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Abstract 

Lysolipid-containing thermosensitive liposomes (LTSL) have gained attention for triggered 20 

release of chemotherapeutics. Superparamagnetic iron oxide nanoparticles (SPION) offers 

multimodal imaging and hyperthermia therapy opportunities as a promising theranostic agent. 

Combining LTSL with SPION may further enhance their performance and functionality of 

LTSL. However, a major challenge in clinical translation of nanomedicine is the poor 

scalability and complexity of their preparation process. Exploiting the nature of self-assembly, 25 

nanoprecipitation is a simple and scalable technique for preparing liposomes. Herein, we 

developed a novel SPION-incorporated lysolipid-containing thermosensitive liposome 

(mLTSL10) formulation using nanoprecipitation. The formulation and processing parameters 

were carefully designed to ensure high reproducibility and stability of mLTSL10. The effect of 

solvent, aqueous-to-organic volume ratio, SPION concentration on the mLTSL10 size and 30 

dispersity was investigated. mLTSL10 were successfully prepared with a small size (~100 nm), 

phase transition temperature at around 42 °C, and high doxorubicin encapsulation efficiency. 

Indifferent from blank LTSL, we demonstrated that mLTSL10 combining the functionality of 

both LTSL and SPION can be successfully prepared using a scalable nanoprecipitation 

approach. 35 
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1 Introduction 

Lysolipid-containing thermosensitive liposomes (LTSL) have been developed as a promising 

solution to enhance tumor drug bioavailability, in contrast to conventional liposomal 

formulations that rely on passive release [1]. LTSL comprises base phospholipid 1,2-40 

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), lysolipid 1-stearoyl-2-hydroxy-sn-glycero-

3-phosphocholine (MSPC), and PEG-lipid 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000). Lysolipids participate in the 

stabilization of membrane pores during phase transition, allowing burst release of entrapped 

hydrophilic drug; while PEG-lipids provide interfacial stabilizing (stealth) effect to prolong 45 

blood circulation and also facilitate drug release [2]. The most clinically advanced LTSL is 

ThermoDox®, a LTSL formulation optimized for the burst release of doxorubicin upon 

applying mild hyperthermia (40 – 42 °C). To date, it is the first and only thermosensitive 

liposomal formulation to reach clinical trials, evaluating the treatment of solid tumors in 

combination with radiofrequency ablation and mild hyperthermia [3]. 50 

Additional modalities have been included in the LTSL platform to monitor and improve the 

performance of drug release. Metallic nanoparticles, such as superparamagnetic iron oxide 

nanoparticles (SPION) [4], gold nanoparticles [4,5] and copper sulfide nanoparticles [6], offer 

attractive optical and magnetic properties. They have been incorporated into LTSL as 

liposome-nanoparticle hybrids, for potential non-invasive bioimaging modality and trigger 55 

release controlled through external stimuli [4]. SPION-loaded liposomes, or 

magnetoliposomes, are particularly attractive for their promising multifunctionality. 

Magnetoliposomes enable magnetic targeted drug delivery [7,8], and act as an efficient MRI 

contrast agent with enhancing T2 contrast, for image-guided drug delivery applications [9]. 

Once they reached the targeted site, the embedded SPION can generate heat when exposed to 60 

external stimuli, such as near-infrared laser irradiation or alternative magnetic field, thus 
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heating up lipid bilayer and trigger drug release [10,11]. Consequently, drug release can be 

controlled spatially and temporally. Moreover, magnetic hyperthermia treatment can trigger 

cell death by promoting apoptosis and necrosis or even via thermal ablation [12,13]. 

Furthermore, the incorporation of SPION have been reported to stabilize the lipid bilayer and 65 

reduces unfavorable premature drug leakage from liposomes [14]. 

Despite the promising potentials of magnetoliposomes, their clinical translation has been slow; 

a significant hurdle in nanomedicines translation besides safety, is the complexity in scaling up 

laborious manufacturing processes. To date, most of the magnetoliposome formulations 

utilized conventional batch methods, namely reverse phase evaporation or lipid film hydration, 70 

combined with sonication or extrusion. These are cumbersome bench-scale techniques, which 

are challenging to scale up and come along with other issues including low production yield, 

poor batch-to-batch reproducibility and cost ineffectiveness [15]. To date, reports on the 

scalable preparation of magnetoliposomes have been lacking. In this regard, nanoprecipitation 

is a scalable approach that enables the formation of liposomes in one-step via self-assembly, 75 

without the need to homogenize vesicles size [16,17]. Briefly, a water-miscible organic 

solution of lipids (and SPION) is mixed with an aqueous solution, where lipid molecules self-

assemble into liposomes spontaneously as they become less soluble in the aqueous non-solvent 

phase. Liposome sizes are controlled simply by adjusting the formulation and processing 

parameters, abolishing the need of downsizing and homogenization [18]. Owing to the nature 80 

of self-assembly, prepared liposomes have narrow size distribution and high reproducibility 

