-FITC (fluorescein isothiocyanate) could showcase the potential application of improved 

intraoperative staging and radical cytoreductive surgery in ovarian cancer patients. The number 

of tumor deposits detected by surgeons with the fluorescence imaging guidance (median 34) was 

significantly higher than the number detected with visual observation alone (median 7).48  

To date, surgical removal of tumor nodules is the most effective cancer treatment. 

However, the outcome of surgical tumor resection varies, as illustrated in Figure 1.8.49 Tumor 

debulking by the traditional surgical process is efficient in removing primary tumor tissues and 

can leave a clean margin around the primary tumor tissue. However, traditional surgery limits 

detection of small metastatic tumor nodules, and consequently, invasive procedures may be 

necessary to get rid of suspicious tumor nodules as small nodules are barely detectable under 

normal light or by palpation. The ideal tumor resection can be expected when the optical 

fluorescence imaging system is paired with surgical oncology. Advances in optical fluorescence 

imaging technology provide intraoperative images that can guide oncologic surgeons with useful 

extra information to refine surgical performance. In its clinical application, intraoperative optical 

image-guided surgery also allows surgeons to find small and suspicious tumor nodules that 
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traditional surgery with visual observation and exploration cannot detect, leading to improved 

surgical accuracy. Lastly, as a consequence of enhanced surgical performance and accuracy, a 

decrease of residual tumor tissues and a prolonged survival can be ultimately achieved. 

 

 

Figure 1.8. Various outcomes in the identical surgical object (modified from reference 49: Thurber et al., 2010). 

 

1.3.3. Clinical application of intraoperative optical imaging in ovarian cancer, limits, and 

challenges  

Optical imaging has the practical potential to improve cancer surgery by providing real-

time intraoperative guidance. For example, surgeons can conduct traditional white-light surgery 

on the object and reinvestigate suspicious regions with intraoperative fluorescence imaging.37 In 

particular, intraoperative optical imaging for ovarian cancer can make significant differences in 

cancer remission and survival rates. Of all gynecological malignancies, ovarian cancer is the 

most frequent cause of death, due to the lack of screening tools and clear clinical presentation in 

the early stage of ovarian cancer, and as a result, ovarian cancer is mostly diagnosed at the 

advanced stage.48 Ovarian cancer at advanced stages tends to spread by continuous interaction 

with the adjacent organs and rapid growth in the peritoneum. Ovarian cancer is routinely treated 

by combination strategy of surgery and chemotherapy with platinum and taxane analogues. 

However, over 70% of ovarian cancer patients experience recurrence within a year, and the main 
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reasons for cancer recurrence is insufficient surgical removal of tumor nodules and small 

metastatic tumor deposits in the peritoneum.50 Although it is challenging to image and diagnose 

ovarian cancer with conventional imaging techniques, optical imaging can be well suited for 

providing surgical guidance to permit improved image-guided debulking surgery of peritoneal 

metastases. Depth limitations of optical imaging might not be relevant during the surgical 

process because surgeons will bring the object of interest closer to the surface from the opened 

peritoneum. The image acquisition is fast and simultaneous. Regarding the imaging agents, 

intraoperative optical imaging that exploits NIR fluorescence offers high sensitivity and 

specificity with low inherent autofluorescence background.33 Van Dam et al conducted the first 

human proof-of-principle study in ovarian cancer patients and showcased a potential benefit of 

intraoperative fluorescence imaging in staging and debulking surgery for ovarian cancer using 

intravenously injected folate-FITC.48  

However, there are limits and challenges for the clinical translation of intraoperative 

optical imaging. This technology requires the development of both tumor-specific contrast agents 

and dedicated intraoperative camera system.37 The contrast agents require high binding affinity 

to tumor tissues with adequate retaining time, while non-bound agents are rapidly cleared from 

the circulation. It is also crucial to have the appropriate camera and display system that can 

sensitively select fluorescence signals and display those in both macroscopic and microscopic 

images. From a financial point of view, development of diagnostic or intraoperative imaging 

agents is less favorable in pharmaceutical industries because such agents in the diagnostic field 

are not administrated over periods of time as long as other pharmaceuticals or as frequently as 

other pharmaceuticals. Although there are still limitations and challenges of intraoperative 
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imaging to overcome, the intraoperative optical imaging technique can be a powerful tool for 

improving surgical outcomes in combination with further developments in the field of surgical 

oncology. 

 

1.4. Research proposal 

1.4.1. Rationale 

Although the majority of cancers are heavily treated by extensive surgery in combination 

with chemotherapy, incomplete surgical tumor resection still causes fatal recurrence. 

Intraoperative NIR optical image-guided cancer surgery has been investigated as a promising 

technique to detect tumor margins and small metastatic tumor nodules in as detailed a manner as 

possible and minimize residual cancerous tissues, thereby prolonging survival.  

The successful clinical transition of the intraoperative NIR optical imaging technique can 

be made by utilizing polymeric micelles aiming at cancer-specific delivery of contrast agents that 

will cause high SBR in fluorescence signals. NIR fluorescent contrast agents employing 

polymeric micelles can be delivered to cancer by various strategies, such as passive targeting 

(the EPR), tumor priming, and active targeting effects.  

(1) Passive targeting that relies on the EPR effect can simply permit passive delivery of 

polymeric micelles carrying contrast agents to solid tumor tissues due to the unique 

physiological property of solid tumors. 

(2) Delivery of polymeric micelles carrying contrast agents to solid tumors can be 

enhanced when tumor tissues are primed by pretreatment of potent cytotoxic agents causing 



25 
 
significant decreases in cancer cell number, density, and interstitial pressure (tumor priming 

effect).  

(3) Actively targeted polymeric micelles deliver contrast agents to cancer with improved 

specificity by the active targeting effect. Depending on the targeting moiety decorating the 

surface of polymeric micelles, polymeric micelles carrying contrast agents can actively target 

primary tumors, metastases, angiogenesis, or apoptotic tumors with the unique targeting 

mechanism.  

Preclinical studies of polymeric micelles incorporating NIR contrast agents in clinically 

relevant cancer-bearing xenograft models are critical to understanding the principles and 

phenomena of tumor visualization with regard to passive targeting, tumor priming, and active 

targeting effects. Most importantly, findings and discussions in these interdisciplinary studies 

can provide a basis for developing a promising optical imaging system to facilitate surgical 

guidance, accuracy, and better outcome in surgical oncology.  

  

1.4.2. Objectives 

The primary objective of this dissertation is to investigate delivery systems of NIR 

contrast agents employing polymeric micelles to visualize tumors by passive targeting, tumor 

priming, and active targeting effects. Further clinical potentials and merits of polymeric micelles 

on neoadjuvant chemotherapy followed by intraoperative optical image-guided surgery were 

evaluated in clinically relevant metastatic ovarian cancer-bearing xenograft model. 
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1.4.3. Specific aims 

1. To design and characterize PEG-b-PCL micelles carrying a NIR fluorophore, DiR (1,1’-

dioctadecyltetramethyl indotricarbocyanine iodide), which can deliver DiR molecules to 

solid tumor tissues in a subcutaneous human colon cancer-bearing xenograft model by the  

passive targeting effect.  

 

2. To enhance delivery of PEG-b-PCL micelles carrying DiR to primed solid colon tumor 

tissues (primed by an IV injection of PEG-b-PLA micelles carrying PTX, 17-AAG, and 

RAPA) by the tumor priming effect, using a 2-step strategy: tumor priming with PEG-b-PLA 

micelles carrying PTX, 17-AAG, and RAPA followed by NIR fluorescence optical imaging 

with PEG-b-PCL micelles carrying DiR. 

 

3. To design and characterize PEG-b-PCL micelles carrying PTX, cyclopamine (CYP), and 

gossypol (GSP) as an intraperitoneal (IP) neoadjuvant therapy in a metastatic peritoneal 

ovarian cancer-bearing xenograft model. 

 

4. To evaluate a proof-of-concept of the active targeting effect, using a 2-step strategy. 

Intraoperative optical imaging of therapy-induced apoptosis by a tandem of PEG-b-PCL 

micelles can improve surgical accuracy and outcome for metastatic peritoneal ovarian cancer. 

In the first step, apoptosis can be induced by PEG-b-PCL micelles carrying PTX, CYP and 

GSP as an IP neoadjuvant ovarian cancer therapy (specific aim 3). In the second step, 

therapy-induced apoptosis imaging can be obtained by systemically administrated apoptosis-
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targeting PEG-b-PCL micelles carrying DiR in metastatic peritoneal ovarian cancer-bearing 

xenograft model.  
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2 Noninvasive Cancer Imaging by Poly(ethylene glycol)-b-poly(ε-caprolactone) 
Micelles Containing a Near-Infrared Probe: Characterization of Micelles Carrying a 
Near-Infrared Probe and Evaluation of Their Passive Targeting effect   

 

 

 

 

 

 

 

 

 

 

This chapter has been published in full: Cho H.; Indig G. L.; Weichert J. P.; Shin H.; Kwon, G. S., In vivo cancer 
imaging by poly(ethylene glycol)-b-poly(ε-caprolactone) micelles containing a near-infrared probe. Nanomedicine 
2012, 8 (2), 228-236. 
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2.1. Introduction 

In a clinical point of view, near-infrared (NIR) probe-incorporated polymeric micelles 

could be used for both the diagnosis of tumors and the guidance of surgery. Surgical removal of 

tumors is the best method to treat cancers if the entire tumor can be completely removed. 

However, complete tumor removal depends on how well the tumor is delineated and how 

impeccably surgery is performed.9, 51-61 Monitoring the presence of tumor tissues remaining in 

surrounding surgical margins by using NIR probe-incorporated polymeric micelles and the 

removal of tumor tissues are prudent courses of action for avoiding recurrence.62 It is expected 

that NIR probe-incorporated polymeric micelles can provide decisive guidance for improved 

surgical removal of tumors. Here, we investigated the optical imaging of cancer by NIR probe-

incorporated polymeric micelles in a colon cancer-bearing animal model. DiR (1,1’-

dioctadecyltetramethyl indotricarbocyanine iodide) is a lipophilic carbocyanine dye that is 

strongly light-absorbing and used as a tool in different research areas, such as lipid membrane-

potential sensor, organelle stains for mitochondria and endoplasmic reticulum and long-term 

labeling of cells in culture.63, 64 For optical imaging, DiR absorbs in the NIR region (λmax = 750 

nm), and it has a high quantum yield. For the clinical applications in optical imaging, PEG-b-

PCL micelles are a promising class of nanocarriers for DiR for the following reasons: The 

preparation of PEG-b-PCL micelles that contain DiR is facile; PEG-b-PCL micelles increase the 

water solubility of the highly lipophilic DiR in aqueous solution;65-70 PEG-b-PCL micelles have 

prolonged in vivo circulation due to the kinetic stability of PEG-b-PCL micelles in blood with 

respect to disassembly and the avoidance of the reticuloendothelial system (RES) by PEG-b-PCL 

micelles.71 As a result, passive tumor targeting of PEG-b-PCL micelles has been achieved by the 
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enhanced permeability and retention (EPR) effect in xenograft models.66, 71 We studied PEG-b- 

PCL micelles with NIR probe, DiR, in a quenched or nonquenched state (Figure 2.1). Although 

both states showed different kinetic profiles for NIR probe release in vitro and photophysical 

properties in vivo, both states achieved high signals in tumor tissues for optical imaging.  

 

 

Figure 2.1. Delivery of DiR molecules to cancer either in non-quenched or self-quenched states. 

 

2.2. Materials and methods 

2.2.1. Preparation and characterization of PEG-b-PCL micelles with DiR 

DiR-loaded PEG-b-PCL micelles were prepared by dissolving 4.0-200 mg of PEG-b-

PCL (5k:10k, Mw/Mn: 1.3), (Polymer Source, Dorval, Quebec, Canada) and 0.10-0.50 mg of DiR 

(Invitrogen, Carlsbad, California) in acetone (2.0 mL) followed by the dropwise addition of 0.9% 

sodium chloride (2.0 mL) by a syringe at a flow rate of 1.0 mL/sec with vigorous mixing. 

Acetone was evaporated from the aqueous solution by stirring at room temperature (20-25 °C) 

for 1 hr. The PEG-b-PCL solution was centrifuged for 5 min at 10,000 g to remove 

unincorporated DiR that was insoluble. The aqueous micelle solution was filtered through 0.2 
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µm nylon syringe filter (National Scientific, Rockwood, Tennessee). The aqueous solubility of 

DiR was determined by UV-visible measurements on a Cary 100 Bio UV-visible 

spectrophotometer (Varian, Palo Alto, California). Particle-size distributions of PEG-b-PCL 

micelles with DiR were determined by dynamic light scattering (DLS) measurement, using a 

Zetasizer Nano-ZS (Malvern Instruments, Ltd., Malvern, United Kingdom) at a detection angle 

of 173 degrees and a He-Ne ion laser (λ = 633 nm) for the incident beam. Fluorescence 

measurements on DiR were conducted on AMINCO-Bowman Series 2 spectrofluorometer 

(Thermo Scientific, Rockford, Illinois) with excitation and emission wavelengths at 745 and 800 

nm, respectively. For fluorescence measurements on DiR, absorbances were kept below 0.3 to 

preclude inner filter effects. The fluorescence self-quenching of DiR as a function of its loading 

in PEG-b-PCL micelles was evaluated by monitoring its fluorescence emission relative to its 

fluorescence emission upon 100% DiR release from PEG-b-PCL micelles; this was realized by 

freeze-drying of an aliquot of PEG-b-PCL micelles, followed by dissolution of the solid sample 

in acetone and measurement of DiR fluorescence. 

 

2.2.2. In vitro DiR release profile for PEG-b-PCL micelles 

Aqueous micelle solutions (2.5 mL) were loaded into 20,000 MWCO Slide-A-Lyser® 

dialysis cassettes (Thermo Scientific) and cassettes (n = 4) were then placed in 0.9% sodium 

chloride solution (2.0 L) at 37 °C with stirring. The sodium chloride solution was refreshed every 

3 hr to ensure sink conditions. Samples of 100 µL were withdrawn from cassettes, and cassettes 

were replenished with 100 µL fresh sodium chloride solution. Sampling intervals were 1, 2, 3, 6, 
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12, 24, 48, 72 and 96 hr. Withdrawn samples at each time point were analyzed for the amount of 

DiR release on a Cary 100 Bio UV-visible spectrophotometer. 

 

2.2.3. Xenograft model 

LS180 human colon carcinoma cells (kindly provided by Dr. Jamey Weichert, University 

of Wisconsin-Madison) were cultivated in minimum essential medium (MEM) including Earle's 

salts (Cellgro, Manassas, Virginia), supplemented with 2% sodium bicarbonate, 1% nonessential 

amino acids, 1% sodium pyruvate, 10% fetal bovine serum, 1% L-glutamine and 100 U/mL 

penicillin-streptomycin solution. Cultivated cells were kept at 37 °C under an atmosphere of 5% 

CO2 in a humidified incubator. About 1 week prior to imaging, 1 × 106 LS180 cells were 

inoculated subcutaneously into the right flanks of anesthetized female 6- to 8-week-old athymic 

nude mice (Laboratory Animal Resources, Madison, Wisconsin). General anesthesia was 

induced with 1.5% isoflurane/oxygen and anesthesia was maintained with 1% isoflurane/oxygen. 

All animal experiments were performed with human care of animals and approved by University 

of Wisconsin-Madison's Instituional Animal Care and Use Committee guidelines, and 

procedures were in accordance with the institutional guidance. 

 

2.2.4. Animal surgery and tissue excision 

Animals were treated in a sterile environment. Ninety-six hours after injection of PEG-b-

PCL micelles with DiR, mice were sacrificed by CO2 asphyxia. A midline incision was done 

with microsurgical instruments under white light illumination, and organs such as liver, lung, 
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heart, spleen, and kidneys, as well as muscle tissue, were removed. The skin of mice was also 

removed over the tumor and tumor excision was performed. 

 

2.2.5. NIR fluorescence imaging of DiR 

For imaging, DiR-loaded PEG-b-PCL micelles, representing 10 µg of DiR, were injected 

in the tail vein of anesthetized animals when sizes of tumors reached to 80-100 mm3. Whole- 

body fluorescence images were recorded 10 min, 1, 4, 9, 12, 24, 48, 72 and 96 hr after 

intravenous administration using Xenogen IVIS® 200 Series (Caliper Life Sciences, Hopkinton, 

Massachusetts) equipped with a 150 watt quartz halogen lamp and a 1 mW power scanning laser. 

Mice (n = 3 for each micelle formulation) were placed in the dorsal and lateral positions to 

obtain whole-body optical images. Tumors, organs and tissues removed at 96 hr post injection 

were scanned before dehydration began and their ex vivo images were obtained. All images were 

acquired by back-thinned, back-illuminated grade 1 CCD camera with the following parameters: 

exposure time = 1 sec; binning = medium; f/stop 2. Filter sets were fixed with the following 

parameters for DiR: excitation at 745 nm and emission at 800 nm. Acquired images were 

measured and analyzed with Living Imaging® software. The distribution of DiR in the whole 

body was quantified by average radiant efficiency, total photons per second per square 

centimeter per steradian in the irradiance range (microwatts per square centimeter): 

[p/s/cm2/sr]/[µW/cm2]. The tumor-specific accumulation of DiR was evaluated by signal-to-

noise ratio: average radiant efficiency at the region of interest (ROI) was drawn around the tumor 

to average radiant efficiency at the opposite region indicating background tissue (left flank). 

Horizontal radiant efficiency maps were drawn by Living Imaging® software according to the 
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fluorescence intensity of DiR at the horizontal line passing through the center of a tumor. DiR 

uptake values in organs and tumors were calculated by its fluorescence relative to its 

fluorescence in muscles after tissue excision. In vitro fluorescence measurements of DiR-loaded 

PEG-b-PCL micelles seeded in 96-well black fluorescence microplates were also performed 

using the Xenogen IVIS® 200 Series. 

 

2.3. Results 

2.3.1. Characterization of DiR-loaded PEG-b-PCL micelles 

Table 2.1 shows the results on the solubilization of DiR by PEG-b-PCL micelles at varied 

ratios of DiR to PEG-b-PCL. DiR is practically insoluble in water (< 1.0 µg/mL). PEG-b-PCL 

micelles readily increased the water solubility of DiR from 44 to 230 µg/mL with an increase in 

the quantity of PEG-b-PCL. The loading efficiency (wgt DiRPEG-b-PCL /wgt DiRinitial) was 

approximately 90%. At a low DiR-to-PEG-b-PCL ratio (1:400), PEG-b-PCL micelles had an 

average hydrodynamic diameter of 32 nm with a low polydispersity index (PDI). At a higher 

ratio of DiR to PEG-b-PCL (1:40), PEG-b-PCL micelles had a higher average hydrodynamic 

diameter of 47 nm and higher PDI, possibly due to a higher average number of DiR per micelle. 

Assuming that the association number of PEG-b-PCL micelles is 200, there were about 7 DiR 

per PEG-b-PCL micelle at the DiR-to-PEG-b-PCL ratio of 1:400,65 whereas there were about 74 

DiR per PEG-b-PCL micelle at the DiR-to-PEG-b-PCL ratio of 1:40. 
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Micelles 
(DiR:PEG-b-PCL) 

(weight:weight) 
Z-average diameter (nm) 

PDI 
(Polydispersity 

index) 

Aqueous solubility of DiR 
in micelle formulations 

(µg/mL) 

 
1:40 (Self-quenching) 

 
47.06 ± 1.80 0.154 ± 0.017 44.52 ± 4.05 

1:25 
 41.98 ± 0.44 0.123 ± 0.014 56.37 ± 8.01 

1:33 
 41.76 ± 3.39 0.088 ± 0.065 137.9 ± 5.49 

1:50 
 37.80 ± 0.88 0.044 ± 0.035 150.5 ± 6.33 

1:80 
 36.61 ± 0.75 0.062 ± 0.029 175.7 ± 2.98 

1:100 
 32.39 ± 3.46 0.055 ± 0.024 176.9 ± 4.15 

1:400 (Non-quenching) 31.90 ± 1.07 0.044 ± 0.054 
 

229.9 ± 3.07 
 

 

Table 2.1. Z-average diameters of DiR-loaded PEG-b-PCL micelles and aqueous solubility of DiR. 
 

2.3.2. Self-quenching of DiR in PEG-b-PCL micelles 

Figure 2.2A shows the relative fluorescence intensity of DiR at varied ratios of DiR to 

PEG-b-PCL. At a ratio of 1:400, the fluorescence of DiR incorporated in PEG-b-PCL micelles 

was close to the fluorescence of DiR after 100% release from PEG-b-PCL micelles in acetone, 

suggesting that DiR in the core region exists in a non-self-quenched state (monomers). As the 

content of DiR increased in PEG-b-PCL micelles, there was a loss in quantum yield, presumably 

due to DiR-self-quenching at higher levels of multiply occupied PEG-b-PCL micelles. At a ratio 

of 1:40, the fluorescence of DiR incorporated in PEG-b-PCL micelles was less than 10% relative 

to the acetone control. At about 74 DiR per PEG-b-PCL micelle, DiR self-quenching is evident, 

consistent with multiply occupied PEG-b-PCL micelles that have cores with diameters less than 

10 nm and the presence of ground-state species of DiR. The absorption spectra of DiR at varied 
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ratios of DiR to PEG-b-PCL are consistent with DiR self- quenching in PEG-b-PCL micelles at 

high loading (Figure 2.2B). As the ratio increased, absorption bands at lower wavelengths 

relative to the major absorption band of DiR at 745 nm increased. The absorption bands at 650 

and 692 nm signify the self- association of DiR in PEG-b-PCL micelles, resulting in the self- 

quenching of fluorescence. The in vitro fluorescence intensity of DiR detected by IVIS® 200 

Series in a 96-well plate is shown in Figure 2.2C. At a ratio of 1:400, the fluorescence of DiR 

loaded in PEG-b-PCL micelles showed the highest intensity, whereas at a ratio of 1:40, the 

fluorescence of DiR loaded in PEG-b-PCL micelles had a lower intensity than DiR solubilized in 

acetone at the same level. The fluorescence intensities of DiR in PEG-b-PCL micelles and 

acetone were concentration dependent. In summary, PEG-b-PCL micelles could effectively raise 

the water solubility of DiR and DiR existed in either a quenched or nonquenched state in the 

cores of PEG-b-PCL micelles, depending on the extent of DiR incorporation. 
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Figure 2.2. (A) Fluorescence intensity of DiR-loaded PEG-b-PCL micelles relative to free DiR, and (B) Normalized 

absorbance spectra of DiR-loaded PEG-b-PCL micelles at varied ratios of DiR to PEG-b-PCL. (C) Fluorescence 

imaging of DiR (0.6, 0.3 and 0.2 µM) in a multi-well format obtained by Xenogen IVIS® 200 Series; DiR-loaded 

PEG-b-PCL micelles (1:40 and 1:400), DiR in acetone, and water (autofluorescence). (D) In vitro release profiles of 

DiR from PEG-b-PCL micelles (1:40 and 1:400). 

 

2.3.3. In vitro DiR release kinetics for PEG-b-PCL micelles 

The release kinetics of DiR for PEG-b-PCL micelles at 1:40 (self-quenched) and 1:400 

(nonquenched) ratios were investigated (Figure 2.2D). At a 1:40 ratio, DiR was gradually 

released from PEG-b-PCL micelles with the half-life for DiR release at approximately 20 hr. On 

the other hand, the release of DiR from PEG-b-PCL micelles at a ratio of 1:400 was biphasic, 

and most of the DiR was released from PEG-b-PCL micelles over 6 hr, followed by a more 
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gradual release profile over 24 hr. The half-life for nonquenched DiR release was approximately 

1 hr. After 48 hr, 70% of the DiR had been released from PEG-b-PCL micelles irrespective of 

the quenched state of the DiR. It is assumed that self-quenched DiR molecules in PEG-b-PCL 

micelles at a 1:40 ratio are aggregated and slowly transform into monomers as function of time. 

This release profile for DiR from PEG-b-PCL micelles was further verified with in vivo optical 

imaging experiments. 

 

2.3.4. NIR fluorescence imaging of DiR-loaded PEG-b-PCL micelles in tumor-bearing mice 

Tumor-specific accumulation of PEG-b-PCL micelles that contain DiR was determined 

using noninvasive optical imaging based on fluorescence intensity of DiR. The time-dependant 

whole-body biodistribution of PEG-b-PCL micelles that have quenched or nonquenched DiR 

was monitored by radiant efficiency (Figures 2.3A and B). In a quenched state (1:40), the 

fluorescence of DiR gradually emerged from the dorsal and lateral portions of the mice over 

several hours (Figure 2.3E). On the other hand, DiR in a nonquenched state (1:400) showed a 

rapid onset of fluorescence intensity that was much stronger than that of DiR in a quenched state. 

