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Preparation of photothermal palmitic acid/cholesterol liposomes

Chase S. Linsleyl, Max Zhu?, Viola Y. Quachl, Benjamin M. Wul.2*

1Department of Bioengineering, University of California, Los Angeles, Los Angeles, CA 90095,
USA

2.Djvision of Advanced Prosthodontics and the Weintraub Center for Reconstructive
Biotechnology, University of California, Los Angeles, Los Angeles, CA 90095, USA

Abstract

Indocyanine green (ICG) is the only FDA approved near-infrared dye and it is currently used
clinically for diagnostic applications. However, there is significant interest in using ICG for
triggered drug delivery applications and heat ablation therapy. Unfortunately, free ICG has a
short half-life /n vivo and is rapidly cleared from circulation. Liposomes have been frequently
used to improve ICG’s stability and overall time of effectiveness /n vivo, but they have limited
stability due to the susceptibility of phospholipids to hydrolysis and oxidation. In this study,
non-phospholipid liposomes were used to encapsulate ICG, and the resulting liposomes were
characterized for size, encapsulation efficiency, stability, and photothermal response. Using the
thin-film hydration method, an ICG encapsulation efficiency of 54% was achieved, and the
liposomes were stable for up to 12 weeks, with detectable levels of encapsulated ICG up to
week 4. Additionally, ICG-loaded liposomes were capable of rapidly producing a significant
photothermal response upon exposure to near infrared light, and this photothermal response was
able to induce changes in the mechanical properties of thermally-responsive hydrogels.
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INTRODUCTION

Indocyanine Green (ICG) is the only Food and Drug Administration (FDA) approved near
infrared (NIR) fluorescent dye, and it is widely used clinically for diagnostic applications,
such as determining cardiac output, hepatic function, and performing angiographs.
Additionally, ICG has a moderate fluorescence quantum yield, and can efficiently converts
light energy into heat 1:2. This has generated interest in ICG as a candidate for thermal
ablation treatments 3-2, and the photothermal response of ICG has been recently used

to trigger drug release in on-demand delivery systems 7. Unfortunately, free ICG has a
half-life of less than four minutes /n vivoas it is rapidly filtered from the bloodstream by the
liver 8 and the optical properties of free ICG are very sensitive to factors such as solvent,

"Corresponding Author and Reprint Requests: Benjamin M. Wu, D.D.S., Ph.D. 420 Westwood Plaza, Room 5121, Engineering V. P.O.
Box 951600, Los Angeles, CA 90095-1600, Fax: (310) 794-5956, benwu@ucla.edu.
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concentration, and temperature 9. Additionally, free ICG is readily hydrolyzed in aqueous
medium over time 10. To overcome these limitations, work has been done to encapsulate

ICG in carriers with the aim of improving ICG’s stability and overall time of effectiveness /n
vivo.

Clinical applications require that ICG remains dispersed in physiological environments,
produces a strong response to light irradiation, accumulates in regions of interest, and safely
resorbs into the body after use. Previous studies have shown that nano-carriers can improve
a ICG’s utility /n vivo. For instance, calcium phosphate nanoparticles doped with ICG had
an increase in brightness as well as prolonged signal intensity. /n7 vivo, the fluorescence
signal from the ICG-loaded nanoparticles was found in tumor tissue 24 hours after systemic
administration, which persisted more than 96 h post-injection, while no fluorescence signal
was detected from the free ICG 24 hours post-injection 11, Liposomes are perhaps the most
studied nano-carriers for ICG because they are easy to fabricate, monodisperse, and do not
impact the favorable optical properties of the encapsulated chromophore 12, To date, they
have been used to demonstrate ICG’s effectiveness for applications ranging from /n vivo
imaging to on-demand drug delivery 7:13-29, Unfortunately, these liposome systems are all
phospholipid-based, which have limited stability due to the susceptibility of phospholipids
to hydrolysis and oxidation 3°. Recently, non-phospholipid liposomes — formed from single-
chain amphiphiles and high content of sterols — have been shown to have significantly
increased stability 31-34, This increased stability suggests these liposomes systems have
great potential for applications requiring long-term functionality, such as controlled drug
delivery.

