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Abstract

Gemcitabine delivery to pancreatic ductal adenocarcinoma is limited by poor pharmacokinetics, 

dense fibrosis and hypo-vascularization. Activatable liposomes, with drug release resulting from 

local heating, enhance serum stability and circulation, and the released drug retains the ability to 

diffuse within the tumor. A limitation of liposomal gemcitabine has been the low loading 

efficiency. To address this limitation, we used the superior solubilizing potential of copper(II) 

gluconate to form a complex with gemcitabine at copper:gemcitabine (1:4). Thermosensitive 

liposomes composed of DPPC:DSPC:DSPE-PEG2k (80:15:5, mole%) then reached 12 weight % 

loading, 4-fold greater than previously reported values. Cryo transmission electron microscopy 

confirmed the presence of a liquid crystalline gemcitabine-copper mixture. The optimized 

gemcitabine liposomes released 60% and 80% of the gemcitabine within 1 and 5 min, respectively, 

at 42°C. Liposomal encapsulation resulted in a circulation half-life of ~2 h in vivo (compared to 

reported circulation of 16 min for free gemcitabine in mice), and free drug was not detected within 

the plasma. The resulting gemcitabine liposomes were efficacious against both murine breast 

cancer and pancreatic cancer in vitro. Three repeated treatments of activatable gemcitabine 

liposomes plus ultrasound hyperthermia regressed or eliminated tumors in the neu deletion model 

of murine breast cancer with limited toxicity, enhancing survival when compared to treatment with 

gemcitabine alone. With 5% of the free gemcitabine dose (5 rather than 100 mg/kg), tumor growth 

was suppressed to the same degree as gemcitabine. Additionally, in a more aggressive tumor 
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model of murine pancreatic cancer, liposomal gemcitabine combined with local hyperthermia 

induced cell death and regions of apoptosis and necrosis.

Graphical Abstract

Keywords

Gemcitabine; Temperature-Sensitive Liposome; Ultrasound; Pancreatic Ductal Adenocarcinoma; 
Breast Cancer

1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most lethal of the major cancers and is 

projected to remain a leading cause of cancer death from now through 2030 [1–6]. Because 

approximately 80% of pancreatic cancer patients are not surgical candidates, most patients 

receive some form of chemotherapy, frequently gemcitabine [7,8] and/or paclitaxel 

(compounded with albumin to form the nanotherapeutic, Abraxane®), both with limited 

treatment efficacy [9,10]. Nanotechnological approaches to deliver high doses of 

chemotherapy to tumors have been successful in both preclinical cancer models and in the 

clinic [11,12]. Prior to Abraxane’s approval for pancreatic cancer in 2013, gemcitabine was 

the first-line chemotherapeutic, and remains a mainstay of treatment for many patients. 

Gemcitabine is not currently clinically available in a nanoformulation, although various 

gemcitabine-containing nanoparticles (NPs) have been evaluated in preclinical studies 

[11,13–18].

Lipid NPs in general and liposomes in particular are attractive drug delivery platforms due to 

their biocompatibility and drug encapsulating efficiency. Temperature-sensitive liposomes 

(TSLs) that can release encapsulated drugs within tumor vasculature in response to 

hyperthermia can deliver therapeutic doses of free drug to solid tumors [12,19–21]. 

Importantly, heat-triggered delivery of drug overcomes dependence on passive extravasation 

of drug-carrying NPs through the enhanced permeation and retention (EPR) effect [22,23]. 

This method is particularly important for the treatment of pancreatic cancer cells that are 

surrounded by a dense stroma that prevents drug-carrying NPs from entering the tumor 

microenvironment. Moreover, the ability to focally target drug release can reduce systemic 

toxicity.

Gemcitabine is a small water-soluble molecule, as opposed to amphipathic and membrane-

permeable anticancer drugs such as doxorubicin (Dox) and irinotecan, and has proven to be 

difficult to encapsulate in liposomes, with reported concentrations less than 4 weight % 
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[13,14,17,24,25]. Further, gemcitabine is not a good candidate for remote loading into 

liposomes using either ammonium sulfate and/or pH gradient or copper gluconate/

triethanolamine (Cu/TEOA) gradient methods. Remote loading is a more efficient method 

compared to passive drug loading, as high intraliposomal concentration of Dox is achieved 

at drug-to-lipid ratios of 0.05–0.1 and 0.2 (wt/wt) by ammonium sulfate/pH and Cu/TEOA 

gradient methods, respectively [12,20]. To passively encapsulate gemcitabine in liposomes at 

such high quantities, both high lipid and drug concentrations are required. Gemcitabine has 

limited solubility in water or biological buffers such as saline. Both the choice of buffer to 

maximize gemcitabine solubility and the lipid makeup of the liposome shell can have a 

significant impact on final drug loading. Further, to stabilize the high payload of drug in 

liposomes, formation of a drug complex within the core of liposomes can augment loading 

and reduce drug leakage. We previously reported that formation of a complex between Dox 

and copper(II) within the core of TSLs stabilizes drug, improves drug pharmacokinetics, and 

reduces systemic toxicity without affecting drug efficacy [12,26].

Here, we loaded gemcitabine in TSLs (GemTSLs) and incorporated the following strategies 

to improve the loading and stability of the encapsulated drug: i) we used copper(II) and 

TEOA to improve gemcitabine solubility and stability when loaded within the core of TSLs 

and ii) we selected lipid components that permit high gemcitabine loading. The resulting 

GemTSLs were then characterized with cryo transmission electron microscopy (cryo-EM), 

and the release kinetics and pharmacokinetics were evaluated. The in vitro cytotoxicity of 

GemTSLs was tested against both murine breast and pancreatic cancer cell types. The 

anticancer efficacy was studied in the neu deletion (NDL) model of murine breast cancer and 

in murine pancreatic cancer tumor transplants in combination with local hyperthermia. To 

trigger release of drug in tumors, we employed ultrasound to generate an image-guided and 

controllable thermal dose [12,19,27,28].

2 Materials and Methods

2.1 Materials

1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (Lyso-PPC), 1-stearoyl-2-hydroxy-sn-

glycero-3-phosphocholine (Lyso-SPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC), 1,2-disteraroyl-sn-glycero-3-phosphocholine (DSPC), 1-myristoyl-2-palmitoyl-sn-

glycero-3-phosphocholine (MPPC), 1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine 

(MSPC), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy 

polyetheneglycol-2000 (DSPE-PEG2k) were purchased from Avanti Polar Lipids Inc. 

