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Abstract  
 

Small-molecule cancer therapeutics have traditionally had limited selectivity between targeted 

tumor cells and tissue, and healthy non-target tissues, often leading to significant side effects 

limiting the efficacy of the such therapies. Nanoparticle based have demonstrated the ability to 

improve the efficacy of these compounds by favorably enhancing their pharmacokinetics and 

biodistribution. However, nanoparticle based systems are often limited in efficacy by poor tumor 

drug uptake and bioavailability of the drugs. Stimuli based drug delivery systems have the ability 

to overcome such limitations and improve the therapeutic efficacy of nanoparticle drug delivery 

systems. This thesis focuses on the development and applications of Porphyrin-Phospholipid (PoP) 

Liposomes. Chapter 1 introduces the concept of triggered drug release and the various approaches 

used with liposome based drug delivery systems. Chapter 2 describes the initial development of 

PoP liposomes and the first instance of using PoP liposomes to stably entrap and release cargo 

using light as a stimuli as well as preliminary in vivo anti-tumor and biodistribution data. Chapter 

3 describes the optimization of doxorubicin loaded PoP liposomes with particular focus on 

improving serum stability and blood circulation time. Chapter 4 describes the use of metal 

chelation to alter the light release properties and efficacy of mitoxantrone loaded PoP liposomes. 

Chapter 5 compares differences in the drug loading and stability of doxorubicin and irinotecan in 

PoP liposomes. Chapter 6 describes in vitro blood interactions, pharmacokinetics, the dependence 

of drug delivery on light Propagation, and phototoxicity and dose toxicity of the doxorubicin 

loaded PoP liposomes described in chapter 3. Chapter 7 describes a brief discussion of PoP 

liposomes and provides some future directions of the technolog
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Chapter 1: Stimuli-activated Nanoparticles for Drug Delivery 
 

1.1 Acknowledgements  

This chapter is in part a reformatted version of the manuscripts entitled “Nanomedical Engineering: Shaping 

Future Nanomedicines” published in WIREs: Nanomedicine and Nanobiotechnology (2015). Under the 

supervision of Jonathan F. Lovell, my contributions included manuscript writing. 

1.2 Abstract 

Preclinical research in the field of nanomedicine continues to produce a steady stream of new nanoparticles 

with unique capabilities and complex properties. With improvements come promising treatments for 

diseases, with the ultimate goal of clinical translation and better patient outcomes compared to current 

standards of care. Triggered drug release approaches have long been the focus of research with the goal of 

improving drug delivery. This chapter outline the various approaches which have been developed to 

improve drug delivery with a specific focus on light based approaches and an introduction to PoP 

Liposomes. 

1.3 Introduction  

Traditional small-molecular cancer therapeutics such as doxorubicin suffer from limited selectivity between 

tumor and healthy tissues, leading to considerate side effects especially in the treatment of cancers.[1, 2] 

Compared with the conventional free drug, nanoparticles for cancer therapy are usually much less toxic 

than the free chemotherapeutic agents due to the reduced distribution volume- limited access to the critical 

organs like heart and kidney because of the relatively large size compared with the fenestrations in the 

vessels of such organs.[3, 4]  Also, nanoparticles generally show enhancement of efficacy because of the 

increased deposition of drugs in tumors due to the Enhanced Permeability and Retention (EPR) effect a 

phenomenon in which particles of a specific size range are able to preferentially accumulate in tumor 

tissue.[5–8] However, in order for the increased amount of drugs to be effective, drugs encapsulated in the 

nanoparticles need to become bioavailable thus an appropriate release profile in the tumor is desired. 

Nanoparticles have the ability to alter the pharmacokinetics, and tissue distribution and tumor accumulation 
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of the chemotherapy agents.[9–12] Most commonly nanoparticles are designed to exploit the EPR effect, 

However this approach has several limitations including poor tumor uptake of the drug, and poor drug 

bioavailability due to poor release kinetics of the drug from its encapsulated form within the nanoparticle 

requiring alternative strategies.[13–16]  To address these problems triggered drug release approaches, 

which involve the encapsulation of chemotherapy agents within nanoparticles which are capable of 

releasing the encapsulated drugs when subjected to a specific stimulus, have been a focus of significant 

research.[13, 16, 17] There are multiple approaches which have been developed to achieve this with each 

approach having their own advantages and disadvantages. In this chapter these approaches will be 

introduced along with PoP Liposomes the focus of this thesis which uses light as the stimulus.  

1.4 Liposomes for Drug Delivery  

Liposomes are commonly used as nanomedicines due to their biocompatibility from being formed from 

lipids that are already found in the body. They are spherical vesicles composed of lipid bilayers which 

surround an aqueous core. They were first described by British haematologist Alec D Bangham in 1965.[18] 

Liposomes can be used as carriers for administration of pharmaceutical drugs, with the hydrophilic drugs 

encapsulated in the aqueous core and hydrophobic drugs retained within the bilayers. There are multiple 

clinically approved liposomal drugs approved with many more are in clinical trials.[19] The first generation 

of liposomes had short circulation time due to rapid clearance by the reticuloendothelial (RES) system. RES 

is a part of the immune system and consists of phagocytic cells such as monocytes and macrophages located 

in liver, spleen, lymph nodes and bone marrow.[20] Incorporation of lipid-anchored PEG derivatives 

prolongs the circulating half-life of liposomes.[21] PEGylated liposomes, also named “stealth liposomes”, 

can reduce the uptake by RES because the long hydrophilic PEG chains act as a steric brush to suppress the 

clearance by RES. Liposomes have been examined in many different ways, including assessing the effects 

of size, dose, and surface charge on pharmacokinetic parameters and anti-tumor efficacy.[22] In addition 

to liposomes, lipid-based micelle-like nanoparticles are viable carriers for therapeutic and imaging 

agents.[23, 24] One interesting approach is to use or mimic naturally-occurring lipoproteins nanoparticles 

for anti-cancer applications.[25] 
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Doxil, approved in 1995, was one of the first nano-drugs approved by United States food and drug 

administration (FDA) for treatment of HIV-related Kaposi’s sarcoma and was subsequently approved for 

the treatment of platinum-resistant ovarian cancer and multiple myeloma. Doxil exemplifies long-

circulating and stable PEGylated liposomes that use active loading driven by a transmembrane ammonium 

sulfate gradient to stably incorporate the doxorubicin (loading efficacy higher than 90%).[26] AmBisome 

is a unilamellar liposomal amphotericin B preparation for the systemic treatment of fungal infections.[27] 

The liposomal formulation has prolonged circulation time after intravenous administration. AmBisome 

effectively reduced amphotericin B associated nephrotoxicity without loss in efficacy.[28] DepoDur, 

approved by FDA in 2004, is an extended release multivesicular liposomal epidural morphine. The main 

advantage for DepoDur is its extended release property which reduces the frequency of dosing and more 

consistent serum concentrations. DepoDur has been increasingly used for treating acute postoperative pain 

without the use of infusions.[29] 

1.5 Triggered Drug Delivery Approaches 

There are at least two types of stimulated drug release; environmentally-triggered release and externally-

triggered release. Environmental release occurs when local stimuli, such as pH causes the nanoparticles to 

release their contents. Externally-triggered release occurs when an external stimulus, such as applied heat 

or light induces release of entrapped contents. Both concepts allow for the release of drug at a target site, 

the main difference being that external release mechanisms offer more control, for on-demand release. 

However, external release mechanisms also are significantly more difficult to implement are limited to 

treating localized conditions such as a problematic primary tumor as opposed to the metastatic disease. 

1.5.1 pH triggering 

pH-triggered release can be subdivided into three categories, orally deliverable drugs, tissue level 

mechanisms, and cellular level mechanisms.[30] In the case of orally delivered drugs, the goal is often to 

encapsulate the drugs so they pass through the acidic conditions of the stomach without degradation, and 

then release into the higher pH environments of the duodenum, and other parts of the gastrointestinal (GI) 

tract. In this case drug release is achieved by pH dependent swelling, dissolution, or changes in surface 
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charge.[31] One potential application for this system is through oral administration of insulin loaded 

nanoparticles. Orally administered insulin loaded polymer-based nanoparticles have been shown to be able 

to protect their contents through the stomach and deliver them into the intestines.[32] However, getting the 

insulin from the intestines into the blood stream remains a challenge as enzymes in the intestines will 

degrade the nanoparticles and insulin as well. Additionally, the doses required to reduce blood glucose 

levels for orally administered insulin are significantly higher than required for injected insulin (30–100 

IU/kg vs 1 IU/kg).[33] 

Tissue level mechanisms are related to the Warburg effect, whereby the tumor environment exhibits a pH 

value of 0.5–1 lower than physiologically normal tissues.[34, 35] Due to hypoxic conditions, tumor cells 

switch to anaerobic respiration and generate excessive lactic acid which causes the more acidic conditions. 

Nanoparticles are engineered to become destabilized and release their drug content at this reduced pH.[30, 

35, 36] This may be achieved by designing nanoparticles such as polymeric micelles which dissociate under 

the mild acidic conditions of the tumor environment,[36] or pH induced swelling.[30] 

In cellular level mechanisms, release of the drug occurs after the nanoparticles have been uptaken by cells. 

Following endocytosis, the nanoparticle are subjected to an acidic pH environments of 5–6.5 in endosomes 

and 4–5 in lysosomes.[37] Drug release is achieved similarly to the other pH mechanisms with release being 

induced by swelling, dissolution or acid induced bond cleavage of the carrier as well as destabilization of 

the endosomal membranes.[30, 35] pH sensitive liposomes have also been developed extensively by the 

Szoka group that are activated during endocytic uptake based on changes in charge that occur in the 

acidifying endosomal and lysosomal environments.[38] 

It is possible for multiple pH targeting strategies to be used concurrently. TAT peptide-based micelles are 

an example. They are polymer based micelles to which are connected a PEG conjugated TAT complex. 

This complex at physiological pH (7.4) is shielded by formation of a complex with a copolymer of PEG 

and poly(methacryloyl sulfadimethoxine) (PSD). Under the mild acidic conditions of the tumor 

environment the PSD shielding complex dissociates leaving the TAT exposed.[39] TAT, a HIV derived 
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non-specific cell penetrating peptide, increases the uptake of the micelles through endocytosis. Following 

endocytosis, the micelles disintegrate in the low pH environment, releasing entrapped doxorubicin within 

the endosomes. This system has been shown to suppress tumor growth in mice.[40] 

1.5.2 Enzymatic triggering 

Enzymatic degradable nanoparticles work by releasing their encapsulated contents when exposed to the 

enzymes found at the target site. These delivery systems can be designed to be responsive to many different 

enzymes. This approach has been applied extensively to functional imaging probes.[41, 42] For example, 

nanoparticles made with peptide linkages may be degraded by proteases while those made with 

phospholipids can be degraded by lipases.[43] This system has the potential to induce minimal activation 

while the nanoparticles are in circulation in the blood. However, as many enzymes can be found in both 

healthy and diseased cells, the use of enzymes must be complemented by a specific targeting strategy or 

the use of enzymes which are present at greater levels in the diseased cells.[30, 43, 44] 

An example of the application of this mechanism is liposomes designed to be degraded by secretory 

phospholipase a2 (sPLA2). sPLA2 is a lipid hydrolyzing enzyme which is prevalent in the extracellular 

space of tumors. The responsiveness of liposomes to sPLA2 can by adjusted by altering the lipid 

composition. Cisplatin loaded sPLA2 responsive liposomes were shown to effectively suppress tumor 

growth in nude mouse xenographs.[45] Hydrophobic drugs may also be conjugated directly to the hydroxyl 

group normally occupied by the lipid fatty acid sidechain. At the target tissue, lipases may then cleave and 

liberate the drug. Phospholipid-fused porphyrins,[46] mycotoxins,[47] and taxanes have all been assembled 

into nanoparticles for this lipase activated mechanism.[48] This concept is illustrated in Figure 6, with a 

docetaxel-phospholipid prodrug. 

Another family of enzymes that are linked to cancers are the matrix metalloproteinases (MMPs). These 

proteases degrade the extracellular matrix, thus enabling the spread of tumor cells. One interesting approach 

developed 100 nm nanoparticles that themselves contained smaller nanoparticles that could be released 

upon cleavage of the larger nanoparticle by MMP-2.[49] This concept is shown in Figure 7. In this way, 
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the larger nanoparticle can effectively accumulate in the tumor via the EPR effect and upon proteolytic 

cleavage the smaller nanoparticles are released and can deeply penetrate the tumor. 

1.5.3 Heat triggering 

Heat-triggered release typically involves heating drug encapsulated nanoparticles such as liposomes or 

polymer-based nanoparticles to a point at which entrapped drug becomes released. Generally, this involves 

the use of an external heat source to induce a change in the nanoparticle which makes them permeable.[50, 

51] In the case of liposomes, for example, heating above a critical transition temperature, causes the 

liposome bilayer to change from a ridged crystalline phase to a more fluid liquid crystalline phase.[52] 

While this is often achieved by applying an external source of heat, other techniques have been developed 

which uses alternative external stimuli such as magnetic fields, and light irradiation, along with entrapped 

nanoparticles capable of generating heat.[53, 54] In order for these systems to be clinically applicable they 

need to meet two key requirements, first the drug should be release quickly upon application of the stimuli; 

Second release should occur at temperature slightly above body temperature (39–40 °C) which is 

considered to be mild hyperthermia since at more elevated temperatures vascular shutdown occurs.[55, 56] 

Of these techniques, the use of an external heat source with a special liposomal formulation, Thermodox, 

has been successful in advancing through phase III human clinical trials. Thermodox is a liposomal 

formulation of doxorubicin with rapid release of the drug under mild hyperthermia conditions. It is currently 

being clinically studied for the treatment of colorectal, breast, and liver cancers with one phase III clinical 

trial for primary liver cancer having been completed.[25, 57] In addition to drug release from the liposomes 

at elevated temperatures, Thermodox seeks to take advantage of the therapeutic effects of hyperthermia 

itself. This includes increasing blood flow and tumor vessel permeability to nanoparticles.[56] In the 

clinical trials the liposomes were combined with radiofrequency ablation therapy, which itself kills tumors 

by heating them to elevated temperatures. In these trials the goal was for the liposomes to treat the cancer 

cells on the perimeter of the ablation zone where the temperature would be high enough to induce release 

but not sufficient to kill the cells on its own.[58] Figure 8 shows a schematic representation of the 

Thermodox activation mechanism. 
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1.5.4 Magnetic triggering 

Magnetic triggered release can be achieved by two methods; through the use of heat generating particles 

such as iron oxide, or through mechanical mechanisms. Though a few mechanical mechanisms have been 

demonstrated these have not been as well studied as the heat based mechanisms. A mechanism has been 

demonstrated in which release from nanospheres is induced by a high-frequency magnetic field (HFMF) 

which cause vibrations rupturing the shell of the particle.[54, 59] The heat-triggered mechanisms involve 

entrapping heat generating particles in a thermoresponsive nanoparticle. Upon the application of an external 

magnetic field the particles generate heat which induces drug release from the nanoparticles.[60–63] This 

system works similarly to the heat-triggered release system above except that the source of the heat is 

localized to the nanoparticles. 

This has been demonstrated with magnetoliposomes, in which iron oxide particles were entrapped within 

liposomes and loaded with doxorubicin.[60] In this case, liposomes with a release temperature of 42°C 

were used and maximum drug release was achieved after 6 minutes. Heating of the bulk solution was 

minimal, though dependent on the concentrations used. While this demonstrates release can occur in the 

absence of significant heating, heating can also be beneficial. Heat based treatments in which magnetic 

nanoparticles are used to induce hyperthermia are currently being clinically evaluated.[64] 

1.5.5 Ultrasonic triggering 

Ultrasound has been shown to be able to release the contents from nanoparticles. This is achieved typically 

due to cavitation induced under ultrasound irradiation,[65–68] though ultrasound heat mediated release 

mechanisms also exist.[69] In this system the ultrasound causes the formation of vapor bubbles which 

permeabilize the nanoparticle, allowing the entrapped drug to be released. One advantage of this system is 

that ultrasound is noninvasive, however, it can also cause cellular damage.[67, 68] 

This has been shown to be effective in vivo with cisplatin loaded liposomes and low frequency ultrasound 

(LFUS). In this study a stealth formulation of cisplatin liposomes which have been shown to suffer from 

poor bioavailability due to slow release kinetics were used with LFUS to treat C26 tumors on the footpad 
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of BALB/c mice. The results showed that the combination of the liposomes and LFUS improves the 

effectives of the liposomes due to the increase of the bioavailability of the liposomes.[70] 

1.5.6 Light triggering 

Many nanotechnology-based mechanisms involving light activation have been developed.[71] 

Photochemical mechanisms and heat related mechanisms are the two main categories. Photochemical 

mechanisms involve light induced chemical reactions which lead to the permeblization of the nanoparticles. 

These include reactions such as photooxidation, photoisomerization, and photocleavage. The heat related 

mechanisms work similarly to the magnetic-triggered release in that light sensitive heat generating particles 

such as gold nanoparticles are entrapped within the nanoparticles. When the nanoparticles are treated with 

light, the heat generating particles generate heat and causes release of the entrapped contents due to 

thermally induced permeability. More novel methods for lights-triggered release have also been shown. For 

example, the use of gold nanoparticle tethered liposomes has been shown to release the contents through 

cavitation similar to the ultrasound mechanism,[72] and the use of channel proteins embedded within 

liposomes which open upon laser irradiation.[73] 

For light-triggered release to be viable clinically, the wavelengths of light used would optimally be in the 

near infrared range (NIR) of the spectrum as this is the most biologically compatible range. There are two 

primary reasons for this, first NIR light provides better tissue penetration than ultraviolet light (UV) on the 

other end of the spectrum. Secondly UV light poses phototoxity to healthy tissue, therefore may not be safe. 

In addition, many photochemical mechanisms also tend to produce toxic reactive species, making them 

unlikely to be widely used. Methods which rely on photo-physical mechanisms which are activated in the 

NIR range are appealing since they may not have as many potential phototoxicity risks.[53, 74, 75] 

1.6 PoP Liposomes 

Many of the stimuli approaches described in here suffer from limitations which impede their clinical 

translatability due to poor in vivo stability, or toxic components. In vivo stability is one of the most 

important properties for stimuli based drug delivery systems, as the nanoparticle must be able to retain the 

drug until the stimuli is activated.[76–78] Heat-triggered systems for example must remain stable at body 
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temperature (37°C) while at the same time capable of release at only slightly elevated temperatures (40-

45°C) as higher temperatures may have a deleterious effect on healthy tissue.[79, 80]  As previously 

mentioned Thermodox was developed to address these factors. However while the liposomes were shown 

to be capable of releasing the drug under mild hyperthermia (40-42°C) the liposomes were not stable in 

vivo having a pharmacokinetic profile similar to that of free doxorubicin,[81] which may have been a 

contributing factor to the poor clinical performance. Similarly, for pH triggered systems designed for 

release in tumor environments must be stable at physiological pH and capable of release at pH conditions 

only 0.5–1 lower. Such a low margin, as in the case of heat triggered release is likely to result in instability 

in the blood.[8, 82, 83] Light triggered approaches however do not have such limitations as it is possible to 

formulate systems which are stable in vivo releasing their cargo only upon stimulation. One of the greatest 

challenges is the ability to use a physiologically relevant light treatment approach, as there are three key 

factors which can limit or prevent the use of a light-triggered approach in vivo. Firstly, the wavelength used 

should be safe for in vivo application and offer good tissue penetration. For these reasons as previously 

mentioned UV light is not suitable as it is both phototoxic on its own and offers poor tissue penetration, 

which leaves only light in the NIR range as suitable for use.[53, 84]  The second issue is the amount of 

energy required to induce release must be relatively low. Systems which require high amounts of energy 

are unsuitable from in vivo release as they may require either long treatment times to achieve release making 

in vivo applications impossible or require the use of high powered laser systems which can induce tissue 

damage on their own as high power lasers can induce tissue heating.[85, 86] 

To address these concerns we developed PoP liposomes which are designed to release entrapped cargo 

using NIR light at relatively low light powers (100-300 mW/cm2) while maintaining good stability in 

circulation and minimizing the toxic effects of generated reactive species. PoP liposomes are liposomal 

nanoparticles prepared with a with a Porphyrin-phospholipids (PoP) which consists of a phospholipid with 

a single fatty acid sidechain with a porphyrin conjugated in place of a second sidechain.[87] Liposomes 

originally produced using PoP were initially used for PDT and photothermal therapy (PTT) applications in 

mice.[88] Using the lipid composition of Doxil as a starting point PoP liposomes were produced capable of 
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entrapping various cargo including fluorescent dyes such as calcein and anti-cancer drugs such as 

doxorubicin. These liposomes were also shown to be capable of releasing these cargos upon stimulation 

with laser light.  

As will be shown in later chapters PoP liposomes were initially formed using HPPH(hexyloxyethy-

pyropheophorbide) -lipid, however due to unacceptable serum stability and photoxicty induced by light 

treatment PoP liposomes were further refined to incorporate pyro (pyropheophorbide –a)-lipid instead of 

HPPH-lipid. In the process of development PoP liposomes were produced with different metal chelates 

which imparted unique properties on the liposomes and demonstrated to work both in vitro and in vivo with 

different anti-cancer drugs including doxorubicin, mitoxantrone, and irinotecan.  The main focus of the 

development of PoP liposomes was on producing a formulation with doxorubicin which was stable in vivo, 

capable of light triggered release, and had minimal phototoxicity both from the treatment itself and from 

ambient light. As will be demonstrated in subsequent chapters this development goal was ultimately met 

with the finalized doxorubicin PoP liposome formulation.  

1.6.1 Photodynamic Therapy-Chemotherapy Combination 

In the process of development of PoP liposomes, it was found that photodynamic therapy (PDT) effects 

played an important role in the efficacy of the PoP liposomes. Photodynamic therapy is a light-based cancer 

therapy which involves the administration of a photosensitizer and followed by illumination of cancerous 

tissue with light of specific wavelength which is strongly absorbed by the photosensitizer.[89, 90] The light 

activates the photosensitizer which in the presence of molecular oxygen results in the creation of reactive 

oxygen species. There are two approaches to PDT treatments; direct cell killing and vascular PDT.[91–94] 

In the direct cell killing approach the photosensitizer is administered systemically and allowed to 

accumulate within the cancerous tissue prior to illumination, where as in vascular PDT the illumination is 

conducted while most of the administered photosensitizer is still within systemic circulation. This means 

in the direct cell killing approach the illumination is conducted hours or days post administration and within 

hours for vascular PDT. One of the primary advantages of PDT over most other cancer therapies is its lack 

of long term side-effects.[90] Though skin photosensitivity, which can result is severe sunburn-like 
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symptoms, is a significant short-term side effect requiring special precautions to minimize exposure to 

ambient light.[95, 96]  

Despite the advantages of PDT, clinically its applications have been limited to small and superficial 

tumors.[97, 98] This is in part due to limitations of light propagation.[99] Though such limitations can now 

be overcome by new light delivery techniques such as interstitial light delivery which allow light to be 

delivered by inserting probes into tumor mass thereby illuminating the full tumor volume.[100, 101] 

Another problem faced with PDT is the need for the photosensitizer to be in close proximity to the target 

cells. Singlet oxygen, the primary reactive species produced by PDT has a short lifetime and limited 

effective range.[102] As a result if the photosensitizer is not sufficiently close to the target cell it will have 

no toxic effect thereby limiting the therapeutic efficacy of the overall treatment. Additionally, as PDT is 

dependent on the presence of oxygen in low oxygen environments its efficacy is also limited.[103, 104]  In 

order to overcome these limitations and increase efficacy PDT has been combined with chemotherapy. In 

such approaches PDT is used for its ability to directly kill cancer cells while the chemotherapy agent is used 

to target cells not killed by the PDT treatment, with some chemotherapy agents acting synergistic manner 

with PDT treatment.[105–109]The combination of PDT with nanoparticle based chemotherapy agents is of 

particular interest for drug delivery as it has been shown that PDT treatment can enhance the accumulation 

of nanoparticles within tumors, through augmentation of the enhanced permeabilization and retention 

(EPR) effect.[110] This has led to the development of multiple treatment approaches which utilize a 

combination of PDT with chemotherapy, which improve the efficacy of both PDT and chemotherapy.[111–

114] PoP liposomes as demonstrated in later chapters works by exploiting this effect in addition inducing 

light triggered release which helps to improve the bioavailability of the drug.  

1.8 Conclusion 

Multiple triggered drug delivery approaches have been developed to increase the accumulation of drugs 

within tumor tissue. However, few of these systems have been demonstrated to be effective at both 

delivering high drug concentrations to tumor tissue and suppressing tumor growth, with the main limitations 

being poor stability or the requirements for release stimuli which are not suitable for in vivo use. Light 
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triggered release is one of the more promising approaches as it has the ability to address all of the concerns 

which would otherwise limit clinical implementation. The required stimuli (light) can be delivered in a 

controlled manner, and is not toxic to tissue on its own.  

Photodynamic therapy while not a drug delivery system offers multiple advantages over traditional 

treatments the main one being a lack of long term side-effects. However, the clinical adaption of PDT has 

been limited, whereas the use of chemotherapy is a common treatment which almost all cancer patients 

receive, despite significant drawbacks of the treatments including dose-limiting toxicities. The combination 

of PDT with chemotherapy has been demonstrated to produce enhanced anti-tumor efficacy due to a 

synergistic effect between the PDT treatment and the chemotherapy. Combining these effects with the 

advantages of triggered drug release could lead to improved treatments which can reduce the amount of 

chemotherapy drugs used, thereby limiting the side-effects associated with the chemotherapy agents.  
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Chapter 2: Light Triggered Release Using Porphyrin Phospholipids 
 

2.1 Acknowledgements 

This chapter is in part a reformatted version of the manuscript entitled “Porphyrin–phospholipid liposomes 

permeabilized by near-infrared light” published in Nature Communications (2014). Under the supervision 

of Jonathan F. Lovell, my contributions included designing and conducting experiments, data analysis and 

manuscript writing. 

2.2 Abstract  

Here, we propose a new type of externally-controlled drug release system based on liposomes doped with 

porphyrin-phospholipid (PoP) and triggered directly by near infrared (NIR) light. Molecular dynamics 

simulations of porphyrin bilayers identified a novel light-absorbing PoP monomer esterified from clinically 

approved components predicted and experimentally demonstrated to give rise to a more stable bilayer. 

Membrane permeabilization could be induced upon exposure to NIR irradiation with liposomal inclusion 

of 10 molar % PoP and occurred in the absence of bulk or nanoscale heating. Liposomes re-sealed following 

laser exposure and permeability could be modulated by varying porphyrin-lipid doping, irradiation intensity 

or irradiation duration. PoP-liposomes demonstrated spatial control of release of entrapped gentamicin and 

temporal control of release of entrapped fluorophores following intratumoral injection. Following systemic 

administration, laser irradiation enhanced deposition of actively-loaded doxorubicin in mouse xenografts, 

enabling an effective single-treatment anti-tumor therapy. 

2.3 Introduction 

Effective delivery of therapeutic compounds to target tissues is just as important as the drug being delivered. 

Several clinically approved nanocarriers such as liposomes have been developed to improve the 

biodistribution and anti-cancer efficacy of various drugs.[1, 2] However, delivery is hampered by 

physiological barriers and release kinetics so that biodistribution and bioavailability are almost inevitably 

sub-optimal.[3, 4] To address this problem, numerous diverse strategies have been pursued that make use 

of external stimuli to trigger local drug release.[5–9] Over thirty years ago, it was discovered that 

dipalmitoyl phosphatidylcholine (DPPC) liposomes, which have a phase-transition temperature near 41 °C, 



20 
 

release entrapped drugs when heated to 44 °C.[10] Subsequently, this formulation was optimized by 

including a small portion of single sidechain phospholipids, leading to the development of lysolipid-

containing temperature-sensitive liposomes, which have progressed to human clinical trials.[11–13] 

Liposomal release based on heating to lipid phase transition temperatures has been expanded to other 

thermal transduction methods including ultrasonic tissue heating[14], magnetic field heating using 

magnetoliposomes[15, 16], and near infrared (NIR) photothermal heating via gold coating[17, 18], 

tethering[19] and co-administration[20]. Analogously, NIR photothermal release from cargo-loaded gold 

nanoparticles has been demonstrated for adsorbed and entrapped drugs[21] and gold nanocages coated with 

polymers that exhibit phase transitions at 39 °C.[22] Other light-triggered release mechanisms have been 

proposed that make use of ultraviolet light to induce chemical reactions, although adaptation to biological 

systems is impractical due to its reactivity and poor penetration.[23] Overall, it has proved challenging to 

develop a nanocarrier that in physiological conditions can stably retain cargo in the absence of an external 

stimulus but release it in its presence. Since nearly all biocompatible triggered release mechanisms 

described so far are based on a thermal transition a few degrees above body temperature, these carriers 

naturally exhibit a substantial amount of background release at 37 °C.[24] Using temperature-triggered 

nanocarriers with phase transitions at even higher temperatures is not practical, since the elevated heating 

required for release would in itself destroy the target tissue itself and could induce stasis within tumor 

vesicles which could impede drug delivery.[25] Even for current methods that rely on target tissue heating 

to a few degrees above body temperature, heat activation alone can induce apoptosis[26] and has a drastic 

impact on drug delivery[24] that confounds the effects of drug release and the triggering stimuli. Here we 

introduce a fundamentally new method for triggered drug release that makes use of porphyrin-phospholipid 

(PoP) doped liposomes that overcomes some of the limitations of previously described systems. 

2.4 Materials and Methods 

Molecular dynamic simulations 

Membranes made of two different porphyrin-lipid molecules were simulated using molecular dynamics 

(MD). Each bilayer system was composed of 128 molecules of either the pyro or HPPH variant of the 
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porphyrin-lipids. 9640 water molecules were added to achieve full hydration. The GROMACS software 

package was used.[27] Starting with the standard united atom force field, the lipid models were defined by 

removing the sn-2 tail from DPPC and replacing it with the heme available in the force field database. 

