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ABSTRACT 

Background: Heat-triggered local drug release rose as a promising strategy to treat localized 

diseases while reducing systemic off-target side effects. Thermosensitive liposomes (TSL) suc-

cessfully exploit this targeting strategy, especially against solid tumors [1,2]. TSLs with nega-

tively charged diglycerol-headed lipid have been described to allow sharp control drug release 

[3] and prolong circulation half-life (T½) without using polyethyleneglycol (PEG), avoiding related 

concerns [4]. Furthermore, a positive surface charge helps target cancerous cells and associated 

vasculatures [5] overexpressing negatively charged membrane-proteins and aberrant glycocalyx 

[6].  Objectives: the formulation of a novel diglycerol-functionalized ionizable cationic lipid 

(NICL) into cationic TSL (CTSL) was investigated. Here, the formulation screening of NICL-based 

CTSLs and their physicochemical characterization are thoroughly reported. Results: regardless 

of vesicle size (obtained by extrusion), zeta-potential (ZP) correlated with NICL mol%, resem-

bling previously reported anionic TSL (ATSL) [4,5,7]. At pH 7.2, stable CTSL loaded with car-

boxyfluorescein (an anionic molecular marker; CF) could be formed with 10, 20, and 30 mol% 

NICL. Diluting the CTSL in buffers at different pHs immediately affected the ZP but not liposomal 

size, until the isoelectric points (pI) were reached (~pH 9), triggering aggregation. CF heat-

triggered release from CTSL was affected by the liposomal size and NICL mol%. Smaller lipo-

somes with less NICL showed higher release rates. It correlated with the clearer phase-transition 

temperature (Tm) by differential scanning calorimetry (DSC). Conclusions: NICL can be formu-

lated into CTSL similarly to previously published TSLs [4,5,7] with heat-responsiveness con-

firmed for a range of different formulations, the best at 10 mol% NICL and 50 nm. NICL-CTSLs 

behave as polyelectrolytes in aqueous media, with pKa ranging from 7.6 to 8.20 here. 
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1. INTRODUCTION 

Liposomes are supramolecular vesicular 

structures formed upon the self-assembly of 

lipids and lipidoids [2]p121. They raised great 

interest in drug delivery since first described 

in 1964 by Alec Bangham [2]pp524-528. Three 

decades later, Doxil®/Caelyx® (doxorubicin 

[DOX] HCl liposome injection, Johnson & 

Johnson, New Brunswick, NJ, USA) became 

the first approved nano- and liposomal drug. 

It was in 1995 by the Food and Drug Author-

ity and in 1996 by the European Medicines 

Agency. To date, at least 14 unique liposomal 

formulations (excluded generics and lipid 

complexes like Onpattro®, Abelcet®, and Am-

photec®) made it into the market after show-

ing improved control of targeting, release, 

and degradation of the payload, as well as bi-

ocompatibility and safety [8]. 

 Concerning clinical examples, however, 

targeting so far relied mainly on the passive 

accumulation in inflamed and poorly drained 

tumor tissues that often display leaky aber-

rant neovasculature. To benefit from the en-

hanced permeation and retention (EPR) ef-

fect, formulations must circulate long enough 

to accumulate in the diseased area. Coating 

with polyethylene glycol (PEG), thus render-

ing them stealth, is a widely explored strat-

egy for improving circulation half-life (T½). 

The hydration of the PEG chains creates steric 

hindrance, reducing protein adsorption. It 

modulates protein corona formation, then op-

sonization, and ultimately delays the recog-

nition by the mononuclear phagocytic system 

(MPS) and clearance [9]. Still, PEGylation 

most often only significantly improved drug 

safety, but seldom its efficacy [4,10]. 

Moreover, the EPR effect has been put into 

question and its clinical relevance is under 

debate due to the strong heterogeneity of pa-

tients and poor level of experimental data 

showing effectiveness [11]. Hence the grow-

ing interest in active targeting and stimuli-re-

sponsive systems as alternatives [2]pp589-593.  

Another interest in PEG-free formulations 

concerns avoiding PEG-induced complement 

activation-related pseudoallergy (CARPA), a 

likely serious hypersensitive reaction [9]. 

Moreover, pharmacokinetics on subsequent 

doses might be negatively affected by anti-

PEG antibodies. These can be formed at the 

first liposome administration – being detect-

able even in liposome-naïve patients, likely 

due to routine exposure to PEG-containing 

products – and it can lead to the accelerated 

blood clearance (ABC) phenomenon [4]. 

First reported by Yatvin et al in 1987, ther-

mosensitive liposomes (TSL) release their 

payload when heated above their melting (or 

solid gel to liquid disordered) phase-transi-

tion temperature (Tm). Synergistically, local 

mild hyperthermia (41-43 °C; HT) can also 

contribute to tenderizing the tumor, increas-

ing blood flow, hence enhancing the access of 

cellular and humoral immune factors as well 

as drugs [12]. This is notably useful against 

localized tumors like soft tissue sarcoma [1]. 

Several things can affect TSL heat-triggered 

drug release, notably vesicle size. Smaller 

ones release their content better [13]. 

Conceived in 1995 and invented in 1996 

[2]pp528-530, a TSL formulation by Needham et 

al first attempted clinical trials in 2005 [14]. 

It employed lysolipids (LTSL), derivatives 

lacking one acyl tail [1,14,15], which allowed 

for ultra-fast drug release at low tempera-

tures. Later called ThermoDox®, this formu-

lation proprietary to Celsion Corporation (Co-

lumbia, MD, USA) was tested in combination 
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with radiofrequency ablation [14]. It failed in 

a second Phase III clinical trial in 2021 de-

spite its noteworthy DOX burst release. Still, 

its clinical development taught a great deal 

about heating techniques and protocols, [14] 

as well as formulation design [1,8,14].  