(Alabaster, AL). Triethanolamine (TEOA) and copper (II) gluconate were purchased from 

Sigma (St. Louis, MO). Gemcitabine hydrochloride was purchased from LC Laboratories 

(Woburn, MA).

KPC (mT4) cells were a gift from Dr. David Tuveson (Cold Spring Harbor Laboratory, Cold 

Spring Harbor, NY). KPC cells were cultured in Dulbecco’s Modified Eagle medium 

(DMEM) containing 4500 mg/L glucose, L-glutamine and sodium pyruvate (# 11995, 

Invitrogen, San Diego, CA) and supplemented with 10% fetal bovine serum and 1% 

penicillin–streptomycin. The neu deletion (NDL) metastatic mammary carcinoma cell line 

was a gift from Dr. Alexander Borowsky (University of California- Davis, Davis, CA). NDL 
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cells were cultured in high-glucose DMEM, supplemented with 10% fetal bovine serum, 1% 

penicillin-streptomycin, 0.584 g/L L-glutamine and 0.110 g/L sodium pyruvate. All cells 

were maintained at 37°C in a humidified 5% CO2 incubator.

2.2 Liposome preparation and drug loading evaluation

Temperature-sensitive liposomes (TSLs) were passively loaded with gemcitabine using lipid 

film hydration, freeze-thaw, and extruder methods. Lysolipid-containing liposomes were 

composed of DPPC:Lyso-PPC:DSPE-PEG2k (86:10:4, molar ratio) and DPPC:Lyso-

SPC:DSPE-PEG2k (86:10:4). Other liposomes were composed of DPPC:MPPC:DSPE-

PEG2k (89:7:4), DPPC:MSPC:DSPE-PEG2k (89:7:4), and DPPC:DSPC:DSPE-PEG2k 

(80:15:5). Henceforth, with DPPC constituting the core lipid of all liposomal formulation 

used, each lipid formulation is referred to by its unique lipid component: Lyso-PPC, Lyso-

SPC, MPPC, MSPC, and DSPC, respectively, and its gemcitabine content by weight percent.

Briefly, lipids were mixed in chloroform to create a homogenous mixture, and chloroform 

was slowly evaporated under a stream of nitrogen gas to form a dried lipid film. Residual 

chloroform was then removed by placing the test tube containing the lipid film in a 

lyophilizer overnight. Gemcitabine hydrochloride (0, 15, 30, 60, 100, or 150 mg/mL) was 

mixed in various buffers including saline (pH 5.5), phosphate-buffered saline (PBS, pH 7.4), 

and Cu(ll) gluconate at 0, 50, 100, and 200 mM Cu plus TEOA at 270 mM at pH 7.4 for at 

least 5 min at 55°C with vigorous mixing until the solutions were visibly transparent. Dried 

lipid mixtures were then hydrated with the gemcitabine solutions at 60°C with gentle mixing 

for 30 min to form gemcitabine liposomes at final lipid concentration of 100 mg/mL. The 

resulting liposomal gemcitabine solution underwent 4 cycles of freezing in liquid nitrogen (5 

min) and thawing at 60°C (7 min) followed by extrusion through a polycarbonate membrane 

with a 100 nm pore diameter 21 times at 65°C. Liposomes encapsulating gemcitabine were 

then separated from non-encapsulated gemcitabine and free copper by passing the liposomal 

solution through a spin column of Sephadex G-75 (5 × 1 cm, GE Healthcare, Biosciences, 

Piscataway, NJ) equilibrated with saline. Liposome size was then measured using a 

NICOMP™ 380 ZLS submicron particle analyzer (Particle Sizing System Ince., Santa 

Barbara, CA). Final lipid concentration was measured using the Phospholipid C assay kit 

(Wako Chemicals USA, Richmond, VA).

To evaluate gemcitabine loading in liposomes and the efficiency of drug release at 42°C, 35 

μL of the purified liposome solution was diluted 4 times in PBS and incubated i) at room 

temperature (20°C) for 30 min to measure the free gemcitabine (RT), ii) treated with 0.5% 

Triton™ X-100 (Millipore Sigma, Darmstadt, Germany) at 60°C for 30 min to quantify the 

total amount of gemcitabine (TX-100), iii) heated to 42°C with gentle mixing for 30 min to 

assess the release of gemcitabine from liposomes (42°C). The treated solutions were passed 

through Amicon® Ultra spin filters (30kD MWCO for samples treated Triton X-100 and 

100kD MWCO for those incubated samples at RT and 42°C, Millipore Sigma, Darmstadt, 

Germany) at 2000 × g at 15°C for 30 min to eliminate interference in gemcitabine detection 

by lipid. The resulting filtrate was measured in triplicate using a NanoDrop ND-1000 

Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) at 271 nm. Gemcitabine 
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concentration in each liposome formulation was then determined by correlation to standard 

curves created for gemcitabine in each buffer solution used.

Size and drug leakage from liposomal gemcitabine were monitored for up to one-month 

upon storage at 4°C post liposome fabrication.

2.3 Copper-gemcitabine complex

Solutions of copper gluconate at 0, 50, 100, and 200 mM copper were made with 270 mM 

TEOA at pH 7.4 or at 50 mM copper gluconate and absence of TEOA at pH 3.5 or at 50 mM 

copper gluconate with pH adjusted to 7.4 by NaOH. Each solution was used to dissolve 

gemcitabine hydrochloride at up to 500 mM at 55°C with vigorous mixing. Each 

gemcitabine solution was then diluted to 400, 300, 200, 100, and 50 mM gemcitabine with 

respective buffers. After 12+ h at room temperature or 4°C, each solution was filtered 

through an A4 filter to remove precipitate and the absorbance of the solution was measured 

at 271 nm using the NanoDrop ND-1000 Spectrophotometer to assess soluble gemcitabine 

concentration. Additionally, the absorbance at 650 nm of each solution left at room 

temperature was measured using a Tecan Infinite® M1000 microplate reader to determine 

the copper oxidation state.