[19]. Moreover, nanoprecipitation of liposomes can be made continuous with the help of 

microfluidics. Microfluidics, the manipulation of fluid in microscale channels, have drawn 

much attention in recent years for the production of liposomes in a well-controlled, 

reproducible and high-throughput manner [20]. 85 
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We have shown previously the optimized preparation of LTSL and the entrapment of a 

hydrophobic drug using the microfluidics nanoprecipitation approach [21]. Herein, this work 

demonstrates for the first time the preparation of SPION-loaded LTSL (mLTSL) using 

nanoprecipitation. We have demonstrated the successful preparation and characterization of 

homogeneous, nano-sized (100 and 200 nm) SPION-loaded LTSL, with hydrophilic drug 90 

loading capability. 
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2 Materials and methods  

 Materials 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-95 

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) were 

generous gifts from Lipoid GmbH (Ludwigshafen, Germany). 1-stearoyl-2-hydroxy-sn-

glycero-3-phosphocholine (MSPC) was purchased from Avanti Polar Lipids (AL, US). 

Doxorubicin hydrochloride (DOX) was purchased from Apollo Scientific (Cheshire, UK). 

Ammonium sulfate ((NH4)2SO4), ethanol, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 100 

(HEPES), sodium chloride (NaCl), tetrahydrofuran, Triton™ X-100 were purchased from 

Sigma-Aldrich (Dorset, UK). Nitric acid for trace analysis was purchased from VWR 

(Leicestershire, UK). 

 Preparation of N-palmitoyl-6-nitrodopamine-coated iron oxide nanoparticles 

Hydrophobic N-palmitoyl-6-nitrodopamine (PNDA)-coated superparamagnetic iron oxide 105 

nanoparticles (SPION) was synthesized and characterized as we reported previously [22]. 

Briefly, oleic acid (OA)-coated SPION was first synthesize by thermal decomposition of iron 

pentacarbonyl in octyl ether in the presence of oleic acid as described in the literature [23]. 

PNDA ligand was synthesized as described in the literature [24]. OA-coated SPION was ligand 

exchanged to PNDA to obtain PNDA-coated SPION, where a solution of 20 mg mL-1 PNDA 110 

in THF/DMSO (2/1, v/v) was added dropwise to a solution of 3 mg mL-1 OA-coated SPION 

in THF. The mixture was stirred at 50 °C for 24 h, then washed by THF and centrifuged for 1 

h at 10000 g three times. The resultant PNDA-coated SPION (hereinafter called SPION) were 

dispersed in THF and stored at 4 °C. The mean diameter of SPION was 4.5 nm, characterized 

by transmission electron microscopy analysis; PNDA-coating was characterized and confirmed 115 



7 

 

by Fourier-transform infrared spectroscopy; magnetic properties of SPION was measured by 

vibrating-sample magnetometry and superparamagnetism was confirmed [22]. 

 Preparation of SPION-loaded LTSL (mLTSL10) 

A mixture of SPION and 10 mM LTSL10 (DPPC/MSPC/DSPE-PEG2000, 80/10/10 molar ratio) 

was prepared by dissolving 8 µmol DPPC (5.87 mg), 1 µmol MSPC (0.52 mg), 1 µmol DSPE-120 

PEG2000 (2.79 mg) and 0 - 400 µg SPION, per mL of THF/ethanol (1/1, v/v; unless otherwise 

stated). Typically, 0.5 mL of the lipid mixture and (NH4)2SO4 solution (240 mM (NH4)2SO4, 

pH 5.4) were preheated to 60 °C in a water bath. The volume of (NH4)2SO4 used depends on 

the designated aqueous-to-organic volume ratio. The lipid mixture was withdrawn and rapidly 

injected into the (NH4)2SO4 solution, and mixed until viscous fingering was no longer visible. 125 

The formed liposomes were annealed at 60 °C for 1.5 h. Annealed liposomes were purified and 

buffer exchanged to HEPES-buffered saline (HBS; 20 mM HEPES, 137 mM NaCl, pH 7.4) by 

size-exclusion chromatography (SEC) using Sephadex
 
G-25 in PD-10 desalting column. 