Thermosome GmbH (Planegg, Germany) 

has been developing a novel TSL platform 

based on oligo-glycerol headgroups for anti-

cancer treatments [1,3–5,7,14,16]. Fine-

tuning of the Tm and the sharp control of in-

travascular drug release were shown with a 

PEG- and cholesterol-free anionic TSL (ATSL) 

based on 1,2-dipalmitoyl-sn-glycero-3-phos-

phoryldiglycerol (DPPG2) [3]. A video sum-

marizing the dual-targeting technology is 

available on the website of the company [17].  

Compared to conventional liposomal-DOX 

(Caelyx®) and LTSL-DOX, a DPPG2-based 

DOX-loaded formulation plus mild HT notably 

improved survival in a rat soft tissue sarcoma 

model. Importantly, DPPG2-TSL-DOX per-

formed overall better than free-DOX in locally 

advanced spontaneous feline sarcoma in a 

comparative oncological study combined with 

localized-HT in the neoadjuvant setting [3]. 

In a pig model, the intravenous (IV) admin-

istration of this formulation plus mild HT 

showed increased DOX delivery with higher 

bladder biodistribution than IV or intravesical 

free-DOX, paving a rationale for muscle-inva-

sive bladder cancer treatment [16]. At 30 

mol%, DPPG2-based TSL displayed increased 

circulation T½ and reduced immunogenicity 

(vs. TSL with lower DPPG2 content). Recently, 

a distinguished protein corona profile with a 

high abundance of apolipoprotein E (ApoE) 

was reported. It was associated with positive 

modulation of complement activation, biodis-

tribution, and clearance [4].  

Despite being cleared faster due to more 

intense opsonization, cationic nanoparticles 

showed better targeting of tumor cells. These 

overexpress negatively charged membrane 

proteins, rendering their cell surfaces distin-

guishably negatively charged [1,5,18]. The 

homing of cationic TSL (CTSL) to tumors and 

their associated vasculature followed by HT-

induced intracellular DOX nanoburst was re-

ported [18]. More recently, DPPG2-based 

CTSLs showed similar features. In compari-

son to a PEG-CTSL, tumor cell-targeting was 

3.4 times higher in fluorescence-activated 

cell sorting (FACS), half-maximal inhibitory 

concentration (IC50) was 3.5-fold lower, and 

live-cell fluorescence microscopy showed su-

perior internalization and DOX delivery after 

HT. Despite the better liposome-cell interac-

tions of DPPG2-CTSL, the pharmacokinetics 

and biodistribution in vivo were suboptimal, 

with faster clearance highlighted by a T½ 8.1-

times shorter than PEG-TSL [5].  

From these findings, it was hypothesized 

that the diglycerol head group could balance 

the fast clearance of cationic nanoparticles 

while keeping the tumor-targeting feature 

while avoiding the presented PEG- and 

lysolipid-related issues. Therefore, here it is 

reported the formulation screening of TSL 

bearing a novel ionizable cationic lipid (NICL). 

Carboxyfluorescein (CF)-loaded ionizable 

CTSLs were prepared with different mem-

brane extrusion sizes to thoroughly assess 

the effect on lipid bilayer, size-distribution, 

zeta-potential (ZP), and heat-responsive-

ness. Furthermore, a ZP-titration within the 

pH range from 2 to 11 was performed to clar-

ify the effect of pH over surface charge and 

assess the pKa of the different NICL-CTSLs. 
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2. MATERIALS AND METHODS 

2.1. Chemicals 

Thermosome GmbH (Planegg, Germany) 

provided DPPG2 and NICL. 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC) and 

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

(DSPC) were acquired from Corden Pharma 

Switzerland LLC (Liestal, Switzerland). 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanola-

mine-N-(7-nitro-2-1,3 benzoxadiazol-4-yl) 

(NBD-PE) was purchased from Avanti Polar 

Lipids (Alabaster, AL, USA). Fetal calf serum 

(FCS) and CF free acid were bought from 

Sigma Aldrich (Darmstadt, Germany). Höchst 

33342 and Lysotracker Red99 from Ther-

moFisher Scientific (Waltham, MA, USA).  

All other chemicals were either from Sigma 

Aldrich GmbH (München, Germany) or Carl 

Roth GmbH (Karlsruhe, Germany). Unless 

stated, all the buffers and solutions men-

tioned in the study were prepared with ultra-

purified deionized water from an ultrapure 

water system Milli Q Advantage from Merck 

Millipore (Darmstadt, Germany). 

2.2. Liposomal formulations 

As previously reported, but starting from 

lipid stock solutions prepared in chloro-

form:methanol (9:1 vol/vol), lipid films com-

posed by DPPC/DSPC/NICL (80-X:20:X, 

X=5-75 mol/mol, coded in Table 1) were ob-

tained, then hydrated and manually extruded 

at 60°C. ATSL with 30 mol% DPPG2 was pre-

pared as described elsewhere [3–5,19,20]. 

Neutral TSLs extruded at 50 nm (0TSL-50) 

were prepared using DPPC/DSPC with an 8:2 

molar ratio. 0.3 mol% of NBD-PE were in-

cluded in the lipid bilayer of TSLs submitted 

to fluorescence microscopy. 

 Lipid films were stored at room tempera-

ture under vacuum until being hydrated with 

100 mM CF pH 7.2 (or HBS pH 7.4 for NBD-

PE-labelled liposomes without CF) at 60 °C 

under agitation during 10 min. Then, the col-

loidal suspension was extruded (Avestin, Ot-

tawa, Canada) 17 times through 200, 100, 

and 50 nm polycarbonate filters (Cytiva, MA, 

USA; and Avestin, Ottawa, Canada) at 60 °C.  

