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Abstract 25 

Currently many studies have demonstrated the advantages associated with heat-triggered drug delivery 26 
via thermosensitive liposomes for the treatment of localized cancer. Challenges that traditional liposomal 27 
systems face such as limited drug release and homogeneous distribution throughout the region of interest 28 
can potentially be overcome when triggering intravascular drug release. The most prominent example is a 29 
thermosensitive liposome formulation of doxorubicin commercially known as ThermoDox®. Many other 30 
drugs may benefit from the same targeted and localized delivery approach using thermosensitive 31 
liposomes as it can result in a significant improvement in the therapeutic index. Vinorelbine is a semi-32 
synthetic vinca alkaloid which has shown to be active in a broad range of cancers. Several liposome 33 
formulations encapsulating vinorelbine have been developed as a means to reduce systemic drug 34 
exposure. The present study takes a systematic approach in exploring formulation and drug loading 35 
parameters and their influence on performance characteristics of a rapidly releasing thermosensitive 36 
liposome formulation of vinorelbine. More broadly, this study shows that trends observed for non-37 
thermosensitive liposome formulations of specific drugs can not be easily translated to their 38 
thermosensitive counterparts. The deep impact of the presence of albumin on stability and in vitro release 39 
is also highlighted. This is of significance given that a number of recent reports examine drug release in 40 
the absence of biologically relevant components. As a result, a strong recommendation emanating from 41 
this is a thorough challenge of the liposome formulation in vitro in order to gain a better understanding of 42 
its likely behaviour in vivo as well as potential for future clinical translation.  43 
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1. Introduction  51 

Liposomes are recognized as the most advanced delivery technology for cancer chemotherapy. Major 52 
milestones in their development, such as active drug loading techniques and significant prolongation of 53 
their in vivo circulation lifetime through the addition of PEGylated lipids, have led to several clinically 54 
approved formulations [1]. Liposomes encapsulation of commonly used chemotherapy drugs has been 55 
shown to improve their therapeutic index, a measure of associated efficacy and toxicity [2]. This is largely 56 
attributable to an improvement in toxicity profile, which results from a reduction in systemic drug 57 
exposure, relative to administration of free drug. Improvements in therapeutic efficacy of liposome 58 
formulated drugs, relative to conventional chemotherapy, have been variable among patient populations 59 
[3]. This may in part be attributed to the design of the liposomes or nanocarriers. In order to ensure 60 
retention of drug within the carriers while in transit to the diseased sites, the liposomes are designed to 61 
exhibit stable drug entrapment. Once at the target site, this can lead to poor or limited drug release and 62 
tumor penetration [3,4]. 63 

Triggered drug release from nanocarriers has been proposed as a potential strategy to overcome these 64 
challenges [5]. The most clinically advanced approach relies on heating the target tissue within the range 65 
of ablative temperatures in combination with administration of chemotherapy in thermosensitive 66 
liposomes. ThermoDox® is a low temperature sensitive liposome (LTSL) formulation of doxorubicin which 67 
is currently under Phase III clinical investigation for the treatment of hepatocellular carcinoma in 68 
combination with radiofrequency ablation (NCT02112656). Other clinical trials (e.g. NCT02536183, 69 
NCT03749850) are evaluating ThermoDox® in combination with localized heating of tumors in the range 70 
of mild hyperthermia (HT). ThermoDox® demonstrates rapid and complete drug release within the tumor 71 
blood vasculature upon reaching the heated tissue [6]. As a consequence, tumor accumulation and 72 
penetration of the drug is no longer reliant on extravasation of the whole carrier and subsequent drug 73 
release, but rather on the physico-chemical properties of the drug itself.  74 

The majority of papers studying drug release via thermosensitive liposomes encapsulate the drug 75 
doxorubicin. Doxorubicin is the drug of choice in these efforts in part because it was encapsulated in the 76 
first liposome formulation which received clinical approval (i.e. Doxil®). It is also well established that a 77 
lack of drug release at the tumor site limits the efficacy of Doxil®. There are common fluorescence-based 78 
analytical techniques developed that enable real-time quantification of the time dependent release of 79 
doxorubicin from thermosensitive liposomes. However, there are many other chemotherapy drugs that 80 
may benefit from this delivery approach. The parameters affecting the formulation of drugs in non-81 
thermosensitive liposomes have been extensively researched and are well understood, but there are still 82 
many questions to be answered regarding thermosensitive liposomes. In particular, how do the 83 
formulation properties (e.g. lipid composition, internal and external buffer) and loading parameters (e.g. 84 
loading pH, loading temperature, and loading process) influence the performance characteristics (i.e. drug 85 
loading, stability, drug release) of rapidly releasing, lyso-lipid containing, thermosensitive liposomes? 86 
Developing a LTSL formulation of the vinca alkaloid, vinorelbine (VRL) aimed to answer some of these 87 
unexplored questions.  88 

The anti-mitotic chemotherapy agent VRL is commonly used for the treatment of locally advanced or 89 
metastatic non-small cell lung cancer and metastatic breast cancer and has recently been granted orphan 90 
designation for the treatment of soft tissue sarcoma [7,8]. Several non-thermosensitive liposome 91 
formulations encapsulating VRL have been developed [9–16]. TLC178 is a non-thermosensitive liposome 92 
formulation of VRL that is currently in clinical (Phase I/II) development (Taiwan Liposome Company). To 93 
build upon the success of TLC178, in this study, the development of a thermosensitive liposome 94 
formulation of VRL is pursued as a means to further enhance tumor accumulation of VRL when 95 
administered in combination with localized heating at the tumor site. The influence of the aforementioned 96 
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formulation properties and loading parameters on the performance characteristics of a rapid releasing 97 
LTSL formulation are examined.  98 

In brief, this study results in a stable LTSL formulation of VRL with a relatively high drug loading that 99 
provides triggered burst release in the temperature range of mild HT. More generally, this study shows 100 
that the relationships established between composition and performance for non-thermosensitive 101 
liposome formulations of a specific drug are not necessarily applicable to their thermosensitive 102 
counterparts. As a result, there is a need for additional studies which examine the relationships between 103 
composition and performance of thermosensitive liposome formulations. Moreover, this study highlights 104 
the need to challenge liposome formulations in vitro with biologically relevant components in order to 105 
gain a more accurate assessment of stability and drug release.  106 

  107 



 

6 

2. Materials and Methods 108 

2.1. Materials 109 
Vinorelbine tartrate was purchased from Selleck Chemicals (Houston, TX, USA). Sodium sucrose 110 
octasulfate (Na8SOS) was purchased from Toronto Research Chemicals (North York, ON, Canada). 1,2-111 
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), N-(carbonyl-methoxypolyethylenglycol 2000)-1,2-112 
distearoyl-sn-glycero-3-phosphoethanolamine (PEG2k-DSPE), 1-stearoyl-2-lyso-sn-glycero-3-113 
phosphocholine (lyso-SPC, MSPC) were obtained from Corden Pharma (Plankstadt, Germany). 114 
Triethylamine (TEA), Dowex® 50WX8-200 and 50WX4 200-400, bovine serum albumin (BSA, heat shock 115 
fraction, pH 7, ≥98 %) were purchased from Sigma-Aldrich (Oakville, ON, Canada). Sepharose CL-4B was 116 
purchased from GE Healthcare Bio-Sciences (Mississauga, ON, Canada).  117 

2.2. Liposome preparation 118 
Liposomes were prepared following a modified protocol by Viglianti et al [17]. Briefly, DPPC, MSPC, and 119 
PEG2k-DSPE were dissolved in chloroform at a molar ratio of 86/10/4, respectively and the solvent was 120 
removed using a rotary evaporator. The lipid film was then dried under vacuum overnight to remove any 121 
residual solvent. The lipids were hydrated for 30 minutes at 55 °C in triethylammonium sucrose octasulfate 122 
(TEA8SOS) containing buffer to a lipid concentration of 125 mM. The TEA8SOS buffer was prepared from 123 
the respective sodium salt described by Drummond et al [18]. In brief, the sodium ions were exchanged 124 
using a Dowex 50WX8-200 resin in its hydrogen form and the eluted free acid of sucrose octasulfate was 125 
immediately titrated with neat triethylamine to a pH of 5.7. The concentration of sulfate groups was 126 
calculated from the amount of TEA added and adjusted to 0.22-0.75 M. Sulfate group concentrations in 127 
TEA8SOS buffers are reported throughout this paper. The rehydrated lipids were then extruded three times 128 
through two stacked track-etch 200 nm pore size polycarbonate membranes (Whatman Inc., Clifton, NJ, 129 
USA) and 10 times through two stacked 100 nm pore size membranes at 55 °C and 400 psi nitrogen 130 
pressure using a 10 mL Lipex Extruder from Northern Lipids (Vancouver, BC, Canada). Unencapsulated 131 
TEA8SOS was removed by dialysis at 4 °C overnight (50 kDa MWCO) against a 1000-fold volume excess of 132 
HEPES-buffered dextrose (HBD; 5 mM HEPES, 5 % dextrose, pH 6.5) or HEPES-buffered saline (HBS; 20 mM 133 
HEPES, 150 mM sodium chloride, pH 6.5) solution. The liposomes were stored at 4 °C until loading with 134 
VRL. 135 