2.4 Cryo-Electron Microscopy

Cryo-Electron Microscopy Data collection was performed on a JEOL JEM 2100F TEM 

operating at 200kV. Briefly, a volume of 3 μL solution containing the DSPC-Gem liposomes 

prepared at initial gemcitabine concentrations of 15, 60, 100, and 150 mg/mL was placed on 

Quantifoil R2/2 Cu 300 mesh grids. After a 1-minute incubation, 0.5 μm of NP40 detergent 

was added for 10 seconds. The excess solution was removed and quickly plunged into liquid 

ethane using FEI Vitrobot Mark III semi-automated cryo-plunger. The liposomes were 

embedded into a thin layer of vitrified ice and transferred into the EM using a Gatan 626 

cryo-transferring system. The grids were examined at 60,000x magnification and images 

were captured using a D20 detector. The digital images were recorded with a pixel size of 

1.4 Å using autofocusing scripts in Serial-EM package, set to defocus level of 0.5–2.5 Å at 

60,000x magnification and images were captured using a D20 detector. The digital images 

with no stigmatism or drift were selected for further analysis and figure preparation.

2.5 Serum stability

A 50% mixture of fetal bovine serum (FBS) in saline was preincubated for 5 min to reach 

37°C, 41°C, 42°C, 43°C, or RT. GemTSLs containing copper(II) and gemcitabine were then 

mixed with the preheated FBS in saline. Samples were taken at 2, 5, 10, and 30 min, cooled 

on ice, and filtered through Amicon® Ultra spin filters (30kD MWCO) at 2000 × g at 4°C 

for 30 min. Gemcitabine in the filtrate was measured in triplicate using the NanoDrop 

ND-1000 Spectrophotometer at 271 nm. Gemcitabine concentration in each liposome 

formulation was then determined by correlation to standard curves created for gemcitabine 

in 1:1 FBS:saline.

Tucci et al. Page 5

J Control Release. Author manuscript; available in PMC 2020 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.6 Cell viability evaluation

The cytotoxicity of DSPC-based GemTSLs, with and without copper and/or gemcitabine 

was evaluated in vitro in NDL, and KPC (mT4) cell lines for 48h of continuous incubation at 

various concentrations or after a 20-minute incubation (5 mM) at 37°C or 42°C followed by 

two rinses and a 48h incubation in media. Following the incubation, MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent (Invitrogen Corporation) 

was added to the medium at 0.5 mg/mL and the cells were incubated for 2 h at 37°C at 5% 

CO2. Medium was then removed and the formazan crystals were dissolved in 100 μL/well of 

DMSO (Sigma Aldrich, St. Louis, MO). Absorbance was measured with a Tecan Infinite® 

M1000 microplate reader.

2.7 Pharmacokinetic analysis

A total of 12 mice (female FVB mice, 8.5 weeks) were studied for pharmacokinetic analysis. 

DSPC-GemTSLs (loading condition: 100 mg/mL gemcitabine in 100 mM copper(II) plus 

270 mM TEOA; 10 wt% gemcitabine) were injected at 20 mg/kg gemcitabine via the tail 

vein. After 20s, 1h, 2h, and 6h, mice were euthanized via cervical dislocation and blood was 

harvested (n = 3/timepoint). Collected blood was centrifuged at 1,000 rpm at 4°C for 10 min 

and plasma was retrieved. Plasma before and after incubation with 0.5% Triton™ X-100 for 

30 min at 60°C was passed through Amicon® Ultra spin filters (30kD MWCO) at 2,000 × g 

at 4°C for 30 min. The resulting filtrate was measured in triplicate using the NanoDrop 

ND-1000 Spectrophotometer at 271 nm. Free and encapsulated gemcitabine concentrations 

were determined by correlation to standard curves created for gemcitabine in filtered plasma 

after spiking gemcitabine at various concentrations into plasma isolated from mouse blood. 

With this method, we detected gemcitabine in plasma at concentrations as low as 0.025 

mg /mL, equivalent to 5% of the initial dose.

2.8 In vivo evaluation

All animal studies were approved by the University of California, Davis Animal Care and 

Use Committee (IACUC). In efficacy studies, a total of 62 NDL tumor-bearing FVB mice 

and 27 KPC tumor-bearing C57BL/6 mice were studied. 14 FVB mice were transplanted 

with unilateral NDL tumors and 48 FVB mice were transplanted with bilateral NDL tumors. 

C57BL/6 (27) mice were transplanted with unilateral KPC tumors. Once tumor sizes 

reached ~4 mm, mice were randomized among treatment groups: GemTSLs with ultrasound 

hyperthermia (GemTSLs+USH), free gemcitabine, saline injection (Saline control).

Briefly, for mice receiving ultrasound hyperthermia, one tumor per animal was insonified for 

5 min at 41°C or 42°C (dependent on experimental conditions) prior to the injection of 

GemTSLs, gemcitabine, or saline via the tail vein. Tumor insonation at 41°C or 42°C 

continued for an additional 30 min. Treatments occurred 2 times per week for 2–3 

treatments and mice were euthanized for histological evaluation 3 days after the last 

treatment. Treatments occurred 2 times per week for 3 treatments with three to four days 

interval in survival studies.

The ultrasound system to deliver mild hyperthermia to small murine tumors consisted of a 

programmable US system combining imaging and therapy (Vantage 256, Verasonics, 
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Kirkland, WA). A custom 128-element 1.5 MHz therapeutic array was used to heat the 

tumor [29]. Heating was performed with bursts of 2.5 MPa peak negative pressure, with a 

pulse repetition frequency of 100 Hz and burst duration ranging from 0 to 8 ms as controlled 

by a proportional integral derivative (PID) controller (duty cycle ranging from 0 to 0.8) set 

to maintain the tumor temperature at 42°C. Promptly after necropsy, tumors were fixed in 

10% formalin and transferred to 70% ethanol after 24h. Paraffin sections of 4 pm thickness 

were prepared at the Department of Pathology and Laboratory Medicine, University of 

California, Davis and stained with Haemotoxylin and Eosin (H&E).

2.9 Statistical analysis

Data points represent the average of multiple measurements (n noted in individual figures; n 

≥ 3). The error bars represent the standard deviations. One-way ANOVA followed by the 

Tukey Post Hoc test was used to analyze statistical differences among multiple groups. A p 

value of less than 0.05 was determined statistically significant.

