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Abstract 

Light-sensitive liposomes have been widely used for local , on demand, drug delivery 

for improved theranostics , and are not commonly explored for its use outside the 

biomedical application spectra. In this work we developed a new liposome formulation 

that can be used to entrap both imaging dyes and a chemotherapeutical drug for 

diverse applications. Chapter 1 provides a comprehensive background on the 

mechanisms of light-induced liposome permeabilization , explaining in depth how light 

interacts with liposomes via different molecular mechanisms to trigger cargo release. 

One of these mechanisms is called photooxidation and it is explored in Chapters 2 and 

3 with the use of PoP liposomes. Chapter 2 introduces a novel PoP liposome 

formulation that is able to encapsulate and fast release three different cargos upon 

NIR laser irradiation on intratumorally injected tumors. The release cargo enabled for 

fluorescence and magnetic resonance imaging and chemotherapeutic treatment. 

Chapter 3 describes the use of solar sensitive PoP liposomes (Sol-PoP) for the 

entrapment of coloring food dyes and release under sunlight. This mechanism is 

further explored to develop a sunlight detector-like prototype to predict sunlight 

exposure. Finally, on Chapter 4, a modified version of IR-820 dye was chemically 

modified to increase solubilization in water. The new dye, named DCP-Cy, was found 

to form J-aggregates in the presence of salts. The aggregated form of the dye was 

associated with a red shift in the absorbance peak from 789 nm to 934 nm. Liposomal 

DCP-Cy was found to accumulate in the spleen , enabling the dye for spleen imaging 

with good contrast by avoiding tissue absorbance at lower wavelengths. 
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Chapter 1: Mechanisms of Light-induced Liposome 
Permeabi I ization 

1.1 Acknowledgments 

In large part, this chapter is a reformatted version of the manuscripts entitled "Mechanisms of 

Light-induced Permeabilization" published in Bioengineering & Translational Medicine. 1 Under the 

supervision of Jonathan F. Lovell. my contribution to this work included writing the manuscript 

text. I would like to thank the Brazilian CAPES Science Without Borders scholarship for the 

financial support. 

1.2 Overview of On-demand Drug Delivery 

The use of nanoparticles (NPs) such as liposomes for drug-delivery systems (DDSs) has potential 

to retain the loaded cargo stably in circulation and better target the payloads to sites of interest. 2
-

3 In this way, adverse side effects of traditional chemotherapies can potentially be reduced_ 4-5 The 

ability to release the drug, on-demand, in a controlled and selective manner should greatly 

increase the efficacy of a therapy by increasing the local concentration and its bioavailability to a 

specific site of interest. Such an approach would make use of an internal or external trigger in 

order to induce the nanocarrier to release its content whenever and wherever necessary. Several 

triggers have been demonstrated to release liposomal cargo. A common example of an external 

8trigger is the use of heat to induce membrane permeability6- and other triggers such as 

ultrasound9 and magnetic fields. 10 Internal triggers aim to exploit differential properties of tumors 

such as lower pH11 -13 and enzymes found in cancer tissues14 -15_ 

Light is an intriguing stimulus to remotely trigger cargo release. 16 
-
2°Chemophototherapy, which 

has been explored preclinically and clinically, combines chemotherapy and phototherapy and 

stands to benefit from nanomaterials that release their cargo in response to light. 21 The 
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advantages of using light as a trigger is that various parameters, such as exposure time, 

wavelength, beam diameter and laser intensity can be readily externally modified to adapt to 

different purposes. Different light spectra can be used for laser-triggered release of cargo. UV 

and visible light are not ideally suited for treatments that require deep tissue penetration due to 

high scattering and absorption by cellular components, 22-23 thus, are mostly restricted to topical 

applications.24
-
25 On the other hand, wavelengths in the near-infrared (NIR; generally 650-900 

nm) can penetrate better into tissues (e.g. up to 1-2 cm) and are more suitable for cargo light

28triggered release in deeper tissues. 27- Although NIR light penetration is certainly limited in 

tissues, most areas in the body can be reached with careful treatment planning and with the use 

of interstitial fibers. 

1.2.1 Light-sensitive liposomes 

Liposomes have been studied extensively as biocompatible nanocarriers for a plethora of 

purposes, including drug and gene delivery to cancer or infectious diseases, vaccines, diagnosis, 

industrial applications among many others. 29
-
30 They are generally composed of phospholipids, 

cholesterol and can be sterically stabilized with polyethylene glycol (PEG) to give "stealth" abilities 

in order to avoid clearance by the reticuloendothelial system (RES). As liposomes are formed 

mostly from naturally occurring lipids, they present good biocompatibility and low toxicity. 

Furthermore, due to their small size and high flexibility, liposomes can passively accumulate in 

tumor sites via the enhanced permeability and retention (EPR) effect. Although these features 

make liposomes an attractive and clinically used DDS, some limitations should still be overcome 

depending on their formulation; for example, short circulating half-life, poor entrapment stability, 

passive leakage and fusion, uptake by RES and manufacturing-related problems such as high 

production costs and time consuming process. 30 
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Incorporation of photoreactive molecules into liposomes has potential to enable light-triggered 

cargo release of entrapped molecules. As will be discussed in this review, several different 

photoactive molecules are capable of inducing membrane destabilization and permeabilization. 

Their localization in the liposome is dependent on their intrinsic polarity. While photoreactive 

molecules can be entrapped within the hydrophilic core, apolar molecules are entrapped within 

the hydrophobic domain in the bilayer. Photoreactive molecules can also be conjugated to 

phospholipids, either in the hydrophobic tail or in head domain, with the first been shown to induce 

fast release due to direct contact with the bilayer, thus, promoting better membrane destabilization 

and/or disruption. 

Several mechanisms have been reported as mean of light-induced membrane destabilization to 

promote cargo release. Such mechanisms, also addressed in this review, includes light-induced 

oxidation, photocrosslinking, photoisomerization, photocleavage and photothermal release. We 

note that several excellent literature reviews exploring common mechanisms of cargo release 

from liposomes, micelles, polymer-based nanoparticles and other inorganic NP have already 

been described in the literature. 30-36 

1.3 Mechanisms of Light-triggered Release from Liposomes 

1.3.1 Light-induced oxidation 

One of the most common mechanism used for disruption of nanocarriers is light-induced oxidation 

by reactive oxygen species (ROS). ROS are highly reactive molecules that have unpaired 

electrons or unstable bonds. In tissues, high concentration of ROS leads to several types of 

damage due to oxidative stress, which includes DNA damage, oxidation of lipids, amino acids 

and proteins, inflammation and ultimately, cell apoptosis. 37-38 Common ROS resulting from 

chemical reactions include: singlet oxygen (102), hydroxyl radicals (HO•), superoxide (02•-) and 

hydrogen peroxide (H202). 39 Photosensitizers (PS) are known produce singlet oxygen when 
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excited by light at specific wavelength ranges. This mechanism has been extensively explored in 

Photodynamic Therapy (PDT), in which singlet oxygen derived from excitation of a given PS 

2induces oxidative stress and disruption of cell membranes.40
-4 

Light-induced generation of singlet oxygen have been used to release cargo from nanoparticles 

by oxidation of different lipids. The mechanism behind the release is thought to occur via 

membrane permeabilization caused by oxidization of unsaturated lipids and concomitant 

formation of pores in the bilayer, which causes the cargo to leak from the nanoparticle, as 

previously shown by Pashkovskaya et al.43 In his study, liposomes formed by unsaturated lipids 

were shown to release 5,6-carboxyfluorescein (CF), sulforhodamine B (SRB) and calcein in such 

manner that the permeability of the dye was increased as their molecular weight decreased 

(calcein < SRB < CF). Although the precise mechanism of pore formation is still unknown, the 

pores formed on the membrane were compared to ionic channels formed on oxidized lipid 

5membranes previously describe in other studies.44
-4 

The permeability of the membrane was also shown to be dependent on the molar % of 

unsaturated lipids, as shown by Luo et al.46 , where 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) was used as a "helper" lipid when combined with 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC). Increasing DOPC concentrations, up to a maximum of 10 mol. %, were 

found to increase doxorubicin (Dox) release rates when liposomes were permeabilized with NIR 

at 665 nm (Figure 1-1 A). This study showed that both DOPC and cholesterol are oxidized by 

singlet oxygen resulting from excitation of porphyrin-phospholipid (PoP). PoP is a lipid-like 

molecule that mixes both phospholipid and PS (the chlorophyll derived pyropheophorbide-a 

(Pyro)) into a single molecule and can be used to form biodegradable and light-sensitive 

liposomes. PoP is currently being investigated for numerous multimodal imaging and 

55phototherapy purposes_47- Porphyrins themselves possess intrinsic qualities that make them 

57attractive as theranostic agents. 55- PoP comprises a mono-carboxylic porphyrin derivative 

esterified to the central sn-2 hydroxyl of the glycerol backbone of phosphatidylcholine containing 
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a palmitoyl group at the sn-1 position. In order to induce cargo release, light-induced peroxidation 

reaction by singlet oxygen was suggested to occur mainly on the double bonds present in the two 

acyl chains of DOPC (Figure 1-1 B) resulting in membrane permeabilization so that DOX could 

be released (Figure 1-1 C).46 Previously, our group reported used the related 2-[1-hexyloxyethil]-

2-devinyl pyropheophorbide-a (HPPH) to generate Pyro-lipid or HPPH-lipid, respectively. PoP

liposomes based on HPPH-lipid was able release variable cargos such as doxorubicin, calcein, 

sulforhodamine B and gentamicin in response to NIR light. 19 

Rwei et al. demonstrated a novel liposome strategy that could, in theory, be used as an injectable 

drug-delivery system to allow patients to modulate the timing, duration, and intensity of local 

anesthesia.58 A NIR-absorbing phthalocyanine was entrapped in lipid bilayers containing 

unsaturated lipids, and the liposomes encapsulated a potent anesthetic agent; tetrodotoxin. Long 

wavelength light at 703 nm triggered tetrodotoxin release via a mechanism that also involved 

peroxidation of unsaturated lipids in the bilayer. 

1.3.2 Photocrosslinking 

The mechanism by which photocrosslinking induces content release occurs via polymerization of 

unsaturated bonds located in the hydrophobic domain of the bilayer. When a photosensitive 

polymerizable sensitizer containing a unsaturated is irradiated with specific light wavelength, the 

crosslink reaction between them causes the bilayer to shrink in the surrounding domain where 

the sensitizer is present. This causes the bilayer natural packing to suffer conformational changes, 

which in turn correlates with local pore formation, increasing membrane permeability and content 

leakage. 

Sine and collaborators59
-
60 showed that liposomes composed of a photopolymerizable 

phospholipid, 1,2 bis(tricosa-10, 12-diynoyl)-sn-glycero-3-phosphocholine (DCa,gPC), the main 

lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and DSPE-PEG2000 at specific molar 

5 
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ratios were able to release calcein and Dox upon light exposure. Treating these liposomes with 

either 254 nm UV light or 514 nm resulted in cargo release, although the mechanisms of release 

was different for both wavelengths. DCs,9PC photocrosslink was observed when the liposomes 

were treated with 254 nm light, which caused the polymerization and disruption of the liposome 

membrane. The mechanism behind the light-triggered release using 514 nm light was thought to 

be related to the generation of ROS, which was not observed when the liposomes were treated 

with 254 nm light. 

61Recently, the same group introduced a novel light-triggered release technique using HPPH 

encapsulated into DPPC:DCs,9PC:DSPE-PEG2000 liposomes. HPPH co-encapsulated with the 

fluorescent dye calcein, and exposure to 660 nm (90 mW) light caused some of the calcein to be 

released from the liposomes after 5 min treatment when compared to the untreated liposomes. 

HPPH is thought to be incorporated in the bilayer into "Pockets" around DCs,9PC and is excited 

by wavelengths around 665 nm. The activation of DCs,9PC by light was hypothesized to cause 

the pockets to become unstable, causing defects on the membrane with concomitant calcein 

release (Figure 1-2). The results suggest that calcein was released via graded mechanism 

(formation of pores in the membrane). 

In vivo studies with mice bearing an orthotropic breast cancer model of triple negative breast 

cancer cells expressing luciferase showed that calcein was released in the treated tumor region 

after laser treatment. The measurement of the fluorescence increase emitted by calcein (due to 

the loss of its self-quenching properties) was higher in liposomes containing HPPH and calcein 

when compared to liposomes encapsulating calcein only, which indicates that only liposomes 

containing HPPH is capable of light-triggered release. Tumor regression was also observed in 

mice treated with HPPH and calcein encapsulating liposomes. After laser treatment and following 

days after that, tumors presented reduction in both bioluminescence signal and volume. 

6 
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The light-triggered mechanism explored in this study opens the possibility for controlled release 

of cargo in vivo by co-loading both PDT agent and any other drug of interest, what might be of 

great value for various other cancer treatments. 

1.3.3 Photoisomerization 

The principle behind photoisomerization relies on the ability of certain molecules to undergo a 

conformational change upon light stimulation. In those molecules, mainly based on azobenzenes, 

isomerization occurs when their spatial orientation switches from the trans to cis state. When 

incorporated into liposomal membranes, for example, this transition is associated with bilayer 

53disruption followed by cargo release. 62- Azobenzenes have two phenyl rings which are 

interconnected by two nitrogen atoms paired by a double bond. Upon light exposure, the double 

bond between the nitrogen atoms undergo an angular conformation change, which leads the 

molecule to change from having a more apolar (trans) to a more polar (cis) nature (Figure 1-3).64· 

Azobenzenes are, in most cases, sensitive to light in the UV spectra, although their activation has 

been reported by using wavelengths in the range of 530-560 nm.66 The transition from trans to cis 

can be triggered by light irradiation at wavelengths ranging from 320-350 nm and the reverse 

reaction can be triggered by irradiation at 400-450 nm. The reversible reaction can also be 

achieved by heat increase, although this process is much slower than the photochemical 

counterpart.65 This reversible transition is extremely important, because it enables nanocarriers 

to be more dynamic by allowing, on-demand, external control of cargo release through changes 

in membrane permeability. The reverse switch from cis to trans state decreases membrane 

permeability, "locking" the nanocarrier once again. 

Azobenzene moieties were also reported to act as "host-guest" molecules when covalently 

attached to amphiphilic 13-cyclodextrin (Azo-CD). 67 The incorporation of transmembrane Azo-CD 
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within the bilayer (Figure 1-4) generates a system that can control the release of sulforhodamine 

B (SRB) upon UV light irradiation (A = 350 nm). When in trans state, the azobenzene moiety fits 

inside the 13-cyclodextrin cavity, but when irradiated with UV light, the switch to the cis state causes 

the polar isomer to be removed from the cavity, allowing the release of SRB. The use of 

azobenzene as photoswitchable transmembrane ion channel was also recently demonstrated by 

Yang et al.68 

Azobenzene photoisomerization and cargo release was also achieved using nonphospholipid 

liposomes, as reported by Cui et al. 69 Photosensitive liposomes constituted by decyl-azobenzyl

triethylammonium [AzoC10W] and cholesterol sulfate (Schol) presents very low passive 

permeability but still retains phototriggering characteristics. Self-assembling of the trans form of 

AzoC10W with a high proportion of Schol generates a tightly packed bilayer. Upon 350 nm light 

irradiation, the cis form induces the formation of defects into the membranes followed by solute 

(SRB) release. 

In general, azobenzene photoisomerization is a well-known mechanism and the attachment of 

azobenzene moieties to phospholipids has been explored for a long time. 63 The versatility for its 

use and the reversibility character of the reaction can be explored in different manners, which 

makes it a promising candidate to be used as a light-triggered mechanism. 

1.3.4 Photocleavage 

The general mechanism of photocleavage involves the incorporation of a photolabile 

group, normally o-nitrobenzyl (2-nitrobenzyl),70 to a lipid, which can be cleaved upon light 

irradiation with wavelengths in the UV/visible region, generally in the range of 320-400 nm. 

Hydrolysis of o-nitrobenzyl results in the separation of hydrophilic and hydrophobic groups from 

the amphiphilic phospholipid, which causes membrane destabilization and consequently, cargo 

release. The first report of viable photocleavable liposomes was demonstrated by Chandra et 
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72 al.71 - In their work, o-nitrobenzyl was used as a linker to conjugate the alkyl chain of stearyl 

amine to polar head groups with negative charge due to the incorporation of charged amino acids. 

Liposomes constituted of DSPC (95%) and photocleavable lipid (5%) showed to release 6-

carboxyfluorescein upon 365 nm light irradiation. 

Bayer et al. reported the synthesis of a new photocleavable phospholipid, namely NB-PC.73 Stable 

NB-PC liposomes were generated from the modification of the natural occurring 

phosphatidylcholine (PC) to include 2-nitrobenzyl in the acyl chain at the sn-2 position. The natural 

PC head group was kept intact in order to keep the photocleavable lipid more similar to their 

natural counterpart, since PC is a major component of cell membranes. The resulting 

phospholipid, was evaluated when liposomes were prepared with different concentrations of PC, 

phosphatidylethanolamine (PE), polyethylene glycol-PE (PEG-PE) and cholesterol. It was shown 

that under light irradiation (350 nm) release rate of nile red increased with increasing 

concentration of NB-PC. Due to the resemblance of NB-PC to natural PC, NB-PC liposomes 

present high stability even with increasing concentration of NB-PC. The mechanism proposed for 

the photocleavage and membrane disruption is depicted in Figure 1-5. 

