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Abstract

The photothermal heating and release properties of biocompatible organic nanoparticles, doped 

with a near-infrared croconaine (Croc) dye, were compared with analogous nanoparticles doped 

with the common near-infrared dyes ICG and IR780. Separate formulations of lipid-polymer-

hybrid nanoparticles and liposomes, each containing Croc dye, absorbed strongly at 808 nm and 

generated clean laser-induced heating (no production of 1O2 and no photobleaching of the dye). In 

contrast, laser-induced heating of nanoparticles containing ICG or IR780 produced reactive 1O2 

leading to bleaching of the dye and also decomposition of co-encapsulated payload such as the 

drug Doxorubicin. Croc dye was especially useful as a photothermal agent for laser controlled 

release of chemically sensitive payload from nanoparticles. Solution state experiments 

demonstrated repetitive fractional release of water soluble fluorescent dye from the interior of 

thermosensitive liposomes. Additional experiments used a focused laser beam to control leakage 

from immobilized liposomes with very high spatial and temporal precision. The results indicate 

that fractional photothermal leakage from nanoparticles doped with Croc dye is a promising 

method for a range of controlled release applications.
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1. Introduction

Laser induced photothermal heating has many biomedical applications such as cell 

ablation,1 drug release,2 and gene delivery.3 The laser absorbing chromophore can either be 

gold nanostructure,4 organic dye,5 carbon nanotube,6 inorganic nanoparticle,7 or polymeric 

material.8 There is a major technical advantage if the chromophore strongly absorbs in the 

near-infrared (NIR) window because NIR light penetrates furthest through skin and tissue.9 

Gold nanostructures are popular choices for photothermal heating but they have potential 

performance drawbacks such irreversible morphology changes upon heating, slow rates of 
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diffusion, and slow clearance from the body.10 On a per mass basis, organic dyes have the 

same photothermal heating capacity as gold nanostructures,11 but most organic NIR dyes are 

limited by poor stability and photobleaching.12 Typically, the photobleaching is due to a 

chemical reaction with reactive oxygen species (ROS) such as singlet oxygen (1O2) 

produced by energy transfer from the dye triplet excited state to nearby molecular oxygen 

which is known as type II reaction.13 In the Type I reaction, the excited dye reacts directly 

with the substrate. Photothermal dyes that simultaneously emit heat and generate ROS are 

attractive for applications that aim to cause rapid cell death.14 However, certain 

photothermal applications are best conducted with chromophores that do not simultaneously 

generate ROS. Consider the process of photothermal release of chemically sensitive 

payloads, such as drugs, biologics, or oligonucleotides, where the concomitant production of 

ROS has the likely detrimental effect of causing payload decomposition. While many 

studies have demonstrated laser triggered release of cargo from nanoparticles, very few of 

them, if any, have evaluated if the released cargo is damaged.15

It is apparent that new classes of NIR organic dyes are needed for biomedical applications 

that require stable levels of clean photothermal heating over long periods of time or 

alternatively over repeated heating cycles. Recent reports have demonstrated that organic 

nanoparticles containing either porphyrin dye,16 gadolinium bis(naphthalocyanine) 

sandwich complex17 or modified heptamethine indocyanine dye18, 19 enable exclusive 

photothermal heating without photobleaching. In addition, there is recent evidence for laser-

induced leakage from liposomes, containing a porphyrin chromophore, that does not involve 

bulk heating of the sample.20 As a complement to these ongoing developments, we have 

discovered that croconaine (Croc) dyes (chemical structure in Figure 1) exhibit many of the 

desired features for high performance photothermal heating using a cheap 808 nm diode 

laser.21, 22 In brief, Croc dyes absorb strongly at around 800 nm and they have very short 

picosecond excited state lifetimes, low fluorescence quantum yields, and very little 

intersystem crossing to the excited triplet state. They efficiently convert 808 nm laser light 

into heat with negligible production of 1O2. We have shown that Croc dyes can be 

encapsulated inside macrocyclic molecules and also within silicated micelles to give water 

soluble nanoparticles with diameters < 15 nm.22 In this present study, we address the need 

for larger, biocompatible organic nanoparticles with diameters of 50-200 nm that are 

commonly used for controlled release applications and have the potential to exploit the 

enhanced permeability and retention effect for tumor targeting.23 Particles of this size are 

not likely to be excreted from the body so it is important to use biodegradable building 

blocks. We describe the construction of Croc doped lipid-polymer hybrid nanoparticles and 

Croc doped liposomes and show that both systems exhibit superior photothermal properties 

when compared to identical nanoparticle systems doped with two commonly used 

commercial NIR dyes, indocyanine green (ICG) and IR780 (structures in Figure 1a).24, 25 

We demonstrate how this high performance photothermal system permits new types of 

nanoparticle release strategies with very high levels of spatial and temporal control.