 Particle size distribution analysis by dynamic light scattering (DLS) 

Z-average diameter and dispersity were determined using Zetasizer Nano ZS90 (Malvern 130 

Panalytical, Worcestershire, UK) equipped with a 4.0 mW He-Ne laser operating at 633 nm 

with photodiode detector at a detection angle at 90°. Liposomal samples were diluted 10-fold 

in DW and transferred to low-volume polystyrene cuvettes. Z-average and dispersity of each 

sample were obtained as the mean of three measurements. The term “dispersity” is used instead 

of “polydispersity index”, in accordance with recommendations of IUPAC [25]. 135 

 Atomic absorption spectroscopy (AAS) 

Total concentrations of iron content of samples were determined by atomic absorption 

spectroscopy (AAS) using an Agilent 55 AA (Agilent, CA, US) equipped with Lumina hollow 

cathode lamp (PerkinElmer, UK). Iron absorbance was measured at absorption wavelength of 
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248.33 nm. The system was blanked by deionized water, calibrated standards were prepared 140 

by diluting an iron standard solution (Sigma, UK) to 1, 2 and 5 ppm (µg mL-1). Recalibration 

was performed between every ten samples. Samples were first completely dried off using a 

block heater, then 1 mL of concentrated nitric acid was added and heated at 80 °C for 2 h for 

acid digestion. Digested samples were diluted appropriately by deionized water and filtered 

through a 0.45 µm syringe filter before AAS measurement. 145 

 Differential scanning calorimetry (DSC) 

Thermograms were recorded on TA Q200 DSC (TA Instruments, DE, US), in the temperature 

range of 35 – 50 °C with a heating rate of 1 °C min-1. Purified mLTSL10 samples were 

concentrated by centrifugation to lipid concentration of 10 mM lipid. 20 µL of samples and 

HBS reference were transferred to two respective DSC pans and sealed with DSC hermetic lids 150 

(TA Instruments, DE, US). 

 Transmission electron microscopy (TEM) 

TEM micrographs were imaged using a JEOL JEM-1400 Plus transmission electron 

microscope, operating at an accelerating voltage of 120 kV. Purified mLTSL10 samples were 

diluted 100 times by deionized water; 2.5 µL of sample was added on a carbon-coated 400 155 

mesh copper grid (Ted Pella, Inc., Redding, CA, US) and allowed to air-dry for TEM imaging. 

 DOX loading SPION-loaded LTSL using the pH-gradient remote loading method 

DOX was loaded into liposomes using a pH-gradient remote loading method. Following buffer 

exchange of the external buffer to HBS, the liposomes were incubated with DOX at DOX-to-

phospholipid molar ratio of 1:20 at 37 °C for 1.5 h. After incubation, liposomes were purified 160 

from unencapsulated DOX by SEC as described above. To quantify DOX encapsulation 

efficiency (DOX EE), liposomes before and after purification were diluted to the same lipid 

concentration and then solubilized by Triton X-100 to release encapsulated DOX. A final 
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concentration of 0.1 v/v % Triton X-100 was used, which corresponds to a phospholipid-to-

detergent molar ratio of 1:20, sufficient to ensure complete solubilization of liposomes [26]. 165 

DOX fluorescence intensity was measured using microplate reader with excitation and 

emission wavelength of 485 nm and 590 nm, respectively. The concentration of DOX in the 

wells were within the linear region. DOX EE was then calculated by comparing the 

fluorescence intensity (I(t)) of the samples before and after purification: 

𝐷𝑂𝑋 𝐸𝐸 =
𝐼(𝑡) 𝑎𝑓𝑡𝑒𝑟 𝑝𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

𝐼(𝑡) 𝑏𝑒𝑓𝑜𝑟𝑒 𝑝𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
  170 

 Statistical analysis 

Student’s unpaired two-tailed t-test and one-way analysis of variance (ANOVA) followed by 

Fisher’s least significant difference (LSD) test were used to assess statistical significance 

between group means [27,28]. All analyses were performed, with the significance level α of 

0.05, using GraphPad Prism 7.0 (GraphPad Software Inc., CA, US). 175 
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3 Results 

 SPION precipitates in the presence of high-salt containing media and PEG-lipid 

To form SPION-loaded LTSL (mLTSL10) by nanoprecipitation, a water-miscible organic 

phase is to be injected into the aqueous phase. Ethanol was used to dissolve the LTSL10 lipids 180 

(DPPC/MSPC/DSPE-PEG2000, 80/10/10 molar ratio) [21]. Tetrahydrofuran (THF) is miscible 

with both water and ethanol, and able to solubilize SPION, therefore an ideal solvent for 

mLTSL10 preparation. To introduce SPION to the LTSL10 formulation, SPION could be 

added to either the lipid-containing ethanol phase or the aqueous phase. To investigate the 

metastability and solubility of SPION when dispersed in these conditions, 200 µg mL-1 SPION 185 

in THF was dispersed in ethanol, DW, (NH4)2SO4 solution and HBS, with a final THF volume 

fraction of 1 v/v % (Supplementary Figure S1a). Although SPION was insoluble in ethanol 

and aqueous solution alone, it was metastable when dispersed in THF/ethanol and THF/DW 

with overnight stability. However, in the presence of salt ((NH4)2SO4 and HBS), SPION 

precipitated rapidly and completely settled overnight. While SPION can be dispersed in 190 

THF/DW, the use of DW as an aqueous phase for nanoprecipitation is not desirable due to the 

high dispersity of the resultant vesicles [18,29]. In fact, HBS and (NH4)2SO4 were the preferred 

aqueous phase for their relevance with biological and drug loading applications. Therefore, 

SPION was dispersed in the organic phase of THF/ethanol along with the lipids. Hereinafter, 

THF/ethanol was used as the organic phase and the volume fraction of THF in ethanol is 195 

implied by “% THF”. 