Phospholipid photocleavage can also be achieved using molecules other than nitrobenzyl 

derivatives, as demonstrated by Wan et al., by using synthetic phosphatidylcholine-like lipids in 

which a photolablile dithiane-based tether served a linker between the hydrophobic tails and the 

phosphocholine headgroups.74 Liposomes were constituted of egg palmitoyl-oleoyl 

phosphatidylcholine (POPC), cholesterol and the photolabile lipid with entrapped pyridine as a 

probe for detection. Irradiation with 300 nm light during 75 min was able to decrease the leakage 

lifetime from 20 h (in the dark) to 1.5 h. NMR analysis also showed that the light treatment could 

cleave about 55 to 60% of the photolabile lipid. 
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1.3.5 Photothermal Release 

Several components can be utilized to deliver drugs, on demand, to specific sites using 

photothermal approaches. For instance, gold nanoparticles (AuNPs) are interesting for light

triggered release due to their high surface plasmon absorption and heat generation. AuNPs are 

able to rapidly and efficiently absorb visible, UV75 and NIR light76 and release energy as heat on 

the scale of picoseconds. 77 This effect is enhanced especially if the light wavelength matches 

AuNP absorption bands. This phenomenon generates a heated electron gas that rapidly 

exchange energy with the particle structure, which then, dissipates this energy in the surround 

78medium. 36
· When encapsulated by liposomes, the high temperatures achieved by AuNPs 

induces membrane stress and rupture, followed by cargo release. In some cases, instead of 

membrane rupture, the photothermal effect induces a phase transition in the bilayer, which makes 

it leakier and leads to an increased cargo release. 75 The location of AuNPs or any other light 

absorber is variable and dependent on its hydrophobicity and charge. They can be encapsulated 

80 81within the liposomal core, 79-80 tethered to the membrane, 76· - inserted within the bilayer, 75 free 

82in liposome solution80
· or assembled as aggregates with liposomes (Figure 1-6). 83 

Thermosensitive liposomes can be activated with photothermal transducers and NIR light is an 

appealing wavelength due to its higher tissue penetrance. Know et al. recently developed a TSL 

system tethering gold clusters on liposome bilayer with NIR sensitiveness. 76 Light absorbed by 

the gold cluster is converted into heat and transferred to the TSL, thus, increasing its bilayer phase 

transition temperature and causing membrane destabilization. The system was effective in 

releasing DOX and decreasing cell viability and promoting antitumor effect. Another approach 

coupled gold nanorods with thermosensitive liposomes containing tetrodotoxin to use NIR light to 

repeatedly trigger (over multiple days) local nerve blocking on demand in a rat model. 84 

Photothermal release does not necessarily need be related to whole sample temperature increase 

to promote liposomal disruption. As demonstrated by Wu et al., membrane permeabilization was 

induced by a "sonication-like" process in the presence of hollow gold nanoshells (HGNs). 81 In this 
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process, irradiation of pulsed NIR laser was shown to generate microbubble cavitation, with 

81increasing intensity as HGNs became closer to the liposomal membrane. 80- · 85 For example, free 

HGNs in solution induced a maximum of 35% release of CF, while HGNs tethered to the 

membrane via a thiol-PEG-lipid linker increased CF release to 93%. When HGNs reach high 

temperatures it causes the formation of unstable vapor microbubbles, which grow rapidly and 

then collapse, inducing membrane permeabilization. This mechanism appears similar to the 

transient cavitation effect induced by ultrasound. 86 Morphology analysis of the liposomes showed 

that the hollow structure of HGNs collapsed due the melting process. Interestingly, although 

HGNs are heated above their melting point, the total increase in the sample temperature was less 

°C.81 than 1 This approach has been advanced by incorporation of lysolipids to preformed 

liposomes to create sterically stable, thermosensitive liposomes that release contents under NIR 

light. 87 

Beyond AuNPs other light-absorbing agents that are incorporated into thermosensitive liposomes 

are able to induce photothermal release. Recently, Viitala et al. used both gold nanorods (GNRs) 

encapsulated within the liposome core and indocyanine green (ICG) within the bilayer. ICG 

naturally absorb light in the NIR spectrum and by changing the ration between GNRs length 

versus its diameter, it could absorb NIR light as well. 79 When sufficient power density required to 

cause phase transition in the lipid bilayer is applied (at least 18 W cm-2) liposomes encapsulating 

GNRs released approximately 57% of calcein, while almost 80% was released from liposomes 

embedded with ICG. The explanation for the highest release of calcein from liposomes embedded 

with ICG, is that ICG remains within the hydrophobic region of the bilayer. Due to this close 

proximity it is able to cause much higher membrane destabilization when compared to GNRs 

located in the core. The more energy is delivered, the more physical deformations occurs on the 

membrane that, eventually, breaks apart and releases its content. This approach using ICG as a 

photothermal transducer was extended for triggered release of entrapped model drug cargos. 
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1.4 Conclusions 

In general, common mechanisms of light-triggered cargo release mechanisms involve membrane 

destabilization which leads to increase in membrane permeability and content release. Light 

induced lipid oxidation occurs when highly reactive oxygen species are produced in the vicinity of 

the bilayer by a photosensitizer agent. The photosensitizer is able to generate singlet oxygen 

specie upon light irradiation at specific wavelengths. Singlet oxygen species reacts with 

unsaturated lipids, causing them to be oxidized. Lipid oxidization is then associated with pore 

formation and cargo release. In photocrosslinking, the polymerization of a photosensitizer 

containing a double bond causes the bilayer to shrink in the surrounding area causing a change 

in the bilayer packing format, then creating pores that allows the passage of the entrapped 

content. The mechanism behind photoisomerization is related to conformational changes of 

certain molecules, in most cases azobenzene-containing molecules, induced by light irradiation. 

When the spatial orientation of that molecule switches from the trans to cis state. This transition 

can cause bilayer disruption followed by content release. In the photocleavage mechanism, the 

incorporation of a photolabile group, normally o-nitrobenzyl, to a lipid, can make the lipid 

susceptible to hydrolysis upon light irradiation. That reaction results in the separation of 

hydrophilic and hydrophobic groups from the amphiphilic phospholipid, leading to membrane 

destabilization and cargo release. For photothermal release a photothermal agent converts light 

into heat then transfers the energy to the bilayer. The heat induces membrane stress and rupture 

or, in some cases, phase transition, which increases membrane permeability and content release. 

We conclude that multiple mechanisms to trigger content release from liposomes have been 

demonstrated to be effective strategies and, in some cases, hold promise for improved drug 

delivery systems. 
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1.6 Figures and Captions 
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Figure 1-1. Unsaturated lipids like DOPC accelerates light-triggered release via lipid 
oxidation. A. Dox release at increasing concentrations of unsaturated lipid (DOPC). B. DOPC 
oxidation on the unsaturated portion of the hydrophobic tail after laser irradiation. C. Proposed 
mechanism of light-induced oxidation for PoP liposomes and Dox release. Figure used with 
permission from the publisher.46 
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Figure 1-2. Proposed mechanism of light-triggered release of calcein from Pocket 
liposomes. Photo-activation of HPPH causes the local DCs,9PC cluster to form "Pockets" in the 
bilayer, allowing internal cargo to be released. Figure used with permission from the publisher. 61 

trans-azobenzene c/s-azobenzene 

Figure 1-3. Conformational change on the two phenyl rings of azobenzene. The transition 
from the trans to cis isomer is normally achieved after light irradiation at wavelengths ranging from 
320-350 nm. This reaction is completely reversible by irradiation at 400-450 nm. Figure used with 
permission from the publisher. 65 
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azobenzene labeled amphiphilic ~-CD 

Figure 1-4. One of the possible strategies for the use of azobenzene moieties to control 
cargo release from liposomes. In this example, azobenzene moieties are covalently attached 
to 13-cyclodextrin to act as "host-guest" molecules. After light irradiation, the transition from the 
trans to cis state leads azobenzene to leave the transmembrane cavity due to its larger size when 
compared to the trans isomer. Figure used with permission from the publisher. 67 
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Figure 1-5. Proposed photocleavage mechanism for NB-PC and drug release. A) During 
irradiation, the C-N bond in the linker is cleaved, producing aldehyde (1) and amide (2). 
Afterwards, intramolecular cyclization could also generate succinimide and LPC (3). B) Nile red 
is released from the bilayer after NB-PC photolysis. Figure used with permission from the 
publisher73 
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Figure 1-6. Photothermal release from liposomes using AuNPs. Membrane disruption can be 
triggered with the gold NP located at different positions, such as, embedded within the bilayer, 
encapsulated in the core, tethered to the membrane, free in solution or aggregated with 
liposomes. The closer the gold NP are from the bilayer, more effective is the release of the 
entrapped cargo. 
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Chapter 2: Multifunctional Liposomes for Image-Guided 
lntratumoral Chemo-Phototherapy 
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2.2 Abstract 

lntratumoral (IT) drug injections reduce systemic toxicity, but delivered volumes and distribution 

can be inconsistent. To improve IT delivery paradigms, porphyrin-phospholipid (PoP) liposomes 

were passively loaded with 3 hydrophilic cargos: SRB, a fluorophore; Gd-DTPA, a magnetic 

resonance (MR) agent; and oxaliplatin, a colorectal cancer chemotherapeutic. Liposome 

composition was optimized so that cargo was retained in serum and storage, but was released in 

less than one minute with exposure to near infrared (NIR) light. Light-triggered release occurred 

with PoP-dependent photooxidation of unsaturated lipids and all cargos released simultaneously. 

In subcutaneous murine colorectal tumors, drainage of released cargo was delayed when laser 
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treatment occurred 24 hours after IT injection, at doses orders of magnitude lower than systemic 

ones. Delayed light-triggering resulted in 90% tumor shrinkage relative to controls a week 

following treatment, although regrowth occurred subsequently. MR imaging revealed that over 

this time frame, pools of liposomes within the tumor migrated to adjacent regions, possibly leading 

to altered spatial distribution during triggered drug release. Thus, multimodal theranostic IT 

delivery approaches hold potential to both guide injections and interpret outcomes, in particular 

when combined with chemophototherapy. 

2.3 Introduction 

lntratumoral (IT) injections of cytotoxic agents have potential to shrink or ablate tumors that are 

difficult to surgically resect. Obvious benefits include minimization of systemic toxicity compared 

to systemic administration, while achieving extremely elevated tumor drug biodistribution. IT 

injections have been developed as percutaneous local ablative therapies (PLATs), for treating 

hepatocellular carcinoma primary tumors. 1-3 PLATs typically involve IT injection of small 

9 12molecules that are relatively safe at low concentration, such as ethano14- or acetic acid. 10-

Photodynamic therapy (PDT), an ablative technique based on local generation of reactive oxygen 

species (ROS) by a light-exposed photosensitizer, has been proposed with IT injection of the 

photosensitizer. 13 IT injections of hafnium oxide nanoparticles as radiosensitizers have achieved 

16improved tumor treatment. 14- Synergistic effects of magnetic hyperthermia and photothermal 

therapy caused by intratumoral iron oxide nanoparticles has been demonstrated to be effective in 

eradicating tumors. 17 

Despite the potential benefits, IT injections are not commonly used for most tumor treatments. 

This is due in large part to the variability of injections caused by intrinsic characteristics of solid 

tumors. Elevated interstitial fluid pressure (IFP) is a main challenge for intratumoral injections. 18-

23 This can cause partial efflux of the injected material through the needle track to the point of 
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injection, thereby leading to uncertainly in the achieved dose.24 High cell proliferation rates, 

abnormal lymphatics vascularization and hydraulic conductivity caused by the high permeability 

of tumor vessels contributes to increased IFP.25-27 Increased extracellular matrix (ECM) stiffness 

is also common in solid tumors. This rigidity not only increases IFP but can prevent the effective 

spread of the chemotherapeutical drugs within the tumor. 28-30 

IT-injected small hydrophilic molecules quickly drain out of tumors. 13
· 

31 Our group32 and others33 

previously demonstrated that IT-injected liposomal cargo have delayed drainage compared to 

small molecules. Porphyrin-phospholipid (PoP) liposomes are light-sensitive nanocarriers 

capable of controlled, on-demand, drug release with near infrared (NIR) light exposure. 32• 34-40 PoP 

liposomes are well-suited for chemophototherapy, an emerging modality that has numerous 

potential applications.4147 In this study, we develop a PoP liposome formulation that can stably 

load 3 different cargos for imaging and therapy. The advantages of using liposomes as the 

nanocarrier of choice over other nanoparticles rely on the use of PoP. As PoP comprises the 

conjugation of the photosensitized and a phospholipid in a single molecule to promote light

triggered release of hydrophobic payload, the use of liposomes rather than other nanoparticles 

was our choice. Multifunctional nanoparticulate approaches have been attracting interest recently 

for capabilities of both therapy and imaging.48-53 Triggered delivery approaches promise to provide 

58a better controlled release of drugs from nanoparticles54- Multimodal imaging can be used to 

extract diverse information about nanoparticle behavior. 59 Here, multimodal imaging is used to 

monitor PoP liposome cargo behavior following IT-injection (at drug doses hundreds of times 

lower than conventional systemic doses) and provide insights into the observation that delaying 

the interval between injection and light treatment improved outcomes. It is worth mention that we 

did not explore the detailed intracellular trafficking pathways of liposomes, given that the addition 

of this data goes beyond the scope of this work. 
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2.4 Materials and Methods 

2.4.1 Materials 

Lipids purchased from CordenPharma include 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, 

#LP-R4-070), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, #LP-R4-076), 1,2-dipalmitoyl

sn-glycero-3-phosphocholine (DPPC, #LP-R4-057), 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC, #LP-R4-058), cholesterol (#CH-0355), 1,2-distearoyl-sn-glycero-3-

phosphoethanolam i ne-N-( methoxy( PEG )-2000 (MPEG-2000-DSPE, #LP-R4-039). 

Sphingomyelin (SPM) was purchased from NOF America (#Coatsome NM-10). sn-1-palmitoyl sn-

2-pyropheophorbide phosphatidylcholine (Pyro-lipid (PoP)) was synthesized as previously 

described60 . Diethylenetriaminepentaacetic acid gadolinium(III) dihydrogen salt hydrate (Gd

DTPA) was purchased from Sigma-Aldrich (#381667). Sulforhodamine B (SRB) was purchased 

from Biotium (#80100). Oxaliplatin (OX) was obtained from LC laboratories (#0-7111 ). Sterile 

mature bovine serum was purchased from Pel-Freez (#37218-5). All the other reagents used in 

the experiments were prepared in our laboratory. 

2.4.2 Preparation and Characterization of PoP Liposomes 

Unless stated otherwise, for most experiments, liposomes were constituted of 

DOPC:DSPC:Chol:DSPE-PEG:PoP at a molar ratio of 10.75:32.25:50:5:2 mol. %. For a few 

experiments different formulations and phospholipids (DMPC, DPPC and Sphingomyelin) were 

used. Liposomes were prepared by the thin-film hydration method. Briefly, lipids dissolved in 

chloroform (40 mg/ml) were mixed in glass tubes. The organic solvent was then evaporated 

under a gentle nitrogen flow until a lipid film was formed at the bottom of the tube. Samples were 

incubated on a vacuum chamber during 4 hours in order to further remove the chloroform from 

the lipid film. For the hydration step, 1 ml of a 50 mM SRB solution (with or without 5 mg/ml OX 

and 200 mM Gd-DTPA) was heated until 60 °C and added to the lipid film. Samples were 
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sonicated in a water bath for 30 min at 60 °C. In order to remove the unencapsulated components, 

size-exclusion chromatography was used. Columns containing Sephadex® G-75 were loaded 

with 1 ml of the liposome solution. Fractions with high concentration of liposomes were selected 

and mixed in a single sample. The sample was then dialyzed twice against 1x PBS (137 mM 

NaCl, 7 mM Na2HPQ4, 3 mM NaH2PO4, pH 7.4) and stored protected from light at 4°C. Based on 

dynamic light scattering, SRB:Gd-DTPA:OX PoP liposomes had a zeta potential of -26 mV and a 

size of 170 nm. Drug Loading percent (DL %) was calculated using a previously reported formula 

for lipid nanoparticles. 61 

Cargo release from PoP liposomes was performed by using a power-tunable 665 nm laser diode 

(RPMC laser, LDX-3115-665). Fluence rate was set to 300 mW/cm2 and in vitro release was 

performed in both 50% sterile bovine serum and/or PBS at 37°C. SRB fluorescence was 

constantly monitored using a fluorimeter (PTI) at 585 nm emission wavelength. 

For serum stability tests, liposomes were added to 50% sterile mature bovine serum and 

incubated at 37°C during 3-4 hours with SRB fluorescence (+/- Triton X-100) being measured 

hourly using a TECAN Safire fluorescence microplate reader. The size and polydispersity of PoP 

liposomes were determined by dynamic light scattering (DLS) in a NanoBrook 90 plus PALS. 