GROMOS 53a6 force-field[28] was used to build the final structures and to modify the heme. This force-

field has been shown to perform well in simulations of lipids and peptides.[29, 30] Partial charges were 

chosen from analagous moieties in the force field database. The simple point charge (SPC) model was used 

for water. Bond lengths were constrained using the SETTLE[31] algorithm for water and LINCS[32] for 

the lipids. Lennard-Jones interactions were treated with a switching algorithm that started at 0.8 nm and 

used a cutoff of 0.9 nm. Electrostatics were treated with the particle-mesh Ewald method[33] using a real 

space cutoff of 1.4 nm, beta spline interpolation (of order 4), and a direct sum tolerance of 1E-6. Periodic 

boundaries were used in all three dimensions and a time step of 2 fs was used. The systems were set up by 

arranging 64 lipids per leaflet on a rectangular lattice. Steepest decent energy minimization was done before 

adding water and then repeated. This was followed by 100 ps of NVT relaxation at 273.15 K using a 

stochastic dynamics integrator and 100 ps of NpT relaxation at 310.15 K. As the final part of relaxation, a 

500 ns NpT simulation was run at 310.15 K and 1 bar.  Leaf-frog integrator was used. The production 

simulations were conducted in the NpT ensemble. Pressure and temperature were fixed at 1 bar and 310.15 

K, respectively, using the Parrinello-Rahman algorithm[34] with a relaxation time of 0.5 ps for pressure 

and the velocity rescaling algorithm[35] for temperature coupling with a relaxation time of 0.1 ps. The 

temperatures of the lipids and water were coupled independently. This simulation protocol has been shown 

to be reliable for membrane systems.[29]  

Synthesis of PoP-liposomes 

Pyro-lipid was synthesized as previously described.[36, 37] HPPH-lipid was synthesized in an analogous 

manner using by esterifying HPPH (purified as previously described[38]) at room temperature with 1-

palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (lyso-C16-PC, Avanti #855675P) using EDC and 4- 

Dimethylaminopyridine (DMAP; Fisher #AC14827-0250) in chloroform at a 1:1:2:2 lyso-C16-

PC:HPPH:EDC:DMAP molar ratio. The resulting HPPH-lipid was purified with diol silica gel and freeze 
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dried in a 80% t-butanol (Sigma #360538), 20% water solution. Purity was confirmed with TLC (>95% 

pure) and identity confirmed with mass spectrometry (expected 1114.7; found: 1114.7) and 1H NMR on a 

Varian Inova 500 MHz spectrometer. To generate PoP-liposomes, films were prepared by drying 

chloroform solutions containing 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC; Avanti #850365P), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000 (DSPE-

PEG2K; Avanti #880120P), HPPH-lipid and cholesterol (Avanti #700000P) in the indicated molar ratios. 

The general formulation for PoP-liposomes was based on 50 mol. % DSPC, 35 mol. % cholesterol, 10 

mol. % HPPH-lipid and 5 mol. % DSPE-PEG2K. Liposomes incorporating 10 mol. % free HPPH were 

formed analogously. The chloroform was evaporated using either a stream of argon gas or a rotary 

evaporator followed by further drying in a dessicator vacuum chamber. The film was re-hydrated with 

phosphate buffered saline (pH 7.4) and sonicated for 30 minutes.  

Cargo release and loading from PoP-liposomes 

Self-quenching dye loading was achieved by hydrating and sonicating PoP-liposomes with a 100 mM 

calcein solution (Sigma #21030) or sulforhodamine B solution (VWR #89139-502) and subsequent gel-

filtration separation over a Sephadex G-75 column (VWR #95016-784). Doxorubicin loading was achieved 

by extruding a lipid film with a high pressure lipid extruder (Northern Lipids) with a 250 mM ammonium 

sulfate solution. Polycarbonate membranes of 0.2, 0.1 and 0.08 µm pore size were sequentially stacked and 

solution was passed through the extruder 10 times at 60 °C. Free ammonium sulfate was removed by 

overnight dialysis in a 10% sucrose solution with 10 mM HEPES pH 7.4. Doxorubicin (LC Labs #D-4000) 

was then loaded by adding a 1:10 ratio of drug:lipid and incubating at 60 °C for 1 hour. Free doxorubicin 

was removed by dialysis. For release experiments, PoP-liposome solutions of 0.5-2 mg/mL were generally 

diluted by a factor of 50-100 for calcein experiments, and 10-20 times for doxorubicin release, and light 

could pass freely through the solution without inner filter effects. Release experiments were performed 

using a hand-held laser diode outputting 120 mW at 658 nm or a tunable 658 nm 500 mW laser diode 

(LaserGlow) and irradiations were performed as indicated. When incubated in serum, fetal bovine serum 

was used (VWR #16777-532). Temperature was measured by inserting a K-type thermocouple probe 
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directly into the solution during irradiation. Cargo release was assessed by measuring the release before 

and after treatment, including solubilisation with 0.25% Triton X-100. Release was calculated using the 

formula Release=(FFINAL-FINIT)/(FTX100-FINIT)*100%. OriginPro 8.5 was used for data fitting where 

equations are indicated. A Zetasizer ZS90 (Malvern Instruments) was used for dynamic light scattering 

analysis. For spatial control of release experiments, a 1 % agarose gel was doped with sulforhodamine B 

loaded PoP-liposomes when the agarose had been melted and cooled to ~50 ºC, prior to solidification. 

Release was then performed using 658 nm laser irradiation with a preformed mask printed on transparency 

paper. The agarose was imaged using an IVIS Lumina II system. Cargo release using varying flow speeds 

was performed in tygon tubing with a 0.3 mm inner diameter and a variable speed syringe pump operating 

at the indicated speeds (New Era, #NE-1000). For Amphotericin B loading, Amphotericin B (VWR # 

97061-610) liposomes were formed using the thin film method using a lipid formulations of the indicated 

molar ratios composed of 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DSPG; Avanti 

#840465X), hydrogenated soy phosphatidylcholine (Avanti #840058P), HPPH-lipid and cholesterol. 

Following liposome formulation via sonication, solutions were filtered and the amount of Amphotericin B 

in the filtrate and pre-filtered solution were determined using fluorescence with 365 nm excitation and 470 

nm emission. 

Cell viability experiments 

In vitro cell studies were performed by seeding 10,000 Panc-1 cells per well in a 96 well plate. Drug (10 

µg/mL doxorubicin in free or PoP-liposomal form and/or an equivalent amount of empty PoP-liposomes 

based on HPPH-lipid concentration) was added as indicated in media (DMEM, VWR #16777-200) 

containing 10% fetal bovine serum. The wells were irradiated as indicated using a 658 nm laser with 200 

mW/cm2 fluence rate for 5 minutes. Drugs and media were left to incubate in media containing serum 

without removal for 24 hours. After 24 hours, media was replaced and cell viability was assessed 24 hours 

later using the XTT assay (VWR #89138-264). Viability was calculated by measuring absorption at 450 

nm subtracting a 630 nm background reading and normalizing to untreated control cells using a Safire plate 

reader (TECAN). 
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Cryo-electron microscopy 

To perform the cryo-EM experiments 3.4 µL of sample were deposited in a c-flatTM grids (CF-2/2-2C) with 

an additional continuous layer of thin carbon (5–10 nm). Grids were glow discharged in air at 5 mA for 15 

seconds prior to sample addition. Samples contained the dox-PoP liposomes before and after irradiation at 

a concentration of 5 mg/mL (dox concentration ~1.5 mg/mL) in a buffer with 10 mM HEPES (pH 7.4) and 

10% sucrose. Grids were blotted twice and vitrified by rapidly plunging them into liquid ethane at -180 °C 

using a Vitrobot (FEI). The blotting chamber of the Vitrobot was set up at 25°C and 100% relative humidity. 

Grids were transferred to a JEOL 2010F electron microscope operated at 200 kV using a Gatan 914 cryo-

holder. Images were recorded on Kodak SO-163 films under low dose conditions (~15-20 e/ Å2) at a 

nominal magnification of 50,000X and a defocus of -5 µm. Electron micrographs were digitized with a step 

size of 12.7 μm in a Nikon Super Coolscan 9000 scanner producing images with a sampling value of 2.54 

Å /pixel. 

Electron spin resonance 

PoP-liposomes were formed with the inclusion 1% 5-Doxyl steric acid (Sigma #253634) into the standard 

formulation using the thin film hydration method. A Bruker ER-200 ESR X-band spectrometer was used 

with a TE102 rectangular cavity and with a Bruker B-VT-1000 nitrogen flow temperature controller. The 

ESR frequency was 9.44 GHz, field modulation of 1.9 Gauss, and microwave power of 0.64 mWatt.  The 

sample size was approximately 20 µL in a 1 mm inner diameter quartz tube at the indicated temperatures. 

Samples were irradiated using a 658 nm 200 mW laser that was focused on the ESR sample through light 

slots on the Bruker X-band ESR cavity, which are conditions that induce PoP-liposome permeabilization.  

Confocal Microscopy 

10,000 Panc-1 cells were seeded in 8 well confocal chamber slides (VWR #43300-774) in DMEM media 

with 10% serum. 24 hours later, cells were incubated with 10 µg/mL doxorubicin in either free or PoP-

liposomal form in DMEM in 10% serum. Laser treatment was performed as indicated and all wells were 

incubated for an additional 3 hours. Media was replaced and cell imaging was performed using a Zeiss 

LSM 710 confocal microscope with 20x objective using 490 nm excitation and 612 nm emission.  

Bacteria killing experiments 
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PoP-liposomes formed using the thin film method were passively loaded in a solution of 85 mg/mL 

gentamicin sulfate (Fisher #BP918-1). Following sonication, non-entrapped gentamicin was removed with 

gel filtration over a Sephadex G-75 column. Gentamicin concentration in the liposomes was determined 

using a fluorescent assay as previously reported.[39] B. Subtilis (Cm+) was grown overnight in liquid LB 

medium at 37 °C overnight. PoP-liposomes and the liquid bacteria culture were combined with melted LB 

agar in a volume ratio of 1:30. The temperature of the agar was ~45 °C when with B. Subtilis and the PoP-

liposomes. The plates were poured with about 5 mL of bacteria-drug-agar per plate. Following 

solidification, the plates were irradiated with a 1.2 cm spot diameter with 200 mW/cm2 for 10 minutes using 

a 658 nm laser. The plate was photographed 24 hours later. 

Liposomal release from tumors following intratumoral administration 

Animal experiments were carried out with approval from the University at Buffalo IACUC. Panc-1 tumors 

were grown by injecting 20 g female nude mice (Charles River) with 3x106 Panc-1 cells in a 1:1 matrigel 

dilution (BD Biosciences) in the hind flank of the mice. Following several weeks of growth, the tumors 

were carefully injected intratumorally with sulforhodamine B-PoP-liposomes. Images were acquired with 

an in vivo fluorescence imager (IVIS Lumina II) at the indicated time points with the mice under isoflurane-

induced anesthesia. The tumor was irradiated for 30 minutes with a 0.6 cm diameter spot size at 200 

mW/cm2 power density and mice were imaged again. 

Systemically-administered treatments 

KB cells (Hela subline) were injected in the right flank of female nude mice (Jackson Labs). When tumor 

volumes reached 4-6 mm in diameter, dox-PoP-liposomes (10 mg/kg dox) or an equivalent dose of empty 

PoP-liposomes were injected via tail-vein. 10-15 minutes later, tumors were irradiated for 12.5 minutes 

with a 200 mW/cm2 laser (150 J/cm2). For biodistribution studies, mice were sacrificed 24 hours later, 

tissues homogenized, extracted overnight in acidic isopropanol and dox biodistribution was determined via 

fluorescence measurements with 480 nm excitation and 590 nm emission. For survival studies, tumor size 

was monitored 2-3 times per week and mice were sacrificed when the tumor grew to 1 cm in any dimension. 
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For pharmacokinetic analysis, male BALB/c mice were injected via tail vein with empty PoP-liposomes 

(15 mg/kg HPPH-lipid). Small blood volumes were sampled at sub-mandibular and retro-orbital locations 

at the indicated time points and serum was analyzed for HPPH content using fluorescence with 400 nm 

excitation and 660 nm emission following dilution into a 0.25 % Triton-X100 solution to prevent any self-

quenching. 

2.5 Results and Discussion 

2.5.1 Effects of PoP lipid structure on liposome membrane stability  

It was previously discovered that PoP can self-assemble into liposome-like porphysome nanovesicles 

formed entirely from a porphyrin bilayer with intrinsic biophotonic character, nanoscale optical properties, 

biocompatibility and biodegradability.[36, 37] However, the previously described porphysome monomers 

could not assemble into nanovesicles that stably load and retain cargo without addition of cholesterol. To 

overcome this shortcoming, we examined the structure of the previously developed sn-1-palmitoyl sn-2-

pyropheophorbide phosphtatidylcholine (pyro-lipid) monomer (Fig. 2.1a) and qualitatively noticed an 

apparent discrepancy between the length of the alkyl sidechain and the adjacent porphyrin structure. We 

hypothesized that devinyl hexyloxyethy-pyropheophorbide (HPPH) based monomers might form bilayers 

with superior self-assembly and packing properties due to space filling by the hexyl ether moiety (Fig. 2. 

1b). HPPH was selected since not only is it a simple derivative of pyro, but also has been safely used in 

numerous human clinical trials.[40] Thus, upon eventual ester hydrolysis of the monomer, both breakdown 

products of the lysolipid and HPPH would be clinically approved molecules.  

To assess the hypothesis that HPPH-lipid based nanovesicles might enable better cargo loading, we used 

molecular dynamics (MD) simulations, which have been shown to be useful for determining molecular and 

supramolecular physical properties of lipid bilayers.[41, 42] We modified the existing porphyrin and lipid 

force fields[28] to generate the porphyrin-lipid parameters and performed MD simulations with a bilayer 

system composed of 128 molecules of either pyro-lipid or HPPH-lipid. Water was added to produce a 3 nm 

layer between periodic images of the membrane, which required an average of 9640 water molecules per 

system. Fig. 2.1b shows a cross-section of the HPPH-lipid bilayer after 150 ns of simulation with the 
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structures of one of the monomers shown in bold. As shown in Fig. 2.1c, the bilayer density plot revealed 

that the HPPH-lipid did not give rise to a bilayer with greater maximum density, but rather a thicker bilayer 

(3.2 vs 2.9 nm with the Gibbs-Luzzati criterion). MD simulations showed the hexyl ether moiety provides 

space filling between the two bilayer leaflets compared to the pyro-lipid bilayer which had the central 

portion of the bilayer filled only with palmitoyl chains. The porphyrins in the pyro-lipid bilayer appeared 

to align into stacks of H-aggregates, which may contribute to instability. Intermolecular porphyrin-lipid 

interactions were assessed using intermolecular hydrogen bonding. Fig 2.2 depicts an example of 

intramolecular and intermolecular hydrogen bonding in the HPPH-lipid bilayer. Both Pyro and HPPH lipids 

contain two hydrogen bond donors located in the porphyrin ring and hydrogen bond acceptors located both 

in the porphyrin ring and the oxygens in the esters of the glycerol backbone and the oxygens on the 

phosphate. As shown in Fig 2.1d, both pyro-lipid and HPPH-lipid formed bilayers with an approximate 

equivalent amount of total hydrogen bonds. However, there was a significantly greater fraction of 

intermolecular hydrogen bonds in the pyro-lipid bilayer (59% vs 43%). This reflects the propensity for the 

pyro-lipid bilayer to form face-to-face stacks within the bilayer that may contribute to instability in retaining 

loaded cargo. The chain order parameter (Szz) indicates the orientation of the lipid chain with respect to 

the bilayer normal. Values near 1 indicate an average orientation parallel to the bilayer normal and values 

closer to zero indicate an orientation angled close to 45 degrees away from bilayer normal. The terminal 

positions of the sn-1 palmitoyl chains in HPPH-lipid bilayers were more ordered, as shown in Fig 2.1e. 

Thus, MD simulations suggested that HPPH-lipid bilayers might have enhanced stability compared to pyro-

lipid bilayers due to a slightly thicker bilayer, less intermolecular aggregate formation and more ordering 

in the palmitoyl side-chains. We successfully synthesize HPPH-lipid and experimentally examined the 

behavior of nanovesicles formed from either pyro-lipid or HPPH-lipid, along with 5 molar % PEG-lipid to 

enhance physiological properties.[43] As previously observed[36], pyro-lipid nanovesicles hydrated with a 

100 mM calcein solution could not stably retain the fluorophore, which was not detectable following 

nanovesicle isolation (Fig. 2.1f). However, nanovesicles formed from HPPH-lipid entrapped calcein with 

high retention efficacy so that it remained self-quenched in the nanovesicles prior to permeabilization with 
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0.25% Triton X-100 detergent. Thus, MD simulations correctly predicted a more stable bilayer from HPPH-

lipid, which was demonstrated experimentally to enable robust entrapment of cargo inside the nanovesicles. 

 
Figure 2.1: Computer-aided prediction of a porphyrin bilayer capable of stable cargo loading using molecular 

dynamics simulations. a) Chemical structures of pyro-lipid and HPPH-lipid. Differences are shown in bold. b) Cross 

sectional area of bilayers formed entirely from HPPH-lipid following 150 ns, 128 monomer, molecular dynamics 

(MD) simulation. One of the HPPH monomers is depicted in wire frame format. c) HPPH-lipid and pyro-lipid density 

(excluding water contribution) post 150-ns MD simulation. d) Evolution of hydrogen bonds formed during 500 ns 

MD simulation. Intra- and inter- molecular hydrogen bonds for each type of porphyrin-lipid are indicated. e) Chain 

order parameter (Szz) for porphyrin-lipids following 500 ns MD simulation. Szz indicates order of lipid chain with 

respect to bilayer normal vector. f) Stable cargo retention from bilayers of HPPH-lipid, but not pyro-lipid. Both 

monomers were synthesized, and assembled into nanovesicles loaded with calcein at self-quenching concentrations. 

Nanovesicles were separated from unentrapped calcein prior to assessing fluorescence. Fluorescence emission of 

retained calcein in nanovesicles is shown prior or following addition of 0.25 % Triton X-100.  
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Figure 2.2: Inter- and intra- molecular hydrogen bonding in HPPH-lipid bilayer molecular dynamics 

simulations. An intramolecular hydrogen bond is shown in yellow between the porphyrin ring of HPPH-lipid and the 

glycerol backbone (left panel). An intermolecular bond is shown in yellow between two porphyrin groups in HPPH-

lipid (right panel). 

 

2.5.2 Light Induced Cargo Release 

With stable cargo loading made possible by the development of HPPH-lipid, we next set out to assess 

whether NIR irradiation at the specific absorption peak of HPPH could cause the release of loaded cargo. 

Calcein was entrapped at self-quenching concentrations and a 658 nm laser was used to irradiate samples 

for 3 minutes at 120 mW (240 mW/cm2 power density). A starting point of 5% 

distearoylphosphatidylethanolamine-polyethylene glycol 2000 (PEG-lipid), 35% cholesterol and 60% 

distearoylphosphatidylcholine (DSPC) was selected since this formulation is similar to stable and clinically 

proven liposomal doxorubicin formulations[44], and then DSPC was incrementally replaced with HPPH-

lipid. Without any HPPH-lipid doping, the liposomes remained fully loaded following laser irradiation. 

However, when only 10 molar % HPPH-lipid was included, complete cargo release was observed following 

irradiation (Fig. 2.3a). Unexpectedly, as a greater portion of HPPH-lipid was titrated into the PoP-

liposomes, the amount of light-induced permeabilization decreased, despite the higher optical character of 

the bilayer. Thus, beyond an optimal portion, HPPH-lipid had a stabilizing effect on cargo retention in PoP-

liposomes in response to laser irradiation. The kinetics of NIR laser induced release were examined while 
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simultaneously monitoring the solution temperature. In the absence of laser irradiation, the solution 

temperature remained constant at room temperature and there was no cargo release (Fig. 2.3b). As PoP-

liposomes were exposed to NIR irradiation, cargo was released steadily and completely over the course of 

3 minutes (Fig. 2.3c). Release from PoP-liposomes occurred without any significant increase in the solution 

temperature. This was unexpected and represents a departure from conventional triggered liposomal release 

mechanisms which rely on solution heating to trigger phase transitions. Although no heating was observed 

based on inserted thermocouple measurements, heating occurring directly at the PoP-liposome bilayer could 

not be ruled out based on bulk solution measurements alone. To assess local heating, we incorporated 1 

molar % of 5-doxyl steric acid spin label (5-DSA), a commonly used electron spin resonance (ESR) probe 

that measures temperature-related bilayer fluidity, based on probe tumbling rate.[45] 5-DSA that was 

incorporated into PoP-liposomes produced a characteristic ESR spectrum with one central peak flanked by 

smaller ones (Fig 2.3d). As shown in Fig 2.3e, the peak width of the central feature narrowed at elevated 

temperatures, as is expected for a nitroxide spin label due to increased tumbling rates. Thus, 5-DSA 

provided a means to assess nanoscale heating during laser irradiation. By measuring the peak-to-trough 

width of the central spectral feature, nanoscale thermal analysis of bilayer heating during laser irradiation 

was possible (Fig 2.3f). Based on thermally calibrated ESR measurements, during laser irradiation 

conditions that permeabilized the PoP-liposomes, there was no appreciable bilayer heating (a change of less 

than 0.5 ºC). 



31 
 

 
Figure 2.3: Porphyrin-phospholipid doping enables NIR-mediated liposomal cargo unloading in the absence of 

bulk or nanoscale heating. a) Calcein-loaded PoP-liposomes were formed from 5% PEG-lipid, 35% cholesterol, and 

60% DSPC. HPPH-lipid was titrated in place of DSPC as indicated. Liposomes were irradiated for 3 minutes with a 

120 mW 658 nm laser and release was assessed. Mean +/- std. dev. for n=3. b, c) Calcein release (solid black line) 

and solution temperature (dashed blue line) was measured for PoP-liposomes in the absence (b) or presence (c) of 150 

mW laser irradiation. Temperature in the solution was measured using a thermocouple. d) Electron spin resonance of 

a PoP-liposome sample containing 1 molar % 5-DSA as a spin label, recorded at 50 ºC. e) Temperature dependence 

of ESR spectra of 5-DSA containing PoP-liposomes. f) Evidence for lack of nanoscale heating in irradiated PoP-

liposomes. The central ESR peak-to-trough width is shown for PoP-liposomes containing 5-DSA at various 

temperature and before (green), during (blue) and after (red) irradiation that induces permeabilization.  

  

2.5.3 Thermal Stability and Lipid Bilayer Retention in Serum 

Since NIR-induced permeabilization was not driven by laser-induced bulk or nanoscale heating effects, the 

thermal stability of PoP-liposomes in externally heated solutions was examined. Previously, it has been 

shown that porphyrin-lipid and cholesterol-lipid conjugates attenuate temperature-induced lipid bilayer 

phase transitions (that destabilize membranes).[36, 46] As shown in Fig. 2.4a, in the absence of irradiation, 

PoP-liposomes could stably retain their loaded cargo at 40, 60 and even 90 °C. This provides further 

evidence that a temperature-related phase transition based mechanism is not responsible for the light-

induced release. The thermostability enabled PoP-liposomes loaded with sulforhodamine B to be 

incorporated into hot agarose (~50 ºC) prior to solidification without leakage. A 658 nm laser could be used 

to achieve excellent spatial control of permeabilization and release of sulforhodamine B within the 
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solidified agarose (Fig 2.4b). To gain insight on the nature of the light-induced release, we examined 

whether HPPH-lipid was specifically contributing to release via concerted supramolecular effects, or 

whether HPPH-lipid was acting simply as a light-absorbing photothermal transducing component within 

the bilayer. We previously found that liposome formation becomes physically impossible and large 

aggregation occurred when more than 15 molar % free porphyrin is included into the formulation.[36] 

However, because optimal doping in PoP-liposomes used only 10 molar % porphyrin, it was possible to 

directly compare liposomes composed identically except for the inclusion of 10 molar % of either free 

HPPH or HPPH-lipid. Gel filtration demonstrated that free HPPH, which has minimal water solubility, 

fully incorporated into the liposomes (Fig. 2.5a). Both types of liposomes could be formed and stably 

entrapped calcein. Both types of liposomes exhibited HPPH fluorescence quenching of over 90% compared 

to the detergent-disrupted liposomes (Fig. 2.5b), creating a comparative system since fluorescence self-

quenching is correlated to downstream events such as quenching of singlet oxygen generation.[47] When 

irradiated with NIR light, liposomes containing free HPPH displayed limited light-induced release and PoP-

liposomes were over 5 times more effective at releasing cargo (Fig. 2.4c). Considering the high background 

leakage rate of liposomes containing free HPPH, PoP-liposomes were 150 times more effective with respect 

to the ratio of release following laser irradiation to release in the absence of triggering stimuli. This 

demonstrates that the constraints conferred by the HPPH-lipid within the porphyrin bilayer play an active 

role in the release. The presence of 10 molar % HPPH-lipid in the bilayer did not inhibit the solubilization 

of a membrane-partitioning drug, amphotericin B into a clinically-used formulation[44] of that drug (Fig. 

2.5c). Despite the limited light-triggering efficacy of free HPPH, in theory any NIR chromophore (including 

free HPPH) could be loaded into liposome bilayers and be used to induce some degree of light-responsive 

release. However, the physiological significance of such an approach is unclear, because when incubated 

with serum, hydrophobic molecules embedded in liposomes rapidly equilibrate with lipophilic serum 

proteins. Indeed, when incubated with serum, free HPPH incorporated into liposomes rapidly transferred 

to serum components and became completely fluorescently unquenched within 30 minutes (Fig. 2.4d). In 

contrast, PoP-liposomes remained self-quenched, indicating a lack of detectable exchange of HPPH-lipid 
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with serum components. Following intravenous administration in BALB/c mice, PoP-liposomes exhibited 

a long single compartment circulation half-life of 14.4 hours (Fig 2.5d). This is similar to previously 

observed 12-13 hour one compartment circulation half-life of porphysome nanovesicles containing 60 

molar % pyro-lipid[37], yet somewhat shorter than some formulations of sterically-stabilized PEGylated 

liposomes for doxorubicin delivery, which can exhibit 20 hour circulation half-lives in mice.[48] 

 
 

Figure 2.4: HPPH-lipid doping yields thermal and non-exchangeable stability in PoP-liposomes. a) Calcein 

loaded PoP-liposomes doped with 10 molar % HPPH-lipid were incubated for 10 minutes in saline at the indicated 

temperatures with or without a 3 minute laser pre-treatment. Mean +/- std. dev. for n=3. b) Sulforhodamine B loaded 

PoP-liposomes were added to hot agarose (~60 C) prior to pouring and solidification. A laser was used to mediate 

cargo release with high spatial control and spell “UB”. Note the dye is distributed equally everywhere in the agarose. 

c) Calcein release in liposomes formed with 10 molar percent HPPH-lipid or free HPPH and irradiated with light. 

Mean +/- std. dev. for n=3. d) Rapid serum redistribution of liposomes containing free HPPH, but not HPPH-lipid, as 

judged by fluorescence unquenching. Mean +/- std. dev. for n=3. 
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Figure 2.5: Effective loading of 10 molar % free HPPH into liposomes. a) Liposomes containing 50 mol. % 

DSPC, 35 mol. % cholesterol, 5 mol. % DSPE-PEG2K and 10% free HPPH were formed from the thin film method, 

hydrated with buffered saline, sonicated and subjected to gel filtration. The elution fractions of liposomes and free 

molecules are indicated. All samples were lysed with 0.25% Triton-X100 prior to fluorescence measurement of 

HPPH. b) Fluorescence self-quenching of PoP-liposomes containing 10 molar % HPPH-lipid or 10 molar % free 

HPPH. Liposomes were formed with 50 mol. % DSPC, 35 mol. % cholesterol, 5 mol. % DSPE-PEG2K, and 10 

mol. % either free HPPH or HPPH-lipid. Liposomes formed with 10% HPPH-lipid exhibited HPPH fluorescence 

quenching of 97% (~30 fold) whereas liposomes containing 10% free HPPH were quenched 92% (~13 fold). 

Samples were measured in PBS and 0.25% Triton-X100 was used to lyse the liposomes. c) HPPH-lipid does not 

interfere with Amphotericin B loading in membranes. Amphotericin B (AmB) was loaded into liposomes composed 

of the indicated lipids or free amphotericin B via thin film hydration of 10 mg films. The samples were sonicated 

and filtered and the resulting amphotericin B in percentage of soluble AmB that could enter the filtrate was assessed 

via fluorescence (mean +/- std. dev. for n=3). d) Half-life of PoP-liposomes in mice following intravenous injection. 

PoP-liposomes (composed of 50 mol. % DPSC, 35 mol. % cholesterol, 10 mol. % HPPH-lipid and 5 mol. % DSPE-

PEG2K) were injected via tail vein into BALB/c mice (15 mg/kg based on HPPH-lipid). Serum was sampled and 

HPPH-lipid was detected using fluorescence. A single compartment circulating half-life of 14.4 hrs was observed 

(std. dev. of 1.4 hours for n = 5 mice). 

 

2.5.4 Release of antibiotics and Intratumoral cargo release 

To emphasize spatial and temporal control of release and demonstrate wide-ranging utility of PoP-

liposomes, we developed distinct proof-of-principal experiments for antibacterial and antineoplastic 

applications. Liposomes have attractive properties for antibacterial drug delivery[49] and gentamicin, a 

common aminoglycoside antibiotic, could be passively loaded into the interior of PoP-liposomes. Due to 

their thermal stability, gentamicin-PoP-liposomes could be impregnated into hot agar prior to solidification 
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along with Bacillus subtilis, a model gram positive bacteria. As shown in Fig 2.6a, when impregnated with 

10 µg/mL gentamicin-PoP-liposomes (based on gentamicin concentration), specific drug release in the agar 

occurred upon laser exposure and complete bacteria killing was achieved within the irradiated spot. 