2.3. Liposome loading with VRL 136 
VRL was loaded following a modified protocol by Drummond et al [13]. In brief, a 10 mg/mL solution of 137 
VRL tartrate in water was prepared and added to the liposomes in order to achieve a specific drug-to-lipid 138 
ratio (D/L ratio). The pH was adjusted to the desired values using 1 N NaOH and the dispersion was 139 
incubated in a water bath at various temperatures while being gently stirred. The liposomes were 140 
subsequently chilled on ice for 10 min and unencapsulated drug was removed by size exclusion 141 
chromatography (SEC) on Sephadex CL-4B gel columns. For the in vitro release studies, in order to minimize 142 
sample dilution during removal of the unencapsulated drug, an alternative method was used as described 143 
under section 2.7.  144 

2.4. Liposome characterization 145 
Liposomes were diluted 100 times in HEPES-buffered saline (0.02 M HEPES, 0.15 M NaCl, pH 7.4) and the 146 
size was determined using an intensity-based analysis and the dynamic light scattering (DLS) system 147 
Zetasizer Nano ZS from Malvern Instruments (Malvern, WOR, UK). The zeta potential of liposomes was 148 
measured using the same system, after diluting the liposomes in Milli-Q water.  149 

2.5. VRL quantification 150 
VRL was quantified using an Agilent Technologies 1260 Infinity LC system (Agilent Technologies, Santa 151 
Clara, CA, USA). Chromatographic separation was achieved using an Agilent EC-C18 column (2.1 x 50 mm, 152 
1.9 µm) at 40 °C and a mobile phase composed of 5 mM ammonium formate (A) and acetonitrile (B) both 153 
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with 0.1 % (v/v) formic acid. The initial mobile phase was 80 % A with a flow rate of 0.3 mL/min, which was 154 
gradually decreased to 10 % A over a time course of 3 min. Following a one-minute equilibration at this 155 
ratio, the composition was changed back to 80 % A accompanied by an increase in the flow rate to 156 
0.5 mL/min.  157 

Detection of vinorelbine was achieved using a ThermoScientific TSQ Endura Triple Quadrupole Mass 158 
Spectrometer (Mississauga, ON, Canada) with an H-ESI in positive mode. The optimal ion source settings 159 
consisted of a spray voltage of 3700 V, sheath gas 1 arbitrary unit (a.u.), auxiliary gas 8.5 a.u., sweep gas 160 
3 a.u. and an ion transfer tube temperature of 275 °C. Selected reaction monitoring of m/z 799.05 → 122.2, 161 
323.1, 457.2, 626.2, 658.3, 696.2 was used to quantify vinorelbine. The collision energy ranged between 162 
21 V and 35 V and the scan time per transition was 0.13 seconds.  163 

2.6. Lipid quantification 164 
Phospholipids, lyso-lipids, as well as free fatty acids, were quantified using an Agilent 1260 Infinity II HPLC 165 
system (Agilent Technologies, Santa Clara, CA, USA) coupled with an evaporative light-scattering detector 166 
(ELSD) and a protocol previously published by Shibata et al. [19]. Briefly, chromatographic separation of a 167 
20 µL injected sample was achieved at 50 °C using an Eclipse XDB-C18 column (150 x 4.6 mm, 5 µm) and a 168 
gradient elution starting with 80 % A (i.e. methanol with 0.1 % trifluoroacetic acid (TFA)) and 20 % B (i.e. 169 
water with 0.1 % TFA) which was increased to 100 % A after 10 min at a flow rate of 1 mL/min. This was 170 
continued for another 10 min, followed by a change to the initial ratio and a short equilibration before 171 
continuing with the next injection. The ELSD was set to an evaporator temperature of 70 °C, a nebulizer 172 
temperature of 50 °C, the nitrogen gas flow was 1.6 SLM and the gain was set to 4. The assay was calibrated 173 
using DPPC, lyso-SPC, PEG2k-DSPE, palmitic acid (PA) and stearic acid (SA) diluted in methanol over a broad 174 
range of concentrations.  175 

2.7. Removal of unencapsulated VRL 176 
In order to avoid liposome dilution when using gel columns to remove unencapsulated VRL, a modified 177 
protocol previously described by Amselem et al. for the removal of unencapsulated doxorubicin was used 178 
to prepare purified liposomes for subsequent evaluation of drug release, differential scanning calorimetry 179 
(DSC) analysis or cryogenic transmission electron microscopy (cryo-TEM) studies [20]. Briefly, Dowex 180 
50WX4 200-400 mesh in its hydrogen form was converted to the sodium form by washing with 2 M NaOH 181 
in a ratio of 400 mL NaOH per 100 g of dry resin using a Buchner funnel. The pH was subsequently 182 
neutralized by several washes with 1 M NaCl solution. The resin was then dried at 70 °C and stored at room 183 
temperature for further use. Following the manufacturer’s declaration of resin exchange capacity plus a 184 
sufficient excess, the resin was prepared and pre-cooled on ice in a glass vial. The loaded liposomes were 185 
then added and incubated for 20 min at 4 °C while gently mixed on a shaker. Finally, the unencapsulated 186 
VRL bound to the resin was removed using a Buchner funnel and the collected liposomes were stored at 187 
4 °C.  188 

2.8. VRL release from thermosensitive liposomes 189 
Temperature dependent release of VRL was tested by adding 200 µL liposomes to 5 mL of pre-heated 190 
phosphate buffered saline (PBS, pH 7.4) solution with or without the addition of 45 g/L BSA. A water bath 191 
was used to control the temperature while the solution was stirred with a magnetic stir bar. Release was 192 
tested at 37 °C, 38 °C, 39 °C, 40 °C, 41 °C and 42 °C. 200 µL samples were withdrawn at 15 seconds, 193 
0.5 min, 1 min, 1.5 min, 2 min, 3 min, 4 min, 5 min and 10 min and immediately placed onto Sephadex CL-194 
4B gel columns. The columns were pre-equilibrated with chilled HBS. Samples heated at 37 °C were also 195 
collected at 30 min and 60 min. The eluent fraction containing the liposomes, as well as the fraction 196 
containing the released drug, were collected, diluted greater than 2.5 times with methanol, and the VRL 197 
concentration was quantified using the LC/MS assay described above. The percentage of VRL released was 198 
calculated by comparing the amount of VRL remaining in the liposomes at a certain temperature and time 199 
point relative to the initial amount of VRL present in the liposomes prior to heating.  200 



 

8 

 201 

2.9. Phase transition temperature measurement using differential scanning calorimetry 202 
Thermal analysis was performed using a TA Q100 DSC (TA Instruments, New Castle, DE, USA). A 10 µL 203 
aliquot of each liposome formulation was pipetted into a hermetic aluminum pan and analyzed with the 204 
relevant external buffer as the reference. Each sample was subjected to three heating cycles from 25 °C 205 
to 60 °C and back to 25 °C at a rate of 1 °C/min. The obtained data was analyzed using the TA Universal 206 
Analysis Software. Extracted data included the melting phase transition temperature (Tm), the 207 
temperature of peak onset (Ton) and the peak width at half peak height (T1/2). 208 