The concentration of Gd and Pt metals present in both Gd-DTPA and oxaliplatin encapsulated in 

SRB:Gd-DTPA:OX PoP liposomes was determined by Inductively Coupled Plasma Atomic 

Emission Spectroscopy (ICP-OES). Briefly, 100 µL of the stock liposomes solutions were digested 

in 100 µL of concentrated metal grade HNQ3 at 60°C for 1 hour. After digestion the volume was 

adjusted to 10 ml with Di-water. Blank solutions were prepared by adding 100 µL of concentrated 

metal grade HNQ3 in 9.9 ml purified water. In order to obtain the concentration of Gd and Pt 

released from liposomes before, during and after laser treatment, samples were prepared by 
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adding 200 µl of stock liposomes solution to 800 µl of PBS and treated or not with 665 nm laser. 

The samples were centrifuged at 4000 g using 100K MWCO 5 ml Microsep TM tubes (Pall 

Corporation, #MPC1 00C41) until the filtrate volume reached about 1 ml, then, 1 ml Di-water was 

added to the retentate, resuspended and the samples were centrifuged again until the filtrate had 

a final volume of approximately 2 ml. At the end, the final volume of both filtrate and retentate 

were adjusted to 2 ml with Di-water. Each 2 ml sample was digested with 100 µl of concentrated 

metal grade HNQ3 at 60°C for 1 hour. After digestion, the samples had their volume adjusted to 

10 ml with Di-water before being taken for ICP-OES analysis. 

2.4.3 LC-QTOF Characterization of DOPC and Potential Oxidation Products 

Liposomes were diluted in PBS after irradiation . The lipid content of 1 ml of treated and 

untreated liposomes was then extracted using a modified Bligh-Dyer method62 and lipid 

extracts were prepared as we described previously.34 Lipids were resuspended in 

chloroform for LC-MS analysis . Data acquisition was performed using LC-ESI-QTOF 

(Agilent 1260 HPLC coupled to Agilent 6530 Accurate-Mass Quadrupole Time-of-Flight 

instrument, Agilent Technologies, Santa Clara, CA, USA) in positive electrospray 

ionization mode. The detailed experimental protocols for chromatographic separation and 

MS parameters can be found in Luo et al 2016. Data was collected using an m/z range 

50-1700 in extended dynamic range . For targeted analysis of DOPC and oxidized DOPC, 

the corresponding m/z for each ion (for DOPC m/z=786.6007, [M+H]+; and for oxidized 

DOPC m/z = 850 .5804 [M+H]+) was extracted in MassHunter Qualitative Analysis 

(version B.06.00, Agilent Technologies). Peak areas for each ion in extracted ion 

chromatograms (EICs) were manually integrated and were presented as ion counts. The 

identity of m/z = 786.6007 and 850 .5804 were confirmed by MS/MS at 15, 35 and 55 V 
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(details can be found Luo et al 2016). Based on m/z=184.0728, 522 .3533, 86.0985 

fragments, m/z=786.6007 is confirmed as DOPC; and, similarly, based on m/z=832.5724, 

814 .5698, 184.0844 fragments, m/z=850.5804 was confirmed as oxidized DOPC. 

2.4.4 Cell Viability Assay 

CT26.WT colon cancer cells were maintained at 37°C, 5% CO2 in DMEM containing 10% FBS 

and 1 % penicillin/ streptomycin. 1 x 104 cells were cultured on a 96-well plate. SRB:Gd-DTPA:OX 

PoP liposomes or free drug samples (54. 7 µg/ml) were added to cells containing complete media 

and incubated for 48 h. Media was removed post treatment and the cells were washed with PBS 

before adding fresh media containing serum. Cells were immediately exposed to laser by placing 

the 96-well plate in the 665 nm laser box. Cells were irradiated for 20 min at a fluence of 35.8 

J/cm2(fluence rate: 29.84 mW/cm2). 

PDT effect in vitro was assessed using XTT cell viability assay. 24h after laser treatment, media 

was replaced with XTT solution after the cells were washed with PBS. XTT solution was prepared 

by adding 50 µg/ml of 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide 

(XTT) and 30 µg/ ml N-methyl dibenzopyrazine methyl sulfate to PBS. 100 µL of XTT stock 

solution was added to each well and incubated for 2 h before reading the absorbance at 450 nm 

and 630 nm. Cell viability was calculated as ratio of absorbance of treated cells to untreated cells. 

All measurements were made in triplicates and error bars indicate standard deviation. 

2.4.5 SRB Drainage, Tumour Growth and Survival Experiments 

For in vivo experiments, a total of 38 (7-8 weeks old) female BALB/c mice (Envigo) were injected 

with 1 x 106 CT26.WT colon carcinoma cells (ATTC, #CRL-2638) in the right flank (32 mice) and 

in both right and left flank for SRB drainage experiments (6 mice). When tumors reached a size 
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of 5-7 mm, mice received intratumoral injections (40 µL) of SRB:Gd-DTPA:OX PoP liposomes at 

four different sites (at a dose of 32 mg/Kg lipids, which contains approximately 2.8 mg/Kg Gd

DTPA and 0.08 mg/Kg OX). Irradiation of intratumoral PoP liposomes was performed by using a 

power-tunable 665 nm laser diode (RPMC laser, LDX-3115-665) for 30 min. Fluence rate was set 

to 300 mW/cm2, with a spot size of 10 mm in diameter. All mice were anesthetized with 4% 

isoflurane and maintained at 2% during the laser treatment. At the end of the treatments, all mice 

were kept alive until the tumors reached a maximum of 10-fold the original size, or sacrificed after 

the necessary data had been obtained. All the experiments were performed in accordance to 

protocols that have been previously approved by the IACUC (Institutional Animal Care and Use 

Committee) at the State University of New York at Buffalo. 

2.4.6 In Vivo Imaging 

For fluorescence imaging experiments all mice were anesthetized with 4% isoflurane and 

maintained at 2% during imaging. The experiment was carried out first by injecting 10 µL (4x) of 

SRB:Gd-DTPA:OX PoP liposomes. Mice were then imaged with an IVIS imaging system 

(excitation, 535; emission, DsRed filter). 

All MR imaging experiments were carried out on a 4.7 Tesla preclinical imager using the 

ParaVision imaging platform (Bruker Biospin, Billerica MA) and a custom made, 35 mm I.D. 

quadrature transceiver coil (m2m Imaging, Cleveland OH). T1 and T2 rates of the nanoparticles 

(control, + laser, + detergent) were measured at increasing concentrations at both 25° and 37°C 

using an inversion-recovery, balanced steady-state free-precession scan and a multiecho CPMG 

scan, respectively, as described elsewhere. 63 Relaxivities were calculated using linear regression 

between the measured rates vs. concentration of gadolinium. For in vivo experiments, 

approximately 1 x 106 Colon 26 (CT26, ATCC) cells were injected subcutaneously into the right 

flank of two Balb/C mice and tumor was allowed to grow until its maximum diameter reached 1-
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1.5 cm. Mice were anesthetized with 4% isoflurane and maintained at 2% during imaging. Body 

temperature was maintained by using an MR-compatible heating system (SA Instruments, Stony 

Brook, NY). Two NMR tubes containing CuSO4-doped 1 % agarose were included for signal 

normalization. 

Following scout scans, a baseline, T1-weighted spoiled gradient echo scan was acquired with the 

following parameters: echo time = 3 ms, repetition time = 15 ms, flip angle = 40°, matrix size = 

192x128x128, field of view = 48x32x32mm. After baseline imaging, 20 µI of the liposomes was 

injected intratumorally from the superior and inferior directions. Mice were re-imaged immediately 

post-injection and imaging was repeated daily up to 72 hours. 

Histogram analysis of post-injection imaging data within the tumor suggested two populations of 

voxels, high intensity at the location of injection, and low intensity in regions that did not initially 

enhance. The two voxel populations were fit using a two-peak, Gaussian curve model in MATLAB 

and the tumor image data were segmented using the intermode intensity as a threshold.64 

Examination of curve fit residuals of the non-enhancing population indicated a subpopulation of 

voxels of slightly higher intensity than the bulk of non-enhanced tumor voxels. An additional two

peak Gaussian curve-fit model was applied to the voxels in the non-enhancing/minimally

enhancing population and the data was segmented at the intersection of the Gaussian curves. 

This intersection correlated well with a sharp increase in residual values from the initial histogram 

segmentation. Identical processing was applied to the MR data acquired 24 hours post injection. 

Segmented image data was pseudo-colorized in Analyze 7.0 (AnalyzeDirect, Figure 2-14, middle 

panel) and 30 surface models generated in Amira 5.2 (FEI, Figure 2-14, right panel). 
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2.5 Results and Discussion 

2.5.1 PoP Liposomes for Passive Cargo Encapsulation and Light-triggered 

Release 

Various lipids were assessed to develop a formulation for passive cargo entrapment and 

light-triggered drug release . Sulforhodamine B (SRB) was used as a hydrophilic 

fluorescence dye cargo loaded at 50 mM (a self-quenching concentration) to report on 

cargo release . All liposomes in this study had a fixed molar ratio of 50% cholesterol (Chol), 

5% 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy(PEG)-2000 (MPEG-

2000-DSPE) and 2% sn-1-palmitoyl sn-2-pyropheophorbide phosphatidylcholine (Pyro

lipid (PoP)). Different phospholipids, namely 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) or sphingomyelin (SPM) were used as primary lipids in PoP liposomes. Light

triggered release tests using a 665 nm laser demonstrated a fast release rate when 

liposomes were formulated with the unsaturated lipid DOPC, but not with saturated ones, 

regardless of side chain length (Figure 2-1 A) . Conversely, cargo retention stability in 50 

% serum of liposomes formed from saturated lipids was superior to those made with 

DOPC (Figure 2-1 B). Increasing amounts of saturated lipids, such as DSPC has been 

shown to induce higher lipid packing and stability in other light-triggered liposome 

systems.65 To obtain liposomes with both fast laser release and good serum stability, 

saturated and unsaturated lipids were blended at different molar ratios and assessed. 

Liposomes containing a molar ratio of [1 :3] of [DOPC:DSPC] exhibited fast NIR light

induced release (Figure 2-1 C) without compromising serum stability (Figure 2-1 D) . This 
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ratio was thus chosen to be used throughout this study. The speed of release was 

influenced by the amount of PoP in the bilayer with increasing speed rates from 0.5% to 

5% PoP (Figure 2-2), with a maximum efficiency achieved around 2% PoP (Figure 2-

1 E). Our group recently found that PoP liposomes containing small amounts of 

unsaturated lipids in the formulation were able to increase the light-triggered release 

speed of an actively loaded cargo. 34 Unsaturated lipids were oxidized during the light

triggered release process as the singlet oxygen species generated by PoP under NIR 

light irradiation attack the double bond in the hydrophobic tails of those lipids. 

Photooxidation methods have been used to trigger cargo release from liposomes. 66 To 

test if a similar mechanism existed here, we investigated the levels of DOPC and potential 

oxidized products before and after laser irradiation, using liquid chromatography 

quadrupole time of flight mass spectrometry (lC-QTOF) as described previously.34 As 

expected, after laser irradiation there was a profound decrease in DOPC (Figure 2-1 F) 

and appearance of a new species (Figure 2-1G), which was determined as oxidized 

DOPC based on MS/MS characterization . Thus it is likely that DOPC accelerated cargo 

release via POP-mediated photooxidation and subsequent bilayer destabilization . 

2.5.2 SRB, Gd-DTPA and Oxaliplatin Co-entrapment and Release 

The developed PoP liposome formulation was next used to co-encapsulate SRB, 

Gadolinium-gadopentetic acid (Gd-DTPA) and oxaliplatin (OX). Liposomes were formed 

with a buffer of 50 mM SRB (27.94 mg/ml), 200 mM Gd-DTPA (109.51 mg/ml) and 12.59 

mM OX (5 mg/ml). This SRB concentration is sufficient for robust self-quenching inside 

liposomes, the OX concentration used is close to the solubility limit, and the Gd-DTPA 
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concentration was selected based on how it influenced liposome size (Figure 2-3) . An 

increased concentration of Gd-DTPA resulted in larger liposome size, possibly due to 

effects related to high ionic strength or osmolarity of the solution . SRB fluorescence self

quenching was found to decrease with increasing Gd-DTPA concentration (Figure 2-4), 

possibly by reducing SRB overall encapsulation efficiency within the aqueous liposome 

core. As liposomes containing 200 mM Gd-DTPA resulted in a size smaller than 200 nm 

while retaining good SRB stability and fluorescence response after laser treatment, those 

were selected to be used as standard liposomes for our study. Inductively coupled 

plasma analysis revealed that after encapsulation and removal of unentrapped cargo, the 

total concentration of Gd and Pt present in Gd-DTPA and OX, respectively, was found 

502 .9 ± 15.33 µg/ml (~1 .75 mg/ml or ~3.2 mM Gd-DTPA) and 26.88 ± 0.36 µg/ml 

(~54.72 µg/ml or ~137.7 µMOX), respectively. The drug loading percent (DL%) for both 

Gd-DTPA and OX was found to be 4.192% and 0.343%, respectively. Due to the 

hydrophilic nature of the cargos, they are expected to be located in the aqueous lumen 

of the liposomes. SRB:Gd-DTPA:OX PoP liposomes showed faster SRB release (~40 

sec) (Figure 2-SA) compared to all the other PoP liposome formulations containing only 

SRB (Figure 2-1 C) . Detection of simultaneous light-induced cargo release was assessed 

using microcentrifugal filtration separation . SRB release was visualized by naked eye 

during these three time-points (Figure 2-58). SRB and PoP fluorescence were 

determined for each time point in both filtrate and retentate fractions (Figure 2-6), all the 

fluorescence values of SRB were converted to concentration values based on a standard 

SRB fluorescence curve. 1 % of the total SRB was found as free dye in the sample that 

did not receive laser treatment. After 5 seconds of laser treatment, ~29% of the SRB was 
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released , and after 2 min laser treatment, more than 95% of SRB was found in the filtrate . 

Based on ICP analyses, Gd and Pt were found to be simultaneously released after 2 min 

laser treatment but at different final concentrations (SRB = 98.11 ± 2.59 µg/ml; Gd = 

329.25 ± 5.59 µg/ml; Pt= 22.39 ± 0.43 µg/ml) (Figure 2-SC). This is significant because 

since all 3 cargos are released at similar rates, so that SRB can conveniently monitor 

drug release and Gd-DTPA can monitor drug distribution. SRB:Gd-DTPA:OX PoP 

liposomes size values before and after 2 min laser treatment are 171.22 ± 3.98 nm and 

153.08 ± 5.19 nm, respectively (Figure 2-7) . The polydispersity was also reduced from 

0.277 ± 0.008 to 0.233 ± 0.014 after 2 min laser treatment. Transmission Electron 

Microscopy (TEM) images revealed spherically shaped liposomes at variable size (Figure 

2-8) . The variable size can be attributed to the relatively high polydispersity caused by 

the no use of extrusion methods. 

When incubated at 37°C in 50% mature bovine serum during 4 h, SRB release in 

SRB:Gd-DTPA:OX PoP liposomes was found to be ~9.8% (Figure 2-5D). Therefore, this 

formulation presents excellent storage stability and good stability in serum. SRB:Gd

DTPA:OX PoP liposomes were assessed for refrigerated storage stability in PBS (Figure 

2-SE) during several weeks. After 5 weeks of storage, SRB release was found to be ~3%. 

2.5.3 Cell Viability 

PoP liposomes were previously shown to be effective PDT agents, although, when a 

chemotherapeutical drug is encapsulated , a synergistic effect between the drug and ROS 

can be expected to increase cell toxicity.35 CT26.WT murine colon cancer cells were 

incubated with SRB:Gd-DTPA:OX PoP liposomes or free OX for 48 h (Figure 2-9) . The 
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final concentration was adjusted to be either 5 µM or 25 µM OX. Both free and 

encapsulated Ox caused cell toxicity, however encapsulated OX was less cytotoxic 

compared to the free drug at higher concentrations. Cytotoxicity increased for PoP 

liposome samples when exposed to laser treatment. The mechanism is likely a 

combination of singlet oxygen generation and the released drug having better 

bioavailability. Some liposomes were pretreated with laser prior incubation to avoid ROS 

caused by PoP. Pretreated liposomes induced higher toxicity when compared to those 

that did not receive laser treatment, which is likely due to drug release and greater 

bioavailability. Pretreated liposomes were less toxic to those treated in situ , which was 

likely due to the PDT effect during treatment. The highest cytotoxicity was achieved with 

25 µMOX in PoP liposomes and irradiation , resulting in nearly complete cell kill. 

2.5.4 lntratumoral Liposome Latency 

To test liposome behavior within tumors, 40 µL of SRB:Gd-DTPA:OX PoP liposomes 

were injected at four locations per tumor (10 µL per injection), into mice with dual 

contralateral tumors (Figure 2-1 OA). One side was irradiated 10 minutes after injection 

while the contralateral tumor was covered to minimize stray light exposure. Even though 

SRB:Gd-DTPA:OX PoP liposomes were shown to fully release its cargo in less than 2 

min in vitro, due to concerns about light attenuation in tissues, we opted to increase the 

light irradiation time to 30 min . With irradiation , SRB release and unquenching were 

observed in the tumor. Based on longitudinal imaging of SRB, liposomes that received 

laser treatment right after injection quickly released SRB throughout the tumor area but 

after 2 h there was noticeable the decrease in fluorescence. Most SRB quickly cleared 
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from the tumor (Figure 2-108), while SRB fluorescence could be detected in the 

abdominal region in the following hours, presumably due to systemic clearance. After 24 

h, the contralateral tumor was then irradiated and again SRB fluorescence increased 

dramatically. This shows not only that liposomes were persistent in the tumor over 24 

hours but they also maintained their cargo without leakage, since SRB was maintained 

at self-quenching concentrations. The mice were imaged again 2 h after laser treatment 

and interestingly, SRB fluorescence was more persistent than in tumors irradiated 

immediately after injection . The high fluorescence persisted even at 6 h after irradiation . 