Non-encapsulated CF was removed while 

changing the extraliposomal media by size 

exclusion chromatography (SEC) employing 

Sephadex G50 (APBiotech, Uppsala, Sweden) 

equilibrated with HBS pH 7.4.  

Within this document, NICL-based formu-

lations are coded as NICL together with the 

mol% of NICL included in the film, dash the 

size-cutoff of the filter used for its extrusion 

(e.g., 5 mol% NICL extruded through 100 nm 

filters is coded NICL5-100, listed in Table 1). 

2.3. Characterization of the liposomes 

Size (hydrodynamic diameter as Z-aver-

age), polydispersity index (PDI), and ZP were 

measured by dynamic lighting light scattering 

(DLS) with a Zeta Sizer Nano ZS (Malvern In-

struments, Worcestershire, UK). Samples 

were diluted 50-times in sterile filtrated NaCl 

0.9 % m/v (saline). Size and PDI were sim-

ultaneously determined in disposable plastic 

cuvettes while three ZP measurements sepa-

rated by 30 s were made per sample in a dis-

posable folded capillary cuvette.  

Osmolality and pH of formulations and 

buffers were measured respectively with an 

Osmometer (VAPRO 5600 Vapor Pressure, 

Wescor. Inc, Logan, USA) and with a pH me-

ter (Inolab pH 720, WTW, Weilheim, Ger-

many). The 100 mM CF solution at pH 7.2 had 

an osmolality of 220 mOsm/kg, while the sa-

line used on DLS has 287 mOsm/kg. 

Freshly prepared formulations were sub-

mitted to differential scanning calorimetry 
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(DSC, Mettler Toledo DSC 821e, Giessen, 

Germany) after being concentrated to 35-60 

mM via centrifugal filtration (Amicon filters 

30K, Merck-Millipore, Darmstadt, Germany). 

Tm was determined as the peak value of the 

endothermal event on the heating phase of 

the thermogram acquired from 20 to 60 °C 

with a step of 1 °C/min. 

Using reference standards (except for 

NICL), lipid contents were confirmed and 

degradation products were quantified by 

high-performance liquid chromatography 

(HPLC, Scientific DionexTM Ultimate, 3000) 

employing a methanol-based gradient and a 

charged aerosol detector (CAD, Corona Veo, 

ThermoFisher, Waltham, MA, USA), before 

and after purification, when applicable. Due 

to the absence of an available commercial 

standard, NICL was estimated from peak 

area %. 

2.4. Temperature-dependent CF-release 

and liposomal-CF content 

As previously [19], CF-loaded TSLs were 

first diluted in 0.9% saline and then either in 

0.9% saline or FCS. Aliquots (technical dupli-

cates) of each liposomal dilution were heated 

(Thermoshaker, Eppendorf AG, Hamburg, 

Germany) under shaking (750 rpm) for either 

5 (room temperature, RT, and 37 to 45 °C) 

or 60 (37 and 42 °C) min before being finally 

diluted in refrigerated (4 °C) tris-buffered sa-

line (TBS), stopping the CF-release. Fluores-

cence intensity at each temperature (IT°C) 

was measured (Cary Eclipse, Varian Inc., Palo 

Alto, USA; ex/em 493/513 nm, 625 V, 2 s, 1 

cm) and compared with the total liposomal-

CF content or 100% CF-release (ITriton). The 

latter was observed in samples diluted simi-

larly with the addition of 10% Triton X-100 

v/v and incubating the suspension at 45 °C, 

under 750 rpm, for 15 min. The CF release 

was calculated as: 𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝐶𝐹 = 𝐼𝑇 °𝐶 − 𝐼𝑅𝑇𝐼𝑇𝑟𝑖𝑡𝑜𝑛 − 𝐼𝑅𝑇 × 100 

The CF content (CCF) is obtained by interpo-

lating ITriton in a CF standard curve (0.033 to 

0.976 µM). Encapsulation efficiency (EE) is 

given by the final-over-the-initial ratio of the 

CF- over the lipid-concentrations ratio: 𝐸𝐸 = (𝐶𝐶𝐹/𝐶𝐿)𝐹𝑖𝑛𝑎𝑙(𝐶𝐶𝐹/𝐶𝐿)𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 100 

2.5. Time-dependent CF-release 

As previously published [19], CF-loaded 

formulations were diluted in HBS pH 7.4 

(technical duplicates). For 100% CF-release 

(ITriton), equal parts of the sample and 10% 

Triton X-100 v/v were stirred together (750 

rpm) at 45 °C for 15 min, before diluting it 

further in HBS pH 7.4 (single sample). All 

samples were finally diluted in pre-warmed 

FBS and fluorescence intensities were rec-

orded 17 times over 300 s at 30 and 37-43 

°C. CF release was calculated as in 2.4 and fit 

with an exponential one-phase association. 

2.6. Zeta-Titration 

Size, PDI, and ZP were measured as in 

2.3., but in a sterile filtrated buffer composed 

of 20 mM Na3PO4, 25 mM monosodium cit-

rate, 20 mM NH4AcO, and enough NaCl to 

reach 290 mOsm/kg after adjusting the pH 

from 2 to 11 with HCl and NaOH 1, 2, and 4 

N. The buffers’ osmolality was checked before 

and after setting the pH for adjusting the os-

molality with NaCl. Then, based on the work 

by Carrasco et al [21], pKa values of CTSL 

formulations were estimated after fitting pH 

and ZP values to the extended Henderson-

Hasselbach (eHH) equation: 𝑍𝑃 = 𝑍𝑃𝑚𝑎𝑥 − 𝑍𝑃𝑚𝑎𝑥 − 𝑍𝑃𝑚𝑖𝑛1 + 10(𝑝𝐻−𝑝𝐾𝑎)/𝑛 
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2.7. Live-cell fluorescence microscopy 