2.10. Cryogenic transmission electron microscopy 209 
Liposomes were diluted with buffer to a lipid concentration of 6-7 mM. A 10 µL aliquot of each sample was 210 
then added onto a Quantifoil Multi A holey carbon film (Quantifoil Micro Tools GmbH, Großlöbichau, 211 
Germany) supported by a 300 mesh copper grid at room temperature and under controlled humidity. 212 
Excess sample was removed using filter paper and immediately after, the samples were flash frozen by 213 
plunging them into liquid ethane at a temperature of -183 °C. The samples were kept below -170 °C 214 
throughout the imaging process using liquid nitrogen. Images were obtained using a FEI Tecnai G2 F20 215 
microscope (FEI company, Hillsboro, OR, USA) equipped with a bottom mount Gatan 4k CCD camera 216 
(Gatan Inc., Warrendale, PA, USA) in bright field mode with a 200 kV acceleration voltage. 217 

A method adapted from Semple et al. was used to assess the state of the drug in the liposomes [9]. In 218 
brief, the exterior and interior of the liposomes were compared by evaluating the mean gray value using 219 
ImageJ (Version 1.52a, NIH, Bethesda, MD, USA). Forty independent regions inside and outside the 220 
liposomes of various different images and a minimum of two separate liposome batches imaged on 221 
different days were analyzed. On 8-bit grayscale images, the area inside the liposome was compared to its 222 
immediate surroundings using a linear scale from a minimum of 0 to a maximum of 255. In order to 223 
compare liposomes loaded at different drug-to-lipid ratios the mean gray value of the vesicles inside was 224 
subtracted from the respective outside.  225 

2.11. Calculation of entrapped VRL molecules per vesicle 226 
The number of VRL molecules loaded into the vesicles was calculated as described previously by Van Raath 227 
et al. [21]. In brief, the number of lipids per vesicle was calculated from the number of lipids in the outer 228 
(LOL) and inner (LIL) membrane leaflet (3.93 nm subtracted from vesicle radius (r) to account for membrane 229 
thickness [22]): 230 

𝑁𝑢𝑚𝑏𝑒𝑟	𝑙𝑖𝑝𝑖𝑑𝑠	𝑖𝑛	𝑜𝑢𝑡𝑒𝑟	𝑙𝑒𝑎𝑓𝑙𝑒𝑡	(𝐿!") = 	
4𝜋𝑟²

𝐴($%&'(%))
 231 

𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑙𝑖𝑝𝑖𝑑𝑠	𝑖𝑛	𝑖𝑛𝑛𝑒𝑟	𝑙𝑒𝑎𝑓𝑙𝑒𝑡	(𝐿+") 	= 	
4𝜋(𝑟 − 3.93	𝑛𝑚)²

𝐴($%&'(%))
 232 

The area was weighed according to the mole fraction (χ) of each lipid in the lipid composition (DPPC, lyso-233 
SPC, PEG2k-DSPE 86/10/4) and the following previously reported areas per lipid molecule were used: 234 
49.4 Å² for DPPC [23], 48.0 Å² for lyso-SPC [24] (assuming a comparable surface area of lyso-SPC and lyso-235 
PPC) and 40.0 Å² for PEG2k-DSPE [25]: 236 

𝐴($%&'(%)) = 𝜒,--. 	× 𝐴,--. +	𝜒/01234-. 	× 𝐴/0124-. +	𝜒-56!"3,4-5 	× 𝐴-56!"3,4-5  237 

The number of VRL molecules per vesicle was obtained from the number of lipids per vesicle (LOL + LIL) 238 
and the drug-to-lipid ratio.  239 
 240 
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2.12. Statistical analysis 241 
All experiments were performed in independent triplicates and all statistical analysis was performed using 242 
GraphPad Prism version 6.00 for Windows (GraphPad Software, San Diego, CA, USA) or SPSS Statistics 22.0 243 
(IBM, Armonk, NY, USA). Formulation characteristics between liposomes loaded with different amounts 244 
of VRL were compared by unpaired t-tests. Significant differences in mean gray values of either the interior 245 
of formulations loaded with different amounts of drug, or differences between the exterior and interior 246 
of one specific formulation were analyzed by one-way ANOVA with Bonferroni post hoc testing or unpaired 247 
t-test, respectively.  248 

  249 
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3. Results 250 

3.1. Systematic evaluation of parameters affecting VRL loading into thermosensitive 251 
liposomes 252 

Studies were conducted to determine the influence of various factors on the loading of VRL into 253 
thermosensitive liposomes with a goal towards obtaining a stable formulation with a high drug-to-lipid 254 
ratio. In order to achieve this, the loading pH, loading temperature, initial drug-to-lipid (D/L) ratio, and the 255 
intraliposomal TEA8SOS sulfate group concentration were varied and their subsequent influence on drug 256 
entrapment investigated.  257 

As shown in Figure 1 A, VRL loading into thermosensitive liposomes was generally found to be fast and 258 
reached a maximum loading level between 15 and 30 minutes. The amount of drug loaded did not 259 
significantly (p > 0.12) increase with longer incubation. 260 

The influence of the external pH of the loading buffer (i.e. pH = 6.0, 6.5, 7.0 and 7.5) was examined 261 
(Supplementary Information, Figure S1) with an initial D/L ratio of 150 g VRL/mol lipid and incubation for 262 
one hour at a loading temperature of 35 °C. Overall, over the pH range tested, it was found that the pH 263 
did not significantly impact the drug loading efficiency with an average of 96 % under all conditions 264 
examined (p > 0.809).  265 

As shown in Figure 1 A, the temperature used during drug loading and the initial D/L ratio were found to 266 
influence the drug loading. At the lower D/L ratio of 150 g VRL/mol lipid, the loading rate as well as the 267 
resulting loading efficiency increased with an increase in temperature, whereas for higher D/L ratios the 268 
opposite was found. For example, less than 10 % VRL was encapsulated when loading at 37 °C with a D/L 269 
ratio of 350 g VRL/mol lipid.  270 

In order to further investigate these findings, additional D/L ratios were examined (Figure 1 B). Increasing 271 
the initial D/L ratio from 150 g VRL/mol lipid to 250 g VRL/mol lipid resulted in a similarly high drug loading 272 
efficiency and anticipated increase in the amount of encapsulated VRL. However, a further increase in the 273 
initial D/L ratio to 350 g VRL/mol lipid led to a significant decrease in the loading efficiency as well as the 274 
resulting encapsulated amount of VRL per mol lipid (p = 0.031). This trend continued when increasing the 275 
initial D/L ratio up to 450 g VRL/mol lipid resulting in significantly decreased amounts of VRL loaded 276 
compared to an initial D/L ratio of 250 g VRL/mol lipid (p = 0.021). 277 

A significant increase of ~50-100 nm in the hydrodynamic diameter (measured via DLS) was observed 278 
when the drug was not efficiently loaded (data not shown). Unencapsulated drug molecules may interact 279 
with the negatively charged liposomes facilitating liposome aggregation. Similar behaviour between 280 
positively charged drug and negatively charged lipid bilayers has previously been reported for doxorubicin 281 
as well as in general for divalent cations [26,27].  282 

The influence of the internal concentration of TEA8SOS sulfate groups on drug loading was also evaluated. 283 
As shown in Figure 1 C, an increase in the TEA8SOS sulfate group concentration from 0.55 M to 0.65 M 284 
with a D/L ratio of 250 g VRL/mol lipid, resulted in an improvement in the VRL loading (p < 0.001). 285 
However, raising the internal TEA8SOS sulfate group concentration from 0.65 M to 0.70 M did not result 286 
in a further increase (p = 0.168). A different trend was found for formulations with an initial D/L ratio of 287 
350 g VRL/mol lipid where raising the internal TEA8SOS sulfate group concentration did not improve the 288 
amount of VRL loaded. 289 

Based on the results of these studies, the optimal conditions for drug loading were found to include an 290 
external pH of 6.5, a loading temperature of 35 °C, a maximum initial D/L ratio of 250 g VRL/mol lipid and 291 
an internal TEA8SOS sulfate group concentration of 0.65 M. These conditions, yield formulations with a 292 
drug-to-lipid ratio of approximately 1/4 (mol/mol) (i.e. which corresponds to approximately 293 
206 g VRL/mol lipid).   294 
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 295 

Figure 1: Lyso-lipid containing thermosensitive liposomes were loaded with vinorelbine (VRL) under 296 
different drug loading conditions. Parameters highlighted in grey were held constant throughout the 297 

drug loading experiment with the pH referring to that of the external buffer, the sulfate group 298 
concentration is due to presence of TEA8SOS levels within the internal compartment of liposomes, and 299 
the D/L ratio (in units of g VRL/mol lipid) refers to the initial ratio of VRL and lipid. The graphs show the 300 

drug loading following one hour of incubation. Error bars represent the SD of three independent 301 
experiments (n=3). 302 