Additionally, a zone of inhibition 6 mm outside the irradiated area was also observed due to drug diffusion 

within the agar. Significantly, the non-irradiated areas outside the zone of inhibition demonstrated heavy 

bacterial growth, despite the presence of equally high concentrations of (entrapped) gentamicin throughout 

the agar. Because even a 10 fold dilution of the gentamicin-PoP-liposomes maintained light-triggered 

killing (Fig 2.6a), the lack of cell killing in the non-irradiated areas of the high concentration dish reflects 

the stable entrapment efficacy of PoP-liposomes. Control agar plates impregnated with empty PoP-

liposomes did not show significant light-triggered antibacterial effect. Thus, gentamicin-PoP liposomes 

demonstrated efficient spatial control of antibiotic release that may not be achievable as easily or directly 

using any other triggered release methods. To demonstrate a unique application for temporal control of 

cargo release, we injected either free sulforhodamine B or sulforhodamine B-PoP-liposomes intratumorally 

into nude mice bearing subcutaneous Panc-1 xenografts. Due to their larger size relative to small molecules, 

liposomes do not drain rapidly drain from tumors following direct injection and for that reason have 

demonstrated potential as an intratumoral drug delivery vehicle.[50] PoP-liposomes could add a new layer 

of control to trigger liposomal release following liposomal re-distribution within the tumors. As seen in Fig 

2.6b, following intratumoral injection of free rhodamine, the molecule rapidly drained from the tumor, with 

little fluorescence remaining in the tumor 2 hours following injection. This was not surprising since small 

molecule fluorophores are known drain to lymph nodes within minutes[51] and previous studies of 

intratumoral injection of methylene blue revealed rapid drainage kinetics[52]. Larger nanoparticles (100-

200 nm) can be used to significantly slow down the rate of drainage on the order of hours rather than 

minutes.[53] Sulforhodamine B-PoP-liposomes fall in this size range and were formed with self-quenching 

concentrations of the fluorophore. 2 hours following intratumoral injection, the tumor was irradiated and 

released Sulforhodamine B could be clearly visualized following its unquenching. This demonstrated that 

not only did the size of the liposomes modulate tumor distribution following intratumoral injection, but that 
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the PoP-liposomes were sufficiently stable in vivo to permit release of contents only after light treatment 

following a 2 hour incubation period. 

 
 

Figure 2.6: Spatial and temporal control of PoP-liposome permeabilization a) Spatial control of B.subtilis killing 

with triggered antibiotic release. Gentamicin was loaded in PoP-liposomes and embedded in hot agar along with the 

bacteria. The indicated spot was irradiated with a 658 nm laser (200 mW/cm2) for 10 minutes and the plates were 

photographed 24 hours later. b) Temporal control of cargo release in Panc-1 xenografts. Mice were imaged following 

intratumoral injection of 5 nmol of either free sulforhodamine B or sulforhodamine B entrapped at self-quenching 

concentrations in PoP-liposomes. Representative images are shown of the indicated time points and conditions. Laser 

activation was performed after 2 hours. Representative results shown with n=3 mice per treatment group. 

 

2.5.5 Active Drug Loading and Triggered release 

Active liposomal drug loading makes use of ion and pH gradients to concentrate drugs into the aqueous 

interior of liposomes. We examined whether active doxorubicin loading was possible using PoP-liposomes, 

given the stabilizing nature of the porphyrin-doped bilayer. As shown from the gel filtration results in Fig. 
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2.7a, doxorubicin could be actively loaded with over 95% efficacy following incubation at 60 ºC for 1 hour 

using an internal ammonium sulfate gradient. Fig. 2.7b shows that following irradiation, doxorubicin, but 

not HPPH-lipid, was released from the PoP-liposomes. When dox-PoP-liposomes were irradiated in a saline 

buffer including 10% fetal bovine serum, release occurred in both a laser power and irradiation time dose 

dependent manner (Fig. 2.7c). It is noteworthy that in addition to varying release characteristics by 

modulating porphyrin doping and irradiation time, laser power could directly affect release. Over a wide 

range of fluence rates, doxorubicin release increased with increasing irradiation times (Fig. 2.8a). Unlike 

photodynamic therapy, in which higher fluence rates yield lower effects due to depletion of molecular 

oxygen, complete doxorubicin release from PoP-liposomes depended on total fluence (~85 J/cm2) and the 

time required for full release could be predicted as a function of fluence rate (Fig. 2.8b). Unlike phase 

transition based mechanisms that are constrained to heating target areas to set temperatures, laser power 

variation adds a powerful new layer of direct control to triggered release. This might be exploited by 

controlling release into microvessels of specific target sizes since when PoP-liposomes were irradiated in 

flowing capillary tubing, release was dependent on solution velocity (Fig. 2.8c). Controlled release has 

upside for doxorubicin in particular since clinical liposomal doxorubicin formulations have been shown to 

have a slow release rate that results in only 50% bioavailability even after one week in vivo, limiting 

therapeutic efficacy.[54] Fig. 2.7d demonstrates that in vitro, there was minimal release from doxorubicin 

loaded PoP-liposomes throughout the course of a 48 hour incubation in physiological conditions. However, 

when the sample was subjected to 300 mW, 658 nm laser irradiation, complete release occurred in just 4 

minutes. This compares favorably to phase transition-based systems such as thermally-triggered liposomes, 

which generally exhibit a ~10 fold acceleration in release in physiological conditions when comparing the 

“on” vs. “off” states.[11] Fig 2.7e demonstrates that dox-PoP-liposomes could be used to induce light-

triggered inhibition of viability of Panc-1 cells. Laser treatment in the presence or absence of empty PoP-

liposomes had no effect on cell viability. Without light treatment, dox-PoP-liposomes, incubated with the 

cells for 24 hours in 10% serum at 37 °C, induced a small amount (~15%) of inhibition of cell viability. 

This was anticipated due to some uptake of the drug-loaded liposomes in the extended duration incubation. 
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However, when the dox-PoP-liposomes were treated with 200 mW/cm2 for 5 minutes, significant inhibition 

(>50%) of cell viability was observed, which was even more effective than the free drug. The reason for 

superior efficacy of the released doxorubicin compared to the free drug is not clear, but one explanation 

may be that the free drug bound to serum proteins which impacted cellular uptake, whereas the presence of 

PoP-liposomes may have interfered with that process. Confocal microscopy revealed that light-triggered 

release of dox-PoP-liposomes resulted in the doxorubicin becoming bioavailable and translocating to the 

cell nucleus of Panc-1 pancreatic cancer cells when incubated in serum for 3 hours (Fig. 2.9). 

 
Figure 2.7: Tunable, on-demand release of an actively loaded drug (doxorubicin) in PoP-liposomes. a) Gel 

filtration demonstrating active doxorubin loading in PoP-liposomes. Over 95% of the doxorubicin was loaded in dox-

PoP-liposomes using a 10:1 lipid to drug ratio at 60 °C for 1 hour. b) Gel filtration of liposomes following laser 

irradiation showing effective light-triggered release. c) Tunable drug release using PoP-liposomes. Dox-PoP-

liposomes were irradiated at varying times and laser powers in media containing 10% serum. Release was assessed 

using fluorescence. Mean +/- std. dev.for n=3. d) Stability of dox-PoP-liposomes incubated in 10% serum at 37 °C 

for two days and subsequently subjected to 4 minute, 300 mW laser irradiation. Mean +/- std. dev. for n=3. e) In vitro 

cell killing using dox-PoP-liposomes. Panc-1 cells were incubated as indicated for 24 hours with 10 µg/mL 

doxorubicin following exposure to 200 mW/cm2 irradiation for 10 minutes. After 24 hours, the media was replaced 

and viability was assessed 24 hours later using the XTT assay. Mean +/- std. dev. for n=8. ***Laser+dox-PoP-

liposomes induced significant inhibition of cell viability compared to all other groups based on one-way analysis of 

variance with post-hoc Tukey’s test (P<0.001). 
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Figure 2.8: Release of doxorubicin depends only on total fluence, regardless of fluence rate. a) Doxorubicin release 

from PoP-liposomes as a function of time. b) Time required for 100% doxorubicin release at different power densities. 

c) Flow rates affects cargo release from PoP-liposomes. Calcein loaded PoP-NVs were moved through capillary tubing 

at the indicated velocities under irradiation and release was measured following fluid exit from the tubing. For 

reference, speed of blood in tumor capillaries and major vessels (e.g. portal vein) is shown. 
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Figure 2.9: Doxorubicin release from PoP-liposomes in Panc-1 cells. Panc-1 cells were seeded in chamber slides 

and incubated for 3 hours in 10% serum with 10 µg/mL doxorubicin in either free or PoP-liposomal form prior to 

confocal imaging. Laser treatment occurred at the beginning of the incubation period (658 nm, 200 mW/cm2, 5 minute 

treatment). 50 µm scale bar is shown. 

 

2.5.6Effects of Laser Treatment on PoP Liposome Structure 

We next elucidated mechanistic insights into the properties of light-triggered release. Cryo-TEM revealed 

that dox-PoP-liposomes contained characteristic fibrous sulfate-doxorubicin crystals within their core (Fig 

2.10a). Following laser irradiation, not only was doxorubicin released from the PoP-liposomes, but they 

clearly re-formed with an intact bilayer, providing direct evidence for the propensity for the PoP-liposomes 

to open and then close in response to NIR light. Further confirming a non-destructive permeabilization 

mechanism, no change in liposome size, polydispersity and zeta potential was observed following NIR 

irradiation of dox-PoP-liposomes (Fig 2.10b). To test the hypothesis that membranes stably re-sealed 

following irradiation, calcein-loaded PoP-liposomes were irradiated intermittently, and release during laser 

“on” and “off” periods was examined in real time. As shown in Fig 2.10c, calcein release from liposomes 

occurred only during irradiation and ceased within seconds of turning the laser off. Negligible release was 
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observed in the periods without laser irradiation. This suggests that PoP-liposomes rapidly re-sealed and 

re-formed stable bilayers as soon as irradiation was halted, since if permanent destabilization was occurring, 

some level of background release would be expected immediately following laser stoppage. This provides 

evidence against a release mechanism is based on covalent chemical photoreaction within the bilayer. 

Further evidence is shown in Fig. 2.10d, which demonstrates that NIR laser exposure could be used to 

induce temporary permeability, with liposomes able to re-seal and entrap external contents. This would not 

be possible if the laser was inducing reactions that caused permanent lipid bilayer instability. When empty 

PoP-liposomes were placed in a calcein-containing solution and subjected to laser irradiation, calcein could 

diffuse into the liposomes and be stably retained there, demonstrating that transient permeabilization could 

be used to allow loading (as opposed to release) of cargo. Only minimal loading was achieved (0.012% of 

external calcein), although this could be increased by increasing PoP-liposomes concentration. Under these 

conditions, minimal (~5 %) photobleaching was observed.  

 
 
Figure 2.10: Insights into light-induced transient permeabilization of PoP-liposomes. a) Representative cryo-

TEM images of dox-PoP-liposomes before and after irradiation. Arrows indicate the formation of doxorubicin-sulfate 

aggregates within the liposomes. b) Dynamic light scattering size, polydispersity index and zeta potential before and 

after laser-induced release of dox-PoP-liposomes c) Temporary induced permeability as demonstrated by periodic 

laser irradiation of calcein-loaded PoP liposomes. d) Empty PoP-liposomes were incubated in a 2 mM calcein solution 

and irradiated with 120 mW laser irradiation for 3 minutes. Free calcein and PoP-liposome-entrapped calcein were 

separated with gel filtration and the ratio of calcein emission to HPPH emission (using separate excitation and emission 

settings) was measured. Mean +/- std. dev. for n=3. 
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2.5.7 Biodistribution and Anti-tumor Efficacy 

The potential utility of dox-PoP-liposomes for systemically-administered therapy was assessed in nude 

mice bearing subcutaneous KB tumors. Mice were injected with doses of 10 mg/kg dox-PoP-liposomes. 15 

minutes following IV injection, tumors were irradiated with 658 nm laser light at 200 mW/cm2 for 12.5 

minutes (150 J/cm2), or were not irradiated as a control. 24 hours later, organs were collected and 

doxorubicin biodistribution was assessed. As shown in Fig 2.11a, laser-treatment resulted in the deposition 

of about 3 fold more doxorubicin compared to non-irradiated tumors, whereas none of the other organs 

displayed statistically significant differences. Significant enhancement of doxorubicin deposition was noted 

in other laser-irradiated tissues such as in the skin covering the tumor as well as in muscle that was 

immediately adjacent to the tumor. This underscores clinical challenges that will necessitate careful light 

delivery specifically to the tumor, and not to adjacent critical organs. While intratumoral injection followed 

by irradiation (Fig 2.6b) definitively demonstrated that PoP-liposomes are capable of light-triggered release 

in vivo, the biodistribution results are more complex to interpret. Besides direct drug release, the observed 

enhancement in tumor doxorubicin deposition could have been influenced by other factors including 

enhanced tumor permeability due to vascular damage induced by initial drug release and also from 

photosensitizing effects of the PoP-liposomes during irradiation. It has been demonstrated that PDT using 

HPPH enhanced tumor deposition of DOXIL® in a murine colon carcinoma model.[55] Future studies will 

seek to better understand how these multiple factors contribute to enhanced tumor deposition of doxorubicin 

in PoP-liposomes. Based on the favorable biodistribution results, we performed a survival study based on 

a single intravenous treatment of dox-PoP-liposomes (10 mg/kg doxorubicin dose). Mice were divided into 

4 groups: (1) dox-PoP-liposomes with laser treatment, (2) empty-PoP-liposomes with laser treatment, (3) 

dox-PoP-liposomes without laser treatment; and (4) saline control. As shown in Fig 2.11b, only the dox-

PoP-liposomes with laser treatment effectively cured tumors. 4 out of the 5 mice treated had tumors 

permanently cured with no regrowth after 90 days. Following laser treatment, both dox-PoP-liposomes and 

empty-PoP-liposomes induced eschar formation on the skin of the tumor, demonstrating that PoP-

liposomes themselves have photosensitizing properties. However, the irradiated empty-PoP-liposomes 
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were ineffective at halting tumor growth. Likewise, a single dose of dox-PoP-liposomes without laser 

treatment was also ineffective at halting tumor growth. Thus, only the laser-treatment of dox-PoP-liposomes 

was an effective treatment resulting in complete tumor regressions. Although no treated mice exhibited 

signs of phototoxicty under ambient lighting (no special housing precautions were taken), and PoP-

liposomes are self-quenched while intact, their eventual disassembly and degradation following systemic 

introduction could lead to restoration in HPPH photosensitizer activity, which is known to induce mild skin 

photosensitivity in clinical use.[56] Further investigation is required to characterize the mechanism of 

action of the systemic treatment as well as further optimize the system.  

 
 

 
Figure 2.11: Dox-PoP-liposomes as a systemically-administered, single-treatment anti-tumor phototherapy. a) 

Biodistribution of doxorubicin +/- laser treatment. Nude mice bearing KB tumors were I.V. injected with dox-PoP-

liposomes (10 mg/kg dox) and 15 minutes later, the tumor was irradiated with a 658 nm laser at 200 mW/cm2 fluence 

rate for 12.5 minutes (150 J/cm2). Mean +/- std. dev. for n=7-8 mice per group. b) Kaplan-Meier survival curve for 

nude mice bearing KB tumors. Mice were given a single treatment when tumors reached 4-6 mm and were sacrificed 

when tumors reached 10 mm in any direction. Mice were treated with dox-PoP-liposomes (10 mg/kg dox) as above 

or a corresponding amount of empty PoP-liposomes. n=5-7 mice per group.  
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2.6 Conclusion 

In summary, PoP-liposomes assembled from appropriate porphyrin-lipid monomers formed a robust 

system which achieved thermostable cargo retention as well as effective release upon exposure to clinically-

relevant doses of NIR radiation. Release could be tuned by varying porphyrin doping, laser irradiation time 

and laser irradiation power. This represents a departure from the vast majority of proposed biocompatible 

externally-triggered release systems, which rely on heating to a few degrees above body temperature and 

may have issues with stability at physiological temperatures. In response to NIR irradiation, PoP-liposomes 

released their cargo with robust spatial and temporal control and when loaded with doxorubicin comprised 

effective anti-tumor agents. 
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Chapter 3: Optimization of Porphyrin Phospholipid Liposomes  
 

3.1 Acknowledgements 

This chapter is a reformatted version of the manuscripts entitled “Doxorubicin Encapsulated in Stealth 

Liposomes Conferred with Light-Triggered Drug Release” published in Biomaterials (2016). Under the 

supervision of Jonathan F. Lovell, my contributions included designing and conducting experiments, data 

analysis and manuscript writing. 

3.2 Abstract 

Stealth liposomes can be used to extend the blood circulation time of encapsulated therapeutics. Inclusion 

of 2 molar % porphyrin-phospholipid (PoP) imparted optimal near infrared (NIR) light-triggered release of 

doxorubicin (Dox) from conventional sterically stabilized stealth liposomes. The type and amount of PoP 

affected drug loading, serum stability and drug release induced by NIR light. Cholesterol and PEGylation 

were required for Dox loading, but slowed light-triggered release. Dox in stealth PoP liposomes had a long 

circulation half-life in mice of 21.9 hours and was stable in storage for months. Following intravenous 

injection and NIR irradiation, Dox deposition increased ~7 fold in treated subcutaneous human pancreatic 

xenografts. Phototreatment induced mild tumor heating and complex tumor hemodynamics. A single 

phototreatment of Dox-loaded stealth PoP liposomes (at 5-7 mg/kg Dox) eradicated tumors while 

corresponding chemo- or photodynamic therapies were ineffective. A low dose 3 mg/kg Dox 

phototreatment with stealth PoP liposomes was more effective than a maximum tolerated dose of free (7 

mg/kg) or conventional long-circulating liposomal Dox (21 mg/kg). To our knowledge, Dox-loaded stealth 

PoP liposomes represent the first reported long-circulating nanoparticle capable of light-triggered drug 

release. 

3.3 Introduction 

Preferential accumulation of drugs at target sites in bioavailable form is a central goal of drug delivery 

systems.[1–4] Liposomes are applied for this purpose and are commonly used pharmaceutical carriers.[5, 

6] By incorporating a synthetic polyethylene glycol phospholipid (DSPE-PEG-2K) into stable liposomes, 

sterically stabilized “stealth” liposomes are obtained and can substantially prolong drug circulating time 
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and increase drug accumulation in the tumors with enhanced antitumor efficacy.[7–10] However, once 

localized in the tumor, the drug should be released at an appropriate rate to ensure therapeutic 

concentrations reach target cells. Long circulating stealth liposomes release their cargo slowly, which limits 

efficacy in cancer treatment[11, 12].  Exposure of large amounts of bioavailable drug in tumors is desirable, 

while ideally reducing exposure to healthy organs.[1, 13, 14]. Remotely-triggered drug delivery systems 

hold potential to meet this need.[15, 16] There has been interest in developing liposomes that effectively 

encapsulate anti-cancer agents and release them specifically within tumors. To this end, many liposome 

triggered-release strategies have been developed including activation methods based on pH [17–20], heat 

[13, 21, 22], enzymes[23, 24], light[3, 25, 26] and magnetic pulses[27] and thermosensitive liposomes have 

entered clinical testing for multiple cancer indications.[28] 

Light, especially near infrared (NIR) light which can better penetrate tissues and is otherwise harmless 

itself, is an intriguing external trigger for drug release and can be applied with precise spatial and temporal 

control.[3, 26, 29, 30] There has been much recent interest in development of light-triggered drug delivery 

systems.[31–39] Compared to thermosensitive liposomes, which have been extensively studied for more 

than three decades[40, 41], light triggered release has seen less development and the release mechanisms, 

factors controlling the release rate and design strategies are still emerging. However, thermosensitive 

liposomes and other heat-triggered mechanisms (including photothermally triggered) generally have 

limited stability in physiological conditions due to difficulty in developing materials that are stable at 37 °C 

but that can release their contents close to 42 °C. There have been only a few reports of long-circulating 

thermosensitive materials, and drugs loaded into such carriers only have a fraction of the circulation time 

of conventional stealth liposomes.[42] To the best of our knowledge, until now there have not yet been any 

reports of long-circulating nanoparticles for light-triggered release. 

Porphyrin-phospholipid (PoP) is a lipid-like molecule and can be used to form nanoparticles with 

theranostic character.[43–48] The structure of the PoPs used in this study comprise a monocarboxylic 

porphyrin derivative esterified to the central sn-2 hydroxyl of the glycerol backbone of phosphatidylcholine 
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containing a palmitoyl group at the sn-1 position. The chlorophyll derived pyropheophorbide-a (Pyro) or 

related 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) were used to generate Pyro-lipid or 

HPPH-lipid respectively. We previously reported that PoP-liposomes based on HPPH-lipid can release their 

contents in response to NIR light, via a mechanism that is still unknown.[26]  However, relatively high 

amounts of HPPH-lipid were required, which in theory could lead to patient side effects such as sunlight-

induced or treatment-induced cutaneous toxicity.[49–51] Furthermore, examination of HPPH-lipid 

liposomes revealed that the stability in 50 % serum was poor and light-triggered release rates were less than 

ideal. Here, we describe a systematic approach to develop stealth PoP liposomes with balanced lipid ratios 

to achieve both rapid light release rate and high storage and serum stability with long blood circulation. 

3.4 Materials and Methods 

Preparation of PoP liposomes 

Unless otherwise noted, lipids were obtained from Avanti and other materials were obtained from Sigma. 

HPPH-lipid and Pyro-lipid were synthesized as previously reported.[26] Various liposome formulations 

were all made using the same method. The finalized stealth PoP liposome formulation included 53 mol. % 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti #850365P), 40 mol. % cholesterol (Avanti 

#700000P), 2 mol. % Pyro-lipid and 5 mol. % 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000 (DSPE-PEG-2K, Avanti #880120P). To generate 100 mg of PoP 

liposomes (a 5 mL batch), 57.1 mg DSPC, 19.1 mg DSPE-PEG-2K, 2.76 mg Pyro-lipid and 21.1 mg 

cholesterol were fully dissolved in 1 mL ethanol at 60-70 ˚C, then 4 mL 250 mM ammonium sulfate (pH 

5.5) buffer was injected into the mixed lipids (both mixed lipids and ammonium sulfate buffer were kept at 

60-70 ˚C while injection). Lipids and buffer were fully mixed. The solution was passed 10 times at 60-70 

˚C through sequentially stacked polycarbonate membranes of 0.2, 0.1 and 0.08 µm pore size using a high 

pressure nitrogen extruder (Northern Lipids). Free ammonium sulfate was removed by dialysis in a 800 mL 

solution of 10 % sucrose with 10 mM histidine (pH 6.5) with at least 2 times buffer exchanges. 

 

Cargo loading and release of PoP liposomes 
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Doxorubicin (Dox; LC Labs # D-4000) was loaded by adding the indicated ratio of drug and incubating at 

60 °C for 1 hour. Liposome sizes were determined by dynamic light scattering in PBS. Loading efficiency 

was determined by running 25 µL of liposomes diluted in 1 mL PBS over a Sephadex G-75 column. 24 x 

1 mL fractions were collected and the loading efficiency was determined as the percentage of the drugs in 

the liposome-containing fractions (which elute in the in the first 3-10 mL). Dox was measured using 

fluorescence with an excitation of 480 nm and emission of 590 nm using a TECAN Safire fluorescent 

microplate reader. Light-triggered release experiments were performed using a power-tunable 665 nm laser 

diode (RPMC laser, LDX-3115-665) at a fluence rate of ~310 mW/cm2. Irradiations were performed in 

50% sterile mature bovine serum (Pel-Freez #37218-5) at 37 °C.  Temperature was measured by inserting 

a K-type thermocouple probe directly into the irradiated solution. Dox release was assessed by measuring 

the release before and after treatment. Release was calculated using the formula Release=(Ffinal-Finitial)/(FX-

100-Finitial)*100%.  

Cryo-electron microscopy  

For cryo-EM, holey carbon grids (c-flat CF-2/2-2C-T) were prepared with an additional layer of continuous 

thin carbon (5-10 nm) and treated with glow discharge at 5 mA for 15 sec. Then, 3.4 µL of liposome loaded 

with doxorubicin in buffer containing 10 % sucrose solution and 10 mM histidine (pH 6.5) were applied to 

the grids for 30 sec. To perform the specimen vitrification, grids were blotted and plunged in liquid ethane 

at ~-180 °C using a Vitrobot (FEI) with the blotting chamber maintained at 25 °C and 100% relative 

humidity. Liposomes were imaged in a JEOL2010F transmission electron microscope at 200kV using a 

Gatan 914 cryo-holder. Images were collected at x 50,000 magnification and using a total dose of ~20 

electrons per Å2 and a defocus range between -7 to -11 microns. Images were recorded in SO-163 films. 

Micrographs were digitized in a Nikon Super Coolscan 9000 scanner. 

Liposome storage stability 

Dox loaded stealth PoP Liposomes(drug to lipid molar ratio 1:5) were stored at 4°C in closed amber vials 

without any other precautions and liposomes were periodically removed for routine analysis. Loading 

stability, size, polydisperity, serum stability and light triggered release rates were assessed every two weeks 
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for 3 months with 3 separately prepared batches of liposomes. Liposomes sizes were determined in 

phosphate buffered saline (PBS) by dynamic light scattering. For serum stability measurements, liposomes 

were diluted 200 times (to 13.5 µg/mL Dox) in PBS containing 50% mature bovine serum (Pel-Freez 

#37218-5). Initial readings were taken and samples were incubated at 37 °C for 6 hours. 0.5% X-100 was 

added to lyse the liposomes and final fluorescence value were read. Dox release was calculated according 

to the formula % Release= (Ffinal-Finitial)/(FX-100-Finitial)×100%. Loading stability and light triggered release 

rates were determined as described above. 

Pharmacokinetics 

All procedures in this work performed on mice were approved by the University at Buffalo Institutional 

Animal Care and Use Committee. Female mice (female CD-1, 18-20 g, Charles River) were intravenously 

injected via tail vein with Dox-PoP-liposomes, sterically stabilized liposomal Dox or 10 % HPPH liposomes 

(10 mol.% HPPH-lipid, 35 mol.% cholesterol, 5 mol.% DSPE-PEG-2K and 50 mol. % DSPC) at dose of 

10 mg/kg Dox(N=4 per group). Small blood volumes were sampled at sub-mandibular and retro-orbital 

locations at the indicated time points. Blood was centrifuged at 2000 x g for 15 minutes. 10 µL serum was 

added to 990 µL extraction buffer (0.075N HCI, 90% isopropanol) and stored for 20 minutes at -20 °C. The 

samples were removed and warmed up to room temperature and centrifuged for 15 minutes at 10,000 x g. 

The supernatants were collected and analyzed by fluorescence. Dox concentrations were determined from 

standard curves. Noncomparmental pharmacokinetics parameters were analyzed by PKsolver. 

Tumor drug uptake 

Five week old female nude mice (Jackson Labs, #007850) were inoculated with 5×106 MIA Paca-2 cells 

on both flanks and randomly grouped when the sizes of the tumors reach 6-8 mm (n=4). 1h post i.v. injection 

with 5 mg/kg or 10 mg/kg Dox-PoP stealth liposomes, mice were treated 350 mW/cm2 from a 665 nm laser 

diode (RPMC laser, LDX-3115-665) for 15min or 30min on one flank. Mice were sacrificed immediately 

after treatment and tumors were collected. For tumor drug deposition determination, tumors were 

homogenated in nuclear lysis buffer [0.25 mol/L sucrose, 5 mmol/L Tris-HCl, 1 mmol/l MgSO4,1 mmol/L 
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CaCl2 (pH 7.6)] and extracted overnight in 0.075N HCI 90% isopropanol. Dox and Pyro-lipid was 

determined via fluorescence measurements.  

Tumor temperature and blood flow 

Mice bearing MIA Paca-2 tumors were grouped into 4 groups: Dox-PoP+laser (350 mW/cm2), Dox-PoP 

+laser (250 mW/cm2), laser alone (350 mW/cm2) and no laser control (n=3-4). Mice in the first two groups 

were i.v. injected with 7 mg/kg Dox-PoP. 1 hour post injection, mice were anesthetized and placed on a 

heating pad to maintain body temperature around 35°C. Tumor blood flow were measured by laser Doppler 

(moorLDI2-IR) in single spot mode. 665 nm laser illumination for phototreatment was initiated 5 minutes 

after blood flow stabilized. After 30 minutes of illumination, mice were monitored for another 10 minutes. 

Data were analyzed as % flow rate compared to that of the first five minutes. Tumor temperatures during 

the treatment courses were recorded by an infrared camera (FLIR ix series).  

Survival study 

5×106 MIA Paca-2 cells (obtained from ATTC) were injected in the right flank female nude mice (5 weeks, 

Jackson Labs, #007850). When tumor volumes reached 4-6 mm in diameter, mice bearing MIA Paca-2 

tumors were grouped as follows: 1) Saline control; 2) Dox-PoP-laser;3) Empty PoP+ laser; 4) Dox-

PoP+laser. N=5-6. Dose for Dox-PoP is 7mg/kg for Dox and the dose of PoP was adjusted to be equivalent 

to that of Dox-PoP 7mg/kg (Dox to lipid loading ratio 1:5), which is 1.225 mg/kg (1.21µmol/kg Pyro-lipid).  

For the different dosing experiment, another two groups Dox-PoP+laser (3mg/kg based on Dox) and Dox-

PoP+laser (5 mg/kg based on Dox) were studied. 21 mg/kg of sterically stabilized liposomal Dox 

(HSPC:CHOL:DSPE-PEG-2K =56.3:38.4:5.3 % mole) was used for standard treatment of Doxil®. Free 

Dox 7 mg/kg was used as a free drug control. 1 h after intravenous injection, tumors that need laser 

treatment were all irradiated at a fluence rate of 300 W/cm2 for 16min 40s (total energy 300 J/cm2). HPPH 

was diluted in PBS containing 2% ethanol and 0.2% Tween 80 and injected at a dose of 1.21 µmol/kg. 