3 Results

3.1 Initial gemcitabine concentration and liposome shell composition determine loading 
capacity of gemcitabine liposomes

TSLs were passively loaded with gemcitabine hydrochloride. Multiple components of the 

gemcitabine-loading conditions were assessed to determine how to maximize the 

gemcitabine: lipid ratio (wt:wt). In the gemcitabine-containing solution that is added to the 

dried lipid mixture at elevated temperatures, the concentration of copper(II) gluconate, 

triethanolamine (TEOA), pH, and gemcitabine chloride concentration were varied. Based on 

successful active loading of doxorubicin using complexation with copper(II), we 

hypothesized that copper could positively impact gemcitabine loading. To this end, we used 

copper(II) gluconate (organic copper salt) and TEOA, a strong base, to form and buffer the 

copper(II) solution at neutral pH. With 15 mg/mL (50 mM) gemcitabine in the initial 

loading buffer, the inclusion of copper(II) and/or TEOA resulted in 2–3 weight % loading, 

and drug loading was negligible for saline or PBS in the absence of copper(II) or TEOA 

(Figure 1A). The gemcitabine loading in the presence of copper(II) and TEOA was not 

further enhanced by adjusting copper or TEOA concentrations (SI Figure S1A–B). 

Additionally, alterations in pH did not impact final gemcitabine content.

When gemcitabine concentration in the loading solution (TEOA 270 mM and copper(II) 100 

mM, pH 7.4) was increased to 150 mg/mL, previous loading limits were surpassed, yielding 

liposomes containing up to 12 weight % (Figure 1B). The gemcitabine loading increased 

proportionally with the increase in gemcitabine concentration in the loading buffer and the 

loading efficiency was between 1.5 and 2.5%. The initial solutions were heated to 55°C, 

allowing gemcitabine to dissolve at higher concentrations than their reported limits (25 

mg/mL in water at room temperature per manufacturer’s disclosure). Notably, when TEOA 

and copper(II) were not included, gemcitabine was unable to completely dissolve at elevated 

temperatures in saline or PBS, suggesting that TEOA and copper interact with gemcitabine 

to allow for higher drug concentrations to be reached. Using elevated temperature, copper(II) 
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and TEOA effectively increased gemcitabine solubility, allowing for greater final liposomal 

gemcitabine content.

Multiple DPPC-based TSL formulations were evaluated, where additional lipids were 

included at a 7–15% mole ratio with the goal of enhancing the stability or release rate (Table 

1). Lipid components studied were either single chain “lyso” lipids (Lyso-PPC or Lyso-SPC) 

or dual chain lipids (MPPC, MSPC, or DSPC). Loading in lipid formulations containing 

lyso lipids (typically included to enhance release) was less than ~2 weight %, even at a high 

initial gemcitabine concentration of 100 mg/mL (SI Figure S1C). In contrast, gemcitabine 

loading in lipid formulations containing double-chained lipids exceeded 10 weight %.

The resulting GemTSLs have an average diameter of 115 +/− 25 nm and polydispersity 

index (PDI) of <0.1, which was similar for all formulations tested. Liposomal diameter was 

monitored for up to one month when stored at 4°C, with no noticeable change in size or 

PDI. DSPC-GemTSLs containing 10% gemcitabine were stable, with gemcitabine loss into 

the surrounding buffer less than 3% after 3 weeks at 4°C. Remote gemcitabine loading with 

varied lipid composition with and without cholesterol using either ammonium sulfate or 

copper(II) gluconate/TEOA gradient methods was consistently less than that achieved by the 

passive loading method using copper(II) gluconate/TEOA (SI Figure S1D).

3.2 Copper complexes with gemcitabine, enhancing precipitation

In addition to the increased gemcitabine solubility achieved by copper(II) gluconate, we 

further explored the interaction between copper and gemcitabine. Solutions of 50 mM 

copper(II) gluconate and gemcitabine hydrochloride were mixed at varying ratios at 55°C in 

the presence or absence of 270 mM TEOA at pH 7.4 or 3.5, respectively. After allowing the 

precipitate to settle at room temperature for 12+ h, the solutions were filtered and the 

changes in copper absorbance at 650 nm were assessed. At 50 mM copper, pH 7.4 and in the 

presence of TEOA, the absorbance of copper decreased with increasing gemcitabine (Figure 

1C). Once a 4:1 gemcitabine: copper ratio was reached, the absorbance plateaued at 50% 

maximum absorbance, indicating that up to 4 gemcitabine molecules may interact with a 

single copper molecule (Figure 1D). The reduction in 650 nm absorbance was not observed 

in the absence of TEOA at pH 3.5 (SI Figure S2A) or in the presence of TEOA but absence 

of copper at pH 7.4 (SI Figure S2B). Increasing pH to 7.4 by NaOH in the absence of TEOA 

partially restored the copper concentration observed at pH 7.4 in the presence of TEOA (SI 

Figure S2C, Figure 1C). These results suggest that copper complexation with gemcitabine is 

pH-sensitive, occurs at pH 7.4 and dissociates at pH lower than 7.4 with complete 

dissociation at pH 3.5. We note that gemcitabine was not soluble at 500 mM in 50 mM 

copper at pH 3.5 in the absence of TEOA (SI Figure S2A). Although TEOA did not directly 

interact with gemcitabine, it provided a superior solubilizing effect on gemcitabine and 

facilitated complex formation between copper and gemcitabine at physiological pH. Drug-

copper complexation was not observed during passive loading of gemcitabine at 55–60°C 

due to the solubilizing effects.
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3.3 Cryo transmission electron microscopy of GemTSLs

Cryo transmission electron microscopy (cryo-EM) of DSPC-GemTSLs prepared in the 

presence of 100 mM copper(II) and 270 mM TEOA at initial gemcitabine concentrations of 

15, 60, 100, and 150 mg/mL (corresponding to 2%, 6%, 10%, and 12% drug loading) was 

obtained (Fig. 2A). Results were compared to DSPC-GemTSLs prepared in the absence of 

copper and presence of 270 mM TEOA and 100 mg/mL gemcitabine (Fig. 2B). In all 

gemcitabine concentrations, the majority of liposomes display a single bilayer of 5.5-nm 

thickness and average size of 100–160 nm (Figure 2C). GemTSLs demonstrated a round 

morphology at 15 and 60 mg/mL gemcitabine concentration with a trend toward hexagonal 

morphology at 100 and 150 mg/mL drug concentration. With increasing gemcitabine 

concentration, the gemcitabine-copper complex was clearly visible in the core of liposomes 

prepared in the presence of 100 mM copper(II) but not in the core of TSLs prepared in the 

absence of copper (Figure 2A–B). Viewed by electron microscopy, the image intensity (in 

arbitrary units) increased from 5.7 in the absence of copper to 15.5 in the presence of 100 

mM copper at 100 mg/mL gemcitabine (Figure 2D).