  303 
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3.2. Temperature triggered release of VRL from thermosensitive liposomes 304 
As shown in Figure 2 A, preliminary assessment of in vitro drug release from the 250 g VRL/mol lipid 305 
formulation in buffer alone (i.e. absence of protein) confirmed the temperature sensitivity of LTSL loaded 306 
with a relatively high level of VRL. Less than 10 % VRL was released at 37 °C over a time course of 30 min 307 
(data not shown in graph). Similar results were found for the release at 38 °C. When heated to 39 °C, after 308 
an initial lag time, VRL was released from the liposomes. Heating of the liposomes to temperatures of 40 °C 309 
or more, resulted in rapid and efficient release of the drug within one minute.  310 

In vitro release from the 250 g VRL/mol lipid was also examined under more physiologically relevant 311 
conditions. Under these conditions, the influence of protein was found to have a profound impact on the 312 
drug release profile of the formulation. At 37 °C, approximately 60 % of drug loaded was released within 313 
10 min (Figure 2 B). The 250 g VRL/mol lipid formulation includes approximately 26,000 molecules per 314 
liposome (Table 1). Liposome formulations including lower levels of drug were prepared and evaluated in 315 
terms of stability and drug release. A reduction in the number of molecules loaded to 80 g VRL/mol lipid 316 
significantly improved the stability of the liposomes (Figure 2 C). Only 3 % of VRL was released following 317 
10 min at 37 °C. Lowering the D/L ratio to 30 g VRL/mol lipid (i.e. equivalent to 2,700 molecules per 318 
liposome) retained the stability at 37 °C, but further improved the stability at 38 °C and 39 °C (Figure 2 D). 319 
The improved stability at temperatures below 39 °C is best highlighted in Figure 3 which shows the 320 
difference in drug released between the different formulations at specific time points. The significant 321 
impact of the number of VRL molecules loaded was especially apparent when evaluating the stability at 322 
37 °C over a time course of one hour (Figure 3 D). Notably, the increased stability at temperatures below 323 
40 °C did not affect the burst release behavior once heated to higher temperatures.  324 

 325 
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 326 

Figure 2: VRL release from thermosensitive liposomes loaded with different D/L ratios at various 327 
temperatures. Liposomes were added to pre-heated release media and released drug was immediately 328 

separated from liposomes using size exclusion chromatography at various time points. PBS without (A) or 329 
with protein added (B-D) was used as release media. Liposomes loaded with the same amount of drug 330 
were significantly less stable in the presence of protein (i.e. BSA 45 g/L). Reducing the amount of drug 331 
loaded led to an improvement in stability at temperatures below 40 °C while maintaining burst release 332 

properties when heated to higher temperatures. Error bars represent SD of three independent 333 
experiments (n=3).  334 
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 335 

Figure 3: Drug release comparison of the formulations loaded at different D/L ratios at (A) 1, (B) 5, and 336 
(C) 10 min. Blue and red indicate the temperature ranges that had desired negligible or little drug release 337 

and burst release, respectively. (D) Drug release at 37 °C over one hour demonstrates the significant 338 
differences in stability between the three formulations loaded with different amounts of VRL. Error bars 339 

represent SD of three independent experiments (n=3).  340 
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3.3. Physico-chemical characteristics of drug-loaded thermosensitive liposomes 341 
The thermal properties of the liposome formulations with different drug-to-lipid ratios were examined to 342 
better understand the influence of drug loading on formulation stability and release. As shown in Table 1, 343 
the unloaded LTSL formulations have an average phase transition temperature (Tm) of 41.1 ± 0.1 °C. 344 
Loading of the LTSL formulations with VRL affected their Tm. A decrease in the amount of drug loaded from 345 
250 g VRL/mol lipid to 80 g VRL/mol lipid and 30 g VRL/mol lipid resulted in an increase in Tm from 346 
39.3 ± 0.2 °C to 39.9 ± 0.1 °C and 40.6 ± 0.1 °C, respectively (see thermograms in Supplementary, 347 
Figure S2).  348 

 349 

Table 1: Physico-chemical properties of LTSL composed of the same lipid mixture loaded with different 350 
amounts of VRL. TEA8SOS was used to actively load VRL into liposomes and unloaded drug was removed 351 

using a cation exchange resin. The average hydrodynamic diameter (i.e. size) of liposomes was 352 
determined by DLS. 353 

Initial D/L ratio 
[g VRL/mol lipid] 

VRL molecules/ 
liposome 

Size [nm] PDI Zeta potentia
l [mV] 

Tm unloaded 
[°C] 

Tm loaded 
[°C] 

250 ≈26000 ± 5000 104 ± 2 0.107 ± 0.014 -26 ± 3 41.1 ± 0.1 39.3 ± 0.2 

80 ≈7600 ± 300 100 ± 1 0.067 ± 0.010 -26 ± 1 41.1 ± 0.02 39.9 ± 0.1 

30 ≈2700 ± 200 92 ± 3 0.055 ± 0.010 -26 ± 1 41.0 ± 0.04 40.6 ± 0.1 
 354 

Cryo-TEM images of formulations were obtained to evaluate morphology and to gain insight on the state 355 
of the encapsulated drug. The unloaded LTSL (Figure 4 A) appeared spherical in morphology, whereas 356 
loading VRL at a D/L ratio of 250 g VRL/mol lipid (Figure 4 B) resulted in liposomes with a polygonal 357 
structure with darkened regions inside the liposomes which are typically indicative of drug precipitate. The 358 
majority of liposomes loaded with a medium level of VRL (Figure 4 C, 80 g VRL/mol lipid) appeared 359 
spherical in morphology, with only smaller liposomes exhibiting similar features to those observed for LTSL 360 
with the higher drug loading level. A further reduction in the D/L ratio to 30 g VRL/mol lipid resulted in 361 
polygonal and bean-like structures without visible signs of drug precipitation (Figure 4 D). The apparent 362 
differences in electron density between the interior and exterior of drug loaded and unloaded liposomes 363 
were analyzed by quantifying the mean gray value inside and outside of the liposomes. The differences 364 
between the intensities in the interior and exterior of the liposomes were found to vary depending on the 365 
amount of drug loaded. Due to the obvious differences in appearance of the liposomes loaded with 366 
80 g VRL/mol lipid depending on their size, the analysis was separated into liposomes larger and smaller 367 
than 70 nm in diameter. The intensity value for the formulation with the 250 g VRL/mol lipid (i.e. 368 
12.4 ± 5.6; Mean ± SD) was significantly higher than the value obtained for the larger 80 g VRL/mol lipid 369 
(7.2 ± 3.7; p < 0.001), the 30 g VRL/mol lipid (8.4 ± 3.3; p < 0.001) and the unloaded liposomes (8.1 ± 4.7; 370 
p < 0.001). However, no significant difference between the 250 g VRL/mol lipid loaded liposomes and the 371 
smaller 80 g VRL/mol lipid liposomes was detected (p = 1.0). Additionally, there was no significant 372 
difference between the larger 80 g VRL/mol lipid loaded liposomes or the 30 g VRL/mol lipid ones, as well 373 
as the unloaded liposomes, suggesting that drug precipitation within the vesicles mainly appears at the 374 
higher D/L ratios in combination with the vesicle size and not at the lower drug loading levels. 375 

Comparison of the internal and external mean gray values of each liposome formulation revealed 376 
significant differences for the liposomes loaded at 250 g VRL/mol lipid (p = .02) and 80 g VRL/mol lipid 377 
(p = .032), but not for liposomes loaded at 30 g VRL/mol lipid (p = .113 ) or unloaded liposomes (p = .082).  378 

The electron density differences in combination with the morphology observations suggest drug 379 
precipitation inside the liposomes loaded at a high D/L ratio (250 g VRL/mol lipid). Whether the precipitate 380 
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is of amorphous or crystalline structure remains to be identified and will be investigated in future studies. 381 
The resulting nanoparticles no longer exhibit a spherical morphology, with areas of increased lipid bilayer 382 
curvature. As previously discussed by Hossann et al. high curvature results in a more loosely packed lipid 383 
bilayer and increased number of membrane defects causing an overall increase in membrane permeability 384 
[28].  385 