Adherent mouse melanoma cells (B16 

F10, ATCC, VA, USA) were cultured in Dul-

becco's Modified Eagle Medium (DMEM, 

ATCC, VA, USA) supplemented with 10% 

supplemented fetal bovine serum (FBS, Su-

perior, Sigma, Steinheim, Germany) and 1% 

penicillin-streptomycin (PenStrep, Sigma, 

Darmstadt, Germany). The incubator was set 

up (Binder, Tuttlingen, Germany) with a hu-

midified atmosphere containing 95% air and 

5% CO2 at 37 °C. Cell handling was done un-

der sterile conditions and the cell flasks were 

open only inside a laminar flow hood (Glaire 

BSB 4, ICN Flow, Eggenstein, Germany). Cell 

detachment was achieved by incubation with 

0.25% Trypsin (Biochrom, Berlin, Germany) 

at 37°C for 2 minutes. Cell passages were 

performed when reached to 70-80% conflu-

ence (every 2-3 days).  

25,000 cells were seeded in each well of a 

chambered coverslip (µ-Slide 8 well ibiTreat, 

Ibid, Germany) for the live-cell fluorescence 

microscopy experiments. 24 h after, the cul-

ture media was removed and replaced by 250 

µL of 1 mM lipid samples. Past 30 min, 50 µL 

of 0.5 µM Lysotracker Red in FBS-free DMEM 

was added. The medium was removed 30 min 

later and, after washing the cells with FBS-

free DMEM, 300 µL of Höchst 5 µg/mL in PBS 

were added. 5 min later, it was removed, and 

the cells were washed with PBS. A Leica wide-

field microscope was used to observe the 

cells and the images were acquired with the 

Leica LAS X image software (Leica, Ger-

many). Pictures were treated on ImageJ soft-

ware version 1.8.0_172 afterward. 

2.8. Data treatment and statistics 

GraphPad Prism software version 9.3.1 

(471) was used to plot the data into graphs. 

Unless stated otherwise, data are reported as 

the mean of three independent experiments 

± standard error of the mean (SEM).  

 

3. RESULTS 

3.1. NICL can be formulated into TSL 

depending on mol% included 

Lipid films with different final NICL mol% 

were prepared to investigate NICL in terms of 

CTSL-forming excipient. The formulations 

with 5, 10, 20, and 30 mol% NICL met the 

quality criteria as hydration, extrusion, and 

Table 1. Lipid composition of the screened formulations, their codes, and observations on their behavior 

during TSL preparation. The ones in bold formed monodisperse liposomal suspension, hence the comments 

on their colloidal stability when stored overnight in the fridge (4 °C). The number of * indicates how 

comparatively faster the CTSL sedimentation is observed. 

Lipid film composition (mol%) Extrusion filter pore diameter (nm) 

Code DPPC DSPC NICL 200 100 50 

NICL5 75 20 5 Polydisperse Monodisperse***** Monodisperse**** 

NICL10 70 20 10 Polydisperse Monodisperse**** Monodisperse*** 

NICL20 60 20 20 Monodisperse*** Monodisperse*** Monodisperse** 

NICL30 50 20 30 Monodisperse** Monodisperse** Monodisperse* 

NICL50 30 20 50 Ruled out Gels on cooling Gels on cooling 

NICL75 5 20 75 Ruled out Unable to extrude Ruled out 

NICL100 0 0 100 Does not hydrate with CF 100 mM pH 7.2 or HBS 7.4 
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formation of a monodisperse distribution af-

ter purification were successful (Table 1). 

Given the trends across the first four formu-

lations, 200 nm filters were early ruled out 

for being suboptimal. Moreover, these sam-

ples were tipping both the size and the PDI 

thresholds of a target product profile for in-

jectable nanomedicines [2]pp107-113,120-124. 

A summary of the composition analyses by 

HPLC-CAD (for the lipids) and fluorimetry (for 

CF) is given in Figure 1. Extrusion diameter 

did not significantly affect any of the outputs. 

However, the lipid content showed to de-

crease with increasing NICL mol%. In the 

same direction, although more subtly, the 

CF-content was also observed to decrease, 

not the EE, which was generally observed to 

be between 4.8 and 8.2 %. The CF content 

decrease might simply be interpreted as a 

mathematical compensation for the lower li-

pid content. The formulation yield tended to 

decrease with NICL mol%, but it does not 

seem to be affected by extrusion size.  

The lipid content of DPPC and DSPC, re-

spectively, varied mostly within 10 and 20% 

from the nominal values in the planned for-

mulations. Except for 5 mol%, NICL values 

varied mostly within the 20% range.  The ab-

sence of standard combined with the low in-

tensity of CAD signal could help explain the 

overestimation for NICL5 (Figure SI 1).  

To compare with another diglycerol-based 

TSL, a pre-established ATSL formulation 

(DPPC/DSPC/DPPG2, 50:20:30) [3–5] was 

reproduced with only minimal variation in the 

used extrusion filter pore diameter. DPPG2–

based ATSLs lipid composition and content 

were consistent and reproducible, on top of 

being more precisely determined due to 

standard availability.  

With 10, 20, and 30 mol%, NICL was able 

to form liposomes when mixed in the phos-

phocholine-based bilayer, with size/PDI de-

pending on different factors (Figure 2). The 

diameter of the extrusion filter was identified 

as a critical process parameter, as suggested 

in Table 1. It directly affects the size and, 

consequently, the colloidal stability too.  