In this study, non-phospholipid liposomes were used to encapsulate ICG, and the resulting
liposomes were characterized for size, encapsulation efficiency, stability, and photothermal
response. This method utilized biocompatible and chemically inert materials — cholesterol
and palmitic acid — to fabricate low-permeability liposomes comparable to those made

from high sterol solutions 3°. The results show that the liposomes are stable and retain

ICG for over 4 weeks and present a visible, non-aggregated, colored solution. In addition,
there is a significant photothermal response of over 5°C when exposed to near-infrared
(NIR) light, which was able to trigger changes in the mechanical properties of the thermally-
responsive hydrogel: gelatin. Overall, the ICG-loaded liposomes reported here are fabricated
using a simple liposomal formulation and have the potential to be tailored for a variety of
applications, including triggered drug delivery, /n vivoimaging and thermal ablation therapy.

MATERIALS AND METHODS

Chromophore-Loaded Liposome Fabrication

Liposomes were prepared as previously described 3°. Briefly, a solution of 3:7 molar ratio
of Palmitic Acid (PA) (CAS number 57-10-3; Sigma-Aldrich, Missouri, USA): Cholesterol
(CAS number 57-88-5; Sigma-Aldrich, Missouri, USA) was dissolved in 9:1 (v/v) benzene
(CAS number 71-43-2; Sigma-Aldrich, Missouri, USA): methanol (CAS number 67-56-1;
Sigma-Aldrich, Missouri, USA). The solution underwent liquid nitrogen flash freezing and
was subsequently lyophilized for 24 hours to ensure complete sublimation of the organic
solvent. The freeze-dried powder was hydrated with an aqueous ICG (CAS number 3599-
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32-4; Sigma-Aldrich, Missouri, USA) solution (0.2 mg/mL, pH 8.8). The suspensions
underwent five freeze/thaw cycles (liquid nitrogen for 2 min to a 70°C water bath for

10 min) with vortexing between successive cycles for good hydration. After the last cycle,
the suspension was sonicated for 25 min at 20% intensity and an 80% duty cycle. A
schematic of the liposome preparation is shown in Fig. 1. A Sephadex G-50 (CAS number
9004-54-0; Sigma-Aldrich, Missouri, USA) column was used to separate free ICG from
ICG-loaded liposomes. Blank liposomes were also formulated using a similar procedure
except substituting ICG solution with TRIS buffer (pH 8.8).

Liposome Characterization

To measure encapsulation efficiency, a 1% Triton X-100 (CAS number 9002-93-1; Sigma-
Aldrich, Missouri, USA) solution was added to the purified ICG-loaded liposome solution
and shaken for 10 min to lyse the liposomes. The amount of ICG encapsulated in the
liposomes was measured by absorbance (700 nm) with a multi-well plate reader (Infinite®
F200, Tecan Group Ltd., Mannedorf, Switzerland) and compared to a standard curve of
known concentrations. The encapsulation efficiency (EE) was defined as the ratio between
actual versus theoretical amount of ICG encapsulated in the liposomes, as described by
Equation (1). Furthermore, encapsulation efficiency was measured for liposomes exposed
to single, double, or triple light exposures to see if amount encapsulated decreases with
exposures.

Encapsulation Ef ficiency (EE)
_actual amount of ICG loaded in liposomes % 100% (1)
(%

" theory amount of I1CG loaded in liposomes

Size and C-potential was measured with the Malvern Zetasizer Nano ZS model Zen 3600
(Malvern Instruments, Westborough, MA). To prepare the samples, 100 puL of chromophore-
loaded liposome solution was diluted to 1 mL using distilled water. Stability studies for the
liposomes followed by measuring particle diameter over 12 weeks.

Cryogenic Transmission Electron Microscopy—An aliquot of the liposome sample
was dripped on a Quantifoil grid (Quantifoil R2/1 100 holey carbon films grids, Cu 200
mesh), blotted for 4 s with a manual plunger, and then plunged directly into liquid ethane.
The image was collected on a FEI Tecnai TF20 at an accelerating voltage of 200 kV using
TVIPS EM-Menu program (defocus = —5.0 um, dose = 3000 e/nm?). The instrument is
equipped with a 16 megapixel CCD camera.