 386 

Figure 4: Representative cryo-TEM images of LTSL loaded with different amounts of VRL. Unloaded 387 
liposomes underwent the same protocol as loaded liposomes. A) Unloaded LTSL appear spherical, 388 

whereas loaded LTSL (B-D) exhibit a polygonal morphology and areas of increased darkness within the 389 
interior of the vesicles. 390 

  391 
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4. Discussion  392 

VRL is a semi-synthetic vinca alkaloid with a higher degree of lipophilicity, membrane permeability, and 393 
therapeutic index relative to other compounds in the vinca alkaloid family such as vinblastine or vincristine 394 
[9,29]. It has been shown to be active in a broad range of cancers including non-small cell lung carcinoma, 395 
breast cancer and soft tissue sarcomas, as well as rhabdomyosarcoma [29–31]. Hematological and 396 
neurological toxicities have been reported as the dose limiting adverse effects of VRL [30,32]. Thus, several 397 
liposome formulations encapsulating VRL have been developed as a means to reduce systemic drug 398 
exposure [9,13–15,33]. TLC178 is a non-thermosensitive liposome formulation of VRL from the Taiwan 399 
Liposome Company which is currently undergoing Phase I/II clinical evaluation for the treatment of 400 
advanced malignancies (NCT02925000). The EMA and FDA recently granted TLC178 orphan drug 401 
designation for the treatment of soft tissue sarcoma.  402 

The advantages associated with heat-triggered drug delivery as an approach for cancer treatment have 403 
been highlighted through pre-clinical and clinical studies examining the thermosensitive liposome 404 
formulation of doxorubicin, known as ThermoDox® [6,17,34]. In comparison to administration of 405 
doxorubicin in non-thermosensitive liposomes, the thermosensitive liposome formulation has been shown 406 
to significantly increase the amount of drug delivered to the tumor [35]. However, as with other dual 407 
modality therapeutic approaches, the combination of thermosensitive liposomes and heat delivery, to 408 
achieve drug release, has been met with challenges [36]. To date, doxorubicin is the drug that has been 409 
most commonly incorporated and subsequently evaluated in thermosensitive liposomes. Review of the 410 
scientific literature on thermosensitive liposomes that has been published over the past decades revealed 411 
that roughly 50 % of all studies either aimed to develop formulations encapsulating doxorubicin or studied 412 
heat-triggered drug delivery aspects using doxorubicin as the compound of interest. The use of 413 
doxorubicin is likely, among other considerations, due to its fluorescence properties which facilitates 414 
straightforward, real-time assessment of drug release. However, there are many other drugs that may 415 
benefit from delivery using thermosensitive liposomes. Our group has been interested in evaluating 416 
thermosensitive liposome formulations of other anti-cancer agents including cisplatin, alvespimycin, and 417 
in the current study vinorelbine [2,37]. Many studies have evaluated the influence of lipid composition 418 
and conditions during formulation preparation on drug loading and release from non-thermosensitive 419 
liposomes with clear composition-property-performance relationships established [1,38–41]. However, in 420 
terms of thermosensitive liposomes, these relationships remain an interesting area of research as there 421 
are many aspects that have not yet been evaluated. It cannot be assumed that the established 422 
relationships between composition and performance for non-thermosensitive liposomes are directly 423 
applicable to their thermosensitive counterparts. For this study, in addition to the D/L ratio employed for 424 
drug loading, the influence of several other liposome preparation parameters on the performance of a 425 
thermosensitive vinorelbine liposome formulation were evaluated. 426 

It is desirable to achieve high D/L ratios when developing a liposomal drug formulation. This ensures 427 
delivery of a therapeutic drug dose without administering large amounts of lipid. In addition, as reported 428 
by Drummond et al, increasing the D/L ratio actually improved the in vivo stability of a non-thermosensitive 429 
liposome formulation containing VRL [13,42]. Thus, the initial experiments aimed to understand and 430 
optimize the loading behaviour of VRL into LTSL.  431 

The lipophilicity of VRL complicates its stable entrapment within the liposome core [9,11,13]. Several 432 
techniques have been developed to actively load VRL into non-thermosensitive liposomes. These methods 433 
are based on the A23187 ionophore technique coupled with magnesium sulfate [9,10] or calcium 434 
hydroxybenzenesulfonate [11], resulting in high D/L ratios for non-PEGylated liposomes. In addition, 435 
traditional approaches based on pH gradients and sodium citrate have also been utilized [10,12,33]. 436 
However, most of these techniques have been used in combination with sphingomyelin and cholesterol 437 
based liposomes since it was shown that DSPC containing formulations exhibited poor in vitro stability as 438 
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well as increased in vivo drug leakage (as was observed with another vinca alkaloid, vincristine) [43]. Using 439 
a triethylammonium sucrose octasulfate (TEA8SOS) gradient, Drummond et al. were able to develop a 440 
DSPC-based formulation that was capable of stably entrapping VRL at high D/L ratios [13]. 441 

Several thermosensitive liposome formulations of varied lipid composition have been reported [5]. This 442 
study builds upon the success of the LTSL formulation ThermoDox®, with the goal of rapid drug release 443 
within the tumor blood vasculature once the liposomes are heated in the range of mild HT. The LTSL lipid 444 
bilayer of ThermoDox® is composed of DPPC, lyso-SPC and PEG2k-DSPE in a molar ratio of 86.5/9.7/3.8 [44]. 445 
However, in a separate study it had been shown that incorporating PEG2k-DSPE at molar ratios higher than 446 
3 mol% significantly impedes the loading of VRL [13]. PEG2k-DSPE is generally included in liposome 447 
formulations to allow for longer in vivo circulation times but has also been shown, in the case of LTSL, to 448 
play an important role in ensuring rapid drug release [13,44].  449 

Interaction between a drug and the lipid bilayer can have a significant effect on the loading and stability 450 
of the formulation. Several findings from this study point to a possible interaction between VRL and the 451 
lipid bilayer. First, the loading of VRL appeared to be highly dependent on the ratio of drug added to the 452 
liposomes. And secondly, the stability was found to be significantly decreased with an increase in the level 453 
of drug loading. 454 

Drummond et al. have reported low loading efficiencies when actively loading VRL into various PEG2k-DSPE 455 
containing liposome formulations [13,43]. In these studies, the authors suggest that the loading is limited 456 
in the presence of PEG2k-DSPE due to ionic interaction between PEG2k-DSPE and the drug. They also found 457 
that replacing PEG2k-DSPE with a non-ionic PEGylated lipid resulted in efficient drug loading even at 458 
relatively high D/L ratios [13]. Similarly, Li et al. found that post-insertion of PEG2k-DSPE, following the drug 459 
loading process, maintained a high level of drug loading [15]. In the current study, there was found to be 460 
a threshold level for the number of VRL molecules per liposome beyond which the loading was impaired 461 
in a similar manner to that described for PEG2k-DSPE (i.e. between 250 and 350 g VRL/mol PL). The 462 
limitations in loading of VRL into the LTSL formulation may be attributed to an ionic interaction between 463 
VRL and constituents of the liposome membrane bilayer. Based on the findings from Drummond et al. and 464 
the current study, this interaction appears to depend on the ratio between VRL and ionic PEGylated lipid 465 
(i.e. PEG2k-DSPE) and can thus be avoided through fine-tuning of the D/L ratio and/or temperature during 466 
the loading process as well as the lipid composition.  467 

Another key piece of data which alludes to an interaction between VRL and the lipid bilayer is the decrease 468 
in liposome stability that is observed with an increase in drug loading. It is important to note, unlike the 469 
trend observed in the study performed by Drummond et al. where higher amounts of drug loaded 470 
improved in vivo stability, results from this study show an increase in drug loading led to in vitro 471 
destabilization of the LTSL [13].  472 

Previous studies have shown that given its physico-chemical properties, VRL can become partially 473 
interdigitated within the liposome bilayer. This interdigitation of the drug in the lipid bilayer can increase 474 
the number of membrane packing defects, which in turn can result in an increase in membrane 475 
permeability [45,46]. Cryo-TEM images of the 250 g VRL/mol lipid formulation reveal a dramatic change in 476 
morphology, with a polygonal shape and clear presence of drug precipitated within the internal aqueous 477 
volume of the vesicles. In other studies, the precipitation of vinca alkaloids within non-thermosensitive 478 
liposomes has been shown to result in an increase in formulation stability [47]. This highlights that 479 
relationships and trends observed for specific drug/non-thermosensitive liposome combinations cannot 480 
be easily translated to thermosensitive liposome formulations. The specific properties of the lipid 481 
composition or the encapsulated drug require a customized optimization approach tailored around the 482 
scope of application. 483 