Guha et al. Page 2

Langmuir. Author manuscript; available in PMC 2015 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Materials and Methods

2.1. Materials

The Croc dye used in this study was prepared using our published method22 and has the 

following photophysical properties in CHCl3: λabs 795 nm, ε 2.7 × 105 M−1cm−1, λem 810 

nm, ΦF 0.06.22 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), PLGA 

[poly(D, L-lactide-co-glycolide); lactide:glycolide 50:50, ester terminated, Mw 

7000-17000], cardiogreen [Indocyanine Green (ICG)], IR780 iodide, DPBF (1,3-diphenyl 

isobenzofuran), carboxyfluorescein (CF), and phosphotungstic acid were obtained from 

Sigma Aldrich. Doxorubicin hydrochloride (DOX.HCl) was purchased from Fisher 

Scientific. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC) were purchased from Avanti Polar Lipids (USA) and 

stored in a freezer at −20°C. N-(Carbonyl-methoxypolyethyleneglycol-2000)-1,2-

distearoyl--sn-glycero-3-phosphoethanolamine, ammonium salt (MPEG-DSPE(2000)) was 

purchased from Corden Pharma (Switzerland) and stored in a freezer at −20°C. Lecithin 

(90% Soybean) was purchased from Alfa Aesar and stored in a freezer at −20°C. Singlet 

Oxygen Sensor Green (SOSG) was purchased from Life technologies (USA). Amicon Ultra 

(Ultra-15) centrifugal filter units with a molecular weight cutoff of 10kDa were bought from 

Millipore (USA). Before opening, the chemicals were warmed to room temperature.

2.2. Lipid-Polymer Hybrid Nanoparticles (LP-hybrid-NP)

2.2.1. Nanoparticle Preparation—Stock solutions for LP-hybrid-NP synthesis were 

MPEGDSPE (2000): 1 mg/mL in 4 wt% ethanol:water solution; lecithin: 1 mg/mL in 4 wt% 

ethanol:water solution; PLGA: 2.5 mg/mL in acetonitrile. Stock solutions were stored at 4°C 

and replaced after three weeks, with the exception of PLGA which was always prepared as a 

fresh solution. To synthesize LP-hybrid-NP, MPEG-DSPE(2000) stock (200 μL) and 

lecithin stock (12.5 μL) were added into deionized H2O (3.7 mL). Solid organic dye (0.5 

mg) was dissolved in the PLGA stock (400 μL) and was added slowly drop-wise. The 

resulting solution was sonicated using a probe sonicator for 5 min (sonicator frequency 20 

kHz and power 130 W), which produced a clear solution. The solution was filtered and 

washed 3 times using Amicon Ultra-4 centrifugal filter [MWCO 10 kDa] and HEPES buffer 

at pH 7.4 [4000 × g, 30 min each time] to remove remaining organic solvent and free 

organic dye. The final weight ratio of components in the assembled nanoparticle was 

dye:DSPE-PEG(2000):lecithin:PLGA = 0.5:0.2:0.012:1.

2.2.2. Fluorescein and DOX Release from LP-hybrid-NP—DOX and fluorescein 

release from Croc/DOX/LP-hybrid-NP and Croc/Fluorescein/LP-hybrid-NP was determined 

by a dialysis method using a dialysis membrane with 8 kDa MWCO (prevents passage of the 

nanoparticles) and HEPES (pH 7.4) as buffer. The sample in a cuvette was warmed to 37 °C 

for 2 min prior to irradiation for 15 min with an 808 nm diode laser which increased the 

sample temperature to 52 °C (control experiments did not laser irradiate). After laser 

irradiation the samples were incubated in the dark at 37 °C on a rotating incubator set at 200 

rpm. At time points, the dialysate was taken out to estimate the amount of released 

fluorescein or DOX. Fluorescence intensity of DOX was measured at 591 nm when excited 

at 480 nm. Fluorescence intensity of fluorescein was measured at 512 nm when excited at 
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480 nm. All experiments were performed in triplicate. To achieve 100% release of 

fluorescein or DOX, the samples were treated with CH3CN, which dissolved the 

nanoparticles. The percentage of release F(%) was calculated as F(%) = 100*(Ft-F0)/(Ftotal-

F0), where Ft is the fluorescein or DOX intensity at the measured time point, F0 is intensity 

at t = 0, and Ftotal is the intensity after treatment with CH3CN.