Although the fluorescence signal of DiR slowly decreased after approximately 10 minutes, the 

fluorescence signal of quenched DiR increased over time, reaching a similar value at dorsal and 

lateral sites after approximately 24-48 hr. Figures 2.3C and D show the fluorescence intensity of 

DiR following a horizontal line passing through tumors. Radiant-efficiency maps of DiR taken at 

various time points after injection of the PEG-b-PCL micelles that contain quenched DiR 

showed gradual tumor-specific accumulation of DiR as function of time; the strongest signal 

from the tumor region was observed after 12 hr and the lowest signal from DiR was detected at 
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10 min post injection. On the other hand, maps for PEG-b-PCL micelles that contain 

nonquenched DiR showed an opposite tendency; the strongest fluorescence signal of DiR was 

observed within 1 hr after injection, whereas the lowest signal of DiR was obtained after 72 hr. 

Tumor-to-muscle ratios for DiR indicate that the tumor-specific accumulation efficiencies were 

not significantly different for the quenched and nonquenched groups. The ratios were calculated 

to be approximately 2; however, the ratios calculated from 1:40 group were slightly higher than 

the ratios for the 1:400 group (Figure 2.3F). The DiR solubilized in 20% DMSO solution was 

also injected into xenograft mice through the tail vein but no tumor specific accumulation could 

be observed, noting that slight fluorescence signals were observed in liver (Figure 2.4). 

Moreover, the whole-body signal was so weak that the biodistribution of DiR could not be 

visualized with the same fluorescence intensity scale that was used for PEG-b-PCL micelles. 

These results suggest that DiR-incorporated PEG-b-PCL micelles are superior to free DiR for 

visualizing tumor tissues in living mice. No notable toxicity of DiR-loaded PEG-b-PCL micelles 

during the animal experiments was found. 
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Figure 2.3. In vivo fluorescence whole-body images of mice with LS180 human colon carcinoma. Time-dependent 

images of (A) DiR-loaded PEG-b-PCL micelles (1:40) (B) DiR-loaded PEG-b-PCL micelles (1:400) in dorsal 

(upper) and lateral (below) views. Time-dependent radiant efficiency maps according to horizontal lines passing 
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through the center of tumors for (C) DiR-loaded PEG-b-PCL micelles (1:40) and (D) DiR-loaded PEG-b-PCL 

micelles (1:400). (E) Calculated average radiant efficiency of DiR-loaded PEG-b-PCL micelles (1:40 and 1:400) in 

dorsal portions and lateral views as a function of the time based on Figure 2.3A and B (Expanded figure from 0 to 4 

hr time point was inserted). (F) Relative radiant efficiency of DiR distributed in tumors in comparison with muscles 

over time in living mice. 

 

 

Figure 2.4. In vivo fluorescence whole-body images of mice with LS180 human colon carcinoma. DiR (10 µg per 

animal) in 20% DMSO solution was intravenously injected and whole-body fluorescence images of mice were 

obtained at 1, 4, 24, and 48 hr post injection. 

 

2.3.5. Ex vivo NIR fluorescence imaging of DiR-loaded PEG-b-PCL micelles in excised 

tissues 

Color-coded NIR fluorescence images of excised tissues (lung, heart, spleen, tumor, 

kidneys, liver and muscle) (Figures 2.5A and B) were obtained after 96 hr. Fluorescence images 

showed that the strongest signal of DiR was observed in tumor tissues, followed by the liver and 

spleen, for both quenched and nonquenched groups of DiR-loaded PEG-b-PCL micelles. The 

optical signal of DiR from the lungs was also relatively strong for PEG-b-PCL micelles with 

nonquenched DiR (Figure 2.5B). The fluorescence intensity ratio of tumor to muscle was 

approximately 30 for PEG-b-PCL micelles with quenched DiR, whereas the fluorescence 

intensity ratio of tumor to muscle was approximately 43 for PEG-b-PCL micelles with 

nonquenched DiR (Figure 2.5C). 
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Figure 2.5. Ex vivo optical image of tissues for (A) DiR-loaded PEG-b-PCL micelles (1:40) and (B) DiR-loaded 

PEG-b-PCL micelles (1:400). (C) Relative radiant efficiency of DiR distributed in excised organs in comparison 

with muscle after 96 hr. 

 

2.3.6. Residual tumor detection after surgical removal 

Xenograft animals were sacrificed 96 hr post injection and their dorsum was opened, 

guided by the strong fluorescence signal of DiR. Tumor tissue was selectively visualized in the 

incised animal body due to NIR fluorescence emitted by DiR-loaded PEG-b-PCL micelles 
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(Figure 2.6A). The completeness of tumor removal depends on how finely the tumor is 

delineated before and during surgery. The LS180 human colon carcinoma solid tumor was 

removed as completely as possible from the xenograft animal under white light and residual 

tumor was detected by NIR fluorescence imaging of DiR (Figure 2.6B). A weak fluorescence 

signal from DiR was detectable at the site of tumor resection, pointing to remaining tumor 

margins that were not clearly observable by the naked eye during the surgical removal of the 

primary tumor (Figure 2.6C). 

                         

Figure 2.6. Detection of tumor and margins before and after surgery by DiR-loaded PEG-b-PCL micelles (1:400). 

(A) Before surgery, (B) surgical tumor removal and (C) after surgery. 
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2.4. Discussion 

DiR was successfully incorporated into PEG-b-PCL micelle by a simple nano-

precipitation method and the average diameter of DiR-loaded PEG-b-PCL micelles was about 

30-50 nm. PEG-b-PCL micelles substantially increased the water solubility of DiR, enabling 

optical imaging experiments in mice. As shown in Table 2.1, the content of DiR in PEG-b-PCL 

micelles could be controlled, resulting in PEG-b-PCL micelles that are multiply occupied by DiR. 

At low occupancy (1:400), photophysical experiments on DiR suggest that the dye exists in a 

nonquenched state in the cores of PEG-b-PCL micelles. At high occupancy (1:40), DiR exists in 

a quenched state in the cores of PEG-b-PCL micelles, probably due to the existence of ground-

state species of DiR. Carbocyanine dyes tend to self-associate and exist as H-aggregates. H-

aggregates are a one-dimensional array of dyes in which the transition moments of individual 

monomers are aligned parallel to each other, but perpendicular to the line joining their centers 

(face-to-face arrangement).72-76 H-aggregates of DiR do not emit typical fluorescence and their 

excited states are rapidly deactivated by internal conversion and intersystem crossing. H-

aggregates show lower fluorescence intensity than monomers and display blue-shifted absorption 

spectrum (Figures 2.2A and B).77 At a ratio of 1:40, DiR molecules are positioned closely and 

exist also as H-aggregates in the cores of PEG-b-PCL micelles, whereas at a ratio of 1:400, DiR 

molecules are widely separated and exist predominantly as monomers in the cores of PEG-b-

PCL micelles, resulting in a strong fluorescence signal in comparison with DiR in acetone 

(Figure 2.2C).  

Most researchers have endeavored to avoid dye aggregation and the loss of fluorescence 

quantum yield for optical imaging.59 However, we noticed differences in the in vitro kinetics of 
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DiR release for PEG-b-PCL micelles, depending on the quantity of incorporated DiR (1:40 vs. 

1:400) and speculated that in vivo optical imaging of DiR in a xenograft model would depend on 

the release kinetics of DiR from PEG-b-PCL micelles. Presumably, H-aggregates of DiR in the 

cores of PEG-b-PCL micelles at 1:40 ratio are responsible for the slow release pattern of DiR 

obtained in vitro (Figure 2.2D), whereas monomers of DiR in cores of PEG-b-PCL micelles at 

1:400 ratio are quickly released over the first few hr. Thus, it was expected that monomeric DiR 

in PEG-b-PCL micelles would be highly fluorescent after injection and during release from 

polymeric micelles in vivo. In contrast, it was expected that aggregated DiR in PEG-b-PCL 

micelles would have a low fluorescence signal after injection and the optical signal would 

increase over time due to the release of DiR, which results in the loss of H-aggregates in PEG-b-

PCL micelles and released monomeric DiR that is highly fluorescent. Real time in vivo 

fluorescence images of DiR injected in either an aggregated state (1:40) or monomeric state 

(1:400) support these two mechanisms of NIR fluorescence imaging (Figures 2.3A and B). At a 

1:40 ratio, the whole-body fluorescence signal from DiR was low and gradually emerged, 

especially near vascular tissue near the heart region and noticeably at the LS180 human colon 

carcinoma solid tumor after 4 hr. At a 1:400 ratio, the whole-body fluorescence signal from DiR 

was high even after 10 min and gradually lost intensity. However, the tumor in the flank region 

could be readily discerned after 4 hr and quite apparent after 9-24 hr after an increase in tumor 

signal and loss in background signal. Horizontal radiant efficiency maps going from the left 

flank to the tumor also showed that the NIR signal from DiR in an aggregated state was low in 

the left flank and the tumor, and over time the fluorescence signal built up at the tumor. At a 

1:400 ratio, the fluorescence signal from DiR was strongest in the tumor and left flank after 10 
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min and selectivity for the tumor is gained over time, especially after 9 hr. Although the kinetics 

of in vivo fluorescence imaging of DiR depended on its aggregation state in PEG-b-PCL micelles, 

the whole-body optical imaging of tumors was quite similar in terms of selectivity, as shown in 

Figures 2.3E and F. The tumor-to-muscle ratio was about 2 after 9 hr at a 1:40 ratio and about 

1.7 at a ratio of 1:400 at several time points. The tumor-to-muscle ratio indicates a measure of 

selectivity of an optical imaging agent comparing tumor accumulation to nontarget tissue 

(muscle). A tumor-to-muscle ratio greater than 1 suggests that the agent has distributed 

selectively to the tumor.78 The Prosense 680 (Visen Medical, Woburn, Massachusetts), a 

commercially available NIR probe in preclinical development, has shown a tumor-to-muscle 

ratio of about 2.3 in vivo.79 Therefore, DiR-incorporated PEG-b-PCL micelles gave equal or 

better tumor delineation. The tumor selectivity of DiR evidenced by optical imaging probably 

reflects the EPR effect, enabled by PEG-b-PCL micelles. However, pharmacokinetic 

experiments on DiR and PEG-b-PCL micelles are required to prove this hypothesis fully.  

Surgical resection of various tissues at 96 hr after the injection of DiR-loaded PEG-b-

PCL micelles, followed by optical imaging of DiR, confirmed the selectivity of the dye for tumor 

tissue regardless of the aggregation state of DiR in loaded PEG-b-PCL micelles (Figures 2.5A 

and B). It is noted that the average radiant efficiency of DiR is very high at the solid tumors, 

approximately 6.0 × 1010 [p/s/cm2/sr]/[µW/cm2], reflecting the selective tumor accumulation of 

DiR-loaded PEG-b-PCL micelles, high quantum yield, and dye stability even after 96 hr in vivo. 

In the excised organs, DiR had a remarkably high tumor-to-muscle ratio of 30-43. In this 

experiment, optical imaging is done without the interference of overlying tissue, e.g., skin and 
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blood vessels, and it more closely resembles intraoperative procedures in surgical oncology, as 

opposed to whole-body optical imaging that might have greater diagnostic value.  

Surgical incision of mice followed by optical imaging of DiR revealed the clear 

delineation of tumor tissues (Figure 2.6A). After the removal of skin overlying the tumor region 

and tumor resection, it was apparent under white light that tumor resection was complete (Figure 

2.6B). However, NIR optical imaging by DiR clearly provided evidence of remaining tumor 

margins (Figure 2.6C). These in vivo results suggest that DiR-loaded PEG-b-PCL micelles can 

provide intraoperative guidance for the surgical removal of solid tumors. One limitation of this 

work is the use of a subcutaneous xenograft model rather than an orthotopic xenograft model that 

undergoes metastases.  

 

2.5. Conclusions 

Noninvasive NIR fluorescence imaging is a promising technique for the intraoperative 

assessment of solid tumor removal. We incorporated a lipophilic NIR probe, DiR, in PEG-b-PCL 

micelles, resulting in DiR solubilization in water, occupying nanoscopic PEG-b-PCL micelles. 

DiR in a self- quenched or nonquenched state showed different kinetics of release from PEG-b-

PCL micelles; however, both obtained high tumor delineation (tumor-to-muscle ratio of 30–43 

from collected tissues). These results suggest that PEG-b-PCL micelles with DiR are a promising 

nanosized imaging agent that will provide a basis for surgical guidance via NIR visualization of 

tumors, relying on passive targeting effect. 
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3 Polymeric Micelles for Neoadjuvant Cancer Therapy and Tumor-Primed Optical 
Imaging: Enhanced Optical Imaging by Tumor Priming Effect 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

This chapter has been published in full: Cho H.; Kwon, G. S., Polymeric micelles for neoadjuvant cancer therapy 
and tumor-primed optical imaging. ACS NANO 2011, 5 (11), 8721-8729. 
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3.1. Introduction 

Nanomaterials such as quantum dots, gold nanoparticles, and nanoparticles that contain 

fluorescent dyes may accumulate at solid tumors through leaky vasculature, i.e. enhanced 

permeability and retention (EPR) effect,80-83 and emit fluorescence in the near-infrared (NIR) 

region,70, 84 raising the prospect of intraoperative surgical guidance in oncology.51, 85, 86 While 

NIR optical imaging will not likely replace other imaging modalities for whole body tumor 

detection due to attenuation of fluorescence signals by overlying tissue, optically-active 

nanomaterials may be used for the assessment of tumor margins, adjacent structures, and 

adjacent tumor deposits during surgery, supplementing visible inspection under white light and 

palpation.52, 53, 87 It is noted that complete surgical resection is the single most important 

predictor of survival in patients with lung, breast, prostate, colon, and pancreatic cancers. 

However, nanomaterials for NIR optical imaging must fulfill central requirements in safety, 

targeted delivery,88, 89 e.g. avoidance of mononuclear phagocyte system, and molecular imaging, 

high target-to-non-target tissue ratio.52 

While nanomaterials will continue to evolve for NIR optical imaging and certainly merit 

more attention,64, 90 strategies that overcome delivery barriers in solid tumors have drawn 

attention in cancer nanotechnology and may be used to improve efforts in NIR optical imaging in 

surgical oncology. Jain has highlighted intratumoral barriers that hinder the delivery of 

nanomaterials into solid tumors for therapy and imaging, noting that nanomaterials > 60 nm in 

diameter are unable to diffuse effectively in many solid tumors.16 The distribution of blood 

vessels throughout solid tumors is uneven; simply, tumor regions lacking blood vessels will 

receive less nanomaterial than regions perfused with plenty of blood vessels.17, 18, 91-93 Solid 
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tumors have high interstitial fluid pressure that diminishes the penetration of nanomaterials from 

blood vessels into tumors by convection.92 To overcome delivery barriers at solid tumors, 

strategies such as co-injection of enzymes that degrade extracellular matrix have been researched. 

Jain proposed the vascular normalization hypothesis for enhanced intratumoral drug delivery, 

although its relevance for nanomaterial is less clear.16 Au and co-workers proposed a strategy, 

termed “tumor priming,” where pretreatment with the single intravenous (IV) injection of a 

potent anticancer drug such as paclitaxel (PTX) results in tumor cell apoptosis, reduction in 

tumor cell density, and expansion of interstitial space. As a result, liposomes that contain 

doxorubicin had higher uptake at solid tumors. It is noted that tumor priming was selective for 

the solid tumors even though the standard formulation of PTX (40 mg/kg) that contains 

Cremophor EL was used (Taxol®).18, 91 Regardless of the proposed strategy for overcoming 

barriers of nanomaterial uptake into solid tumors, it must be done safely, selectively for solid 

tumors, and can be achieved after systemic administration, preferably by IV injection or 

infusion.7 

Polymeric micelles are a major class of nanomaterials that have entered several clinical 

trials for drug delivery,7, 94 and they have drawn recent attention for optical imaging.  Herein, we 

propose a tandem of polymeric micelles for a combined drug delivery and optical imaging 

strategy, aiming for tumor debulking, tumor priming, and enhanced NIR optical imaging of solid 

tumors (Figure 3.1). Poly(ethylene glycol)-block-poly(d, l-lactic acid) (PEG-b-PLA) micelles act 

as a nanocontainer for two or three poorly water-soluble anticancer drugs, enabling concurrent 

IV administration of multiple anticancer drugs for the first time.95 PEG-b-PLA micelles will 

replace organic cosolvents and toxic surfactants, e.g. Cremophor EL, that are required for drug 
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solubilization for the IV route, noting that PEG-b-PLA micelles carrying PTX (Genexol-PM®) 

are approved in several Asian countries for cancer therapy and are in phase III clinical trials in 

the USA.96, 97 In our previous work, PEG-b-PLA micelles act as a 3-in-1 nanocontainer for PTX, 

17-allylamino-17-demethoxygeldanamycin, and rapamycin (PTX/17-AAG/RAPA), and we 

hypothesize that 3-in-1 PEG-b-PLA micelles can be used for neoadjuvant cancer therapy and for 

tumor priming for NIR optical imaging (Figure 3.1).30 For tumor priming, PEG-b-PLA is much 

less toxic than Cremophor EL in Taxol®, noting a 2-fold higher maximum tolerated dose (MTD) 

for PTX in clinical trials for Genexol-PM®. 2- and 3-drug combinations of PTX, 17-AAG, and 

RAPA exert synergistic cytotoxicity toward breast, lung, and colon cell lines. After tail vein 

injection of 3-in-1 PEG-b-PLA micelles with PTX/17-AAG/RAPA at 60, 60, and 30 mg/kg on 

days 0, 4, and 8, there was < 10% body weight change and no deaths, noting that the MTD in 

nude mice for Genexol-PM is 60 mg/kg on the same dosing schedule and the MTD for Taxol® is 

20 mg/kg.30 

For NIR optical imaging, poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) 

micelles act a long-circulating nanomaterials that accumulate preferentially at solid tumors via 

the EPR effect (Figure 2.3). Allen and co-workers have non-evasively monitored the fate of 

111In-labeled PEG-b-PCL micelles by microSPECT/CT imaging and shown that they have 

prolonged circulation in blood and preferential localization at solid tumors (9.0 ± 2% dose/g) in a 

MDA-MB-231-human breast xenograft model.98 In the previous chapter, PEG-b-PCL micelles 

have a high capacity for a lipophilic carbocyanine dye, DiR (1,1’-dioctadecyl tetramethyl 

indotricarbocyanine iodide), a carbocyanine dye that has strong light absorbance in the NIR 

region (700-800 nm), rendering deep-tissue penetration of light with low autofluorescence.99 As 
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shown in previous chapter, in a LS180 human colon xenograft model, PEG-b-PCL micelles 

carrying DiR preferentially illuminated solid tumors, having tumor-to-muscle ratios of 30-43, 

depending on the aggregation state of DiR in PEG-b-PCL micelles. In this chapter, we show how 

a tandem of 3-in-1 PEG-b-PLA and PEG-b-PCL micelles carrying DiR can be used for tumor 

debulking, tumor priming, and enhanced NIR optical imaging of solid tumors in a LS180 human 

colon xenograft model, coupling progress in drug delivery and NIR optical imaging for advances 

in integrated cancer therapy involving nanomedicine and surgical oncology. 

 

 

Figure 3.1. (A) The 3-in-1 PEG-b-PLA micelles containing PTX/17-AAG/RAPA with the z-average diameter of 

37.5 ± 0.74 (PDI: 0.125 ± 0.021) and drug loading capacity of 40.4 ± 1.2% (drugs/polymer), and PEG-b-PCL 

micelles containing DiR with the z-average diameter of 47.05 ± 1.80 (PDI: 0.154 ± 0.017) and DiR loading capacity 

of 2.3 ± 0.20% (DiR/polymer). (B) Schematic illustration of tumor-primed delivery of NIR optical imaging agent 

(DiR) by a tandem of PEG-b-PLA and PEG-b-PCL micelles. 
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3.2. Materials and methods 

3.2.1. Preparation and characterization of 3-in-1 PEG-b-PLA micelles and PEG-b-PCL 

micelles carrying DiR 

The methods used to prepare PEG-b-PLA and PEG-b-PCL micelles have been described 

elsewhere.98 Briefly, 15 mg of PEG-b-PLA at Mn of PEG = 4,200 g/mol; Mn of PLA = 1,900 

g/mol; and Mw/Mn = 1.06 (Advanced Polymer Materials Inc., Montreal, Canada) and 2.0 mg of 

PTX, 2.0 mg of 17-AAG, and 1.5 mg of RAPA (LC Laboratories, Woburn, MA) were dissolved 

in 0.5 mL of acetonitrile in a round bottom flask, followed by solvent evaporation under reduced 

pressure using a rotatory evaporator at 60 °C until a thin, even film was formed. The polymeric 

film was rehydrated with 0.5 mL double-distilled water or 0.9% saline. The aqueous solution 

was centrifuged for 5 min at 10,000 g to remove water insoluble drug and passed through 0.2 µm 

nylon syringe filter (National Scientific, Rockwood, TN).  

PEG-b-PCL micelles were prepared by a distinct method: 4.0 mg of PEG-b-PCL at Mn = 

5,000 g/mol; Mn of PCL = 10,000 g/mol; and Mw/Mn = 1.3 (Polymer Source, Dorval, Canada) 

and 0.10 mg of DiR (Caliper Life Science, Hopkinton, MA) were dissolved in 2.0 mL of acetone, 

followed by a rapid addition of 2.0 mL of double-distilled water or 0.9% saline with vigorous 

mixing. Acetone was allowed to evaporate from the aqueous micelle solution under stirring at 

room temperature for 40 min. The aqueous micelle solution was centrifuged for 5 min at 10,000 

g to remove insoluble DiR and passed through 0.2 µm nylon syringe filter.  

The content of PTX, 17-AAG, and RAPA in PEG-b-PLA micelles and content of DiR in 

PEG-b-PCL micelles was quantified by reverse-phase HPLC analysis, using a Shimadzu 

Prominence HPLC system (Shimadzu, Japan) equipped with an LC-20AT pump, a SIL-20AC 
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HT autosampler, a CTO-20AV oven, and an SPD-M20A diode array detector. Aqueous micelle 

solutions (10 µL) were injected into a Zorbax SB-C8 Rapid resolution cartridge (4.6 × 75 mm, 

3.5 micron, Agilent). The flow rate was 1.0 mL/min, and column temperature was kept at 40 °C. 

The separation of PTX, 17-AAG and RAPA was done in isocratic mode with mobile phase 

consisting of 55% acetonitrile and 45% double-distilled water containing 0.1% phosphoric acid 

and 1% methanol. PTX, 17-AAG, and RAPA were monitored at 227, 333, and 279 nm and 

eluted at 2.8, 3.3, and 8.6 min, respectively. The elution of DiR was done in a gradient mode 

with the mobile phase consisting of 30% acetonitrile containing 0.03% trifluoroacetic acid as 

solvent A and 70% double-distilled water containing 0.07% trifluoroacetic acid as solvent B. 

Gradient elution was employed according to the following linear program: 0 min, 100% solvent 

A and 0% solvent B; 32 min, 30% solvent A and 70% solvent B. DiR was monitored at 745 nm 

and eluted at 16 min.  

Z-average diameters of 3-in-1 PEG-b-PLA micelles and PEG-b-PCL micelles carrying 

DiR were determined by dynamic light scattering measurement using a Zetasizer Nano-ZS 

(Malvern Instruments, UK) at 25 °C with a detection angle of 173° and a He–Ne ion laser (λ = 

633 nm) for the incident beam. The correlation function was curve-fitted by the cumulant 

method, and the z-average diameters of PEG-b-PLA and PEG-b-PCL micelles were obtained by 

single exponential algorithm. All measurements were repeated three times, and z-average 

diameter presented as an average ± standard deviation.  The width of the distribution was 

estimated by polydispersity index (PDI). 