In the design of thermosensitive liposomes, analysis of Tm provides insight into the temperature 484 
dependent stability and drug release properties. A sharp Tm in the range of mild HT has shown to be crucial 485 
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for rapid and complete drug release from LTSL formulations in vivo [48]. The reduction in Tm and Ton 486 
following loading of the liposomes with increasing amounts of VRL, indicates an interaction between the 487 
drug and lipid. Loading high amounts of VRL resulted in an approximate 1.85 °C decrease in the Tm, 488 
suggesting a fluidization of the lipid membrane due to drug-lipid interactions [49,50]. 489 

Studies in our field continue to examine the heat-triggered release of drugs from carriers in the absence 490 
of biologically relevant components. However, plasma proteins are known to affect cargo release from 491 
thermosensitive liposomes [51]. Interactions between the lipid bilayer and plasma components resulting 492 
in increased release have been observed for a multitude of drugs and thermosensitive liposome 493 
formulations [52–57]. Thus, in order to successfully predict in vivo performance, evaluating in vitro release 494 
in biorelevant media is crucial. The presence of proteins such as albumin within the release media can 495 
facilitate lipid extraction from the lipid-bilayer, and thus result in increased membrane defects and an 496 
increased membrane permeability [51,58]. As demonstrated in these studies, the release of VRL from lyso-497 
lipid containing thermosensitive liposomes is dramatically increased in BSA containing media (Figure 2). 498 
Recent papers publish drug release from thermosensitive and non-thermosensitive liposomes in the 499 
absence of biologically relevant components. Given the findings of the current study and the community’s 500 
interest in translation of formulations to the clinic, we recommend challenging liposome formulations in 501 
vitro in the early stages of research in order to gain a true sense of their potential.  502 

 503 

  504 
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octasulfate; TFA: trifluoroacetic acid, Tm: melting phase transition temperature; Ton: temperature of peak 520 
onset; VRL: vinorelbine 521 

  522 



 

21 

7. References 523 

[1] T.M. Allen, P.R. Cullis, Liposomal drug delivery systems: From concept to clinical applications, Adv. 524 
Drug Deliv. Rev. 65 (2013) 36–48. https://doi.org/10.1016/j.addr.2012.09.037. 525 

[2] Y.N. Dou, J. Zheng, W.D. Foltz, R. Weersink, N. Chaudary, D.A. Jaffray, C. Allen, Heat-activated 526 
thermosensitive liposomal cisplatin (HTLC) results in effective growth delay of cervical carcinoma in 527 
mice, J. Controlled Release. 178 (2014) 69–78. https://doi.org/10.1016/j.jconrel.2014.01.009. 528 

[3] K.M. Laginha, S. Verwoert, G.J.R. Charrois, T.M. Allen, Determination of Doxorubicin Levels in Whole 529 
Tumor and Tumor Nuclei in Murine Breast Cancer Tumors, Clin. Cancer Res. 11 (2005) 6944–6949. 530 
https://doi.org/10.1158/1078-0432.CCR-05-0343. 531 

[4] S.N. Ekdawi, J.M.P. Stewart, M. Dunne, S. Stapleton, N. Mitsakakis, Y.N. Dou, D.A. Jaffray, C. Allen, 532 
Spatial and temporal mapping of heterogeneity in liposome uptake and microvascular distribution 533 
in an orthotopic tumor xenograft model, J. Controlled Release. 207 (2015) 101–111. 534 
https://doi.org/10.1016/j.jconrel.2015.04.006. 535 

[5] B. Kneidl, M. Peller, G. Winter, L.H. Lindner, M. Hossann, Thermosensitive liposomal drug delivery 536 
systems: state of the art review, Int. J. Nanomedicine. 9 (2014) 4387–4398. 537 
https://doi.org/10.2147/IJN.S49297. 538 

[6] D. Needham, G. Anyarambhatla, G. Kong, M.W. Dewhirst, A New Temperature-sensitive Liposome 539 
for Use with Mild Hyperthermia: Characterization and Testing in a Human Tumor Xenograft Model, 540 
Cancer Res. 60 (2000) 1197–1201. 541 

[7] DailyMed - NAVELBINE- vinorelbine tartrate injection, (n.d.). 542 
https://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=6d47c96a-7fdc-48ac-9250-543 
41c5d3ecf8db&audience=consumer (accessed August 12, 2019). 544 

[8] E.K. DIMITROVA, EU/3/18/2133, Eur. Med. Agency. (2019). 545 
https://www.ema.europa.eu/en/medicines/human/orphan-designations/eu3182133 (accessed 546 
September 12, 2019). 547 

[9] S.C. Semple, R. Leone, J. Wang, E.C. Leng, S.K. Klimuk, M.L. Eisenhardt, Z.-N. Yuan, K. Edwards, N. 548 
Maurer, M.J. Hope, P.R. Cullis, Q.-F. Ahkong, Optimization and characterization of a 549 
sphingomyelin/cholesterol liposome formulation of vinorelbine with promising antitumor activity, J. 550 
Pharm. Sci. 94 (2005) 1024–1038. https://doi.org/10.1002/jps.20332. 551 

[10] I.V. Zhigaltsev, N. Maurer, Q.-F. Akhong, R. Leone, E. Leng, J. Wang, S.C. Semple, P.R. Cullis, Liposome-552 
encapsulated vincristine, vinblastine and vinorelbine: A comparative study of drug loading and 553 
retention, J. Controlled Release. 104 (2005) 103–111. https://doi.org/10.1016/j.jconrel.2005.01.010. 554 

[11] I.V. Zhigaltsev, N. Maurer, K. Edwards, G. Karlsson, P.R. Cullis, Formation of drug–arylsulfonate 555 
complexes inside liposomes: A novel approach to improve drug retention, J. Controlled Release. 110 556 
(2006) 378–386. https://doi.org/10.1016/j.jconrel.2005.10.011. 557 

[12] M.S. Webb, S. Johnstone, T.J. Morris, A. Kennedy, R. Gallagher, N. Harasym, T. Harasym, C.R. Shew, 558 
P. Tardi, W.H. Dragowska, L.D. Mayer, M.B. Bally, In vitro and in vivo characterization of a 559 
combination chemotherapy formulation consisting of vinorelbine and phosphatidylserine, Eur. J. 560 
Pharm. Biopharm. 65 (2007) 289–299. https://doi.org/10.1016/j.ejpb.2006.10.007. 561 

[13] D.C. Drummond, C.O. Noble, Z. Guo, M.E. Hayes, J.W. Park, C.-J. Ou, Y.-L. Tseng, K. Hong, D.B. 562 
Kirpotin, Improved Pharmacokinetics and Efficacy of a Highly Stable Nanoliposomal Vinorelbine, J. 563 
Pharmacol. Exp. Ther. 328 (2009) 321–330. https://doi.org/10.1124/jpet.108.141200. 564 

[14] C. Li, J. Cui, C. Wang, L. Zhang, X. Xiu, Y. Li, N. Wei, Y. Li, L. Zhang, Encapsulation of vinorelbine into 565 
cholesterol-polyethylene glycol coated vesicles: drug loading and pharmacokinetic studies, J. Pharm. 566 
Pharmacol. 63 (2011) 376–384. https://doi.org/10.1111/j.2042-7158.2010.01227.x. 567 

[15] C.L. Li, J.X. Cui, C.X. Wang, L. Zhang, Y.H. Li, L. Zhang, X. Xiu, Y.F. Li, N. Wei, Development of pegylated 568 
liposomal vinorelbine formulation using “post-insertion” technology, Int. J. Pharm. 391 (2010) 230–569 
236. https://doi.org/10.1016/j.ijpharm.2010.03.004. 570 

[16] C. Li, J. Cui, C. Wang, J. Cao, L. Zhang, Y. Li, M. Liang, X. Xiu, Y. Li, N. Wei, C. Deng, Sulfosalicylate 571 
mediates improved vinorelbine loading into LUVs and antineoplastic effects, J. Liposome Res. 22 572 
(2012) 42–54. https://doi.org/10.3109/08982104.2011.584880. 573 

[17] B.L. Viglianti, M.W. Dewhirst, R.J. Boruta, J.-Y. Park, C. Landon, A.N. Fontanella, J. Guo, A. Manzoor, 574 
C.L. Hofmann, G.M. Palmer, Systemic anti-tumour effects of local thermally sensitive liposome 575 