Photothermal Response

The experimental setup to measure the photothermal effect was conducted as previously
described ©. Briefly, 600 pL of liposome solution, diluted to 1 mL with TRIS buffer

(pH 8.8), was added to a disposable cuvette that was optically transparent for visible

and NIR light (780 nm). Temperature change measurements were achieved by irradiating
with a POLILIGHT® PL500 multi-wavelength light source (Rofin, Australia), and a Fluke
54 Series 11 thermometer (Fluke Corporation, Washington, USA) was used to record

the final temperature change after 2-min irradiation. The light intensity used for each

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2022 July 20.
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chromophore’s wavelength-dependent temperature change was 750 mW and confirmed
using the FieldMaxlII-TO laser power meter (Coherent, California, USA). Similar to

encapsulation efficiency, liposomes were tested to see if photothermal response changes
with multiple exposures.

Fabrication of Gelatin Hydrogels Loaded with ICG-Liposomes

The gelatin hydrogels were prepared by dissolving bovine type B gelatin (CAS number
9000-70-8, Sigma-Aldrich, Missouri, USA) in deionized water (5 % (w/v)), and heating the
mixture to 60°C until all the gelatin was in solution. The gelatin solution was removed from
heat and a solution containing ICG-loaded liposomes was added. Because the gel-liquid
transition temperature for palmitic acid/cholesterol liposomes is between 50-55°C 36, the
gelatin solution was allowed to cool below 50°C before the liposome solution was added.
Finally, the gelatin-liposome solution was transferred to the wells of a 48-well plate and
allowed to set at 4°C.

Rheological Measurements

The storage modulus of the gelatin containing ICG-loaded liposomes was measured using
a Discovery HR2 rheometer (TA Instruments, Delaware, USA) with an 8 mm cylindrical
geometry attachment. Set gelatin hydrogels were cut-to-fit using an 8 mm biopsy punch
prior to testing on the rheometer. Temperature ramps were then performed on the gelatin.
The storage modulus (G”) of the hydrogels were measured using a fixed strain (0.08)

and angular frequency 10 rad/s. Positive control hydrogels were exposed to a 25°C to
35°C temperature ramp at a ramp rate of 2.5°C/min. Experimental hydrogels loaded with
ICG-liposomes underwent oscillation-over-time tests and were exposed to 750 mW of NIR
light (780 nm, Polilight PL500, Rofin, Australia) for two minutes.

The raw data was analyzed using Matlab. Briefly, a Piecewise Cubic Hermite Interpolating
Polynomial (PCHIP) function performed cubic interpolation of 100 data points fitted

in between the measured data points relating storage modulus to temperature for the
temperature scan samples and time for the oscillation-over-time samples. The second
derivative was calculated using a central derivative method and using a forward derivative
method for the first data point and a backward derivative method for the last data

point. The inflection point was then determined by finding the temperature at which the
second derivative changes sign, indicating the melting temperature for gelatin. From the
temperature ramp samples, both the melting temperature of gelatin loaded with liposomes,
and corresponding storage modulus was determined. These values were used to determine if
the storage modulus of melting gelatin was reached by the experimental samples exposed to
NIR light, and the time of light exposure required to melt gelatin.

Statistical Analysis

Two-way repeated measures ANOVA was used to assess the temporal change in liposome
diameter between ICG-liposomes and control blank liposomes. Repeated measures ANOVA
was used to evaluate the results of encapsulation over time as well as the repeat light
exposure experiment. Differences in the temperature change produced by 1CG-liposomes
and blank liposomes were compared with a two-tailed t-test, as were the differences each

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2022 July 20.
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group’s photothermal response had on the change in gelatin’s mechanical properties. The
SPSS statistical software package 24.0 for Windows (IBM, Armonk, NY, USA) was used for
statistical analysis. Significance was established by a value of p < 0.05. Data are expressed
as mean + standard deviation (SD).