Light treatment was performed 24h post injection. Tumor size was monitored 2-3 times per week and tumor 

volumes were estimated by measuring three tumor dimensions using a caliper and the ellipsoid formula: 

Volume= π·L·W·H/6, where L, W and H are the length, width and height of the tumor, respectively. The 
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weights of the mice were monitored every week. MIA paca-2 mice were sacrificed when the volume 

exceeded 10times of its initial volume. 

Statistical analysis 

All data were analyzed by Graphpad prism (Version 5.01) software as indicated in figure captions. For 

Kaplan-Meier survival curve, each pair of group were compared by Log-rank (Mantel-Cox) test. Bonferroni 

method is used to adjust for multiple comparisons. Differences were considered significant at p < 0.05. 

Median survival is defined as the time at which the staircase survival curve crosses 50% survival. 

3.5 Results and Discussion  

3.5.1 Drug Loading Dependence on Cholesterol Content of Pyro-lipid containing liposomes 

Recently we reported that the PoP HPPH-lipid, but not Pyro-lipid, could entrap cargo when liposomes were 

form with 95 molar % PoP and Dox-loaded liposomes were subsequently prepared with 10 molar % HPPH-

lipid PoP.[52] We elected to re-examine Pyro-lipid due to its extreme ease of synthesis and lack of 

stereocenters. Liposomes were prepared with distearoylphosphocholine (DSPC), Cholesterol (CHOL), 

DSPE-PEG-2K and Pyro-lipid. 5 molar % DSPE-PEG-2K was included and the remaining lipids were 

varied as indicated in Fig. 3.1a. Increasing amounts of Pyro-lipid prevented the liposomes from actively 

loading Dox using an internal ammonium sulfate gradient at 60 °C, an established method for liposomal 

drug loading.[53] However, this effect could be countered by increasing the cholesterol concentration. 

Liposomes with higher pyro-lipid concentrations could be loaded by including higher cholesterol 

concentrations. Liposomes with 30 molar % cholesterol could effectively load Dox, but not when amounts 

of Pyro-lipid as little as 1 molar % were included in the formulation. With 35 molar % cholesterol, Dox 

could only be loaded into liposomes containing small amounts of Pyro-lipid (0-2 molar %). The maximal 

amount of pyro-lipid that could be incorporated in Dox-loaded liposomes increased to 5 and 8 molar % 

when 40 and 45 molar % cholesterol were included in the formulation, respectively. This phenomenon with 

relatively abrupt loading behavior was unexpected and was not observed in conventional liposomes lacking 

Pyro-lipid. As shown in Fig. 3.1b, Dox loading with a relatively high drug to lipid ratio (1:5) was also 

impacted by the cholesterol content. Unlike conventional liposomes, which loaded Dox in all conditions, 
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PoP liposomes formed with 2 molar % pyro-lipid could only be loaded if more than 35% cholesterol was 

included. Pyro-lipid PoP liposomes with 45 molar % cholesterol enabled robust active loading of Dox. To 

characterize the morphology of the Dox-PoP liposomes cryo-electron microscopy was used. Liposomes 

were formed with [DSPC:CHOL:PEG-lipid:PoP] at a molar ratio of [53:40:5:2] with 1:5 Dox-to-lipid 

loading ratio. Electron micrographs revealed an unexpected asymmetric structure (Fig 3.1c). Each Dox-

loaded liposome enclosed a prominent electron dense object (indicated by arrows). These were presumably 

Dox-sulfate precipitates and were typically located off-center. The part of the bilayer near the Dox 

precipitate had reduced curvature. 

 
Figure 3.1. Cholesterol enables Dox loading into PoP liposomes. A) Dox active loading efficiency in PoP liposomes 

with a Dox-to-lipid loading molar ratio of 1:8. 5 mol. % PEG-lipid was included together with the indicated amounts 

cholesterol and Pyro-lipid, and DSPC completed the formulation. B) Dox active loading efficiency in liposomes with 

or without 2 molar % pyro-lipid. The Dox-to-lipid loading molar ratio was 1:5. Values show mean +/- S.D. for n=3. 

C) Cryo-electron micrographs of Dox-PoP liposomes formed with a DSPC:CHOL:PEG-lipid:PoP molar ratio of 

53:40:5:2 and a 1:5 Dox-to-lipid loading ratio. Images were collected with a defocus ranging between -7 to -8 microns 

defocus. Arrows point to Dox precipitates within the liposomes. 100 nm scale bar is shown. 

3.5.2 Effects of PoP Content on Drug Release 

Light-triggered release was assessed in vitro with Dox-PoP liposomes at 37 °C in 50% bovine serum. As 

shown in Fig. 3.2a, increasing amounts of PoP led to faster NIR light-induced release rates, with full release 

being achieved in a few minutes for most formulations. The fastest times to achieve 50% release occurred 

in liposomes containing between 2-8 molar % PoP (Fig. 3.2b,c). However when the release rate was 

normalized to the amount of pyro-lipid in the membrane, 2% pyro-lipid was found to be optimal on a per 

pyro basis (Fig. 3.2d). In other words, if a set dose of photosensitizer was to be injected, having it in the 

form of 2 molar % PoP liposomes would result in the greatest amount of light-triggered Dox release. 2% 

PoP was therefore selected for future experiments since in addition to providing the fastest release per unit 
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PoP, the diminished PoP concentration reduces potential clinical photosensitizer-related side effects such 

as cutaneous sunlight toxicity. 

 
Figure 3.2. Effect of PoP concentration on the rate of light-triggered Dox release. A) Real-time Dox release from 

PoP liposomes during 665 nm laser irradiation with varying amounts of Pyro-lipid incorporated. No detectable release 

occurs without laser irradiation. B) Laser irradiation time required for PoP liposomes to release 50% of the loaded 

Dox. C) Light-induced Dox release rate for PoP liposomes. C) Light-induced Dox release velocity normalized by 

Pyro-lipid for PoP liposomes. Data show mean +/-S.D. for n=3. All measurements were recorded in 50 % bovine 

serum at 37 °C. 

 

3.5.3 Effect of PEG and Cholesterol Content  

While increasing cholesterol enabled Dox loading in PoP liposomes (Fig. 3.1), it also slowed the light-

triggered Dox release rate. As shown in Fig. 3.3a, PoP liposomes containing 35% cholesterol released Dox 

the fastest when exposed to NIR laser light whereas those with 50% cholesterol released the slowest. Using 

less cholesterol to increase release rates was not feasible since it was required to load the Dox into the 

liposomes. The irradiation time required to induce release of 50% Dox from PoP liposomes showed a clear 

trend of slower release occurring with increasing cholesterol (Fig. 3.3b), with substantial slowing observed 

with 50 molar % cholesterol. 40 molar % cholesterol provided the best balance between Dox loading 

efficiency and rapid light-triggered Dox release. 

The effect of DSPE-PEG-2K on Dox loading and triggered release was investigated. PoP liposomes 

incorporating 45 molar % cholesterol (selected to encourage efficient active loading) and 2 molar % pyro-

lipid were formed with varying amounts of DSPE-PEG-2K.  As shown in Fig. 3.3c, the time required for 

50% Dox release increased from 1.2 min to 2.8 min when 8 molar % of DSPE-PEG-2K was used in place 

of 3 %. However, DSPE-PEG-2K also played a role in Dox loading, with optimum loading efficiency 

observed with 5 molar % (Fig. 3.3d), an amount that maintained reasonably fast triggered release (Fig. 
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3.3c). Thus, after considering each lipid component, PoP liposomes containing DSPC:CHOL:PEG-

lipid:PoP with a molar ratio of 53:40:5:2 were finalized as putative stealth PoP liposomes for further 

evaluation. 

 
Figure 3.3. Cholesterol and DSPE-PEG-2K slow light-triggered release from PoP liposomes. A) Real-time Dox 

release during 665 nm laser irradiation from PoP liposomes containing 2 molar % Pyro-lipid with varying amounts of 

cholesterol. Laser irradiation time required for PoP liposomes to release 50% of loaded Dox as a function of 

incorporated B) cholesterol or C) DSPE-PEG-2K. Light-triggered release measurements were recorded in 50 % 

bovine serum at 37 °C. D)  Dox active loading efficiency in liposomes made with varying amounts of DSPE-PEG-2K 

using a 5:1 Dox-to-lipid molar ratio. All data show mean +/- S.D. for n=3. 

 

3.5.4 Effects of Lipid to Drug Ratio 

We previously developed a formulation with 10 molar % HPPH-lipid, based on the optimal release of 

calcein.[52]  However the optimal amount of HPPH-lipid for the release of actively loaded doxorubicin 

was found to be 2 molar % (Fig. 3.4). While HPPH-lipid conferred the conventional stealth liposomes with 

light-induced release properties, it also led to liposome leakiness. Unlike Pyro-lipid, PoP liposomes formed 

from HPPH-lipid could not achieve an acceptable balance between serum stability and rapid NIR laser-

triggered release (Fig. 3.5). The developed formulation with 2 molar % Pyro-lipid released contents 

substantially faster than the previously reported formulation (Fig. 3.6). 

 
Figure 3.4. Pyro-lipid, but not HPPH-lipid enables good serum stability and rapid light-triggered drug release.  

Representative real time plots of Dox release PoP liposomes made with liposomes containing 2%HPPH-lipid and 35% 
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cholesterol, 2% HPPH-lipid and 40% cholesterol or 2% Pyro-lipid and 40% cholesterol. All liposomes were incubated 

for 1h in 50% mature bovine serum and laser irradiation started at 1h. All liposomes contained 5 mol.% DSPE-PEG-

2K and loaded at drug to lipid molar ratio of 1:5. 

 

 

 
Figure 3.5. 2% HPPH-lipid is optimal for rapid release of loaded Dox. 35 mol. % cholesterol and 5mol. % DSPE-

PEG-2K (Drug to lipid ratio of 1:8) were used for all the formulations. A) Release profiles of HPPH liposomes with 

variable amounts of HPPH loaded with doxorubicin upon laser irradiation. B)  Time required to reach 50% release of 

doxorubicin for HPPH liposomes with variable amounts of HPPH-lipid. Mean±S.D., n=3. 

 

 
Figure 3.6. Rapid NIR light-triggered release in serum using Dox-loaded stealth PoP liposomes A) Comparison 

of the NIR laser-induced release rate of new (2% Pyro-lipid) and previously reported (10% HPPH-lipid) formulations 

of PoP liposomes. B) Time required to reach 50% Dox release for previous (10% HPPH-lipid) and stealth PoP 

liposomes (2% Pyro-lipid) formulations. Previous formulation used 10% HPPH-lipid,35% Cholesterol, drug to lipid 

loading ratio 1:8 while the stealth PoP liposome formulation consists of 2% Pyro-lipid, 40% Cholesterol, drug to lipid 

loading ratio 1:5. Mean ± S.D., n=3. 

 

The effect of the drug-to-lipid loading ratio on the encapsulation efficiency, triggered release rates and 

serum stability at 37 °C of stealth PoP liposomes was next investigated. Fig. 3.7a shows that Dox 

encapsulation efficiency in PoP liposomes (with 2 molar % Pyro-lipid) with increasing drug-to-lipid loading 

ratios exhibited a sharp transition point, beyond which drug loading was ineffective. This was in contrast 

to the same liposomes lacking pyro-lipid, which exhibited gradually decreasing drug encapsulation 

efficiencies as drug-to-lipid loading ratios increased. The highest drug-to-lipid loading ratio that could be 
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effectively loaded was 1:5 (displayed as 0.2:1 on the graph) and beyond that ratio less than 10% of the Dox 

could be loaded. For Pyro-lipid PoP liposomes, there was no relationship between the drug loading ratio 

and the rate of light-triggered drug release and rates of release were highly consistent between all samples 

(Fig. 3.7b). Fig. 3.7c shows that PoP liposomes with variable loading ratios all exhibited excellent serum 

stability in vitro. A drug to lipid ratio of 1:5 was selected for further use since it minimizes the amount of 

injected Pyro-lipid to avoid potential photosensitizer induced side effects.  

 
Figure 3.7. Dox-to-lipid loading ratios do not impact stealth PoP liposome light-triggered release rates or in 

vitro serum stability. Stealth PoP liposomes were formed with DSPC:Cholesterol:DSPE-PEG-2K:PoP with molar 

ratios of 53:40:5:2. A) Dox active loading efficiency in liposomes with or without 2 molar % Pyro-lipid at varying 

drug-to-lipid molar ratios. B) Laser irradiation time required for stealth PoP liposomes to release 50% of loaded Dox 

as a function of Dox-to-lipid molar ratio. C) Serum stability of stealth PoP liposomes loaded at the indicated Dox-to-

lipid molar ratios in 50% bovine serum, incubated at 37 °C for 4 hours. Mean+/-S.D., n=3.    

 

3.5.5 Long-term stability  

The long term storage stability of stealth PoP liposomes was evaluated (Fig. 3.8). The liposomes were 

stored at 4°C in closed amber vials without any other precautions and liposomes were periodically removed 

for routine analysis. Loading stability, size, polydisperity, serum stability and light triggered release rates 

were assessed every two weeks for 3 months with 3 separately prepared batches of liposomes. As shown in 

Fig. 3.8a, over 95% of the Dox remained stably trapped inside the stealth PoP liposomes.  Fig. 3.8b and 

3.8c show that for all separately prepared batches, the size of stealth PoP liposomes remained close to 100 

nm, together with a low polydisperity index of close to 0.05, indicating a small and monodisperse 

population of nanoparticles. Consistently over the storage period, less than 10 % of the loaded Dox leaked 

from the liposomes when incubated for 6 hours in 50 % bovine serum at 37 °C in vitro (Fig. 3.8d). Thus, 

for a phototreatment that occurs shortly after intravenous administration of the liposomes, little serum-

induced leakage would be predicted to occur. The NIR light-triggered Dox release rate from stealth PoP 
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liposomes remained relatively stable during storage, with close to two minutes of irradiation being required 

to achieve 50% Dox release (Fig. 3.8e). Thus, despite the high drug-to-lipid loading ratio of 1:5, stealth 

PoP liposomes loaded with Dox exhibited excellent storage stability by all metrics examined. They 

performed consistently in functional assays for being stable in serum in the absence of NIR light yet quickly 

releasing contents when exposed to it. 

 
Figure 3.8. Storage stability of Dox-loaded stealth PoP liposomes. Liposomes were stored at 4 °C. A) Dox 

retention; B) liposome size; and C) liposome polydisperity. D) In vitro serum stability of loaded Dox following 6 

hours incubation at 37 °C in 50 % bovine serum. E) Laser irradiation time required for release 50% of loaded Dox in 

50 % bovine serum at 37 °C. Data show mean +/- S.D. for n=3 separately prepared batches of liposomes. 

 

3.5.6 Pharmacokinetics in Mice 

The pharmacokinetic behavior of stealth PoP liposomes loaded with Dox was studied following intravenous 

administration to CD-1 mice. As shown in Fig. 3.9, encapsulated Dox demonstrated a long-circulating 

pharmacokinetic profile. The blood elimination time and half-life of Dox in stealth PoP liposomes was 

close to that of conventional stealth liposomes (containing no Pyro-lipid; equivalent to sterically stabilized 

liposomal Dox or SSL Dox). Dox-loaded stealth PoP liposomes exhibit a circulating half-life of 21.9 hours 

with an area under the curve (AUC) of 4837 µg/(ml*h). The half-life of SSL Dox liposomes was 16.9 hours 

with an area under the curve of 5695 µg/(ml*h). These formulations exhibited substantially greater 

circulation half lives and AUC than previously reported PoP liposomes that included 10 molar % HPPH-

lipid and 35 molar % cholesterol. Table 3.1 lists pharmacokinetic parameters of Dox-loaded stealth PoP 

liposomes and other Dox-loaded liposome formulations. 
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Figure 3.9. Long blood circulation of Dox loaded in stealth PoP liposomes. Serum concentration of Dox loaded in 

indicated liposomes and intravenously administered to CD-1 mice. Values show mean +/- S.D. for n=4-5 mice per 

group. 

 

 

Table 3.1: Noncompartmental pharmacokinetics analysis of liposomal Dox  

 

T1/2 

(h) 

Cmax 

(µg/ml) 

AUC 0∞ 

(µg·h/ml) 

MRT 0∞ 

(h) 

Cl 

(ml/h/g) 

Vss 

(ml/g) 

2% Pyro liposomes 21.9 250.1 4837 29.3 0.002 0.06 

0% Pyro liposomes 16.9 275.0 5695 22.8 0.002 0.04 

10%HPPH liposomes 1.6 224.2 581 2.1 0.02 0.04 
MRT; median residence time. AUC; the area under the product of c·t plotted against t from time 0 to infinity. Cl, 

clearance. Vss, volume of distribution at steady state. 

 

3.5.7 Laser Induced Enhanced Tumor Drug Uptake  

Nude mice were contralaterally inoculated with the human pancreatic MIA Paca-2 cancer cells on both 

flanks to generate a dual tumor model for light-triggered Dox uptake studies. This method involves one 

tumor being treated with NIR light and the other serving as a control. Treatment time and injected dose 

were investigated by measuring Dox tumor uptake immediately after NIR laser treatment. 1 hour following 

intravenous injection with 5 mg/kg or 10 mg/kg Dox (total intravenously injected Dox dose, encapsulated 

in stealth PoP liposomes), tumors were laser irradiated for 15 or 30 minutes. Tumor uptake of Dox in the 

laser irradiated group was 6-7 fold greater than tumors receiving no laser treatment (Fig. 3.10a). The 

deposition of the drug in tumors was dependent on the injected dose, with the 10 mg/kg injected dose 

resulting in 13.8 µg Dox per gram of tumor (for the laser treated tumor), which was approximately double 

the tumor concentration of the 5 mg/kg injected dose (with a laser-treated tumor Dox concentration of 7.0 

µg Dox per gram of tumor). 
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    While the injected dose directly impacted light-triggered Dox uptake in the tumor, different light doses 

(applied using different irradiation times of 15 and 30 minutes) did not have as marked an effect. Mice 

treated with an injected dose of 10 mg/kg and irradiated for either 15 or 30 minutes resulted in 9.6 and 13.2 

µg Dox per gram in laser-treated tumor tissue, respectively, and these were not statistically significantly 

different (Fig. 3.10b). Further research is required to better understand the impact of different light doses, 

but laser treatment could possibly be inducing partial vascular stasis, preventing more liposomes flowing 

into the tumors. 

 
Figure 3.10. Laser-induced enhanced Dox deposition from stealth PoP liposomes in a contralateral Mia Paca-

2 dual tumor model. 1 hour after intravenous injection of Dox-loaded stealth PoP liposomes, tumors on only one 

flank of the mice were irradiated with a 665 nm laser. Immediately after irradiation, mice were sacrificed and Dox 

concentration in both treated and untreated tumors was determined. A) Effect of injected dose of 5 mg/kg or 10 mg/kg 

Dox in stealth PoP liposomes. Tumors were treated with 30 minutes of 665 nm irradiation at 350 mW/cm2. B)  Effect 

of different irradiation times of 15 or 30 minutes. Mice were injected with 10 mg/kg Dox in stealth PoP liposomes 

and tumors were treated with 665 nm irradiation at 350 mW/cm2. There was no significant difference between 15 and 

30 minutes irradiation time in terms of tumor Dox uptake. Statistical analysis were performed by Bonferroni post-test, 

two way ANOVA,*P<0.05, ** P<0.01, ***P<0.001. Mean +/- S.D. for n=4 tumors per group. 

 

3.5.8 Effects of Laser Treatment on Blood Flow 

The effect of laser treatment on the tumor temperature was examined (Fig. 3.11a). One hour after 7 mg/kg 

Dox dosing, laser irradiation was applied at 350 mW/cm2 and caused the surface temperature of the tumor 

to increase up to 45 °C over 30 minutes of irradiation. When the fluence rate was lowered to 250 mW/cm2, 

the temperature increased to less than 40 °C. This rise in temperature was similar to the observed tumor 

surface heating when 350 mW/cm2 was applied, without the prior injection of PoP liposomes. Tumor blood 
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flow was assessed with laser Doppler analysis, a technique which can non-invasively probe superficial 

perfusion in the investigated tissue. As shown in Fig. 3.11b, in the absence of PoP-liposomes, tumor blood 

flow was not inhibited by the 350 mW/cm2 laser treatment, and increased over time by approximately 50%, 

possibly due to thermal heating effects. Tumors irradiated with stealth PoP liposomes circulating in blood 

exhibited different blood flow dynamics (Fig. 3.11c). Tumor blood flow initially decreased sharply, 

followed by an increase and then a subsequent decrease. This trend was observed at both 250 mW/cm2 and 

350 mW/cm2 fluence rates. Vascular shutdown continued after the laser was turned off following 30 minutes 

of irradiation. The decrease in blood flow during laser irradiation was not due to tumor heating, since the 

250 mW/cm2 treatment resulted in similar heating to the drug-free 350 mW/cm2 treatment, which did not 

show any vascular shutdown (Fig. 3.11c). The phenomenon of an immediate decreasing tumor flow, 

followed by a subsequent increase has been reported in mice with high fluence photodynamic therapy 

(PDT).[54] When plotted as a function of cumulative fluence, the 250 mW/cm2 and 350 mW/cm2 treatments 

exhibited similar patterns of tumor vascular dynamics (Fig. 3.11d). 

 

 

Figure 3.11. Tumor surface temperature and blood flow during phototreatment with stealth PoP liposomes. A) 

Surface temperature of MIA Paca-2 xenograft during treatment with a 665 nm laser diode at indicated power one hour 

after intravenous administration of PoP liposomes at the indicated Dox dose. B) Relative change in tumor blood flow 

induced by the laser treatment itself. Laser was switched on at indicated fluence rate as indicated. C, D) Relative 
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change in tumor blood flow as a function of time (C) or cumulative fluence (D) for mice one hour after intravenous 

administration of stealth PoP liposomes at the indicated laser fluence rates. Values indicate mean with S.D. (in a single 

vertical direction for blood flow data) for n=3-4 mice per group. 

 

3.5.9 Anti-tumor Efficacy  

The anti-tumor efficacy of Dox stealth PoP liposomes was assessed in nude mice bearing single MIA Paca-

2 subcutaneous tumors. As shown in Fig. 3.12a, at a dose of 7 mg/kg Dox (or equivalent) both Dox-loaded 

stealth PoP liposomes alone (without laser treatment) and unloaded stealth PoP liposome with laser 

treatment provided some therapeutic benefit by prolonging median survival times compared to untreated 

control mice from 21 days to 30.5 days for both groups. However, a strong therapeutic synergy was 

observed for Dox-loaded stealth PoP liposomes with laser treatment, as this approach led to full survival of 

all mice and was significantly more effective than the two aforementioned control treatments (P<0.05). 

With a 7 mg/kg dose of Dox in stealth PoP liposomes, all phototreated tumors effectively regressed to less 

than 20 mm3 within two weeks of treatment and all mice survived the duration of the study (60 days) with 

3 of 6 tumors permanently cured. The phototherapeutic efficacy of Dox-loaded stealth PoP liposomes at 

lower doses was examined (Fig. 3.12b). Both 3 mg/kg and 5 mg/kg Dox were highly effective in delaying 

tumor growth. Laser treated mice treated with Dox-PoP liposomes had a median survival time of 43.5 days 

with 3 mg/kg Dox, and 57 days with 5 mg/kg Dox. For mice treated with 5 mg/kg Dox, tumor regrowth 

was seen in only 3 of 6 mice.  In all cases, Dox-loaded stealth PoP liposome phototreatments were well 

tolerated, as evidenced by healthy body mass in all treated mice (Fig. 3.12c).  

As shown in Fig. 3.12d, phototreatment with Dox-loaded stealth PoP liposomes was substantially more 

effective than single-dose treatments of conventional chemotherapy or PDT. Free Dox, at its maximum 

tolerated dose of 7 mg/kg was ineffective treatment against MIA Paca-2 tumors, with no significant tumor 

growth delay compared to control mice (median survival 19 vs 21 days). Sterically stabilized Dox (SSL 

Dox) could be administered at a three times higher maximum tolerated dose compared to the free drug, and 

improved survival compared to control (median survival 40 days vs 21 days, P<0.05). Conventional PDT 

exhibited a similar tumor growth inhibition (median survival 38 days) when administered with an 

equivalent light dose and equivalent injected dose of HPPH, a photosensitizer with similar spectral 
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properties as Pyro-lipid and currently in clinical trials. Dox-loaded stealth PoP liposomes with laser 

treatment was significantly more effective than these three anti-cancer modalities which have all been used 

in the clinic. Standard treatment of SSL Dox at a high dose (21 mg/kg) later on developed rashes on the 

feet of the mice which is typical symptom of palmar-plantar erythrodysesthesia (PPE) at high dose of stealth 

liposomal doxorubicin.[55, 56] Tumor volumes revealed that all Dox phototreatments with stealth PoP 

liposomes were more efficacious than the maximum tolerated doses of free and SSL Dox (Fig. 3.12e). 

Stealth PoP liposome phototreatment with 3 mg/kg Dox was slightly more effective than SSL Dox at 21 

mg/kg. Even with presumed faster blood clearance observed with lower injected doses of liposome, PoP 

liposomes can be used at least 7 times lower dosage with superior therapeutic efficacy to conventional SSL 

Dox. These results are encouraging for achieving tumor ablation with minimal side effects. 

 
Figure 3.12. Phototreatment efficacy of Dox-loaded stealth PoP liposomes. Nude mice bearing MIA Paca-2 tumors 

were treated when tumor diameter reached 4-5 mm and were sacrificed when tumor volume increased 10 fold. Laser 

treatments involved administration of 300 J/cm2 of 665 nm light (300 mW/cm2 over 16.7 minutes). A) Synergistic 

efficacy of Dox stealth PoP liposomes with laser treatment. Dox was administered at 7 mg/kg or with equivalent 

dosage in control groups. B) Dose response of Dox-loaded stealth PoP liposomes with phototreatment. The examined 
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doses of 3, 5, 7 mg/kg were significantly more effective than untreated control groups (P<0.05). C) Body mass of 

mice that were phototreated with Dox-loaded stealth PoP liposomes. D) Dox-loaded stealth PoP liposomes with 

phototreatment were significantly more effective than conventional anti-tumor treatments including SSL Dox and free 

Dox at their maximum tolerated dose (MTD) or conventional PDT using HPPH at with the same light treatment and 

an equivalent photosensitizer dose (P<0.05). E)  Tumor volume growth for indicated treatment groups. Mean +/- S.E. 

for n=5-6 mice per group. 

 

In this study, we systematically examined all lipid components of PoP liposomes to successfully develop a 

formulation that 1) could be actively loaded with Dox with high efficacy and loading ratios; 2) was stable 

in vitro during storage and in serum; 3) had long circulating times in vivo; and 4) could rapidly release Dox 

when exposed to NIR light. Increasing amounts of cholesterol enabled active loading with increasing 

amounts of PoP, which itself tended to destabilize the bilayer and prevent Dox loading. Although 

cholesterol is known to enhance liposome stability[57, 58], further studies are required to better determine 

the role cholesterol plays in the function and structure of PoP liposomes. Increasing amounts of cholesterol 

also slowed down light-triggered Dox release, as did DSPE-PEG-2K. However both components were 

required for effective Dox loading. How cholesterol and DSPE-PEG-2K slows light triggered drug release 

is of interest and further elucidation of mechanistic aspects is required.  

Increasing amounts of Pyro-lipid inhibited the loading of Dox into PoP liposomes, an effect which had 

to be countered by increasing the cholesterol content. Increased Pyro-lipid also increased the light-triggered 

release rate. An optimal amount of 2 molar % Pyro was selected since this gave the most rapid release rate 

when normalized by the amount of Pyro-lipid in the bilayer. Although Pyro-lipid has been shown to be 

well-tolerated in mice at intravenous doses as high as 1 g/kg[43], administration of lower doses of molecules 

that are photosensitizers to patients is preferred to avoid undesired sunlight toxicity or edema formation in 

the irradiated area as observed in PDT treatment.[59] Using the developed Dox-loaded stealth PoP liposome 

formulation, Dox dosing at a low human dose of 5 mg/m2, would correspond to PoP dosing in the ballpark 

of 1 mg/m2 or 0.03 mg/kg, a photosensitizer dose that is orders of magnitude less than clinically approved 

Photofrin, which is usually administered at 2 mg/kg doses. 

      Immediately following laser treatment, a 6-7 fold increase of tumor uptake of doxorubicin was 

observed. The striking increase in tumoral drug concentration is likely an important factor for the 
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effectiveness of this treatment. The enhanced drug accumulation can be due to a combination of drug 

release, hyperthermia-mediated vessel permeabilization, and also PDT-induced vascular permeability 

effect. Both triggered release[13, 21] and PDT[60, 61] can be used as means to enhance drug delivery. 

Further studies are needed to thoroughly ascertain the contributions of each mechanism on enhanced drug 

uptake and enhanced bioavailability. When treatment time with 350 mW/cm2 irradiation was increased 

from 15 to 30 minutes, tumor drug uptake increased, but not with statistical significance. As shown in Fig. 

3.11c, after 20 minutes of irradiation, blood flow decreased in the tumor, limiting the amount of drug that 

could be deposited. PDT induced microvascular stasis was likely occurring and inhibiting further supply of 

liposomes to the irradiated volumes.[62, 63] For tumor growth inhibition studies, a 16.7 minute treatment 

was performed with an intermediate fluence rate of 300 mW/cm2, so that tumor heating above 42 °C, as 

well as intra-treatment vascular shutdown during was minimal. Future directions include combining this 

treatment with anticoagulants, which might reduce PDT-induced vascular stasis and further improve tumor 

drug uptake.  