When the SRB values were normalized (Figure 2-10C), tumors irradiated 24 h after 

injection had a slower SRB drainage rate compared to tumors irradiated immediately after 

injection . We hypothesized OX would have increased efficacy if we give a 24 h drug-light

interval based on slower drainage rate . 

2.5.5 Survival Studies 

To investigate efficacy of SRB:Gd-DTPA:OX PoP liposomes in vivo, liposomes were 

injected IT at four locations (40 µLin total , 10 µL per injection) into mice bearing single 

CT-26 tumors . Mice were divided into 5 groups: (1) + Laser. Mice irradiated 10 min after 

injection ; (2) 24 h + Laser. Mice treated with laser 24 h after injection ; (3) Empty+ Laser. 

Mice injected with empty PoP liposomes with laser treatment immediately after injection ; 

(4) - Laser. Mice injected with SRB:Gd-DTPA:OX PoP liposomes but did not receive any 

laser treatment; (5) Control: Mice that did not receive any injection or laser treatment. 

Tumor size was measured every 2-3 days until they reach 10-fold their original size, then 

mice were sacrificed . During the first 7 days ( 16 days in Figure 2-11 ), mice from group 2 
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showed significant delay in tumor growth percent when compared to groups 3, 4 and 5 (p 

= 0.0002; 0.00007; 0.00008, respectively. Student's t-test), approaching statistical 

significance when compared to group 1 (p = 0.089. Student's t-test) (Figure 2-12A). No 

groups were completely cured and fast tumor growth occurred in group 2 in the second 

week. 

For survival analysis (Figure 2-12B), mice from group 2 (24 h + laser) had a significant 

increase in survival time when compared to controls (p = 0.0025, Log-rank test) but not 

significant when compared to group 1 (p = 0.176, Log-rank test) . Controls and groups 3 

and 4 had to be sacrificed sooner than those from the chemophototherapy groups 1 and 

2. For these groups, there was an initial shrinkage in the region where the liposomes were 

injected, by observing the tumor mass reduction or temporary absence of tumor growth 

in that region after the treatment when compared to non-injected sites. This was evident 

especially in group 2, where not only tumors had a significant tumor shrinkage, but mice 

had the best survival. Liposomes act as an extra protection layer to the drug, slowing the 

drainage of small molecules, which upon 24 h delay prior to laser treatment, can enhance 

the drug distribution to other tumor sites. Similar behavior was also observed by Yang et 

al67 using macrophages as carriers of nanoshells (NSs) for photothermal therapy (PTT). 

Although all mice tolerated the treatment, toxicity studies were not performed in this 

preliminary proof of principle work. However, we note that the injected doses of OX were 

hundreds of times less than conventional systemic preclinical OX doses in in the 

literature. Liposomal OX can be dosed with multiple intravenous doses of 5 mg/kg 

(compared to 0.08 mg/kg in this study) .68 
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2.5.6 MR Imaging 

Magnetic resonance imaging (MRI) is a non-invasive imaging technique used in both 

clinical and research settings. Contrast agents provide a tool to visualize IT injections, 

helping to localize, in real time, needle positioning and sample deposition at specific tumor 

sites. Gd-DTPA is a clinical contrast agent and the viability of SRB:Gd-DTPA:OX PoP 

liposomes was initially tested in vitro . At temperatures of 25°C and 37°C, both the laser 

and detergent treated liposomes showed significantly higher T1 relaxivities over the 

untreated liposomes (Table 2-1 and Figure 2-13). The higher relaxivities of the treated 

liposomes is indicative of increased water interaction with the contrast agent no longer 

enclosed within the liposome. Interestingly, increasing the temperature from 25°C to 37°C 

had the opposite effect on the relaxivities of control and treated liposomes. The reduction 

in relaxivities in the treated liposomes at higher temperatures (~15% decrease, on 

70average) is a documented phenomenon69- and is attributed to increased molecular 

tumbling rates that result in less efficient relaxation .71 However, control liposomes 

demonstrated a 28% increase in both T1 and T2 relaxivities at the higher temperature . 

This may be due to increased diffusion of water across the liposomal membrane enabling 

more efficient proton relaxation although further exploration of this phenomenon is 

needed. A similar increase in T1 relaxivity upon temperature increase was documented 

in thermosensitive liposomes for 6 clinically approved non-ionic Gd-based MRI contrast 

agents prior to the liposome reaching its melting point. 72 

To understand the IT behavior of the liposomes, MR images were acquired in mice prior 

to, immediately after and up to 72 hours after IT injection . A volume of 15 µL was injected 

from both the superior and inferior sides of the tumor. Laser treatment was not applied in 
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this study so that the kinetics of distribution of the liposomes could be observed . Three

dimensional distribution of the liposomes was readily detectable by MR imaging as 

hyperintense regions (Figure 2-14). MR imaging revealed multiple distribution behaviors 

over the course of 24 hours (Figure 2-15). Areas of accumulation near tumor border or 

subcutaneous regions cleared rapidly, presumably due to increased access to 

vasculature and lymphatics. The bright areas in stomach and intestines can be 

confounded with Gd-DTPA, but they are caused by food (fat) after the mice fed itself in 

the next day. Additionally, some areas with highly localized deposition experienced an 

outward diffusion of the liposomes to a greater localized volume. Lastly, some areas 

within the tumor that did not show enhancement immediately after injection showed 

enhancement 24 hours later, indicating a migration of liposomes from another location of 

the tumor. This indicates local influences such as interstitial pressure, stromal content 

and necrotic channels may result in a heterogeneous distribution of liposomes following 

injection that can be detected with three-dimensional MR imaging. 

2.6 Conclusions 

A PoP liposome formulation was developed with a molar ratio of 1:3 unsaturated to 

saturated phospholipids to entrap hydrophilic cargos with good serum stability and fast 

light-triggered release . PoP liposomes passively entrapped and simultaneously released 

three different cargos: SRB, Gd-DTPA and OX. With IT injection, the drug-light-interval 

affected drainage of light-released cargo based on fluorescence imaging and also 

impacted tumor shrinkage. Chemophototherapy was found to be significantly more 

effective than IT injection of drugs alone or IT PDT alone. MRI of encapsulated Gd-DTPA 
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revealed the pooling and spread of liposomes over time that might account for the 

observed superiority of a longer drug-light interval. Together, these results underscore 

how multimodal imaging and therapy results can aid IT-based therapies, particularly in 

the context of chemophototherapy. 
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Figure 2-1. A PoP liposome formulation for NIR release of passively loaded cargo. A) Light
triggered release of SRB using a 300 mW/cm2 665 nm laser with PoP liposomes containing the 
indicated lipids (43 mol. %), together with 50 mol. % Chol, 5 mol. % PEG-lipid and 2 mol. % PoP. 
B) Serum stability of these formulations at 37 °C in 50 % bovine serum. C) Light-triggered release 
of SRB from PoP liposomes with indicated ratios of DOPC:DSPC. D) Serum stability of PoP 
liposomes with different ratios of DOPC:DSPC. E) Laser-induced SRB release rate in liposomes 
containing 1 :3 ratio of DOPC:DSPC and the indicated mol. % PoP. F) Ion counts for DOPC 
(m/z=786.6007, [M+Hr) in PoP liposomes with or without NIR laser irradiation. G) Ion counts for 
oxidized DOPC (m/z=850.5804, [M+Hr) in PoP liposomes with or without NIR laser irradiation. 
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Figure 2-2. PoP mol% influence on SRB release. SRB release was monitored during 665 nm 
laser irradiation. 
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Figure 2-3. Liposome size depends on Gd-DTPA concentration. Increasing concentration of 
Gd-DTPA proportionally increases the size of PoP liposomes. 
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Figure 2-4. SRB fluorescence fold-increase decreases with increasing Gd-DTPA 
concentration. Using Gd-DTPA concentration of 300-400 mM causes a lower entrapment of 
SRB, and subsequently a lower fluorescence after detergent-induced release. SRB concentration 
can go even lower after 7 days, which makes these liposomes suboptimal candidates for 
fluorescence imaging. 

47 



- - -

BA 16 No laser 5 sec laser 2 min laser 

-♦ Laser 
····• ··· - Laser 

....... ......... .... .... ····• 
0 80 160 

Time (sec) 
240 Retentate Filtrate Retentate Filtrate Retentate Filtrate 

D 50 E 50 

~ 40 C 40 
a, 
Ill., 
a, 
al 
0:: 

30 

20 

a, 
Ill., 
a, 
al 
0:: 

30 

20 
ID 
0:: 
U) 

10 

0 

ID 
0:: 
U) 

10 

0 
0 50 100 0 2 3 4 0 1 2 3 4 5 

SRB release (µg/mL) Serum incubation time (hr) Refrigerated storage 
time (weeks) 

Figure 2-5. Multi-cargo release from PoP liposomes containing SRB:Gd-DTPA:OX. A) SRB 
release from liposomes co-encapsulating SRB, Gd-DTPA and OX with or without 665 nm laser 
irradiation. B) Centrifugal filtration of liposomes treated with laser. C) Gd and Pt release as a 
function of SRB release. D) Serum stability of SRB:Gd-DTPA:OX PoP liposomes at 37 °C in 50% 
bovine serum. (E) Storage stability of SRB:Gd-DTPA:OX PoP liposomes at 4°C. 
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Figure 2-6. SRB releases even with 5 seconds of laser irradiation. While PoP fluorescence 
is mainly found in the retentate fraction, SRB is quickly released after 5 seconds of laser 
treatment, which can be found in the filtrate fraction after centrifugal filtration. 
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Figure 2-7. SRB:Gd-DTPA:PoP liposomes size before and after laser treatment. Size was 
measured using dynamic light scattering, before and after a 2 min laser treatment. 
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Figure 2-8. TEM images of SRB:Gd-DTPA:PoP liposomes. Negative-stained transmission 
electron micrograph. 
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Figure 2-9. In vitro chemophototherapy. CT-26 cell viability following treatment with indicated 
liposomes or free drug with or without laser treatment. Viability was measured 48 h after 
incubation by XTT assay. 
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Figure 2-10. SRB drainage and release with photoactivatable liposomes. A) BALB/c mice 
with dual CT-26 tumors were IT-injected with SRB:Gd-DTPA:OX PoP liposomes (yellow arrows). 
Initially, only one side was treated with a 665 nm laser (red arrow). The contralateral tumor was 
treated 24 hours later. Signal shows SRB fluorescence, which is self-quenched in intact liposomes 
B) SRB signal and persistence in tumors persistency in dual tumor model. Red arrows show point 
of tumor irradiation. C) Normalized SRB drainage immediately following laser irradiation in dual 
tumor model. Values show mean +/- std. dev. for n=6 mice. 
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Figure 2-11. Relative tumor growth curves following treatment. Tumor growth was delayed 
in mice that had a delayed laser treatment 24 h post-intratumoral injection (red dashed line) when 
compared to non-injected mice (yellow line). 
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Figure 2-12. IT chemophototherapy anti-tumor efficacy. A) Tumor growth one week after 
treatment with tri-cargo liposomes (0.08 mg/kg OX or equivalent; 30 min. laser irradiation at 665 
nm, fluence rate: 300 mW/cm2 with indicated drug-light-interval (DLI)). Based on pair-wise two
tailed student t-test, the 24 h DLI group had significantly smaller tumors than groups indicated 
with asterisks (p <0.0005). (B) Survival of treated mice. Mice were sacrificed when tumor volume 
reached 10 times initial. n = 8 for groups the two groups receiving drug and laser and n=5 for the 
other groups. 

Formulation 
25 °C 

r1 (mM·s)-1 r2 (mM·s)-1 

37 °C 

r1 (mM·s)-1 r2 (mM·s)-1 

Intact Tri-cargo 
Liposomes 1.16 1.82 1.49 2.33 

+ Laser 2.00 2.36 1.63 2.16 

+ Detergent 1.99 2.64 1.75 2.02 

Table 2-1. Influence of temperature on T1 and T2 relaxivities. Liposomes irradiated with laser 
or exposed to detergent (Triton X-100) presented higher T1 relaxivities compared to untreated 
intact liposomes. 
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Figure 2-13. Graphical representation of the influence of temperature on T1 and T2 
relaxivities. T1 and T2 relaxivities change when the temperature is increased from 25 °C to 
37 °C. Liposomes irradiated with laser and liposomes exposed to detergent (Triton X-100) 
presented higher T1 relaxivities when compared to untreated liposomes (Control). 

52 



·2 
..!, 

"'0 
a.. 

·-C 

E 
LO 

Figure 2-14. Liposomal diffusion within the tumor. Multiple distribution phenomena witnessed 
after intratumoral injection into the tumor (left panel, MR image; middle. pseudo-colored 
segmentation results; right, 30 surface rendering of segmented areas). MR imaging revealed 
rapid clearance from areas near tumor border (yellow arrow), migration of liposomes to new areas 
of tumor (white arrow) and a spread of liposomal enhancement in an inferior regions of the tumor 
(black bar, diameter= 2.65 mm at 5', 4.05 mm at 24 hours). 
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Figure 2-15. MR imaging. MR images of two mice (top, coronal view; bottom, axial view) IT
injected with SRB:Gd-DTPA:OX PoP liposomes (injection sites are shown with white 
arrowheads). After injection, IT MR enhancement was observed (white arrows). Temporary 
subcutaneous MR enhancement was observed following injection (yellow arrow, top row), 
indicative of either poor needle placement or liposome efflux. 
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Chapter 3: Detection of Sunlight Exposure with Solar
Sensitive Liposomes that Capture and Release Food Dyes 
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3.2 Abstract 

Direct assessment of sunlight exposure can be challenging over extended periods or in multiple 

remote locations. We optimized liposome formulations that included egg and hydrogenated soy 

lipids, as well as small amounts of a chlorophyll-derived phospholipid (PoP) to confer sunlight 

reactivity and triggered release of entrapped dyes. Dye release occurred with PoP-mediated 

photooxidation of unsaturated phospholipids, and could be tuned by varying the unsaturated (egg) 

to saturated (soy) lipid ratio, or by varying the amount of PoP included. Numerous food coloring 

dyes were entrapped within the liposomes and, when applied onto a polyacrylamide gel, remained 

intact and immobilized for at least a month in the dark. When exposed to sunlight, the dyes were 

released and rapidly diffused through the gel, creating a detection system for assessing sunlight 

exposure by the naked eye, based on dye diffusion. Acid blue 6 and acid yellow 23 were 
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particularly effective reporter food dyes in this system. By using liposomes with varying PoP 

amounts, light-induced dye release could be tuned to coincide with varying amounts of solar 

exposure. Additionally, exposure-dependent, color-coded release patterns were generated using 

colloidal mixtures of separately formed liposomes loaded with different dyes. Combining these 

features with customized 30 printed enclosures, a small and readily deployable device was 

created for visualizing solar-sensitive liposome reporting. These studies show proof-of-principle 

that PoP liposomes can serve as non-electric, naturally-derived reporters for visually assessing 

sunlight exposure based on simple diffusion of entrapped food coloring. 

3.3 Introduction 

The Sun is the source of all energy and life on our planet, so measuring sunlight at the Earth's 

surface is of importance. Numerous digital devices exist to do so, including pyranometers and 

other light meters for spot measurements. Most information on sunlight exposure is inferred 

indirectly from algorithms that incorporate data from satellite imagery of atmospheric conditions. 

Such approaches are not reliable in conditions where variable shade is prominent, such as in 

canopy growth or urban areas. Sun tracking systems exist that can directly measure extended 

periods of sunlight exposure, but are expensive devices, and are thus not highly accessible nor 

could be used easily at multiple sites. 1 Of frequent interest for sunlight measurement is 

photosynthetically active radiation (PAR), which can be obtained following instrument calibration, 

based on the instrumentation spectral response. 

A diverse variety of light-sensitive nanoparticles and materials have been developed in recent 

years.2-s Liposomes have been the focus of much research activity for light-triggered release9 in 

conjunction with polymers, which shares similar release mechanisms 10-12 and improved 

biocompatibility. 13 Numerous methods for light-triggered release from liposomes include 

15 24 29 38photocrosslinking, 14- photoisomerization, 17- photocleavage,25- photothermal release30- and 
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light-induced lipid oxidation. 39 We previously found that a chlorophyll derivative, 

pyropheophorbide-a, can be conjugated to a lipid to generate porphyrin-phospholipid (PoP), 

which in turn can be incorporated into standard liposomes to induce light-triggered cargo 

release.4042 The mechanism of PoP-mediated light-induced membrane permeabilization appears 

related to PoP-mediated photooxidation of unsaturated lipids within the bilayer, as evidenced by 

multiple studies involving liquid chromatography and mass spectrometry (LC/MS) lipidomics 

analysis of liposomes before and after irradiation.43-46 Other studies also demonstrate the 

47importance of dissolved oxygen for the photooxidation to occour. 