Subsequently, mLTSL10 mixture comprising 200 µg mL-1 SPION and 10 mM LTSL10 lipid 

was dispersed in 1% THF (Supplementary Figure S1b). Unexpectedly, the SPION rapidly 

precipitated in the presence of the lipids. To identify the cause, SPION was mixed with the 

three lipid components of LTSL10 (8 mM DPPC, 1 mM MSPC and 1 mM DSPE-PEG2000) 200 
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respectively. Clearly, SPION remained metastable with DPPC and MSPC but was precipitated 

with DSPE-PEG2000. It was evident that the presence of DSPE-PEG2000 disrupted the 

metastable SPION from the 1% THF solvent system. However, when SPION and DSPE-

PEG2000 were dispersed in THF alone, the mixture remained stable (Supplementary Figure 

S1c). Therefore, it was hypothesized that the ratio between ethanol (to solubilize phospholipid) 205 

and THF (to solubilize SPION) could be optimized to achieve a stable dispersion of mLTSL10. 

The stability of the mLTSL10 mixture in 0% to 100% THF was studied overnight (Figure 1). 

At 0% (absolute ethanol) to 40% THF, a decreasing amount of SPION was precipitated. At 

60% and 80% THF, all components were soluble with overnight stability. In 100% THF, 

however, the mixture appeared turbid with the presence of precipitates. Therefore, the optimal 210 

volume fraction of THF should be greater than 40% and less than 100% THF. 

 THF affects LTSL10 size and dispersity but not membrane integrity 

To determine the optimal THF volume fraction for mLTSL10 preparation, the effect of THF 

on the size and dispersity of LTSL10 was first investigated. The organic phase (0 – 75% THF) 

containing 10 mM LTSL10 was injected into the aqueous phase ((NH4)2SO4 solution) at 60 °C 215 

with an aqueous-to-organic volume ratio (VR) of 3 (Figure 2a, Supplementary Figure S2a). 

One-way ANOVA was conducted to study the effect of %THF on the size and the dispersity 

of LTSL10. There were statistically significant differences in both size (F4,17 = 162.2, p < 0.001) 

and dispersity (F4,17 = 4.934, p = 0.008). LTSL10 size increased somewhat exponentially with 

THF, from about 80 – 100 nm in 0 – 40% THF, to about 230 nm in 50% – 60% THF, up to 220 

above 1000 nm in 75% THF. In contrast, LTSL10 dispersity increased moderately from 0.1 in 

0 – 60% THF to 0.2 in 75% THF. Despite the variation in LTSL10 size with different THF 

volume fraction, LTSL10 remained uniform (dispersity < 0.2). To validate the membrane 

integrity of the LTSL10 prepared in the presence of THF, samples were remotely loaded with 
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DOX. Regardless of the %THF used for preparation, LTSL10 have DOX encapsulation 225 

efficiency (DOX EE) above 80% (83.86 ± 3.56 %; n = 4), indicating the presence of a 

transmembrane pH-gradient (necessary for DOX loading) thus the integrity of the membrane. 

 Uniform mLTSL10 successfully prepared with size dependent on injection volume 

ratio 

After successful validation of LTSL10, SPION was included to optimize the preparation of 230 

mLTSL10. The organic phase (20 - 75% THF) containing 10 mM LTSL10 and 300 µg mL-1 

SPION (equivalent to SPION-to-lipid ratio of 30 µg µmol-1
 [22]) was injected into the aqueous 

phase ((NH4)2SO4) at 60 °C with an aqueous-to-organic volume ratio of 3 (Figure 2b, 

Supplementary Figure S2b). Expectedly, in 20 – 40% THF, due to the low stability of the 

mLTSL10 mixture, liposome size distributions were multimodal and highly dispersed (> 0.4); 235 

moreover, SPION precipitates could be observed. Therefore, one-way ANOVA was conducted 

to study the effect of %THF on the size and the dispersity of mLTSL10 prepared only in 

between 50 – 75% THF. There were statistically significant differences in both size (F2,10 = 