2.3. Liposome Studies

2.3.1. Liposome Preparation—Appropriate ratios of POPC (10 mg/mL), DPPC (10 mg/

mL), MPEG-DSPE(2000) (10 mg/mL) and Croc (1 mg/mL) in CHCl3 were combined to 

give Croc/POPC (3:97) or Croc/MPEG-DSPE(2000)/DPPC (2:5:93). The solvent was 

removed by N2 stream for 10 min and the residual solvent was removed under high vacuum 

for 2 hours to produce a Croc/lipid film. The lipid films were rehydrated with an appropriate 

amount of HEPES buffer (20 mM HEPES, 150 mM NaCl, pH 7.4) to give a final lipid+Croc 

concentration of 6.67 mM. After 1 h of incubation at T > tm of the lipid, the hydrated films 

were subjected to five freeze/thaw cycles (consisting of freezing the samples in liquid 

nitrogen followed by melting in a water bath to T > tm of the lipid). The disperse 

multilamellar vesicles were incubated at T > tm for 5 min, vortexed, then extruded 21 times 

through a polycarbonate membrane (200 nm pore size, 19 mm diameter, Whatman 

Nuclepore Track-Etch Membrane Filtration Products) using a Liposofast extruder (Avestin, 

Ottawa, Canada) at T > tm to produce a suspension of unilamellar vesicles. The 

unincorporated Croc dye was removed by size exclusion using a column filled with 

Sephadex G-25 Superfine gel and cold HEPES buffer as eluent. An analogous procedure 

was used to make liposomes containing IR780 or DPBF in place of Croc.

2.3.2. Carboxyfluorescein Release Assay—Unilamellar vesicles were prepared with 

a lipid composition of thermosensitive Croc/MPEG-DSPE(2000)/DPPC: (2:5:93) or 

nonthermosensitive Croc/POPC (3:97) using the procedure above, except the film was 

hydrated with carboxyfluorescein (CF) solution (50 mM CF, 20 mM HEPES, 100 mM NaCl 

at pH 7.4). The unencapsulated CF and Croc were removed by size exclusion using a 

column filled with Sephadex G-25 Superfine gel and cold HEPES buffer as eluent. CF is 

self-quenched at high concentrations inside the liposomes. An increase in CF fluorescence 

indicates release of CF from the vesicles into solution. Addition of 1 % (w/v) Triton X-100 

lyses the vesicles and releases the CF, allowing for normalization to 100% leakage. The 

percentage of CF release was calculated from the fluorescence intensity (Ex: 492 nm, Em: 

517 nm) using the equation F(%) = 100*(Ft-F0)/(Ftotal-F0), where Ft is the CF intensity at 

the measured time point, F0 is intensity at t = 0, and Ftotal is the intensity after treatment with 

Triton X-100. The laser triggered liposome release experiments in solution used a 808 nm 

diode laser (6 W/cm2) to heat microwells containing the samples. The non-thermosensitive 

formulation of Croc:POPC (3:97) is in a liquid crystalline phase before laser heating and so 

although laser irradiation produces substantial photothermal heating there is no membrane 

phase transition and no enhanced leakage of CF.

2.4. Photothermal Heating of Immobilized Liposomes in a Gel

Separate 60 × 15 mm petri dishes were loaded with a suspension of gelatin (7 mL, 50 

mg/mL) containing CF-loaded Croc/MPEG-DSPE(2000)/DPPC (2:5:93) liposomes (1.2 
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mL) at 30 °C. The petri dishes containing the gelatin/liposome suspension were allowed to 

sit for 3 hours at 15 °C, creating a robust gel, and then localized spots (4 mm2) on the gel 

surface were irradiated with an 808 nm diode laser (15 W/cm2). Four spots on one gel 

surface were irradiated continuously for 30, 60, 90, or 120 sec, and the temperature at the 

end of each heating period was measured using a thermal imaging camera (ICI, USA). The 

four spots on the other gel surface were irradiated for a designated number of heating cycles, 

where each cycle consisted of laser irradiation for 15 sec (which raised the temp of the spot 

to 41 °C) followed by a 60 sec break in laser heating. Fluorescence images of the released 

CF in the irradiated spots were captured using a Lumina IVIS machine (Perkin Elmer, USA) 

with GFP excitation and emission filter sets and a 1 sec acquisition time. Images were 

processed using ImageJ and the uniform fluorescence of the nonirradiated gel was 

subtracted as background. Region of interest (ROI) analyses measured total and mean pixel 

intensity within each ROI.

3. Results and Discussion

The study compared the photothermal heating properties of lipid-polymer hybrid 

nanoparticles and liposomes that were doped with the three different NIR dyes in Figure 1a. 

To help the reader, the two nanoparticle systems are described using a short systematic 

nomenclature that starts with the name of dye followed by the other composites. For 

example, Croc doped lipid-polymer hybrid nanoparticles are named Croc/LP-hybrid-NP and 

Croc doped POPC liposomes are named Croc/POPC. The work is presented in the following 

sequence. First a comparison of the dye doped lipid-polymer hybrid nanoparticles reveals 

the superior ability of Croc/LP-hybrid-NP to undergo clean photothermal heating without 

generating ROS. Then there is a demonstration of laser activated photothermal release of 

molecular payload from Croc doped lipid-polymer hybrid NP and thermosensitive 

liposomes.