RESULTS

Thin-film hydration method was used to encapsulate ICG in the palmitic acid/cholesterol
liposomes with an encapsulation efficiency of 53.6% (£3.7%). The absorption peak of ICG
encapsulated within liposomes exhibited a slight shift to longer wavelengths compared to
free ICG in solution (Fig. 2). Specifically, the peak absorbance of the ICG liposome solution
was 791 nm and the peak absorbance of the ICG solution was 780 nm. Additionally, there
was an increase in visible light absorption by the ICG liposomes, which was likely due

to the increase in light scattering caused by the suspended liposomes and the absorbance

of the liposome materials (Supplementary Fig. 1). The amount of ICG encapsulated within
liposomes decreases over time with only 43% of the initial ICG content remaining in the
liposomes after 4 weeks (Fig. 3). The C-potential for ICG-loaded liposomes was —67.3 + 6.7
mV, a result consistent with the deprotonated form of the carboxylate group at physiological
pH. The estimated pKj, of palmitic acid in its monomeric form is 4.8, indicating that this
compound will exist almost entirely in the anion form in the environment 37. The C-potential
for the control liposomes was —81 + 12.5 mV. This difference was statistically significant
based on a two-tailed t-test (p=0.01).

The liposome size was monitored over 12 weeks using dynamic light scattering analysis
(Fig. 4A), and ICG-loaded liposomes were on average larger than the control liposomes with
overall average diameters of 167 nm and 143 nm, respectively. Cryo-TEM of the liposomes
show most are spherical unilamellar vesicles, however some multilamellar vesicles and
rod-like particles are also present (Fig. 4B). A two-way repeated measures ANOVA with a
Greenhouse-Geisser correction determined that mean temporal change in liposome diameter
within the ICG-liposomes and control blank liposomes was not statistically significantly,
and that there was no statistically significant difference between the two groups at any

time point. The average polydispersity index (PDI) for both groups were low (PDI <

0.2), suggesting good uniformity, and there was no statistically significant difference in

the average PDI over 12 weeks for either ICG-loaded liposomes as well as the control
liposomes. Representative frequency histograms showing the size range for ICG-loaded
liposomes and control liposomes are shown in Fig. 4C and 4D, respectively. Stability of the
ICG-loaded liposomes in a simulated physiological environment (PBS with 10% FBS) over
7 days showed no statistically significant temporal changes in liposome diameter, but the
average diameter was significantly larger (>1 um) than liposomes in suspended in DI H,O
(Supplementary Fig. 2). It is possible that proteins screened the electrostatic interactions that
stabilized the lamellar phase 8.

Agueous solutions containing either ICG-liposomes or blank liposomes were exposed for
2 min to 750mW of NIR light, which corresponds with ICG’s absorption peak. The

data shows the presence of a chromophore results in a greater temperature change when
compared to liposomes without ICG (Fig. 5A). Specifically, the final temperature change

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2022 July 20.
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of an aqueous solution containing ICG-liposomes was 5.8°C (£0.9°C), whereas the solution
containing blank liposomes produced a final temperature change of 2.9°C (£0.3°C). A
two-tailed t-test was conducted to compare the temperature change produced by ICG-
liposomes and blank liposomes, and there was a significant difference in the temperature
changes produced by the two sample types (p<0.001). To study the ICG-liposome’s lifetime
for heat generation, they underwent 3x 2 min exposures to 750mW of NIR light. The
results show that ICG-loaded liposomes had no statistically significantly difference in their
photothermal response between exposures as determined by one-way ANOVA (Fig. 5B).
Additionally, there was no statistically significant change in liposome diameter following
multiple exposures to NIR light (data not shown). The amount of ICG remaining within the
liposomes decreased to 75% (+£3%) of the original encapsulation after the first NIR light
exposure, but between each exposure there was no statistically significantly difference in
ICG content within the liposomes as determined by ANOVA with repeated measures (Fig.
5C).