After being extruded through 200 nm fil-

ters, samples with 5 and 10 mol% NICL 

 

Figure 1. Summary of HPLC-CAD and fluorimetric results: lipid composition and EE (solid lines, upper Y-

axes) plus lipid and CF (dashed lines, lower Y-axis) contents for different formulations. 
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quickly underwent aggregation, depicted on 

DLS by a multimodal distribution across the 

nano- and micrometer ranges or a unimodal 

distribution centered close to 1000 nm. A 

similar trend but much more subtle (or 

slower) was seen for NICL5-100, whereas 

NICL5-50 samples seemed to simply sedi-

ment fast. To address it, however, a short-

term stability study would have to be per-

formed with several periodic size measure-

ments. NICL5 reproducibility showed to be 

lower in comparison to NICL10, -20, and -30, 

hence the increased SEM, most notably on 

the PDI (Figure 2 left). Although unimodal 

and meeting the quality criteria on DLS, the 

intensity distribution of NICL5 samples was 

often tailed, even shouldered, towards larger 

sizes to different extents across replicates.  

All formulations were sedimented over-

night at 2-8 °C (fridge) but to different ex-

tents. The NICL mol% and the extrusion di-

ameter were observed to be inversely pro-

portional to the tendency of sedimentation. 

Most stable colloidal suspensions were ob-

served for liposomes with higher NICL mol% 

extruded at smaller membrane cutoff sizes. 

As expected, the sediment had a larger size 

and PDI than the visually clear supernatant. 

Nonetheless, vortexing a sample recovered 

the initial visual aspect and both size/PDI 

were similar to a freshly prepared one (Fig-

ure SI 2).  

Overall, having between 20 and 30 NICL 

mol% was determinant to obtaining accepta-

ble size and PDI. Within this range, however, 

no clear trend was observed about final TSL 

size. For 100 nm-extruded CTSLs, the size 

was practically the same for both NICL20 and 

NICL30, whilst PDI was notably lower for 

NICL20-100 (although not significantly differ-

ent from NICL10-100). As for the samples ex-

truded through 50 nm, size and PDI seem to 

subtly increase with NICL mol%.  

As reasonably expected, NICL mol% di-

rectly impacted the CTSLs’ ZP. This trend was 

steep and clear for the samples obtained with 

50 nm extrusion filters. For the 100 nm CTSL 

though, 20 and 30 NICL mol% yielded indis-

tinguishable results (Figure 2 right). It is in 

good accordance with the observed colloidal 

 

Figure 2. Characterization of the stable formulations after extrusion by DLS: size (d.nm) and PDI, the 

dotted line marks size and PDI acceptance thresholds (left); and ZP of CTSL with different NICL mol% 

(right). With 5 and 10 mol% NICL, 200 nm extrusion did not yield monodisperse For NICL 100 and 50 nm 

and ATSL, n=3. For NICL 200 nm, n=1. 
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stability presented in Table 1 since the sedi-

mentation was inversely proportional to NICL 

mol% and extrusion diameter. 

None of the CTSLs with mol% NICL > 30 

yielded stable formulations. NICL50 films hy-

drated and extruded well but formed a gel 

when cooling down to room temperature, 

which is faster observed in the fridge. NICL75 

films hydrate, or disperse, but cannot be ex-

truded since the filter is clogged immediately. 

NICL100 films hydrated neither with CF 100 

mM at pH 7.2 nor HBS at pH 7.4. It was also 

observed that NICL100 melted below the lipid 

film drying temperature of 60 °C. 

3.2. CF-release from NICL-CTSL is tem-

perature- and time-dependent. 

All formulations with 10 and 20 mol% NICL 

and NICL30-50 exhibited temperature-de-

pendent release (TDR) profiles in biologically 

relevant media (FCS). It was increasingly less 

defined and reproducible for higher NICL 

mol% and larger extrusion diameters, hence 

the relatively increasing SEM. NICL30-100 

and -200 did not show significant tempera-

ture sensitiveness (Figure 3). The correla-

tion between TSL size and heat-triggered 

drug release described by Hossann et al was 

also seen here. Smaller TSLs released higher 

percentages of CF than larger ones [13]. 

In general, 50 nm extruded samples re-

leased more CF both after 5 and 60 min but 

also showed higher leakage at low tempera-

tures in FCS. The maximum release after 5 

min peaked at 42-43 ºC, with a very subtle 

trend of the curve shifting towards higher 

temperatures as NICL mol% increases. Only 

the 50 nm extruded samples reached over 

 
Figure 3. TDR profiles over 5 min (above) and after 60 min (below) for the most stable formulations 

pointed with DLS. The dotted line marks 50% CF-release. N=1 for ATSL and NICL 200 nm. 
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50% release after 5 min, with NICL10-50 be-

ing the most reproducible. Samples extruded 

through 100 and 200 nm ones yielded simi-

larly worst results in both experiments. On 

the other hand, the 100 nm sample sets 

leaked generally less CF than 50 nm ones af-

ter 60 min at 37 ºC in FCS. Lastly, the 200 

nm extruded samples showed barely any 

temperature-responsiveness and the rela-

tively highest leakage in all experiments. 

Therefore, follow-up kinetics experiments fo-

cused on 50 and 100 nm extruded CTSLs.  

For the same extrusion diameter, ATSL 

formulations yielded better results than NICL 

ones in the 5-min experiments. ATSL had the 

steepest heat-triggered release, peaking at 

80% at 43-45 ºC. The leakage was also 

barely detectable in saline and negligible in 

FCS in both 5- and 60-min experiments. 

The time-dependent release (or release ki-

netics, RK) results agreed with the ones from 

TDR. The higher the NICL mol% and the 

larger the extrusion diameter, the worst the 

CF-release over 5 minutes. Samples extruded 

through 50 nm more quickly released their 

cargo as compared to 100 nm ones. The RK 

also showed that at the optimal temperature, 

the steepest increase in CF release was 

achieved within the first seconds of the ex-

periment (Figure 4). It shows that this burst 

release was also possible with NICL10-50. 