164.3, p < 0.001) and dispersity (F2,10 = 12.67, p = 0.002). Both the liposome size and dispersity 

rose significantly with increasing THF volume fraction, from 50% THF (Z-average = 194.4 240 

nm; dispersity = 0.107) to 60% THF (Z-average = 325.2 nm, t10 = 3.947, p = 0.003; dispersity 

= 0.182, t10 = 2.348, p = 0.041) and 75% THF (Z-average = 708.7 nm, t10 = 18.12, p < 0.001; 

dispersity = 0.241, t10 = 4.879, p < 0.001). Intriguingly, dispersity reached a local minimum of 

around 0.1 at 50% THF, where uniform mLTSL10 was obtained. Thus, 50% THF was deemed 

the optimal solvent condition to nanoprecipitate mLTSL10. 245 

Once the formulation parameters were optimized, liposome size can be varied simply by 

changing the aqueous-to-organic volume ratio (VR) [18]. When VR was increased from 3 to 

3.5, mLTSL10 size decreased from 194.4 ± 28.2 nm (dispersity = 0.107 ± 0.041, n = 8) to 91.8 
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± 8.0 nm (dispersity = 0.091 ± 0.033, n = 5) (Supplementary Figure S3). The changes in size 

was statistically significant (t14 = 6.113, p < 0.001) but insignificant for dispersity (t14 = 1.023, 250 

p > 0.05). Representative correlograms and cumulant fits of the intensity correlation function 

were provided (Supplementary Figure S4). Further increase of VR to 4 – 6 resulted in smaller 

(< 100 nm) but more dispersed (> 0.2) mLTSL10. This could be attributed to higher membrane 

curvature of smaller liposomes, resulting in greater membrane distortion by SPION and 

heterogeneous populations [9,30]. In conclusion, uniformly distributed mLTSL10 can be 255 

prepared using 50% THF, with two available sizes: 100 nm at VR of 3.5 and 200 nm at VR of 

3. The zeta potential of the optimised mLTSL10 was -7.83 ± 0.806 (n = 6). Zeta potential of 

other conditions (20 – 75% THF) ranges between -10 to -7 mV, without major differences. 

 SPION loading affects liposome dispersity without affecting membrane integrity 

In an attempt to maximize the SPION loading into mLTSL10, the organic phase (40 - 60% 260 

THF) containing 10 mM LTSL10 and 0 - 500 µg mL-1 SPION (SPION-to-lipid ratio of 0 – 50, 

µg µmol-1) was injected into the aqueous phase ((NH4)2SO4) at 60 °C with an aqueous-to-

organic volume ratio (VR) of 3 and 3.5 (Figure 3). It was expected that as the loading of SPION 

exceeds a certain threshold limit, SPION and LTSL10 can no longer self-assemble uniformly, 

larger and more dispersed samples would be formed.  265 

Using the optimal solvent condition of 50% THF, for large LTSL10 (VR of 3), SPION-to-lipid 

ratio can reach up to 50 µg/µmol with dispersity remaining < 0.2. Interestingly, less amount of 

SPION (up to SPION-to-lipid ratio of 40 µg/µmol) was tolerated by the small mLTSL10 (VR 

of 3.5), as the dispersity increased to 0.2. Determined by one-way ANOVA, SPION 

concentration has statistically insignificant effect on mLTSL10 size for both large (VR of 3; 270 

F2,11 = 0.078, p > 0.05) and small mLTSL10 (VR of 3.5; F4,20 = 2.822, p > 0.05). On the other 
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hand, while there was insignificant effect on larger mLTSL10 dispersity (F2,11 = 1.577, p > 

0.05), the effect on small mLTSL10 dispersity was significant (F4,20 = 4.563, p = 0.009). 

At 40% THF where SPION are not well solubilized, mLTSL10 become dispersed as low as 

SPION-to-lipid ratio of 15 µg/µmol, affirming that self-assembly of mLTSL10 in 40% THF is 275 

unfavorable. On the other hand, despite greater solubility of SPION in 60% THF, mLTSL10 

have higher dispersity compared to those prepared in 50% THF, which may be attributed to the 

unfavorable condition for formation of liposome per se in high concentration of THF. 

Considering the desirable size and dispersity of the resultant mLTSL10, the optimal conditions 

for preparing mLTSL10 were using 50% THF, with SPION-to-lipid ratio of 30 µg/µmol and 280 

VR of 3.5. 

The stability and membrane integrity of the optimized mLTSL10 was then characterized. 