Rheology was performed on gelatin hydrogels spiked with ICG-loaded liposomes and
undergoing NIR light exposure to demonstrate the liposomes ability to act upon a stimuli-
responsive material. First, the melting temperature of gelatin hydrogels was experimentally
determined by measuring the storage modulus (G’) of the hydrogels under a fixed strain
(0.08) and angular frequency 10 rad/s that were exposed to a temperature ramp. The
inflection point on the storage modulus graph is indicative of melting and occurred at a
temperature of 30.4°C. The storage modulus at the initiation of gelatin melting was 62.1

Pa. Oscillatory testing on gelatin hydrogels exposed to 750 mW of NIR light starting at the
2 min mark showed that it took 4.3 min (+ 0.8 min) to reach the melting storage modulus
(Fig. 6A). Additionally, the oscillatory testing confirmed that the ICG-loaded liposomes
could generate a significant temperature change (=5°C) while embedded in a hydrogel since
the experiment was conducted at room temperature (25°C). To confirm the ICG-loaded
liposomes being exposed to light was causing the change in storage modulus liposomes,
gelatin hydrogels loaded with blank liposomes underwent oscillatory tests. These control
hydrogels did not reach the critical storage modulus even after 10 min of testing (Fig.

6B). A comparison of the storage modulus at t=4.3 min revealed that the control gels
reached a storage modulus value of 195.8 Pa (£89.8 Pa; n=4), whereas the experimental gels
containing 1ICG-loaded liposomes reached a storage modulus value of 62.5 Pa (£16.5 Pa;
n=4). This difference in storage modulus was statistically significant based on a two-tailed
t-test (p=0.027).

DISCUSSION

ICG is a popular chromophore for in vivo applications because it absorbs NIR light, which
has significant penetration in human tissue. However, free ICG molecules are severely
limited by their high clearance rate by the liver and their low stability /n vivo, which has
motivated efforts to stabilize ICG via encapsulation -10. Phospholipid liposomes have been
widely used to encapsulate ICG 6. However, these liposomes suffer from poor stability
due to the high reactivity of their phosphate groups. To determine if non-phospholipid
liposomes prepared by thin-film hydration method are a viable way to encapsulate and
stabilize ICG, the encapsulation efficiency of ICG was measured after liposome formation.

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2022 July 20.
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Liposome encapsulation efficiency has traditionally been a problem, as the surfactants
responsible for forming liposomes require a large amount of solvent to drive liposome
formation and increase entropy of the aqueous system containing the liposomes. As a result,
much of the solvent, containing the dissolved drug or chromophore, is not encapsulated
within the liposomes, lowering encapsulation efficiency. Many previous studies using the
thin-film hydration method reported liposomal encapsulation efficiencies of around 50%
39.40 Recent studies in encapsulating ICG are able to achieve 64% to 75% encapsulation
using nanoparticles, thus avoiding the issue of excess solute remaining in the unencapsulated
solvent 4142 However, these values are only slightly higher than the encapsulation
efficiency achieved in this study. To decrease the chromophore which remains in the
unencapsulated solvent, one method is to implement the dehydration-rehydration method,
in which the chromophore is initially added to the liposome formulation and lyophilized
alongside the lipid and surfactants used to form the liposomes 39. Because the ICG will be
infused into the thin-film lipid post-lyophilization, more ICG will be encapsulated in the
liposomes upon rehydration due to proximity to the liposome film. Implementation of this
procedure can perhaps further increase the photothermal response of these liposomes, as
more chromophore can be encapsulated within each liposome.

The thin film of palmitic acid and cholesterol used to make the ICG-loaded liposomes

was prepared using a benzene/methanol mixture. Because benzene is classified as a known
human carcinogen, there is a toxicity risk for any future /n vivo applications that use
liposomes containing residual solvent. The FDA has restricted the maximum levels of
residual benzene to 2 ppm 43, In this study, the residual concentration of benzene remaining
after 24 hours of lyophilization was not measured, but methods are available to measure
residual solvent, such as gas chromatography 44. In cases where lyophilization is not
sufficient, modifications to the drying process can be made, such as drying for a longer
time at an elevated temperature, drying under a vacuum or flow a dry gas (e.g. Nitrogen), or
use methods like dialysis or gel filtration 4. Clearly, there are several possible methods that
could reduce residual solvent in the event the levels are too high for /n vivo use.