3.1. Fabrication and Characterization of Dye Doped LP-Hybrid-NP

A rapid and straightforward literature sonication procedure was used to prepare the LP 

hybrid NP as a core-shell architecture with a hydrophobic core of PLGA [ester terminated 

poly(lactic-co-glycolic acid)] coated by a monolayer of two polar lipids, lecithin and 

MPEGDSPE(2000) (Figure 1b, Figure S1 and S2).26 It is worth noting that all three 

substances are approved for use in humans by the US FDA. The hydrophobic core readily 

accommodates additional hydrophobic molecules such as drugs or dyes.27, 28, 29 The 

PEG(2000) chains protruding from the surrounding shell form a protective corona that 

sterically protects the nanoparticles from self-aggregation and undesired interaction with 

biological surfaces. All nanoparticle preparations exhibited a narrow size distribution. 

Figure 1c shows representative DLS data for nanoparticles doped with Croc dye (Croc/LP-

hybrid-NP), indicating a high level monodispersity [polydispersity index (PDI) = 0.109] and 

a particle diameter of 68±1 nm in HEPES buffer at pH 7.4. Stock solutions of the 

nanoparticles could be stored for more than 15 days with no change in particle size 

distribution.

Transmission electron microscopy (TEM) was used to visualize the morphology of Croc/LP-

hybrid-NP that had been deposited on a carbon coated copper grid (300 mesh) and stained 
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with 2% (w/v) phosphotungstic acid. The TEM images show well-ordered and almost 

uniform spherical structures with average diameters of 65 nm (Figure 1d). The negative 

staining indicates higher contrast on the circumference of the polymeric nanoparticles 

consistent with a polymer core and a surrounding monolayer of polar lipid. Absorption 

spectra of the Croc/LP-hybrid-NP show two bands at 800 nm and 720 nm (Figure 2b). The 

peak at 720 nm is due to partial self-aggregation of Croc dye inside the particle. The amount 

of Croc self-aggregation inside the nanoparticles did not change significantly after sitting for 

24 h, even when the solvent was 2 % FBS (w/w) at pH 7.4 (HEPES buffer) (Figure S3a).

3.2. Photothermal Heating of Dye Doped LP-Hybrid-NP

For comparison studies, the following dye doped lipid-polymer hybrid NP were prepared 

using identical methods: Croc/LP-hybrid-NP, ICG/LP-hybrid-NP, and IR780/LP-hybrid-NP 

(for nanoparticle characterization data, see Figure S4). Separate cuvettes containing samples 

of each nanoparticle system in pH 7.4 HEPES buffer were irradiated for 15 min with an 808 

nm diode laser and the solution temperature was monitored with a thermocouple. In 

addition, absorption spectra of each sample were acquired before and after laser heating. As 

shown in Figure 2a, the solution temperature of the Croc/LP-hybrid-NP sample increased to 

a steady state of 15 °C above ambient, with minimal change in the Croc absorption 

spectrum. Additional laser irradiation experiments revealed a linear relationship between 

solution temperature increase and laser power (Figure S5). The remarkable stability of the 

Croc/LP-hybrid-NP to laser irradiation was further tested by repeating the irradiation 

experiments in 2 % FBS (w/w) and there was no change in the photothermal behavior 

(Figure S3d). The results clearly indicate very high photostability and photothermal 

durability of Croc/LP-hybrid-NP.

The same laser heating experiments with ICG/LP-hybrid-NP and IR780/LP-hybrid-NP 

produced different heating results. The absorption spectra in Figure 2c-d and fluorescence 

spectra in Figure S6 showed that 15 min of laser irradiation almost completely destroyed 

each dye's ability to absorb the 808 nm laser light. This time-dependent loss in absorption 

cross section explains why the maximum temperature increase is smaller (∼10 °C for both 

systems) and also why there is a gradual decrease in sample temperature over the later stages 

of the laser irradiation (Figure 2a). This difference in dye photostability was readily apparent 

in cycling experiments that repeatedly irradiated the same sample. As shown in Figure 3, 

each sample was subjected to four cycles of laser irradiation for 15 min followed by a break 

without light. The sample of Croc/LP-hybrid-NP showed no change in maximum 

temperature over the four iterations, whereas, the samples of ICG/LP-hybrid-NP and 

IR780/LP-hybrid-NP exhibited a large decrease in photothermal heating after each 

irradiation step in the cycle. However, the size of the LP-hybrid-NPs was unchanged after 

several cycles of laser irradiation.