However, when compared to ATSL [3], the 

CTSLs here released a lower percentage of 

their payload in a similar experiment.  

As shown by the RK constants (k*), over-

all, extrusion diameter is related directly pro-

portionally to heat-triggered drug release and 

inversely proportionally to the CF-leaking. In-

terestingly, the steepest relative increase of 

k* was obtained for NICL10-100 (Figure 4), 

which was not straightly obvious from the RK. 

Still, the SEM was considerably higher, mak-

ing k* undistinguishable from 41 to 44 °C, 

precisely covering the range where optimal 

drug release was pointed out on TDR. 

The heat-triggered experiments combined 

agreed with previously published data by 

Hossann et al showing that smaller TSLs re-

lease their cargo more easily than larger 

ones. It means more drug delivery [13] but it 

 
Figure 4. Time-dependent CF-release from DTSL: RK for the formulations with best TDR (left and middle) 

and RK constants k* (right) for NICL10-50 and NICL10-100 (n=3) and other DLS stable formulations (n=1 

or 2). Maximum release temperatures and best k* profiles are highlighted with bright symbols. 
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also implied an increased likelihood of leak-

age here, which may be attributed to NICL. 

3.3. Increasing NICL mol% makes Tm and 

drug-release less defined.  

DSC analyses revealed that the higher the 

NICL mol%, the shallower, wider, and less 

defined is the Tm of the CTSL. This was in con-

trast with the sharp Tm of ATSL samples con-

taining 30 mol% of DPPG2. In both cases, 

however, the extrusion diameter seemed not 

to notably affect the DSC profile (Figure 5). 

For the CTSLs here, these DSC results were 

in accordance with their respective time- and 

temperature-dependent release profiles. For 

the same TSL formulation, the DSC analyses 

did not seem to probe the effect of extrusion 

diameter. Indeed, Biltonen & Lichtenberg 

showed that Tm is not affected by size for lip-

osomes larger than 70nm [22]. In the same 

direction, Hossann et al reported similar find-

ings for DPPG2-based ATSL [13]. 

After failing to hydrate with HBS, NICL100 

lipid film was dried and submitted to DSC. 

The Tm at 52.46 ºC confirms the observation 

of it having visually melted while drying the 

lipid film at 60 ºC. Noteworthy, the cooling 

phase peak at 49.68 °C showed to be 

sharper, steeper, and better defined than the 

heating phase one. This 2.48 °C difference 

was noticeably 4.4-fold higher than the aver-

age difference between heating and cooling 

peaks of 0.56 ± 0.20 °C (Figure SI. 3). 

While concentrating the samples via cen-

trifugal filtration, it was observed that the fil-

trate of CTSLs exhibited a faint light green 

color, indicating the presence of diluted CF. 

The filtrate from ATSLs, on the other hand, 

was clear and colorless. Since the centrifuga-

tion was done at 4 °C, it is unlikely that the 

filtrated CF originated from heat-induced re-

lease. Hence, the mechanical stress of 14000 

rpm could potentially deform the CTSLs up to 

causing unwanted minor CF leakage.  

3.4. In aqueous systems, NICL-CTSLs be-

have as polyelectrolyte.  

Carrasco et al (2021) showed that ioniza-

ble cationic lipid nanoparticles behave as 

polyelectrolytes in solution. Adapting their 

         

 Tm (°C) 

Sample Mean SEM n  

ATSL-50 43.35 0.16 3 

ATLS-100 43.39 0.14 3 

ATSL-200 43.20 0.08 3 

NICL5-50 45.52 0.08 3 

NICL10-50 45.73 0.24 3 

NICL20-50 47.23 0.31 2 

NICL30-50 48.67 1.70 2 

NICL5-100 45.38 0.33 2 

NICL10-100 46.32 0.53 3 

NICL20-100 47.01 0.10 2 

NICL30-100 48.18 - 1 

Figure 5. DSC curves (left) and tabled Tm of the most stable formulations (right) on DLS. 

°C

50

100

200

5-50

5-100

10-50

10-100

20-50

20-100

30-50

30-100

CTSL

ATSL
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approach to NICL-CTSLs here, a similar be-

havior was observed [21]. The ZP of CTSLs 

decreased with increasing pH while the size 

and the PDI remain stable up until reached 

their isoelectric point (pI) around pH 9-10. 

Since the net charge of the nanoparticle’s 

surface at this point is expected to be 0, they 

started to aggregate. This was noted by the 

increase in size and, more steeply, PDI ob-

served at and above the pI (Figure 6).  

Again, the trend with extrusion diameter 

was spotted. The increase in size for 50 nm-

extruded particles was much more subtle 

than for the 100 nm ones. The PDI was af-

fected more intensely, but again, NICL 100 

nm ones to a much lesser extent than the lat-

ter. However, the SEM of the PDI was wid-

ened more for samples extruded through 50 

nm than through 100 nm (Figure 6 bottom).  

DLS results agreed with visual observa-

tions. Sample dilutions from pH 2 to 8 were 

clear, while from pH 9 to 11 the systems be-

came instantly turbid upon dilution. As ex-

pected, CTSLs and ATSLs answered to pH 

changes in opposite fashions (Figure SI 5).  

Interestingly, a subtle increase of SEM in 

the PDI is observed for NICL10-50 at lower 

pHs. It might be related to lipid hydrolysis 

and the formation of small micelles and/or 

larger aggregate. Oxidation, on the other 

hand, is less likely since the lipids used here 

have saturated alkyl chains and the temper-

ature was mild (RT) [23]. One way to check 

the hydrolysis hypothesis is by looking for the 

lysolipid and fatty acid pairs in a sample an-

alyzed by HPLC-CAD at different pHs. 