3.6 Conclusion 

      We systematically developed a robust sterically-stabilized, long-circulating stealth PoP liposome 

formulation which can be triggered by NIR light to release encapsulated drugs. Dox-loaded stealth PoP 

liposomes exhibited long term storage stability. The anti-tumor efficacy was superior to conventional PDT 

(using HPPH) and to a maximum tolerated single dose of Dox, administered freely or in long-circulating 

liposomes. A combination of enhanced drug deposition, mild tumor heating, vascular photodynamic effects 

and drug release likely play roles in treatment efficacy. 

3.7 References 

[1] D. Needham, M.W. Dewhirst, The development and testing of a new temperature-sensitive drug 

delivery system for the treatment of solid tumors, Adv. Drug Deliv. Rev. 53 (2001) 285–305. 

[2] T.M. Allen, P.R. Cullis, Drug Delivery Systems: Entering the Mainstream, Science. 303 (2004) 1818–

1822. 

[3] P. Shum, J.-M. Kim, D.H. Thompson, Phototriggering of liposomal drug delivery systems, Adv. Drug 

Deliv. Rev. 53 (2001) 273–284. 

[4] D. Luo, K.A. Carter, J.F. Lovell, Nanomedical engineering: shaping future nanomedicines, Wiley 

Interdiscip. Rev. Nanomed. Nanobiotechnol. 7 (2015) 169–188. 



68 
 

[5] T.M. Allen, P.R. Cullis, Drug Delivery Systems: Entering the Mainstream, Science. 303 (2004) 1818–

1822. 

[6] V.P. Torchilin, Recent advances with liposomes as pharmaceutical carriers, Nat. Rev. Drug Discov. 4 

(2005) 145+. 

[7] D. Papahadjopoulos, T.M. Allen, A. Gabizon, E. Mayhew, K. Matthay, S.K. Huang, K.D. Lee, M.C. 

Woodle, D.D. Lasic, C. Redemann, Sterically stabilized liposomes: improvements in 

pharmacokinetics and antitumor therapeutic efficacy, Proc. Natl. Acad. Sci. 88 (1991) 11460–11464. 

[8] A.L. Klibanov, K. Maruyama, V.P. Torchilin, L. Huang, Amphipathic polyethyleneglycols effectively 

prolong the circulation time of liposomes, FEBS Lett. 268 (1990) 235–237. 

[9] A.A. Gabizon, Y. Barenholz, M. Bialer, Prolongation of the Circulation Time of Doxorubicin 

Encapsulated in Liposomes Containing a Polyethylene Glycol-Derivatized Phospholipid: 

Pharmacokinetic Studies in Rodents and Dogs, Pharm. Res. 10 (1993) 703–708. 

[10] A. Gabizon, R. Catane, B. Uziely, B. Kaufman, T. Safra, R. Cohen, F. Martin, A. Huang, Y. Barenholz, 

Prolonged Circulation Time and Enhanced Accumulation in Malignant Exudates of Doxorubicin 

Encapsulated in Polyethylene-glycol Coated Liposomes, Cancer Res. 54 (1994) 987–992. 

[11] E. Rivera, V. Valero, F.J. Esteva, L. Syrewicz, M. Cristofanilli, Z. Rahman, D.J. Booser, G.N. Hortobagyi, 

Lack of activity of stealth liposomal doxorubicin in the treatment of patients with anthracycline-

resistant breast cancer, Cancer Chemother. Pharmacol. 49 (2002) 299–302. 

[12] M.E.R. O’Brien, N. Wigler, M. Inbar, R. Rosso, E. Grischke, A. Santoro, R. Catane, D.G. Kieback, P. 

Tomczak, S.P. Ackland, F. Orlandi, L. Mellars, L. Alland, C. Tendler, Reduced cardiotoxicity and 

comparable efficacy in a phase III trial of pegylated liposomal doxorubicin HCl (CAELYXTM/Doxil®) 

versus conventional doxorubicin for first-line treatment of metastatic breast cancer, Ann. Oncol. 15 

(2004) 440–449. 

[13] G. Kong, G. Anyarambhatla, W.P. Petros, R.D. Braun, O.M. Colvin, D. Needham, M.W. Dewhirst, 

Efficacy of Liposomes and Hyperthermia in a Human Tumor Xenograft Model: Importance of 

Triggered Drug Release, Cancer Res. 60 (2000) 6950–6957. 

[14] A. Schroeder, R. Honen, K. Turjeman, A. Gabizon, J. Kost, Y. Barenholz, Ultrasound triggered release 

of cisplatin from liposomes in murine tumors, J. Control. Release. 137 (2009) 63–68. 

[15] B.P. Timko, T. Dvir, D.S. Kohane, Remotely Triggerable Drug Delivery Systems, Adv. Mater. 22 (2010) 

4925–4943. 

[16] S. Ganta, H. Devalapally, A. Shahiwala, M. Amiji, A review of stimuli-responsive nanocarriers for drug 

and gene delivery, J. Control. Release. 126 (2008) 187–204. 

[17] D.C. Drummond, M. Zignani, J.-C. Leroux, Current status of pH-sensitive liposomes in drug delivery, 

Prog. Lipid Res. 39 (2000) 409–460. 
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Chapter 4: Effects of Metal Chelation on light release properties and 

efficacy of Porphyrin-Phospholipid Liposomes 
 

4.1 Acknowledgments  

This chapter is a reformatted version of the manuscripts entitled “Metal Chelation Modulates 

Phototherapeutic Properties of Mitoxantrone-Loaded Porphyrin−Phospholipid Liposomes” published in 

Theranostics (2016). Under the supervision of Jonathan F. Lovell, my contributions included designing and 

conducting experiments, data analysis and manuscript writing. 

4.2 Abstract 

Liposomes incorporating porphyrin–phospholipid (PoP) can be formulated to release entrapped contents in 

response to near infrared (NIR) laser irradiation. Here, we examine some effects of chelating copper or zinc 

into the PoP. Cu(II) and Zn(II) PoP liposomes, containing 10 molar % HPPH-lipid, exhibited unique 

photophysical properties and released entrapped cargo in response to NIR light. Cu-PoP liposomes 

exhibited minimal fluorescence and reduced production of reactive species upon irradiation. Zn-PoP 

liposomes retained fluorescence and singlet oxygen generation properties, however they rapidly self-

bleached under laser irradiation. Compared to the free base form, both Cu- and Zn-PoP liposomes exhibited 

reduced phototoxicity in mice. When loaded with mitoxantrone and administered intravenously at 5 mg/kg 

to tumor-bearing mice, synergistic effects between the drug and the light treatment (for this particular dose 

and formulation) were realized only with the Cu- and Zn-PoP-liposomes. The drug-light-interval affected 

phototreatment efficacy and safety. 

4.3 Introduction 

An ongoing goal in drug delivery systems is to deliver therapeutic payloads while reducing the total 

exposure of the drug to healthy tissues and organs. To this end, nanoparticles such as liposomes have shown 

promise as delivery vehicles and have achieved several examples of clinical translation.[1–4] This success 

can often be attributed to modulation of pharmacokinetics, reduction of injected excipients or reduction of 

negative side effects; as opposed to a straightforward improvement in therapeutic efficacy.[5] Most 

nanocarriers depend on passive accumulation at the diseased site,[5, 6] which is less than ideal. For this 
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reason, strategies where nanoparticles are preferentially targeted to the diseased site have been explored, 

such as the use of prodrugs, antibody targeting and external targeting.[7–11] 

As drug delivery vehicles, liposomes provide advantageous features such as biocompatibility, capacity for 

functionalization, reduction of side effects and ability to encapsulate high amounts of drugs.[1, 12] Remote 

loading through transmembrane gradients enables the encapsulation of a variety of drugs at high 

concentrations including anti-cancer drugs such as doxorubicin (Dox) and mitoxantrone (MIT).[13] Both 

drugs have been used clinically in polyethylene glycol-coated (PEGylated) liposomes, and a liposomal Dox 

formulation has achieved clinical approval.[3] MIT has been evaluated in PEGylated liposomes in clinical 

trials.[14] Liposomes provide a way of reducing the side effects associated with these drugs[15], thereby 

improving their efficacy.[12, 16]  

In theory, the use of external stimuli allows for precision treatment of a localized tumor and the potential 

to reduce the total injected drug dose. Such systems would involve the administration of a drug encapsulated 

in a nanoparticle which can be activated by an external stimuli such as heat, light magnetic fields or 

ultrasound.[17] While many types of drug-loaded nanoparticles have been developed to respond to an 

external stimulus thus far only one, a heat triggered doxorubicin liposomal formulation, has been tested in 

advanced clinical trials.[18, 19] We have previously shown that liposome made with porphyrin–

phospholipid (PoP) are capable of releasing cargo under laser irradiation, and may have advantages over 

other triggering mechanisms.[20, 21] Porphyrins have a long history of use in theranostic applications and 

are also being used for new approaches to photomedicine.[22, 23] 

In a previous study[20] 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH)-lipid was added to a 

liposomal formulation consisting of DSPC, DSPE-PEG2000, and cholesterol (molar ratio 60:5:35). It was 

shown that replacing 10% (molar) DSPC with 10% (molar) HPPH-lipid allowed the liposomes to release 

their contents when treated with a near infrared (NIR) laser. This liposomal formulation, when loaded with 

Dox was shown to be effective at ablating KB tumor xenografts with NIR phototreatment. However the 

liposome composition contained a relatively high amount of HPPH-lipid, meaning the dose limiting factors 
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could be the amount of photosensitizer applied. High photosensitizer doses can lead to two problems; 

phototoxicity under laser irradiation[24] and prolonged skin sunlight phototoxicity if the photosentizer is 

not rapidly cleared.[24–27] Skin toxicity might be increased in the case of PoP liposomes as the enhanced 

circulation time of PEGylated liposomes increases the accumulation of liposomes in the skin.[28, 29]  

One way to reduce the dose limiting effects of the porphyrins is to chelate a metal such as Cu[30, 31] which 

has been shown to quench singlet oxygen production. Metals have been shown to change functional and 

spectral properties of photosentizers and add novel functionality.[32–38] These include altering the cellular 

uptake, adding contrast agent functionality, or altering the photoactivity and efficacy.[39–41] 

Metallo PoP liposomes in particular have been demonstrated to have unique properties and functions. When 

chelated with cobalt, PoP liposomes enable the binding of his-tag labeled proteins,[42] While the addition 

of 64Cu and Mn allow the liposomes and other tetrapyrrolic nanoparticles to be readily used as PET and 

magnetic resonance imaging contrast agents.[43–46] To the best of our knowledge, metallo PoP liposomes 

have not been evaluated for therapeutic activity. 

Here, we demonstrate the effects of Cu and Zn chelation on the phototherapeutic properties of drug-loaded 

PoP liposomes. The use of metalloporphyrins in PoP liposomes is shown to change the spectral and 

functional characteristics of the liposomes. The addition of transition metals alters the photoreactive species 

generating capacities of the liposomes along with their cargo loading and release characteristics, and 

behavior under NIR laser irradiation. The changes in these characteristics allow for in-vivo applications 

which would not be possible using the free base form of the porphyrin. Liposomes comprising 10 molar % 

free base HPPH-lipid Cu-HPPH-lipid and Zn-HPPH-lipid were evaluated for their photodynamic effects 

on tumor growth, and the therapeutic effects of using them to deliver antineoplastic drugs to tumors. It has 

been shown previously that a PDT treatment in conjunction with drug and nanoparticles enhances the tumor 

drug accumulation and provides a synergistic tumor growth inhibition effect.[47–52]  

Depending on the precise formulation, PoP liposomes function through combined effects of PDT, drug 

accumulation following light treatment and the release of the drug from the liposomes following tumor 
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accumulation. With this in mind, we have developed metallo-HPPH-lipids which have the potential of 

reducing phototoxicity while retaining the therapeutic effects of PoP liposomes.  

4.4 Materials and Methods 

HPPH-lipid synthesis  

HPPH-lipid was synthesized as previously described[20] and metal chelation was accomplished as recently 

described, but using HPPH-lipid in place of pyro-lipid.[42] Cu-PoP was synthesized by combining free 

base HPPH PoP with 10 excess folds of anhydrous copper(II) acetate dissolved in 4 mL tetrahydrofuran. 

The mixture was left in dark for 3 hours with stirring. Similarly Zn-PoP was synthesized in the same manner 

with 10 excess folds of zinc(II) acetate dihydrate in 4 mL methanol. The mixture was left in dark overnight 

with stirring. In both cases the reaction was monitored by thin layered TLC. The solvent was removed by 

rotary evaporation and the residue was extracted by chloroform/methanol/ water 1:1.8:1 (volume ratio) 

three times. The chloroform layer was collected, the solvent was removed by rotary evaporation and the 

product was freeze-dried to give a fine powder.  

Liposome Preparation  

Liposome were prepared either by the film hydration method (smaller scale) for or by the hot ethanol 

injection method (larger scales). Lipid films were prepared by drying chloroform solutions containing 

DSPC (Avanti, 850365P), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy(PEG)-2000 

(DSPE-PEG2K); Avanti, 880120 P), HPPH–lipid (free base or metal chelated derivatives) and cholesterol 

(Avanti, 700000P) in the molar ratios 50:5:10:35 (DSPC:DSPE-PEG2000:HPPH-lipid:Chol) under an 

argon stream. The films were kept overnight under vacuum to remove residual chloroform. To prepare 

liposomes, the films were re-hydrated with phosphate-buffered saline (pH 7.4), producing a solution with 

a final lipid concentration of 10 mg/mL, and sonicated for 30 minutes at 60 ºC. Liposomes loaded with 

drugs were prepared by dissolving lipids at the indicated molar rations in ethanol at 60 ºC and adding 

ammonium sulfate for a final solution that is 20% ethanol v/v and a lipid concentration of 20 mg/mL. The 

solution was then extruded 10 times through stacked 80, 100, 200 nm polycarbonate membranes. Following 

extrusion the liposomes were dialyzed overnight in a 10% sucrose with 10 mM HEPES pH 7.4. The 
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dialyzed liposomes were loaded with drugs at a lipid to drug molar ratio of 10:1 at 60 ºC for 30 minutes to 

1 hour. Loading efficacy was determined by separating unentrapped free drug from liposomes using a 

Sephadex G-75 column (Fraction range 3-80 kDa), collecting 24, 1 mL fractions. Loading efficiency was 

calculated by comparing the drug fluorescence intensity of non-liposome fractions for a given sample pre- 

and post-incubation. Drug fluorescence intensity was calculated by the area under the curve. Size and 

polydispersity were measured by dynamic light scattering in a NanoBrook 90 plus PALS in PBS. Zeta 

potential was measured in a 1 mM NaCl solution. 

Spectral Experiments 

Emission spectra were taken for the three types of HPPH-lipid in methanol. Equal concentrations of each 

lipid were dissolved in methanol and the emission spectra were taken with an excitation of 400 nm using a 

PTI fluorimeter. For bleaching experiments, fluorescence measurements were taken before and after 

treatment with laser for intact and lysed (with 2.5% Triton X100) liposomes. The laser treatment was 

conducted with a 665 nm laser at a fluence rate of 200 mW/cm2 for 60 seconds in a 3 mL cuvette with 

stirring. Fluorescence measurements were done in a PTI fluorimeter with an excitation of 400 nm. 

Bleaching of the porphyrin was calculated by comparing the fluorescence of the HPPH-lipids at 665 nm 

post laser to the pre laser values of lysed liposomes, all liposomes were lysed to compare the total bleaching 

to an untreated sample, and avoid any effects which may be induced by self-quenching. Absorbance 

measurements of liposomes were done for liposomes which were laser treated identically to the 

fluorescence bleaching experiments. For consistency, all liposomes were lysed with 0.25% Triton X-100 

before absorbance measurements were made. 

Singlet Oxygen Generation Measurements  

Singlet oxygen sensor green (SOSG, Molecular Probes #S36002) was used to study the generation of singlet 

oxygen. Liposomes (5 nM PoP) were added to a 0.5 µM SOSG solution and irradiated at 200 mW/cm2 for 

15 second. The fluorescence of SOSG was measured using ex./em. 504/525 nm before and after laser 

treatment. The fold increase was calculated by dividing the post-laser value by the pre-laser value. 
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Drug Release and Stability 

Due to overlapping fluorescence wavelengths between HPPH and MIT, it was not possible to read the 

fluorescence of the MIT in the presence of HPPH.  As a result, it was necessary to use a method for 

determining loading efficiency and laser triggered release. The most efficient way to do this was to run the 

laser treated liposomes over a G-75 column.  As we have previously shown the laser treatment 

permeabilizes the liposomes without destroying their structure[20], it was possible to use G-75 columns to 

separate the liposomes from any free drug released during laser treatment. Liposomes were diluted in PBS 

and treated with a 665 nm laser for 10 minutes at a fluence rate of 200 mW/cm2. The treated liposomes 

were then run through a G-75 column to separate the free (released) drug from drug still entrapped in the 

liposomes. Release was calculated by comparing the MIT fluorescence in non-liposome fractions to the 

fluorescence of equal concentrations of free MIT. Dox release was calculated by comparing the 

fluorescence before and after laser treatment and disruption with triton X-100 using the equation (Ffin-

Fint)/(Fx100-Fint)×100%. Dox fluorescence was read with excitation/emission of 480/590 nm and MIT 

fluorescence at 607/688 nm in a Tecan plate reader. Serum stability was measured similarly to light release. 

Liposomes were incubated in 50% adult bovine serum (Pel-Freez #37218-5) for 24 hours and drug release 

was assessed using fluorescence.  

Tumor growth Experiments  

Animal experiments were carried out in accordance to protocols approved by the University at Buffalo 

Institutional Animal Care and Use Committee. 4-5 week old female nude mice (Jackson Labs) were 

inoculated 5×106 MIA PaCa-2 cells on the left groin. When tumors reached 4–6 mm in diameter mice were 

placed in one of 13 groups (n=5-7). MIT-loaded PoP liposomes (5 mg/ kg MIT) or an equivalent dose of 

empty PoP liposomes were injected via tail-vein. Injected mice were treated 10-15 minutes or 24 hours 

following injections for 12.5 minutes with a 665 nm laser at a fluence rate of 200 mW/cm2 laser (total 

fluence of 150 J/cm2). Tumor size was measured 3 times a week and mice were sacrificed if the tumor grew 

larger than 5 times the initial volume or after 90 days. 
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In-vivo imaging experiments 

For imaging experiments, nude mice bearing MIA-PaCa-2 tumors were injected with HPPH liposomes at 

a dose of 11 mg/kg HPPH (the equivalent of 5 mg/kg MIT)  24 hours following injections, (when the HPPH 

is unquenched and liposomes have extravasated into the skin) the mice were treated on the indicated 

locations and imaged before and after laser treatment with an IVIS imaging system (Ex. 665 nm , Em. Cy 

5.5). These results were confirmed with CD-1 mice (4 week females, Harlan Laboratories). Fur on the right 

flank on the mice was removed using clippers and hair removal cream. The mice were injected and treated 

as the nude mice. Similar results were observed in all treated mice (n=3). The fluorescence bleaching was 

quantified by analyzing the treated spots using the region of interest (ROI) tools of the IVIS software. 

Statistical analysis 

Kaplan-Meier survival curves were analyzed using Graphpad prism (Version 5.01) software. Each pair of 

groups were compared by Log-rank (Mantel-Cox) test. Bonferroni method was used to adjust for multiple 

comparisons. Differences were considered significant at p < 0.05. Median survival is defined as the time at 

which the staircase survival curve crosses the 50% survival point. 

4.5 Results and Discussion 

4.5.1 Liposome photophysical properties 

Cu and Zn PoP were formulated with HPPH-phospholipid (synthesized as recently described[20]), chelated 

with metals (carried out as recently described[42]) to the center of the porphyrin (Fig. 4.1a). They were 

incorporated into liposomes containing DSPC:DSPE:PEG2000:PoP:Cholesterol (molar ratio 50:5:10:35) 

and could be successfully formed using either hot ethanol injection and extrusion, or sonication. The 

chelation of metals into porphyrins is known to alter fluorescence and other properties.[53] Cu, for example 

can attenuate the fluorescence,[54] which itself can be used as a proxy for the singlet oxygen generation 

capacity of the porphyrin.[55] Both Cu and Zn PoP liposomes exhibited reduced fluorescence compared to 

the metal free base PoP liposomes (Fig. 4.1b). Cu-PoP liposomes showed more than a 95% reduction in 

fluorescence, while Zn-PoP liposomes showed only a slight decrease, which might be attributed to the rapid 

self-bleaching of the Zn porphyrin under ambient light. 
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Under laser irradiation, porphyrins eventually self-bleach due to reactions with the generated singlet 

oxygen[56], a process which to completely bleach the porphyrin typically requires the application of large 

light doses. Zn-PoP liposomes had a very high rate of self-bleaching, compared to the free base and Cu-

PoP (Fig. 4.1c). When the three types of PoP liposomes derivatives were treated with a 665 nm laser for 60 

seconds at 200 mW/cm2, the free base and Cu showed no significant bleaching in the lysed form and limited 

bleaching for intact liposomes. In contrast, the Zn had an almost complete reduction of its fluorescence. 

This self-bleaching was found to be more pronounced when the liposomes were lysed than when in the 

liposomal form. To study the effects of Cu (low fluorescence) and Zn (high self-bleaching) on HPPH-lipid 

singlet oxygen generation, the singlet oxygen sensor green (SOSG) molecular probe was used. As shown 

in Fig. 4.1d, the free base in its lysed form generated significantly more singlet oxygen than any of the 

other samples. Cu did not show a large increase, however the intact sample showed a greater increase than 

the lysed sample. Zn showed little increase when intact and significantly more when lysed as would be 

expected.  

 

Figure 4.1: Effects of metal chelation on HPPH-lipid photophysical properties in intact and lysed PoP-

liposomes. A) Chemical structure of the HPPH-lipids examined. B) Fluorescence emission spectra of equal 

concentration of indicated PoP liposomes in phosphate buffered saline. Liposomes were made with 

[DSPC:Cholesterol:DSPE-PEG2000:HPPH-lipid] at a molar ratio of [50:35:5:10] C) Fluorescence bleaching of 

liposomes following irradiation with 200 mW/cm2 of 665 nm laser light for 60 seconds. Triton X-100 Detergent 

(“Det.”) was added to lyse the liposomes. D) Singlet oxygen generation was assessed indirectly by examining the 

increase in fluorescence of singlet oxygen sensor green before and after laser irradiation. 

The self-bleaching of the Zn-PoP was accompanied by a reduction in the absorbance (Fig. 4.2), which did 

not occur in the free base or Cu PoP liposomes treated under the same conditions. However, when treated 

for longer times the absorbance of both the free base and Cu also decreased, though they require 

significantly more time for results similar to that of the Zn.  
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Figure 4.2: Absorbance spectra of laser-treated PoP liposomes. Spectra of A) Free base, B) Cu, and C) Zn HPPH-

lipid containing liposomes. Spectra were taken of liposomes which were either untreated, treated in liposomal form, 

or treated after being lysed with a 665 nm laser at a fluence rate of 200 mW/cm2 for 60 seconds. The respective Soret 

and Q-band peaks for the intact liposomes were:  Free base: 413 and 663 nm; Cu: 425 and 650 nm; Zn: 430 and 657 

nm. 

4.5.2 In-vivo imaging 

Nude mice were injected intravenously with equal doses of free base, Cu and Zn PoP liposomes (11 mg/kg 

HPPH-lipid), and treated with a 665 nm laser for 12.5 minutes at 200 mW/cm2 (150 J/cm2) 24 hours 

following injection, when the HPPH is unquenched. Mice were imaged before and after laser treatment. 

The laser treatment induced limited bleaching in the mice injected with the free base and complete bleaching 

at the treated location in the mice injected with Zn (Fig. 4.3). Cu-PoP liposome treated mice did not show 

any significant fluorescence in either pre or post laser images. ROI analysis of similarly treated CD-1 mice 

showed a 3 fold decrease in fluorescence of the free base group, a 7 fold decrease for the Zn group, and no 

significant difference between in Cu group (Fig. 4.4).  
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Figure 4.3: In vivo imaging of HPPH-lipid fluorescence pre- and post- laser exposure. Mice were injected with 

equivalent doses (11 mg/kg) of free base, Cu and Zn forms of HPPH-lipid. 24 hours post injection mice were imaged 

and treated with a 665 nm laser at a fluence rate of 200 mW/cm2 for 12.5 minutes (150 J/cm2).  

 

 
Figure 4.4: Region of Interest analysis for CD-1 laser treated mice. Mice were injected with equivalent doses (11 

mg/kg) of free base, Cu and Zn forms of HPPH-lipid. 24 hours post injection mice were imaged and treated with a 

665 nm laser at a fluence rate of 200 mW/cm2 for 12.5 minutes (150 J/cm2). The average fluorescence was measured 

using the ROI tools in the IVIS software. The results showed a 3 and 7 fold decrease in the fluorescence at the 

treated site for free base and zinc respectively. The copper group showed no significant decrease in the fluorescence. 

The error bars show the standard deviation of the normalized fluorescence for each group (n=3). 

 

4.5.3 Drug loading and stability 

It has previously been shown that liposomes containing PoP can actively load drugs such as doxorubicin 

when the formulation contains a type of PoP which can form a stable bilayer and with the correct 
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phospholipid composition.[20, 57] Doxorubicin can be stably loaded into liposomes consisting of 10% 

(molar) free base HPPH-lipid.[20] Metalloporphyrins were able to form liposomes with similar 

characteristics as the free base lipid (Fig. 4.5[20]). However Dox proved difficult to stably load consistently 

into metalloporphyrin-liposomes. For this reason we explored the use of another drug, mitoxantrone (MIT), 

an anthraquinone which can be actively loaded into liposomes.[16, 58] Liposomes loaded with MIT showed 

high (>90%) loading efficiencies while liposomes loaded with Dox showed lower and inconsistent loading 

(Fig 4.6a). The effect of the metals on the stability of the liposomes was studied in 50% serum. MIT loaded 

liposomes had the greatest stability with less than 10% release for free base and less than 25% for Cu and 

Zn after 24 hours. Free base dox loaded liposomes were stable however both copper and zinc dox loaded 

liposomes were not with more than 90% release (Fig 4.6b). The effects of the metals on light triggered 

release was tested for both Dox and MIT liposomes treated for 10 minutes at 200 mW/cm2 (Fig 4.6c). Both 

free base and zinc showed more than 85% release following light treatment. In the case of copper very little 

release was observed immediately after light treatment. However over time Dox was slowly released up to 

two hours following light treatment (Fig 4.6d).  

 
 
Figure 4.5: Characterization of liposomes by dynamic light scattering. Liposome containing 10% Free base, Cu, 

and Zn HPPH-lipid were loaded with Dox or MIT and A) zeta-potential, B) size and C) polydispersity were measured 

by dynamic light scattering in a NanoBrook 90 plus PLAS. Zeta potential was measured in a 1 mM NaCl solution and 

sizes in PBS.  
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Figure 4.6: Drug loading and release. Liposomes containing 10% free base, Cu, and Zn HPPH-lipid were loaded 

with Dox or MIT. A) Loading efficiency as assessed with gel filtration to separate free drug from liposomal drug. B) 

Stability in 50% serum after 24 hours and C) Light-triggered release of drugs was tested using a G-75 column for MIT 

and fluorescence quenching for Dox following 10 minute laser treatment at 200 mW/cm2.  D) Drug release from Cu 

following light treatment. 

4.5.4 In vivo efficacy  

MIT-loaded PoP liposomes were used for in-vivo experiments. Mice were injected with 5 mg/kg MIT PoP 

liposomes and treated 10 minutes or 24 hours following IV injection at a fluence rate of 200 mW/cm2 for 

12.5 minutes (150 J/cm2). Mice treated with a 10 minute drug-light-interval following injection showed a 

delay in tumor growth for both empty and loaded liposomes compared to saline (median survival = 12 

days), with the exception of the empty Cu-PoP group (Fig 4.7). The groups treated with free base showed 

no significant differences between the loaded and empty liposome treatments (median survival = 38 days 

for both). Cu-PoP loaded and empty (21 vs 19 days) and Zn-PoP loaded and empty (35 vs 21 days) liposome 

groups showed significant differences between the treatments (P<0.05).  

 

Figure 4.7: Kaplan-Meier survival curves for nude mice bearing MIA PaCa-2 tumors phototreated 

immediately post injection. Mice were IV injected with A) 5 mg/kg mitoxantrone liposomes comprising of 10% free 

base, Cu, and Zn HPPH-lipid, or B) equivalent doses of empty liposomes. Mice were treated10 minutes-15 minutes 

post injection with a 665 nm laser at 200 mW/cm2 for 12.5 minutes (150 J/cm2). Mice were given a single injection 

and laser treatment and sacrificed when the tumor size was greater than 5 times the initial volume. Based on the log-

rank test there was a statistically significant difference between all treatment groups and the saline control (P<0.05), 

with the exception of the empty Cu HPPH-lipid liposomes. There was no statistically significant differences between 

the empty and mitoxantrone loaded free base liposomes. There were statistically significant differences between the 

empty and loaded Cu and Zn HPPH-lipid liposomes (P<0.05)  
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The mice that were treated with a 24 hour drug-light-interval also exhibited delayed tumor growth, with the 

striking exception of mice treated with the free base PoP, which had to be sacrificed due to severe 

phototoxicity induced by the light treatment (Fig 4.8). The Cu-PoP, MIT loaded and empty (19 vs 17 days) 

groups showed no significant difference to the saline while the Zn-PoP, MIT loaded and Empty (43 vs 38 

days) groups showed significant differences between the treatments (P<0.05). However there was no 

significant different between the MIT and empty liposomes. The lack of differences between the loaded 

and empty liposome can be attributed to either lower circulating drug concentrations, a stronger PDT effect 

at 24 hours due to tumor uptake and unquenching or a combination of both. Of all the groups, those treated 

with Zn-PoP at 24 hours showed the greatest increase in survival time, followed by free base treated at 10-

15 minutes. Groups treated with Cu-PoP showed similar results for treatments done at 10-15 minutes and 

24 hours, suggesting the efficacy is due to a mild PDT effect rather than a drug induced effect. Similarly 

the treatment of Zn-PoP at 24 hours shows that a PDT effect is the dominant factor contributing to its 

efficacy, whereas the treatments done at 10-15 minutes which showed a significant difference between the 

MIT-loaded and empty groups suggests that at the right dose drug loaded liposomes can have a greater 

efficacy as has been shown previously.[20] 

 

Figure 4.8: Kaplan-Meier survival curves for nude mice bearing MIA PaCa-2 tumors phototreated 24 hours 

post injection. Mice were IV injected with A) 5 mg/kg mitoxantrone in 10% free base, Cu, or Zn HPPH-lipid 

liposomes, or B) equivalent doses of empty liposomes. Mice were treated at 24 hours post injection with a 665 nm 

laser at 200 mW/cm2 for 12.5 minutes (150 J/cm2). Mice were given a single injection and laser treatment and were 

sacrificed when the tumor size was greater than 5 times the initial volume. Mice treated with the free base were all 

sacrificed within 24 hours of the treatment due to a reduction in body temperature or severe lethargy. Based on the 

log-rank test there was a statistically significant difference between both Zn groups and the loaded Cu group and the 

saline control (P<0.05). However there were no significant differences between the mitoxantrone loaded and empty 

liposomes.  
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Metallo PoP liposomes demonstrated unique properties which may make their use advantageous over the 

free base form. The inclusion of either Cu or Zn improved the safety of the liposomes while maintaining 

the liposomes ability to function as a therapeutic and drug delivery agent. While the addition of the metals 

reduced the therapeutic efficacy compared to the freebase at the dose of 5 mg/kg higher doses may have 

allowed the Zn-PoP to be equally as effective as demonstrated in pilot studies using 10 mg/kg (Fig. 4.9). 