3.3. Oxygen Photosensitization by Dye Doped LP-Hybrid-NP

The photobleaching of ICG/LP-hybrid-NP and IR780/LP-hybrid-NP is consistent with 

generation of singlet oxygen (1O2) by dye photosensitization, and this hypothesis was 

confirmed by conducting two sets of chemical trapping studies. The first set of studies 

incorporated the lipophilic organic compound diphenylbenzofuran (DPBF) within the core 
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of the nanoparticles. DPBF is well known to react quickly with 1O2 to form a product with a 

decreased absorption maxima and associated fluorescence (Figure S7). The property makes 

DPBF an excellent chemical sensor for 1O2 that is produced within the lipophilic core of a 

bilayer membrane or an organic nanoparticle.30 Three analogous batches of the 

nanoparticles were prepared with DPBF and one of the three NIR dyes incorporated inside, 

i.e., ICG/DPBF/LP-hybrid-NP, IR780/DPBF/LP-hybrid-NP, and Croc/DPBF/LP-hybrid-NP 

(Figure S7). Each nanoparticle sample was irradiated for 15 min with an 808 nm laser and 

the changes in DPBF fluorescence emission spectra (Figure S8) were recorded. In the case 

of Croc/DPBF/LP-hybrid-NP there were no spectral changes (Figure S8a), whereas the 

samples of ICG/DPBF/LP-hybrid-NP and IR780/DPBF/LP-hybrid-NP showed large 

decreases in the characteristic fluorescence emission peaks for DPBF at 453 and 477 nm 

(Figure S8b-c). This suggests that irradiation of ICG/DPBF/LP-hybrid-NP and IR780/

DPBF/LP-hybrid-NP produced significant amount of reactive 1O2 that reacted with both the 

NIR dye and the DPBF 1O2 sensor. Control experiments showed no bleaching of the dyes in 

the absence of laser irradiation. As expected, dye photobleaching led to diminished 

photothermal heating in the later stages of the irradiation experiments (Figure S9).

Another set of trapping experiments tested for the appearance of 1O2 in the aqueous solution 

outside the nanoparticles. The 1O2 sensor was the water soluble fluorescent probe Singlet 

Oxygen Sensor Green (SOSG), which becomes highly fluorescent after reacting with 1O2.31 

Separate aqueous solutions of SOSG (pH 7.4) mixed with Croc/LP-hybrid-NP, ICG/LP-

hybrid-NP, or IR780/LP-hybrid-NP were laser irradiated for 15 minutes. As expected, 

irradiation of the Croc/LP-hybrid-NP produced no change in SOSG emission, whereas 

irradiation of ICG/LP-hybrid-NP or IR780/LP-hybrid-NP produced large increases in SOSG 

emission indicating considerable 1O2 production (Figure S10).

3.4. Photo-oxidation of Doxorubicin Encapsulated Inside Dye Doped LP-Hybrid-NP

The significant differences in oxygen photosensitization prompted us to evaluate the effect 

of 808 nm laser irradiation on dye doped LP-hybrid-NP that also contained the anticancer 

drug doxorubicin (DOX).32 DOX is an effective topoisomerase II inhibitor and a fluorescent 

compound that is often utilized in clinical nanomedicine and preclinical studies.33 The 

reactivity of DOX with ROS has not been examined in great detail. However, several studies 

have found that UV irradiation of solutions containing DOX and photosensitizers leads to 

destruction of the DOX.34, 35, 36 The degradation is indicated by a loss in the characteristic 

red fluorescence emission and greatly reduced DOX cytotoxicity. We conducted 

conceptually similar DOX degradation experiments by first preparing three separate batches 

of dye doped LP-hybrid-NP that also incorporated the lipophilic free base of DOX, i.e., 

ICG/DOX/LP-hybrid-NP, IR780/DOX/LP-hybrid-NP, and Croc/DOX/LP-hybrid-NP 

(Figure S11). Each NP system exhibited the characteristic DOX fluorescence emission 

bands at 559 and 591 nm when excited at 480 nm (Figure 4). The Croc/DOX/LP-hybrid-NP 

exhibited long storage stability and excellent photothermal heating performance (Figure 

S12), including negligible change in the DOX fluorescence intensity after laser irradiation 

for 15 min (Figure 4a,b). The ICG/DOX/LP-hybrid-NP and IR780/DOX/LP-hybrid-NP had 

a comparable size and PDI (Figure S13). As expected, the laser heating performance was 

weaker, with evidence of significant dye photobleaching. Furthermore, there was a 30-35% 
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loss in DOX fluorescence intensity after laser irradiation for 15 minutes (Figure 4c,d) 

presumably due to reaction with photogenerated 1O2. The structures of the DOX 

decomposition products were not elucidated but the literature clearly indicates that photo-

oxidized DOX has greatly decreased therapeutic efficacy.36

3.5. Laser Promoted Release of Payload from LP-Hybrid-NP

The clean photothermal heating of Croc doped nanoparticles (i.e., no generation of 

destructive 1O2) is very attractive for laser activated drug release applications. This 

possibility was first tested by measuring the effect of laser irradiation on the leakage of 

encapsulated molecular payload from Croc doped LP-Hybrid-NP. A dialysis assay 

compared the rate of DOX escape from Croc/DOX/LP-Hybrid-NP after the sample had been 

irradiated with 808 nm diode laser for 15 min (which increased the sample temperature to 52 