 

3.2.2. LS180 human colon xenograft model 
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LS180 human colon carcinoma cells were cultivated in minimum essential medium 

(MEM) including Earle’s salts (Cellgro, Manassas, VA), supplemented with 2% sodium 

bicarbonate, 1% non-essential amino acids, 1% sodium pyruvate, 10% fetal bovine serum, 1% L-

glutamine, and 100 U/mL penicillin-streptomycin solution. Cells were maintained at 37 °C under 

an atmosphere of 5% CO2 in a humidified incubator. Cells with > 90% viability were harvested 

from subconfluent cultures after trypsinization, and 1 x 106 cells were inoculated subcutaneously 

into the right flank of anesthetized female 6-8 week-old nude mice (Laboratory Animal 

Resources, Madison, WI). General anesthesia was induced with 1.5% isoflurane/oxygen, and 

anesthesia was maintained with 1% isoflurane/oxygen. When solid tumors reached 200-300 mm3, 

mice were randomly divided into 3 groups (n = 3): 3-in-1 PEG-b-PLA micelles with PTX, 17-

AAG, and RAPA at 60, 60, and 30 mg/kg, PEG-b-PLA micelles with PTX at 60 mg/kg; and 

empty PEG-b-PLA micelles as a control. Each treatment group was injected through the tail vein 

of anesthetized animals. Thereafter, tumor volumes and body weights were measured by a digital 

caliper (Fisher Scientific, Pittsburgh, PA) and a portable scale everyday for 6 days. In the mean 

time, behavior of animals was monitored. All animal experiments were approved by UW-

Madison’s institutional animal care and use committee. 

 

3.2.3. Whole body NIR optical imaging 

Two days after the primary injection of PEG-b-PLA micelles, PEG-b-PCL micelles 

carrying DiR (230 µg/kg) were injected through the tail vein of anesthetized animals. Whole-

body images were recorded 10 min, 1, 2, 4, 6, 9, 12, 24, 48, 72, 96 hr, using Xenogen IVIS® 200 

Series (Caliper Life Sciences, Hopkinton, MA). Mice were placed in lateral positions to obtain 
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whole-body optical images color-coded by the fluorescence of DiR, with the filter set at 

excitation and emission wavelengths of 745 and 800 nm, respectively. In this time course 

experiment, all images were collected using identical system settings, and the fluorescence 

emission of DiR was normalized by average radiant efficiency, total photons per second per 

square centimeter per steradian in the irradiance range (microwatts per square centimeter): 

[p/s/cm2/sr]/[µW/cm2]), using Living Imaging® software. For comparison, a region of interest 

(ROI) was outlined around the solid tumor region, and the fluorescence intensity of DiR 

associated with the tumor was measured. The tumor-to-whole body fluorescence intensity ratio 

for DiR was calculated to evaluate the selective accumulation of DiR incorporated in PEG-b-

PCL micelles at solid tumors.   

 

3.2.4. Ex vivo NIR optical imaging 

After 4 days of whole body NIR optical imaging (6 days post primary injection), all 

animals were sacrificed by CO2 asphyxia. A surgical midline incision was done with sterilized 

microsurgical instruments, and abdomen of animals was opened to simulate surgical tumor 

resection. Tumor, liver, lung, heart, spleen, kidneys and muscle tissues were excised and rinsed. 

ROIs were drawn around the tissues, and the tissue-to-muscle ratios were calculated to evaluate 

relative tissue accumulation of DiR.  

 

3.2.5. Laser scanning confocal microscopy 

Freshly isolated tissues were fixed with 4% paraformaldehyde in PBS at 4 °C and 

immersed in 30% sucrose in PBS solution for 1 hr. Tissue blocks were embedded and completely 
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covered by Tissue-Tek OCT compound (Sakura Finetek, Japan) in intermediate specimen 

cryomold (Sakura Finetek, Japan), and stored at -80 °C. Ten µm-thick sections were prepared 

using a cryotome cryostat and placed on superfrost microscope slides (Fisher Scientific, 

Pittsburgh, PA). A drop of mounting media (Thermo Fischer Scientific, Fremont, CA) was added 

on sections before placing a glass coverslip (Fisher Scientific, Pittsburgh, PA) on the slides. The 

nuclei of cells were stained by DAPI (Invitrogen, Carlsbad, CA). DAPI and DiR were visualized 

at 460 nm and 635 nm, respectively, using a laser scanning confocal microscope (Olympus 

FV1000 FLUOVIEW, Minneapolis, MN). Twenty tumor sections among 100 tumor sections 

were randomly selected and marked by different colored-tapes in each group. The operator who 

did not have knowledge of the identity of the slides conducted a blinded observation.   

 

3.2.6. TUNEL assay 

DNA fragmentation resulting from apoptosis in tumor, spleen and liver tissues was 

detected by TdT-mediated dUTP Nick-End Labeling method (TUNEL) using DeadEndTM 

Fluorometric TUNEL assay kit (Promega, Madison, WI). Frozen tissue sections were 

permeabilized by proteinase K and fixed with 4% formaldehyde in PBS solution. The reaction 

mixture containing TdT and fluorescein-labeled dUTP was added to sectioned tissue and 

incubated for 60 min at 37 °C in the humidified chamber under the dark condition. Nuclei of 

cells were counterstained with DAPI. Fluorescein-labeled DNA fragments were visualized at 520 

nm, and blue-colored nuclei stained by DAPI were visualized at 460 nm by using a laser 

scanning confocal microscope (Olympus FV1000 FLUOVIEW, Minneapolis, MN). The 

apoptotic index was determined as the number of green-colored DNA fragments (apoptotic cells) 



58 
 
in the area showing 100 blue-colored nuclei. This study was also conducted by blinded 

observation. 

 

3.2.7. Statistical analysis 

Statistical analysis was performed using one-way ANOVA at 5% significance level 

combined with Tukey’s multiple comparison tests provided by GraphPad Prism version 5.00 for 

Mac OS X (San Diego, CA).  

 

3.3. Results and discussion 

3.3.1. Antitumor activity of 3-in-1 PEG-b-PLA micelles 

After solid tumors reached 200-300 mm3 in a LS180 human colon xenograft model, 3-in-

1 PEG-b-PLA micelles carrying PTX/17-AAG/RAPA (60/60/30 mg/kg), PEG-b-PLA micelles 

carrying PTX (60 mg/kg), or empy PEG-b-PLA micelles as a vehicle control were injected 

intravenously, and tumor volume and body weight were measured daily for 6 days (Figure 3.2A).  

In the vehicle control, tumors gradually increased over 6 days, reaching ca. 580 mm3.  Similarly, 

tumors gradually increased over 6 days in the same way for PEG-b-PLA micelles carrying PTX, 

although at day 2, tumor volume for PTX appeared slightly smaller than the vehicle control. In 

contrast, a single IV injection of 3-in-1 PEG-b-PLA micelles reduced tumor volume by 1.6-fold, 

reaching ca. 100 mm3. At the same time, body weights of mice treated with 3-in-1 PEG-b-PLA 

micelles declined slightly, but the decrease was < 10% with no deaths, suggesting acceptable 

acute toxicity (Figure 3.2B).  Similar acute toxicity results were observed for the vehicle control 

and PEG-b-PLA micelles carrying PTX at 60 mg/kg. Other options for concurrent and sequential 
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deliveries of 3 drugs are injecting a mixture of 3 individual single drug-loaded micelles (3-in-3 

micelles) and separately injecting the 3 corresponding micelles (3 x 1-in-1 micelles), respectively. 

However, the strategy of using 3-in-1 micelles would be more practical by minimizing injection 

volume compared to IV injections of 3 individual single drug-loaded micelles as the minimum 

injection volume for either 3-in-3 or 3 x 1-in-1 micelles would be beyond the volume limit for IV 

administration to mice (blood volume 1.2-1.6 mL). In summary, 3-in-1 PEG-b-PLA micelles 

exerted potent antitumor efficacy after a single IV injection, whereas PEG-b-PLA micelles 

carrying PTX at 60 mg/kg was no different than the vehicle control.  These in vivo results were 

at odds with in vitro cell culture experiments, which showed that PTX is at least as potent as 

PTX/17-AAG/RAPA in terms of IC50 value (ca. 170 nM) against LS180 human colon cells, 

whereas 17-AAG and RAPA were ineffective (> 10,000 nM).  We speculate that 17-AAG, a heat 

shock protein 90 (Hsp90) inhibitor, and RAPA, a mammalian target of rapamycin (mTOR), 

inhibitor act in concert with PTX on both tumor cells and tumor-associated stromal cells, 

whereas PTX acts primarily on tumor cells, limiting its antitumor response in an in vivo setting.  
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Figure 3.2. Effects of PEG-b-PLA micelles carrying PTX/17-AAG/RAPA, PTX, or vehicle control on (A) tumor 

growth and (B) body weight (mean ± SD; n = 3/treatment group). 

 

3.3.2. Whole body NIR optical imaging 

In a FaDu human hypopharyngeal carcinoma xenograft model, PTX as Taxol® injected 

IV at 40 mg/kg caused maximum apoptosis at solid tumors (> 10%) after 2 to 3 days.18 For NIR 

optical imaging of solid tumors, PEG-b-PCL micelles carrying DiR (230 µg/kg) were injected 

intravenously 2 days after the primary IV injection of 3-in-1 PEG-b-PLA micelles carrying 

PTX/17-AAG/RAPA (60/60/30 mg/kg), PEG-b-PLA micelles carrying PTX (60 mg/kg), or 

empty PEG-b-PLA micelles.  PEG-b-PCL micelles carrying DiR clearly delineated solid tumors 

based on whole-body optical imaging of DiR at 800 nm (Figure 3.3).  The optical signal of DiR 

at solid tumors in mice clearly overlapped with solid tumors observed under white light. In all 3 

test cases, the fluorescence signal intensity of DiR at solid tumors increased over 24 hr and had a 

high average radiant efficiency at in the region of interest (ROI), i.e. tumor (ca. 5 x 109 

[p/s/cm2/sr]/[µW/cm2]), and high ratio of average radiant efficient at the ROI relative to whole 
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body (ca. 6 at 24 hr). The ROI-to-whole body ratios for DiR were not statistically different for 

the 3 test cases. In summary, whole-body NIR imaging of DiR in PEG-b-PCL micelles after IV 

injection showed preferential accumulation of DiR at solid tumors in a LS180 human colon 

xenograft model due to the EPR effect, owing to PEG-b-PCL micelles. However, whole-body 

NIR imaging was unable to distinguish tumor priming effects of 3-in-1 PEG-b-PLA micelles, 

although an obvious antitumor response was observed (Figures 3.2 and 3.3).  We suspected that 

actual differences in fluorescence intensity of DiR of subcutaneously inoculated tumors were 

blurred under superficial skin layers, and we turned to ex vivo NIR optical imaging as a better 

surrogate of intraoperative NIR surgical guidance for tumor resection and to better ascertain the 

feasibility of 3-in-1 PEG-b-PLA micelles for tumor-primed NIR optical imaging. 
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Figure 3.3. Whole-body NIR optical imaging of DiR. (A) Empty PEG-b-PLA micelles (vehicle), (B) PTX or (C) 

PTX/17-AAG/RAPA were injected IV 48 hr before the injection of DiR-containing PEG-b-PCL micelles. 
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3.3.3. Ex vivo NIR optical imaging 

After 4 days of whole body NIR optical imaging (6 days post primary injection), mice 

were sacrificed by CO2 asphyxia, and organs and tissues were surgically resected and subjected 

to ex vivo NIR optical imaging (Figure 3.4). Optical images of dissected tumors showed the 

highest level of fluorescence signal intensity of DiR, followed by the liver and spleen. kidneys, 

lungs, heart, and muscle had low fluorescence signal intensity for DiR, indicating a limited 

volume of distribution for DiR. In the color-coded fluorescence images of tumor tissue, 

noticeable differences between the 3 test cases were discerned: mice treated with a primary IV 

injection of 3-in-1 PEG-b-PLA micelles carrying PTX/17-AAG/RAPA displayed a red color, 

whereas mice treated with a vehicle control displayed a yellow color, ca. 1.3-fold reduction in 

fluorescence signal intensity (Figure 3.4). Tumor-to-muscle ratios are often used as a gauge of 

tumor selectivity in the evaluation of nanomaterials and were calculated for DiR based on ex vivo 

optical imaging (Figure 3.4B).  The tumor-to-muscle ratio for mice treated with 3-in-1 PEG-b-

PLA micelles carrying PTX/17-AAG/RAPA was 149±13, whereas the value for mice treated 

with PEG-b-PLA micelles carrying PTX was 118±10.  The tumor-to-muscle ratio for vehicle 

control was 68±3.  Thus, ex vivo NIR optical imaging revealed a 2.1- and 1.7-fold increase for 

the 2 pretreatment groups, respectively, suggestive of higher tumor levels of DiR. Notably, 

increases in tumor-to-muscle ratios for DiR were not accompanied by statistically higher values 

for other organs with the exception of the spleen for 3-in-1 PEG-b-PLA micelles (Figure 3.4B), 

suggesting selectivity in tumor priming for NIR optical imaging.  

Additional evidence for the enhanced uptake of DiR at solid tumors was obtained from 

resected tumor tissue, which was collected, fixed with 4% paraformaldehyde, sectioned into 10 
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µm slices, and visualized by laser scanning confocal microscopy (Figure 3.5A). In this study, 

DiR was readily observed as red dots in resected tumors for mice pre-treated with 3-in-1 PEG-b-

PLA micelles.  A few red dots were also observed for the PTX group, whereas there were faint 

signs of DiR for the vehicle control. One limitation of this study was the use of a laser filter set at 

635 nm, which is non-optimal for DiR.  Still, these qualitative results from resected tumor tissue 

support the ex vivo NIR optical results, which suggest an enhanced tumor accumulation of DiR, 

particularly after tumor priming with 3-in-1 PEG-b-PLA micelles.  Finally, apoptosis at solid 

tumors, spleen, and liver was assessed by the TUNEL method (Figure 3.5B). Apoptotic cells (in 

green) were clearly visible in solid tumors with 3-in-1 PEG-b-PLA micelles. Importantly, 

apoptotic cells were not visible at the liver and spleen. Here, the apoptotic index, i.e. apoptotic 

bodies in an area having 100 nuclei (stained in blue), was 15±0.22 for 3-in-1 PEG-b-PLA 

micelles and 3±1.02 for the PTX group.  It was quite remarkable that apoptosis at solid tumors 

was evident after 6 days following a single IV injection of 3-in-1 PEG-b-PLA micelles, but is 

consistent with the reduction in tumor volume at day 6, ca. 100 mm3 vs. 580 mm3 for the PTX 

group (Figure 3.5).  

While the mechanisms behind the enhanced uptake of DiR and high NIR optical signal at 

solid tumors remain to be fully elucidated, tumor-associated apoptosis was evident and clearly a 

factor in tumor priming. Au and coworkers proposed that PTX as Taxol® injected IV at 40 mg/kg 

reduced tumor cell density, expanded microvessel diameter, and promoted tumor perfusion.18 It 

is noted that tumor priming with PTX as Taxol® in a FaDu human hypopharyngeal carcinoma 

xenograft model was tumor-selective, resulting in enhanced accumulation of liposomes that 

contain doxorubicin at solid tumors, but not at other organs, consistent with our ex vivo NIR 
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optical imaging results on DiR, delivered by PEG-b-PCL micelles. Other possible mechanisms 

behind the enhanced uptake of DiR and high NIR optical signal at solid tumors may also include 

reduced interstitial tumor fluid pressure and vascular normalization as proposed by Jain, noting 

that PTX, 17-AAG, and RAPA all have anti-angiogenesis activity.  

 

 

Figure 3.4. (A,B) Ex vivo NIR optical imaging of DiR after treatment with empty PEG-b-PLA micelles (vehicle), 

PTX, or PTX/17-AAG/RAPA, injected IV 48 hr before the injection of DiR-containing PEG-b-PCL micelles (mean 
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± SD; n = 3/treatment group; * < 0.05, ** < 0.01, *** < 0.0001). (C) Whole-body NIR optical images of DiR (solid 

tumors in the right flank) after a midline incision in the abdomen. 
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Figure 3.5. (A) Laser scanning confocal microscopy images of tumor tissue (60x magnification). DiR is read, and 

nuclei of cells are in blue (DAPI). (B) Immunohistochemical analysis of apoptosis by TUNEL in tumor, spleen, and 

liver tissue (40x magnification). Apoptotic cells are in green, and nuclei of all cells are in blue (DAPI). (C) 

Apoptosis index (mean ± SD; n = 3/treatment group; * < 0.05, *** < 0.0001). 

 

3.4. Conclusion 

NIR optical imaging has unique potential for intraoperative surgical guidance in 

oncology, beyond simple visualization with white light illumination, palpation, and experience, 

which is a major factor in surgical oncology. In a LS180 human colon xenograft model, 3-in-1 

PEG-b-PLA micelles carrying PTX/17-AAG/RAPA induced apoptosis at solid tumors and 

elicited a striking 1.6-fold reduction in tumor volume after a single IV injection with low acute 

toxicity. Hence, 3-in-1 PEG-b-PLA micelles promoted the delivery of PEG-b-PCL micelles 

carrying DiR into solid tumors, resulting in heightened NIR optical signal for better tumor 

delineation. This “priming effect” was largely selective for solid tumors, achieving a remarkable 

tumor-to-muscle ratio of 149±13 for DiR in resected tissue. Thus, a tandem of 3-in-1 PEG-b-

PLA and PEG-b-PCL micelles carrying DiR was used for effective tumor debulking, heightened 

tumor priming, and enhanced NIR optical imaging of solid tumors. It is noted that neoadjuvant 

therapy is commonly used for the debulking of solid tumor prior to surgical procedures. 

Therefore, there is a clinical potential of 3-in-1 PEG-b-PLA and PEG-b-PCL micelles for 

intraoperative surgical guidance in human xenograft models, assessing neoadjuvant 

chemotherapy and NIR optically-guided surgery on the effectiveness of surgical resection of 

tumors and ultimately survival.  Beyond enhanced NIR optical imaging of solid tumors, tumor 

priming by 3-in-1 PEG-b-PLA micelles carrying PTX/17-AAG/RAPA merits consideration for 

the tumor targeting of nanomedicines in multimodal interventions in cancer therapy.  
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4.1. Introduction 

Ovarian cancer is the most lethal female gynecological malignancy. The estimated death 

of ovarian cancer patients in 2011 was 6% based on US mortality data. From 1999 to 2006, 

localized, regional, and distant ovarian cancers were diagnosed at 15%, 17%, and 62%, 

respectively, in the United States, and the overall 5-year survival rates for ovarian cancer stand at 

94% for localized, 73% for regional, and 28% for distant ovarian cancers.100 Most ovarian 

tumors initially respond to conventional cytotoxic agents, such as taxane and platinum analogues. 

However, ovarian cancer that relapses after first-line treatment presents reduced response to 

cytotoxic agents and eventually recurs as a more aggressive disease.101  

Current treatment strategies for ovarian cancer in preclinical and clinical studies involve 

novel drug combinations that seek to overcome drug resistance of cytotoxic agents by targeting 

cancer cell survival signaling pathways with molecular targeted agents.  For example, the 

hedgehog (Hh) pathway is activated in several malignancies and cancer stem cells, and it has 

recently been shown that the inhibition of Hh signaling results in reduced growth of ovarian 

cancer spheroid-forming cells: 10-, 5-, and 4-fold reduction in growth for ES-2, SKOV-3, and 

TOV112D cells, respectively.102 Inhibition of Hh signaling in ovarian cancer has recently been 

shown to reverse taxane resistance in several cell lines by what appears to be a reduction in p-

glycoprotein expression (multidrug resistance protein 1, MDR1).103 In another cancer cell 

survival pathway, overexpression of anti-apoptotic Bcl-2 proteins is a common hallmark of many 

malignancies, and acquired cisplatin resistance in ovarian cancer cells has been linked to Bcl-2 

overexpression.104 Not surprisingly, interest in drug combinations of targeted agents with 

different mechanisms of action along with cytotoxic agents has developed, given tumor 
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heterogeneity and redundancy in cancer cell signaling, with the caveat that dose-limiting toxicity 

is not overlapping.   

At the same time, progress has been made in drug delivery strategies for the treatment of 

ovarian cancer, relying mostly on the intraperitoneal (IP) route.105 Metastasis of ovarian cancer 

proceeds primarily via the peritoneal cavity, as opposed to the vascular system for other 

malignancies.106 Thus, IP injection or infusion of cytotoxic agents enables direct access to 

ovarian cancer, reduced systemic exposure, and increased overall survival relative to intravenous 

injection of cytotoxic agents.  More recently, De Souza et al. have shown in xenograft models 

that an IP, sustained release or continuous exposure of docetaxel reduces tumor mRNA-

expression of genes encoding drug efflux transporters, e.g. MDR1.107 Lastly, Au and co-workers 

have championed the strategy of “tumor priming” for bulky peritoneal tumors and shown that 

apoptosis induction by paclitaxel (PTX) may promote tumor penetration of drugs, drug-

containing nanoparticles, and drug-containing microparticles, overcoming barriers to transport in 

tumor interstitium and drug resistance owing to inadequate drug delivery.108 

Here, we show that poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) 

micelles have a carrying capacity for PTX, cyclopamine (CYP), and gossypol (GSP) (Figure 4.1). 

CYP antagonizes the Hh pathway by directly binding to Smoothened in a Patched-independent 

manner.109 GSP is a polyphenolic pro-apoptotic compound, inhibiting anti-apoptotic proteins 

(Bcl-2, Bcl-xL, and Mcl-1).110, 111 All three anticancer agents are poorly water-soluble, and PEG-

b-PCL micelles can deliver all three together following multiple drug solubilization, enabling in 

vivo toxicity and efficacy studies in xenograft models. Our results corroborate studies on 3-drug 

poly(ethylene glycol)-block-poly(d,l-lactic acid) micelles, which also had a capacity for multiple 
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drug solubilization. Tail vein injection of 3-drug poly(ethylene glycol)-block-poly(d,l-lactic acid) 

micelles resulted in robust antitumor responses in breast and lung cancer xenograft models.31 In 

this chapter, we evaluated for the first time antitumor responses after IP injection of PEG-b-PCL 

micelles containing PTX, CYP, and GSP in ES-2 and SKOV-3 xenograft models, assessing 

tumor burden by noninvasive optical bioluminescence imaging, micro-positron emission 

tomography/computed tomography (microPET/CT) imaging, and overall survival. Our results 

suggest that IP delivery of polymeric micelles carrying multiple anticancer agents is a highly 

promising treatment strategy for ovarian cancer, benefiting from novel drug combinations that 

act on drug resistance pathways and also regional and sustained drug release for enhanced 

intratumoral drug delivery. 

              

Figure 4.1. 3-drug PEG-b-PCL micelles with PTX, CYP, and GSP, injected IP in ovarian xenograft models. 
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4.2. Materials and methods 

4.2.1. Preparation and characterization of drug-loaded PEG-b-PCL micelles 

Drug-loaded PEG-b-PCL micelles were prepared by a solvent evaporation technique as 

previously described.112 Briefly, 6.0 mg of PTX (LC Laboratories, Woburn, MA), CYP (Logan 

Natural Products, Plano, TX), and GSP (LKT Laboratories, Inc., St. Paul, MN) each and 180 mg 

of PEG-b-PCL (Mn of PEG = 5,000 g/mol; Mn of PCL = 10,000 g/mol; and Mw/Mn = 1.3, 

Polymer Source, Dorval, Canada) were dissolved in 1.0 mL of acetone, followed by a rapid 

addition of 1.0 mL of pre-warmed 0.9% saline or PBS (10 mM, pH 7.4) at 60 °C with vigorous 

mixing. Acetone was evaporated under reduced pressure using a rotatory evaporator at 60 °C. 

Insoluble drugs were removed by centrifugation for 5 min at 10,000 g, followed by filtration 

with 0.2 µm nylon syringe filters. The content of PTX, CYP, and GSP in PEG-b-PCL micelles 

was quantified by reverse-phase HPLC (RP-HPLC) analysis with a Shimadzu Prominence HPLC 

system (Shimadzu, Japan). Samples (10 µL) were injected into a Zorbax SB-C8 rapid resolution 

cartridge (4.6 mm x 75 mm, 3.5 mm, Agilent). The flow rate was 1.0 mL/min, and the column 

was kept at 40 °C. The separation of PTX, CYP, and GSP was done in an isocratic mode with 

mobile phase consisting of 55% of acetonitrile, 45% distilled water, and 0.1% trifluoroacetic acid. 

PTX, CYP, and GSP were monitored at 227, 204, and 373 nm, respectively, and eluted at 2.7 

min, 1.9 min, and 10.6 min, respectively.  

  Z-average diameters of PEG-b-PCL micelles at 25 °C were determined by dynamic light 

scattering (DLS) measurements using a Zetasizer Nano-ZS (Malvern Instruments, UK) at a fixed 

angle of 173°. Autocorrelation functions were treated by cumulant analysis, calculating the 

hydrodynamic diameter of PEG-b-PCL micelles from the Stokes-Einstein equation and the 
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polydispersity index (PDI). Prior to measurements, PEG-b-PCL micelle solutions were diluted 

10 times with 0.9% saline or PBS (10 mM, pH 7.4), resulting in the level of PEG-b-PCL at 1.8 

mg/mL (above the critical micelle concentration). 