Cu significantly reduced the singlet oxygen generating capacity of the liposomes, rendering them safer than 

the other variations tested. 

 

Figure 4.9: Pilot tumor growth study. Mice were IV injected with 10 mg/kg mitoxantrone liposomes comprising 

of 10% A) free base, B) Cu, or C) Zn HPPH-lipid and the tumors were either treated (circles) or untreated (squares) 

with a 665 nm laser 10 minutes following injection (200 mW/cm2 for 12.5 minutes). Both free base and zinc showed 

complete tumor regression with the laser treatment. Copper showed no significant differences between the treated 

and untreated groups.  

 

With limited singlet oxygen generation, Cu-PoP liposomes did not provide sufficient therapeutic 

effectiveness in the formulations tested, since these relied on a photodynamic effect to permeabilize tumor 

vasculature and enhance liposome accumulation, a phenomena known to occur when PDT treatment is used 

with nanoparticles[47, 52] and plays a key role in the efficacy of PoP liposomes. However Cu-PoP 

liposomes did demonstrate an improvement in treatment efficacy for the group receiving light treatment 24 

hours post injection which may be related to the light-triggered release of the drug from liposomes which 

have passively accumulated. This effect may be enhanced by using higher doses or a strategy which 

enhances liposomal tumor accumulation. Zn-PoP liposomes retained the capacity to induce 

permeabilization of tumor vasculature and could be effective at enhancing the delivery of drugs to the target 

site, while minimizing the potential for phototoxic reactions. The free base form was safe when used 

immediately following injection but not 24 hours post injection. This can be attributed to the fact that the 
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HPPH is quenched when the liposomes are intact (as they are during the early time points following 

injection), as is the singlet oxygen generation of the HPPH-lipid [55]. Over time, the HPPH fluorescence is 

unquenched in the blood and in organs where the liposomes have accumulated as they are broken down. 

The use of Zn-HPPH-lipid solves this problem as it rapidly self-bleaches under laser irradiation when the 

liposomes are unquenched thereby reducing any potential for phototoxicity. This was clearly demonstrated 

in the groups treated at 24 hours. The free base showed significant toxicity which made the treatment fatal 

whereas the Zn-PoP groups showed no signs of phototoxicity and improved tumor growth suppression 

compared to the Zn-PoP groups treated at 10-15 minutes post injection.  

Unlike our previously published results showing a strong synergistic effect between the drug and 

phototreatment for Dox-loaded free base PoP liposomes[20], MIT PoP liposomes behaved differently. 

While the benefits of the drug loaded liposomes shown here were relatively modest, the benefit of the drugs 

could be clearly seen in the Zn-PoP groups treated at 10-15 minutes. Higher drug doses may help to provide 

greater survival in groups treated with the drug while not significantly increasing the effect of the empty 

liposomes. The combination of the high photosentizer and light doses used in this treatment would likely 

lead to oxygen depletion[59]. Increasing the drug dose may improve the tumor drug accumulation and 

consequently its efficacy.  

Metallo PoP liposomes demonstrated unique properties which may have applications in reducing the 

toxicities associated with the use of the free base porphyrins. Zn HPPH-lipid provided a reduction in 

phototoxicity through its rapid self-bleaching properties while maintaining an anti-tumor effect. While Cu 

HPPH-lipid demonstrated the ability to reduce singlet oxygen generation, it also showed less favorable 

therapeutic efficacy demonstrating that for this treatment to be effective a photodynamic effect is necessary. 

However Cu did show a slight improvement in survival suggesting that the release of entrapped drug from 

extravasated liposomes may improve the efficacy of the liposomes, though the suitability of Cu-PoP for 

this such an application requires further study.  Both metal forms of HPPH-lipid demonstrated the ability 

to provide a therapeutic benefit and with modifications and additional development can be used as a means 
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to deliver anti-tumor drugs in light-triggered liposomes without the significant photo-induced toxicities 

associated with the use of photosensitizers.  

4.6 Conclusion  

In summary, the use of metallo-PoP liposomes imparts unique properties which have been demonstrated to 

affect to safety of the liposomes when used as a delivery system for anti-cancer drugs. The improved safety 

may allow for future applications in which the use of the free base form of the porphyrin would not be 

feasible due to the high risks of phototoxicity. Cu-PoP liposomes can be used for drug delivery entirely 

based on mechanisms solely related to triggered release and Zn-PoP liposomes can be used for drug delivery 

based both on tumor vascular damage, a drug releasing mechanism and a self-limiting photosensitizer. 
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Chapter 5: Comparison of Remote Loaded Doxorubicin and Irinotecan  
 

5.1 Acknowledgements 

This chapter is a reformatted version of the manuscripts entitled “Sphingomyelin Liposomes Containing 

Porphyrin–phospholipid for Irinotecan Chemophototherapy” published in Molecular Pharmaceutics 

(2015). Under the supervision of Jonathan F. Lovell, my contributions included designing and conducting 

experiments, data analysis and manuscript writing. 

5.2 Abstract 

Porphyrin–phospholipid (PoP) liposomes can entrap anti-cancer agents and release them in response to near 

infrared (NIR) light. Doxorubicin, when remotely loaded via an ammonium sulfate gradient at a high drug-

to-lipid ratio, formed elongated crystals that altered liposome morphology and could not be loaded into 

liposomes with higher PoP content. Another drug, irinotecan, could also be remotely loaded but did not 

form large crystals and did not induce liposome elongation. The loading, stability, and NIR light-triggered 

release of irinotecan in PoP liposomes was altered by the types of lipids used and the presence of 

PEGylation. Sphingomyelin, which has been explored previously for liposomal irinotecan, was found to 

produce liposomes with relatively improved serum stability and rapid NIR light-triggered drug release. PoP 

liposomes composed from sphingomyelin, cholesterol and 2 molar percent PoP rapidly released irinotecan 

in vivo in response to NIR irradiation as monitored by intravital microscopy and also induced effective 

tumor eradication in mice bearing MIA Paca-2 subcutaneous tumor xenografts.  

5.3 Introduction 

Liposomes have been used successfully as pharmaceutical carriers for anti-cancer agents [1, 2].  

Encapsulating chemotherapy agents in liposomes can reduce non-specific toxicity, and enhance the 

therapeutic effects of the drug [3, 4]. Most of the nanoparticles currently being used for the treatment of 

solid tumors rely on the enhanced permeability and retention (EPR) effect for drug accumulation in the 

tumor [4, 5]. This effect allows particles of a specific size range to passively accumulate due to the leaky 

nature of blood vessels in tumors [6–8]. Doxil®, a long circulating PEGylated liposomal form of 

doxorubicin takes advantage of this effect. PEGylated liposomes circulate for extended durations, which in 
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turn allows for more passive accumulation of the drug in the tumor [5–9]. While the EPR effect can be 

exploited for the treatment of certain tumors clinically, the success of drug delivery strategies which rely 

on the EPR effect has been limited. This is due to other factors such as high interstitial fluid pressure, poor 

vascularization in the tumor, tumor heterogeneity, and poor drug bioavailability [10–13]. Several strategies 

have been proposed to overcome these limitations including active targeting, and site specific release of 

nanoparticle encapsulated drugs, with varying degrees of success [14–18]. Site-specific triggered drug 

release is of interest as it provides the ability to increase the bioavailability of nanoparticle encapsulated 

drugs at the tumor site improving the efficacy of the treatment. The use of light to induce enhanced drug 

deposition is an emerging area of research [19–26]. We have recently found that porphyrin-phospholipids 

are well-suited to be used for theranostic applications, including chemophototherapy [27–36].  

It was shown that PEGylated liposomes containing porphyrin-phospholipid (PoP) enable near infrared 

(NIR) light-trigged drug release and have a significant therapeutic effect on tumor xenografts using 

different types of PoP including 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH-lipid) [27, 28] 

and pyropheophorbide-a (pyro-lipid) [29]. At a high PoP molar percentage in the liposome bilayer, HPPH-

lipid was originally shown to be more effective at entrapping both dyes and the anti-cancer drug doxorubicin 

(Dox) than pyro-lipid [27, 30]. However, follow-up studies have shown that pyro-lipid, when used with 

specific liposomal formulations at lower PoP molar percentage in the bilayer, gives rise to greater serum 

stability. While liposomes made with pyro-lipid were more stable than HPPH-lipid, the amount of pyro-

lipid which could be used while retaining Dox loading capacity was limited by the cholesterol content [29]. 

With lower cholesterol content (i.e. 35 mol. %) Dox could not be loaded into liposomes containing more 

than 2 mol. % pyro-lipid whereas liposomes made with 45 mol. % cholesterol could be loaded with Dox 

with up to 8 mol. % pyro-lipid. The exact reason for this trend was not ascertained, however the physical 

stress imparted on the bilayer due to large Dox exerting physical pressure may be responsible. With high 

amounts of Dox loading into liposomes, the morphology is known to convert from spherical to ellipsoid 

[37–39]. This stretching may cause the bilayer of liposomes containing higher amounts of pyro-lipid to 

become destabilized.  
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Irinotecan hydrochloride (IRT, CPT-11) is a water soluble topoisomerase I inhibitor which gets converted 

to its active form SN-38 in vivo [40]. Liposomal irinotecan has been shown to be effective.[41, 42] It is 

used clinically in both its free and liposomal form [43, 44]. Unlike Dox, IRT does not form large elongated 

crystals when actively loaded [45, 46]. Here we show that, IRT can be loaded in sphingomyelin liposomes 

and be used for light-triggered drug release and anti-tumor effective chemophototherapy.  

5.4 Materials and Methods 

Liposome preparation 

Unless otherwise noted, lipids were purchased from Avanti Polar Lipids, and other materials were obtained 

from Sigma. 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti #850365P), cholesterol (Avanti 

#700000P), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] 

(DSPE-PEG-2K, Avanti #880120P), and Sphingomyelin (SPM, # Coatsome NM-10, NOF America) were 

used. Pyro-lipid was synthesized as previously reported [30]. Liposomes were made by dissolving the lipids 

(100 mg) of the indicated compositions in 1 mL of ethanol at 60°C and 4 mL of 250 mM ammonium sulfate 

(60° C) was added to the ethanol solution. The liposomes were then extruded 10 times in a high pressure 

nitrogen extruder (Northern Lipids) using stacked (80, 100 and 200 nm) polycarbonate membranes at 60°C. 

Free ammonium sulfate and ethanol were removed by dialysis with a 10% sucrose ,10 mM histidine (pH 

6.5) solution overnight. IRT (LC Laboratories # I-4122) or Dox (LC Laboratories # D-4000) were loaded 

into the liposomes by mixing the liposomes and drug in the indicated ratios and incubating the solution for 

60 minutes at 60°C. For serum stability studies, liposomes were made with either SPM:pyro-lipid:chol 

(53:2:45), or with SPM:DSPE-PEG2000:pyro-lipid:chol (48:5:2:45), or with DSPC:DSPE-PEG2000:pyro-

lipid:chol (48:5:2:45). 

Liposome characterization 

Liposome size and zeta potential were measured by dynamic light scattering in a NanoBrook 90 plus PALS 

instrument. Sizes were measured in PBS and zeta potential in a 1 mM NaCl solution. Loading efficiency 

was characterized by running the samples through a Sephadex G-75 column and collecting 24 × 1 mL 

fractions. The loading efficiency was determined by the amount of drug fluorescence in the liposome-
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containing fractions. IRT fluorescence was measured an excitation of 370 nm and emission of 435 nm using 

a TECAN Safire fluorescent microplate reader. Stability was tested in 50% bovine serum at 37°C. IRT 

fluorescence was measured at the indicated time points and the % release was calculated using the formula 

Release = (Ffinal-Finitial)/(FTX-100-Finitial) × 100%, where FTX-100 is the fluorescence value when the liposomes 

are lysed with 0.25% Triton X-100. 

Light release experiments  

Release tests were conducted at 37°C in 50% bovine serum unless otherwise noted. Liposome samples were 

diluted 1000 times and irradiated using a 665 nm diode laser (RPMC laser, LDX-3115-665) at a fluence 

rate of ~310 mW/cm2. IRT release was measured in real time in a fluorometer (PTI) and the percent release 

was calculated by the formula Release = (Ffinal-Finitial)/(FTX-100-Finitial) × 100% 

Cyro-TEM 

Holey carbon grids (c-flat CF-2/2-2C-T) were treated with chloroform for ~ 10 hours and then glow 

discharged at 5 mA for 15 seconds immediately before the application of the sample. IRT- and Dox PoP-

liposomes at a concentration of ~20 mg/mL (lipid) were diluted 10x with water. Approximately 4 µL of the 

diluted preparation were deposited on the electron microscopy grid. Vitrification of samples was performed 

in a Vitrobot (FEI) by blotting the grids once for 15 seconds and with 0 offset before they were plunged 

into liquid ethane. Temperature and relative humidity during the vitrification process were maintained at 

25 °C and 100%, respectively. The grid was loaded into the FEI Tecnai F20 electron microscope operated 

at 200kV using a Gatan 626 single tilt cryo-holder. Images were collected in a Gatan K2 Summit direct 

detector device camera at a nominal magnification 25,000X, which produced images with a calibrated pixel 

size of 1.45Å. The detector was used in counting movie mode with five electrons per pixel per second with 

15 second exposures and 0.5 seconds per frame. This method produced movies containing 30 frames with 

an exposure rate of one electron per square angstrom per frame. Movies were collected using a defocus 

range of -1 to -2.5 µm. Frames were aligned using the program alignframesleastsquares_list.exe and 

averaged into a single micrograph with the shiftframes_list.exe program available from the website of Dr. 

John Rubinstein. These programs perform whole frame alignment of the movies using previously published 
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motion correction algorithms [47]. A de-noising filter using Photoshop was applied to the entire image to 

obtain the figures shown.  

Animal studies 

5×106 Mia Paca-2 cells (obtained from ATCC) were injected in the right flank female nude mice (5 weeks, 

Jackson Labs, #007850). When tumor volumes reached 5-7 mm in diameter, mice bearing Mia Paca-2 

tumors were grouped as follows: 1) Saline, Free IRT, PoP(IRT)-laser, PoP(empty)+laser, PoP(IRT)+laser 

(n=5-7 mice per group). Mice were injected with 15 mg/kg free IRT, PoP(IRT) or empty PoP-liposomes of 

an equivalent PoP dose. 10-15 minutes following injection, mice in the +laser groups were treated with a 

665 nm laser for 16 min. 40 sec. at a fluence rate of 300 mW/cm2. Tumor volumes were measured 2-3 times 

per week and volumes were calculated using the equation Volume = π×L×W×H/6 where L, W and H 

represent the length, width and height respectively. The mice were sacrificed when the tumor volume 

reached 10 times the initial size.  

For intravital imaging, female nude mice were injected with IRT-loaded PoP liposomes (10 mg/kg) or co-

injected with standard liposomes and empty PoP liposomes for an equivalent IRT or pyro-lipid dose. The 

mice were anesthetized using isoflurane and one ear of the mouse was treated with a 665 nm laser for 16.4 

minutes at a fluence rate of 300 mW/cm2. Following the laser treatment both the treated and untreated ears 

were imaged using a fluorescent microscope (EVOS FL Auto). IRT was imaged using a DAPI filter cube 

(357 nm excitation; 477 nm emission) and pyro was imaged with a custom filter cube (400 nm excitation; 

679 nm emission). 

Statistical analysis 

Kaplan-Meier survival curves were analyzed using Graphpad prism (Version 5.01) software. Groups were 

compared by Log-rank (Mantel-Cox) test. Differences were considered significant at p < 0.05. Median 

survival was defined as the time at which the survival curve crossed the 50% survival point. 
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5.5 Results and Discussion 

5.5.1 Drug loading and release 

We recently reported a long-circulating stealth liposomal Dox formulation that contained a small amount 

of pyro-lipid and exhibited similar pharmacokinetics to the pyro-lipid free liposomes, while being effective 

for chemophototherapy [29]. However, there was a maximum amount of pyro-lipid which could be added 

to the liposomes before Dox loading became impossible. To examine if this phenomenon occurred with 

irinotecan (IRT), liposomes were prepared with DSPC:DSPE-PEG2000:Cholesterol (molar ratio 60:5:35) 

and pyro-lipid was titrated in, replacing DSPC. As expected, Dox could not be loaded into liposomes 

containing more than 2 mol. % pyro-lipid; IRT however did not show such limitations and could be loaded 

into liposomes containing as much as 15 mol. % pyro-lipid. (Fig. 5.1a). The NIR light-triggered release of 

IRT was tested using 2 mol. % pyro, which was previously found to be the optimum for Dox release [29]. 

NIR-induced IRT release was compared to Dox release in 50% serum, and was found to be substantially 

faster (Fig. 5.1b).  

 

Figure 5.1: Drug loading and light-triggered release. A) Pyro lipid was titrated into liposomes consisting of 

DSPC:DSPE-PEG2000:Chol (molar ratio 60:5:35) replacing DSPC. Using this formulation Dox cannot be loaded 

above 2 mol. % while IRT does not demonstrate such a limitation Data represent the average of 3 experiments (Dox 

data in figure A was adapted from ref. [29]) B) Light-induced release of Dox and IRT under 665 nm irradiation from 

liposomes containing 2% pyro-lipid.  
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To help understand these differences between IRT and Dox, cryo-transmission electron micrographs of IRT 

and Dox loaded PoP liposomes comprising DSPC:DSPE-PEG2000:Pyro-lipid:Cholesterol (molar ratio 

58:5:2:35) were examined. The images showed that IRT loaded liposomes did not form large elongated 

crystals like Dox, nor did they have an effect on the shape of the liposomes. Instead, IRT formed precipitates 

that occupied the entirety of the liposomes core (Fig. 5.2). This demonstrates that IRT did not alter the 

shape of the liposomes. It also suggests that the poor loading of Dox in pyro-lipid containing liposomes is 

likely caused by destabilization of the bilayer as a consequence of the stretching induced by the formation 

of Dox crystals. It additionally suggests that the faster release of IRT may be due to more diffused drug 

aggregates inside the liposome which can dissolve more readily when the liposome bilayer is permeabilized 

by NIR light. 

 

 

Figure 5.2: Effects of drug loading on liposome morphology. Cryo-TEM images of IRT (top) and Dox (bottom) 

loaded via an internal ammonium sulfate gradient in PoP-liposomes consisting of [DSPC:DSPE-PEG2000:Pyro-

lipid:Chol] [58:5:2:35]. IRT liposomes show aggregates in the core while Dox shows linear crystals which cause the 

liposomes to stretch. A 50 nm scale bar is shown. 
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5.5.2 Formulation Optimization 

While the formulation used in the imaging and initial experiments was stable in 50% serum when loaded 

with Dox, it was not stable when loaded with IRT. To address this, the cholesterol content was increased 

to 45 mol. % to produce more stable liposome bilayers. However, this did not significantly improve the 

stability. IRT is known to be prone to poor stability in liposomes [40]. One method which has been shown 

to enhance the stability of drug loaded liposomes is the use sphingomyelin (SPM) in place of DSPC [48, 

49]. To assess the effect of SPM on stability, liposomes made with SPM and DSPC were compared. DSPC 

liposomes were prepared using DSPC:DSPE-PEG2000:Pyro-lipid:Chol (48:5:2:45), and SPM liposomes 

with SPM:DSPE-PEG2000:Pyro-lipid:Chol (48:5:2:45). The DSPC liposomes had >90% loading, whereas 

the SPM liposomes loaded only ~75% IRT. To verify how the absence of PEG would impact loading, we 

tested the loading of a PEG free SPM formulation; SPM:Pyro-lipid:Chol  (53:2:45). Similar to the DSPC 

formulation, this formulation showed >90% loading (Fig 5.3a). The stability of the three formulations was 

compared by incubating the samples in 50% serum at 37°C. The DPSC formulation showed more than 50% 

release after 3 hours while both formulations with SPM had less than 30% (Fig 5.3b). Light triggered 

release experiments of IRT from these liposomes showed that the PEG-free SPM formulation had the fastest 

release rate, releasing most of the drug in less than 60 seconds. The PEGylated SPM formulation took 3 

minutes to achieve the same results, while the DSPC formulation was significantly slower (Fig 5.3c). The 

observed lag time at the initiation of light-triggered release is likely related to initial disruption of the 

actively loaded IRT-sulfate aggregates inside the liposomes. Since the PEG-free SPM formulation showed 

good loading, greater serum stability, and faster release compared to the DSPC containing liposomes it was 

selected to be used for in vivo tests. All of the liposomes had similar sizes and zeta potential with the 

exception of the SPM:Pyro-lipid:Chol liposomes which had a less negative zeta potential (Fig. 5.4). To 

better understand the release properties of the release IRT release was tested under various conditions 

including different serum content, fluence rates and irradiation conditions.The release rate was found to 

increase with increasing serum concentration, suggesting the presence of serum proteins help to destabilize 

the bilayer during release (Fig. 5.5a). Laser treatment was also found to be important for creating drug 
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release with release starting when the laser is applied and stopping when the laser is stopped (Fig. 5.5b), a 

phenomena which has previously been described for PoP liposomes.[27]   IRT release was also found to be 

a function of total applied fluence rate, requiring approximately 20 J/cm2 to achieve 90% release. (Fig 5.5c)  

 

Figure 5.3: Development of a PoP IRT formulation. Liposomes were made with SPM:pyro-lipid:chol (53:2:45), 

SPM:DSPE-PEG2000:pyro-lipid:chol (48:5:2:45), or DSPC:DSPE-PEG2000:pyro-lipid:chol (48:5:2:45). A) IRT 

loading was quantified via gel filtration with a Sephadex G-75 column B) Stability tests in 50% adult bovine serum at 

37°C. C) NIR-induced IRT release in 50% adult bovine serum showed SPM liposomes had faster release rate with the 

PEG free formulation releasing the quickest.  

 

 

Figure 5.4: Liposome characterization by dynamic light scattering. A) DLS zeta potential of liposomes in 1 mM 

NaCI B) Size and C) polydispersity in PBS.   
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Figure 5.5 Release properties of IRT PoP liposomes. A) Laser-induced release of IRT from PoP liposomes 

(SPM:pyro-lipid:chol (53:2:45)) was tested in PBS containing different amounts of serum. The release was found to 

be slowest in pure PBS and accelerated as serum content was increased. B) Effect of laser treatment on release of IRT. 

Liposomes were diluted in PBS and IRT fluorescence monitored in real time. In case #1 the laser was turned on after 

10 minutes (blue line) showing that there was no release until the laser was turned on. In the second case the laser was 

turned on after two minutes and then turned off after 4 minutes. At 15 minutes the laser was turned on again. When 

the laser is initially turned on the drug is released and stops when it is turned off, then continues to release when the 

laser is turned on a second time. In both cases a fluence rate of 200 mW/cm2 was used. C) Effect of fluence rate on 

IRT release. Fluence rates were varied between 25-300 mW/cm2 and the time required for 90% release calculated. 

When the time (in sec.) is plotted against the fluence rate (in W/cm2) the data points can be fit to a curve with the 

formula 20x-1 which represents the energy required to obtain 90% release (approximately 20 J/cm2) divided by the 

fluence rate (in W/cm2). This shows that the release of IRT is a function of the applied energy and the release rate can 

be tuned by varying the fluence rate for faster or slower release.  
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5.5.3 Intravascular, light-triggered IRT release 

We have previously shown that the efficacy of PoP liposomes is due to a combination of an vascular 

photodamage related enhanced drug uptake and light-triggered release [28]. However, the extent of light-

triggered drug release occurring in the vasculature was not determined, as the release rate of Dox was 

relatively slow. To determine whether or not vascular release was possible with this formulation, we studied 

the effects of laser treatment on drug release in the ears of mice as it allows for easy treatment and 

microscope imaging. Nude mice were injected with 10 mg/kg IRT loaded liposomes and treated on one ear. 

To demonstrate release was a result of laser treatment IRT fluorescence was monitored in real time. 

Immediately following injection mice were anaesthetized and placed on the microscope stage and one ear 

treated with a laser.  Mice treated with IRT PoP showed an increase in IRT fluorescence than those treated 

with Empty PoP + IRT liposomes ([SPM:Pyro-lipid:Chol] [53:2:45]) when the laser was turned on.  

Interestingly, this fluorescence decreased over time while the pyro PoP fluorescence remained relatively 

constant (Fig 5.6). This suggests that the IRT was released from the liposomes and was either diffusing 

throughout the treated region or being washed out. While there was a difference in the IRT fluorescence 

between the treated and untreated ears no such difference was observed for pyro (Fig. 5.7). Drug release 

began immediately following the start of laser treatment. This is demonstrated by a significant increase in 

IRT fluorescence. Over time, the fluorescence levels reached a maximum after which fluorescence began 

to decrease. After the end of laser treatment, the fluorescence decreased to the levels similar to the initial. 

However further studies are required to determine if this decrease was due to the IRT washing out or due 

to photobleaching from prolonged light exposure. It is most likely to be washout as the physiology of the 

ear vasculature and tissues may not allow for retention of the drug.   

To further demonstrate that the increase in fluorescence observed was due to drug release and not liposome 

accumulation, pyro-lipid free liposomes ([DSPC:DSPE-PEG2000:Chol] [55:5:45]) loaded with IRT was 

co-injected with empty PoP-liposomes ([SPM:Pyro-lipid:Chol] [53:2:45]). The results showed no 

significant increase in the IRT fluorescence compared to the no laser control (Fig. 5.8). 
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Figure 5.6: Intravascular light-triggered IRT release. Mice were injected with SPM:pyro-lipid:chol liposomes 

loaded with IRT (10 mg/kg IRT), anaesthetized and treated on one ear with a 665 nm laser at a fluence rate of 300 

mW/cm2. A) IRT fluorescence was measured during treatment in mice injected with both empty PoP-liposomes and 

PoP-free IRT loaded liposomes (left) or IRT loaded PoP liposomes (right). B) Pyro-lipid and IRT fluorescence were 

also monitored immediately following a 10 minute phototreatment.  

 

 

 

Figure 5.7 Relative IRT and Pyro fluorescence in treated and untreated ears. Histograms of the treated and 

untreated ears were taken to measure the Red channel values of IRT and pyro channels of images shown in Fig 4B. 

The values of the treated ear was divided by the values if the untreated ear. IRT was shown to be 2-3 folds higher in 

the treated ear versus the untreated ear. Pyro however is the same in both ears suggesting there is no release or 

accumulation of pyro in the treated region.  
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Figure 5.8: Intravital imaging following phototreatment with empty PoP liposomes and IRT-loaded SPM 

liposomes. Nude mice were injected with empty SPM:pyro-lipid:chol liposomes (10 mg/kg equivalent IRT dose) and 

pyro free IRT loaded liposomes. Following injection mice were anaesthetized with isoflurane and treated on one ear 

with a 665 nm laser at a fluence rate of 300 mW/cm2 for 10 minutes. Following light treatment IRT and pyro in the 

treated and untreated ears were imaged using a fluorescent microscope. Unlike mice injected with IRT loaded PoP-

liposomes there was no significant increase in IRT fluorescence observed suggesting the release observed in the IRT 

loaded PoP-liposomes was due to release of the drug from circulating and/or extravasated liposomes and not liposome 

accumulation.  