°C) to a control sample that was kept entirely in the dark. As shown in Figure S14a, the half-

life for DOX leakage from the nanoparticles in the dark was 18 hours, and this was 

shortened to 6 hours by 15 min of preliminary laser irradiation. DLS data indicated that the 

size of the NPs was unchanged after the laser irradiation (Figure S15). The same trend was 

observed in a separate dialysis experiment that encapsulated the fluorescent dye fluorescein 

(i.e., Croc/fluorescein/LP-Hybrid-NP, see Figure S16). In this case, the half-life for 

fluorescein leakage from the nanoparticles in the dark was 8.5 hours, and this was shortened 

to 4 hours by 15 min of preliminary laser irradiation (Figure S14b). Thus, an initial 15 min 

period of laser irradiation was able to induce a modest increase in the relatively slow leakage 

rate of drug or dye payload from Croc/payload/LP-Hybrid-NP. These leakage rates match 

those observed with other PLGA nanoparticle systems.32, 37 In order to explain the enhanced 

leakage, we determined the PLGA glass transition temperature (Tg) to be 42-46 °C (Figure 

S17). We hypothesize that laser induced heating of the Croc/payload/LP- Hybrid-NP 

induces a temporary thermal phase change in the PLGA core from a rigid, glassy state to a 

compliant, rubbery state, which facilitates diffusion of encapsulated payload towards the 

periphery of the nanoparticle. However, complete escape from the nanoparticle is still fairly 

slow since the payload has to diffuse through the surrounding shell, which is a densely 

packed monolayer of polar lipids.27

3.6. Laser Promoted Release of Payload from Thermosensitive Liposomes

Liposomes are effective biocompatible nanoparticle systems for drug delivery.38 In the 

literature, there are different ways of creating thermosensitive liposomes.39 One approach is 

to use membrane formulations that undergo a thermal phase transition of the saturated acyl 

chains in the bilayer membrane from gel to fluid phase leading to greatly enhanced leakage 

of aqueous contents from the liposomes.40 There are only a few reports of thermosensitive 

liposomes that incorporate NIR dyes as the photothermal agent, in part because of 

anticipated problems due to dye photobleaching and oxygen photosensitization,41 but also 

because of the emerging success using gold nanostructures to absorb the NIR light.42 While 

gold nanoparticles have many attractive features, some structures (such as nanorods) are 

known to undergo heat driven morphology changes that alter their light absorption and limit 

their potential for applications that require repetitive photothermal heating.
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To demonstrate the potential of Croc doped liposomes for laser activated release of aqueous 

contents, thermosensitive liposomes were prepared with Croc dye in the lipophilic interior of 

the membrane and water soluble carboxyfluorescein (CF) trapped in the aqueous interior. 

The release of CF from the liposomes is easily monitored by its increase in fluorescence 

intensity as it is diluted into the external solution (Figure 5a). Two liposome systems were 

studied, a nonthermosensitive formulation comprised of Croc:POPC (3:97) and a 

thermosensitive formulation comprised of Croc/MPEG-DSPE(2000)/DPPC (2:5:93) with a 

measured phase transition temperature of 42.2°C (Figure S18). There was substantial 

leakage from the thermosensitive liposome system (Figure 5b). Furthermore, substantial CF 

leakage started when the bulk solution temperature passed through the membrane phase 

transition temperature (Figure 5b).

An attractive feature of this family of thermosensitive liposomes is the potential for 

fractionated release. That is, the leakage stops if the sample temperature dips below the 

membrane phase transition temperature. The unique ability of Croc dye to undergo multiple 

photothermal heating cycles without loss of heating efficiency makes it attractive for 

methods that use repetitive doses of laser irradiation to achieve fractionated liposome 

leakage. Figure 6 shows the results of two sets of CF leakage experiments that demonstrate 

this concept. Figure 6a shows the controlled incremental CF release from thermosensitive 

Croc/MPEGDSPE(2000)/DPPC (2:5:93) liposomes in aqueous solution due to repetitive 1 

minute doses of 808 nm laser irradiation with 10 minute breaks. In Figure 6b-c is a more 

complex CF leakage experiment that highlights the spatial as well as the temporal attributes 

of a laser beam. Two petri dishes were each partially filled with identical layers of a 

relatively rigid “gel” containing a homogeneous distribution of thermosensitive Croc/