3.4 Serum and plasma stability

DSPC-GemTSLs formed with increasing amounts of gemcitabine (SI Table S1) were 

incubated in 50% fetal bovine serum at various temperatures. The amount of gemcitabine 

released from the liposomes was measured over a 30-min time course. DSPC-GemTSLs 

containing copper and 2% to 10% gemcitabine were largely stable in serum at 37 °C, 

releasing <25% of the drug within 5 min and 40% and 30% within 30 min at 2% and 6–10% 

gemcitabine, respectively (Fig. 3A–B, SI Fig. S3A–B; blue lines). DSPC-GemTSLs with 

12% gemcitabine (DSPC-GemTSLs-12%) released ~50% of encapsulated drug within 5 min 

of serum incubation at 37 °C (Fig. 3C, blue line). At 42 °C (the phase transition temperature 

of the core lipid DPPC) all formulations released 80–100% of their encapsulated drug after 

30 min. Increasing the loaded mass of gemcitabine led to more rapid release, likely because 

of higher internal osmotic pressure. After 5 min at 42 °C, DSPC-GemTSLs-2% released 

~60% drug content, DSPC-GemTSLs-6% released ~90% drug content, DSPC-

GemTSLs-10% released ~80% drug content, and DSPC-GemTSLs-12% released 100% of 

the drug content. The lower drug release rate observed for DSPC-GemTSLs-10% at 37 °C 

and 42 °C is likely due to the reduced internal osmotic pressure induced by formation of the 

copper-drug complex at 1:4 mol ratio. In the absence of copper and presence of 270 mM 

TEOA, the maximum loading was 8% for 100 mg/mL gemcitabine (DSPC-GemTSLs-8%) 

compared to 10% achieved in the presence of 100 mM copper and 270 mM TEOA. Despite 

the lower drug loading, the copper-free formulation at 37 °C released ~40% gemcitabine 

within 5 min and ~80% gemcitabine after 30 min, suggesting copper plays a stabilizing role 

(Fig. 3D). Compared to DSPC-GemTSLs displaying robust serum stability with 2–10% 

gemcitabine release at 37 °C, the alternative TSL formulation, MPPC-GemTSLs, showing 

>70% drug release at 42 °C within 5 min, was stable only at 2% gemcitabine at 37 °C (SI 

Fig. S3C).

The release profiles of the liposomes were evaluated at 41 °C and 43°C to determine the in 
vivo heating conditions most likely to release the highest dose of gemcitabine in a locally-

heated tumor. DSPC-GemTSLs-10% showed ~ 2-fold higher release of drug within 5 min at 
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42°C compared to 41 °C (Figure 3A). Most importantly, ~60 and 70% of the drug was 

released within 1 minute at 42 and 43°C, respectively (Figure 3B). For tumors with a 

diameter of 1 cm or greater, this 1-minute release will be important to increase deposition 

within the tumor. Within a 30-sec incubation at 43°C, drug release increased 3-fold and 2-

fold after 10 and 20–30 sec, respectively, compared to the release at 42°C (Figure 3B). 

However, for safety concerns in small animal models, we employed ultrasound-

hyperthermia at 42°C for local release of gemcitabine from DSPC-GemTSLs-10%.

The pharmacokinetics of DSPC-GemTSLs-10% were assessed in healthy FVB mice by 

measuring the plasma concentration of liposomal and unencapsulated gemcitabine over a 6h 

time course (Figure 3E) using a gemcitabine standard curve generated from spiking varying 

amounts of gemcitabine in plasma isolated from mouse blood (SI Figure S3D). The half-life 

of liposomal gemcitabine was 2.01 h and the level of unencapsulated gemcitabine remained 

low over 6 h of circulation, indicating that DSPC-GemTSLs-10% were stable. Therefore, 

based on the favorable stability and release profiles of the DSPC-GemTSLs-10%, in all 

following studies, these TSLs were used and further abbreviated to GemTSLs unless 

otherwise stated.

3.5 Copper-gemcitabine liposomes show in vitro efficacy against breast cancer and 
pancreatic cancer cell lines

The mT4 cell line, derived from the genetically-engineered KPC (KrasLSL-G12D/+; 

Trp53LSL-R172H/+; Pdx-Cre) mouse model of pancreatic cancer, was found to display strong 

sensitivity to gemcitabine with a half-maximal inhibitory concentration (IC50) of 9.4 ± 0.4 

nM. Gemcitabine cytotoxicity was also evaluated in a syngeneic, orthotopic murine model of 

epithelial mammary adenocarcinoma, the neu exon deletion (NDL) cell line [30,31], which 

had an IC50 value of 20 ± 1 nM.

Both KPC and NDL cells showed a near identical dose response to GemTSLs and free 

gemcitabine, with no cytotoxicity from an equimolar lipid dosing of empty DSPC-TSLs-0% 

(Figure 4A–B). Heating to 42°C for 20 min to mimic the in vivo conditions of ultrasound 

hyperthermia (USH) followed by a continuous 48 h incubation with gemcitabine or 

GemTSLs did not confer additional cytotoxicity (Figure 4A–B).

When KPC and NDL cells were exposed to GemTSLs at a high dose (5 mM) for 20 min at 

42°C and subsequently washed, there was a significant decrease in cell viability compared to 

those cells incubated at 37°C (60% vs 45% for KPC and 68% vs 60% for NDL) (Figure 4C–

D). No temperature effect was detected with free gemcitabine, empty DSPC-TSLs-0%, or no 

treatment controls. We anticipated that a significant toxicity would be observed if liposomes 

were present on tumor cells at the same concentration as the free drug (with or without a 

temperature increase). This was the result for the studies reported here. However, in 

pancreatic cancer, the liposomes are unlikely to contact tumor cells in vivo at the same 

concentration as free drug as the EPR effect is weak.
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3.6 Copper-gemcitabine liposomes plus ultrasound hyperthermia suppressed tumor 
growth in syngeneic murine models of pancreatic and breast cancer

In mice bearing either unilateral or bilateral NDL tumors, GemTSLs were evaluated at 10 

mg/kg gemcitabine plus USH with a peak temperature of 42°C. A 2D phased array 

transducer was programmed to distribute energy with a −3 dB and −6 dB intensity of ~2.5 

mm and 5 mm in diameter, respectively (SI Figure S4A–B). In unilateral NDL-bearing mice, 

the growth of directly-heated tumors treated with GemTSLs was suppressed compared to 

both gemcitabine (10 mg/kg) and saline-treated tumors (Figure 5A). Similar results were 

found in the bilateral NDL-tumor model (Figure 5B). In bilateral NDL-bearing mice, the 

histology of tumors directly heated and treated with GemTSLs after three treatments on day 

36 showed the potential to eliminate all viable tumor (Figure 5C). The tumors contralateral 

to the directly-heated tumors showed large areas of non-adherent and apoptotic tumor cells, 

though most of the tumor cells remained viable (Figure 5D). Gemcitabine-treated tumors 

were mostly viable but contained some necrotic areas (Figure 5E) while saline-injected 

control tumors remained highly-viable (Figure 5F).