The physical stability and drug release kinetics of drug-loaded PEG-b-PCL micelles were 

studied in vitro.  An aqueous solution of drug-loaded PEG-b-PCL micelles (6.0 mg/mL of each 

drug) was incubated at 25 °C for 24 hr and centrifuged for 5 min at 10,000 g, followed by 

filtration using 0.22 mm nylon syringe filters to remove any precipitated drug. The level of drug 

remaining in solution after 24 hr was quantified by RP-HPLC analysis as described above, and 

the % remaining drug in solution was calculated. In in vitro drug release experiments, an 

aqueous solution of drug-loaded PEG-b-PCL micelles (0.6 mg/mL of each drug) was put into 

dialysis cassettes (MWCO 20,000, Thermo Fisher Scientific Inc., Rockford, IL), and cassettes 

were placed in 2.0 L of PBS (10 mM, pH 7.4) at 37 °C with stirring. Samples (20 µL) were 

withdrawn, and cassettes were replenished with 20 µL of fresh PBS. Withdrawn samples at 

various time points, 0, 0.5, 1, 2, 3, 6, 15, 18, 24, 48, and 72 hr, were analyzed by RP-HPLC to 

quantify the level of drug left in the dialysis cassette. Assuming that drug release from PEG-b-

PCL micelles was rate-limiting, % drug release was calculated over time, and curve-fitting and 

estimation of time for 50% drug release (t1/2) were done based on a two-phase exponential 

association model using GraphPad Prism version 5.00 for Mac OS X (San Diego, CA).       

 

4.2.2. Luciferase-expressing ES-2 and SKOV-3 cells (ES-2-luc and SKOV-3-luc) 

ES-2 and SKOV-3 human ovarian cancer cell lines (ATCC, Manassas, VA) were 

cultured in McCoy's 5a medium and RPMI-1640 medium, respectively, supplemented with 1% 
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L-glutamine, 10% fetal bovine serum, and 1% penicillin/streptomycin. ES-2 and SKOV-3 cells 

were maintained at 37 °C under an atmosphere of 5% CO2 in a humidified incubator. Both 

ovarian cancer cell lines were stably transfected with luciferase-expressing plasmid pGL4.51 

containing the neomycin-resistance gene (Promega, Madison, WI) using Lipofectamine 2000TM 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. After 48 hr, ES-2 or 

SKOV-3 cells were cultured in corresponding medium containing 750 µg/mL G418 selective 

antibiotics for 3 to 4 weeks until cell foci were obtained. Several G418-resistant clones were 

isolated and maintained in G418-containing medium at 500 µg/mL. Luciferase expression for 

expanded clones was quantified using a luciferase assay system kit (Promega, Madison, WI). 

The clone with the highest luciferase expression for each cell line was chosen for subsequent in 

vitro and in vivo experiments.  

 

4.2.3. In vitro cytoxicity study 

In vitro cytotoxicity of drug-loaded PEG-b-PCL micelles was assessed in 2-D cell culture 

with luciferase-expressing ES-2-luc and SKOV-3-luc cells and with 3-D tumor spheroids formed 

from ES-2-luc cells. SKOV-3-luc (10,000 cells/well) and ES-2-luc (5,000 cells/ well) were 

seeded in 96-well plates and incubated for 24 hr to form 2-D monolayers. ES-2-luc cells (1,000 

cells/well) were suspended in agarose-coated 96-well plates and incubated for 4 days to generate 

3-D tumor spheroids.113 Drug-loaded PEG-b-PCL micelles were added at final drug 

concentrations of 0.1, 1, 10, 100, and 1000 nM, and cell viability was determined 72 hr post drug 

treatment by quantifying the intensity of bioluminescence signal expressed in surviving cells 

using Xenogen IVIS® 200 Series (Caliper Life Science, Hopkinton, MA). D-luciferin (Caliper 
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Life Science, Hopkinton, MA) at 15 mg/well was added to 96-well plates 5 min prior to 

bioluminescence imaging. The half maximal inhibitory drug concentration (IC50) was determined 

with the median effect equation provided by GraphPad Prism. The morphology of ES-2-luc 

tumor spheroids 3 days post drug treatment was observed by an inverted light microscope (Nikon, 

Japan).  

 

4.2.4. Human ovarian cancer xenografts and drug treatment 

Female 6-8 week-old athymic nude-Foxn1nu mice were purchased from Harlan 

Laboratories (Madison, WI). General anesthesia was induced with 1.5% isoflurane/oxygen and 

maintained with 1% isoflurane/oxygen. All animal experiments were approved by UW-

Madison’s Institutional Animal Care and Use Committee and conducted in accordance with 

institutional and NIH guidance. ES-2-luc and SKOV-3-luc cells were harvested from sub-

confluent cultures after trypsinization, and ES-2-luc (1 x 106 cells/animal) and SKOV-3-luc (2 x 

106 cells/animal) cells were injected (approximately 100 µL) IP into anesthetized mice. Drug 

treatment was initiated 4 days and 16 days post cell inoculation of ES-2-luc cells and SK-OV-3-

luc cells, respectively, after observation of bioluminescence in whole-body images of animals by 

Xenogen IVIS® 200 Series. Both ES-2-luc-bearing and SKOV-3-luc-bearing xenografts were 

divided into 3 groups (n = 4): 3-drug PEG-b-PCL micelles with PTX, CYP, and GSP at 30, 30, 

and 30 mg/kg; PEG-b-PCL micelles with paclitaxel at 30 mg/kg; and empty PEG-b-PCL 

micelles as a control. Each (approximately 200 µL) was injected IP into anesthetized nude mice 

q7d x 3 (days 0, 7, and 14). Body weights and radii of abdomen of mice were recorded up to 2 

months by a portable scale and a digital caliper (Fisher Scientific, Pittsburgh, PA), respectively. 
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All mice used for treatment response evaluations were euthanized at the time of reaching a 

moribund condition, and Kaplan-Meier survival curves were constructed.   

 

4.2.5. Whole-body bioluminescence imaging 

Animals were anesthetized as described above. All mice were imaged using a cooled 

CCD camera (Xenogen IVIS® 200 Series), using Live Imaging® software for image acquisition 

and analysis (Caliper Life Science, Hopkinton, MA). Color-coded whole-body images were 

recorded on days 0, 4, 7, 8, 11, 14, 17, 21, and 35 after the first treatment to measure the 

dynamics of peritoneal tumor growth. In these experiments, all images were acquired and 

collected using identical system settings: exposure time = 1 sec; binning = medium; f/stop 2 for 

ES-2-luc-bearing animals and exposure time = 10 sec; binning = medium; f/stop 2 for SKOV-3-

luc-bearing animals. D-luciferin (Caliper Life Science, Hopkinton, MA) at 113 mg/kg was 

injected IP into ES-2-luc-bearing and SKOV-3-luc-bearing mice 5 and 20 min, respectively, 

prior to whole-body imaging. Live Imaging® software was used to quantify the total photon 

counts of bioluminescence from ES-2-luc-bearing or SKOV-3-luc cells in the regions of interest 

(ROIs), which was selected manually over IP tumors.  

 

4.2.6. Whole-body microPET/CT imaging 

The proliferation of ES-2-luc cells was noninvasively monitored in vivo, using an Inveon 

microPET/CT hybrid scanner (Siemens, Knoxvile, TN). 3’-deoxy-3’-18F-fluorothymidine (18F-

FLT) was purchased from the University of Wisconsin Cyclotron Research Center (Madison, 

WI). Animals were intraocularly (IO) injected with 107 ± 10 mCi of 18F-FLT on days 0, 7, and 
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17 after the first treatment. One hour after injection, mice were prepared for dual hybrid 

microPET/CT imaging; microPET acquisition was performed immediately, followed by 

microCT acquisition. Maximum intensity projections were created using a Siemens Inveon 

Research Workplace (Knoxville, TN); PET images were reconstructed using OSEM3D/MAP. 

MicroCT images were also reconstructed using standard conebeam reconstruction. Both 

microPET and microCT images were fused in Siemens Inveon Software. ROIs were manually 

drawn on CT pictures around the region with highest signal intensity in the IP cavity, and tumor 

volume and 18F-FLT uptake, assessed by standard uptake value (SUV) mean, were calculated by 

the estimation of voxels within tomographic planes. The relative SUV (% SUV) was calculated 

by comparing the SUV mean at each time point to the initial SUV mean on day 0.  

 

4.2.7. Statistical analysis 

Data were represented as mean ± standard deviation (SD). Statistical analysis was 

conducted using one-way ANOVA at 5% significance level combined with Tukey’s multiple 

comparison tests provided by GraphPad Prism. (*), (**), and (***) signify p < 0.05, p < 0.01, 

and p < 0.001, respectively. 

 

4.3. Results 

4.3.1. Characterization of drug-loaded PEG-b-PCL micelles 

Table 4.1 presents the level of PTX, CYP, and GSP in 0.9% saline (mg/mL) and loading 

efficiency (weight drug/weight polymer), achieved after loading in PEG-b-PCL micelles by a 

solvent evaporation technique. PEG-b-PCL micelles had z-average diameter of 80-90 nm and 
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PDI < 0.1 regardless of drug loading. The maximum loading efficiency of PTX, CYP, and GSP 

in PEG-b-PCL micelles was ca. 2, 1, and 1%, respectively. Similarly, 2-drug PEG-b-PCL 

micelles had low loading efficacy (Table 4.1). In both cases at 200 mg/mL of PEG-b-PCL 

micelles, however, aqueous drug solubility was 0.9 to 3.8 mg/mL, which is enough to enable in 

vivo treatment studies. Interestingly, 3-drug PEG-b-PCL micelles had the highest drug loading 

efficiency, ca. 9.4%, achieving water solubility for PTX, CYP, and GSP at ca. 6 mg/mL of each 

drug for a total water solubility of 18 mg/mL.  

After 24 hr at 25 °C, single drug PEG-b-PCL micelles retained CYP and GSP, ca. 96 and 

89%, respectively, whereas PEG-b-PCL micelles retained 34% of PTX, indicating poor physical 

stability (Table 4.2). Not surprisingly, 2-drug PEG-b-PCL micelles also poorly retained PTX, 

and PEG-b-PCL micelles containing CYP and GSP were stable, ca. 91 and 90%, respectively. 3-

drug PEG-b-PCL micelles showed anomalous stability, retaining PTX, CYP, and GSP at ca. 

99%, 37%, and 82%, respectively. A similar relative pattern of in vitro drug release for 3-drug 

PEG-b-PCL micelles was observed (Figure 4.2).  All three drugs were released from PEG-b-PCL 

micelles over 72 hr in a biphasic pattern, and the individual release curves were fit to a two-

phase exponential association model with the goodness of fit of 0.98 (PTX), 1.00 (CYP), and 

0.99 (GSP) (Figure 4.2). The t1/2 values of PTX, CYP, and GSP for PEG-b-PCL micelles were 

50, 18, and 30 hr, respectively. Drug release curves reached a plateau at 60, 93, and 67% for 

PTX, CYP, and GSP, respectively, within 72 hr.   
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Micelles Polymer 
(mg/mL) PTX (mg/mL) CYP (mg/mL) GSP (mg/mL) Loading 

efficiency (%) 

1-in-1 
200 3.8 ± 0.6 - - 2.0 ± 0.3 
200 - 1.2 ± 0.1 - 0.6 ± 0.1 
200 - - 2.3 ± 0.5 1.2 ± 0.5 

2-in-1 
200 3.6 ± 0.4  2.7 ± 0.5 3.1 ± 0.5 
200 2.8 ± 0.2 0.9 ± 0.0  1.8 ± 0.1 
200  3.2 ± 1.0 3.2 ± 1.0 3.2 ± 0.6 

3-in-1 200 6.3 ± 0.5 6.2 ± 0.5 6.2 ± 0.5 9.4 ± 0.8 
 
Table 4.1. Combination drug solubilization by PEG-b-PCL micelles. 

 

 

Micelles Drugs % w/w Remaining Z-average size distribution (nm) 
0 hr 24 hr 0 hr 24 hr 

      
1-in-1 PTX 100.0 ± 9.3 34.3 ± 3.1 83.1 ± 1.0 79.5 ± 1.3 

 CYP   100.0 ± 10.6 96.3 ± 5.0 79.2 ± 0.3 76.3 ± 0.9 
 GSP 100.0 ± 4.7 89.4 ± 3.3 79.0 ± 0.2 76.5 ± 0.9 
      

2-in-1 PTX 100.0 ± 12.6 27.0 ± 2.9 88.7 ± 0.7 82.2 ± 1.9  CYP 100.0 ± 11.3 97.4 ± 5.7 
      
 PTX 100.0 ± 9.4 66.8 ± 4.1 80.7 ± 0.5 76.4 ± 0.5  GSP 100.0 ± 4.4 97.0 ± 2.5 
      
 CYP 100.0 ± 8.2 91.0 ± 5.3 80.1 ± 0.6 76.6 ± 1.6  GSP 100.0 ± 4.9 89.8 ± 3.7 
      

3-in-1 PTX 100.0 ± 4.7 99.3 ± 2.2 
77.2 ± 0.7 73.4 ± 0.3  CYP 100.0 ± 6.1 36.8 ± 1.5 

 GSP 100.0 ± 3.8 82.3 ± 2.6 
 

Table 4.2. Physical stability of multi-drug loaded PEG-b-PCL micelles after 24 hr at 25°C. 
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Figure 4.2. In vitro drug release kinetics of PTX, CYP, and GSP from PEG-b-PCL micelles. 

 

4.3.2. In vitro cytotoxicity study 

In 2-D and 3-D cell culture, PEG-b-PCL micelles containing PTX had the highest in vitro 

cytotoxicity against ES-2-luc and SKOV-3-luc cells based on a loss of bioluminescence signal 

upon drug treatment (Table 4.3).  CYP was also relatively active against luciferase-expressing 

ES-2-luc having IC50 values in 2-D and 3-D cell culture at 234 and 65 nM, respectively, whereas 

it was much less active against SKOV-3-luc cells, IC50  > 100,000 nM.  GSP as a single agent 

was the least active. Accordingly, 2-drug PEG-b-PCL micelles containing PTX/CYP and 

PTX/GSP were relatively active against ES-2-luc and SKOV-3-luc cells, whereas 2-drug PEG-b-

PCL micelles containing CYP/GSP were largely ineffective.  The IC50 of 3-drug PEG-b-PCL 

micelles was 51, 101, and 67 nM for ES-2-luc (2-D), ES-2-luc (3-D), and SKOV-3-luc (2-D), 

respectively. Morphologies of ES-2-luc tumor spheroids upon drug treatment at 1 mM were 

largely consistent with IC50 values for ES-2-luc cells in 3-D cell culture (Figure 4.3):  PTX had 
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the greatest impact on the growth of ES-2-luc tumor spheroids, followed by CYP; GSP did not 

appear to restrict the growth of ES-2-luc tumor spheroids. In all, single drug and 2-drug 

treatments, ES-2-luc tumor spheroids retained a spherical morphology. In contrast, ES-2-luc 

tumor spheroids lost their integrity after treatment with 3-drug PEG-b-PCL micelles, appearing 

to disaggregate into smaller cellular aggregates that lack a defined morphology (Figure 4.3).   

 

Cells 
(condition) 

PTX 
(nM) 

CYP 
(nM) 

GSP  
(nM) 

PTX/CYP 
(nM)  

(1:2 M 
ratio) 

CYP/GSP 
(nM) (1:1) 

GSP/PTX 
(nM) (2:1) 

PTX/CYP/ 
GSP (nM) 

(1:2:2) 

ES-2 (2D) 12 ± 5 240 ± 54 >100,000 27 ± 4 18,790 ± 
4119 40 ± 15 51 ± 18 

 
ES-2 (3D) 

 
9 ± 3 65 ± 10 4823 ± 1521 62 ± 14 2550 ± 920 108 ± 22 101 ± 21 

SKOV-3 (2D) 98 ± 15 > 100,000 > 100,000 58 ± 11 > 100,000 67 ± 11 67 ± 35 
 
Table 4.3. IC50 values of PTX, CYP, and GSP against 2-D- and 3-D-ES-2-luc- and 2-D-SKOV-3-luc cells based on 
bioluminescence imaging. 
 

 

Figure 4.3. Morphologies of ES-2-luc spheroids 3 days post treatment: vehicle (control), single drug, 2-drug, and 3-

drug. ES-2-luc spheroids were treated with 1 µM of total drug(s) for each formulation. 
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4.3.3. Anticancer efficacy of 3-drug PEG-b-PCL micelles after IP injection 

The acute toxicity of 3-drug PEG-b-PCL micelles was assessed in female 6-8 week-old 

athymic nude-Foxn1nu mice, following IP injection (q7d x 3), monitoring body weight, general 

appearance, and mortality. 3-drug PEG-b-PCL micelles at 30/30/30 mg/kg and PEG-b-PCL 

micelles containing only PTX at 50 mg/kg were well tolerated in a q7d x 3 schedule over 40 days 

(Figure 4.4). 

   

Figure 4.4. (A) Body weight change and (B) Kaplan-Meier analysis for survival of healthy athymic nude mice 

receiving IP treatment of vehicle, 3-drug PEG-b-PCL micelles at 30, 30, and 30 mg/kg, or PEG-b-PCL micelles 

containing PTX at 30 mg/kg on a q7d x 3 schedule were presented. 

 

Peritoneal dissemination of ES-2-luc cells was observed longitudinally in groups of four 

mice, monitoring bioluminescence relative to initial signal (%BLI) over the peritoneal cavity as a 

signal of tumor burden (Figures 4.5A and B). By day 4 after IP inoculation of ES-2-luc cells, 

regional bioluminescence from the peritoneal cavity of mice suggested that ES-2-luc cells had 

already formed solid tumors (Figure 4.5A).114, 115 In a vehicle control, bioluminescence from ES-

2-luc cells in the peritoneum increased rapidly over three weeks, and ascites, i.e. fluid in 
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peritoneum, rapidly formed in mice based on noninvasive bioluminescence images fused with 

white-light pictures (Figures 4.5A and F). Twenty-one days after control treatment (25 days post 

cell inoculation), bioluminescence signals of non-treated ES-2-luc-bearing mice increased 8-fold 

(Figure 4.5B), and the average abdominal radius of control mice increased 1.2-fold due to ascites 

formation (Figure 4.5C). Tumor burden killed control mice within 27 days post cell inoculation 

(Figure 4.5E); ca. 4 mL of ascites was in the peritoneum. Extensive metastatic tumor foci were 

observed adhered onto stomach, intestines, colon, and kidneys in sacrificed animals (data not 

shown).  

PEG-b-PCL micelles containing PTX (30 mg/kg) were effective in delaying tumor 

progression during drug treatment (Figures 4.5A and B); however, %BLI increased rapidly after 

termination of drug treatment, indicating regrowth of tumors. In this treatment group, we 

observed less ascite formation (Figures 4.5A and F). After 21 days, %BLI was 3-fold higher than 

the start of treatment and 2.8-fold less than vehicle control mice (Figure 4.5B); however, all mice 

died within 35 days post cell inoculation (Figure 4.5E).  

3-drug PEG-b-PCL micelles with PTX, CYP, and GSP at 30, 30, 30 mg/kg, respectively, 

also prevented tumor progression (Figures 4.5A and B), but notably, %BLI did not increase after 

the cessation of treatment. Within the first week after treatment, tumors seemed to develop faster 

than tumors in PTX-treated mice. But after the second dose, %BLI decreased and reached a 

plateau for about two weeks. After 21 days, the %BLI value for 3-drug PEG-b-PCL micelles was 

11-fold and 4-fold less than the vehicle control and PTX, respectively (Figure 4.5B).  The 

average radius of abdomen did not significantly change over time (Figure 4.5C). Lastly, 50% of 

animals treated with 3-drug PEG-b-PCL micelles survived for 46 days post cell inoculation.  
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Figure 4.5. Nonevasive bioluminescence imaging and treatment assessment for metastatic ES-2-luc ovarian 

xenograft model. Results are represented by (A) whole-body bioluminescence images of mice obtained with IVIS 

imaging system, (B) quantitative bioluminescence intensity (BLI) in ROIs, and (C) % change of radius of abdomen 

of mice. (D) Body weight change, (E) Kaplan-Meier analysis for survival, and (F) white light observation (on day 25 

post cell inoculation) of tumor-bearing mice receiving IP treatment of vehicle, 3-drug PEG-b-PCL micelles at 30, 30, 

and 30 mg/kg, or PEG-b-PCL micelles containing PTX at 30 mg/kg on a q7d x 3 schedule (* < 0.05, ** < 0.01, *** 

< 0.001). 

 

To validate in vivo results from bioluminescence imaging, 18F-FLT was used as a PET 

tracer for the noninvasive visualization of cell proliferation of IP injected ES-2-luc cells and 

assessment of treatment responses (Figure 4.6A)116-119. In the vehicle control, PET imaging 

showed large tumor masses (highlighted in yellow) at 4 days post cell inoculation that grew 

larger over 17 days.  Tumors were also observed at the start of treatment for PTX-treated mice, 

but they did not appear to change in size during the course of treatment. In contrast, while tumors 

were readily discerned at the start of treatment tumors treated with 3-drug PEG-b-PCL micelles 

were eradicated by day 17, noting instead a diffuse signal from ES-2 cells throughout the 

peritoneum (Figure 4.6A). The high signal of 18F-FLT in the posterior region of mice is due to 

uptake of 18F-FLT by the kidneys.  %SUV on day 17, as a measure of uptake of 18F-FLT in ES-

2-luc tumors, was 263, 164, and 86% for vehicle, PTX, and 3-drug PEG-b-PCL micelles, 

respectively (Figure 4.6B). 
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Figure 4.6. Nonevasive microPET/CT imaging and treatment assessment for metastatic ES-2-luc ovarian xenograft 

model. Results are represented by (A) whole-body images, (B) tracer uptake in ROIs expressed as %SUV of tumor-

bearing mice receiving IP treatment of vehicle, 3-drug PEG-b-PCL micelles at 30, 30, and 30 mg/kg, or PEG-b-PCL 

micelles containing PTX at 30 mg/kg on a q7d x 3 schedule (* < 0.05, ** < 0.01, *** < 0.001). Tumor tissues at day 

0 reached 100-200 mm3 in volume. 

 

Additionally, 3-drug PEG-b-PCL micelles with PTX, CYP, and GSP at 30, 30, 30 mg/kg, 

respectively, was tested in a SKOV-3-luc ovarian cancer xenograft model of peritoneal 

carcinomatosis (Figure 4.7). In comparison to the ES-2-luc xenograft model, growth of SKOV-3-

luc cells in the peritoneum of mice was slower, and treatment was started 16 days post cell 

inoculation after appearance of a bioluminescence signal.  For the vehicle control, %BLI grew 

slowly over two weeks and then grew more rapidly for the next two weeks.  Both treatment 
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groups were very effective against SKOV-3-luc ovarian cancer (Figures 4.7A and B), causing a 

slight decrease in %BLI: 3-fold and 1.5-fold for 3-drug and PTX-treated mice. After 35 days (51 

days post cell inoculation), %BLI for 3-drug PEG-b-PCL micelles was 2-fold and 73-fold less 

than %BLI for PTX-treated mice and vehicle control, respectively. Lastly, 75% of vehicle 

control and 25 % of PTX-treated mice died within 58 days post cell inoculation; however, 100% 

of the animals receiving 3-drug PEG-b-PCL micelles survived with < 15% body weight change 

until the termination of experiments (Figures 4.7C, D, and E). 
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Figure 4.7. Nonevasive bioluminescence imaging and treatment assessment for metastatic SKOV-3-luc ovarian 

xenograft model. Results are represented by (A) whole-body bioluminescence images of mice obtained with IVIS 

imaging system and (B) quantitative bioluminescence intensity (BLI) in ROIs. (C) Body weight change, (D) Kaplan-

Meier analysis for survival, and (E) white light observation (on day 45 post cell inoculation) of tumor-bearing mice 

receiving IP treatment of vehicle, 3-drug PEG-b-PCL micelles at 30, 30, and 30 mg/kg, or PEG-b-PCL micelles 

containing PTX at 30 mg/kg on a q7d x 3 schedule (* < 0.05, ** < 0.01, *** < 0.001). 