MPEG-DSPE(2000)/DPPC (2:5:93) liposomes that were loaded with CF. Preliminary tests 

showed that a relatively narrow 808 nm laser beam (4 mm2) directed at the gel surface 

produced a localized photothermal heating spot due to laser absorption by the Croc dye in 

the liposomes. Furthermore, the heating caused release of CF from the liposomes and the 

increased CF fluorescence at the heating spot could be observed by fluorescence imaging of 

the entire petri dish. The first experiment (Figure 6b) used the laser beam to create four 

separate heating spots (A – D) with continuous laser irradiation times ranging from 30 to 120 

seconds. As shown by the associated bar graph in Figure 6d, a longer laser irradiation time 

produced a commensurate increase in local CF leakage. The second experiment used the 

same laser beam, but this time the photothermal heating at a single spot was cycled a 

specified number of times, with each cycle involving 15 seconds of laser and 60 seconds of 

dark. The four spots in Figure 6c (E – H) correspond to 1 to 4 photothermal heating cycles, 

respectively. The associated graph in Figure 6e shows that the amount of local CF leakage 

increased almost linearly with the number of heating cycles. The high photostability of the 

Croc dye is the key attribute that allowed this fractionated liposome leakage of CF over 

multiple cycles. This type of repetitive release cannot be achieved with thermosensitive 

liposomes containing ICG or IR780, because they quickly photobleach.

Comparison of Figures 6b and 6c shows that fractionated photothermal heating is an 

effective way to minimize the thermal diffusion of leaked CF from the spot of heating. The 

effect is nicely illustrated by comparing the wider zone of released CF in spot B (diameter 
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10 mm, spot irradiated constantly for 60 seconds which produced a maximum temperature 

of 56 °C) with smaller spot H (diameter 3.6 mm, spot irradiated four times for 15 seconds 

with one minute breaks, each heating cycle only reached a maximum temperature of 41 °C). 

Both spots received the same total dose of laser photons but there was less thermal diffusion 

of the released CF in spot H due to the fractionated irradiation which allowed a cooling 

period between each irradiation. These simple experiments indicate how clean (i.e., no 

production of undesired 1O2) and fractionated photothermal release of payload from 

thermosensitive liposomes containing highly photostable Croc dye can be combined with the 

precise spatial precision of a laser beam for various types of controlled release applications. 

For example, we envision possible methods in nanomedicine that immobilize Croc-

containing thermosensitive liposomes in superficial in vivo locations (e.g., tattooed under 

the skin43) and use focused laser beam irradiation to trigger predictable amounts of leaked 

pharmaceutical over time. This method is attractive for situations that need to maintain 

dosage levels within an optimal therapeutic window. It may be possible to automate the 

process by connecting the repetitive laser heating to a diagnostic feedback system that 

monitors the level of the released payload in the external media.

4. Conclusions

Croc dye has several attractive photothemal properties. It absorbs strongly at 808 nm, a 

highly effective NIR wavelength for biological optical applications, and generates clean 

laser-induced heating (no generation of 1O2) without photobleaching of the dye. In contrast, 

laser-induced heating of nanoparticles that contain the common commercial NIR dyes ICG 

or IR780 simultaneously produces reactive 1O2, which leads to bleaching of the dye and 

also decomposition of co-encapsulated payload such as the drug Doxorubicin. Croc doped 

lipid-polymer hybrid nanoparticles have several favorable features for effective 

photothermal therapy.44, 45 The nanoparticles are fabricated by a straightforward, rapid, and 

reproducible sonication method, and all of the nanoparticle components (except the Croc 

dye) are approved by the US FDA for use in humans. The special ability of Croc doped 

lipid-polymer nanoparticles to produce consistent photothermal heating over multiple 

heating cycles should enable future development of alternative strategies in photothermal 

therapy, such as repetitive fractionated heating of tumors,46 or photothermally enhanced 

uptake of chemotherapeutics.47 Croc dye is especially useful for repetitive fractional release 

of water soluble payload from the interior of thermosensitive liposomes. While the shallow 

penetration of NIR light through skin and tissue is a technical limitation for certain 

biomedical applications, the precise spatial and temporal control of a laser beam compares 

favorably with other methods used to induce hyperthermia.48
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Abbreviations

Croc Croconaine

ICG Indocyanine Green

IR780 iodide 2-[2-[2-Chloro-3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-

ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-

propylindolium iodide

NIR Near-infrared

TEM Transmission Electron Microscopy

DLS Dynamic Light Scattering

DSC Differential Scanning Calorimetry

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

PLGA [poly(D, L-lactide-co-glycolide)]