Over the course of the treatment, DSPC-GemTSLs-10% treated mice lost weight following 

each USH session but recovered after a few days (SI Figure S5A). Final organ weights of 

DSPC-GemTSLs-10% treated animals were not significantly different than gemcitabine or 

saline control treated animals (SI Figure S5B).

MPPC-GemTSLs-2% at 5 mg/kg gemcitabine were also evaluated, but due to lower drug 

loading efficiency, the gemcitabine dose was limited to prevent confounding toxicity from 

the high lipid content. When combined with USH at 41°C, MPPC-GemTSLs-2% at 5 mg/kg 

gemcitabine reduced tumor growth to a level equivalent to 20x the dose of free gemcitabine 

(100 mg/kg; Figure 5G). Tumor growth suppression was less than that achieved with the 

DSPC-GemTSLs-10% formulation. Both groups of mice receiving gemcitabine-containing 

treatments lost an average of 10% body weight over the course of treatment and experienced 

splenomegaly (SI Figure S5C–D). Throughout the treatment course, mice receiving 

gemcitabine at 100 mg/kg experienced diarrhea. Despite limited efficacy against tumor 

growth and the above-observed toxicities, both the directly-heated tumor (Figure 5H) and 

contralateral tumor (Figure 5I) receiving MPPC-GemTSLs-2% had clear areas of nonviable 

tumor cells, while the free-gemcitabine treated (Figure 5J) and saline control tumors (Figure 

5K) remained largely viable.

GemTSLs were also evaluated at 10 mg/kg gemcitabine plus USH in mice with KPC 

pancreatic tumors transplanted into the mammary fat pad. Tumor viability was reduced in 

directly-heated tumors as compared with control tumors. An antivascular effect (as 

previously reported for doxorubicin [12]) was evident, with hemorrhage observed in the 

treated volume (Figure 6A–C).

In this model, tumor growth of the directly-heated tumors treated with GemTSLs was not 

significantly suppressed compared to either gemcitabine or saline (SI Figure S6A). Over the 

course of the treatment, GemTSL-treated mice lost weight, although final organ weights of 

GemTSL-treated animals were not significantly different than free gemcitabine or saline-

control treated animals (SI Figure S6B–C). In addition, KPC tumors invade the abdomen, 
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rapidly growing through the abdominal wall (SI Figure S6D). Treatment of this area resulted 

in a high concentration of gemcitabine in the intestinal tract and significant toxicity, and 

therefore was discontinued. In studies of larger animals or human treatment, the relatively 

lower tumor growth rate and safer spatial distance between organs would allow for a longer 

treatment course.

4 Discussion

Here, we present thermally-activatable liposomes containing gemcitabine and demonstrate 

their efficacy. With a 12% (wt/wt) formulation, the loading exceeded that previously 

reported (~2–4% wt/wt) [11,17,32]. Three treatments involving release of drug from these 

particles was sufficient to eliminate or greatly reduce viable tumor in gemcitabine-sensitive 

breast tumors in mice. Growth of the distant tumors was also suppressed, likely as a result of 

the drug accumulation. MPPC-based liposomes were stably loaded with 2% (wt/wt) 

gemcitabine. With 5% of the free gemcitabine dose (5 rather than 100 mg/kg), tumor growth 

was suppressed to the same degree as gemcitabine. Thus, we found that with the TSLs, the 

systemic gemcitabine dose could be reduced 20-fold or more with a similar or improved 

efficacy. This likely results both from greater concentration and the ability of the lipid shell 

to shield gemcitabine from rapid deactivation in the blood and deliver still-potent 

gemcitabine. Dosed at 20 mg/kg in healthy mice in the absence of USH, DSPC-

GemTSLs-10% circulated with a half-life of 2.01h compared to free gemcitabine with a 

short plasma half-life of 8–17 min in mice [33]. Free gemcitabine was undetectable in 

plasma throughout the time course, suggesting minimal un-triggered release of gemcitabine 

from the liposomes while in circulation.

To evaluate in vivo efficacy in a pancreatic cancer model, we created a superficial pancreatic 

tumor model through implantation of KPC cells into the mammary fat pads of C57BL/6 

mice. The resulting tumors retained the ductal, dense stromal and highly-invasive 

characteristics of pancreatic cancer, and allowed for US treatment to increase temperature 

while minimizing skin damage. Here again, USH-triggered release of gemcitabine led to 

decreased cell viability within the treated tumors and, in some, areas of dysfunctional 

endothelium resulting in local hemorrhage. Upon histopathology, we found that large 

regions of the treated tumors were no longer viable. The highly-invasive KPC tumors limited 

our treatment window to 2 treatments due to tumor invasion of the abdomen. Due to the 

invasion, image-guided treatment of the tumors then resulted in intestinal toxicity due to the 

close proximity of the tumor and intestine. Particularly in small rodents, a significant 

fraction of the intestine is within a few millimeters of the tumor and limits continued 

treatment. When combined with USH to trigger drug release in tumor vasculature, the 

activatable liposomes deposited free drug; however, we were not able to quantify the drug 

concentration within the tumor after treatment due to rapid drug degradation, although we 

continue to seek a quantitative methodology in our ongoing work.

Gemcitabine-loaded temperature-sensitive liposomes could enhance current therapy options, 

offering a strategy to target drug delivery and limit systemic toxicity. As shown here, the 

KPC cell line is highly responsive to gemcitabine in vitro, but the fast-growing in vivo 
models prove much more challenging to treat. Improving efficacy may require more 
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aggressive dosing or combinations of chemotherapeutics to out-pace tumor growth. Based 

on the relative success of the MPACT trial, combinations of gemcitabine liposomes with 

Abraxane could lead to more meaningful responses and the lower toxicity profiles may 

expand the number of patients who could tolerate such an aggressive regimen. Preclinically, 

gemcitabine liposomes combined with nanoformulations of paclitaxel have been successful 

in in vivo cancer models. The loading methodology reported here provides opportunity to 

co-deliver other anticancer agents passively or remotely loaded to the same liposomes.