 

4.4. Discussion 

IP drug delivery for treatment of peritoneal metastases of ovarian cancer has produced 

survival benefits in multiple clinical trials despite the fact that IP treatments rely chiefly on 

vehicles that were developed for intravenous (IV) drug delivery, e.g. Cremophor EL for PTX.108 

More recently, novel drug delivery systems for IP drug delivery, e.g. liposomes, microparticles, 

and sustained release gels have generated promising results in ovarian xenograft models.120 

However, research on IP drug delivery has largely focused on the delivery of a single cytotoxic 

agent. Less attention has been devoted to the IP delivery of molecularly targeted agents for the 

treatment of ovarian cancer and even less attention on the IP delivery of drug combinations of 

cytotoxic agent and molecularly targeted agent(s). Amiji and coworkers have done early studies 

on combination drug delivery using biodegradable polymeric nanoparticles containing PTX and 

ceramide or PTX and tamoxifen, overcoming multidrug resistance in subcutaneous SKOV-3 

xenograft models.121, 122 

Multi-drug loaded PEG-b-PCL micelles may potentially fulfill several major 

requirements for IP combination drug delivery (Figure 4.1): biocompatibility, multiple drug 

solubilization, physical stability against drug precipitation, and sustained release. Multi-drug 

loaded PEG-b-PCL micelles enable multi-drug treatment after a single IP injection or infusion, 

nullifying the requirement of sequential IP dosing of drug combinations for the treatment of 
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ovarian cancer.  Multi-drug loaded PEG-b-PCL micelles may derive a major safety benefit for IP 

combination drug delivery by the elimination of multiple vehicles, e.g. Cremophor EL, co-

solvents, which are often toxic after either IV or IP administration, noting that the maximum 

tolerable dose (MTD) of IP bolus PTX solubilized by Cremophor EL was 20 mg/kg/week.123 

PEG-b-PCL micelles prepared by a solvent evaporation technique had a good capacity 

for PTX, CYP, and GSP, ca. 9.4%, resulting in multiple drug solubilization at 18 mg/mL, ca. 6.2 

mg/mL for each anticancer agent, and PEG-b-PCL micelles were obtained with z-average 

diameters at ca. 80 nm, regardless of drug loading (Table 4.1). In prior preclinical and clinical 

studies, PTX and GSP were solubilized by CrEL and PEG400/Cremophor EL, respectively, for 

IV administration, and CYP was chemically-modified into a water-soluble analogue (IPI-926).111, 

124, 125 3-drug PEG-b-PCL micelles were fairly physically stable at 25 ºC, although ca. 63% of 

CYP was lost due to precipitation over a 24 hr period (Table 4.2). For in vitro and in vivo studies, 

3-drug PEG-b-PCL micelles were tested within ca. 1-2 hr after preparation or stored at 4 ºC, 

where there was higher physical stability. It is noted that drug loss due to precipitation has also 

been observed for PTX in PEG-b-PLA micelles (Genexol-PM) at 25 ºC over 24 hr. Freeze-

drying of Genexol-PM and reconstitution were used to enable a stable IV administrated PTX in a 

sterile aqueous vehicle for clinical trials. 

In vitro evidence for sustained release of PTX, CYP, and GSP from 3-drug PEG-b-PCL 

micelles was obtained under approximate sink conditions, with calculated t1/2 values at 50, 18, 

and 30 hr, respectively (Figure 4.2).  Our prior studies on 3-drug poly(ethylene glycol)-block-

poly(d,l-lactic acid) micelles showed a correlation between the t1/2 values for in vitro multi-drug 

release and octanol-water partition coefficients (log P);30 In contrast, an opposite trend was 
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observed for 3-drug PEG-b-PCL micelles with PTX, CYP, and GSP, with CYP having the 

fastest release and highest log P value, ca. 6.1. The relatively fast release of CYP from 3-drug 

PEG-b-PCL micelles was consistent with the loss of CYP due to precipitation over a 24 hr period 

at 25 ºC (Table 4.2). Mechanistic analysis for 3-drug PEG-b-PCL micelles merits attention, 

focusing on regions of drug solubilization in PEG-b-PCL micelles and drug-drug interactions. In 

summary, 3-drug PEG-b-PCL micelles release PTX, CYP, and GSP over a few days in vitro; 

after IP injection we also predict sustained multi-drug release, which will be verified in 

pharmacokinetic experiments.   

The in vitro and in vivo activity of 3-drug PEG-b-PCL micelles was tested against two 

human ovarian cancer cell lines, owing to four histological subtypes of ovarian cancer: Serous, 

mucinous, clear cell, and endometrioid; and tumors having no-distinctive histological features 

are designated as undifferentiated adenocarcinoma.126 ES-2 is categorized as undifferentiated 

adenocarcinoma (aggressive subtype), and SKOV-3 is categorized in serous adenocarcinoma 

(moderate-grade subtype).127 3-drug PEG-b-PCL micelles had IC50 values of 51 and 67 nM 

against ES-2-luc and SKOV-3-luc ovarian cancer cells, respectively, based on a decline in 

bioluminescence, reflecting decreased protein expression (luciferase) (Table 4.3). Previous work 

by De Souza et al showed a linear correlation between bioluminescence from SKOV-3-luc cells 

and cell viability based on the MTT assay.107 While the activity of 3-drug PEG-b-PCL micelles 

was not better than PTX in 2-D and 3-D cell culture in terms of IC50 value, 3-drug PEG-b-PCL 

micelles at 1000 nM were unique in the disaggregation of ES-2-luc spheroids into smaller 

cellular aggregates, whereas ES-2-luc spheroids stayed intact after treatment with PTX, but with 

reduced growth of tumor spheroids, presumably by acting of proliferating ES-2-luc cells in the 
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periphery (Figure 4.3). It is noted that ovarian cancer cells show anchorage-independent growth 

in ascites by the formation of tumor spheroids and that ovarian tumor spheroids have been linked 

to drug resistance due to poor drug penetration or increased pro-survival signaling. Brown and 

colleagues have also shown that compact ES-2 tumor spheroids have an invasive phenotype, 

whereas loose, sheet-like SKOV-3 aggregates were unable to invade a 3-D collagen matrix in 

vitro.128 Thus, disaggregation of ES-2-luc spheroids by 3-drug PEG-b-PCL micelles may 

enhance drug delivery to ovarian cancer cells and preclude invasive behavior, resulting in 

improved treatment outcomes. It is speculated that disaggregation of ES-2-luc spheroids is 

induced by multiple mechanisms, such as inhibition of Hh signaling by CYP possibly reversing 

taxane resistance, improved penetration of PTX into spheroids, and GSP augmented apoptosis. 

Both bioluminescence imaging and microPET/CT imaging showed that PTX, CYP, and 

GSP, injected IP as 3-drug PEG-b-PCL micelles, has potent antitumor activity in metastatic ES-

2-luc and SKOV-3-luc xenograft models (Figures 4.5-4.7). At the start of drug treatment (4 days 

post cell inoculation), ES-2-luc tumors were plainly visible in the peritoneum by microPET/CT 

imaging along with extensive ascite formation, suggesting an advanced stage of disease. 

Bioluminescence imaging and microPET/CT imaging showed that the tumors spread rapidly in 

the peritoneum, and median survival time < 30 days. The lethality of ES-2 cells in an IP 

metastatic xenograft model has been noted in the literature.129 3-drug PEG-b-PCL micelles with 

PTX, CYP, and GSP at 30, 30, 30 mg/kg, respectively, prevented the metastatic spread of ES-2-

luc tumors in the peritoneum and ascite formation (Figure 4.5). Furthermore, ES-2-luc tumors, 

plainly visible at the onset of treatment, were completely eradicated after treatment with 3-drug 

PEG-b-PCL micelles (q7d x 3), based on microPET/CT imaging using 18F-FLT as a PET tracer 
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(Figure 4.6A).  Accordingly, ES-2-luc-bearing mice survived longer than mice treated with PTX, 

where ES-2-luc tumors were still visible after drug treatment (q7d x 3).  The antitumor efficacy 

of 3-drug PEG-b-PCL micelles with PTX, CYP, and GSP was also confirmed in an IP metastatic 

SKOV-3-luc xenograft model (Figure 4.7).  

In summary, 3-drug PEG-b-PCL micelles disassembled ES-2-luc tumor spheroids in vitro, 

eradicated metastatic ES-2-luc tumors in vivo, and prolonged survival, validating the IP delivery 

of multi-drug polymeric micelles as a meaningful drug delivery strategy for the treatment of 

ovarian cancer.   

 

4.5. Conclusions 

IP drug delivery of PTX, CYP, and GSP was enabled by PEG-b-PCL micelles, fulfilling 

several major requirements for combination drug delivery: Biocompatibility, multiple drug 

solubilization, physical stability against drug precipitation, and sustained release. Multi-drug 

loaded PEG-b-PCL micelles prepared by a simple solvent evaporation technique enabled 

solubilization of PTX, CYP, and GSP at ca. 18 mg/mL. PEG-b-PCL micelles carrying PTX, 

CYP, and GSP were nanoscopic, fairly stable in aqueous solution, and capable of simultaneous 

sustained release of PTX, CYP, and GSP in vitro. This 3-drug combination was highly effective 

in metastatic ES-2-luc and SKOV-3-luc xenograft models, eradicating peritoneal tumors and 

prolonging survival over PTX alone. Antitumor efficacy of PTX, CYP, and GSP may partly be 

explained by their ability to disassemble ovarian tumor spheroids, which are drug resistant. 

These results clearly show the unique potential of multi-drug delivery via IP-injected polymeric 

micelles for the treatment of metastatic ovarian cancer.  
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5.1. Introduction 

Ovarian cancer is portrayed as the disease that whispers due to the indolent symptoms at 

early stages.130 Unfortunately, there are no effective screening tests: general screening of serum 

cancer antigen 125 (CA 125) or transvaginal sonography does not permit early detection of 

ovarian cancer. In part due to the difficulties in diagnosis, ovarian cancer is the most lethal 

gynecologic malignancy.131 The conventional treatment strategy for ovarian cancer involves a 

combined approach utilizing aggressive cytoreductive surgery and intravenous (IV) 

chemotherapy (platinum and taxane analogues).132  

In the last decade, a potential benefit of chemotherapy given through the intraperitoneal 

(IP) route for ovarian cancer has been seen in several clinical trials, and it has been highlighted 

that IP chemotherapy can give high response rates within the abdomen due to the peritoneal 

plasma barrier confining exposure of chemotherapy to peritoneal surfaces, resulting in higher 

drug concentration in peritoneal cavity.132 

Surgery is critical for patients with colorectal and ovarian cancers that have spread 

widely to the peritoneal cavity. There are three types of surgical debulking that have been 

attempted to treat ovarian cancer patients: (1) primary debulking surgery (initial surgery), which 

has largely been the standard approach; (2) interval debulking surgery after neoadjuvant 

chemotherapy (NACT), reserved for patients who are medically unfit for immediate operation or 

whose extensive metastases cannot be initially resected; and (3) secondary debulking surgery 

(additional surgery), for patients who develop recurrent chemoresistant ovarian cancer.130 

Although the optimal surgical approach remains controversial, it is very clear that improved 

intraoperative cancer imaging systems will yield significant benefit for successful surgical 
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debulking of ovarian cancer. Although radiological approaches such as computed tomography 

(CT) and magnetic resonance imaging (MRI) have been of great help in characterizing 

malignancies within peritoneal cavity, they are not useful for intraoperative assessment. In 

contrast, fluorescence imaging has been shown to be successful in preclinical and clinical trials 

as an optical technique offering real-time images of surgical targets (peritoneal carcinomatosis 

and breast cancer) with adequate imaging resolution and high intraoperative sensitivity.46, 48, 133, 

134 Coll and colleagues reported that intraoperative near-infrared (NIR) fluorescence image-

guided surgery using a tumor-targeting peptide, RAFT-c(RGDfK)4-Alex Fluor® 700 (IV route), 

in a TSA-pGL3-bearing mouse model of peritoneal adenocarcinoma could improve the quality of 

surgical debulking by doubling the number of detected tumor nodules and shortening operation 

time.53 Ntziachristos and colleagues successfully conducted the first human trial of intraoperative 

tumor-specific fluorescence imaging in staging and debulking surgery for ovarian cancer using 

IV folate-FITC, and proved that the number of tumors detected by surgeons under the guidance 

of tumor-specific fluorescence images increased by 5.3-fold (34 vs. 7) compared with white light 

visual observation alone.48 Frangioni and co-workers also demonstrated the utility of the 

FLARETM (Fluorescence-Assisted Resection and ExplorationTM) device for image-guided 

oncologic surgery in the first human clinical trial of breast cancer sentinel lymph node (SLN) 

mapping following intratumoral/subcutaneous injection of 1:1 mixture of indocyanine green and 

human serum albumin (ICG:HAS).46 In this trial, SLNs identified by lymphoscintigraphy and 

NIR fluorescence imaging were identical in 4 of 6 breast cancer patients.  

Application of nanomaterials as optical fluorescence imaging agents using quantum dots, 

gold nanoparticles, and fluorescence probe-containing or -conjugated nanoparticles has drawn 
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attention for diagnostic purposes in pre-clinical studies.35, 36, 51, 135, 136 Polymeric micelles belong 

to a major class of nanomaterials that have entered several clinical trials for drug delivery, eg. 

SP-1049C (doxorubicin, phase II), Genexol-PM (paclitaxel, phase II), and NC-6004 (cisplatin, 

phase I).137 Polymeric micelles offer several advantages not only as drug carriers but also as 

optical imaging agents in oncology: small sized-particles with narrow size distribution, structural 

stability, high water solubility, low toxic side effect over conventional surfactants (eg. 

Cremophor EL), preferential accumulation at solid tumors through the enhanced permeability 

and retention (EPR) effect, evading renal filtration, and multifunctionality by surface decoration.  

It has been discussed that apoptosis-targeted drug delivery and cancer imaging (specially 

for imaging tumor responsiveness to chemotherapy)44, 138 could be superior to cancer-associated 

antigen- or protein-targeting strategy in a broad range of malignancies, because substantial 

heterogeneity in cancer cell populations does not guarantee the exclusive presence of antigen and 

protein biomarkers in target tissues.139 Surgical oncologists could take advantage of apoptosis-

targeted tumor imaging (independent of cell type and cell death-inducing triggers) after NACT 

with greater precision and accuracy.140 Thus, surgical tumor debulking using intraoperative 

visual guidance with real-time NIR fluorescence images could result in improved surgical 

accuracy and outcome. One of the most prominent characteristics of programmed cell death, 

apoptosis, is the externalization of phosphatidylserine (PS) which normally resides 

predominantly in the inner leaflet of the plasma membrane.140  

In the chapter 2, we reported that poly(ethylene glycol)-block-poly(ε-caprolactone) 

(PEG-b-PCL) micelles containing DiR (1,1’-dioctadecyltetramethyl indotricarbocyanine iodide) 

could passively accumulate in LS180 human solid colon tumor tissues by the EPR effect and 
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provide noninvasive delineation of LS180 tumor tissues with a tumor-to-muscle ratio of 30-43 

from collected tissues.99 We also observed enhanced DiR accumulation in “primed” LS180 

tumor tissues after an IV injection of multi-drug containing poly(ethylene glycol)-block-poly(D,L-

lactic acid) (PEG-b-PLA) micelles, suggesting the availability of a tandem of polymeric micelles 

that could possibly enable improved tumor delineation for use in surgical oncology in the chapter 

3.112 In the chapter 4, PEG-b-PCL micelles with paclitaxel (PTX), cyclopamine (CYP), and 

gossypol (GSP) at 30, 30, and 30 mg/kg, respectively (q7d x 3) delivered through IP, prevented 

the metastatic spread of ovarian cancer and extensive ascites formation, resulting in prolonged 

survival in peritoneally metastatic ES-2-luc (undifferentiated adenocarcinoma, aggressive 

subtype) and SKOV-3-luc (serous adenocarcinoma, moderate-grade subtype) murine xenograft 

models of ovarian cancer.141    

We propose a novel two-step strategy for NACT, apoptosis-targeted optical imaging and 

intraoperative surgical guidance (Figure 5.1). In step one, PEG-b-PCL micelles containing PTX, 

CYP, and GSP are used for IP NACT and apoptosis induction in tumor tissues. In a second step, 

apoptosis-targeting PEG-b-PCL micelles containing DiR may actively accumulate in apoptotic 

tumor tissues, permitting optical fluorescence imaging of apoptosis in a real-time manner (Figure 

5.1). DiR molecules, NIR fluorescence probes emitting light in the NIR wavelength window, 

could be useful as an optical fluorescence imaging agent, avoiding strong autofluorescence from 

skin and blood and allowing detectable signals to be measured through several millimeters of 

tissues.56 Here, we show that this two-step strategy enhanced tumor delineation in NIR 

fluorescence optical imaging and provided useful guidance for interval debulking surgery in an 



98 
 
IP ES-2-luc-bearing xenograft model of ovarian cancer, coupling two applications of polymeric 

micelles in drug delivery and optical imaging for surgical oncological therapy of ovarian cancer. 

 

 

Figure 5.1. Schematic illustration of two-step strategy for neoadjuvant therapy, apoptosis-targeted optical imaging 

and intraoperative surgical guidance, enabled by a tandem of PEG-b-PCL micelles. 

 

5.2. Materials and methods 

5.2.1. Preparation of PEG-b-PCL micelles carrying PTX, CYP, and GSP. 

Drug-loaded PEG-b-PCL micelles were prepared by a solvent evaporation method as 

previous described.141 Briefly, 4.0 mg of PTX, CYP, and GSP each and 120 mg of PEG-b-PCL 

(Mn of PEG = 5,000 g/mol, Mn of PCL = 10,000 g/mol, and Mw/Mn = 1.26)  (Advanced Polymer 

Materials Inc., Montreal, Canada) were completely dissolved in 1.0 mL of acetone followed by a 

rapid addition of 1.0 mL of pre-warmed 0.9% saline at 60 °C with vigorous mixing. Acetone was 

evaporated under reduced pressure at 60 °C. The aqueous micelle solution was centrifuged for 5 

min at 10,000 g and passed through a 0.2 µm regenerated cellulose (RC) sterile syringe filter 

(Corning, Tewksbury, MA) to remove insoluble drugs. The content of PTX, CYP, and GSP in 
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PEG-b-PCL micelles was quantified by reverse phase-HPLC (RP-HPLC) system using a 

Shimadzu Prominence HPLC system (Himadzu, Japan) as previously described.141 The 

separation of PTX, CYP, and GSP was done in an isocratic mode with mobile phase of 55% 

acetonitrile, 45% distilled water, and 0.1% trifluoroacetic acid. PTX, CYP, and GSP were 

monitored at 227, 204, and 373 nm, respectively, and eluted at 2.7 min, 1.9 min, and 10.6 min, 

respectively.   

 

5.2.2. Preparations of apoptosis-targeting PEG-b-PCL and methoxy-PEG-b-PCL micelles 

carrying DiR.  

Preparation of apoptosis-targeting PEG-b-PCL (GFNFRLKAGAKIRFGS-PEG-b-PCL) 

micelles carrying DiR was started with the conversion of acetal groups on the surface of PEG-b-

PCL micelles to aldehyde groups. Acetal-PEG-b-PCL (Mn of PEG = 5,000 g/mol, Mn of PCL = 

5,000 g/mol, and Mw/Mn = 1.13) was kindly provided by Dr. Afsaneh Lavasanifar, University of 

Alberta (Edmonton, Canada). The conversion method was slightly modification from the 

literature.142 Acetal-PEG-b-PCL copolymer was dissolved in acetone at a concentration of 20 

mg/mL. Distilled water was then rapidly added to the polymer solution with vigorous stirring at 

room temperature followed by evaporation of acetone under reduced pressure at room 

temperature. The micelle solution was centrifuged for 5 min at 10,000 g and passed through a 0.2 

µm RC sterile syringe filter. Conversion of acetal groups on acetal-PEG-b-PCL micelles was 

carried out at pH 2.0 by adding 0.5 N of HCl. After 4 h of moderate stirring at room temperature, 

the reaction was neutralized with 0.5 N of NaOH to stop the reaction. The neutralized micelle 

solution was then dialyzed against water with dialysis membrane (MWCO 6,000 g/mol) to 



100 
 
remove the salt overnight and lyophilized for 48 hr for future use. Lyophilized sample was 

dissolved in CDCl3 (6 mg/mL) to estimate the conversion rate from the acetal to aldehyde group 

on PEG-b-PCL by 1H NMR. Free peptide, GFNFRLKAGAKIRFGS (UW Biotechnology Center, 

Madison, WI) at Mw = 1,769 g/mol, was dissolved in HEPES buffer (10 mM, pH 6.4) and mixed 

with the lyophilized aldehyde-PEG-b-PCL micelles to obtain 4 mg/mL of polymer and 0.35 

mg/mL of peptide concentration at 2:1 molar ratio (aldehyde-PEG-b-

PCL:GFNFRLKAGAKIRFGS). After 2 hr of moderate stirring, NaBH3CN (10 equiv) was added 

to the mixture to reduce Schiff base. After 4 days, the micelle solution was again dialyzed 

against water with a dialysis membrane (MWCO 6,000 g/mol) overnight and then 

GFNFRLKAGAKIRFGS-PEG-b-PCL micelle solution was lyophilized for 48 hr. The 

conjugation efficiency of peptide on aldehyde-PEG-b-PCL was determined by RP-HPLC 

analysis. Briefly, samples (10 µL) were injected into a Zorbax 300SB-C18 column (4.6 x 15 mm, 

3.5 mm, Agilent) kept at 40 °C and the flow rate was 0.8 mL/min. Gradient elution was 

performed with the mobile phase of 0.1% trifluoroacetic acid in distilled water and 0.1% 

trifluoroacetic acid in 90/10 (v/v) acetonitrile/distilled water. The mobile phase was programed 

as follows:  0 min 85% solvent A and 15% solvent B; 35 min, 50% solvent A and 50% solvent B. 

Free peptide was monitored at 215 nm and eluted at 16 min. The amount of peptide conjugated 

on PEG-b-PCL micelles was calculated by subtracting the amount of free peptide from the 

amount of peptide initially added to reaction. In parallel, lyophilized peptide conjugated on PEG-

b-PCL was dissolved in DMSO-d6 (6 mg/mL) to calculate conjugation rate of peptide on PEG-b-

PCL by 1H NMR at 80 °C.  
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Methoxy-PEG-b-PCL and apoptosis-targeting PEG-b-PCL micelles carrying DiR were 

prepared by a solvent evaporation method: 4.0 mg of polymers and 0.1 mg of DiR (Invitrogen, 

Carlsbad, CA) were dissolved in 1.0 mL of acetone, followed by a rapid addition of PBS (10 mM, 

pH 7.4) with vigorous mixing. Acetone was evaporated under reduced pressure at room 

temperature. The aqueous micelle solution containing DiR was centrifuged for 5 min at 10,000 

xg and passed through a 0.2 µm RC sterile syringe filter to remove unincorporated DiR. The 

content of DiR in micelles was quantified by RP-HPLC as previously described.112 The elution 

of DiR was done in a gradient mode with mobile phase of 70% distilled water and 0.07% 

trifluoroacetic acid as a solvent A and 30% acetonitrile and 0.03% trifluoroacetic acid as a 

solvent B. DiR was monitored at 745 nm and eluted at 16 min.        

 

5.2.3. Physical characterization of methoxy-PEG-b-PCL and apoptosis-targeting PEG-b-

PCL micelles carrying DiR. 

Z-average diameters of methoxy-PEG-b-PCL micelles and apoptosis-targeting PEG-b-

PCL micelles carrying DiR were determined by dynamic light scattering (DLS) measurements 

using Zetasizer Nano-ZS (Malvern Instruments, United Kingdom) at 25 °C with a detection 

angle of 173 ° and a He-Ne ion laser (4 mW, λ = 633 nm) for the incident beam. Autocorrelation 

functions were created based on cumulant analysis, calculating the hydrodynamic diameter of 

micelles from the Stokes-Einstein equation and the polydispersity index (PDI). Prior to 

measurements, micelle solutions were diluted with PBS (10 mM, pH 7.4) to give a polymer 

concentration at ~ 0.4 mg/mL that represents the polymer concentration above the critical 

micelle concentration. DiR loading efficiency was shown as % weight DiR/weight polymer. The 
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in vitro DiR release kinetics of methoxy-PEG-b-PCL and apoptosis-targeting PEG-b-PCL 

micelles carrying DiR was studied to estimate the time for 50% drug release (t1/2) based on a 

one-phase decay model using GraphPad Prism version 5.00 for Mac OS X (La Jolla, CA). DiR-

loaded micelles, representing 100 mg/mL of DiR, were added into dialysis cassettes (MWCO 

20,000 g/mol), and cassettes were placed in 2.0 L of PBS (10 mM, pH 7.4) at 37 °C with 

moderate stirring. Samples (20 µL) were withdrawn from cassettes at various time points, 0, 0.5, 

1, 2, 3, 8, 12, and 24 hr and after each sampling, cassettes were replenished with 20 µL of fresh 

PBS (10 mM, pH 7.4). The content of DiR in micelles left in cassettes was analyzed by RP-

HPLC as described above. 