Some studies have examined ultraviolet and sunlight peroxidation of lipids, although not in the 

context of controllable release of cargo. 48-49 PoP has not yet been used in applications involving 

sunlight activation. To the best of our knowledge, nanoscale reporters of sunlight exposure have 

not been reported. In this work we develop a nanoparticulate reporter system derived from 

chlorophyll (which naturally forms the basis for PAR) as a small, diffusion-based, naturally

derived, non-electric, and tunable sensor for sunlight exposure that can be detected by the naked 

eye. 

3.4 Methods and Materials 

3.4.1. Materials 

Non-hydrogenated Egg phosphatidylcholine (Egg-PC) and Hydrogenated soybean 

phosphatidylcholine (HSPC) were purchased from NOF America (COATSOME NC-50 and 

COATSOME NC-21, respectively). cholesterol was purchased from Nu-Chek Prep, Inc. (#CH-

800-A28-Z). sn-1-palmitoyl sn-2-pyropheophorbide phosphatidylcholine (Pyro-lipid (PoP)) was 

synthesized as previously described. 50 Acid Blue 9, Acid Yellow 23, Allura Red AC, Erythrosine 

B and Sunset Yellow FCF were purchased from TCI (#3844-45-9, #1934-21-0, #25956-17-6, 
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#16423-68-0 and #2783-94-0, respectively). Fast Green FCF was purchased from Acros 

Organics (#2353-45-9). Sulforhodamine B (SRB) was purchased from Biotium (#80100). 

Acrylamide: Bis Solution 19: 1 OmniPur® 40% solution (w/v) was purchased from EMO Millipore 

(#1290-OP). Ammonium persulfate (APS) was purchased from Amresco (#0486-258). TEMED 

(N,N.N',N'-Tetramethylethylenadiamine, 99%, extra pure) was purchased from Acros Organics 

(#110-18-9) Glass tubes were purchased from VWR (#47729-568). All the other reagents used in 

the experiments were prepared in our laboratory. All water used was Type I reagent grade water 

purified with a Barnstead Nanopure water purification system. 

3.4.2 Preparation and characterization of PoP liposomes 

Unless otherwise stated, most experiments were performed with liposomes constituted of Egg

PC:HSPC:Chol:PoP at a molar ratio of 1.23:3.71 :5:0.05 mol.%, although in several experiments 

the unsaturated to saturated lipid ratio and the amount of PoP were variable. Liposomes were 

prepared by the 20% ethanol injection method. Briefly, 20 mg/ml lipids were dissolved in 200 µL 

ethanol and mixed in glass tubes at 60 °C. Lipids were injected with 800 µL of different solutions 

containing varying food dyes at their maximum soluble concentration in water or 50 mM SRB in 

water at 60 °C. To remove the non-encapsulated components, size-exclusion chromatography 

was used. Columns containing Sephadex® G-75 were loaded with 1 ml of liposome samples and 

the best fractions were collected. Free-dye was further removed by dialyzing the samples against 

water several times, until no color was detected in the external medium. Samples were protected 

from light during most parts of the experiment to avoid unwanted leakage of the encapsulated 

contents. The size PoP liposomes was determined by dynamic light scattering in a NanoBrook 

90Plus PALS. 
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3.4.3 Maximum solubility tests of dyes 

The maximum solubility concentration in water was determined by centrifugation at 20.000 ref of 

varied concentrations of dye solutions until no pellet was detected in the tubes. Absorbance 

measurements of the supernatants were obtained with a Perkin Elmer Lambda 35 UV/VIS 

Spectrometer. 

3.4.4 Laser-induced release experiments 

Cargo release from PoP liposomes was performed by using a power-tunable 665 nm laser diode 

(RPMC laser, LDX-3115-665). The fluence rate was 300 mW/cm2
. SRB fluorescence was 

constantly monitored using a fluorometer (PTI) at 585 nm emission wavelength. The influence of 

the temperature in the laser-induced SRB release was performed as mentioned above, but with 

the adjustment of the temperature by the PTI fluorometer. For comparison of SRB light-induced 

release by blue laser (420 nm) against the red laser (665 nm), the fluence rate was set to 50 

mW/cm2 for both lasers. 

3.4.5 Heat-induced release experiments 

Heat-induced release experiments was performed using a PBR Sprint thermocycler by incubating 

200 µL of SRB-loaded PoP liposomes (49.5 mol % [1 :3 egg-PC:HSPC mol. ratio], 50 mol. % 

cholesterol and 0.5 mol. % PoP) in water for 15 min each. Differences in fluorescence upon 

incubation at different temperatures was accessed by using a TECAN Safire fluorescence 

microplate reader. 
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3.4.6 Transmission Electron Microscopy (TEM) 

The morphology and size of liposomes were measured by transmission electron microscopy 

(TEM) with a JEOL JEM-2010 microscope at a working voltage of 200 kV. TEM samples were 

prepared for imaging by dropping the dilute liposomes dispersion onto a continuous carbon film 

coated copper TEM grid and being stained with 2% Uranyl Acetate successively. 

3.4.7 Solar simulator, Cool white LED and Sunlight-induced release experiments 

Solar irradiation simulations were performed using a Newport Oriel 91191-1000 Solar Simulator 

with an AM1 .SG filter. The resulting illuminance from the solar simulator was measured by using 

a Leaton Digital Luxmeter placed under the lamp at the same level as the samples. Cool white 

LED-induced release was performed using a QUANS SW 5x1W Cool White 19.68" High Power 

LED Lamp. Samples were positioned at variable distances from the light source. The light dose 

per second can be translated into shorter or longer exposure times depending on the experiment 

objective. The illuminance was measured by using a Leaton Digital Luxmeter. For the sunlight 

experiments, samples were placed outside our laboratory area in an open space without shadows 

in either a sunny or a cloudy day. The illuminance was measured by using a Leaton Digital 

Luxmeter. 

3.4.8 LC-QTOF characterization of Egg-PC and potential oxidation products 

44Lipid extraction from liposomes was performed as we described previously. 43 - The detailed 

chromatographic condition and MS parameters can be found in our previous studies43-44 with slight 

modifications on the LC gradient as follows: the gradient started after 5 min at 0% B and then 

increased to 100% B over 40 min followed by 100% B for 7 min before equilibration for 8 min at 
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0% B. Targeted analysis of lipid species was performed using MassHunter Qualitative Analysis 

(version B.06.00, Agilent Technologies). 

PC species: Egg PC is a mixture of PCs with major component of PC (16:0, 18:1 ), PC (16:0, 

18:2), PC (18:0, 18:1) and PC (18:0, 18:2).51 For targeted analysis of PCs, the corresponding m/z 

of each species [PC (16:0, 18: 1) m/z=760.5851; PC (16:0, 18:2) m/z=758.5694; PC (18:0, 18:1) 

m/z=788.6164; PC (18:0, 18:2) m/z=786.6007] was extracted and peak areas were manually 

integrated. These areas were presented as ion counts. m/z's corresponded to [M+H]+ adduct of 

each lipid. 

The identity of these lipids was confirmed by MS/MS (experimental details on data acquisition can 

be found in Luo, 2016). 

Based on m/z=184.0773, 522.3499, 577.5274 fragments, m/z=760.5847 was confirmed as PC 

(16:0, 18:1); 

Based on m/z=184.0718, 520.3415, 575.5048 fragments, m/z=758.5667 was confirmed as PC 

(16:0, 18:2); 

Based on m/z=184.0761, 524.3744, 605.5446 fragments, m/z=788.6157 was confirmed as PC 

(18:0, 18:1); 

Based on m/z=184.0768, 524.3737, 603.5276 fragments, m/z=786.5983 was confirmed as PC 

(18:0, 18:2). 

Oxidized PC species: Oxidized forms of PC (16:0, 18:1), PC (16:0, 18:2), PC (18:0, 18:1) were 

observed as m/z=774.5643, m/z=790.5593, m/z=802.5956, respectively (correspond to [M+H]+ 
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adducts). These m/z's were assigned as oxidized PCs based on the choline head group 

(m/z=184.0773) and oxidized forms of the intact lipid or the lysolipid chains fragment. These 

fragments are reported below: 

For m/z=774.5652: m/z=184.0728, 496.3373, 591.4974, 758.5560 fragments were observed 

For m/z=790.5549: m/z=184.0711, 478.3225, 754.5299, 772.5398 fragments were observed 

For m/z=802.5976: m/z=184.0763, 786.6073 fragments were observed. 

The statistical analysis for the comparison between lipid species from liposomes treated or not 

with light was performed using Student T-test. 

3.4.9 Dye release on gel in glass tubes and 3D printed molds 

PoP liposomes or free-dye were loaded on top of 5% polyacrylamide gels. The gels were prepared 

combining an acrylamide solution (40% solution, w/v) with water at a proportion of 1 :6.9 ml, with 

later addition of 10 µL of 10% ammonium persulfate per ml of gel and 1 µL of TEMED per ml of 

gel. The gels were prepared in both glass tubes or in 30 printed molds designed specifically to 

hold the gels. The molds contained variable outer diameter and inner post sizes (which would 

form small wells on the gel, serving as a reservoir for the samples). The molds were printed using 

a Robo3D R2 printer and polylactic acid (PLA) plastic filament. The molds were developed in 

Autodesk Fusion 360, and geode for the printer was sliced in Cura software. For the release 

experiments, 50 µL of PoP liposomes containing acid blue or acid yellow were first loaded onto 

the wells formed in the gel. The gels were placed under a cool white LED lamp (QUANS SW 5x1W 

Cool White 19.68" High Power LED Lamp) and irradiated for 1 or 24 h and photographed 

immediately. A control sample was kept in the dark for 24 h. 

62 



3.5 Results and Discussions 

3.5.1 Liposome formulation and light-triggered release 

We previously reported that light-triggered cargo release in liposomes containing small amounts 

of PoP was impacted by the ratio of the saturated lipid distearoylphosphatidylcholine (DSPC) and 

the unsaturated lipid dioleoylphosphatidylcholine (DOPC), which was prone to PoP-mediated 

photooxidation.44 A similar liposome formulation was used, but the naturally-derived lipids of 

hydrogenated soy PC (HSPC) and egg-PC were used. Liposomes were formed with a small 

amount of PoP, and were loaded with the hydrophilic fluorophore sulforhodamine B (SRB) at self

quenching concentrations. Initial experiments for formulation optimization and light-triggered 

release characterization were performed using a 665 nm laser diode directly connected to a 

fluorometer which enabled the simultaneous excitation of the sample and measurement of cargo 

release in real-time. The ratio of HSPC and egg-PC strongly influenced cargo release (Figure 3-

1A). A mixture of both unsaturated and saturated lipids were found to release faster than when 

one of them are present alone as the main lipid. In the absence of egg-PC, light-triggered release 

in PoP liposomes was negligible. The fastest light-induced release was found at molar ratios of 

1:1 and 1:3 of egg-PC to HSPC. The amount of PoP included in the liposome formulation (using 

a 1:3 ratio of egg-PC to HSPC) also influenced the rate of light-triggered release (Figure 3-1 B). 

With inclusion of PoP over 0.5 mol. %, complete release of cargo was observed within a few 

minutes, while liposomes containing lower amounts of PoP had slower release. Thus, both PoP 

and egg-PC were required for light-triggered release. As shown in Figure 3-1C, the mechanism 

is believed to relate to PoP-mediated photooxidation of unsaturated lipids in egg-PC. This leads 

to destabilization of the bilayer and release of entrapped cargo. When the rate of release is 

normalized by the amount of PoP present in the liposomes, 2 mol. % provided the optimal amount 

of PoP for rapid release (Figure 3-1 D). 
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As a chlorophyll derivative, PoP has two absorption peaks with a Soret band in the blue, and Q

bands in the red. PoP liposomes were irradiated with 50 mW/cm2 illumination from laser diodes 

of either color; blue (405 nm) or red (665 nm). As shown in Figure 3-2, the blue laser induced 

more rapid release, which is expected given the greater absorption intensity of the Soret band 

over the Q-bands. To further characterize release properties, the liposomes were assessed for 

thermal stability in the absence of light, during brief incubation periods (15 minutes). Figure 3-3 

shows that PoP liposomes have high thermal stability, with no substantial release observed at 

temperatures up to 75 °C, and only ~15% cargo release even at 95 °C. To assess the impact of 

temperature on light triggered release, 665 nm irradiation was applied to PoP liposomes in a 

stirring cuvette at temperatures of 20, 25, 30 and 35 °C. As shown in Figure 3-4, there was not 

any substantial difference in the rate of light-triggered release within this temperature range. 

We next further investigated the mechanism of PoP-mediated photo-triggered cargo release. Egg

PC and hydrogenated soy comprise a mixture of different phospholipids, ranging in alkyl sidechain 

length, and for Egg-PC, the number and position of double bonds. Based on LC-MS, three 

saturated lipids were clearly detected in the PoP liposomes that would be expected from 

hydrogenated soy PC, formed from combinations 18:0 and 16:0 alkyl side chains (Figure 3-SA). 

Notably, following laser treatment, the abundance of these soy lipids was not impacted. 

Unsaturated Egg-PC lipids were also identified based on their molecular weights including mixed 

sidechains such as monounsaturated (16:0, 18:1) and diunsaturated (16:0, 18:2) species (Figure 

3-5B). Unlike the saturated soy PC, laser treatment drastically decreased the abundance of 

unsaturated egg-PC lipids (Figure 3-5B). At least 3 unsaturated egg PC lipids significantly were 

depleted from the PoP liposomes. When liposomes lacking PoP were irradiated, no reduction in 

unsaturated egg-PC lipids was observed, demonstrating the photo-oxidation process is PoP

mediated (Figure 3-6). As the likely mechanism of the treatment is photooxidation of unsaturated 

lipids, corresponding peroxidized products were identified in significantly increased abundance 
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(Figure 3-SC). These LC-MS conditions are limited in providing definitive structural information 

on the newly emerging species. Full details on observed species are listed in Table 3-1. Based 

on the m/z we observed, we propose a demonstrative peroxidized structure for m/z = 790.5593 

in Figure 3-7. SRB-loaded liposomes did not show any significant change in size (Figure 3-SA), 

polydispersity (Figure 3-8B) and spherical and unilamellar morphology (Figure 3-SC) before and 

after laser irradiation, consistent with our prior observations of light-induced membrane 

permeabilization, which was found to be a transient phenomenon.40.43 

3.5.2 Cargo release in response to solar simulation, sunlight and a cool white LED 

lamp 

Solar simulators simulate the solar spectrum at the Earth's surface. 52 When PoP liposomes 

(containing 0.5 mol.% and a 3:1 ratio of soy:egg PC) were placed in a solar simulator, nearly full 

cargo release was observed during 30 minutes of irradiation (Figure 3-9A). Despite the low 

amount of PoP in the formulation, approximately 60% of entrapped SRB was released in the first 

10 minutes of exposure. Liposomes were next exposed to actual outdoor sunlight. Figure 3-9B 

shows that when exposed to sunlight on a sunny day, light triggered release was induced. Cargo 

release was somewhat faster than that observed for samples irradiated with the solar simulator, 

with nearly 80 % cargo release in the first 10 minutes of exposure. 

Solar irradiance on a sunny day typically varies between 80,000 to 98,000 lux53 
, which matches 

with the average lux measurements observed in our experiments (lux == 98,370). Solar irradiance 

on Earth is never constant throughout time, due to several factors which influence the amount of 

solar energy passing through the atmosphere and finally arriving at the ground level.54-55 Different 

solar irradiance means different light levels being delivered to the liposomes. Because chlorophyll 

naturally detects PAR, we anticipate these liposomes are detectors for irradiance directly related 
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to plant energetics. On a cloudy day, cargo release from PoP liposomes was significantly slower 

compare to a sunny day (Figure 3-9C). We further assessed whether the amount of PoP included 

in the formulation could impact sunlight triggered release. Indeed, with 2 molar% PoP, full release 

was observed with 30 minutes of sunlight exposure on either a cloudy or a sunny day. Liposomes 

with 0.5 mol. % PoP produced a greater differential of dye release between sunny and cloudy 

conditions. Liposomes containing less PoP did not release substantial amounts of cargo with just 

30 minutes of exposure. 

For improved irradiation reproducibility within our own lab, we assessed a cool white LED lamp 

as the irradiation source. By varying the distance from the lamp to the irradiated samples, different 

power densities were achieved (Figure 3-9D). Increasing cargo release occurred with increasing 

lux. lrradiance rates of >60,000 lux produced reasonably similar release kinetics as the solar 

simulator or sunlight, even though the LED lamp spectra (Figure 3-10) represents only a fraction 

of the mix of all wavelengths observed in the sunlight. 55 The LED light source could be used to 

achieve similar rates of release as natural sunlight using 90,000 lux irradiation, and was used for 

further experiments unless indicated otherwise. 

Since spot measurements of sunlight can adequately be measured with handheld monitors, we 

aimed to generate liposomes that could be activated with substantially longer periods of sunlight 

exposure. We decreased PoP mol.% to 0.05 and then compared different formulations with 

decreasing amounts of unsaturated lipids in relation to the saturated ones (Figure 3-9E). PoP 

liposomes with a 3:1 ratio of hydrogenated soy:egg PC liposomes still produced fast release, 

although full release decreased to a period of 8 hours of simulated sunlight exposure. Decreasing 

the amount of egg-PC resulted in decreased light-triggered release, due to decreasing amounts 

of unsaturated lipids. In the absence of egg-PC, very little cargo release was observed. Figure 3-

9F shows the relationship between the amount of PoP and Egg-PC in the liposomes, with respect 

66 

https://sunlight.55


to light-triggered release. These two components can be adjusted to robustly fine-tune liposome 

solar sensitivity, with PoP having a relatively profound impact between 0-2 mol. % inclusion. 