 

22 

therapy, Int. J. Hyperth. Off. J. Eur. Soc. Hyperthermic Oncol. North Am. Hyperth. Group. 30 (2014) 576 
385–392. https://doi.org/10.3109/02656736.2014.944587. 577 

[18] D.C. Drummond, C.O. Noble, Z. Guo, K. Hong, J.W. Park, D.B. Kirpotin, Development of a Highly Active 578 
Nanoliposomal Irinotecan Using a Novel Intraliposomal Stabilization Strategy, Cancer Res. 66 (2006) 579 
3271–3277. https://doi.org/10.1158/0008-5472.CAN-05-4007. 580 

[19] H. Shibata, C. Yomota, H. Okuda, Simultaneous Determination of Polyethylene Glycol-Conjugated 581 
Liposome Components by Using Reversed-Phase High-Performance Liquid Chromatography with UV 582 
and Evaporative Light Scattering Detection, AAPS PharmSciTech. 14 (2013) 811–817. 583 
https://doi.org/10.1208/s12249-013-9967-8. 584 

[20] S. Amselem, Y. Barenholz, A. Gabizon, Optimization and Upscaling of Doxorubicin-Containing 585 
Liposomes for Clinical Use, J. Pharm. Sci. 79 (1990) 1045–1052. 586 
https://doi.org/10.1002/jps.2600791202. 587 

[21] M.I. van Raath, R. Weijer, G.H. Nguyen, B. Choi, A.I. de Kroon, M. Heger, Tranexamic Acid-588 
Encapsulating Thermosensitive Liposomes for Site-Specific Pharmaco-Laser Therapy of Port Wine 589 
Stains, J. Biomed. Nanotechnol. 12 (2016) 1617–1640. https://doi.org/10.1166/jbn.2016.2277. 590 

[22] Y. Tahara, Y. Fujiyoshi, A new method to measure bilayer thickness: Cryo-electron microscopy of 591 
frozen hydrated liposomes and image simulation, Micron. 25 (1994) 141–149. 592 
https://doi.org/10.1016/0968-4328(94)90039-6. 593 

[23] J.F. Nagle, S. Tristram-Nagle, Lipid Bilayer Structure, Curr. Opin. Struct. Biol. 10 (2000) 474–480. 594 
[24] L.M. Chi, W.G. Wu, Effective bilayer expansion and erythrocyte shape change induced by 595 

monopalmitoyl phosphatidylcholine. Quantitative light microscopy and nuclear magnetic resonance 596 
spectroscopy measurements., Biophys. J. 57 (1990) 1225–1232. 597 

[25] J. Majewski, T.L. Kuhl, K. Kjaer, M.C. Gerstenberg, J. Als-Nielsen, J.N. Israelachvili, G.S. Smith, X-ray 598 
Synchrotron Study of Packing and Protrusions of Polymer−Lipid Monolayers at the Air−Water 599 
Interface, J. Am. Chem. Soc. 120 (1998) 1469–1473. https://doi.org/10.1021/ja973024n. 600 

[26] M.J. Fonseca, E.C.A. van Winden, D.J.A. Crommelin, Doxorubicin induces aggregation of small 601 
negatively charged liposomes, Eur. J. Pharm. Biopharm. 43 (1997) 9–17. 602 
https://doi.org/10.1016/S0939-6411(96)00018-5. 603 

[27] L. Rahnfeld, J. Thamm, F. Steiniger, P. van Hoogevest, P. Luciani, Study on the in situ aggregation of 604 
liposomes with negatively charged phospholipids for use as injectable depot formulation, Colloids 605 
Surf. B Biointerfaces. 168 (2018) 10–17. https://doi.org/10.1016/j.colsurfb.2018.02.023. 606 

[28] M. Hossann, T. Wang, M. Wiggenhorn, R. Schmidt, A. Zengerle, G. Winter, H. Eibl, M. Peller, M. 607 
Reiser, R.D. Issels, L.H. Lindner, Size of thermosensitive liposomes influences content release, J. 608 
Controlled Release. 147 (2010) 436–443. https://doi.org/10.1016/j.jconrel.2010.08.013. 609 

[29] E. Cvitkovic, J. Izzo, The Current and Future Place of Vinorelbine in Cancer Therapy, Drugs. 44 (1992) 610 
36–45. https://doi.org/10.2165/00003495-199200444-00005. 611 

[30] V. Minard-Colin, J.-L. Ichante, L. Nguyen, A. Paci, D. Orbach, C. Bergeron, A.-S. Defachelles, N. André, 612 
N. Corradini, C. Schmitt, M.-D. Tabone, P. Blouin, N. Sirvent, G. Goma, B. Geoerger, O. Oberlin, Phase 613 
II study of vinorelbine and continuous low doses cyclophosphamide in children and young adults with 614 
a relapsed or refractory malignant solid tumour: Good tolerance profile and efficacy in 615 
rhabdomyosarcoma – A report from the Société Française des Cancers et leucémies de l’Enfant et de 616 
l’adolescent (SFCE), Eur. J. Cancer. 48 (2012) 2409–2416. 617 
https://doi.org/10.1016/j.ejca.2012.04.012. 618 

[31] J.F. Kuttesch, M.D. Krailo, T. Madden, M. Johansen, A. Bleyer, Phase II Evaluation of Intravenous 619 
Vinorelbine (Navelbine) in Recurrent or Refractory Pediatric Malignancies: A Children’s Oncology 620 
Group Study, Pediatr. Blood Cancer. 53 (2009) 590–593. https://doi.org/10.1002/pbc.22133. 621 

[32] A. Krikorian, F. Breillout, Vinorelbine (Navelbine®). A New Semisynthetic Vinca Alkaloid, Oncol. Res. 622 
Treat. 14 (1991) 7–12. https://doi.org/10.1159/000216938. 623 

[33] H. Zhang, Z. Wang, W. Gong, Z. Li, X. Mei, W. Lv, Development and characteristics of temperature-624 
sensitive liposomes for vinorelbine bitartrate, Int. J. Pharm. 414 (2011) 56–62. 625 
https://doi.org/10.1016/j.ijpharm.2011.05.013. 626 

[34] M.D. Gray, P.C. Lyon, C. Mannaris, L.K. Folkes, M. Stratford, L. Campo, D.Y.F. Chung, S. Scott, M. 627 
Anderson, R. Goldin, R. Carlisle, F. Wu, M.R. Middleton, F.V. Gleeson, C.C. Coussios, Focused 628 



 

23 

Ultrasound Hyperthermia for Targeted Drug Release from Thermosensitive Liposomes: Results from 629 
a Phase I Trial, Radiology. 291 (2019) 232–238. https://doi.org/10.1148/radiol.2018181445. 630 

[35] G. Kong, G. Anyarambhatla, W.P. Petros, R.D. Braun, O.M. Colvin, D. Needham, M.W. Dewhirst, 631 
Efficacy of Liposomes and Hyperthermia in a Human Tumor Xenograft Model: Importance of 632 
Triggered Drug Release, Cancer Res. 60 (2000) 6950–6957. 633 

[36] M. Dunne, K. Hynynen, C. Allen, Thermosensitive nanomedicines could revolutionize thermal 634 
therapy in oncology, Nano Today. 16 (2017) 9–13. https://doi.org/10.1016/j.nantod.2017.08.001. 635 

[37] M. Dunne, B. Epp-Ducharme, A.M. Sofias, M. Regenold, D.N. Dubins, C. Allen, Heat-activated drug 636 
delivery increases tumor accumulation of synergistic chemotherapies, J. Controlled Release. (2019). 637 
https://doi.org/10.1016/j.jconrel.2019.06.012. 638 

[38] M.J.W. Johnston, K. Edwards, Gör. Karlsson, P.R. Cullis, Influence of Drug-to-Lipid Ratio on Drug 639 
Release Properties and Liposome Integrity in Liposomal Doxorubicin Formulations, J. Liposome Res. 640 
18 (2008) 145–157. https://doi.org/10.1080/08982100802129372. 641 

[39] P.R. Cullis, M.J. Hope, M.B. Bally, T.D. Madden, L.D. Mayer, D.B. Fenske, Influence of pH gradients on 642 
the transbilayer transport of drugs, lipids, peptides and metal ions into large unilamellar vesicles, 643 
Biochim. Biophys. Acta BBA - Rev. Biomembr. 1331 (1997) 187–211. https://doi.org/10.1016/S0304-644 
4157(97)00006-3. 645 