 

5.2.4. Assessment of PS-selective binding of apoptosis-targeting PEG-b-PCL micelles 

carrying DiR. 

Binding of apoptosis-targeting PEG-b-PCL micelles carrying DiR to PS was assessed 

using phospholipid-coated well plates143 and 3-D tumor spheroids formed from luciferase-

expressing ES-2-luc cells.  

PC (phosphatidylcholine) or PS solubilized in ethanol was immobilized on clear-bottom 

96-well plates at a concentration of about 200 µM in each well, and ethanol was evaporated at 

room temperature overnight.  Some of PC or PS-coated wells were incubated with 1.0 µM of 

free peptide for 3 hr to saturate PS on phospholipid-coated wells. Apoptosis-targeting PEG-b-

PCL micelles carrying DiR, representing 1.0 µM of peptide and 500 nM of DiR, were added to 

wells and incubated for 1 hr at room temperature in dark. Each well was washed with PBS (10 
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mM, pH 7.4) and apoptosis-targeting PEG-b-PCL micelles carrying DiR bound on wells was 

detected by Xenogen IVIS® 200 Series (Caliper Life Sciences, Hopkinton, MA).  

ES-2-luc 3-D tumor spheroids were generated by plating 5,000 ES-2-luc cells/well in 

agarose-coated 96-well plates and incubated for 4 days. ES-2 human ovarian cancer cells were 

stably transfected with luciferase-expressing plasmid pGL4.51 containing the neomycin-

resistance gene (Promega, Madison, WI) using Lipofectamine 2000TM (Invitrogen, Carlsbad, CA) 

as previously described.141 ES-2-luc cells were cultured in McCoy’s 5a medium supplemented 

with 1% L-glutamine, 10% fetal bovine serum, 1% penicillin/streptomycin, and 750 mg/mL 

G418 antibiotics and maintained at 37 °C under an atmosphere of 5% CO2 in a humidified 

incubator. PEG-b-PCL micelles containing PTX, CYP, and GSP (3.3, 3.3, and 3.3 nM, 

respectively) were added to ES-2-luc tumor spheroids and incubated for 3 days. Some of treated 

ES-2-luc spheroids were incubated 3 hr with 200 nM of free peptide to saturate PS exposed on 

tumor spheroids. Apoptosis-targeting PEG-b-PCL micelles carrying DiR were then added to ES-

2-luc tumor spheroids at a final concentrations of 200 nM peptide and 100 nM DiR and 

incubated for 30 min at 37 °C in 5% CO2 humidified incubator. As a control, bioluminescence 

intensity (BLI) of ES-2-luc cells was also monitored to assure that ES-2-luc tumor spheroids 

were consistently formed in each well, using Xenogen IVIS® 200 Series.  

 

5.2.5. IP human ovarian cancer xenograft and micelle treatments.  

Female 6-8 week-old athymic nude Foxnlnu mice were purchased from Harlan 

Laboratories (Madison, WI). All animal experiments were approved by UW-Madison’s 

Institutional Animal Care and Use Committee and conducted in agreement with the institutional 
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and NIH guidance. General anesthesia was induced with 1.5% isoflurane/oxygen and maintained 

with 1% isoflurane/oxygen. ES-2-luc cells were trypsinized, collected from sub-confluent 

cultures, and 1 x 106 cells/animal of ES-2-luc cells were injected into the peritoneal cavity of 

anesthetized mice. IP injection of PEG-b-PCL micelles carrying 30, 30, and 30 mg/kg of PTX, 

CYP, and GSP was performed 7 days post IP inoculation of ES-2-luc cells after observation of 

bioluminescence signal in whole-body images of animals by Xenogen IVIS® 200 Series. One 

day after IP injection of PEG-b-PCL micelles containing PTX, CYP, and GSP, methoxy or 

apoptosis-targeting PEG-b-PCL micelles carrying 250 µg/kg of DiR was injected through the tail 

vein of anesthetized animals. Body weights of animals were measured by a portable scale, and 

general appearance and mortality of animals was carefully monitored during all sets of animal 

experiments.  

 

5.2.6. TUNEL assay 

ES-2-luc-bearing xenograft was dosed through IP route with PEG-b-PCL micelles 

carrying PTX, CYP, and GSP on day 7 after ES-2-luc cells were inoculated in the peritoneal 

cavity. Afterwards, animals (n = 4) were sacrificed at 0, 12, 24, 48, and 72 hr post micelle 

treatment. Tumor, spleen, kidney, and liver tissues were dissected. DNA fragmentation induced 

by apoptosis was detected in tissues by TdT-mediated dUTP Nick-End Labeling (TUNEL) 

method using DeadEnd Fluorometric TUNEL assay kit (Promega, Madison, WI). Tissues were 

frozen sectioned into 10 mm slices, permeabilized by proteinase K, and fixed with 4% 

formaldehyde. The reaction mixture consisting of TdT and fluorescein-labeled dUTP was added 

to fixed section of tissues and incubated for 1 hr at 37 °C in a humidified chamber in dark. 
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Fluorescein-labeled DNA fragments and nuclei of cells couterstained by DAPI were visualized at 

520 nm and 460 nm, respectively, using a confocal microscope (Olympus FV1000 FLUOVIEW, 

Minneapolis, MN). Apoptotic cells and nuclei of cells were shown in green and blue, 

respectively. 

 

5.2.7. Bioluminescence and fluorescence imagings 

Xenogen IVIS® 200 Series was used to image both bioluminescence and fluorescence 

from objects in vitro, in vivo, and ex vivo. Xenogen IVIS® 200 Series was equipped with a 150 

W quartz halogen lamp and a 1 mW power scanning laser. Images were screen-displayed with 

the spatial resolution of > 60 µm/pixel. Bioluminescence images were acquired by a charged 

couple device (CCD) camera with the following parameters: exposure time = 1 sec, binning = 

medium, and f/stop = 2. In vitro, D-luciferin (Caliper Life Science, Hopinton, MA) at 10 

mg/well was added to ES-2-luc tumor spheroids 5 min prior to bioluminescence imaging, and in 

vivo, D-luciferin at 113 mg/kg was injected IP into ES-2-luc-bearing xenograft model 5 min 

prior to whole-body bioluminescence imaging. The dynamic of ES-2-luc tumor growth was 

collected and shown as color-coded images using Live Imaging® software for quantitative 

analysis and BLI of ES-2-luc tumors was scaled by total counts. 

Fluorescence images were also acquired by a charged couple device (CCD) camera with 

the following parameters: exposure time = 1 sec, binning = medium, and f/stop = 2. A filter 

setting for DiR detection was fixed at 745 nm for excitation and at 800 nm for emission. All 

color-coded images were collected using Live Imaging® software for image acquisition and 

analysis.  FLI of DiR was demonstrated by average radiant efficiency, total photons per second 
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per square centimeter per steradian in the irradiance range (microwatts per square centimeter): 

[p/s/cm2/sr]/[µW/cm2]. The fluorescence of DiR in tumor tissues was determined from the 

average radiant efficiency at ROI (region of interest) drawn around tumor tissues preset by 

bioluminescence imaging of an identical animal. 

Whole-body bioluminescence and fluorescence images were recorded at 6, 12, 24, and 48 

hr post an IV injection of PEG-b-PCL micelles carrying DiR. Mice were placed in abdominal 

positions to obtain whole-body color-coded bioluminescence and fluorescence images. All 

equipment settings for bioluminescence and fluorescence imagings were identical in the time 

course experiment.  

 

5.2.8. Real-time fluorescence imaging acquisition in animals     

Fluobeam® 800 (Fluoptics, Grenoble, France) is a 2-D NIR fluorescence imaging system 

composed of CCD camera and an integrated NIR light source (100 mW) with an excitation 

wavelength at 780 nm and an emission wavelength at > 820 nm. This system provided 7.5 x 10 

cm of homogeneous lightened field and the portable hand-held system composed of camera and 

laser was located approximately 20 cm above the object. Fluorescence images were screen-

displayed with the spatial resolution of 110 µm/pixel and recorded as either black-and-white 

static images (9 images/sec) or real-time videos (25 images/sec).  

 

5.2.9. Surgical procedure 

Animals received an IP injection of D-Luciferin (113 mg/kg) 5 min prior to the whole-

body bioluminescence imaging on day 9 after ES-2-luc cell inoculation (24 hr post IV injection 



107 
 
of PEG-b-PCL micelles carrying DiR). After whole-body bioluminescence imaging was carried 

out, animals were sacrificed immediately. All sacrificed animals underwent a midline 

laparotomy and bioluminescence whole-body images of incised animals were obtained again. All 

surgical procedures were performed on sacrificed animals and by a surgical oncologist 

experienced in murine surgery.  

In one set of experiments (n = 4), for comparison, the traditional surgical tumor resection 

was performed under the normal white-light. When surgical tumor resection was deemed 

satisfactory, dissected tumor-like tissues and carcass were scanned by Xenogen IVIS® 200 Series 

to obtain bioluminescence images. In another group of animals (n = 4), NIR imaging system, the 

Fluobeam® 800 NIR imaging system was turned on and the surgical tumor resection was assisted 

by real-time fluorescence images displayed on the screen. When tumor-like FLU+ 

(fluoprescence-positive) tissues were excised as completely as possible, dissected tumor-like 

tissues and the carcass were scanned using the Xenogen IVIS® 200 Series to obtain 

bioluminescence and fluorescence images.  

The duration of surgery was recorded from the time of incision to completion of tumor 

debulking. Surgical accuracy was assessed using two calculations: (1) % sum of BLU+ tumor-

like tissues to sum of total tumor-like tissues excised throughout the surgical procedure, and (2) 

total counts of BLI of [ROI in mid-line incised animal minus ROI in dissected animal] over those 

of ROI in mid-line incised animal. Surgical accuracy was also measured by calculating a post-

resection peritoneal cancer index (PCI) as described by Sugarbaker.132 The PCI relies on the 

distribution and size of lesions in the abdomen of animal. In this study, PCI was adapted to 

tumor sizes in mice with the following scores: The abdomen was divided into 13 regions (Figure 



108 
 
5.9) and the lesion size (LS) was scored (0 to 3) in each region as follows: no visual tumors (LS 

= 0), > 0 to 0.5 mm tumor (LS = 1), 0.6 to 2.0 mm tumor (LS = 2), and > 2.0 mm tumor (LS = 3). 

Total LS score per animal was summated as a numerical score which can be ranged from 0 (no 

tumors observed) to 39 (13 areas x 3).  

 

5.2.10. Statistical analysis. 

Statistical analysis was done using one-way ANOVA at 5% significance level combined 

with Tukey’s multiple comparison tests by GraphPad Prism ver 5.00 for Mac OS X (La Jolla, 

CA). 

 

5.3. Results 

5.3.1. Characterization of apoptosis-targeting PEG-b-PCL micelles carrying DiR 

Table 5.1 presents sizes and loading efficiencies (% weight DiR/weight polymer) of 

apoptosis-targeting PEG-b-PCL (GFNFRLKAGAKIRFGS-PEG-b-PCL) and methoxy-PEG-b-

PCL micelles achieved after forming DiR-incorporated micelles by a solvent evaporation 

technique. Apoptosis-targeting PEG-b-PCL micelles had a z-average diameter of 83 ± 2 nm 

(polydispersity index, PDI 0.1) and methoxy-PEG-b-PCL micelles had a z-average diameter of 

45 ± 2 nm (PDI 0.1). The loading efficiency of DiR for both micelles was approximately 2%. 

Peptide (GFNFRLKAGAKIRFGS) was conjugated onto PEG-b-PCL micelles with the molar 

conjugation ratio at 30% via a Schiff base reaction, based on results from both HPLC 

(subtractive quantification of non-conjugated peptide from peptide initially added for reaction) 

and 1H NMR (quantification of conjugated peptide) analyses (Scheme 5.1). In 1H NMR analysis, 
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the relative intensity ratio of the peak of benzyl protons of phenylalanine at δ = 7.2 ppm in 

peptide to the methylene proton peak of PEG protons at δ = 3.7 ppm determined the level of 

peptide on PEG-b-PCL. The data for peptide quantification from HPLC and 1H NMR provided  

comparable values. No significant difference in t1/2 value of DiR for both micelles was observed 

(t1/2 = ca. 2 hr) with a similar pattern of in vitro DiR release. 

 

 

Table 5.1. Physicochemical properties of PEG-b-PCL micelles carrying DiR. 

 

 

Scheme 5.1. Synthetic scheme of GFNFRLKAGAKIRFGS-PEG-b-PCL. 

 
 

Micelles 

 
 

Size (nm) 

 
 

PDI 

 
Peptide 

conjugation 
(%) 

 
DiR loading 

efficiency (%) 

 
Half-life (t1/2) 
of DiR release 

(hr) 

Apoptosis-targeting PEG-
b-PCL micelles 

 

 
  83.4 ± 1.8 

 
0.1 ± 0.0 

 
30 

 
2.4 ± 0.1 

 
2.2 

Methoxy-PEG-b-PCL 
micelles 

 
45.1 ± 2.0 

 
0.1 ± 0.0 

 
N/A 

 
2.1 ± 0.2 

 
2.0 
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5.3.2. In vitro binding studies 

Binding of apoptosis-targeting PEG-b-PCL micelles carrying DiR to PS was validated in 

both phospholipid PC or PS-coated 96-well plates and apoptosis-induced ES-2-luc tumor 

spheroids pretreated with PEG-b-PCL micelles with PTX, CYP, and GSP as shown in Figure 2. 

Considering fluorescence intensity (FLI) of DiR delivered by apoptosis-targeting PEG-b-PCL 

micelles to PS-coated wells to be 100%, apoptosis-targeting PEG-b-PCL micelles carrying DiR 

showed lower adsorption onto PC-coated wells (49 ± 1%), showing a 2-fold weaker FLI on PC-

coated wells from DiR (Figure 5.2A). In a competitive binding test, free peptide added prior to 

the binding study substantially blocked the binding of apoptosis-targeting PEG-b-PCL micelles 

carrying DiR to PS and resulted in a 5-fold decreased FLI of DiR in PS-coated plates (15 ± 2%). 

Binding of methoxy-PEG-b-PCL micelles carrying DiR to both PS- and PC-coated wells was 

equivalent ca. 19%, and PS saturation did not significantly affect the binding affinity of 

methoxy-PEG-b-PCL micelles carrying DiR to both PS- and PC-coated wells.   

  A similar pattern of binding was observed in ES-2-luc tumor spheroids pretreated with 

PEG-b-PCL micelles carrying PTX, CYP, and GSP at 3.3, 3.3, and 3.3 nM, respectively 

(spheroids maintained their spherical integrity after treatment) (Figure 5.2B). Assuming PS was 

externalized by apoptosis induction after treating with PEG-b-PCL micelles carrying PTX, CYP, 

and GSP in equally-sized ES-2-luc tumor spheroids, DiR molecules delivered by apoptosis-

targeting PEG-b-PCL micelles were observed in tumor spheroids without PS saturation based on 

FLI of DiR, whereas 42 ± 4% of DiR molecules delivered by the same micelles were detected in 

tumor spheroids under the condition of PS saturation, indicating decreased DiR accumulation by 
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2.4-fold in a competitive binding test. Regardless of PS saturation, FLI of DiR molecules 

delivered by methoxy-PEG-b-PCL micelles (55-60%) was not statistically different.  

 

Figure 5.2. Assessment of competitive PS- or apoptosis-binding of apoptosis-targeting PEG-b-PCL micelles 

carrying DiR by PS saturation with free peptides in vitro. Results are presented as %FLI DiR molecules bound on 

plates and %FLI from DiR molecules bound on ES-2-luc ovarian tumor spheroids. BLI from ES-2-luc cells and FLI 

from DiR molecules were quantified using Xenogen IVIS® 200 Series. (A) Competitive binding test of apoptosis-

targeting PEG-b-PCL micelles carrying DiR (1.0 µM peptide and 500 nM DiR) to PC- or PS-coated 96-well plates 

(total 200 µM of phospholipid). (B) Competitive binding test of apoptosis-targeting PEG-b-PCL micelles carrying 

DiR to apoptosis-induced ES-2-luc ovarian tumor spheroids (** < 0.01, *** < 0.001). 

 

5.3.3. Ex vivo apoptosis detection 

Evidence for apoptosis induction at tumor tissues after a single IP injection of PEG-b-

PCL micelles carrying PTX, CYP, and GSP to ES-2-luc-bearing xenograft (on day 7 post IP ES-

2-luc cell inoculation) was obtained from resected tumor tissues, which were collected at 12, 24, 

48, and 72 hr after an IP injection of PEG-b-PCL micelles carrying PTX, CYP, and GSP at 30, 
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30, and 30 mg/kg, respectively, sectioned into 10 µm, and visualized by confocal microscope. In 

Figure 5.3, a few green colored-DNA fragments in apoptotic cells appeared at tumor tissues at 12 

hr, more green dots were clearly visible at 24 hr, and then there were faint signs of DNA 

fragmentation were present 48 hr post treatment. Apoptotic cells at the kidney and liver were not 

visible, but a few apoptotic cells were observed at the spleen at 24 hr post treatment.  

 

 

Figure 5.3. (A) Laser scanning confocal microscopic images (60x magnification) of apoptosis by TUNEL in 

resected ES-2-luc ovarian tumor tissue at 0, 12, 24, 48, and 72 hr post a single IV injection of PEG-b-PCL micelles 

carrying PTX, CYP, and GSP at 30, 30, and 30 mg/kg (B) Laser scanning confocal microscopic images (60x 

magnification) of apoptosis by TUNEL in resected spleen, kidney, and liver at 24 hr post a single IV injection of 

PEG-b-PCL micelles carrying PTX, CYP, and GSP at 30, 30, and 30 mg/kg. DNA fragmentation in apoptotic cells 

are in green, and nuclei of cells are in blue (DAPI). 
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5.3.4. Apoptosis-targeting efficacy of GFNFRLKAGAKIRFGS-PEG-b-PCL micelles 

carrying DiR in vivo 

NIR fluorescence imaging of DiR delivered by either methoxy-PEG-b-PCL or apoptosis-

targeting PEG-b-PCL micelles carrying DiR was observed longitudinally in groups of four 

animals (Figure 5.4). Subsequently, peritoneal dissemination of ES-2-luc tumor cells was 

monitored in identical animals, detecting bioluminescence signal over the peritoneal cavity. A 

group of animals was treated with PEG-b-PCL micelles carrying PTX, CYP, and GSP at 30, 30, 

and 30 mg/kg, respectively, (delivered IP on day 7 post ES-2-luc cell inoculation) followed by 

apoptosis-targeting PEG-b-PCL micelles carrying DiR at 100 nM (delivered IV on day 8); as 

shown on the right hand side in Figure 5.4 (an experimental group), whole-body 

bioluminescence of ES-2-luc tumor cells is shown along with the image of DiR delivered by 

apoptosis-targeting PEG-b-PCL micelles, shown in whole-body NIR fluorescence images at 24 

hr after an IV injection of apoptosis-targeting PEG-b-PCL micelles carrying DiR. In a control 

group of animals treated with empty PEG-b-PCL micelles followed by methoxy-PEG-b-PCL 

micelles carrying DiR, the distribution of DiR in fluorescence images showed lower 

correspondence with the peritoneal dissemination of ES-2-luc tumor cells from bioluminescence 

images with the strongest fluorescence signal observed in liver (black arrows) of animals. Tumor 

tissues collected from an experimental group of animals were clearly color-coded in both 

bioluminescence and fluorescence images. Tumor tissues collected from a control group of 

animals lacked fluorescence in images.  Additionally, it was confirmed by Fluobeam® 800, a 

portable hand-held 2-D NIR fluorescence imaging system that a visually palpable tumor tissue 

under white-light was also clearly illuminated in gray-scale NIR fluorescence images of animals 
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treated with apoptosis-targeting PEG-b-PCL micelles (an experimental group) after the NIR laser 

of Fluobeam® 800 was on (dotted circles); however, a palpable tumor tissue was not visible or 

distinguishable from normal tissues in NIR fluorescence images of animals in the control group 

under the laser of Fluobeam® 800.  

 

 

Figure 5.4. Assessment of apoptosis imaging in vivo and ex vivo: Whole-body and excised tissues in 

bioluminescence images of ES-2-luc-bearing mice and those in fluorescence images of same animals obtained with 

Xenogen IVIS® 200 Series. White-light vs. fluorescence imagings in midline incised ES-2-luc-bearing mice 

obtained with Fluobeam® 800. (A) Representative fluorescence and bioluminescence images of ES-2-luc-bearing 

mouse injected IP with empty PEG-b-PCL micelles followed by an IV injection of methoxy-PEG-b-PCL micelles 

carrying DiR at 250 mg/kg as a control (left hand side) and those of ES-2-luc-bearing xenograft model injected IP 

with PEG-b-PCL micelles carrying PTX, CYP, and GSP at 30, 30, and 30 mg/kg followed by an IV injection of PS-

targeting PEG-b-PCL micelles carrying DiR at 250 µg/kg as an experimental group (right hand side) at 24 and 48 hr 

after termination of treatments. 
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From noninvasive bioluminescence imaging, quantitative BLI in ROI is presented 

longitudinally in Figure 5.5. Two days after termination of treatment, %BLI in ROI (%change in 

BLI of ROI starting at 6 hr after after an IV injection of apoptosis-targeting PEG-b-PCL micelles 

carrying DiR) increased rapidly up to ca. 60% but %FLI in ROI decreased to ca. -20% in control 

mice. In contrast, in the experimental group, %BLI in ROI decreased to ca. -50% but %FLI 

increased to ca. 20%. 

                              

Figure 5.5. Relative BLI and FLI of ROIs in noninvasive whole-body images of ES-2-luc-bearing mouse in a time-

dependent manner. 

 

5.3.5. Real-time NIR fluorescence image-guided surgery in IP ovarian cancer model 

ES-2-luc-bearing mice received an IP injection of either empty PEG-b-PCL micelles or 

PEG-b-PCL micelles carrying PTX, CYP, and GSP at 30, 30, and 30 mg/kg, respectively, on day 

7, followed by a subsequent IV injection of either empty apoptosis-targeting PEG-b-PCL 

micelles or apoptosis-targeting PEG-b-PCL micelles carrying DiR on day 8 post IP cell 

inoculation. On day 9, all animals were sacrificed, and the abdominal cavity was opened. 

Surgical tumor resection of the visually palpable tumor-like tissues was performed under white-
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light in control mice (traditional surgery). Resection of the FLU+ tumor-like tissues was 

performed under real-time NIR guidance using the Fluobeam® 800 fluorescence imaging system 

(intraoperative fluorescence image-guided surgery). Bioluminescence images were obtained of 

mice before incision, mice after laparotomy incision, mice after debulking surgery, and of 

collected tumor-like tissues for a control group (n = 4) in Figure 5.6A; bioluminescence and 

fluorescence images of the same were for an experimental group (n = 4) in Figure 5.6B. Not all 

dissected tumor-like tissues by traditional surgery under white-light were bioluminescence-

positive (LUC+) tissues and only some of dissected tumor-like tissues were genuine luciferase-

expressing tumor tissues. The large number of tumors left undissected in the carcass after 

surgical tumor resection under white-light is shown in Figure 5.6A. In contrast, most of tumor-

like tissues dissected with the guidance of intraoperative NIR fluorescence imaging were LUC+ 

and good correlation was observed between fluorescence and bioluminescence patterns in the 

collected tumor tissues (Figure 5.6B). Substantially smaller amounts of LUC+ and FLU+ tissues 

were left undissected in the carcass after real-time NIR image-guided surgery.  
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Figure 5.6. Assessment of intraoperative apoptosis imaging: Whole-body, excised tumor tissues, and carcass (before 

and after surgery) in bioluminescence and fluorescence images of four individual ES-2-luc-bearing xenograft 

animals obtained with Xenogen IVIS® 200 Series. (A) ES-2-luc-bearing mice injected IP with empty PEG-b-PCL 

micelles followed by empty apoptosis-targeting PEG-b-PCL micelles as a control. (B) ES-2-luc-bearing mice 

injected IP with PEG-b-PCL micelles with PTX, CYP, and GSP at 30, 30, and 30 mg/kg followed by an IV injection 

of PS-targeting PEG-b-PCL micelles carrying DiR at 250 µg/kg as an experimental group. 