Control experiments using only SPION without LTSL10 lipids were performed to validate the 

preparation processes. Initially, freshly prepared mLTSL10 after injection and annealing, were 

left overnight in ambient conditions without SEC purification; despite noticeable reduction in 285 

volume due to evaporation of THF, the solution remained clear and disperse (Figure 4a). In 

contrast, under the same conditions in the absence of LTSL10 lipids, the samples were unstable 

(Supplementary Figure S5a). SPION precipitated at the wall and the bottom of the container, 

which also agreed with the low solubility of SPION in the presence of (NH4)2SO4. This 

suggested that SPION have interacted with the LTSL10 lipids, presumably either embedded 290 

into the lipid bilayer or formed micelles, resulting in greater dispersion stability. To remove 

free SPION, freshly prepared mLTSL10 was purified by SEC. mLTSL10 passed through the 

column at the expected elute volume for liposomes and was collected as a clear, brownish 

solution (Figure 4b, 4c). In contrast, SPION alone could not be eluted and was trapped in the 

frit at the top of the SEC column (Supplementary Figure S5b), which further suggested that 295 

SPION and LTSL10 liposomes eluted as one population. Then, SPION EE of purified 
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mLTSL10 was characterized by AAS (Figure 4d). Large 200 nm mLTSL10 had a mean 

SPION EE of 85.85%, significantly greater than small 100 nm mLTSL10 of 60.77% (t10 = 5.83, 

p < 0.001). Liposomes of larger size have a lower surface curvature to accommodate SPION, 

which may explain the higher loading capacity and thus lower dispersity of larger mLTSL10 300 

prepared in 50% THF [9,30]. Finally, to assess membrane integrity and drug loading capability, 

mLTSL10 were remotely loaded with DOX. As expected, DOX EE of all samples (0 – 40 

µg/µmol SPION-to-lipid ratio), were above 80% (Figure 4e). One-way ANOVA showed that 

the amount of SPION has no significant effect on the DOX EE (F3,9 = 0.5386, p > 0.05). 

 mLTSL10 Characterization 305 

The mean phase transition temperatures of LTSL10 and mLTSL10, defined as the onset 

temperature of the melting peak characterized by DSC, were 41.55 °C and 41.87 °C 

respectively, (Figure 5a, 5b). The increased transition peak height of mLTSL10, suggests that 

the fluid LTSL10 membranes were stabilized by the embedded SPION. Although the phase 

transition temperature increased by 0.3 °C, it remained within the range of mild hyperthermia 310 

(40 – 42 °C) for thermosensitive release [2]. 

Representative TEM images showed that SPION have an iron core size of 4 – 5 nm, in 

agreement with our previous characterization [22], which are smaller than the reported 

maximum SPION diameter of 6.5 nm for embedding into lipid bilayers (Figure 6a) [31]. 

Particles of similar size and morphology to SPION were observed in the TEM micrographs of 315 

mLTSL10 (Figure 6b). SPION were evenly distributed within the liposomes, which can be 

attributed to the two-dimensional projection and flattening of spherical liposomes, indicating 

the embedment of SPION into the LTSL10 lipid bilayer. Only a trivial quantity of individual 

SPION and no irregularly shaped agglomerate (as observed in free SPION) were observed, 
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confirming the successful purification of unencapsulated and the effective embedment of 320 

SPION into LTSL10. 
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4 Discussion 

To date, majority of magnetoliposome have been prepared by batch methods in combination 

with downsizing techniques of extrusion [7,10,11,22]or sonication [4,8,9,14]. Indeed, due to 325 

the robustness of downsizing, there are little or no limitations on the quality of the preformed 

liposomes; large, heterogeneous, multilamellar vesicles can be processed into small, 

unilamellar vesicles. However, both techniques have limited scalability and come with their 

own disadvantages; sonication may degrade or contaminate the sample, while extrusion may 

suffer from high product losses [32]. In contrast, nanoprecipitation is a self-assembly process 330 

which homogeneous unilamellar liposomes are formed directly. There is no need for 

downsizing and homogenization, in turn the liposome quality is governed by the formulation 

and processing parameters. 

To formulate thermosensitive magnetoliposome mLTSL10 via nanoprecipitation, the 

formulation parameters must be first designed and optimized carefully to ensure all 335 

components can self-assemble into vesicles homogeneously. First, the thermosensitive 

formulation LTSL10 was selected, as we previously optimized for nanoprecipitation 

preparation [21]. Since the self-assembled liposomes are inevitably exposed to organic solvents 

during the nanoprecipitation, they will be prone to ethanol-induced interdigitation [33]. In 

contrast with typical LTSL formulations that contain about 4 – 5 mol% DSPE-PEG2000, DSPE-340 

PEG2000 was increased to 10 mol% in LTSL10 to avoid the interdigitated gel phase [21].  