The drug loading methodology reported here augments drug solubility with a copper-

containing buffer which further results in a copper-drug complex within the liposomes. 

Additionally, the lipid formulation is adapted to minimize interaction with gemcitabine. 

Together, these techniques enable the fabrication of stable, high-content GemTSLs. Creating 

gemcitabine liposomes with a high mass loading has been challenging, as conventional 

methods of loading drugs into liposomes have yielded low drug loading by weight. To 

passively load gemcitabine into liposomes in significant quantities, a high concentration of 

gemcitabine must be achieved in the initial loading buffer, as the inner liposome solution 

will be roughly equivalent to the initial loading buffer. Using a combination of copper(II) 

gluconate, TEOA, and heat, gemcitabine became soluble up to 150 mg/mL. We previously 

demonstrated that forming a complex between copper(II) and Dox reduced drug leakage in 

plasma, improved drug pharmacokinetics and enabled chemotherapeutic efficacy with 

minimal toxicity [12,26,34]. To this end, we explored the possibility of interaction between 

copper and gemcitabine and found that a combination of copper(II) gluconate with TEOA 

buffer has a superior potential in solubilizing gemcitabine, which otherwise could not be 

obtained by saline or PBS buffer.

The liposome shell components are also important factors in gemcitabine loading. Although 

lyso lipids are attractive for use in TSLs due to their ability to rapidly release drug cargo, 

gemcitabine loading was less than 2%. Previous reports indicate that lipid composition 

affects the physical-chemical properties and biological activity of gemcitabine liposomes 

[35] and that gemcitabine interacts with certain phospholipids [36]. We found that liposome 

shells comprised entirely of dual-chained lipids enhanced gemcitabine loading. To this end, 

liposomes composed primarily of DPPC (phase transition of 42°C) DSPC, and DSPE-

PEG2k were used.

Formation of a complex between copper and gemcitabine within the core of liposomes 

stabilized gemcitabine. Copper-drug complexes can alter both physiochemical properties of 

liposomes [12,26] and biological drug interactions [26,34,37,38]. Thus, we probed copper’s 

interaction with gemcitabine—a cytidine analogue—to find that it complexes in a 1:4 ratio. 

Copper has been reported to interact with N(3) of cytidine in a 1:4 complex, suggesting that 

copper may interact with gemcitabine in a similar conformation [39,40]. Moreover, we 

observed the unique copper-gemcitabine complex within TSLs using cryo-EM. Increasing 

the amount of internal gemcitabine led to increased signal intensity within the core of 

liposomes containing copper and caused morphology to shift from spherical to a hexagonal 

liposome structure. While the payload EM intensity was quantified as 5.7 (arbitrary units) 

within TSLs prepared in the absence of copper, the value increased to 15.5 in the presence of 
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copper at 100 mg/mL gemcitabine and a gemcitabine-copper complex was visible within the 

core of TSLs.

Although TSLs could be formulated at up to 12% gemcitabine, serum stability decreased 

with increasing gemcitabine loading. Loading of 10% gemcitabine resulted in ~30% of 

gemcitabine leakage after 30 min at 37°C. For reference, approximately 50% of doxorubicin 

is released from temperature sensitive liposomes after 1 h of circulation in vivo [41,42]. In 

serum, the rate of drug release increased with increasing temperature, and 42°C was chosen 

as the release temperature for in vivo studies to balance rapid drug release with limited 

thermal dose. Locally-activatable gemcitabine-filled nanoparticles allow higher doses of 

drug to be released in the tumor, limiting off-target effects and increasing antitumor efficacy. 

DSPC-GemTSLs-10% combined with USH suppressed tumor growth and led to significant 

tumor cell death in the focally-heated region.

5 Conclusions

We developed a novel method for local delivery of high gemcitabine content liposomes 

stabilized with copper and activatable with ultrasound hyperthermia. The interaction of 

copper with gemcitabine is critical for obtaining the high concentration of gemcitabine in the 

loading buffers which led to passive loading of gemcitabine at concentrations 4x what has 

been previously reported. Our high-capacity temperature sensitive liposomes suppressed 

tumor growth in murine models of breast cancer and reduced pancreatic tumor cell viability 

with minimal systemic toxicity.
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Highlights

• Gemcitabine was solubilized up to 150 mg/mL in the presence of copper and 

TEOA

• Gemcitabine was stably loaded into thermally-activatable liposomes at 12 

wt/wt%

• 60–70% of drug was released from activatable liposomes within 1 min at 42–

43°C

• Liposomal gemcitabine had equivalent toxicity to free drug in pancreatic 

cancer cells

• Liposomal gemcitabine activated with ultrasound reduced tumor viability
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Figure 1. Optimization of gemcitabine loading with copper-containing buffer.
(A) Gemcitabine loading (measured as gemcitabine/lipid (wt/wt) as a function of loading 

buffers with and without copper(II) (Cu) gluconate and (B) initial gemcitabine hydrochloride 

concentration in the loading buffer. (C) The 650 nm absorbance of copper at 50 mM (with 

TEOA 270 mM, pH 7.4) was measured in the presence of increasing amounts of 

gemcitabine. (D) Structure of copper(II) complexed with four gemcitabine molecules. All 

lipid shells were comprised of DPPC:DSPC:DSPE-PEG2k (80:15:5, molar ratio). Statistical 

analyses consisted of a 1-way ANOVA followed by the Tukey Post Hoc test. * p < 0.05; ** p 

< 0.01; *** p < 0.001; **** p < 0.0001.
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Figure 2. Cryo-electron microscopy of gemcitabine-loaded liposomes.
(A) Field view (top) and individual particles (bottom) of gemcitabine-loaded TSLs prepared 

with gemcitabine at 15, 60, 100, and 150 mg/mL in 100 mM copper(II) gluconate and 270 

mM TEOA in the loading buffer, from left to right and (B) when prepared in the absence of 

copper(II) and 270 mM TEOA at gemcitabine concentration of 100 mg/mL. Average 

diameter of the TSLs was measured at 120 ± 30.75 nm. (C) Magnified view of liposomal 

bilayer measured to be 5.5 nm in thickness. (D) Quantitative average intensity analysis to 

measure payload with respect to increasing gemcitabine concentrations in the presence or 

absence of 100 mM copper(II) (Cu) gluconate in the loading buffer containing 270 mM 