 

 

The surgical procedure guided by intraoperative grey-scale NIR fluorescence images 

using Fluobeam® 800 in ES-2-bearing animals (an experimental group) is shown in Figure 5.7; 

apoptosis-targeting PEG-b-PCL micelles carrying DiR allowed the detection of FLU+ (white in 

color) large ovarian tumor tissues and FLU+ ascites in open peritoneum, noting that BLU+ cancer 

cells in ascites are also fluorescent. Following thorough exploration and surgical removal of 

large FLU+ tumor tissues and FLU+ ascites, smaller tumor nodules are visible for resection from 
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peritoneum. Representative intraoperative images obtained before, during, and after interval 

debulking surgery in ES-2-bearing animals in an experimental group are presented in Figure 8; 

FLU+ tissues located in pelvic area, caecum, skin, fallopian tube, and rectum were observed 

under Fluobeam® 800. Real-time NIR fluorescence imaging guidance permitted detection of 

tumors ca. 1 mm in diameter (Figures 5.7 and 5.8).  

 

 

 

Figure 5.7. Surgical procedure of ES-2-luc bearing mice guided by intraoperative NIR fluorescence imaging of 

apoptosis. (A) Experimental conduct of animal surgery using Fluobeam®. (B) Fluorescence images of carcass of ES-

2-luc-bearing mice captured by Fluobeam® during the peritoneal exploration and surgery. 
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Figure 5.8. Fluorescence images of carcass of ES-2-luc-bearing mice at different surgical stages and locations 

obtained by Fluobeam®. 

 

 

The amount of undissected Luc+ tissues left in carcasses before and after interval 

debulking surgery was quantified, and the number of total resected tissues and the number of 

LUC+ tissues were counted using visual observation and by bioluminescence imaging, 

respectively (Table 5.2). By comparing the number of LUC+ tissues with the number of total 
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resected tissues, surgical accuracy could be estimated (equation 1: % no. of BLU+ tissues / no. of 

total resected tissues). Following traditional surgery, 33.5 ± 16.6% of resected tissues were real 

LUC+ tumor tissues. Guided by intraoperative NIR fluorescence images, 91.7 ± 8.6% of resected 

tissue were LUC+ tumor tissues. Surgical accuracy was also assessed by estimating %BLI of 

dissected tumors (equation 2: [BLI of ROI in mid-line incised body “before” surgery – BLI of 

ROI in dissected body “after” surgery]) divided by BLI of ROI in mid-line incised body “before” 

surgery. Traditional surgery removed 27.5 ± 9.9% of LUC+ tissues and intraoperative NIR 

fluorescence image guidance resected 88.6 ± 6.1% of LUC+ tissues from ES-2-luc-bearing mice.  

 

 
 

Group 

 
% Accuracy 

 
Average 

operation time 
(min) 

 
PCI 

(BLI based) 
Equation 1 

(ex vivo tissue-
based) 

Equation 2 
(ex vivo carcass-

based) 
Experimental 91.7 ± 8.6 88.6 ± 6.1 12.5 ± 2.0 6.8 ± 3.4 

Control 33.5 ± 16.6 27.5 ±9.9 9.2 ± 1.3 26.5 ± 8.1 

 
Table 5.2. Evaluation of apoptosis-targeted interval debulking surgery in ES-2-luc-bearing xenograft model. 
 

Average duration of interval debulking surgery was 9.2 ± 1.3 min under white-light in 

traditional surgery and 12.5 ± 2.0 min using the intraoperative NIR fluorescence imaging 

guidance. The median PCI calculated using the scoring system shown in Figure 5.9 was 26.5 ± 

8.1 after traditional surgery and 6.8 ± 3.4 after surgery guided by real-time NIR fluorescence 

images.  
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Figure 5.9. (A) Illustration of Peritoneal Cancer Index (PCI) by Sugarbaker, a composite score (0-3) of lesion size 

in abdomino-pelvic regions (0-12). (B) The scoring system of PCI adapted from Sugarbaker. 

 

5.4. Discussion 

In preclinical and clinical trials, there are four factors to consider in determining the 

success of intraoperative NIR image-guided surgery: (1) targeting agent, (2) disease type, (3) 

surgical intent, and (4) imaging equipment.49 Our study demonstrated that a combined approach 

with IP NACT and real-time NIR fluorescence image-guided interval debulking surgery may 

represent an improved strategy for ovarian cancer, addressing the aforementioned four factors as 

follows. (1) Targeting agents: several NIR fluorescence probes and fluorescence agent-

containing or -conjugated nanoparticles have been developed for a tumor-targeted imaging 

purposes, eg. Cy5-labeled RAFT-c(RGDfK)4, Cy5.5-labled glycol chitosan nanoparticles, and 

GRGDS-PEG-b-PCL micelles containing DiI.142, 144, 145
  Selection of tumor targets in tumors 

impacts the surgical treatment because the surgeon completely relies on images to be visible in 

the surgical field. In this chapter, therapy-induced apoptosis was chosen as a target for 
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intraoperative NIR fluorescence imaging and a strategy of targeting apoptosis at tumor tissues 

using apoptosis-targeting peptide (GFNFRLKAGAKIRFGS)-conjugated PEG-b-PCL micelles 

containing the NIR fluorescence probe DiR was validated in a preclinical mouse model of 

ovarian cancer debulking. Li and colleagues identified a 14-mer peptide, FNFRLKAGAKIRFG, 

which demonstrated nanomolar binding affinity to PS in apoptotic tumors for therapy-induced 

apoptosis imaging purpose.25 In our study, a FNFRLKAGAKIRFG-containing linear peptide, 

GFNFRLKAGAKIRFGS (G and S were added to enhance serum stability of 

FNFRLKAGAKIRFG residues after conjugation), was conjugated on the surface of aldehyde-

PEG-b-PCL micelles for serum stability and apoptosis-targeted delivery of a NIR fluorescence 

imaging probe. DiR-incorporated GFNFRLKAGAKIRFGS-PEG-b-PCL micelles (named as 

apoptosis-targeting PEG-b-PCL micelles) prepared by a solvent evaporation method obtained 

similar physical characteristics of DiR-incorporated methoxy-PEG-b-PCL micelles, eg. DiR 

loading capacity at ca. 2% and the t1/2 value for in vitro DiR release at ca. 2 hr, but 1.8-fold 

larger z-average diameter of apoptosis-targeting PEG-b-PCL micelles carrying DiR at ca. 80 nm. 

Despite their slightly enlarged particle size, there were no signs of uneven size distribution or 

aggregation of apoptosis-targeting PEG-b-PCL micelles in aqueous solution (PDI 0.1) as shown 

in Table 5.1, enabling safe IV injection for in vivo studies without rapid renal clearance 

(typically problematic for a low molecular weight peptides) or severe hepatic uptake of 

aggregates. GFNFRLKAGAKIRFGS, maintained PS-selective binding affinity after decorating 

the surface of aldehyde-PEG-b-PCL micelles and apoptosis-targeting PEG-b-PCL micelles 

adsorbed selectively onto PS-coated wells and apoptosis-induced ES-2 ovarian tumor spheroids 

in vitro (Figure 5.2). Apoptosis-targeting PEG-b-PCL micelles preferentially delivered DiR 
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molecules preferably to apoptosis-induced ES-2-luc ovarian tumor spheroids with 2.4-fold 

increased DiR uptake over pre-saturated ES-2-luc ovarian tumor spheroids. Apoptosis-targeting 

PEG-b-PCL micelles carrying DiR have potential as a promising NIR fluorescence imaging 

agent for intraoperative surgical guidance in oncology, as they satisfy the major needs of NIR 

fluorescence imaging agents (facile preparation, the ability to be injectable as nanomaterials, 

enhanced aqueous solubility of highly lipophilic imaging probe, strong light absorbance in the 

NIR window, and most importantly, active tumor targeting).  

(2) Disease type: a tandem of PEG-b-PCL micelles, PEG-b-PCL micelles carrying PTX, 

CYP, and GSP for NACT-induced apoptosis and apoptosis-targeting PEG-b-PCL micelles 

carrying DiR for optical imaging purpose, was tested in metastatic human ovarian cancer (ES-2-

luc)-bearing animal model categorized as undifferentiated type in ovarian carcinomas. The 

undifferentiated carcinoma is defined by the absence of distinctive histological features or only 

small foci of differentiation, and is known as clinically aggressive neoplasm accounting for 4-5% 

of all primary ovarian malignancies.127, 146 ES-2-luc cancer cells inoculated in the peritoneal 

cavity tend to widely spread in the abdominal peritoneum and rapidly invade ovaries, fallopian 

tubes, pelvic structures (uterus, bladder, and rectum), and intestines leading to 100% animal 

death within 4 weeks after IP inoculation.141 Due to the aggressive nature of peritoneal 

malignancies, successful treatment of metastatic peritoneal ovarian cancer is challenging and 

requires aggressive debulking surgery.132  

(3) Surgical intent: because of the number and broad distribution of tumors, surgical 

resection of aggressively metastatic ovarian cancer requires a large incision, thorough 

explorations, and precise tumor resection with minimization of injury to involved organs. It is 
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therefore important to clearly delineate tumor margins and differentiate highly undistinguishable 

lesions from normal tissues. Confocal microscopic images of collected tissues demonstrated that 

a single IP injection of PEG-b-PCL micelles carrying PTX, CYP, and GSP at 30, 30, and 30 

mg/kg, respectively, in ES-2-luc-bearing animals increased the level of apoptosis in tumor 

tissues over time, reaching to the peak apoptosis level on day 1 post drug treatment. The 

subsequent decrease in the number of DNA fragments was presumably due to DNA fragments of 

apoptotic cells engulfed by macrophages. No apoptosis was observed in the kidney and liver but, 

a few DNA fragments of apoptotic cells were found in the spleen on day 1: as ES-2-luc ovarian 

cancer cells often travel to spleen and pancreas, it is possible that DNA fragments might be 

induced in metastatic tumor tissues residing in spleen. When apoptosis induction was optimized 

at 24 hr after an IP injection of PEG-b-PCL micelles carrying PTX, CYP, and GSP in ES-2-luc-

bearing animals, PEG-b-PCL micelles carrying DiR were injected via IV route. Some correlation 

was observed between NIR fluorescence signal (from DiR molecules accumulating at tumor 

tissues) and BLI of tumor tissues on bioluminescence imaging 24 hr after an IV injection of 

apoptosis-targeting PEG-b-PCL micelles carrying DiR (Figure 5.4). However, methoxy-PEG-b-

PCL micelles carrying DiR were observed mostly in the liver, indicating that passive targeting 

by the EPR effect was not sufficient to deliver DiR-incorporated methoxy-PEG-b-PCL micelles 

to metastatic tumor tissues disseminated in the peritoneal cavity. Moreover, a tumor priming 

strategy achieved by IP injection of PEG-b-PCL micelles carrying PTX, CYP, and GSP followed 

by an IV injection of methoxy-PEG-b-PCL micelles carrying DiR, was also insufficient to 

deliver DiR-incorporated methoxy-PEG-b-PCL micelles to metastatic tumor tissues in our ES-2-

luc-bearing xenograft model (data not shown). As metastatic ovarian tumor tissues are deficient 
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in blood supply and spread discontiguously along the peritoneal surfaces, microenvironment of 

metastatic ovarian tumors may impede delivery of agents by the EPR effect. The present study 

demonstrates that apoptosis-targeting PEG-b-PCL micelles carrying DiR improved delivery of 

DiR molecules to metastatic ovarian tumor tissues with a 1.5-fold stronger FLI in collected 

tumor tissues compared to passively-targeted DiR using methoxy-PEG-b-PCL micelles at 48 hr 

after IV injection. To illustrate the potential utility of our observations, small tumor tissues that 

were routinely left undissected near the left fallopian tube that were not visible by DiR-

incorporated methoxy-PEG-b-PCL micelles under Fluobeam® 800, were clearly visible by 

apoptosis-targeting PEG-b-PCL micelles carrying DiR under the same condition with Fluobeam® 

800 (Figure 5.4). In this study, the surgical intention for undifferentiated ovarian cancer at 

advanced stage is certainly to eradicate ovarian tumors after complete interval debulking surgery 

with minimum residual tumors (< 1 cm in size of residual tumors) guided by intraoperative NIR 

fluorescence imaging.130  

(4) Imaging equipment: Fluobeam® 800 provided real-time gray-scale images after NIR 

excitation of surgical targets and allowed for acquisition of both static and real-time images of 

objects (Figures 5.7 and 5.8). The real-time feedback of NIR fluorescence images during 

operative exploration can maximize the practical benefit of NIR fluorescence imaging compared 

to wide-field whole-body epifluorescence illumination approach by minimizing concerns 

regarding depth of detection and high autofluorescence from skin, as a large abdominal incision 

is necessary for the surgical process in peritoneal malignancies. In the experimental group, IP 

NACT followed by interval debulking surgery with a support of real-time NIR fluorescence 

images, resulted in ca. 90% debulking of ES-2-luc tumor tissue, whereas ca. 30% of ES-2-luc 
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tumor tissues were removed in the control group of traditional debulking surgery (IP and IV 

injections of empty vehicles) under white-light (Figures 5.6-5.9 and Table 5.2). The surgical 

superiority of real-time NIR fluorescence image-guided surgery was also demonstrated using the 

PCI, an indicator of distribution and size of residual tumors, adapted from Sugarbaker (7 vs. 

27).132 A modified PCI scoring system was applied in our study to translate the scoring system 

from human to mouse scale. Unlike results reported by Coll and colleagues, in which the 

operation time of surgical tumor resection was reduced with the use of Fluobeam® 800 in 

peritoneal adenocarcinoma-bearing mouse model, intraoperative fluorescence NIR image-

guidance did not reduce the duration of surgery compared to traditional white-light surgery (13 

min vs. 9 min). In our experience, it was evident that the additional tumors visualized by real-

time NIR fluorescence (not seen under white light) necessitated longer operation time, resulting 

in more optical tumor debulking. Surprisingly, real-time videos recorded by Fluobeam® 800 

show that the NIR fluorescence signal of DiR molecules at tumor tissues permitted identification 

of tumors as small as 1 mm in diameter and as large as 5 mm in diameter. The heightened 

sensitive tumor detection could greatly improve the efficacy of surgical therapy for peritoneal 

metastases, as optical tumor debulking ideally requires minimum residual tumors < 1cm.33, 48 It is 

expected that improved detection of submillimeter sized-tumor tissues could enhance the 

delivery of surgical therapy and ultimately improve survival.48  

 

5.5. Conclusion 

Optical NIR fluorescence imaging has shown potential for intraoperative surgical 

guidance in ovarian cancer beyond preoperative radiological imaging and visual inspection or 
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palpation of tumors under white-light illumination. A successful strategy of ovarian cancer 

management requires a combination of aggressive surgical therapy with chemotherapy. 

In this chapter, a treatment strategy coupling NACT and an interval debulking surgery 

guided by intraoperative apoptosis-targeted NIR fluorescence imaging using a tandem of 

administrated PEG-b-PCL micelles resulted in induction of apoptosis in tumor tissues, accurate 

delineation of tumor tissues in NIR fluorescence images, and ultimately, improved surgical 

accuracy and outcome in an ES-2-luc-bearing xenograft model of ovarian cancer. The unique 

approach employing PEG-b-PCL micelles may be seamlessly integrated into ovarian cancer 

surgery, enhancing visualization of tumor tissues and providing valuable guidance using 

intraoperative NIR fluorescence imaging for surgical oncology. 
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6 General discussion and conclusions 
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6.1. Primary findings and conclusions 

In this dissertation, three strategies, passive targeting (enhanced permeability and 

retention, EPR), tumor priming, and active targeting, used in surgical oncology aimed at tumor 

visualization were investigated. 

Poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) micelles carrying DiR 

(1,1’-dioctadecyltetramethyl indotricarbocyanine iodide) passively targeted LS180 solid colon 

tumors by the EPR effect showed a high tumor-to-background ratio in ex vivo fluorescence 

images.  

The major drawback of micellar drug delivery solely relying on the EPR effect is that 

intratumoral barriers drawn by complexity and heterogeneity of cancers, i.e. high cancer cell 

density, increased interstitial pressure, and uneven angiogenesis hinder the intratumoral 

penetration of polymeric micelles. This issue can be overcome simply by pretreating solid 

tumors with potent cytotoxic agents prior to delivery of polymeric micelles carrying a near-

infrared (NIR) fluorophore. This tumor priming process can reduce tumor cell density, expand 

interstitial space, and induce apoptosis. As a result, tumor uptake of PEG-b-PCL micelles 

carrying DiR into LS180 solid tumors could be facilitated with enhanced tumor-to-background 

ratio in ex vivo fluorescence images.  

To consider a clinically translational approach in surgical oncology, highly invasive and 

metastatic intraperitoneal (IP) ovarian cancer xenograft models were used. This is because 

extensive debulking surgery aiming at maximal surgical tumor removal and the minimal residual 

tumor nodules is the most critical procedure in treating peritoneally spread cancers. The EPR and 

tumor priming effects seemed to be promising strategies for solid tumor painting but their tumor 
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visualization efficiencies in highly metastatic, invasive, and undifferentiated IP ovarian cancer 

model are questionable.  

A 2-step strategy using a tandem of polymeric micelles, a neoadjuvant chemotherapy 

followed by apoptosis-targeted optical imaging, debulked metastatic ovarian tumor nodules with 

no notable toxicity, induced the optimum apoptosis at tumor tissues, and painted apoptotic 

tumors with a heightened fluorescence intensity. Intraoperative apoptosis-targeted optical 

imaging improved accuracy of surgical tumor resection, provided useful guidance, allowed 

detailed surgery, and decreased residual tumor tissues in the metastatic IP ovarian cancer model. 

The details of the major findings in chapters 2-5 are summarized as follows. 

 

6.1.1 Passive delivery of PEG-b-PCL micelles carrying DiR for solid tumor delineation 

DiR was successfully incorporated into PEG-b-PCL micelles by a simple nano-

precipitation method. The average diameter of DiR-loaded PEG-b-PCL micelles was about 30-

50 nm. The photophysical state of DiR was manipulated by controlling the occupancy of 

micelles with DiR molecules: PEG-b-PCL micelles highly occupied by DiR emitted weak 

fluorescence as DiR molecules existed in a self-quenched state in the core of PEG-b-PCL 

micelles, due to the close proximity of DiR molecules and their aggregate formation. At low 

occupancy, DiR molecules existed in a nonquenched state, widely dispersed in the cores of PEG-

b-PCL micelles and emitted strong fluorescence. It was noticed that in vitro and in vivo release 

kinetics of DiR molecules from PEG-b-PCL micelles were different depending on the states of 

DiR in PEG-b-PCL micelles: self-quenched DiR in PEG-b-PCL micelles showed a gradual 

increase of fluorescence intensity (FLI) over time whereas nonquenched DiR in PEG-b-PCL 
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micelles showed the rapid onset of FLI at early time points post IV administration and gradually 

lost FLI. Although kinetics of in vivo distribution of DiR in the LS180 colon cancer-bearing 

xenograft model depended on the photophysical properties of DiR in PEG-b-PCL micelles, we 

obtained equal tumor selectivity indicated by tumor-to-muscle ratios, ca. 2 from in vivo and ca. 

30-40 from ex vivo images. Importantly, we found the potential of passively delivered PEG-b-

PCL micelles carrying DiR in surgical oncology as we were able to detect tumor margins left 

undissected in fluorescence imaging after traditional surgery by visual observation and palpation 

in the LS180 colon cancer-bearing xenograft model.  

 

6.1.2. Enhanced solid tumor visualization by tumor priming effect 

The “tumor priming effect” was applied to overcome tumor penetration issues caused by 

high cancer cell density, increased interstitial pressure, and uneven angiogenesis. The tumor 

priming effect was planned with a 2-step strategy. (1) A single intravenous (IV) injection of 

poly(ethylene glycol)-block-poly(D,L-lactic acid) (PEG-b-PLA) micelles carrying paclitaxel 

(PTX), 17-allylamino-17-demethoxygeldanamycin (17-AAG), and rapamycin (RAPA) at 60, 60, 

and 30 mg/kg, respectively, induced apoptosis at LS180 solid tumors and elicited a 1.6-fold 

reduction in tumor volume with low acute toxicity. (2) PEG-b-PCL micelles carrying DiR were 

IV administrated in LS180 colon cancer-bearing xenograft model to visualize LS180 solid 

tumors. 

The tumor priming effect obtained by PEG-b-PLA micelles promoted the delivery of 

PEG-b-PCL micelles carrying DiR into solid tumors, resulting in a heightened NIR optical signal 

for better tumor delineation with the tumor-to-muscle ratio of 149±13 in collected tissue. 
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Fluorescence images of midline-incised animals also proved that the tumor priming effect 

obtained by PEG-b-PLA micelles containing PTX, 17-AAG, and RAPA uniformly visualized 

LS180 solid tumors with the strongest fluorescence signal. In contrast, DiR molecules visualized 

non-primed LS180 solid tumors with the weak fluorescence signal and those unevenly visualized 

LS180 solid tumors primed by PTX-incorporated PEG-b-PLA micelles with the strongest signals 

on the rim and the gradually weaker signals toward the center of tumors. Thus, a tandem of PEG-

b-PLA carrying PTX/17-AAG/RAPA and PEG-b-PCL micelles carrying DiR was used for 

effective tumor debulking, heightened tumor priming, and enhanced NIR optical imaging of LS 

180 solid tumors. One limitation of this work was the use of a subcutaneous xenograft model 

rather than a xenograft model undergoing metastases that is clinically relevant.  

 

6.1.3. PEG-b-PCL micelles carrying PTX, CYP, and GSP for neoadjuvant chemotherapy 

before debulking surgery in IP metastatic ovarian cancer model 

Polymeric micelles for effective neoadjuvant ovarian chemotherapy were developed 

before tumor debulking surgery in an IP metastatic ovarian cancer model, the ES-2-luc ovarian 

cancer (undifferentiated adenocarcinoma)-bearing xenograft model. PEG-b-PCL micelles 

prepared by a solvent evaporation technique had a good capacity for paclitaxel (PTX), 

cyclopamine (CYP), and gossypol (GSP), ca. 9.4%, resulting in multiple drug solubilization at 

18 mg/mL, ca. 6.2 mg/mL for each anticancer agent. PEG-b-PCL micelles were obtained with z-

average diameters at ca. 80 nm, regardless of drug compositions in PEG-b-PCL micelles. PEG-

b-PCL micelles carrying PTX/CYP/GSP at 1000 nM showed a unique anticancer effect on ES-2-

luc ovarian cancer spheroids in vitro: PEG-b-PCL micelles carrying PTX/CYP/GSP dissembled 
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ES-2-luc spheroids into smaller cellular aggregates loosing spherical integrity, whereas ES-2-luc 

spheroids stayed intact after treatment with PTX, but reduced growth of tumor spheroids, 

presumably by the action of proliferating ES-2-luc cells in the periphery. It was speculated that 

disaggregation of ES-2-luc spheroids is induced by synergistic mechanisms: inhibition of Hh 

signaling by CYP possibly reversed PTX resistance, facilitating the penetration of PTX into 

spheroids, and GSP simultaneously augmented apoptosis to make spherical integrity vulnerable. 

Both bioluminescence imaging and microPET/CT imaging also proved that IP injected 

PEG-b-PCL micelles carrying PTX, CYP, and GSP at 30, 30, and 30 mg/kg, respectively, have 

potent antitumor activity in metastatic ES-2-luc xenograft models. At 21 days (7 days post 

cessation of q7x3 treatment), the %BLI value (indicating ES-2-luc tumor progression) for PEG-

b-PCL micelles carrying PTX/CYP/GSP was 11-fold and 4-fold less than the vehicle control and 

PEG-b-PCL micelles carrying PTX, respectively. Importantly, 50% of animals treated with PEG-

b-PCL micelles carrying PTX/CYP/GSP survived for 46 days post cell inoculation, whereas 

100% of animals treated with vehicle control and PEG-b-PCL micelles carrying PTX died within 

27 and 35 days, respectively. Similar patterns of potent antitumor activity and prolonged survival 

of PEG-b-PCL micelles carrying PTX/CYP/GSP were observed in an SKOV-3-luc ovarian 

cancer (serous adenocarcinoma)-bearing xenograft model. 

 

6.1.4. Polymeric micelles for apoptosis-targeted optical imaging of metastatic ovarian 

cancer and intraoperative surgical guidance 

Apoptosis-targeting PEG-b-PCL (GFNFRLKAGAKIRFGS-PEG-b-PCL) micelles 

carrying DiR with a z-average diameter of 80 nm showed PS- and apoptosis-specific binding 
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affinities in vitro: DiR delivered by apoptosis-targeting PEG-b-PCL micelles showed ca. 2-fold 

stronger FLI in PS-coated wells over PC-coated wells, and DiR delivered by apoptosis-targeting 

PEG-b-PCL micelles also presented ca. 2-fold stronger FLI in primed ES-2-luc ovarian cancer 

spheroids (primed by PEG-b-PCL micelles carrying PTX/CYP/GSP) than FLI from DiR 

delivered by non-targeting PEG-b-PCL micelles. 