 

5.5.4 Anti-tumor Efficacy  

To study the efficacy of the liposomes nude mice bearing Mia PaCa-2 tumors were injected with 15 mg/mL 

of free or PoP-liposome encapsulated IRT or equivalent (PoP) doses of empty liposomes and treated 10-15 

minutes post injection with a 665 nm laser at a fluence rate of 300 mW/cm2 for 16 minutes, 40 seconds 
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(300 J/cm2). As shown in Fig 5.9, mice treated with free IRT (median survival 18 days) showed no 

significant improvement over the saline control (median survival 17 days), while mice receiving IRT loaded 

PoP-liposomes with and without laser treatment and empty PoP-liposomes with laser showed statistically 

significant improvement over the saline control (P<0.01). Mice receiving laser treatment and IRT-loaded 

PoP-liposomes showed complete tumor growth suppression in all but one mouse (80% cure rate). Mice 

receiving only IRT-loaded PoP-liposomes without laser treatment and empty PoP-liposome with laser 

treatment had median survival times of 29 days and 42 (with 17 % cured) days respectively. There was no 

statistically significant difference between these two groups; however there was a significant difference 

between each group and the IRT loaded PoP-liposomes and laser treatment (P<0.05). Individual tumor 

growth curves are shown in Fig. 5.10. This demonstrates a synergistic effect between the laser treatment 

and drug delivery which together produce an overall effective chemophototherapy treatment. Photodynamic 

therapy is known to be able to enhance the permeability of nanoparticles in tumor vasculature and affect 

blood flow [50–53]. We have previously shown that both effects are present in tumors treated with Dox 

PoP-liposomes[29] and would expect similar effects to be present in IRT PoP liposomes. The results of the 

survival study for IRT PoP liposomes are similar to that of Dox PoP liposomes with the empty +laser and 

Dox PoP -laser having equal efficacy and the Dox/IRT PoP liposomes showing significantly greater 

efficacy. The improved efficacy of the IRT-PoP +laser can be attributed to a synergistic effect between the 

drug and the photodynamic effects similar to that previously observed for Dox PoP liposomes. Microscopy 

images of tumors treated with IRT PoP with and without laser show that tumors receiving laser treatment 

had a greater and more homogeneous distribution of IRT (Fig 5.11). 
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Figure 5.9: Kaplan-Meier survival curves for nude mice bearing Mia PaCa-2 tumors phototreated shortly after 

IV injection. Mice were IV injected with saline, 15 mg/kg free IRT, 15 mg/kg IRT-loaded PoP liposomes or 

equivalent PoP doses of empty liposomes. 10 minutes following injection, mice in the +laser groups were treated with 

a 665 nm laser at a fluence rate of 300 mW/cm2 for 16 min. 40 sec. (300 J/cm2). Mice were given a single treatment 

and sacrificed when the tumors grew more than 10 times initial size. Based on the log-rank test there was a statistically 

significant difference between all treatment groups and the saline control (P<0.05), with the exception of the free IRT 

group. n= 5-7 mice per group. 

 

 

Figure 5.10: Individual tumor growth curves for mice treated A) saline, B) IRT PoP –laser, C) IRT PoP +laser, D) 

free IRT, and E) empty PoP +laser.  
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Figure 5.11 Tumor drug microdistribution. BALB/c mice bearing C26 tumors on both rear flanks were injected 

with 15 mg/kg IRT PoP liposomes. Following injection mice were anesthetized using isoflurane and one tumor was 

treated with a 665 nm laser at a fluence rate of 300 mW/cm2 for 16.75 minutes. Mice were then sacrificed immediately 

and 24 hours after laser treatment and tumors surgically removed. Excised tumors were flash frozen in OCT compound 

using liquid nitrogen. The frozen tumors were cut into 10 µm slices using a cryostat and slices imaged in a EVOS FL 

Auto microscope using a DAPI filter cube (357 nm excitation; 477 nm emission) for IRT and a custom filter cube 

(400 nm excitation; 679 nm emission) for pyro.  

 

5.6 Conclusion  

We demonstrated that IRT can be loaded into liposomes with higher pyro-lipid content, whereas that was 

not possible for Dox. This is likely linked to the morphology of the liposomes following loading, and the 

avoidance of bilayer stretching by IRT. While IRT was loaded effectively into PoP liposomes, IRT loaded 

liposomes were not as stable as Dox loaded liposomes. IRT has been reported to be unstable in liposomes 

and strategies are being developed to increase stability and efficacy [40, 45, 46, 54–56]. In this work, we 

substituted the DSPC used in our previous formulation with sphingomyelin, increased the cholesterol 

content and omitted PEG. This approach resulted in liposomes with a modest increase in serum stability. 

Although the liposomes were not highly serum stable, when subjected to NIR light treatment, they rapidly 

released the drug and effectively suppressed tumor growth. Taken together, we conclude that IRT PoP 

liposomes are promising for chemophototherapy approaches. 
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Chapter 6: Characterization of Blood Interactions, Pharmacokinetics, 

Dependence of Drug Delivery on Light Propagation, and Safety 
 

6.1 Acknowledgements 

This chapter is a reformatted version of the manuscripts entitled “Characterization of Blood Interactions, 

Pharmacokinetics and Depth-Dependent Ablation of Rat Mammary Tumors with Photoactivatable 

Liposomal Doxorubicin” published in Theranostics (2016). Under the supervision of Jonathan F. Lovell, 

as well as unpublished data from a phototoxicity and toxicity study conducted in mice and rats. My 

contributions included designing and conducting experiments, data analysis and manuscript writing. 

6.2 Abstract 

Photosensitizers can be integrated with drug delivery vehicles to develop chemophototherapy agents with 

anti-tumor synergy between chemo- and photo- components. Long-circulating doxorubicin (Dox) in 

porphyrin-phospholipid (PoP) liposomes (LC-Dox-PoP) incorporates a lipid-like photosensitizer (2 

mol. %) in the bilayer of Dox-loaded stealth liposomes. Hematological effects of endotoxin-minimized LC-

Dox-PoP were characterized via standardized assay. In vitro interaction with erythrocytes, platelets, plasma 

coagulation cascade were generally unremarkable while complement activation was found to be similar to 

that of commercial Doxil. Blood partitioning suggested both the Dox and PoP components of LC-Dox-PoP 

were stably entrapped or incorporated in liposomes. This was further confirmed with pharmacokinetic 

studies in Fisher rats which showed both the PoP and Dox components of the liposomes both had nearly 

identical, long circulation half-lives (25-26 hours). In a large orthotopic mammary tumor model in Fisher 

rats, following 2 mg/kg Dox intravenous dosing, the depth of enhanced Dox delivery in response to 665 

nm laser irradiation was over 1 cm. LC-Dox-PoP with laser treatment ablated or potently suppressed tumor 

growth, with greater efficacy observed in tumors 0.8-1.2 cm compared to larger ones. The skin at the 

treatment site healed within approximately 30 days. Taken together, these data provide insight into key 

nanocharacterization and photo-ablation parameters for advancing this single agent chemophototherapy. 
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6.3 Introduction 

The delivery of anti-cancer agents at therapeutically relevant concentrations is a major challenge in treating 

solid tumors [1–4]. Nanoparticles, particularly liposomes, have been widely used clinically to address this 

concern [5–8]. However, most nanoparticles do not necessarily provide enhanced therapeutic effects over 

the free drug; rather, they provide a reduction in toxicity and alteration of pharmacokinetics [9–13]. Doxil, 

a PEGylated liposomal form of doxorubicin (Dox), for example, is clinically approved for the treatment of 

Kaposi sarcoma, ovarian cancer and multiple melanoma,[14] and is widely used for the treatment of 

metastatic breast cancer [15]. Yet it does not offer clearly superior efficacy over non-liposomal doxorubicin 

[9, 16–19]. Rather, its use is driven by a reduction in side-effects compared to free Dox, including 

cardiotoxicity [9, 17]. This lack of greater efficacy, despite enhanced delivery to the tumor, is attributed to 

poor bioavailability of liposome encapsulated drugs due to their slow release [9, 20]. Numerous molecular 

targeting strategies have been explored for liposomes [21–24]. Alternatively, several stimulus controlled 

systems have been developed to address this problem, including systems which utilize heat, light and pH 

to trigger drug release [25–31]. The most advanced of which, Thermodox, a heat triggered liposome 

encapsulated Dox, has been tested clinically for the treatment multiple forms of cancer including liver 

cancer and breast cancer [32–34]. The combination of light therapy and chemotherapy, chemophototherapy 

(CPT), is an emerging treatment paradigm for solid tumors [35]. Photodynamic therapy (PDT) itself is a 

clinically used ablative modality that has been shown to treat a variety of tumor types [36, 37].  

We previously described long-circulating Dox in porphyrin-phospholipid (LC-Dox-PoP) liposomes, a 

PEGylated liposomal form of Dox, co-encapsulated with a bilayer-confined and lipid-like porphyrin–

phospholipid (PoP) conjugate incorporated at 2 molar % (total lipid). In murine studies, LC-Dox-PoP 

liposomes were shown to have long circulating properties similar to that of sterically stabilized stealth 

liposomal doxorubicin, and enhanced anti-tumor efficacy when combined with laser treatment, at doses 

significantly lower than Doxil-like liposomes [38–40]. Here we report in vitro/in vivo biological evaluation 

of the LC-Dox-PoP liposomes including in vitro immunological characterization, blood partitioning, in 
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vivo pharmacokinetics and anti-tumor efficacy in an orthotopic rat tumor model with specific emphasis on 

determining the suitability of LC-Dox-PoP for use in humans.  

6.4 Materials and Methods 

Liposome Preparation  

LC-Dox-PoP liposomes were prepared as previously described [38]. Briefly, 200 mg of lipids were 

dissolved in 2 mL of ethanol in the molar ratio 53:2:5:40 [1,2-distearoyl-sn-glycero-3-phosphocholine 

(DSPC, Corden LP-R4-076):pyro-lipid (synthesized as previously described [38]): 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG-2000, Corden, LP-

R4-039): cholesterol (Chol, PhytoChol; Wilshire Technologies, CAS 57-88-5)]. The dissolved lipids were 

heated to 60°C and 8 mL of 250 mM ammonium sulfate (60° C) was added to the ethanol lipid solution. 

The liposomes were then extruded 10 times using 10 mL high pressure nitrogen extruder (Northern Lipids) 

using stacked (80, 100 and 200 nm) polycarbonate membranes at 60 °C. Excess ammonium sulfate and 

ethanol were removed by dialysis (MWCO 12,000-14,000, Fisher # 21-152-16) in a buffer of 10 mM 

histidine (pH 6.5), 10% sucrose solution overnight with three buffer changes. Dox (LC Laboratories # D-

4000) was encapsulated into the liposomes by mixing the liposome and Dox solution, and incubating for 

60 minutes at 60°C. Following, Dox loading liposomes were sterile filtered using a 0.2 µm Supor® 

membrane filter (Pall # 28143-300). Doxil® was obtained from the NIH pharmacy. 

Liposome Characterization 

Size and zeta potential: A Malvern Zetasizer Nano ZS instrument (Southborough, MA) was used for 

measuring the hydrodynamic size (diameter) and zeta potential in accordance to National Institute of 

Standards and Technology (NIST) – National Cancer Institute Nanocharacterization lab (NCL) joint 

protocol PCC-1 and NCL protocol PCC-2 respectively. Hydrodynamic size was measured by diluting the 

liposomes 100- and 1000-fold in PBS and 10 mM NaCl (zeta potential measurement conditions). Samples 

were measured at 25°C in a quartz microcuvette with back scattering detector (173°) in batch mode. Zeta 

Potential was measured by diluting the liposomes 100-fold in 10 mM NaCl. Sample pH was measured 



114 
 

before loading into a pre-rinsed folded capillary cell. Measurements were made at both native pH and after 

adjustment to neutral pH using 1 N standardized NaOH. An applied voltage of 150 V was used. 

Morphology: Cryo-transmission electron microscopy (cryo-TEM) was performed to assess the 

morphology of the liposomes. To prepare the sample for cryo-TEM, 4 μL of stock solution or solution 

diluted 20x in ultrapure water was applied to a quantifoil holey film 200 mesh copper grid (Electron 

Microscopy Sciences) and blotted either for 3 sec or 2.5 sec, respectively, before plunge freezing in liquid 

ethane using a Vitrobot (FEI Company) to form a thin film of vitreous ice. Imaging was performed using a 

Tecnai T-20 equipped with a tungsten thermoionic gun using low dose mode. 

Doxorubicin encapsulation efficiency: Encapsulation efficiency of doxorubicin was assessed using a UV-

Vis spectroscopy and centrifugal filtration to measure free doxorubicin. Samples (250 μL) were centrifuged 

at 14,000 rpm at 24°C to dryness using Microcon DNA Fast Flow centrifugal devices (Millipore, 

MRCFOR100, RC). The filtrate, containing any free doxorubicin, was analyzed by UV-Vis spectroscopy. 

UV-Vis spectra were recorded using a Perkin Elmer Lambda 35 spectrophotometer. All samples were 

measured in quartz microcuvettes (path length, b = 10 mm, QS105.250, Hellma, Plainview, NY). Spectra 

were collected from 200-800 nm at 480 nm/min in 1 nm steps against water as the reference. Calibration 

standards of doxorubicin were prepared from a 2000 μg/mL doxorubicin stock solution in 25 mM NaCl. 

Calibration standards were prepared by diluting this calibration stock with 25 mM NaCl to final 

concentrations ranging from 5 to 50 μg/mL. Doxorubicin calibration standards were subjected to the same 

centrifugation process as the liposome samples. 

Hemolysis 

Hemolysis tests were conducted in vitro in accordance to NCL protocol ITA-1, Analysis of Hemolytic 

Properties of Nanoparticles. In brief, freshly drawn human blood anticoagulated with lithium heparin was 

diluted in PBS to a concentration of 10 mg/mL total blood hemoglobin. The diluted whole blood was then 

incubated with test samples for 3 hr at 37°C. Following incubation, cell free supernatants were prepared 

and analyzed for the presence of plasma free hemoglobin by converting hemoglobin and its metabolites 
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into cyanmethemoglobin (CMH) using Drabkin’s reagent. CMH was then quantified against a hemoglobin 

standard by measuring the absorbance of the samples at 540 nm. 

Platelet Aggregation 

Platelet aggregation tests were conducted in vitro in accordance to NCL protocol ITA-2, Analysis of Platelet 

Aggregation. In brief, platelet rich plasma (PRP) and platelet poor plasma (PPP) were prepared from freshly 

drawn human blood. PPP was used as the background control. PRP was incubated with the ChronoLum 

reagent and test samples, and sample turbidity was measured using the ChronoLog aggregometer. The 

ChronoLum reagent was used to monitor ATP release from platelets. The latter correlates with platelet 

aggregation and is used as an additional control to verify that any changes observed in the light transmission 

were due to platelet aggregation. 

Plasma Coagulation 

Plasma coagulation tests were conducted in vitro in accordance with NCL protocol ITA-12, Coagulation 

Assay. In brief, three plasma coagulation tests were performed, prothrombin time (PT), activated partial 

thromboplastin time (APTT), and thrombin time (TT). Freshly drawn human blood was used to prepare 

plasma, and control N and control  P were purchased from Diagnostica Stago. Plasma was incubated with 

test samples for 30 min at 37°C. Following incubation, plasma coagulation initiation reagents (neoplastin, 

CaCl2, or thrombin, respectively) were added to the mixture and the coagulation times measured using the 

STArt4 coagulometer (Diagnostica Stago). 

Complement Activation 

Complement activation tests were conducted in vitro in accordance with NCL protocol ITA-5.2, Analysis 

of Complement Activation by EIA. Briefly, plasma was prepared from freshly drawn human blood and 

incubated with test samples and veronal buffer for 30 min at 37 °C. Following incubation, the samples were 

analyzed for the presence of the iC3b component of complement using a commercial enzyme immunoassay 

kit. LC-Dox-PoP liposomes were analyzed at four concentrations ranging 0.002-0.66 mg/mL Dox. Doxil 

was used as an additional, commercially relevant nanoparticle control. Doxil was tested at equivalent Dox 

concentrations. 
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Blood Partitioning  

A previously described blood partitioning method[41] was used to determine the percent plasma fraction 

for both PoP and Dox, using the equation FP%=(CP/CB)(1-HCT)×100, where CP=concentration in plasma; 

CB=concentration in the blood; and HCT = hematocrit. Fresh human blood was collected in K2-EDTA 

tubes (Thermo Fischer Scientific, Waltham, MA, Cat. # 02-689-4) for these studies. For analysis in whole 

blood, 3 mL blood was spiked with LC-Dox-PoP liposomes, in triplicate, to yield final concentrations of 

0.5, 2, and 10 μg PoP/mL, corresponding to 2.5, 10.2 and 51.2 μg Dox/mL, in glass vials. Samples were 

incubated at 37°C with agitation. At specified time points (time zero, 30 min, 2 hour, 4 hour, and 24 hour), 

50 μL blood was taken for PoP and Dox analysis. A capillary sample was also taken for hematocrit 

measurement. For plasma analysis, 500 μL of blood was also taken at each time point above, transferred to 

an Eppendorf tube and spun at 2500xg for 10 min to collect plasma. Plasma (50 μL each) was sampled for 

PoP and Dox analysis using LC-MS (See Supporting information for detailed LC-MS methods). 

Pharmacokinetic Studies 

Prior to injection, LC-Dox-PoP liposomes were diluted in PBS to a concentration of 1 mg Dox/mL. Double 

jugular catheterized 10-week-old male Fischer 344 rats (approx. weight of 250 grams) were purchased from 

Charles River Laboratories (Raleigh, N.C.). Six rats were treated intravenously by left catheter with 5 mg 

Dox/ 2.4 mg PoP/5 mL/kg LC-Dox-PoP liposomes. Blood samples (250 μL) were collected in K2EDTA 

tubes by the right jugular catheter at 0.25, 0.5, 1, 2, 4, 8, 24 and 48 hr post injection, and spun to collect 

plasma and stored at -80°C. Plasma from the untreated control animals was also collected and used to 

prepare plasma matrix standard curve, and quality control standards. Frozen plasma samples were prepared 

for PoP and Dox analysis by LC-MS (See Supporting information for detailed LC-MS methods). 

Pharmacokinetic Analysis  

Noncompartmental pharmacokinetic parameters were determined by the following methods, using Phoenix 

WinNonlin Version 6.3 software (Pharsight Corporation, Mountain View, CA): the area under the time 

concentration curve (AUCinf) was calculated using the linear trapezoidal rule with extrapolation to time 

infinity; total clearance (CL) was calculated from dose/AUCinf; terminal half-life (t1/2) was calculated from 

0.693/slope of the terminal elimination phase; the Cmax term is the maximum concentration; volume of 
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distribution steady state (Vss) was calculated from (dose/AUCinf)*(area under the first moment curve 

(AUMC)/AUCinf); mean residence time (MRT) was calculated as (AUMC)/AUCinf). 

Biodistribution and Tumor Drug Deposition 

Female Fischer 344 rats were inoculated with orthotopic R3230 mammary adenocarcinoma tumors on both 

the left and right sides skin immediately adjacent to the base of the most caudal pair of nipples. R3230 cells 

were a kind gift from Dr. Nahum Goldberg and were maintained for tumor studies without authentication. 

Once the tumors were approximately 20 mm in diameter rats were injected intravenously with 2 mg/kg LC-

Dox-PoP liposomes and tumors irradiated with a 665 nm laser diode (RPMC laser, LDX-3115-665) at a 

fluence rate of 150 mW/cm2 (250 J/cm2) 1 hour post injection. 24 hours post laser treatment rats were 

sacrificed, and tumors and key organs surgically excised. PoP and Dox tissue concentrations were analyzed 

using previously described fluorescence methods.[38] To measure the drug concentration as a function of 

tumor depth tumors were sliced into 2 mm segments starting from the side adjacent to skin.  

Tumor Growth Inhibition 

Female Fischer 344 rats were inoculated with 2-3x107 R3230 mammary adenocarcinoma cells in a volume 

of 200-300 µL injected through the skin immediately adjacent to the base of the most caudal pair of nipples. 

Once the tumors were large enough (10-12 mm or 12-15 mm depending on the treatment group) the rats 

were injected intravenously with 2 mg/kg LC-Dox-PoP liposomes and tumors irradiated with a 665 nm 

laser diode (RPMC laser, LDX-3115-665) at a fluence rate of 150 mW/cm2 (250 J/cm2) 1 hour post 

injection. Tumor size was monitored 2 to 3 times per week and tumor volumes calculated using caliper 

measurements and the formula: V= π/6∙L∙W2, where V, L, and W are the volume, length, and width of the 

tumor, respectively. Rats were sacrificed when the volume exceeded 10 times the initial volume or 

ulceration was observed.  

Assessment of Skin Response to Treatment in tumor treated rats 

The skin response to laser treatment was assessed visually and rated using the following scale: 0, no 

observable reaction; 1 Eschar covers less than 50% treated surface area; 2 Eschar covers more than 50% 

treated surface area; 3 Eschar covers >50% of treated area and is >1 mm thick.  
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Fluorescent Imaging 

Female SKH1 Elite mice were placed into one of four groups of 2-3for imaging studies. A total of 3 Dox-

PoP liposome groups were used (2 mg/kg, 5 mg/kg and 10 mg/kg) along with an untreated control. The 

mice were injected with the test samples and imaged using an IVIS in vivo imager at various time points 

over two weeks using an exposure time of 10 seconds, and excitation of 675 nm with a Cy5.5 emission 

filter. The fluorescence of the body of each mouse was assessed using the ROI tool in the IVIS software 

using a rectangular region around the body of each mouse. 

Phototoxicity Study 

For phototoxicity studies the mice were injected with the test samples at 1 and 48 hours post injection the 

mice were anesthetized with isoflurane (3% for induction, 1.5% for maintenance) and a 1 cm circle spot on 

their back exposed simulated sun light using a xenon lamp solar simulator with a 1.5 AM G filter (Newport) 

for 30 minutes. Following sunlight exposure, the mice were monitored and effects on the skin ranked on a 

1-8 scale using previously developed metrics [42] as shown in Table 6.1 by a technician blinded to the 

treatment groups. 

Score Observation 

0 No observable effect 

1 Mild erythema 

2 Moderate erythema 

3 Strong erythema 

4 Slight edema 

5 Moderate edema 

6 Severe edema 

7 Blistering + edema 

8 Necrosis 
Table 6.1: Visual skin response scoring metrics 

Maximum Tolerated Dose Study in Rats 

Six week old male and female Fischer 344 Rats were purchased from Charles River and acclimatized to the 

SUNY Buffalo laboratory animal facility (LAF) and human handling for one week. One week after arriving 

the rats were injected with the test material. There were a maximum of four planned Dox-PoP liposomes 

doses (2 mg/kg, 5 mg/kg, 10 mg/kg, and 20 mg/kg) along with an untreated control and Empty-PoP 

liposomes at a PoP dose equivalent to 20 mg/kg Dox PoP liposomes. Rats were placed in groups of 10 (5 
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males, 5 females) and injected with the test samples via a bolus tail vein injection (500 µL injection 

volume). The rats were then monitored for 14 days following drug administration. The weight of all rats 

was recorded over this period and clinical changes noted on monitoring charts. On day 14 blood was 

collected using cardiac puncture under deep isoflurane (5%) and animals euthanized with cervical 

dislocation. A gross necropsy was then conducted, abnormalities noted, and key organs (heart, lungs, 

kidneys, liver and spleen) removed and weighed.  

Statistical Analysis 

Kaplan−Meier curves were used to analyze tumor growth inhibition efficacy with Graphpad prism (Version 

5.01). Each pair of groups were compared by Log-rank (Mantel−Cox) test. Differences were considered 

significant at p < 0.05. Median survival was defined as the time at which the staircase survival curve crosses 

the 50% survival point. 

Use of Animals and Human Blood Samples 

Human blood used for in vitro studies was collected in accordance with Protocol OH99-C-N046. All animal 

studies in this work were approved by either the University at Buffalo Institutional Animal Care and Use 

Committee, or by the NCI at Fredrick Institutional Animal Care and Use Committee. 

6.5 Results and Discussion  

6.5.1 Liposome characterization  

LC-Dox-PoP liposomes, comprising [DSPC:DSPE-PEG2000:Pyro-lipid:Chol] in a mol. ratio of 

[53:5:2:40] were formed with the same composition as previously described [38]. In order to conduct 

immunological characterization, liposomes were prepared using a protocol to minimize endotoxins to 

prevent contaminant interference of the results. The liposome diameter ranged from 90-100 nm, depending 

on the measurement conditions, the  zeta potential showed a mild negative charge (Table 6.2).  

Dispersing 

medium 
Dilution 

Z-Avg 

(nm) 
PDI 

Int-Peak 

(nm) 
%Int 

Vol-Peak 

(nm) 
% Vol 

Zeta 

Potential 

PBS 100 91 ± 1 0.06 ± 0.02 97 ± 2 100 ± 1 83 ± 1 100 ± 0 N/A 

PBS 1000 96 ± 1 0.14 ± 0.02 104 ± 2 100 ± 1 84 ± 1 100 ± 1 N/A 

10 mM NaCl 100 89 ± 1 0.05 ± 0.01 95 ± 1 100 ± 1 82 ± 1 100 ± 0 -7 ± 0 (pH 6.9) -8 ± 0 (pH 7.3) 

10 mM NaCl 1000 90 ± 1 0.07 ± 0.02 97 ± 2 100 ± 1 82 ± 1 100 ± 0 N/A 

Table 6.2 Summary of hydrodynamic size and zeta potential of LC-Dox-PoP liposomes 



120 
 

Cryo-TEM images showed the liposomes had a somewhat elongated shape due to the presence of the 

prominent doxorubicin bundles contained entirely within the liposome (Fig. 6.1). This morphology is 

similar to the observed structure of the FDA approved liposomal doxorubicin, Doxil [14]. Dox entrapment 

efficiency for this batch of liposomes was found to be ~93% as assessed using a UV-Vis micro-centrifugal 

assay, consistent with the reported loading efficacy of >90% for Doxil [14]. 

 

Figure 6.1: Cryo-electron micrographs of LC-Dox-PoP liposomes 

 

6.5.2 Immunological characterization 

The general compatibility of LC-Dox-PoP liposomes with human blood was tested in vitro, using an in vivo 

relevant concentration range if the liposomes were administered intravenously at a human dose level of 0.8 

mg/kg, which is analogous to a 10 mg/kg mouse dose used in previous efficacy studies [39]. The analysis 

included analysis of the effects of LC-Dox-PoP liposomes on erythrocytes, platelets, plasma coagulation 

cascade and the complement system. LC-Dox-PoP liposomes were evaluated for potential particle effects 
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on the integrity of red blood cells (Fig. 6.2a). Three independent samples were prepared for each test 

concentration and analyzed in duplicate (%coefficient of variation, CV < 20). Triton X-100 was used as a 

positive control (PC) and PBS as the negative control (NC). The LC-Dox-PoP liposomes were found to 

interfere with the hemolysis assay at all tested concentrations and the data therefore had to be normalized 

to account for this interference. At 0.1 mg/mL, LC-Dox-PoP liposomes appeared slightly hemolytic 

(hemolysis between 2 and 5%); however, at 0.2 mg/mL less hemolysis was observed. Potential effects of 

LC-Dox-PoP liposomes on the cellular component of the blood coagulation cascade was evaluated at Dox 

concentrations ranging from 0.0004-0.1 mg/mL (Fig. 6.2b) with collagen used as the positive control. Light 

transmission was used to determine the presence of platelet aggregation. An increase in light transmission 

indicated by an increase in area under the curve (AUC) was used to indicate platelet aggregation. LC-Dox-

PoP was also tested for the ability to interfere with platelet aggregation induced by collagen alone. LC-

Dox-PoP liposomes added to plasma prior to addition of assay’s positive control did not induce platelet 

aggregation and did not alter collagen-induced platelet aggregation at the tested concentrations (Fig. 6.2c). 

The effects of LC-Dox-PoP liposomes on the biochemical component of the blood coagulation cascade 

prothrombin time, thrombin time and activated partial thromboplastin time were tested at different 

concentrations (Fig. 6.2d). Three independent samples were prepared and analyzed in duplicate (%CV < 

5). Normal plasma standard (Control N) and abnormal plasma standard (Control P) were used for 

instrument controls. LC-Dox-PoP did not alter plasma coagulation times in vitro for the prothrombin or 

activated partial thromboplastin time assays. A statistically significant prolongation of thrombin time was 

noted at the highest test concentration. This suggests that LC-Dox-PoP may affect either fibrinogen or 

thrombin or both of these proteins.  

Complement Activation of LC-Dox-PoP was tested at Dox concentrations ranging 0.002-0.66 mg/mL. PBS 

was used as a negative control and cobra venom factor (CVF) as a positive control. Doxil was used as an 

additional, commercially relevant nanoparticle control. LC-Dox-PoP produced approximately 50% 

inhibition of iC3b (detected using an inhibition/enhancement control) at all tested concentrations using. 

Despite the observed degree of inhibition, the levels of iC3b in the LC-Dox-PoP treated plasma were 
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elevated, and comparable, to that observed in the Doxil-treated samples at equivalent Dox concentrations 

(Fig. 6.2E). Therefore, similar to clinical and pre-clinical observations with Doxil[43–46], LC-Dox-PoP 

would be expected to induce complement activation-related pseudoallergy (CARPA) in sensitive 

individuals [47, 48]. 

 

Figure 6.2: In vitro effects of LC-Dox-PoP liposomes on blood. A) In Vitro Hemolysis. Dox-PoP appeared slightly 

hemolytic (hemolysis between 2 and 5%) in vitro at 0.1 mg/mL but not at 0.2 mg/mL. The positive control (PC) had 

a value of 92 but is truncated here for clarity of the lower values. PBS was used as the negative control (NC). Samples 

at 0.002 and 0.01 mg/mL were below lower limit of quantification (BLOQ). In vitro platelet aggregation was tested 

with Dox-PoP for B) the ability to induce platelet aggregation. (The positive control bar had a value of 403 but is 

truncated here for clarity of the lower values), and C) the ability to interfere with collagen-induced platelet 

aggregation. Dox-PoP did not induce platelet aggregation and did not alter collagen-induced platelet aggregation at 

the tested concentrations. D) Dox-PoP had no effect on prothrombin time, a statically significant (*p < 0.05) increase 

at 0.1 mg/mL on thrombin time, and no effect on activated partial thromboplastin time. E) In Vitro Complement 

Activation by LC-Dox-PoP liposomes and Doxil were tested at Dox concentrations ranging 0.002-0.66 mg/mL. 

Positive and negative controls were cobra venom factor (CVF) and PBS, respectively. Raw data were used to prepare 

the plot. The positive control bar had a value of 1041 but is truncated here for clarity of the lower values. Samples at 

0.002 and 0.01 mg/mL were below limit of quantification (BLOQ). All data shown is mean for all tests ± SD.  