Next, the solvent phases were optimized to ensure all components are well-solubilized and to 

prevent premature precipitation. Ammonium sulfate solution was selected as the aqueous phase 

to enable DOX remote loading; ethanol and THF were used to dissolve lipids and SPION, 

respectively. THF has been an attractive organic solvent given its ability to dissolve 345 

hydrophobic substances while being water miscible. THF was commonly employed in the 
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nanoprecipitation of inorganic and polymer nanoparticles [34–37]. Although SPION was 

metastable in 1% THF (in 99% ethanol), the presence of DSPE-PEG2000 rapidly disrupted the 

system. The relatively high solubility of DSPE-PEG2000 in THF suggested that the surface-

bounded THF could be displaced from the SPION, exposing them to ethanol resulting in 350 

precipitation. Conversely, DPPC and MSPC did not disrupt the SPION in 1% THF, in 

agreement with the relatively low solubility of DPPC and MSPC in THF. Consequently, the 

volume fraction of THF was inevitably increased to 50% THF for a stable mLTSL10 mixture, 

where uniform mLTSL10 could be prepared. Similarly, others have used at least 40% THF in 

ethanol to prepare entrapped SPION in solid lipid nanoparticles [34] and conventional 355 

magnetoliposomes [35]. 

The effect of introducing THF in ethanol led to substantial increase in both size and dispersity 

for both LTSL10 and mLTSL10. Since self-assembly (via nanoprecipitation) is a spontaneous 

process that minimizes the molecular free energy, factors such as solubility and diffusivity of 

individual components (lipids, SPION or solvents) in the system would all contribute to the 360 

resultant assembly’s lowest energy state, hence the quality of the liposome population [16]. 

Others have observed that smaller polymeric nanoparticle sizes were obtained using solvents 

with greater diffusion coefficient in water [37,38]. The effect can be explained by the 

nanoprecipitation process, as solvents diffuse faster into water, solutes reach their critical 

nucleation concentration earlier, providing less time for nuclei to grow in size, resulting in 365 

smaller nanoprecipitates [16]. Literature on the tertiary system of THF-ethanol-water were yet 

to be available; however, based on the data on the binary systems, the diffusion coefficient of 

ethanol-water is greater than that of THF-water [39,40]. Therefore, it may be reasoned that 

with increasing % THF in ethanol, the diffusion coefficient would decrease, which could 

explain our observation that larger mLTSL10 were formed as volume fraction of THF 370 

increased. 
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Using lower concentration of THF is preferred; apart from forming dispersed mLTSL10 

population, THF raises other concerns regarding scaling-up. High volatility and the ethereal 

smell of THF may be unpleasant for user to handle; moreover, THF is highly flammable and 

can decompose into explosive peroxide, posing safety hazards. Furthermore, THF limits the 375 

choice of material for scale-up production. Microfluidics, the manipulation of fluid in 

microscale channels, is an emerging technique for nanoprecipitation of liposomes and 

acceleration of their clinical translation [20]. Major advantages of microfluidics in 

nanoparticles synthesis includes excellent manipulation of fluids, high reproducibility, tunable 

nanoparticle size and the process is readily scalable by continuous production and 380 

parallelization [19]. Currently, owing to the advancement in microfabrication, many 

microfluidic devices are polymer-based (such as polydimethylsiloxane and cyclic olefin 

copolymer) for their low-cost and ease of fabrication but have limited compatibility towards 

strong organic solvents like THF [34,41]. In fact, ongoing research has been conducted to 

advance material fabrication and microfluidic capabilities, in turn accelerating the development 385 

and translation of products prepared by nanoprecipitation [41,42]. In this regard, in order to 

translate the batch injection preparation of mLTSL10 to the continuous, scalable microfluidics 

method, upcoming microfluidic devices will have to tolerate a minimum of 50% THF in 

ethanol. 

Thus far, there are only few reports on the nanoprecipitation of magnetoliposomes. Kulkarni 390 

et al. presented the nanoprecipitation of SPION-loaded solid lipid nanoparticles (SLNs), 

comprising abundant hydrophobic core lipids of triglycerides or sterols (up to 97.5 mol%) to 

entrap SPION in the SLN core [34]. Nevertheless, 40% THF was still necessary to solubilize 

SPION in the initial lipid mixture. In comparison, Bixner and Reimhult used 100% THF to 

prepare conventional (non-PEGylated) magnetoliposome [35]. Both reported formulations are 395 

based on unsaturated phospholipid, which have high fluidity and great tolerance towards 
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interdigitation, thus suitable for preparation using nanoprecipitation. Although from the clinical 

translation point of view, unsaturated phospholipids are prone to oxidation and their low phase 

transition temperature can result in premature release at physiological temperature [43]. In 

comparison, mLTSL10 comprises saturated phospholipids and PEG-lipid, are designed based 400 

on the most clinically advanced LTSL formulation, ThermoDox®, which also offers triggered 

drug release capability. We carefully evaluated the effect of THF-ethanol binary solvent system 

on the mLTSL10 to attain the optimized condition of 50% THF, without the need of 

hydrophobic core lipids and avoided using excessive THF. Moreover, mLTSL10 was prepared 

in ammonium sulfate which enabled the remote loading of hydrophilic cargo, such as DOX. 405 

mLTSL10 is capable of co-encapsulation of hydrophobic SPION and hydrophilic drugs, which 

is unprecedent in previous reports. 