DPBF 1,3-diphenyl isobenzofuran

SOSG Singlet Oxygen Sensor Green

CF carboxyfluorescein

Guha et al. Page 13

Langmuir. Author manuscript; available in PMC 2015 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DOX Doxorubicin

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

MPEG-
DSPE(2000)

N-(Carbonyl-methoxypolyethyleneglycol-2000)-1,2-distearoyl-sn-

glycero-3-phosphoethanolamine, ammonium salt

1O2 singlet oxygen

PDI Polydispersity Index

ROS Reactive Oxygen Species
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Figure 1. 
(a) Molecular structures of NIR dyes. (b) Schematic representation of dye doped LP-hybrid-

NP fabrication. (c) DLS study of Croc/LP-hybrid-NP in HEPES buffer at pH 7.4. 

Hydrodynamic diameter 68±1 nm and PDI = 0.109 (see insert) does not change over 15 

days. (d) TEM image of Croc/LP-hybrid-NP; inset shows a 5× expansion of one section of 

the image.
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Figure 2. 
(a) Sample temperature profiles during laser irradiation (808 nm) for Croc/LP-hybrid-NP 

(orange), ICG/LP-hybrid-NP (deep green), and IR780//LP-hybrid-NP (light green) in 

HEPES buffer at pH 7.4. Control experiments: LP-hybrid-NP without any dye at pH 7.4 

(HEPES buffer) (grey) and HEPES buffer alone at pH 7.4 (black). (b-d) UV/Vis absorption 

of Croc/LP-hybrid-NP, ICG/LP-hybrid-NP, and IR780//LP-hybrid-NP respectively at pH 

7.4 (HEPES buffer) before (black) and after (red) laser irradiation (15 min). Significant loss 

of ICG and IR780 absorption is observed after laser irradiation.

Guha et al. Page 16

Langmuir. Author manuscript; available in PMC 2015 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Four heating cycles of (a) Croc/LP-hybrid-NP, (b) ICG/LP-hybrid-NP, and (c) IR780/LP-

hybrid-NP at pH 7.4 (HEPES buffer) with laser irradiation.

Guha et al. Page 17

Langmuir. Author manuscript; available in PMC 2015 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
(a) Temperature change profiles during laser irradiation for Croc/DOX/LP-hybrid-NP 

(orange), ICG/DOX/LP-hybrid-NP (dark green), and IR780/DOX/LP-hybrid-NP (light 

green) at pH 7.4 (HEPES buffer). Control experiment: LP-hybrid-NPs without any dye at 

pH 7.4 (HEPES buffer) (grey) and HEPES buffer alone at pH 7.4 (black). (b-d) DOX 

fluorescence (λex = 480 nm) in samples of Croc/DOX/LP-hybrid-NP, ICG/DOX/LP-hybrid-

NP, and IR780/DOX/LP-hybrid-NP, respectively, before (black) and after (red) laser (15 

min) irradiation. The DOX decrease in the three samples was 4%, 30% and 35%, 

respectively.
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Figure 5. 
(a) Schematic representation of photothermal CF release from thermosensitive liposomes 

due to laser irradiation. (b) Photothermal CF release (black line) from Croc/

MPEGDPPE(2000)/DPPC (2:5:93) liposomes at pH 7.4 after laser (808 nm, 6 W/cm2) 

irradiation. The red line is the sample temperature.
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Figure 6. 
(a) Fractionated laser induced photothermal release of CF from thermosensitive liposomes 

made of Croc/MPEG-DPPE(2000)/DPPC (2:5:93) in a solution of HEPES buffer (pH 7.4). 

(b) Fluorescence image of a petri dish holding a gel with an even distribution of 

immobilized Croc/MPEG-DSPE(2000)/DPPC (2:5:93) liposomes. The four fluorescent 

spots indicate CF release due to continuous laser (808 nm, 15 W/cm2) irradiation of a 4 mm2 

zone for the following time periods and final temperatures (A) 30 sec, 50 °C, (B) 60 sec, 56 

°C, (C) 90 sec, 57 °C, (D) 120 sec, 59 °C. (c) Fluorescence image of an identical petri dish 

holding a gel with an even distribution of immobilized Croc/MPEG-DSPE(2000)/DPPC 

(2:5:93) liposomes. The four fluorescent spots indicate CF release due to laser (808 nm, 15 

W/cm2) irradiation of a 4 mm2 zone for the following cycles of 15 sec irradiation followed 

by 60 sec break, (E) 1 cycle, (F) 2 cycles, (G) 3 cycles, (H) 4 cycles. Each 15 sec heating 

period raised the temperature of the spot to 41 °C. (d) Comparison of relative total 
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fluorescence pixel intensity of the four spots in image (b). (e) Comparison of relative mean 

fluorescence pixel intensity of the four spots in image (c).
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