3.5.3 Encapsulation and release of food dyes 

SRB and other commonly-used hydrophilic markers of liposome permeability are useful with 

fluorometric analysis. However, the necessity of a fluorescence detector or imaging system would 

limit the versatility and ease of use of a small liposome-based sunlight exposure sensing device. 

Commonly used food dyes were considered as potential cargos for reporting membrane 

permeabilization. The advantages of using food dyes are that they are inexpensive and available 

in large quantity, are generally consumed by humans so are expected to be safe, tend to be 

extremely water soluble, and are readily detected by eye. Despite these advantages, there have 

been few, if any, reports on entrapping food dyes in liposomes to the best of our knowledge. Acid 

Blue 9 (acid blue), Acid Yellow 23 (acid yellow), Allura Red AC, Erythrosine B, Fast Green FCF 

(as well as the previously used SRB fluorescent dye) were used and their absorption spectra in 

water is shown in Figure 3-11A. Absorption peaks ranged from about 420 nm (acid yellow) to 

620 nm (acid blue). We dissolved the food dyes at concentrations increasing in 50 mM increments 

from 100 mM up to 350 mM until the maximum solubility of each dye was found. These ranged 

from about 100 mM (Fast Green) to 350 mM (Allura Red), with a median dye solubility of 200 mM 

(Figure 3-11 B). When dissolved at the maximum solubility, the absorption of each dye was 

measured and was determined to be extremely high. With the dilution factor taken into account, 

calculated absorption values at the peak food dye wavelength ranged from about 4000 to 16,000 

(for Acid Blue 9). A photograph of a 10 µM aqueous solution of each dye is shown in Figure 3-

11 C. It should be noted that this concentration is generally more 10,000 fold diluted compared to 

the maximum solubility. 
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Food dyes were encapsulated into PoP liposomes and free dye was removed. Liposomal dyes 

were then loaded on top of 5% polyacrylamide gel within glass tube. The tubes were exposed to 

light and photographed after 2 and 35 days (Figure 3-11 D). The liposomes themselves were too 

large to permeate the gel so remained on the top of the tube in all cases. After light exposure, all 

the dyes were able to escape the PoP liposomes and permeate the gel. This diffusion based 

system provides for a simple visual test of sunlight exposure. In the absence of laser light, 

liposomal Allura red AC, Erythrosine Band Fast Green FCF, had some degree of leakage after 

48 h, indicating these dyes were not stable in the liposomes. Acid Blue 9, Acid Yellow 23 and 

Sunset Yellow FCF showed great stability and the dye remained completely entrapped even after 

35 days, but completely releasing the dyes when exposed to laser irradiation. These results reveal 

that the stability of the cargo is not only dependent on the formulation being used in PoP 

liposomes, but it is also intrinsic to the nature of the dye. Figure 3-11 E shows a negative image 

of 3-11 D, which may be helpful to show the release patterns more clearly, especially to readers 

with impaired color vision. 

3.5.4 Tunable visual reporting of light-exposure 

Given the extreme aqueous visible absorption of Acid Blue 9 (>16,000) and favorable dark vs. 

light release characteristics following PoP liposome encapsulation, Acid Blue 9 was chosen for 

additional optimization studies. Acid Blue 9 was encapsulated in liposomes containing reduced 

amounts of PoP, in order to further increase the amount of sunlight exposure required for dye 

release. 0, 0.01 and 0.5 mol.% PoP was used. As shown in Figure 3-12, samples were placed 

on an acrylamide gel, were exposed to varying amounts of simulated sunlight ranging 1 to 48 h, 

and all samples were photographed at the 48 h time point. For samples exposed to 1 h of 

simulated sunlight, minimum release was observed, with a very faint amount of dye release 
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detectable with the liposomes containing 0.5 % PoP. Increasing irradiation time to 5 h was 

insufficient to trigger Acid Blue 9 release for liposomes containing 0 or 0.01 % PoP, but increased 

dye release was apparent for 0.5 % PoP liposomes. 24 h of constant irradiation was sufficient to 

trigger release of most of the dye from 0.5 % PoP liposomes, as well as a small amount of dye 

release from 0.01 % PoP liposomes. Liposomes lacking PoP did not release any cargo with 24 h 

of simulated sunlight exposure. After 48 h of continuous irradiation, a very small amount of dye 

release was observed in liposomes lacking PoP, which may have been due to photooxidation of 

unsaturated phospholipids. However, the liposomes containing 0.01 % PoP had easily detectable 

dye release, as did the liposomes with 0.5 % PoP. Thus, these data imply that different liposomes 

can be formed that clearly release their cargo in response to certain threshold values of sunlight 

exposure and that this can be detected by the naked eye. 

We next developed a system for color-coded detection of solar exposure. This was achieved by 

mixing two different variants of PoP liposomes, with different entrapped dyes and different solar 

sensitivity, as shown in Figure 3-13A. Acid Blue 9 and Acid Yellow 23 liposomes (effective 

diameter: 251 ± 11 nm and 301 ± 22 nm, respectively) containing 0.01 or 0.05 PoP mol.%, 

respectively, were combined into a single colloidal mixture. Liposomes were then loaded alone or 

together on top of polyacrylamide gel. When combined, the yellow and blue liposomes created a 

dark green color. Without irradiation, the liposomes remained stable and at the top of the 

acrylamide gel (Figure 3-13B). With 1 h of irradiation, Acid Yellow 23 was released from the PoP 

liposomes with greater solar sensitivity (i.e. 0.05 mol. % PoP). The amount of yellow permeation 

into the gel was similar whether or not they were combined or separate (Figure 3-13C). With 

exposure to 24 h of simulated sunlight, both 0.01 and 0.05 mol. % PoP liposomes released their 

respective blue and yellow food coloring dyes, creating green permeation through the gel (Figure 

3-13D). For Acid Blue PoP liposomes with 0.01 mol. % PoP, acid blue releases with around 6 h of 

continuous light irradiation at 90,000 lux (Figure 3-13), but the time gap between the first and 
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second released could be easily tuned by adjusting the amount of PoP or unsaturated lipid in the 

lipid formulation, or simply by assessing the release at longer time points. The delayed co-release 

can be useful as a mean of determining how much sunlight PoP liposomes received, just by 

knowing how long it would take for the two distinct colors (or maybe even more than two) to 

appear. 

While glass test tubes are convenient to use for acrylamide gel permeation studies, glass is prone 

to breaking and it would be difficult to deploy many of such devices at multiple locations in remote 

locations without special holders. Using a Robo3O R2 printer, we designed and tested several 

small acrylamide molds and holders for field deployment to accommodate polyacrylamide gels 

with variable diameter (Figure 3-14A), and sample volume (Figure 3-14B). The mold was printed 

using polylactic acid (PLA) filament and a layer thickness of 0.1 mm. We assessed the dimensions 

that would provide good detectability of dye release and studied the spread of free-dye on these 

flat surfaces. A design with a 24 mm outer diameter and 7 mm inner diameter was found to work 

well (Figure 3-1 SA). One caveat to using the 30 printed molds and holders was that the exposed 

acrylamide gel would evaporate and dehydrated. Further, in an outdoor environment, rain would 

enter the gel and possibly interfere with liposome behavior. These issues were addressed by 

sealing the printed holder with a clear circular adhesive that is transparent in the visible range 

(Figure 3-15B). Future versions of the mold will be modified to better address design 

considerations (protection from evaporation and rain; enabling maximum sunlight exposure; small 

size; optimal visual detection). A mold with these specifications uses a total of 3.96 grams of PLA 

when printed, which represents a cost of 12 cents (USO). One advantage of 30 printing for this 

application is the accessibility and capacity for printing high volumes of molds on demand (Figure 

3-1 SC). 

Acid Blue 9 and Acid Yellow 23 PoP liposomes were loaded into polyacrylamide gels formed in 

the 30 molds and were exposed to simulated sunlight (Figure 3-15D). A similar dye distribution 
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pattern as shown in Figure 6 was observed in the 30 printed devices, demonstrating that release 

can be tuned by adjusting the amount of PoP in the liposomes for varying degrees of sunlight 

sensitivity. 

3.6 Conclusions 

In this work, we developed naturally-derived liposome formulations formed from egg and soy lipids 

that can be tuned to release cargo in response to varying amounts of sunlight exposure. 

Unsaturated lipids were depleted during irradiation, strongly suggesting a mechanism related to 

PoP-mediated photooxidation leading to membrane permeabilization. Release could be tuned by 

varying the unsaturated lipid content (i.e. egg-PC content) or by varying the amount of PoP. Food 

dyes were encapsulated within PoP liposomes, with the stability varying depending on the dye 

being encapsulated. Acid Blue 9 and Acid Yellow 23 showed retention in PoP liposomes in the 

dark, and release from PoP liposomes exposed to sunlight. These dyes are also highly absorbing 

in the visible range, so that dye permeation into acrylamide gels could be used for convenient 

monitoring of sunlight exposure by the naked eye. By using colloidal liposome mixtures, color

coded permeation colors could be used to report on sunlight exposure. Small, deployable 30 

printed devices were prototyped and were found to be useful for monitoring dye release. 
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3.8 Figures, Tables and Captions 
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Fig. 3-1. Light-triggered release in PoP liposomes comprising soy and hydrogenated soy 
lipids. A. SRB dye release from PoP liposomes (0.5 mol. % PoP) containing varying molar ratios 
of Egg-PC and hydrogenated soy PC. B. SRB release from PoP liposomes containing varying 
amounts of PoP C. Putative mechanism of light-triggered release of dyes from PoP liposomes. 
D. Laser-induced SRB release rate in liposomes containing 1:3 ratio of Egg-PC:HSPC at the 
indicated mol.% PoP. A 665 nm laser diode at a fluence rate of 300 mW/cm2 was used for light
triggered cargo release. 
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Fig. 3-2. Influence of irradiation wavelength on SRB release from PoP liposomes. SRB release 
under 405 nm (blue) vs. 665 nm (red) laser at 50 mW/cm2

, as well as no laser treatment. 
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Figure 3-3. Thermal stability of PoP liposomes loaded with SRB. Heat-triggered release from Sol
PoP liposomes following incubation at indicated temperatures for 15 minutes. 
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Figure 3-4. Temperature influence on light-triggered SRB release from PoP liposomes under 
laser irradiation (665 nm laser, 300 mW/cm2). 
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Figure 3-5. Light-induced, PoP-mediated unsaturated lipid oxidation. A. HSPC species 
shows no significant changes after laser irradiation. B. Decreased ion counting of the 4 major 
lipids present in Egg-PC mixture after laser irradiation; C. Appearance of three new oxidized 
species after laser irradiation. 
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Figure 3-6. Egg-PC species shows no significant changes after laser irradiation in liposomes 
lacking PoP. Liposomes lacking PoP were irradiated for 2 min, 665 nm 300 mW/cm2 at room 
temperature prior to LC-MS analysis. 

Lipid information " Abundances b 

R.T. Lipid -laser -laser laser +laser +laser +laser
obs. m/z theo. m/z Formula (min) species 1st trial 2nd trial 3nd trial 1st trial 2nd trial 3nd trial 

PC
790.6319 790.6320 41.6 C44HsgNOsP' 3.3E+07 3.5E+07 2.3E+07 3.8E+07 3.1 E+07 2.6E+07 

(18:0.18:0) 

Saturated 
PC

PCs 762.6026 762.6007 40.9 C42HssNOsP' 1.2E+07 1.2E+07 8.6E+06 1.4E+07 1.1E+07 9.3E+06 
(18:0.16:0)

(HSPC) 

PC
734.5678 734.5694 40. 1 C,0Hs1 NOsP' 3.0E+05 6.5E+05 3.2E+05 3.9E+05 3.6E+05 5.8E+05 

(16:0.16:0) 

PC
760.5863 760.5861 40.4 C42H83NOsP' 6.2E+06 1.1 E+07 4.8E+06 4.2E+05 6.7E+05 2.5E+06 

(16:0.18: 1) 

PC
Un- 758.5688 758.5694 39.9 C42Hs1 NOsP' 3.2E+06 4.9E+06 2.4E+06 7.4E+05 5.3E+05 1.4E+06 

(16:0.18:2)saturated 
PCs (Egg-

PCPC) 788.6199 788.6164 41.1 C44Hs1NOsP' 1.1 E+06 1.5E+06 8.2E+05 8.1 E+04 1.0E+05 1.9E+05 
(18:0.18: 1) 

PC
786.5996 786.6007 40.7 C44HssNOsP' 1.5E+06 3.7E+06 1.2E+06 3.6E+05 4.7E+05 1.3E+06 

(18:0.18:2) 

C42Hs1 NO, P' 
774.5627 774.5643 37.7 [760.5863+0- oxid ized PC 3.1 E+05 3.8E+05 3.0E+05 2.1 E+06 1.6E+06 1.3E+06 

2H] 
Newly C42Ha1 N0 10P+ 

created 790.5523 790.5593 35.3 [758.5688+20 oxid ized PC n.d. n.d. n.d. 7.4E+04 9.6E+04 1.3E+05 
PCs I 

C42HssNO, P' 
802.5934 802.5956 38.6 [788.6199+0- oxid ized PC 5.3E+04 7.5E+04 6.3E+04 3.9E+05 3.0E+05 2.7E+05 

2H] 

a. All species are shown as [M+Ht adduct. 
b. Abbreviations: obs. m/z: observed m/z; theo. m/z: theoretical m/z; R.T.: retention time; 

n.d.: not detected. 

Table 3-1. LC-MS analysis of HSPC, Egg-PC and newly created PCs. a 

0 

Chemical Formula: C4 !i81 NO10P+ 

Exact Mass: 790.5593 

Figure 3-7. Putative molecular structure of a newly formed peroxidated species based on the 
observed m/z. 
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Figure 3-8. Sol-PoP liposome size and polydispersity before and after laser treatment. A. SRB 
Sol-PoP liposome size before and after laser irradiation. B. SRB Sol-PoP liposome polydispersity 
before and after laser irradiation. C. SRB Sol-PoP liposome shape and size revealed by TEM 
before and after laser irradiation. (665 nm laser, 2 min irradiation at 300 mW/cm2). 
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Figure 3-9. Light-induced SRB release from PoP liposomes using different light sources 
and conditions. A. Solar simulator-induced SRB release at 0.5 PoP mol. % during 30 min 
irradiation (lux == 125,100). B. Sunlight-induced SRB release at 0.5 PoP mol. % during 30 min 
irradiation (lux == 98,370). C. Sunlight-induced SRB release on a sunny day vs. cloudy day (lux == 
98,370 and 11,350, respectively) as a function of PoP mol.% at 10 min irradiation time-point. D. 
Cool white LED-induced SRB release at 0.5 PoP mol. % during 30 min irradiation at variable 
illuminance (lux). E. 24 h cool white LED-induced SRB release at variable Egg-PC:HSPC mol.% 
ratio at 0.05% PoP mol.% (lux == 90,000). F. SRB release as a function of variable Egg-PC mol.% 
(0.05 mol.% PoP) and variable PoP mol.% using 1:3 Egg-PC:HSPC molar ratio at 30 min 
irradiation with cool white LED (lux == 90,000). 
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Figure 3-10. Spectra and irradiance curves for the cool white LED lamp used in the release 
experiments. 
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Figure 3-11. Food dyes as visual reporters of light-triggered liposome permeabilization. A. 
Normalized absorbance spectra of food dyes used for encapsulation; B. Maxima calculated 
absorption of each food dye. The numbers on top of each dye indicate the maximum water 
solubility (in mM) that was tested. C. Food dyes in aqueous solutions at 10 µM. D. Food dyes 
were entrapped in PoP liposomes and placed at the top of a 5 % acrylamide gel in tubes. One set 
of tubes was exposed to light for one hour, and then both sets of tubes were placed in the dark 
and photographed after 48 hours and 35 days. E. Negative image of D. 
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Figure 3-12. Tuning PoP liposomes for visual detection of variable light exposure. 
Liposomes containing indicated amounts of PoP were loaded with Acid Blue 9, were placed on 
acrylamide gels, and were exposed to 1, 5, 24, or 48 h of simulated sunlight. (A-D). A photograph 
was taken at the 48 h time point. The bottom row is the negative image of the white light 
photograph. 
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Figure 3-13. PoP liposome mixtures for color-coded reporting of light exposure. A. 
Schematic representation for the use of solar-sensitive PoP liposomes mixtures to produce color
coded gel permeation patterns based on light exposure. PoP liposomes loaded with Acid Blue 9 
and Acid Yellow 23 were loaded separately or mixed on acrylamide gels and exposed to simulated 
sunlight for 0, 1 or 24 h (B,C,D). Green permeation into the gel indicates release of bot Acid 
Yellow 23 and Acid Blue 9. The bottom row annotates the observed release patterns (B = Blue; 
Y = Yellow; G = Green). 
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Figure 3-13. A. Distribution pattern of free dye vs. entrapped dye within PoP liposomes in 3D 
printed molds with variable outer diameter, but with fixed internal well size of 6 mm. B. Distribution 
pattern of free dye vs. entrapped dye within PoP liposomes on 3D printed molds with fixed outer 
diameter of 24 mm, but with variable internal well size. C. Distribution pattern of free-dye vs. 
entrapped dye within PoP liposomes on 3D printed molds with fixed outer diameter of 24 mm and 
internal well size of 7 mm. 
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Figure 3-13. 3D printed deployable devices for PoP liposome reporting of light exposure. 
A. 3D rendering of the selected mold dimensions for polyacrylamide gels and PoP liposome 
loading designed in Autodesk Fusion 360. B. Placement of a clear adhesive circular seal to 
prevent gel dehydration. C. A photo of the 3D printer following the build of 25 molds (white) 
simultaneously. D. Photo of Acid Blue 9 and Acid Yellow 23 gel permeation in the printed device 
from PoP liposomes containing 0.01 and 0.05 PoP mol.%, respectively following simulated 
sunlight exposure. The negative image is shown on the right. 
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Chapter 4: Highly-Soluble Cyanine J-aggregates Entrapped 
by Liposomes for Photoacoustic Spleen Imaging 
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4.2 Abstract 

Most near infrared (NIR) dyes in current are only slightly soluble in water. We modified a 

commercially-available NIR dye (IR-820) via one-step Suzuki coupling with 

dicarboxyphenylboronic acid, generating a disulfonated heptamethine, dicarboxyphenyl cyanine 

(DCP-Cy). In mildly basic aqueous solution, DCP-Cy had higher water solubility than clinically

used indocyanine green by an order of magnitude. DCP-Cy tended to form J-aggregates with 

pronounced spectral red-shifting to 934 nm (from 789 nm in monomeric form). J-aggregate 

formation was dependent on salt and DCP-Cy concentration. Dissolved at 20 mg/ml, DCP-Cy J

aggregates could be entrapped in the aqueous core of liposomes, and were released and 

disassembled upon liposome lysis. Full width at half maximum absorption was just 25 nm. The 
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self-assembly of entrapped DCP-Cy was readily detectable by fluorescence and photoacoustic 

imaging. Upon administration to mice, DCP-Cy liposomes accumulated almost exclusively in the 

spleen, which was imaged non-invasively with photoacoustic computed tomography. 