When observing individual DLS results at 

pH ≥ 9, the formation of both smaller and 

 

Figure 6. Effect of pH on ZP (above) and size (below) for NICL10-50 and NICL10-100. Fitting the ZP val-

ues to the eHH yielded the pKa values and respective R2 on the table (upper right). *n=1 for 200 nm. 
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larger populations of particles was observed, 

at the spent of reducing the population 

around 100 nm (Figure SI 4). On one hand, 

it could be a sign that the mechanism of size 

increasing is coalescence. On the other hand, 

it could be that some lipids are hydrolyzing 

and there was a formation – transiently or not 

– of lysolipid and/or fatty acids micelles. 

ZP values were fitted to the eHH, with the 

mid-height between upper and lower Y-plat-

eaus graphically representing CTSL’s pKa. 

These varied from 7.60 to 8.20 depending 

both on NICL mol% and extrusion diameter. 

The correlation coefficient R2 was larger than 

0.9 for all the curves supporting the consid-

eration of the obtained pKa values. Compar-

ing the two plots, one can see that the higher 

NICL mol% yielded a wider yet more clearly 

defined titration curve (Figure 6 top). 

3.5. NICL-CTSL bind to tumor cells in 

vitro better than ATSL.  

 As illustrated in Figure 7, NBD-labelled 

CTSLs (green) are localized mainly on the tu-

mor cell surfaces. The intensity of the signal 

correlated with NICL mol%, confirming the 

assumption that CTSLs with higher ZP would 

 

Figure 7. Live cell fluorescence microscopy bright field (top) and RGB merged pictures (bottom) for B16 

cells treated with different unloaded NBD-labelled CTSL formulations. Scale bar = 50 µm. 

NICL20-50 NICL30-50NICL10-50
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bind more intensely to the negatively charged 

surface of tumor cells. Lysotracker (red) 

stains acidic organelles, chiefly lysosomes. 

Orange appears upon red and green overlay, 

which can be interpreted as internalization of 

the labeled nanoparticles. This was seldom 

spotted on all the three CTSLs, but relatively 

more noticeable for cells treated with 

NICL20-50. Co-localization with the Höchst-

stained (blue) nuclei was observed in none of 

the cases. This was expected since liposomes 

may disassemble when internalized (e.g., by 

lysosomal activity) or fused with the cell 

membrane.  

 The observations and comments so far 

are in accordance with the controls shown in 

Figure 8. To assess the effect of surface 

charge, neutral, TSLs extruded at 50 nm 

(0TSL-50) were prepared using DPPC/DSPC 

with an 8:2 molar ratio. Due to a ZP close to 

0 mV, there is not enough electrostatic repul-

sion between particles, so they tend to ag-

gregate. It is expected that larger particles 

sedimented quickly and mechanically depos-

ited on top of the cells or the surface of the 

 

Figure 8. Live cell fluorescence microscopy bright field (top) and RGB merged pictures (bottom) for B16 

cells treated with different unloaded NBD-labelled TSLs or DMEM (control). Scale bar = 50 µm. 

ATSL-500TSL-50 DMEM
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slide. The latter could be responsible for the 

observed dotted pattern.  

 ATSLs here were expected to interact less 

intensely with the negatively charged cancer 

cell surfaces, hence the absence of green in 

this control. The ATSLs have mostly been 

washed away during the staining procedure. 

It is in good agreement with a previous ex-

periment by Petrini et al, who showed that 

DPPG2-based CTSLs live targets tumor and 

endothelial cells more than DPPG2-based 

ATSLs [5]. The shorter time of incubation 

here (30 min against 60) and the different 

cell lines (B16 against B175 and HUVEC) 

could potentially explain the ATSL control. 

 Experiments with cells incubated with 

non-containing liposomes cell culture media 

promoted no visible NBD signal (green), as 

expected. Comparing Figures 7 and 8, one 

can see that CTSLs promoted better adher-

ence to tumor cell membranes than ATSLs. 

Being much less retained made the signal 

very weak for the latter, getting barely no-

ticeable in the merged picture. 

 

4. DISCUSSION 

CF has been used to study the payload re-

lease from TSLs since the pioneering work by 

Yatvin [12]. Its convenient physicochemical 

properties, particularly its fluorescence, 

make it an overall good drug model [24]. At 

high concentrations, it is dark red and barely 

fluorescent in an aqueous solution due to 

self-quenching. Upon dilution, which happens 

during CF-release, it is bright green and 

highly fluorescent [19,24].  

Here, the 100 mM CF pH 7.2 was observed 

as a dark red clear solution. Upon dispersion 

of the lipid film, it turned into a milky dark 

red suspension visually resembling blood. Af-

ter purified by SEC, the liposome suspensions 

had a homogenously turbid orange look, like 

orange juice. CF was self-quenched up to 

here. After incubating the liposomes with Tri-

ton, a clear bright green solution was formed 

due to CF dequenching upon dilution.  

It is interesting to point out that despite 

having suboptimal DLS characteristics, the 5 

min TDR of the 5 mol% NICL samples was 

very similar to the 10 mol% ones (Figure 3). 

The DSC results in Figure 5 indeed showed 

that NICL5 has a better-defined Tm, which 

correlates with the steeper and higher CF-re-

lease on TDR. However, considering that DLS 

results suggest that these formulations are 

prone to aggregation, it might simply be a 

feature of larger vesicles. 