TEOA. The intensity measurements in (D) represent the difference between the intensity 
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inside and outside each particle averaged over at least 5 particles with each gemcitabine 

concentration. Due to the near-zero values of the standard deviation, error bars are not 

visible in (D). Scale bars in A and B represent 100 and 50 nm for the top and bottom EM 

images, respectively. A.U. arbitrary units. All lipid shells were comprised of 

DPPC:DSPC:DSPE-PEG2k (80:15:5, molar ratio).
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Figure 3. Gemcitabine temperature-sensitive release profiles in serum and in vivo 
pharmacokinetics.
(A-D) DSPC-GemTSLs were incubated in 50% fetal bovine serum at temperatures between 

37°C and 43°C and unencapsulated gemcitabine content was measured throughout the 30-

minute incubation as a percentage of total gemcitabine released post treatment with Triton 

X-100. Temperature release profiles of (A-B) DSPC-GemTSLs-10% within a 30-minute (A) 

and a 5-min (B) time course, (C) DSPC-GemTSLs-12%, and (D) DSPC-GemTSLs-8% 

without copper. (E) Plasma concentration of gemcitabine either encapsulated in DSPC-

GemTSLs-10% (measured after incubation of plasma with Triton X-100) or released from 

DSPC-GemTSLs-10% after up to 6h of circulation in healthy FVB mice.

Tucci et al. Page 22

J Control Release. Author manuscript; available in PMC 2020 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Dose response of KPC and NDL cells to DSPC-GemTSLs-10% with and without 
temperature-triggered drug release.
Dose response of (A) KPC cells and (B) NDL cells to DSPC-GemTSLs-10%, DSPC-

GemTSLs-0%, and free gemcitabine after 20-minute incubation with treatments at 37°C or 

42°C, followed by a continuous 48 h incubation at 37°C. Cell viability at 48 h of (C) KPC 

cells and (D) NDL cells in response to 20-minute incubation with high-dose (5 mM) 

treatments at 37°C or 42°C, followed by two rinses and incubation in media in the absence 

of treatments at 37°C for 48 h. Statistical analysis consisted of a Welch’s t-test comparing 

temperature effects within treatment groups. ** p < 0.01.
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Figure 5. In vivo treatment efficacy of GemTSLs with ultrasound hyperthermia (USH) and 
gemcitabine in NDL tumor-bearing mice after 3 treatments.
Tumor growth is presented as a function of days post tumor transplant, expressed as percent 

tumor growth for each treatment cohort. Red arrows indicate treatment days. (A) Tumor 

growth for unilateral NDL tumor-bearing mice intravenously injected with DSPC-

GemTSLs-10% (n = 4), gemcitabine (n = 5), or saline (n = 5). (B) Tumor growth for 

bilateral NDL tumor-bearing mice intravenously injected with DSPC-GemTSLs-10% (n = 

5), gemcitabine (n = 4), or saline (n = 4). C-F) H&E staining of (C) DSPC-GemTSLs-10% 

(10 mg/kg) + USH treated tumor (blue arrow tumor, red arrow lymph node), (D) DSPC-

GemTSLs-10% (10 mg/kg) + USH unheated tumor, (E) free gemcitabine (10 mg/kg) treated 

tumor, and (F) saline control tumor, (G-K) Bilateral NDL tumor-bearing mice were 

intravenously injected with MPPC-GemTSLs-2% (n = 4), gemcitabine (n = 4), or saline (n = 

3). G) Tumor growth post transplant, (H) H&E staining of MPPC-GemTSLs-2% (5 mg/kg) 

+ USH treated tumor (black circle indicates −3 dB US intensity, (I) MPPC-GemTSLs-2% (5 

mg/kg) + USH unheated tumor, (J) free gemcitabine (100 mg/kg) treated tumor, and (K) 

saline control tumor. In mice receiving USH, one tumor in the bilateral tumor models was 

insonified at 42°C or 41°C for 5 min prior to treatment injection and 30 min following 

injection of DSPC-GemTSLs-10% or MPPC-GemTSLs-2%, respectively. Scale bar is 3 mm. 

Statistical analyses consisted of a 1-way ANOVA in (A, B) and 2-way ANOVA in (G) 

followed by the Tukey Post Hoc test. In (A), * and † denote statistical significances between 

the average volume of tumors treated with DSPC-GemTSLs-10% and those of saline control 

tumors or those treated with free gemcitabine, respectively. In (B,G), asterisks denote 
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statistical significance between the average volume of tumors treated with saline and either 

DSPC-GemTSLs-10% (B) or MPPC-GemTSLs-2% (G), respectively. In addition, in (B) the 

average volume of tumors treated with DSPC-GemTSLs-10% was significantly lower than 

those treated with gemcitabine, p < 0.05 on days 25 and 27. * p < 0.05; ** p < 0.01; **** p 

< 0.0001; † p < 0.05; †††† p < 0.0001.
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Figure 6. In vivo treatment efficacy of DSPC-GemTSLs-10% with ultrasound hyperthermia 
(USH) and gemcitabine in unilateral mT4 tumor mice after 2 treatments
Mice were intravenously injected with DSPC-GemTSLs-10% (n = 4), gemcitabine (n = 5), 

or saline (n = 6). In mice receiving USH, the tumor was insonified at 42°C for 5 min prior to 

treatment injection and 30 min following injection. H&E staining of (A-C) DSPC-

GemTSLs-10% (10 mg/kg) + USH treated tumors (left panels and 10x magnification, right 

panels), (D) free gemcitabine (10 mg/kg) treated tumor (left panel and 10x magnification, 

right panel), and (E) saline control tumor (left panel and 10x magnification, right panel). In 

(A), the arrow and the arrowhead point to lymph node and muscle tissue, respectively. Scale 

bar is 3 mm.
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Table 1:

Summary of lipid formulations evaluated

Formulation 
name

Temperature sensitive 
core lipid

Stabilizing or rapid release 
lipid PEGylated lipid Molar 

ratio

Lyso-PPC-
GemTSLs

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

1-palmitoyl-2-hydroxy-sn-
glycero-3-phosphocholine

1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-methoxy 
polyetheneglycol-2000

86:10:4

Lyso-SPC-
GemTSLs

1-stearoyl-2-hydroxy-sn-
glycero-3-phosphocholine 86:10:4

DSPC-GemTSLs 1,2-disteraroyl-sn-glycero-3-
phosphocholine 80:15:5

MPPC-GemTSLs 1-myristoyl-2-palmitoyl-sn-
glycero-3-phosphocholine 89:7:4

MSPC-GemTSLs 1-myristoyl-2-stearoyl-sn-
glycero-3-phosphocholine 89:7:4
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