These liposomes are relatively stable over time. Overall, the ICG-loaded liposomes are
larger than the TRIS-encapsulated control liposomes, and amphiphilic ICG had a mild
neutralizing effect on the C-potential. This size difference may also be attributed to the fact
that ICG is an amphiphilic molecule with nonpolar regions. Because water molecules do
not form favorable interactions with these nonpolar regions, the water near these regions
lose entropy as they are locked into configurations that minimize interactions with nonpolar
functional groups. To compensate, the liposomes increase in volume so that free water
molecules farther away from the nonpolar regions are able to arrange in more configurations,
increasing entropy internally within the liposome to compensate. After 12 weeks, the
liposomes remain stable and continued to prevent chromophore aggregation. There was

no visible sedimentation, and the solution was colored throughout. In contrast, control
samples of free ICG solution contained chromophore sedimentation within a day. Size

after NIR exposure is comparable to size prior to exposure, thus further supporting the
stability of the liposomes. The low PDI further suggests a uniform distribution in diameter
size. This contrasts to previous studies conducted on phospholipid liposomes, which report
instability of liposomes over time due to hydrolysis of phosphate groups in the liposomes

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2022 July 20.
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and aggregation 746, As the non-phospholipid liposomes used in this study contains low
molar ratio of single-chain fatty acids, whose carboxylic acid groups are not very reactive in
water, they do not experience the same problems of hydrolysis and aggregation. Thus, their
size and PDI do not fluctuate over time.

The decrease in encapsulation between their formation and the first week of storage is likely
due to the thermodynamics of liposome formation. Upon formation, the concentration of
encapsulated ICG is high. However, as the liposomes change size while equilibrating to the
most thermodynamically favorable size, encapsulated ICG is released from the liposomes
and hydrolyzed in solution. Once the liposomes have reached their thermodynamically
favored size, fluctuations in encapsulation efficiency decrease. These results were found to
be consistent even after the liposomes were exposed to NIR light. After 4 weeks, however,
there was a significant decrease in the amount of ICG encapsulated. Equilibrium would
favor hydrolysis of the alkene groups in ICG, and although the rate of hydrolysis may be
slow, enough hydrolysis accumulates by 4 weeks such that one can observe a significant
decrease in ICG concentrations within the liposome. To further protect the ICG from
hydrolysis, future studies should attempt to lower the pH within the liposome. Lowering
pH will decrease the concentrations of hydroxide, which serves as the nucleophile for
hydrolysis, thus decreasing the rate of hydrolysis. However, lowering pH can decrease the
stability of palmitic acid/cholesterol liposomes, which relies on the electrostatic repulsion
between the carboxylate groups on palmitic acid at neutral pH to mix palmitic acid among
cholesterol 37:38, Optimization experiments are required to identify conditions that maintain
liposome stability while preventing chromophore degradation. Alternatively, substitution of
some or all of the cholesterol with negatively charged cholesterol sulfate can help stabilize
the liposomes at acidic pH values since the protonated palmitic acid help reduce interactions
between the negatively charged cholesterol sulfate 37:38,

Because physiological systems do not increase in temperature by 5°C spontaneously, the
ability to trigger this increase in temperature can be very useful therapeutically. Additionally,
the melting temperature of the palmitic acid/cholesterol liposomes is approximately 15°C
higher than physiological temperatures and the temperature change achieved by the
encapsulated ICG is well below the phase transition temperature of the liposomes, which

is when significant leakage of the encapsulated solute can occur 47. Indeed, 1CG-loaded
liposomes were shown to produce = 5°C temperature change over multiple exposures. It

has been previously shown that the photothermal response of ICG irradiated with NIR is
both concentration- and power-dependent and various combinations of concentrations and
light-intensities can be used to meet temperature change requirements 6. Combined with

the results from the liposome stability testing, these liposomes can be used for multiple
exposures for an extended period of time. Their utility is limited by the decrease in

ICG encapsulated over time due to hydrolysis of the encapsulated ICG molecules. To
increase the shelf life of these liposomes, the liposome solution can be lyophilized and then
rehydrated before use. Studies show that although encapsulation efficiency may drop from
this lyophilization and rehydration process, therapeutic effects of encapsulated molecules are
increased due to decreased degradation of active drug components compared to drug-loaded
liposomes that were suspended in solution over the same amount of time 46. Creating stable
and reusable chromophore-loaded liposomes proves useful for heat ablation therapies, as

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2022 July 20.
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a 5°C increase from physiological temperature is sufficient to trigger tissue damage from
hyperthermia 4849, By encapsulating ICG in these liposomes, the chromophore is stable for
multiple exposures to NIR light; once the liposomes have reached the affected tissue via a
targeting mechanism, heat ablation can be conducted multiple times from the same injection.