6.5.3 Blood Partitioning  

LC-Dox-PoP liposomes contain two active components, PoP (bilayer loaded) and Dox (actively loaded in 

the aqueous core), entrapped in different locations of the liposomes. Therefore, blood partitioning of each 

active drug component was measured to determine the release from LC-Dox-PoP liposomes and the 

partitioning of each in blood and plasma. LC-Dox-PoP was incubated in blood at three concentrations, and 

PoP (Fig. 6.3a) and Dox (Fig. 6.3b) plasma concentration measured at specified time points. A correlation 

plot (Fig. 6.3c) was used to compare the mean PoP and Dox percent fraction in plasma (%Fp). The data for 

Dox and PoP are highly correlated, falling within 30% of either side of the perfect correlation 45-degree 
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line. Most notably, in the 0.5 μg/mL PoP concentration samples, both drugs were found in both blood and 

plasma equally, with a %Fp of approximately 50%, while in the higher 2 and 10 μg/mL PoP concentration 

samples, both drugs were primarily found in the plasma, with a %Fp of approximately 100%. This may be 

due to uptake of liposomes into the mononuclear blood cell fraction at lower liposome concentrations, 

which then saturates at higher concentrations resulting in liposome remaining in the plasma fraction. These 

data suggest that the LC-Dox-PoP liposomes remains intact, with both the PoP and Dox remaining 

associated with the liposome at the same ratios as the initial formulation. 

 

Figure 6.3: In vitro blood partitioning of Dox-PoP. Calculated percent fraction in plasma (%Fp) is shown for A) 

PoP and B) Dox as a function of time at three concentrations. C) A correlation plot of the mean PoP and Dox percent 

fraction in plasma, %Fp, data. Perfect correlation is depicted by the dashed black line running though the origin at 45-

degrees.The red dashed lines are offset from the black line by 30 percent. At 0.5 μg/mL PoP concentration samples, 

both drugs are found in blood and plasma equally, with a %Fp of about 50%, while at 2 and 10 μg/mL PoP 

concentration samples, both drugs are primarily found in the plasma, with a %Fp of about 100%. Mean ± SD, N=3 

 

6.5.4 Pharmacokinetics in Rats 

Pharmacokinetic studies were conducted in male Fischer 344 rats. Rats were intravenously administered 

LC-Dox-PoP liposomes at 5 mg/kg Dox. Both the PoP and Dox pharmacokinetic profiles displayed similar 

monophasic decays (Fig. 6.4a), suggesting the absence of a rapid tissue distribution phase. When 

normalized to injected dose, with concentrations expressed as %ID*kg/mL, the PoP and Dox profiles were 

superimposable (Fig. 6.4b) suggesting that LC-Dox-PoP liposomes are stable in vivo and retain both the 

bilayer loaded PoP and aqueous-core loaded Dox drugs in the same ratio as initially formulated. The 

pharmacokinetic parameters, determined by non-compartmental analysis (Table 6.3) show as expected, the 

dose normalized parameters, CL, Vss, t1/2, and MRT were very similar for both PoP and Dox, at 1.33 ± 0.10 

and 1.16 ± 0.10 mL/h/kg, 45 ± 5 and 41 ± 4 mL/kg, 25 ± 1 and 26 ± 1 hr, 32 ± 2 and 33 ± 2 hr, respectively. 
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These values are similar to those previously reported for Doxil in rats [49], indicating LC-Dox-PoP is a 

long circulating formulation and further evidence of stability. 

Figure 4: Comparison of PoP and Dox pharmacokinetic profiles. Displayed are the average PoP and Dox 

concentrations at each time point, expressed both as A) μg/mL and B) %ID*kg/mL. Mean ± SD, N=6 

 

 Cmax (µg/mL) t1/2 (h) AUCInf (µg x h/mL) CL (mL/h/kg) MRT (h) Vss (mL/kg) 

PoP 57 ± 5 25 ± 1 1698 ± 132 1.33 ± 0.1 32 ± 2 45 ± 5 

Dox 200 ± 19 26 ± 1 4344 ± 319 1.16 ± 0.1 33 ± 2 41 ± 4 

Displayed are the average parameters for the PoP and Dox plasma analysis: area under the time concentration curve 

(AUCinf); total clearance (CL); terminal half-life (t1/2); maximum concentration Cmax; volume of distribution steady 

state (Vss); and mean residence time (MRT). 

Table 6.3 Noncompartmental pharmacokinetics analysis of LC-Dox-PoP 

 

6.5.5 Biodistribution and Tumor Drug Deposition in Rodent Tumor Model 

Tissue distribution studies were conducted in Female Fischer 344 rats bearing orthotopic R3230 mammary 

adenocarcinoma tumors. The rats were injected with 2 mg/kg LC-Dox-PoP and treated with a 665 nm laser 

at a fluence rate of 150 mW/cm2 for a total fluence of 250 J/cm2. Similar distribution of PoP (Fig. 6.5a) and 

Dox (Fig. 6.5b) was observed in key organs with the majority of each accumulating in the spleen and liver, 

indicating that both drugs remain within the liposomes during circulation and experience clearance 

mechanisms. An enhancement of both PoP and Dox was also observed in the skin adjacent to light treated 

tumors. Tumor uptake of PoP and Dox was studied as a function of tumor depth. Laser treated and untreated 

tumors from rats injected with 2 mg/kg LC-Dox-PoP were removed and cut into 2 mm segments with 

distance 0 representing the side to the tumor adjacent to the skin (the location that receives the greatest 

amount of light). Both PoP and Dox in the laser treated tumors exhibited the same trend in which drug 

concentration decreased as the tumor depth increased. The untreated tumors exhibited no significant change 
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in drug concentration throughout the tumor depth. Enhancement of drug deposition was observed at tumor 

tissue depths until 10 mm for PoP and 12 mm for Dox, with statistically significant differences (P<0.05) 

observed up to 4 mm and 6 mm for PoP (Fig. 6.5c) and Dox (Fig. 6.5d), respectively. The greater deposition 

range of Dox over PoP may be due to diffusion of released Dox from the liposomes. The general trend was 

consistent with calculated light propagation in tumor tissue, which exhibits exponential decay over tumor 

depth using parameters for light attenuation in breast (Fig. 6.6) [50]. 

 

Figure 6.5: Biodistribution and depth-dependent tumor drug distribution. Biodistribution of A) Dox and B) PoP 

in Fischer 344 rats inoculated with R3230 mammary adenocarcinoma orthotopic tumors 24 hours post injection with 

2 mg/kg Dox-Pop. C) Dox and D) PoP deposition as a function of tumor depth in laser treated (665 nm at 150 mW/cm2 

for 250 J/cm2) and untreated orthotopic R3230 tumors. Data shown is mean for all tests (n = 4-5) ± SD. 
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Figure 6.6: Dox deposition as a function of tumor depth in laser treated (665 nm at 150 mW/cm2 for 250 J/cm2) and 
untreated orthotopic R3230 tumors. The red lines represent calculated light propagation over distance at a fluence 
rate of 150 mW/cm2 (total fluence of 250 J/cm2). Theoretical light propagation using the equation 𝑇(𝑥) =  𝑒µ𝑒𝑓𝑓𝑥 
where T is light transmission, z distance, and µ𝑒𝑓𝑓  effective attenuation coefficient calculated by: µ𝑒𝑓𝑓 =

√3µ𝑎(µ𝑎 + µ𝑠) where µa and µs are the tissue specific absorbance and scattering coefficients respectively.  

 

6.5.6 Tumor growth inhibition 

Female Fischer 344 rats inoculated with R3230 mammary adenocarcinoma orthotopically in the mammary 

fat pad. In initial studies rats were injected with 2 mg/kg LC-Dox-PoP received treated with a 665 nm laser 

at a fluence rate of 150 mW/cm2 for a total light dose of 250 J/cm2 (Fig. 6.7a). A second group received 

only LC-Dox-PoP without laser (Fig. 6.7b) and a third an equivalent dose of empty-PoP liposomes (Fig. 

6.7c). The empty-PoP liposomes (median survival 31 days) and LC-Dox-PoP liposomes without laser 

treatment (median survival 30 days) showed no significant improvement over the untreated control (median 

survival 26 days) (Fig. 6.7d), while the laser treated LC-Dox-PoP (median survival > 90 days) showed 

significant improvement in tumor suppression (P<0.05) over all three groups. Tumor were effectively cured 

in three of six rats over 90 days, while one tumor grew slowly over the same time. Two tumors grew at a 

faster rate though slower than the tumors in the other groups. Post treatment analysis found that both of 

these tumors had an initial starting diameter greater than 11.5 mm. To test whether or not the tumor size 
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was an important factor in the therapeutic outcome of LC-Dox-PoP liposome treatment two additional 

groups were tested. Ten rats were split into two groups, one with tumor diameters <11.5 mm, and a second 

with tumor diameters >11.5 mm. Both groups were injected with 2 mg/kg LC-Dox-PoP and treated with a 

665 nm laser at a fluence rate of 150 mW/cm2 for a total light dose of 250 J/cm2. In this study, no significant 

differences were found between the >11.5 mm and <11.5 mm groups with 2 of 5 and 3 of 5 rats displaying 

complete tumor suppression, respectively (Fig. 6.8). However, when analyzed with the previous data, a 

statistically significant difference (P < 0.05) was observed between the two groups with median survival of 

40 days and >90 days in the >11.5 mm and <11.5 mm groups, respectively (Fig. 6.7e). The difference in 

efficacy based on tumor size may be due to light propagation limitations in the larger tumors. The light 

received by deeper parts of the tumor may not be therapeutically sufficient. These results are similar to 

clinical observation with photodynamic therapy where the greatest efficacy is observed in tumors with 

diameters < 1 cm.[51–53] 

 

Figure 6.7: Tumor growth inhibition. Fischer 344 rats inoculated with R3230 mammary adenocarcinoma orthotopic 

tumors were injected with 2 mg/kg LC-Dox-PoP liposomes and received A) laser treatment with a 665 nm laser at a 

fluence rate of 150 mW/cm2 and total light dose of 250 J/cm2. This treatment was more effective than B) Dox-PoP 

without laser treatment, C) empty-PoP liposomes with equivalent laser treatment, and D) untreated rats. Red lines 

indicate tumors greater than 11.5 cm at time of treatment. Dox-PoP with laser showed significant improvement in 

tumor suppression (P<0.05) over all three groups. E) Kaplan–Meier survival curve. Rats from two studies were 

grouped based on tumor diameter (n=7-9) at the time of laser treatment. All rats were injected with 2 mg/kg LC-Dox-

PoP liposomes and received laser treatment with a 665 nm laser at a fluence rate of 150 mW/cm2 and total light dose 

of 250 J/cm2. Both groups were significantly better than the untreated control (log-rank test, P<0.05) and a statistically 

significant difference was observed between the two groups (log-rank test, P<0.05).  
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Figure 6.8: Tumor growth curves. Fischer 344 rats inoculated with R3230 mammary adenocarcinoma orthotopic 

tumors and separated into two groups based on tumor size (diameter). Rats were injected with 2 mg/kg Dox-PoP 

liposomes and received laser treatment with a 665 nm laser at a fluence rate of 150 mW/cm2 and total light dose of 

250 J/cm2. Rats with tumor diameters A) <11.5 mm exhibited greater tumor growth inhibition immediately following 

light treatment than those with tumor diameters B) >11.5 mm. Rats were sacrificed when the volume exceeded 10 

times the initial volume or ulceration was observed. 

 

The effects of laser treatment on skin of LC-Dox-PoP and empty-PoP laser treated rats was monitored 

visually immediately following laser treatment for 30 days. Eschar formation was rated on a 1-3 scale as 

described in Fig. 6.9 for detailed description). Immediately following laser treatment mild swelling at the 

treatment site was observed. The following day eschar formation could be observed visually in all animals. 

The eschars were most intense in the first week following treatment, gradually and completely healing over 

the following weeks (Fig. 6.10).   
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Figure 6.9: Examples of Eschars following laser treatment and their associated ratings. Fischer 344 rats inoculated 
with R3230 mammary adenocarcinoma orthotopic tumors injected with 2 mg/kg Dox-PoP liposomes or an 
equivalent dose of empty-PoP liposomes and treated with a 665 nm laser at a fluence rate of 150 mW/cm2 and total 
light dose of 250 J/cm2.The skin response to laser treatment was assessed visually and rated using the following 
scale: 0, no observable reaction; 1 Eschar covers less than 50% treated surface area; 2 Eschar covers more than 50% 
treated surface area; 3 Eschar covers >50% of treated area and is >1 mm thick. At ratings of 1 and 2, the eschar 
appears to be superficial and limited to the skin and tumor mass directly under the skin. At a rating of 3, the tumor 
mass appears deflated indicating damage to the tumor below the skin.   

 

 

Figure 6.10: Escher ratings Fischer 344 rats inoculated with R3230 mammary adenocarcinoma orthotopic tumors 

were injected with 2 mg/kg LC-Dox-PoP liposomes or an equivalent dose of empty PoP liposomes and received laser 

treatment with a 665 nm laser at a fluence rate of 150 mW/cm2 and total light dose of 250 J/cm2. Escher formation 

was monitored after laser treatment and rated on a 1-3 scale. Data represents the mean (n = 6) ± SD. 
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6.5.7 Phototoxicity in Mice 

Fluorescence imaging (Fig. 6.11) showed that mice were the most fluorescent one-hour post injection and 

the amount of fluorescence was dose dependent increasing with increasing dose with the 10 mg/kg group 

the most fluorescent and 2 mg/kg group the least fluorescent.  

 
Figure 6.11: Representative fluorescence images of mice injected with Dox-PoP liposomes at different Dox-PoP 

doses 

ROI analysis confirmed the visual observation with the highest measured fluorescence for all Dox-PoP 

groups detected at 1 hour with the highest fluorescence detected in the 10 mg/kg group. The fluorescence 
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decreased rapidly with the 10 mg/kg group losing over half of the fluorescence after two days, with the 

fluorescence of all groups reaching levels close to that of the controls by day 8 (Figure 6.12, Table 6.3). 

Though it should be noted that the gap in measurements between days 2 and 8 may mean the actual time at 

which the fluorescence returned to normal may have been missed.  

 
Figure 6.12: Mouse Body fluorescence assessed by ROI analysis at different Dox-PoP liposomes doses. Data 

represents mean ±SD (n=3 for all groups except control for which n=2) 

 

  1 hour Day 1 Day 2 Day 8 Day 14 

2 mg/kg 286 ± 41 278 ± 29 187 ± 15 135 ± 12 132 ± 4 

5 mg/kg 534 ± 58 447 ± 43 283 ± 14 133 ± 5 135 ± 5 

10 mg/kg 989 ± 79 708 ± 31 440 ± 35 162 ± 7 142 ± 3 

Control 80 ± 70 80 ± 70 81 ± 70 86 ± 74 84 ± 73 
Table 6.3: Mouse Body fluorescence assessed by ROI analysis at different Dox-PoP liposomes doses. Data represents 
mean ±SD (n=3 for all groups except control for which n=2) 

 

For the phototoxicity study groups of 4 mice each received the same drug doses as the imaging study and 

exposed to simulated sunlight for 30 minutes (100 mW/cm2) at 1 and 48 hours post injection. Each mouse 

was exposed on a 1 cm spot on their back with the rest of the body protected by a black plastic mask which 

prevented light from reaching non-targeted skin. In the groups which received simulated sunlight treatment 

at 1 hour post injection skin reactions were observed only in the 10 mg/kg group in which 2 out of 4 mice 

developed mild erythema which healed over the course of approximately two weeks (Fig. 6.13). The mice 



132 
 

in the control group, and the 2 mg/kg and 5 mg/kg Dox-PoP liposomes groups did not show any observable 

changes in the treated regions 

 

Figure 6.13: Skin Response for mice exposed to 30 minutes of simulated sunlight 1 hour post injection at a fluence 

rate of 100 mW/cm2. Markers show scores of individual mice, lines indicate mean and markers individual animals 

for n=4 

 

All mice treated with the simulated sunlight at 48 hours post injection showed skin responses to the light 

exposure (Fig. 6.14) This skin phototoxicity data corresponded with the fluorescence imaging studies which 

demonstrated a rapid decrease in the mouse fluorescence suggesting that the observed fluorescence was 

due to circulating liposomes rather than skin accumulation. 
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Figure 6.14: Skin Response for mice exposed to 30 minutes of simulated sunlight 48 hour post injection at a fluence 

rate of 100 mW/cm2. Markers show scores of individual mice, lines indicate mean and markers individual animals 

for n=4 

 

6.5.8 Maximum Tolerated Dose Study in Rats 

No significant adverse effects were observed for most of the animals in the MTD study. In the 10 mg/kg 

groups 1 male rat was found dead while two more had to be euthanized early due to excessive weight loss.  

The rats in this group also developed chromodacryorrhea. Multiple rats were found to have lesions on the 

base of their tails. This was observed only in rats which received doxorubicin, both the untreated control 

and Empty PoP liposome groups did not develop lesions. It is not clear if this is related to the drug. During 

the necropsy abnormalities were noted on two rats. One female rat from the 5 mg/kg group had a nodule 
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on the liver and a male rat from the 10 mg/kg group had a urethral plug and an excessively full bladder 

(Table 6.4).  

 
Females Males 

Control 2 mg/kg 5 mg/kg 10 mg/kg Empty Control 2 mg/kg 5 mg/kg 10 mg/kg Empty 

Chromodacryorrhea 0/5 0/5 0/5 5/5 0/5 0/5 0/5 0/5 2/5 0/5 

Tail lesion 0/5 1/5 3/5 0/5 0/5 0/5 0/5 3/5 0/5 0/5 

Early Death 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 1/5 0/5 

Early Euthanasia 0/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5 2/5 0/5 

Organ abnormalities  0/5 0/5 1/5a 0/5 0/5 0/5 0/5 0/5 1/5b 0/5 

aA nodule was found on the liver of one female rat from the 5 mg/kg group 

bOne male rat from the 10 mg/kg group was found to have a urethral plug and an excessively full bladder 

Table 6.4 Observed Effects in MTD study 

6.5.8.1 Body and Organ Weight 
The body weights of rats of all treatment groups were compared to the body weights of the control groups. 

Both the 2 mg/kg Dox-PoP group and the Empty-PoP group had no significant difference in body weight 

compared to the control while the 5 mg/kg groups showed slower growth and the 10 mg/kg group weight 

loss (Fig. 6.15). No significant weight changes were observed in most of the organs. The liver and spleen 

of the 10 mg/kg male group had the largest difference to the controls which is likely due to the fact that this 

group had the most severe response to the drug (Fig. 6.16).  
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Figure 6.15: Body weights for rats injected with different doses of Dox-PoP liposomes as well as the untreated control 

and Empty PoP liposomes. Data presented as total weight (A and B) and percent change from the time of drug 

administration. Data shows the mean ± SD. Significance relative to the control was assessed by one-tailed t-test: *p < 

0.5; **p < 0.01; ***p<0.001 
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Figure 6.16: Weights of key organs harvested at time of necropsy. Data shows the mean ± SD. 

Significance relative to the control was assessed by one-tailed t-test: *p < 0.5; **p < 0.01; ***p<0.001 

6.5.8.2 Serum Chemistry 
No significant differences in most of the serum chemistry tests. The largest differences were observed in 

the ALT which was higher in the 5 mg/kg and 10 mg/kg groups for both females (Fig. 6.17) and males 

(Fig. 6.18). The total bilirubin which was higher in the 5 mg/kg, 10 mg/kg, and Empty PoP groups of the 
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males. Though this may be due to PoP interfering with the tests which is known to occur with certain 

compounds [54] There also appears to be a dox dose proportional increase in glucose and creatinine levels 

and decrease in ALP. 

 

Figure 6.17: Serum chemistry for female rats as well as the untreated control and Empty PoP liposomes of blood 

drawn prior to euthanasia. Data shows the mean ± SD. Significance relative to the control was assessed by one-tailed 

t-test: *p < 0.5; **p < 0.01; ***p<0.001 
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Figure 6.18: Serum chemistry for male rats as well as the untreated control and Empty PoP liposomes of blood 

drawn prior to euthanasia. Data shows the mean ± SD. Significance relative to the control was assessed by one-tailed 

t-test: *p < 0.5; **p < 0.01; ***p<0.001 

6.5.8.3 Complete Blood Count 
No statistically significant differences were observed for most of the complete blood count tests. For some 

of the tests there appears to be a dose dependent effect in the Dox-PoP groups for both female (Fig. 6.19) 

and male (Fig. 6.20) rats. For most test the Empty-PoP groups show no significant difference to the control 

with similar average values for most tests. 
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Figure 6.19: Complete blood count for female rats as well as the untreated control and Empty PoP 

liposomes of blood drawn prior to euthanasia. Data shows the mean ± SD. Significance relative to the 

control was assessed by one-tailed t-test: *p < 0.5; **p < 0.01; ***p<0.001 
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Figure 6.20: Complete blood count for male rats as well as the untreated control and Empty PoP liposomes 

of blood drawn prior to euthanasia. Data shows the mean ± SD. Significance relative to the control was 

assessed by one-tailed t-test: *p < 0.5; **p < 0.01; ***p<0.001 

 

6.6 Conclusion  

The purpose of these studies was to estimate general compatibility of LC-Dox-PoP with human blood at 

concentrations relevant to those which may occur in vivo when this material is intravenously administered 

at a human-relevant dose level (0.8 mg/kg), determine the pharmacokinetic profile of LC-Dox-PoP with 

emphasis on the stability of the liposome entrapped components, and test anti-tumor efficacy at human 

relevant doses at varying depths. The effects on erythrocytes, platelets, plasma coagulation cascade and the 

complement system were unremarkable in all assays with a few exceptions. The most notable of which is 

the activation of complement in vitro similar to that observed with the PEGylated liposomal doxorubicin 
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formulation, Doxil, which is known to cause CARPA in sensitive individuals. We also observed statistically 

significant prolongation of plasma coagulation time in the thrombin time assay at a particle concentration 

of 0.1 mg/mL and slight hemolysis at the same dose. The physiological significance of this finding is 

unclear and requires additional verification in vivo. In vitro blood partitioning and in vivo pharmacokinetics 

showed the liposomes to be stable retaining both the PoP and Dox at similar levels. In summary, LC-Dox-

PoP liposomes appear to have similar immunological properties to Doxil®, are stable and long circulating, 

and exhibit greater antitumor efficacy in a single treatment at a human relevant drug dose lower than 

typically used in rats. Anti-tumor synergy was observed with chemo- and photo- components. Laser 

treatment enhanced drug delivery to 1.2 cm depth in tumor tissue, and tumors with initial diameters of less 

than 1.2 cm had better treatment outcomes. A single human relevant dose of 2 mg/kg was able to suppress 

tumor growth. Together, these data show that additional studies of LC-Dox-PoP are warranted, including 

assessing additional treatment efficacy in different tumor types, assessing impact of varying drug and light 

doses, and testing CPT in larger animals. Both phototoxicity and MTD studies show that there are unlikely 

to be any significant toxicities associated with treatments using 2 mg/kg Dox-PoP liposomes and that the 

in the case of toxicity the liposome carrier containing PoP itself is safe.  
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Chapter 7: Discussion and Outlook 

7.1 Discussion 

PoP liposomes were developed with the initial intention of creating a treatment regime in which a tumor 

could be illuminated with NIR light triggering the release of drugs from liposomes circulating in the blood 

with the aim of avoiding photodynamic effects such as the generation of singlet oxygen. To this end the 
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initial liposomes were prepared with a relatively high amount of PoP (10 mol. %) which significantly 

quenched the fluorescence and likewise thought to quench the singlet oxygen generation capability of the 

liposomes.[1] However while the initial tests were positive in showing favorable enhanced drug delivery 

and anti-tumor results, follow-up studies showed two key drawback of the initial liposome formulation. 

Firstly an unacceptable level of phototoxicity was observed under certain treatment conditions,[2] and 

secondly the liposomes formed using HPPH as the photosensitizer were found to be unstable in serum and 

in vivo as the HPPH appeared to interact with serum proteins causing the liposomes to be unstable releasing 

the entrapped doxorubicin.[3] The interaction of the HPPH with the serum proteins was also believed to 

play a role in the observed phototoxicty as in addition to inducing dox release the HPPH fluorescence was 

unquenched suggesting there would an increase in the amount of singlet oxygen produced by circulating 

liposomes.  

In order to address the phototoxicity liposomes were produced with metal chelated forms of HPPH-lipid. 

Copper (Cu) and Zinc (Zn) were used, both of which demonstrated interesting properties. The copper 

eliminated most of the HPPH fluorescence while the zinc was found to induce rapid self-bleaching upon 

exposure to light.[2] Both metals were shown to eliminate the phototoxicity associated with the used of the 

unchelated freebase HPPH under certain treatment conditions. However only the Zn-HPPH demonstrated 

favorable anti-tumor efficacy, suggesting that the generation of singlet oxygen played an important role in 

the efficacy of PoP liposomes.  

Liposomes containing PoP were first reported to be made using pyro-lipid and used for photothermal 

therapy (PTT) and photodynamic (PDT) applications, but not drug delivery applications due to poor cargo 

retention observed using pyro-lipid at high molar concentrations.[4–6] In the development of PoP 

liposomes HPPH-lipid had originally been chosen as an alternative to pyro-lipid as it demonstrated greater 

cargo loading and retention properties. However, given the problems with using HPPH it was then 

necessary to find an alternative to HPPH, as despite the fact that the metals reduced the phototoxicity they 

were not likely to improve the serum stability.[2, 3]  
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Rather than test a new photosensitizer studies were repeated with pyro-lipid, in which pyro-lipid was titrated 

into liposomes with a similar lipid composition to that of Doxil®, similar to the tests originally conducted 

with HPPH-lipid. In these studies, it was found that liposomes containing pyro-lipid could stably load and 

retain doxorubicin under certain conditions, and that the initial tests which demonstrated poor cargo 

retention of pyro-lipid containing liposomes were did not accurately represent the behavior of pyro-lipid as 

the liposomes were prepared with high amounts of pyro-lipid without cholesterol.[4] The ability of 

liposomes containing pyro-lipid to load doxorubicin was found to be affected by the amount of cholesterol 

used as well as the of pyro-lipid content. Liposomes prepared with a given amount of cholesterol (35-45 

mol.%) could be loaded with doxorubicin only if the pyro-content was below a specific value as increasing 

the amount of pyro-lipid seems to cause the liposomes to be unable to actively load doxorubicin. The higher 

the cholesterol content the higher the amount of pyro-lipid that can be used is. This phenomena is likely 

related to the fact that doxorubicin forms crystals when actively loaded into liposomes using ammonium 

sulfate, which cause the liposomes to elongate in one direction along the crystal. The elongation process 

places stress on the lipid bilayer which when pyro-lipid is present the bilayer cannot resist causing the 

bilayer to become permeable. This theory is supported by studies conducted with irinotecan, another 

anticancer drug which is actively loaded into liposomes. Unlike doxorubicin, irinotecan does not form large 

crystals but rather smaller aggregated. As a result irinotecan does not place stress on the lipid bilayer and 

can therefore be loaded into liposomes containing any amount of pyro-lipid.[7] In addition to the ability to 

load these drugs liposomes made with pyro-lipid were also found to be more stable in vivo than liposomes 

prepared with HPPH-lipid with the final formulation having a similar doxorubicin circulating half-life in 

both mice and rats to that of Doxil®.[4, 8] 

PoP liposomes have been shown to work with various cargo and the PoP prepared with different 

photosensitizers, lipid compositions and a variety of cargo for various of applications[1–4, 7, 9–16]  

However much of the development focus has been on liposomes prepared with doxorubicin and pyro-lipid. 

Doxorubicin is a particularly attractive drug for clinical use as it has a well-established clinical history as 

both a free drug and as a liposomal formulation.[17, 18] The final formulation has been shown to have 
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significant similarities to Doxil® including the pharmacokinetics, and in vitro and in vivo toxicity profile, 

with limited ambient light phototoxicity.[8] Where it differs greatly is in its efficacy. PoP liposomes have 

been shown to be effective at increasing the amounts of doxorubicin and suppressing tumor in multiple 

tumor models.[4, 8, 14, 19] 

As mentioned earlier the efficacy of PoP liposomes is driven by two factors; a PDT effect, and the ability 

of the liposomes to release entrapped drug following light stimulation. PDT has been shown to enhance the 

accumulation of nanoparticles in tumors through an augmented EPR effect by increasing the permeability 

of the tumor vasculature to nanoparticles,[20–22] which PoP liposomes also exploit. The triggered release 

however is a unique approach which helps to increase the bioavailability of the doxorubicin once it has 

accumulated in the tumor tissue. One of the more important attributes of the PoP liposomes is the ability to 

maintain high amounts of drug in the tumor over a long period of time.  

7.2 Future Directions 

The similarities of the final formulation to that of Doxil® makes it a compelling candidate from clinical 

translation. As it systemically similar to Doxil®, it can be expected to behave similarly. The only significant 

difference that can be expected is the potential for phototoxicty though the tests reported here demonstrate 

that PoP liposomes are unlikely to pose a significant phototoxicity risk. Therefore, the final formulation 

described here is an excellent candidate for clinical translation owning not only to its demonstrated safety 

but mainly to its antitumor efficacy.  

While the work in this thesis has looked at the use of different photosensitizers and drugs, it has primarily 

focused on the development and characterization of liposomes containing doxorubicin. The work with 

mitoxantrone and irinotecan have been very limited and merit further research efforts. The development of 

liposome formulations with these drugs as well as others could be useful in targeting tumors which may 

not respond to doxorubicin or useful in cases where the use of doxorubicin is not possible. 

In addition to developing new liposome drug formulations effort should also be placed on developing light 

delivery approaches. As demonstrated in studies with large rodent tumors light delivery is one of the 
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greatest challenges in the application of the PoP liposome technology. While external beam light delivery 

as was used in the studies reported in this thesis are effective for delivering light to small and accessible 

tumors, it is ineffective for larger tumors due to the limitations of light propagation. The use of interstitial 

light delivery approaches would allow the use of PoP liposomes for the treatment of larger tumors and 

potentially allow for the treatment of tumors which may otherwise be inaccessible to external beam light 

delivery.  
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