Actively targeted apoptosis imaging was obtained in vivo by a 2-step strategy in the ES-

2-luc ovarian cancer model. In the first step, IP administrated PEG-b-PCL micelles carrying 

PTX/CYP/GSP at 30/30/30 mg/kg debulked tumors and induced apoptosis with optimum 

apoptosis level in tumors at 24 hr post injection. In the second step, taken 24 hr after the first step, 

apoptosis-targeting PEG-b-PCL micelles carrying DiR were IV injected.  

Surgical tumor resection was conducted in a control group for traditional surgery under 

white-light (IP empty PEG-b-PCL micelles followed by IV empty PEG-b-PCL micelles) and an 

experimental group for surgery under intraoperative surgical guidance using the Fluobeam® 800, 

NIR imaging system (IP PEG-b-PCL micelles carrying PTX/CYP/GSP followed by IV 

apoptosis-targeting PEG-b-PCL micelles carrying DiR). As a result, not all dissected tumor-like 

tissues by traditional surgery were LUC+, and only some of the dissected tumor-like tissues were 

genuine luciferase-expressing tumor tissues. A large number of tumors were left undissected in 

the carcass after surgery under white-light. In contrast, most of tumor-like tissues dissected with 

the guidance of intraoperative optical imaging were LUC+ and there was a good correlation 

between fluorescence and bioluminescence patterns in ex vivo images. Substantially smaller 

amounts of LUC+ and FLU+ tissues were left undissected in the carcass after intraoperative 

image-guided surgery. Intraoperative optical imaging surprisingly permitted identification of 



135 
 
tumor nodules as small as 1 mm. Surgical accuracy was significantly higher in an experimental 

group under intraoperative surgical guidance, compared to that of a control group under 

traditional surgery (ca. 90% vs. ca. 30%). Operation time was ca. 3 min longer under the 

intraoperative surgical guidance, because there was more opportunity to explore suspicious small 

cancerous tissues visualized under the Fluobeam® 800. PCI (peritoneal cancer index) was 

substantially lower for the intraoperative surgical guidance group (ca. 7 vs. ca. 27), indicating 

less residual LUC+ tumor tissues left undissected in the carcass.  

The unique approach of employing a tandem of PEG-b-PCL micelles may be seamlessly 

integrated into ovarian cancer surgery, enhancing visualization of metastatic tumor tissues and 

providing valuable guidance using intraoperative NIR fluorescence imaging. 

 

6.2. Suggestions for future research 

6.2.1. Alternatives for neoadjuvant chemotherapy 

A carboplatin-PTX combination is, by now, the standard first-line treatment of ovarian 

cancer.147 The evolution of ovarian cancer therapy over the last 50 years has shown that 

platinum-based therapy (cyclophosphamide + alkeran radiotherapy in 1960’s, cisplatin + 

doxorubicin in late 1970’s, carboplatin + cyclophosphamid or cisplatin + taxane in early 2000’s, 

and carboplatin + taxane or carboplatin + Doxil in 2010-present) remains the standard of care.148  

However, when choosing an optimal treatment for ovarian cancer patients, a standard regimen 

cannot be generalized due to the numerous subtypes of ovarian carcinoma (prevalence, 

morphology, immunophenotype, and genotype).149 In particular, neoadjuvant chemotherapy 

(NACT) in women with stage III/IV ovarian cancer (bulky and widespread disease) should be 
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well tailored to the patient, taking resectability, age, histology, stage, and performance status into 

account.150  

In this dissertation (chapter 4), we found that a concurrent IP delivery of PTX, CYP, and 

GSP using PEG-b-PCL micelles (q7d x 3 dosing schedule) was highly effective in metastatic ES-

2-luc and SKOV-3-luc ovarian cancers (ES-2: undifferentiated adenocarcinoma, highly 

aggressive/invasive subtype, SKOV-3: serous adenocarcinoma, moderate-grade subtype),129 

eradicating peritoneal tumors and ascites and prolonging survival. Although we observed striking 

results in treating two different subtypes of ovarian cancer, we still believe that there might be 

more effective combinations to treat ovarian cancer covering a broader range of subtypes.  

Based on recent clinical and molecular investigations, around 70% of ovarian cancers 

show PI3K signaling activation.151 Thus, efforts for developing biomarkers measuring PI3K 

activity have been made. Moreover, it has been hypothesized that PI3K/Akt pathway inhibitors 

combined with platinum and taxane analogues may be beneficial in ovarian cancer patients 

because PI3K/Akt pathway activation has been revealed to be involved in resistance to platinum 

and taxanes. For example, combining wortmanin, an irreversible inhibitor of PI3K, with 

paclitaxel and carboplatin may be a good alternative for treating ovarian cancer, considering both 

clinical evolution of ovarian chemotherapy and molecular investigations. It is assumed that 

toxicity caused by IV administration of potent multi-drug combinations may be minimal in 

application of polymeric micelles by passively targeting the diseased site and gradually releasing 

payloads specifically to targets. 
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6.2.2. Improving stability, loading capacity, and targeting of polymeric micelles carrying 

NIR contrast agents 

In chapter 5, we prepared PEG-b-PCL (Mn of PEG = 5,000 g/mol, Mn of PCL = 5,000 

g/mol) micelles decorated with GFNFRLKAGAKIRFGS to actively deliver DiR to apoptotic 

tumors. The characterization result showed that 50% of DiR molecules were released from 

apoptosis-targeting PEG-b-PCL micelles within 2 hr in vitro, and loading efficiency of DiR was 

2%. We can simply improve release kinetics of DiR by occupying apoptosis-targeting PEG-b-

PCL micelles with larger amounts of DiR. A large number of DiR molecules in the core of 

apoptosis-targeting PEG-b-PCL micelles formed aggregates, existing in self-quenched state 

(weak in FLI), as shown in chapter 2. DiR molecules in aggregates may show slower release 

kinetics, being delayed by the dissociation process from aggregates to monomers upon leakage 

of micelles. Loading efficiency can be increased by the use of block copolymers with longer 

hydrophobic blocks. With respect to the micelle formation (the hydrophobic core serves as a 

reservoir to increase solubility of hydrophobic components), longer hydrophobic blocks can 

create more space in the core of micelles, permitting an increased loading of payloads.    

Sustained release can be achieved by preparing physically stable micelles consisting of 

linkage of polymer-payload. Strategies for sustained release for polymeric micelles include 

cross-linking, conjugation, and temperature- or pH-responsive formulations.152 In particular, 

cross-linking or conjugation strategies can improve stability and release kinetics of micelles 

carrying NIR contrast agents in the blood stream, and they can increase the loading efficiency of 

payloads.153 Furthermore, with some modification of polymeric micelles, as mentioned in 

chapter 1, polymeric micelles can be adopted to release NIR contrast agents under certain 
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conditions, such as apoptosis (activated by casepase-3 and -7) or an invasive condition (activated 

by matrix metalloproteinase, MMP).44 

Tumor targeting property may be improved by the use of different targeting moieties. As 

there is no universal target for all types of cancers, a wise selection of targeting moiety is critical 

to excel disease-specific targeting. In chapter 5 of this dissertation, apoptosis-targeting peptide, 

GFNFRLKAGAKIRFGS, was used to deliver payloads to therapy-induced apoptotic ovarian 

tumor tissues. Targeting of apoptotic ovarian tumors can be even better facilitated by decorating 

polymeric micelles with apoptosis-specific peptides having higher binding affinity to apoptotic 

cells/tissues, probably selected by using the phage display technique. Other target alternatives, 

other than apoptosis, can be the EGF receptor and the folate receptor α expressed on ovarian 

cancer cells.154, 155 Although investigators have been introducing successful applications and 

results of ovarian cancer targeting, targeting EGF receptor and folate receptor α, neither can 

target broadly-ranged subtypes of ovarian cancers. The expression rate of receptors depending on 

age, histology, stage and treatment history of patients should be clearly investigated.  

 

6.2.3. Survival study 

In chapter 5, it was shown that a treatment strategy coupling NACT and an interval 

debulking surgery guided by intraoperative apoptosis-targeted optical imaging resulted in 

improved surgical accuracy and outcome in an ES-2-luc-bearing xenograft model of ovarian 

cancer. Surgery was performed in a sacrificed ES-2-luc-bearing mouse model to evaluate the 

efficacy of the treatment strategy. However, surgical accuracy and outcome must be validated by 

long-term survival of animals after surgical tumor resection. It is assumed that animals bearing 
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less residual tumor tissues after surgical resection guided by intraoperative optical imaging (4-

fold less PCI than traditional white-light surgery) will show extended survival. Surgery will have 

to be performed with the intention of maximally removing as many tumor deposits as possible, 

under either conventional white-light or using intraoperative optical fluorescence image-guided 

surgery in ovarian cancer-bearing rats. After surgery and exploration of residual tumors, the 

abdomen will be sutured and closed, and animals will then recover, allowing measurement of 

survival duration as an evaluation of surgical outcome. It will be also worth comparing different 

subtypes of ovarian cancer rat models (one bearing aggressive and widely invasive metastases at 

late stages and another bearing local moderate-grade metastases at early stages) to monitor how 

the 2-step treatment strategy can affect the survival rate of animals given different disease stages 

and aggressiveness. 

 

6.3. Final remarks 

To summarize, optical NIR fluorescence imaging has shown a potential for intraoperative 

surgical guidance in ovarian cancer beyond preoperative radiological imaging and visual 

inspection or palpation of tumors. PEG-b-PCL micelles carrying DiR passively targeted solid 

colon tumors with high tumor-to-background ratio in fluorescence images by the EPR effect. The 

tumor priming effect debulked tumors, induced apoptosis, and, as a result, facilitated tumor 

uptake of PEG-b-PCL micelles carrying DiR into solid colon tumors with improved tumor-to-

background ratio in fluorescence images. A 2-step treatment strategy, NACT followed by 

apoptosis-targeting PEG-b-PCL micelles carrying DiR, debulked tumors, induced apoptosis, and 

provided real-time NIR fluorescence imaging with heightened tumor visualization in the ES-2-
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luc-bearing metastatic ovarian cancer model. In turn, intraoperative optical imaging provided 

detailed surgical guidance, increased surgical accuracy, and decreased residual tumor tissues in 

the ES-2-luc-bearing metastatic ovarian cancer model. 
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Appendix 
 

 

Evaluation of Commercially Available NIR Imaging Agents for Supporting Chapter 5 

 

S1. Introduction 

In chapter 5, it has been concluded that a 2-step treatment strategy coupling neoadjuvant 

chemotherapy (NACT) and intraperitoneal (IP) surgery guided by intraoperative apoptosis-

targeted imaging, using (1) poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) 

micelles carrying paclitaxel (PTX), cyclopamine (CYP), and gossypol (GSP) and (2) 

GFNFRLKAGAKIRFGS-PEG-b-PCL micelles carrying DiR (1,1’-dioctadecyltetramethyl 

indotricarbocyanine iodide), facilitated visualization of IP metastatic ovarian tumor tissues in 

fluorescence imaging, enhanced surgical accuracy, and resulted in improved surgical outcomes 

in an ES-2-luc-bearing xenograft model.  

There are several NIR (near-infrared) fluorescence imaging agents commercially 

available for research purposes that permit visualization of primary tumor tissues in murine 

xenograft models. In this supplementary chapter, we validated the tumor delineation efficiency 

of three commercially available NIR fluorescence imaging agents (AnnexinVivoTM750, 

IntegriSenseTM750 and MMPSenseTM750Fast) in an ES-2-luc IP metastatic ovarian cancer model. 

Although tumor-targeting mechanisms of NIR fluorescence imaging agents used for the study 

(GFNFRLKAGAKIRFGS-PEG-b-PCL micelles carrying DiR (chapter 5), AnnexinVivoTM750, 

IntegriSenseTM750 and MMPSenseTM750Fast) are not identical or suitable for direct comparison, 

it is worth monitoring differences between GFNFRLKAGAKIRFGS-PEG-b-PCL micelles 
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carrying DiR and commercially available NIR fluorescence imaging agents for effectiveness of 

tumor delineation. 

 

S2. Materials and methods 

S2.1. AnnexinVivoTM750 

AnnexinVivoTM750 (MW 35,000 g/mol, PerkinElmer Inc., Boston, MA) is a targeted 

fluorescence imaging agent comprising a selective protein, Annexin A5 and an NIR fluorophore 

(λex = 755 nm, λem = 772 nm). AnnexinVivoTM750 is developed to visualize phosphatidylserine 

(PS) exposed on the outer leaflet of the cell membrane lipid bilayer during the early stage of 

apoptosis. AnnexinVivoTM750 is supplied in a solution of 25 mM HEPES/NaOH, 140 mM NaCl, 

pH 7.4, and the recommended intravenous (IV) dose per mouse is 100 µL. In vivo imaging of 

animals at 2 hr post IV administration is recommended in general, and AnnexinVivoTM750 clears 

from tissues < 3 days post IV injection.  

In this experiment, ES-2-luc-bearing xenograft models (7 days post intrraperitoneal (IP) 

cell inoculation) were IP administrated with PEG-b-PCL micelles carrying PTX/CYP/GSP at 

30/30/30 mg/kg and 24 hr later, animals were IV injected with100 µL of AnnexinVivoTM750. 

Whole-body fluorescence and bioluminescence images were obtained 0.5, 12, 24, and 48 hr post 

AnnexinVivoTM750 injection, using Xenogen IVIS® 200 Series (Caliper Life Sciences, 

Hopkinton, MA). Animals received an IP injection of D-Luciferin (113 mg/kg) 5 min prior to the 

whole-body bioluminescence imagings. Forty-eight hr after IV injection of AnnexinVivoTM750, 

a midline incision of animals was made, and tumor tissues and organs were removed under the 
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Fluobeam® 800 NIR imaging system (Fluoptics, Grenoble, France). Ex vivo bioluminescence and 

fluorescence images were obtained from collected tumor tissues and organs.  

 

S2.2. IntegriSenseTM750 and MMPSenseTM750Fast 

IntegriSenseTM750 (MW 1,278 g/mol, PerkinElmer Inc., Boston, MA) is a targeted 

fluorescence imaging agent consisting of a selective non-peptide small molecule integrin αvβ3 

antagonist and an NIR fluorophore (λex = 755 nm, λem = 775 nm). IntegriSenseTM750 can be used 

to monitor tumor growth, tumor angiogenesis, and treatment efficacy. Integrin αvβ3 antagonist 

has been widely studied as a targeting ligand for neovasculature of tumors. IntegriSenseTM750 is 

lyophilized powder and was rehydrated with 10 mM PBS (pH 7.4) prior to IV injection. The 

recommended IV dose for IntegriSenseTM750 is 100 µL per mouse (2 nmol). In vivo imaging of 

animals at 24 hr post IV administration is recommended in general, and IntegriSenseTM750 clears 

from tissues < 5 days post IV injection. In this experiment, ES-2-luc-bearing xenograft models (7 

days post IP cell inoculation) were IV injected with 100 µL of IntegriSenseTM750. 

MMPSenseTM750Fast (MW 43,000 g/mol, PerkinElmer Inc., Boston, MA) is the 

activatable fluorescence imaging agent comprising a FAST (Fluorescence Activatable Sensor 

Technology) and an NIR fluorophore (λex = 749 nm, λem = 775 nm). MMPSenseTM750Fast is a 

matrix metalloproteinase (MMP) activatable agent that is silent upon injection but produces a 

fluorescence signal after cleavage by MMPs (MMP 2,3,7,9,12, and 13). As MMP activation is 

involved in cancer progression, invasion, and metastasis, MMPSenseTM750Fast may be suitable 

to image invasive and metastatic tumor tissues. MMPSenseTM750Fast is lyophilized powder and 

was rehydrated with 10 mM PBS (pH 7.4) prior to IV injection. The recommended IV dose for 
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MMPSenseTM750Fast is 100 µL per mouse (2 nmol). In vivo imaging of animals at 6 hr post IV 

administration is recommended in general, and IntegriSenseTM750 clears from tissues < 4 days 

post IV injection. In this experiment, ES-2-luc-bearing xenograft models (7 days post IP cell 

inoculation) were IV injected with100 µL of MMPSenseTM750Fast. 

Whole-body fluorescence images were obtained 0.5, 1, 2, 4, 6, 9, 12, and 24 hr post IV 

injections of IntegriSenseTM750 or MMPSenseTM750Fast, and whole-body bioluminescence 

images were obtained 0.5, 6, 12, and 24 hr post injections of those, using Xenogen IVIS® 200 

Series. Animals received an IP injection of D-Luciferin (113 mg/kg) 5 min prior to the whole-

body bioluminescence imagings. Twenty-four hr after IV injection of AnnexinVivoTM750, a 

midline incision of animals was made under the Fluobeam® 800 NIR imaging system.  

 

S3. Results and discussion 

S3.1. AnnexinVivoTM750 

Whole-body bioluminescence of ES-2-luc tumor cells is shown along with the 

fluorescence image of AnnexinVivoTM750 (Figure S1). The distribution of AnnexinVivoTM750 

in whole-body fluorescence images showed low correspondence with the peritoneal 

dissemination of ES-2-luc tumor cells presented in bioluminescence images. It was noted that the 

strongest fluorescence signal was observed in the bladders of animals. Fluorescence images of 

carcasses after tumor resection proved that the strongest fluorescence signals were monitored in 

kidneys and bladder of animals (white arrows). Collected kidneys also lit up with the strongest 

intensity, and the liver was also bright in ex vivo fluorescence images. 
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Under the Fluobeam® 800, NIR imaging system, the kidneys of midline-incised ES-2-luc-

bearing animals were illuminated, with the strongest fluorescence intensity (FLI) at 12 and 48 hr 

post IV injection of AnnexinVivoTM750 in Figure S2.  

Relative % bioluminescence and fluorescence intensities (BLI and FLI) of collected 

tissues were calculated compared to those of kidneys (BLI and FLI in kidneys were 100%) 

(Figure S3). Kidneys showed the strongest FLI but significantly low BLI because a substantially 

large amount of AnnexinVivoTM750 presumably passed through renal clearance. (There was no 

evidence of metastases in kidneys.) Bioluminescent-positive (BLU+) tumor tissues (> 3,000% of 

BLI in tumors) emitted weak fluorescence with < 10% of FLI. 

In comparison with NIR fluorescence images obtained by IV injected apoptosis-targeting 

PEG-b-PCL carrying DiR, shown in Figures 5.4-5.6 (chapter 5), AnnexinVivoTM750 failed 

tumor-specific NIR imaging in the ES-2-luc-bearing xenograft model. It is assumed that 

apoptosis-targeting PEG-b-PCL carrying DiR facilitated the active tumor-targeting effect due to 

its nanoscopic particle size (20-100 nm) and the enhanced permeability and retention (EPR) 

effect, in part avoiding renal clearance and liver uptake, residing intact in blood stream, and 

providing higher opportunity to reach tumor tissues. Additional benefits can be expected if 

apoptosis-targeting PEG-b-PCL carrying DiR are used. For example, peptide, 

GFNFRLKAGAKIRFGS, targets PS in Ca2+-independent manner, whereas annexin V requires 

substantial amounts of Ca2+ in order to make complete binding to PS. Apoptosis-targeting PEG-

b-PCL carrying DiR is smaller in size and less immunogenic than AnnexinVivoTM750. 
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Figure S1. Assessment of apoptosis imaging in vivo and ex vivo: Whole-body and excised tissues in 

bioluminescence images of ES-2-luc-bearing mice and those in fluorescence images of the same animals obtained 

with Xenogen IVIS® 200 Series. Representative fluorescence and bioluminescence images of ES-2-luc-bearing 

mouse injected IP with PEG-b-PCL micelles carrying PTX, CYP, and GSP at 30, 30, and 30 mg/kg, followed by an 

IV injection of AnnexinVivoTM750 at 24 hr after termination of treatments. 

 

 

Figure S2. Fluorescence imaging of the whole-bodies of ES-2-luc-bearing mice at 12 hr post IV injection of 

AnnexinVivoTM750 (bottom left) and fluorescence imaging of midline incised ES-2-luc-bearing mice at 48 hr post 

IV injection of AnnexinVivoTM750 obtained with Fluobeam® 800. 
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Figure S3. (A) %FLI and (B) %BLI of collected tumors and organs relative to those of kidneys at 48 hr post IV 

injection of AnnexinVivoTM750 in ES-2-luc-bearing xenograft model. 

 

S3.2. IntegriSenseTM750 and MMPSenseTM750Fast 

Whole-body bioluminescence images of ES-2-luc tumor cells are shown along with the 

fluorescence images of IntegriSenseTM750 and MMPSenseTM750Fast (Figure S4). As expected, 

IntegriSenseTM750 was rapidly cleared from animals due to its small size (MW 1,278 g/mol). 

The distributions of IntegriSenseTM750 and MMPSenseTM750Fast in whole-body fluorescence 

images showed no correspondence with the peritoneal dissemination of ES-2-luc tumor cells 

presented in bioluminescence images, presenting the strongest signals in bladders during the 

entire sets of experiments. 

The same distribution patterns of IntegriSenseTM750 and MMPSenseTM750Fast were 

observed under the Fluobeam® 800 in the midline-incised ES-2-luc-bearing xenograft model 

(Figure S5): intestinal organs in IntegriSenseTM750-received animals (left) and kidneys in 

MMPSenseTM750Fast-received animals (right) were illuminated. Notably, the fluorescence 

signal in IntegriSenseTM750-received animals was evenly distributed throughout peritoneum 

(grey in color) with no prominent signals. Therefore, it is because there was no specific uptake of 
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IntegriSenseTM750 at certain sites after rapid clearance of IntegriSenseTM750 that the entire 

peritoneum was equally fluorescent under the auto-settings of Fluobeam® 800. 

From noninvasive bioluminescence and fluorescence imagings, quantitative BLI and FLI 

in the ROI (region of interest: tumor tissues in the abdomen of animals) are presented 

longitudinally in Figure S6. %BLI in the ROI gradually increased for both animal groups, 

whereas %FLI in the ROI for both rapidly decreased at 2 hr post injections, ca. -8% in 

IntegriSenseTM750 and -95% in MMPSenseTM750Fast. This implies that IP injected 

IntegriSenseTM750 and MMPSenseTM750Fast were not successfully delivered to metastatic IP 

tumor tissues, resulting in a rapid decrease of FLI at the ROI in the ES-2-luc-bearing xenograft 

model.  

In comparison with apoptosis-targeting PEG-b-PCL carrying DiR, IntegriSenseTM750 

and MMPSenseTM750Fast may not successfully offer tumor-targeted NIR imaging in the ES-2-

luc-bearing xenograft model. Because IntegriSenseTM750 is relatively smaller than 

AnnexinVivoTM750, MMPSenseTM750Fast and apoptosis-targeting PEG-b-PCL carrying DiR, 

earlier laparotomy and IP exploration of IntegriSenseTM750-received animals may be necessary 

to enhance tumor visualization with stronger FLI. However, early laparotomy seems not to be 

significantly helpful, as IntegriSenseTM750 still presented the strongest FLI in bladders, even at 

the early time point for noninvasive scanning (0.5-2 hr) as seen in Figure S4. 

MMPSenseTM750Fast also cleared from animals in rapid manner and as a consequence, the 

strongest FLI is observed in bladders. Although IntegriSenseTM750 and MMPSenseTM750Fast 

can successfully visualize primary solid tumors, given the complexity of ovarian cancer (highly 

invasive and metastatic tumors with large amount of ascites fluid), instability and rapid clearance 



149 
 
of IntegriSenseTM750 and MMPSenseTM750Fast seem to diminish their efficiencies in tumor-

targeted NIR imagings. 

 

Figure S4. Assessment of metastatic tumor imaging in vivo: Whole-body and excised tissues in bioluminescence 

images of ES-2-luc-bearing mice and those in fluorescence images of same animals obtained with Xenogen IVIS® 

200 Series. Representative fluorescence and bioluminescence images of ES-2-luc-bearing mouse injected IV at 0 hr 

with IntegriSenseTM750 (top) and MMPSenseTM750Fast (bottom). 
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Figure S5. Fluorescence imaging of midline incised ES-2-luc-bearing mice at 24 hr post IV injection of 

IntegriSenseTM750 (left) and MMPSenseTM750Fast (right) obtained with Fluobeam® 800. 

 

 

Figure S6. Relative %BLI and %FLI of ROIs in noninvasive whole-body images of ES-2-luc-bearing mouse in a 

time-dependent manner. 

 

S4. Conclusion 

Although it has been reported that commercially available NIR imaging agents 

successfully provided tumor-targeted NIR fluorescence images in primary solid tumor tissues, 

they failed to show superior efficiency in tumor-targeted NIR fluorescence imaging of highly 

invasive and metastatic ovarian tumor tissues in this investigation. 
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