The photothermal response of ICG-loaded liposomes were tested by loading liposomes
into a model thermally-responsive biomaterial. Gelatin has a well-characterized melting
point at 32°C and is used in various rheological studies of melting temperature °0-53, The
study monitored the storage modulus of gelatin over different temperatures, which served
to indicate when the hydrogel’s phase changed from solid to liquid, known as the sol-gel
transition temperature. Hydrogels loaded with ICG-liposomes and exposed to NIR light
consistently reached the critical storage modulus, while control gels with blank liposomes
were never able to reach the critical storage modulus. The changes in the mechanical
properties of the gelatin prove that the photothermal response is uniform throughout the
gelatin carrier and able to create the >5°C temperature change within hydrogels.

CONCLUSION

In conclusion, non-phospholipid liposomes loaded with ICG were successfully fabricated
via thin-film hydration method and demonstrated long-term stability as well as a significant
photothermal response when exposed to near-infrared (NIR) light, which was able to induce
changes in the mechanical properties of gelatin hydrogels. The ICG-loaded liposomes
reported here are fabricated using a simple liposomal formulation and further /n vitroand in
vivo studies will be required to assess their potential for a variety of applications, including
triggered drug delivery, /in vivoimaging and thermal ablation therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of thin-film hydration method used to fabricate palmitic acid/cholesterol

liposomes loaded with ICG.
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Figure 2.

The chemical structure and absorbance spectra of aqueous solutions of free ICG (0.017 pM;
dashed lined) and ICG encapsulated in palmitic acid/cholesterol liposomes (solid line).
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Figure 3.
Percent encapsulation of ICG within liposomes over four weeks. The encapsulation

efficiency decreased from 53.6+3.7% after fabrication to 29.2+0.8% after one week. Data is
presented as mean + standard deviation (n=3).
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Figure 4.
A) Change in liposome diameter and PDI over time. The average diameter of ICG-loaded

liposomes (M) was greater than blank liposomes (@) over the 12 weeks measured. Temporal
changes in liposome diameter within the ICG-liposomes and control blank liposomes

was not statistically significantly, and that there was no statistically significant difference
between the two groups at any time point as determined by a two-way repeated measures
ANOVA with a Greenhouse-Geisser correction (n=5). PDI measurements (dashed lines)
were averaged each week, and error bars represent standard deviations. All PDI values

were <0.30. B) Cryo-TEM image of liposomes in deionized H20 shows mostly spherical
unilamellar vesicles although some multilamellar vesicles and rod-like particles were also
present. Scale bar = 100 nm. Representative frequency histograms showing size range of C)
ICG-loaded liposomes and D) blank liposomes at Day 0.
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Figureb.
A) The presence of ICG significantly increased the measured temperature change over blank

liposomes (striped) upon exposure to 750 mW NIR light for two minutes (n=9). Statistical
analysis performed using two-tailed t-test with significance at p < 0.001. Asterisks (*)
indicate statistical significance between samples. The temperature change of an aqueous
solutions of free ICG (13 pM) exposed to 750 mW NIR light for two minutes is shown as

a reference (n=3). B) The measured temperature changes of ICG-loaded liposomes after 3x
2 min exposures to 750mW of NIR light show that ICG-loaded liposomes produce > 5°C
temperature change and had no statistically significantly difference in photothermal response
between exposures as determined by one-way ANOVA (n=9). C) Percent of ICG remaining
encapsulated after NIR exposures. Data is presented as a percentage of initial ICG loading
(Fig. 2, week 0). There was no statistically significantly difference between exposures in
encapsulated ICG as determined by repeated measures ANOVA (n=9).
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Representative storage modulus vs time profiles of gelatin hydrogels with ICG-loaded
liposomes (A) and blank liposomes (B). The critical storage modulus of 62 Pa was
defined as the sol-gel transition point. Gelatin hydrogels with ICG-loaded liposomes that
underwent NIR exposure reached that modulus 4.3 min. after exposure. Hydrogels with
blank liposomes did not reach that storage modulus even after 10 min.
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