4.3 Introduction 

Near-infrared (NIR) dyes are used extensively for biomedical imaging applications, owing to 

enhanced tissue penetration of light in the NIR window. 1-2 A wide range of contrast media has 

been explored for NIR fluorescence and photoacoustic in vivo imaging_3-2° Cyanines are amongst 

the most commonly-used NIR dyes.21 -23 They can form end-to-end "J-aggregates" with red shifted 

25absorption that have been observed since the 193Qs_24- lndocyanine green (ICG) and IR-820 

are two of the most commonly used cyanine dyes, with ICG being clinically approved for use in 

humans. ICG is amongst the hydrophilic NIR dyes, but its water solubility is <5 mg/ml, and it 

tends to aggregate. 26 This is in contrast to shorter wavelength fluorescence dyes such as calcein 

or sulforhodamine, which can readily dissolve at concentrations at least an order of magnitude 

higher. ICG formulations actually make use of delivery systems appropriate for hydrophobic 

29compounds, such as micelles, lipids, silica particles, etc. 27- Although liposomal cyanine 

formulations have been reported, the dye is loaded in the bilayer, and not the aqueous core with 

limited solubility. 30
-
31 This is consistent with most other NIR dyes, which are also hydrophobic and 

thus have similar formulation strategies. 32-33 In some cases, formation of J-aggregates in solution 

can be controlled for theranostic purposes_ 34-35 A highly soluble NIR dye would enable alternative 

formulation strategies (such as passive entrapment in the core of liposomes) while providing 

strong NIR contrast. In this work we describe the synthesis, formulation and characterization of a 

novel, highly soluble cyanine dye that forms J-aggregates that could be entrapped in liposomes 

for photoacoustic imaging. 
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4.4 Methods and Materials 

4.4.1. Materials 

IR-820 was obtained from Sigma-Aldrich; 3,5-Dicarboxyphenylboronic acid was obtained from 

Combi-Blocks Inc.; Sodium hydroxide was obtained from Fisher Scientific; 

Tetrakis(triphenylphosphine)-palladium(0) (Pd(PPh3)4) was obtained from TCI; lndocyanine 

green (ICG) was obtained from Chem-lmpex International Inc. Lipids purchased from 

CordenPharma include 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, #lP-R4-070), 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC, #lP-R4-076), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-(methoxy(PEG)-2000 (MPEG-2000-DSPE, #lP-R4-039). Cholesterol 

was purchased from Nu-Chek Prep, Inc. (#CH-800-A28-Z). 

4.4.2 Synthesis of DCP-Cy dye 

1098.05 mg 80% contained IR-820 (1.03 mmol), 2171.10 mg 3,5-Dicarboxyphenylboronic acid 

(10.34 mmol, 10 times of IR-820), 413.60 mg NaOH (10.34 mmol, NaOH: 3,5-

Dicarboxyphenylboronic acid= 1 :1) and 239.00mg Pd(PPh3)4 (0.207 mmol, 20% of IR-820) were 

mixed together in 50 ml DMF:water = 1:1 (v/v) solution. Then oxygen was removed through the 

freeze-pump-thaw method for three times. The reaction processed at 100 °C for 48 h (for small 

scale reaction, the reaction time can be reduced to 24 h). After cooling down to room temperature, 

solvents were removed and the solids were re-dissolved in methanol and centrifuge to remove 

salts. The supernatants were collected and recrystallized in THF for overnight. The crystals were 

washed with THF for three times and re-dissolved in 100 ml 0.1 M NaOH and reacted for 

overnight. Then, 200 ml DMSO was added to the solution and centrifuged to remove salts. By 

extracting with ethyl acetate, products were concentrated in the aqueous phase while DMSO went 

to the organic phase. The aqueous phase was collected and acetone was added to precipitate 

the final products out. The yield was 52.1 % (564.15 mg). 
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4.4.3 High-Performance Liquid Chromatography (HPLC) 

For purity analysis on HPLC, DCP-Cy dye was diluted in Di-Water and read on a Waters® 

Micromass® ZQ™ with a 2790 Separations Module and a 996 Photodiode Array Detector. The 

gradient used in the experiments can be found on Table 4-1. 

4.4.4 Solubility tests for ICG, IR-820 and DCP-Cy 

ICG, IR-820 and DCP-Cy were dissolved in phosphate buffer and a standard curve was obtained. 

The samples were weighted and mixed with pH= 5-10 10% sucrose contained phosphate buffer 

and sonicate for 10min. After that, the solutions were centrifuged at 14,000 ref for 15 min and 

supernatants were collected. The solubility test of each dye was performed by comparing the 

absorbance intensities of related supernatants and comparing them to the standard curves. 

4.4.5 Absorbance spectra test of DCP-Cy and ICG in different NaCl contained 

phosphate buffer 

DCP-Cy and ICG were put into tubes and dissolved in 0, 25, 50, 75, 100 and 150 mM NaCl 

contained pH = 7.4 phosphate buffer at the concentration of 1 mg/ml, then the absorbance 

spectra were tested with Perkin Elmer Lambda 35 UV/VIS Spectrometer. 

4.4.6 Absorbance spectra of DCP-Cy in sucrose contained 150 mM NaCl PBS 

DCP-Cy samples were put into tubes and dissolved in 5%, 10%, 15% and 20% sucrose contained 

Ph = 7.4 150 mM NaCl phosphate buffer with the concentrations of 1 mg/ml, then the absorbance 

spectra were tested with Perkin Elmer Lambda 35 UV/VIS Spectrometer. 
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4.4.7 Absorbance ratio test of DCP-Cy in different salts 

DCP-Cy samples were put into tubes and dissolved in 0, 25, 50, 75, 100 and 150 mM NaCl, KCI, 

LiCI and NaAc contained pH = 7.4 phosphate buffer at the concentration of 1 mg/ml, then the 

absorbance spectra were tested and the ratios were calculated by using the intensities at 934 nm 

divided intensities at 789 nm with Perkin Elmer Lambda 35 UV/VIS Spectrometer. 

4.4.8 Tests of the relationship between absorbance ratio and dye concentration 

DCP-Cy samples were put into tubes and dissolved in 150 mM NaCl contained pH = 7.4 

phosphate buffer with the concentrations of 100, 200, 500, 800 and 1000 µg/ml, then the 

absorbance spectra were tested and the ratios were calculated by using the intensities at 934 nm 

divided intensities at 789 nm with Perkin Elmer Lambda 35 UV/VIS Spectrometer. 

4.4.9 Tests of pH effects to absorbance ratios 

DCP-Cy samples were put into tubes and dissolved in 150 mM NaCl contained pH=5-8 phosphate 

buffer at the concentration of 1 mg/ml. Then the absorbance spectra were tested and the ratios 

were calculated by using the intensities at 934 nm divided intensities at 789 nm with Perkin Elmer 

Lambda 35 UV/VIS Spectrometer. 

4.4.10 Preparation and characterization of DCP-Cy liposomes 

Liposomes were constituted of DOPC:DSPC:Chol:DSPE-PEG at a molar ratio of 2.25:6.75:10:1 

mol. %. Liposomes were prepared by the 20% ethanol Injection method. Briefly, 20 mg/ml lipids 

were dissolved in 200 µL ethanol and mixed in glass tubes at 60 °C. Lipids were injected with 800 

µL of a solution containing 20 mg/ml of DCP-Cy in PBS (150 mM NaCl, 7 mM Na2HPQ4, 3 mM 

NaH2PO4, pH 10) at 60 °C. The samples were incubated in at 4 °C for 1 hour or until the solution 

86 



present a metallic color (Figure 4-7), indicating the formation of aggregates (which we 

hypothesize to be the self-assembly of the dye and the liposomes). To remove the non

encapsulated components, size-exclusion chromatography was used. Columns containing 

Sephadex® G-75 were loaded with 1 ml of liposome samples and the best fractions were 

collected. The size of DCP-Cy liposomes was determined by dynamic light scattering in a 

NanoBrook 90 plus PALS. 

4.4.11 Liposome size extrusion and correlation with absorbance values 

To determine the correlation of particle size and absorbance values liposomes were quickly 

extruded using a 25 mm syringe filter with 450 nm cellulose acetate membrane purchased from 

VWR international, North America (#28145-497) and a 13 mm syringe filter with 200 nm nylon 

membrane from Agilent Technologies (Agilent Captiva Econo Filter, #5190-5269). After extrusion, 

absorbance spectra were tested with Perkin Elmer Lambda 35 UV/VIS Spectrometer. 

4.4.12 Surfactant treatment of DCP-Cy liposomes for spectra changes, centrifugal 

filtration and fluorescence changes 

To induce liposome breakage and release of DCP-Cy dye, 10% Triton® X-100 (Alfa Aesar, 

#9002-93-1) was added to samples. Triton® X-100 treatment was utilized for observation on 

spectra changes (1789 nm/I934 nm ratio) by adding 10 µL TX-100 to 1 ml of diluted sample in 

150 mM NaCl PBS, pH 10. For detergent-induced dye release, liposomes were added to 1 00K 

Nanosep® tubes (Pall Life Sciences Nanosep® Centrifugal Device, #001 00C34) and induce loss 

of self-quenching of DCP-Cy dye entrapped in the liposomes. 
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4.4.13 Cryo-electron microscopy (cryo-EM) 

Holey carbon grids (c-flat CF-2/2-2C-T) were washed by submerging them into chloroform 

overnight. Two samples were analyzed: free-d DCP-Cy dye (4 mg/ml) in 150 mM NaCl PBS (pH 

10) and DCP-Cy liposomes (2 mg/ml lipids). Grids were glow discharged at 5 mA for 15 seconds 

prior to application of the sample. 4µl of the liposomes were deposited on the electron microscopy 

grid. Vitrification was performed in a Vitrobot (ThermoFisher) by blotting the grids once for 3 

seconds and blot force +1 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 Tecnai F20 electron microscope operated at 200kV using a Gatan 626 

single tilt cryo-holder. Images were collected using a defocus of -2.7 µm in a CCD camera at a 

nominal magnification of 50,000X, which produced images with a calibrated pixel size of 2.21A. 

Images were collected with a total dose of 25 e-/A2. 

4.4.14 Photoacoustic system for tube and spleen imaging 

The excitation source for our photoacoustic computed tomography (PACT) system is an Nd:YAG 

pumped optical OPO laser (Surelite TM OPO Plus, Continuum) with 10 Hz pulse repetition rate and 

10 ns pulse duration. Sample was filled into a tube (1 mm in diameter) placed in the focus of 

transducer array (ATL/Philips l7-4, 5 MHz central frequency, 128 elements), and was imaged 

under both 789 nm and 934 nm excitation, which was routed to the imaging region through 

cylindrical fiber bundle with 1.4 cm diameter. The light intensity on the tube surface is around 12 

mJ/cm2
, which is below the American National Standards Institute (ANSI) safety limit. The 

received PA signals were amplified (by 54 dB) and digitized by a 128-channel ultrasound data 

acquisition (DAQ) system (Vantage, Verasonics) with 20 MHz sampling rate. After each laser 

pulse, the raw channel data was reconstructed using the universal back-projection algorithm37 
, 
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and was displayed in real-time during experiments. In each experiment, 100 frames were acquired 

for averaging. For better comparison, only signals within tube region is shown. 

For in vivo PA imaging, a lab-made holder was used to combine optical fiber bundles and the 

linear array transducer. Optical fiber bundles were placed on both side of the transducer for an 

illumination 25 mm above the spleen and the photoacoustic waves are detected by the transducer 

(L7-4) in the middle. The holder was fixed on a step-motor stage which moves the holder during 

the scanning. The field of view of the in vivo PA imaging was 38 mm x "40 mm", which fully 

covered the spleen area. 

4.4.15 Pharmacokinetics 

Seven BALB/c mice were intravenously injected in the tail with 200 µL of DCP-Cy liposomes at a 

dose of ==11 mg/Kg of DCP-Cy (==277 µg of DCP-Cy, considering mice having an average weight 

of 25 grams). For each time-point, small volumes of blood were collected. Samples were 

centrifuged at 500 ref for 15 min and the serum was collected. For free DCP-Cy pharmacokinetics, 

12 BALB/c mice were intravenously injected in the tail with 200 µL of DCP-Cy dye at the same 

dose of the liposomal formulation. Mice were sacrificed at specific time-points and larger volumes 

of blood were collected. Serum was diluted or not (depending on the serum volume) in PBS (150 

mM NaCl, pH 10) and the absorbance scan was obtained using a Perkin Elmer Lambda 35 

UV/VIS Spectrometer. 

4.4.16 Biod istribution 

Nineteen BALB/c mice were intravenously injected in the tail with 200 µL of DCP-Cy liposomes 

at a dose of ==11 mg/Kg of DCP-Cy (==277 µg of DCP-Cy, considering mice having an average 

weight of 25 grams). Mice were sacrificed and had their organs removed at specific at 6, 24 and 

48 h post-injection. Information about the total weight of a small cut of each organ was recorded. 
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The small cut of each organ was placed in homogenization tubes with metal beads and 500 µL 

of PBS (150 mM NaCl, pH 10) or MeOH was added to each tube. Tubes were placed in a Bullet 

Blender® Storm 24 homogenizer for 15 min at maximum speed. Samples homogenized in MeOH 

were further incubated overnight at 4 °C. After homogenization, samples were centrifuged at 1500 

ref for 15 min and the supernatant was collected. An additional centrifugation step was performed 

to further remove any remaining tissue. The supernatant was placed in a 700 µL quartz cuvette 

and the absorbance scans were obtained using a Perkin Elmer Lambda 35 UV/VIS Spectrometer. 

Dye concentration in MeOH was determined by comparing to a standard curve. All the 

calculations were adjusted by organ weight. 

4.5 Results and Discussions 

4.5.1 Synthesis and Characterization of DCP-Cy 

DCP-Cy was synthesized from IR-820 with a facile, one-step Suzuki-coupling (Figure 4-1A). The 

method followed that described by Achilefu, 38 except a dicarboxy phenylboronic acid was used to 

generate two carboxylic acid in the product, intended for enhanced solubility. Briefly, IR-820 was 

stirred with 10-fold excess 3,5-dicarboxyphenylboronic acid in basic DMF-water (1: 1), with 

Pd(PPh3)4 as a catalyst for 24-48 hours at 100 °C. Products were recrystallized in THF to remove 

unincorporated reactants. Crystals were further dissolved in 0.1 M NaOH aqueous solution and 

extracted with [water:ethyl acetate] (1 :1 ). The aqueous phase was collected, and the products 

were precipitated and collected following addition of substantial amounts of acetone (yield: 

52.1 %). The purity of the dye was confirmed by HPLC (>99%) (Figure 4-2). Further confirmation 

of the newly synthesized compound was observed by the results of MALDI-TOF mass spectrum 

(with both the single charged and two charged peaks) and 1 H NMR (Figure 4-3 and 4-4, 

respectively). Peak assignment in 1H NMR: 1.57 (s, 12H), 1.75 (m, 4H), 2.08 (m, 3H), 2.58 (m, 
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16H), 4.82 (4H), 7.68 (4H), 8.26 (9H), 8.82 (2H). The aqueous solubility of DCP-Cy improved 

significantly by introducing two carboxylic groups, in mildly basic pH. As shown in Figure 4-1B, 

from pH 8-10, DCP-Cy had approximately 10 times greater water solubility than ICG and could 

be readily dissolved to concentrations exceeding 20 mg/ml at pH 10. 