[40] D. Zucker, D. Marcus, Y. Barenholz, A. Goldblum, Liposome drugs’ loading efficiency: A working 646 
model based on loading conditions and drug’s physicochemical properties, J. Controlled Release. 139 647 
(2009) 73–80. https://doi.org/10.1016/j.jconrel.2009.05.036. 648 

[41] T. Li, D. Cipolla, T. Rades, B.J. Boyd, Drug nanocrystallisation within liposomes, J. Controlled Release. 649 
288 (2018) 96–110. https://doi.org/10.1016/j.jconrel.2018.09.001. 650 

[42] M. Chountoulesi, N. Naziris, N. Pippa, C. Demetzos, The significance of drug-to-lipid ratio to the 651 
development of optimized liposomal formulation, J. Liposome Res. 28 (2018) 249–258. 652 
https://doi.org/10.1080/08982104.2017.1343836. 653 

[43] M.S. Webb, T.O. Harasym, D. Masin, M.B. Bally, L.D. Mayer, Sphingomyelin-cholesterol liposomes 654 
significantly enhance the pharmacokinetic and therapeutic properties of vincristine in murine and 655 
human tumour models., Br. J. Cancer. 72 (1995) 896–904. 656 

[44] D. Needham, J.-Y. Park, A. M. Wright, J. Tong, Materials characterization of the low temperature 657 
sensitive liposome (LTSL): effects of the lipid composition (lysolipid and DSPE–PEG2000) on the 658 
thermal transition and release of doxorubicin, Faraday Discuss. 161 (2013) 515–534. 659 
https://doi.org/10.1039/C2FD20111A. 660 

[45] C. Koukoulitsa, I. Kyrikou, C. Demetzos, T. Mavromoustakos, The role of the anticancer drug 661 
vinorelbine in lipid bilayers using differential scanning calorimetry and molecular modeling, Chem. 662 
Phys. Lipids. 144 (2006) 85–95. https://doi.org/10.1016/j.chemphyslip.2006.07.002. 663 

[46] C. Demetzos, Differential Scanning Calorimetry (DSC): A Tool to Study the Thermal Behavior of Lipid 664 
Bilayers and Liposomal Stability, J. Liposome Res. 18 (2008) 159–173. 665 
https://doi.org/10.1080/08982100802310261. 666 

[47] M.J.W. Johnston, S.C. Semple, S.K. Klimuk, K. Edwards, M.L. Eisenhardt, E.C. Leng, G. Karlsson, D. 667 
Yanko, P.R. Cullis, Therapeutically optimized rates of drug release can be achieved by varying the 668 
drug-to-lipid ratio in liposomal vincristine formulations, Biochim. Biophys. Acta BBA - Biomembr. 669 
1758 (2006) 55–64. https://doi.org/10.1016/j.bbamem.2006.01.009. 670 

[48] J.K. Mills, D. Needham, Lysolipid incorporation in dipalmitoylphosphatidylcholine bilayer membranes 671 
enhances the ion permeability and drug release rates at the membrane phase transition, Biochim. 672 
Biophys. Acta BBA - Biomembr. 1716 (2005) 77–96. https://doi.org/10.1016/j.bbamem.2005.08.007. 673 

[49] G.E. Flaten, M. Skar, K. Luthman, M. Brandl, Drug permeability across a phospholipid vesicle based 674 
barrier: 3. Characterization of drug–membrane interactions and the effect of agitation on the barrier 675 
integrity and on the permeability, Eur. J. Pharm. Sci. 30 (2007) 324–332. 676 
https://doi.org/10.1016/j.ejps.2006.11.017. 677 

[50] N. Škalko, M. Brandl, M. Bećirević-Laćan, J. Filipović-Grčić, I. Jalšenjak, Liposomes with nifedipine and 678 
nifedipine-cyclodextrin complex: calorimetrical and plasma stability comparison, Eur. J. Pharm. Sci. 679 
4 (1996) 359–366. https://doi.org/10.1016/S0928-0987(96)00180-7. 680 



 

24 

[51] M. Hossann, Z. Syunyaeva, R. Schmidt, A. Zengerle, H. Eibl, R.D. Issels, L.H. Lindner, Proteins and 681 
cholesterol lipid vesicles are mediators of drug release from thermosensitive liposomes, J. Controlled 682 
Release. 162 (2012) 400–406. https://doi.org/10.1016/j.jconrel.2012.06.032. 683 

[52] C. Burke, M.R. Dreher, A.H. Negussie, A.S. Mikhail, P. Yarmolenko, A. Patel, B. Skilskyj, B.J. Wood, D. 684 
Haemmerich, Drug release kinetics of temperature sensitive liposomes measured at high temporal 685 
resolution with a millifluidic device, Int. J. Hyperth. Off. J. Eur. Soc. Hyperthermic Oncol. North Am. 686 
Hyperth. Group. 34 (2018) 786–794. https://doi.org/10.1080/02656736.2017.1412504. 687 

[53] J.J. Mittag, B. Kneidl, T. Preiβ, M. Hossann, G. Winter, S. Wuttke, H. Engelke, J.O. Rädler, Impact of 688 
plasma protein binding on cargo release by thermosensitive liposomes probed by fluorescence 689 
correlation spectroscopy, Eur. J. Pharm. Biopharm. 119 (2017) 215–223. 690 
https://doi.org/10.1016/j.ejpb.2017.06.022. 691 

[54] Z.S. Al-Ahmady, M. Hadjidemetriou, J. Gubbins, K. Kostarelos, Formation of protein corona in vivo 692 
affects drug release from temperature-sensitive liposomes, J. Controlled Release. 276 (2018) 157–693 
167. https://doi.org/10.1016/j.jconrel.2018.02.038. 694 

[55] V. Saxena, C.G. Johnson, A.H. Negussie, K.V. Sharma, M.R. Dreher, B.J. Wood, Temperature-sensitive 695 
liposome-mediated delivery of thrombolytic agents, Int. J. Hyperthermia. 31 (2015) 67–73. 696 
https://doi.org/10.3109/02656736.2014.991428. 697 

[56] R. Wardlow, C. Bing, J. VanOsdol, D. Maples, M. Ladouceur-Wodzak, M. Harbeson, J. Nofiele, R. 698 
Staruch, A. Ramachandran, J. Malayer, R. Chopra, A. Ranjan, Targeted antibiotic delivery using low 699 
temperature-sensitive liposomes and magnetic resonance-guided high-intensity focused ultrasound 700 
hyperthermia, Int. J. Hyperthermia. 32 (2016) 254–264. 701 
https://doi.org/10.3109/02656736.2015.1134818. 702 

[57] J. Chen, C. He, A. Lin, W. Gu, Z. Chen, W. Li, B. Cai, Thermosensitive liposomes with higher phase 703 
transition temperature for targeted drug delivery to tumor, Int. J. Pharm. 475 (2014) 408–415. 704 
https://doi.org/10.1016/j.ijpharm.2014.09.009. 705 

[58] B. Banno, L.M. Ickenstein, G.N.C. Chiu, M.B. Bally, J. Thewalt, E. Brief, E.K. Wasan, The functional 706 
roles of poly(ethylene glycol)-lipid and lysolipid in the drug retention and release from lysolipid-707 
containing thermosensitive liposomes in vitro and in vivo, J. Pharm. Sci. 99 (2010) 2295–2308. 708 
https://doi.org/10.1002/jps.21988. 709 

 710 



 

25 

Supplementary Information 

 

Figure S1: Lyso-lipid containing thermosensitive liposomes were loaded with vinorelbine (VRL) under 
various pH. Parameters highlighted in grey were held constant throughout the drug loading experiment 

with the pH referring to that of the external buffer, the sulfate group concentration is due to presence of 
TEA8SOS levels within the internal compartment of liposomes, and the D/L ratio refers to the initial ratio 

of VRL added to liposomes. The graphs show the drug loading following one hour of incubation. Error 
bars represent SD of three independent experiments (n=3). 
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Thermal properties of the thermosensitive liposomes 

 

Figure S2: A-C Thermograms of unloaded LTSL and LTSL loaded with different amounts of VRL. Liposomes 
in solutions were heated at a rate of 1 °C/min from 25 °C to 60 °C. For clarity, heat flows of unloaded/ 

loaded samples are plotted on separate axes. 

 