It is important to note that between different nanoprecipitation techniques (e.g. solvent 

injection, microfluidics, cross-flow injection), the mechanism of liposome formation remains 

identical, thus the formulation parameters are readily transferable. However, processing 410 

parameters (e.g. volume ratio, mixing efficiency, flow rates) will be expected to vary according 

to the mixing conditions and efficiency of respective techniques [18]; as processing parameters 

of bench-scale preparation are also expected to differ from that of industrial scale [16]. 

Nonetheless, it remained promising and advantageous to prepare nanoparticles using 

nanoprecipitation for its simplicity and capability of scale-up production for accelerating 415 

clinical translations. 
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5 Conclusion 

In summary, the presented results show that the nanoprecipitation technique successfully 

enabled the loading of SPION into the low temperature-sensitive liposomal system, yielding 420 

spherical, nano-sized homogeneous magneto-thermosensitive liposomes, mLTSL10. The 

effect of the formulation parameters, solvent system and SPION concentration, were 

investigated and optimized. Minimal amount of 50% THF was required to yield uniform and 

stable mLTSL10. Thermosensitivity and membrane integrity were not affected by the inclusion 

of SPION. The nanoprecipitation technique allows efficient SPION loading into liposomes and 425 

eliminates the need for post processing such as extrusion or sonication. It is envisaged that in 

combination with scalable nanoprecipitation platform such as microfluidics, the development 

of mLTSL10 as a responsive drug delivery carrier will be further accelerated. 
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Figures 

 

Figure 1. Solubility of SPION and LTSL10 lipid in THF/ethanol binary solvent mixtures. 560 

Photos of 200 µg mL-1 SPION with 10 mM LTSL10 dispersed in ethanol with (left to right) 0, 

20, 40, 60, 80, 100% THF at 20 °C. 
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Figure 2. Effect of THF volume fraction on LTSL10 and mLTSL10 size and dispersity. 565 

(a) 10 mM LTSL10 and (b) 10 mM LTSL10 containing 300 µg mL-1 SPION, dispersed in 0 – 

75% THF, were injected into (NH4)2SO4 with volume ratio of 3. Data are mean ± SD (n = 2 – 

7). 
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 570 

Figure 3. Effect of SPION concentration and %THF on mLTSL10 size and dispersity. (a) 

Z-average diameter and (b) dispersity of mLTSL10 with SPION-to-lipid ratio of 0 – 50 

(µg/µmol), dispersed in 40 – 60 % THF, were injected into (NH4)2SO4 with a volume ratio of 

3 (or 3.5). Data are mean ± SD (n = 2 – 7). Inset are representative photo of mLTSL10 with 

SPION-to-lipid ratio of 0 – 40 (µg/µmol)  575 
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Figure 4. mLTSL10 preparation and characterization (a-c) mLTSL10 loaded with SPION-

to-lipid ratio of 30 (µg/µmol), dispersed in 50% THF, injected with a volume ratio of 3.5. (a) 

mLTSL10 remained disperse at 20 °C overnight without purification. (b) mLTSL10 passing 

through SEC column during purification. Red box indicates the location of the mLTSL10. (c) 580 

Representative photo of collected mLTSL10 after SEC purification. (d) SPION encapsulation 

efficiency of mLTSL10 prepared in 50% THF with injection volume ratio of 3 and 3.5. (n = 4 

– 7). Two-tailed unpaired t-test; ***, p < 0.001. (e) DOX encapsulation efficiency of mLTSL10 

dispersed in 50% THF with injection volume ratio of 3.5 (n = 2 – 7). Inset is representative 

photo of purified mLTSL10 after DOX remote loading. Data are mean ± SD. 585 
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Figure 5. Thermal analysis of LTSL10 and mLTSL10. (a) Thermographs and (b) Onset 

phase transition temperature of LTSL10 and mLTSL10 characterized by DSC (n = 3 – 9). 

Dotted lines as tangent of the point of maximum slope, are added as a visual aid of the onset 590 

phase transition temperature (x-intercept of the tangent line). Two-tailed unpaired t-test; *, p < 

0.05. Data are mean ± SD. 
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Figure 6. TEM micrographs of (a) SPION in THF, and (b) optimized mLTSL10 (dispersed in 595 

50% THF, injection volume ratio of 3.5). Scale bars are 50 nm. 