When dissolved in deionized water, DCP-Cy displayed an NIR absorbance peak at 789 nm. 

However, increasing concentrations of NaCl up to 150 mM caused formation of J-aggregates and 

induced a drastic red-shift by 784 nm to 934 nm (Figure 4-SA). In monomeric form, DCP-Cy 

absorption was red-shifted by about 10 nm compared to ICG, whereas in J-aggregate form, DCP

Cy absorption is red-shifted by about 40 nm compared to ICG.34 The effect of NaCl on ICG 

solutions in similar conditions was far less pronounced (Figure 4-5B), with limited induction of J

aggregation. In sucrose solutions at pH 7.4, no significant spectral effects were observed at 

different osmotic strengths (Figure 4-SC). Thus, salt contributes to the efficient formation of DCP

40Cy J-aggregates. Salt-induced J-aggregation of cyanines is a known phenomenon. 39- When 

DCP-Cy was dissolved in other salts (KCI, LiCI and NaAc), J-aggregate formation (as indicated 

by the 934:789 nm absorption ratio) occurred, although NaCl appeared to induce this slightly more 

effectively, for reasons that are not clear (Figure 4-5D). The NIR absorption peak ratio of J

aggregates was not sensitive to pH (Figure 4-6). The presence of salt alone was not sufficient for 

the J-aggregate formation, as DCP-Cy concentration was also important. In 150 mM NaCl, full 

transition from monomer to J-aggregate occurred within a dye concentration range of 0.2 to 1 

mg/ml (Figure 4-SE). The salt-dependent J-aggregation state of DCP-Cy could readily be imaged 

with photoacoustic imaging (Figure 4-SF). When a pulse laser excitation of 789 nm was used, 

the monomeric DCP-Cy generated photoacoustic signal, whereas the J-aggregated form of the 

dye generated signal with 934 nm excitation, which corresponds to the absorption spectra 

properties. 
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4.5.2 Liposomal DCP-Cy 

Next, DCP-Cy in J-aggregate form was dissolved at 20 mg/ml in 150 mM NaCl PBS, pH 10 for 

passive encapsulation in liposomes. Liposomes were formed with dioleoylphosphatidylcholine 

and distearoylphosphatidylcholine in a molar ratio of 1 :3, along with 50 mol. % cholesterol and 5 

mol. % of PEGylated DSPE, a formulation used previously for dye entrapment.41 Lipids were 

dissolved in ethanol and then injected into an aqueous dye solution at 60 °C, followed by size

exclusion chromatography to remove non-entrapped dye. Liposomes cooled at room temperature 

for 1 h prior to gel filtration, during which time the formation of a rusty metallic color became 

apparent (Figure 4-7). Subsequent membrane filtration of DCP-Cy liposomes resulted in 

decreasing J-aggregate composition as revealed by lower 934:789 nm absorption ratio (Figure 

4-8), possibly due to disassembly of the aggregates or loss of larger particles. Based on dynamic 

light scattering, liposome size decreased from 434 nm to 306 nm or 249 nm following filtration 

through 0.45 or 0.2 µm filters respectively (Figure 4-9). Liposomes were subsequently used 

without filtration steps. When examined with cryo-electron microscopy, no distinct J-aggregate 

structures were apparent, suggesting the J-aggregates were small in size (Figure 4-10A). When 

liposomes were lysed with detergent, the 934:789 nm absorption ratio decreased, showing that 

the entrapped dye was released and converted to monomeric form (Figure 4-10B). To further 

confirm the nature of dye release following exposure to detergent, centrifugal filtration was used 

to separate entrapped and released DPC-Cy (Figure 4-1 OC). As expected, only lysed liposomes 

released DCP-Cy as could be detected by passage of the small dye through the 100,000 kDa 

pore size membrane into the filtrate. Fluorescence imaging could also confirm the dye release 

(Figure 4-10D). Under a 710-760 nm excitation source (specific to the monomeric form of the 

dye), the detergent-lysed liposomes exhibited greater fluorescence, reflecting conversion of J

aggregates into monomers. As shown in Figure 4-1 OE, Photoacoustic imaging was able to reveal 

aggregation state of liposomal DCP-Cy J-aggregates (at 934 nm), whereas following liposome 

lysis, the free dye was signal apparent became apparent 789 nm. Photoacoustic imaging of the 
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DCP-Cy was also successful through agar phantoms (with 1 % intralipid) at 2 cm depth. Both 

DCP-Cy dye and DCP-Cy liposomes showed low photostability at 1000 mW/cm2, although the 

liposomal counterpart showed greater resistance than the monomeric form of the dye (Figure 4-

11 ). 

4.5.3 Pharmacokinetics, Biodistribution and In Vivo PA Imaging 

Next, liposomal DCP-Cy was injected via tail vein to mice (~10 mg/kg). DCP-Cy was detected 

from small volumes of collected mouse serum (Figure 4-12A). The liposomal J-aggregates were 

stable in circulating blood, based on the dominant absorption peak at 934 nm. However, the 

liposomes were cleared from circulation relatively quickly, with a half-life of less than 2 hours 

(Figure 4-12B). The serum absorption at 934 nm generally ranged from 1 to 0.1 for 6 hours 

following intravenous administration. The calculated absorption (i.e., considering the experimental 

dilution factor) of the DCP-Cy liposome stock solution used for injection is shown in Figure 4-

12C, dissolved in either PBS or methanol. In PBS, the full width half maximum was just 25 nm. 

Dissolving the liposomes in methanol effectively destroyed the J-aggregates, enabling 

straightforward quantification of the dye in homogenized organs following overnight methanol 

extraction, based on an absorption standard curve. As shown in Figure 4-12D, only 6 h after 

administration, 320 µg of DCP-Cy per gram of tissue, accumulated in the spleen of the mice and 

24 hours later DCP-Cy concentration in the spleen decreased to 150 µg of DCP-Cy per gram of 

tissue. The concentration was nearly zero 48 hours later and very low amounts of DCP-Cy was 

detected in other parts of the body. When the spleen was homogenized in PBS, the J-aggregate 

peak was present, although aqueous extraction resulted in higher background than methanol 

extraction (Figure 4-13). Nanoparticles are typically taken up by the reticular endothelial system 

which comprises the liver and spleen. However, the reason for the nearly exclusive accumulation 

observed in the spleen (over 50 times more avidly than the liver on a per gram tissue basis) is 
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unknown. Other types of PEGylated nanoparticles have been previously observed to accumulate 

substantially more in the spleen than liver,42 although not to the extent of liposomal DPC-Cy. The 

relatively larger size of the liposomes (400 nm) may contribute. Without more in depth studies, 

we also cannot rule out degradation or processing of CPC-Cy in the liver. Over a period of a 

couple of days, DCP-Cy absorption was cleared from the spleen. Further work is required to 

assess the impact of DCP-Cy on spleen function and better elucidate uptake and clearance 

mechanism. 

Based on the splenic avidity of DCP-Cy liposomes, we assessed non-invasive photoacoustic 

computed tomography (PACT) in living mice. Mice were imaged 24 hours following injection of 

the dye. The J-aggregate absorption wavelength at 934 nm was used. As shown in Figure 4-12F, 

control mice lacking DCP-Cy injection did not exhibit any photoacoustic signals. However, in mice 

that were administered DCP-Cy liposomes, a strong signal was detected in the spleen. Dye 

localization was confirmed by subsequent dissection and opening the abdomen of the mouse and 

overlapping the signal to the visible location of the spleen. As shown by the highlighted white and 

yellow squares, DPC-Cy photoacoustic signal was localized in the spleen, but not the liver. 

Interestingly, Kim et al. recently reported techniques for enhancing localization of photoacoustic 

probes specifically to the liver43
, which suggests the future possibility for combining multiplexed, 

organ-specific, color-coded contrast agents. 

4.6 Conclusions 

In conclusion, commercially available IR-820 dye was chemically modified using Suzuki coupling 

to generate DCP-Cy in a one-step, facile reaction. DCP-Cy formed J-aggregates in the presence 

of salts, especially NaCl, resulted in complete and drastic red shift from 789 nm to 934 nm. 

Solubilization of the DCP-Cy in basic aqueous solutions at 20 mg/ml enabled encapsulation of 

the dye, in J-aggregate form, into liposomes. To the best of our knowledge, this is the first report 
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of encapsulating cyanines or J-aggregates in the aqueous core of liposomes. Liposomes 

exhibited a sharp peak at 934 nm of the encapsulated J-aggregates, but upon lysis DCP-Cy was 

released and shifted back into monomer form. The self-assembly status of the liposomes could 

be detected with NIR photoacoustic and fluorescence imaging. In vivo imaging of liposomal DCP

Cy revealed unique behavior and localization to the spleen, which could be imaged non-invasively 

with photoacoustic imaging at 934 nm. This imaging approach is suitable for future studies 

involving multiplexed photoacoustic imaging, something that is one of its strengths compared to 

other non-optical imaging modalities. Future work also should involve better understanding the 

nature of the J-aggregate stacking and the role of salts in the process. More work is also needed 

to better understand the in vivo behavior for spleen specific imaging. We conclude that DCP-Cy 

represents a new, easy-to-synthesize dye with unique properties for biomedical NIR optical 

imaging. 
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4.8 Figures, Tables and Captions 

Time (A) TFA (B) HCN 
0 min 70% 30% 
10 min 20% 80% 
15 min 20% 80% 
16 min 70% 30% 

Table 4-1. HPLC gradient utilized for determining DCP-Cy purity. 
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Figure 4-1. Dicarboxyphenyl cyanine {DCP-Cy). A) Synthesis of DPC-Cy. B. Solubility of ICG, 
IR-820 and DCP-Cy in sucrose phosphate buffer pH 5-10. 
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Figure 4-2. HPLC data on the determination of DCP-Cy purity at 789 nm wavelength (>99% 
purity). 
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Figure 4-3. Maldi-TOF mass spectrum of DCP-Cy dye, 477.16 pointed to the product with two 
charges, and 955.33 indicated the intact compound. 
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Figure 4-4. 1H NMR data of DCP-Cy dye. 
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Figure 4-5. Characterization of DCP-Cy J-aggregates. Spectra of DCP-Cy {A) or ICG (B) in 
solutions of pH 7.4 and indicated NaCl concentrations. C. Spectra of DCP-Cy at indicated sucrose 
concentration; D. Ratio between 934 and 789 nm absorbance peaks of 1 mg/ml DCP-Cy at pH 
7.4 in indicated salt conditions. E. Absorbance ratio of varying concentrations of DCP-Cy in 150 
mM NaCl, pH 7.4. F. Photoacoustic images of DCP-Cy using 789 or 934 nm excitation pulses in 
pH 7.4 buffer with indicated salt concentration. Images on left (789 nm) and right (934 nm) are of 
the exact same tubes in the same position. 
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Figure 4-6. Effect of pH on the 1934 nm/I789 nm ratio of DCP-Cy dye 
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Figure 4-7. Aggregation of DCP-Cy dye to lipids right after EtOH injection of dissolved lipids to 
dissolved DCP-Cy dye at temperatures higher than 60 °C. The aggregation is noticed by the 
appearance of a copper metallic color in the solution. 
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Figure 4-8. Absorbance in PBS with no filtration, 450 nm filtration and 200 nm filtration. 
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Figure 4-9. Particle size in PBS with no filtration, 0.4 µm filtration, 0.2 µm filtration 
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Figure 4-10. DCP-Cy J-aggregates can be loaded into liposomes A. Cryo-EM image of DCP
Cy liposomes; B. Ratio between 934 and 789 nm absorbance with or without lysis of the 
liposomes with 0.1 % Tritron X100 (+/- det.) C. Detergent-induced release of DCP-Cy from 
liposomes based on centrifugal filtration retention D. Liposomal DCP-Cy fluorescence +/- det. with 
excitation around 735 nm; E. Photoacoustic imaging of liposomal DCP-Cy +/- det. at 789 nm or 
934 nm laser excitation. The imaging on the right was carried out in an agar phantom at 3 cm 
depth. 
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Figure 4-11. Photobleaching effect on (A) DCP-Cy free dye in Di-water and (B) its liposomal 
counterpart in PBS (150 Mm NaCl, pH 10) under an 808 nm laser, 1000 mW/cm2
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Figure 4-12. In vivo administration and imaging of DCP-Cy liposomes. A. Absorption of serum at 
various time points following DCP-Cy liposomes administration to mice B. Serum absorption at 
934 nm (n = 7); C. Absorption of DCP-Cy liposomes diluted in in MeOH and PBS (multiplied by 
the dilution factor which was 100, measured in 1 cm path length cuvette); D. Biodistribution of 
liposomal DCP-Cy 24 hours post injection, following homogenization and extraction and methanol 
extraction of the dye (n=3). E. Non-invasive photoacoustic images of mice with 934 nm pulse 
laser excitation. Mice were imaged with the transducer on the abdomen under anesthesia. 
Following imaging and sacrifice, a photograph confirms that the photoacoustic signal is localized 
to the spleen. White and yellow squares mark the location of the liver and spleen, respectively. 
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Figure 4-13. Absorbance scans from samples in the spleen 24 h after IV injection and obtained 
by either MeOH or PBS extraction methods. 
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Chapter 5: Conclusions and Future Directions 

5.1 Conclusions 

This work explored a concept of a new liposomal formulation that allowed for the passive 

entrapment of several substances with good stability and tunable light-triggered release. For 

liposomes containing PoP, the release mechanism was attributed to peroxidation of unsaturated 

phospholipids (DOPC and egg-PC). PoP liposomes containing the molar ratio of [1 :3] unsaturated 

to saturated lipids (DSPC and HSPC) preserved the high stability promoted by saturated lipids 

but the presence of a small amount of unsaturated lipids enable for fast light-triggering release. 

Diverse applications of the new formulation were shown for both biomedical and non-biomedical 

purposes, such as fluorescence, magnetic resonance and photoacoustic imaging and visible 

detection by naked eye. For tumour treatment, this formulation successfully entrapped and 

released a chemotherapeutical drug, oxaliplatin, showing potential efficacy by intratumoral 

injection, even at concentrations orders of magnitude lower than the commercially available ones. 

In this work we tried to explore dyes beyond the biomedical spectra. We went further and tried to 

encapsulate non-conventional dyes, such as food colouring dyes but exploring even further the 

concept of light-triggered release by using sunlight as the energy source. The new Sol-PoP 

liposomes were shown to release dyes without the need of any electrical source or device and 

the release was easily identifiable by naked eye. Using different Sol-PoP formulations mixed 

together, the release can be adjusted in such a way that the particles have different sunlight

sensitivities, allowing for differential dye release under the same irradiation interval. The [1 :3] 

unsaturated:saturated lipid formulation was shown to encapsulate a chemically modified version 

of the IR-280 NIR dye, named DCP-Cy. DCP-Cy dye had increased solubility in water and it was 

found to form J-aggregates in the presence of salts. The dye formed J-aggregates when 

encapsulated into liposomes and when intravenously injected into mice, it accumulated almost 
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entirely in the spleen, which allowed for photoacoustic imaging of that organ. We believe that 

using the presented liposome formulation, we can easily passively entrap many other substances, 

and that, with the presence of PoP, allow for on-demand light-triggered release of the entrapped 

components. The work presented here demonstrated the proof-of-concept of new ideas and 

further investigation are needed to fully explore the potential of PoP liposomes and its variants. 

5.2 Future Directions 

As this work focused primarily on the optimization of PoP liposomes, the perfect balance between 

lipids in the new liposome formulation opens a window of countless applications. For instance, 

the work presented here still needs further improvement. In Chapter 2, SRB:Gd-DTPA:OX PoP 

liposomes were intratumorally injected, even though this administration method is not well 

explored due to the difficulty of injection intrinsic to solid tumours. To overcome this problem, a 

better and optimized intratumoral injection method is necessary in order to avoid unwanted loss 

of injected material. To promote better chemotherapeutical treatment, a more water soluble drug 

is necessary for improved passive encapsulation and thus increased intratumoral concentration 

of the drug. In this case, substituting oxaliplatin for another water soluble drug may be effective 

to treat other types of solid tumours. In Chapter 3, the 3D devices used to demonstrate the dye 

release on gel presented some crucial problems. The gel easily dehydrates if exposed to the air. 

To avoid dehydration, we placed a small translucent sticker to seal the gel inside the device, but 

it is never perfectly sealed and as the sticker is slightly opaque, it reduces the amount of light 

reaching the liposomes, thus, decreasing the overall efficiency of the device. The application of 

Sol-PoP is not meant to be restricted to its use over gel substrates. Sol-PoP liposomes can be 

implemented in other products, such as sunscreens or cosmetic products for time-based sunlight 

release of or coloured dyes indicating excessive sunlight exposure or active biomolecules for skin 

treatment. In Chapter 4, the molecular structure of the J-aggregates is still unknown, which 
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prevent us from improving its use. Even though we determined that the preferential accumulation 

site is the spleen, more investigation is needed to understand the complete pathway that the dye 

takes once injected and how it is excreted. Unpublished data showed that when the dye is 

administered in its free-form, the detection levels quickly decrease in a matter of a few minutes. 

This fast decrease is still unknown to us. Also, the best post-injection time-window for the 

photoacoustic imaging still needs to be determined, in order to obtain best images. 
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