Mouritsen (2011) reviewed the concept of 

curvature in lipid assemblies in the context of 

drug delivery and nanomedicine. Lipids differ 

from the other biomacromolecules (carbohy-

drates, proteins, and nucleic acids) for not 

being polymers in natural conditions. Con-

cerning vesicles like liposomes, the intrinsic 

curvature stress of the membrane and its 

tendency to form curved shapes implies en-

tropic instability. In fact, the lateral stress- or 

pressure profile of liposomes contributes to 

the explanation of the drug release mecha-

nism. The association of proteins to the lipid 

membrane surface also modulates its physi-

cochemical behavior [25]. Here, it was shown 

that proteins from FCS are crucial for the 

thermal-induced CF-release. The thermal ex-

periments altogether suggest that smaller 

TSLs are more prone to release their payload. 

This feature is enhanced upon heat stimulus 

for bringing the system to a less stable state 

at the Tm. It potentially relates to the relative 
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surface curvature, which is inversely propor-

tional to the particle radius. This was already 

observed for ATSLs in previous studies [13] 

and it can be seen in Figure 2 here.  

Baptista et al showed that CF-loaded soy 

lecithin liposomes are sensitive to external 

pH. They found that the dye release to be 

much faster in acidic than in basic conditions 

[26]. The zeta-titration experiments sug-

gested that the PDI increase in acidic pHs 

could be related to a change in the distribu-

tion of size populations, meaning that CF 

could eventually be released during reassem-

bling of the TSLs (Figure 6). Notwithstand-

ing, it could also mean drug delivery in a 

therapeutic scenario since the liposome 

would still release their payload in an acidic 

tumor environment – especially if internal-

ized into lysosomes.  

The lipid nanoparticles (LNP) developed by 

Carrasco et al are designed to be taken up by 

endocytosis and fuse with lysosomal mem-

branes to release their payload intracellu-

larly, similarly to the COVID-19 mRNA vac-

cines. Thus, the target pKa for their LNPs is 

between 6 and 7 in the anionic fluorescent 

dye 2-(p-toluidino)-6-naphthalenesulfonic 

acid (TNS) binding assay, which is ~0.7 units 

lower than the ZP one. Their pIs ranged from 

5.4 to 6.6 [21]. From Figure 6 one can see 

that the NICL-based CTSLs had higher pKa 

values (7.6 to 8.2) and pI (~9.0), which can 

be appropriate for intravascular heat-trig-

gered drug release. The CTSLs here have 

higher ZP at physiological pH, as shown in 

Figure 2. This could be forecasted as better 

stability in circulation, up until it reaches the 

mild HT zone, which is demonstrated in Fig-

ure 3. Then, according to Figure 4, the burst 

release is achieved within seconds. Clearly, 

further in vivo experiments are needed to 

confirm the assumptions derived from these 

initial observations. 

The live-cell fluorescence microscopy re-

sults agreed with previous reports on CTSLs 

[5,18,20]. The higher the NICL mol% the 

higher the biding, as expected. Bleaching, 

however, showed to be a serious issue during 

image acquisition. And it is more significant 

for the formulations that interacted the less. 

Hence, quantitative conclusions cannot be 

drawn, but the main trend was spotted. 

Considering all the results together, the 

formulation with 10 mol% NICL extruded 

through 50 nm exhibited the best features af-

ter the characterization. Short-term stability 

studies would be the next step to follow up 

with this formulation. 

  

5. CONCLUSIONS AND PERSPECTIVES 

Here it is shown that NICL can successfully 

be used to manufacture CF-loaded CTSL. The 

results showed that the extrusion pore filter 

size and NICL mol% are critical process pa-

rameters. The former mostly affects colloidal 

stability and release-ability, while the latter 

also directly impacts CTSLs surface charge 

(ZP, hence colloidal stability), temperature- 

and time-dependent release profiles, Tm, and 

pKa. Results also strongly point out the inter-

play between the two parameters.  

The pKa of NICL-based CTSL ranged from 

7 to 8 depending on NICL mol% and overall 

did not seem to be affected by extrusion size. 

Further in vitro studies including a TNS-bind-

ing assay are on the outlook to improve the 

understanding of the pH-responsiveness of 

these novel CTSLs. 

Live-cell fluorescence microscopy showed 

the ability of NICL-based CTSLs to bind to 
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negatively charged B16 melanoma cells. It 

agrees with previous reports and raises the 

hypothesis that these formulations could in-

crease the retention of the formulation in tu-

mor sites, which possibly can contribute to 

increasing local drug delivery.  

Amongst the investigated formulations, 

the one with 10 mol% NICL extruded through 

50 nm showed the best compromise between 

colloidal stability, liposomal yield, EE, re-

lease-ability, and temperature- and pH-re-

sponsiveness. Next, quantitative cell-binding 

experiments such as FACS and in vivo testing 

of dye delivery would follow up.  
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8. SUPPLEMENTARY INFORMATION 

The lipid content deviated slightly from the 

nominal values in the planned formulations 

(Figure SI 1), but still in acceptable ranges. 

For NICL5 samples, the standard absence 

and the low CAD signal combined could 

explain NICL overestimation. DPPG2 values 

were consistent and reproducible, besides 

being more precisely determined due to 

standard availability. 

 

Figure SI 1. Deviation from nominal values in the 

lipid composition for the stable formulations after 

extrusion. The red dotted line marks the 100% 

referential. The red and orange shaded areas 

represent ± 10 and 20% respectively. 

Despite sedimenting, vortexing recovers 

the fresh aspect of the formulations. As a 

representative example in Figure SI 2, 

pictures of a NICL10-50 before and after 

vortexing and relevant DLS data are shown. 

Notice the dark orange sediment at the 

bottom and the light clear bright orange 

supernatant at the top turning back into the 

homogenous milky orange suspension. The 

size distribution by intensity of a NICL10-100 

sample is also shown (Figure SI 2). 

 

Sample Size (nm) PDI 

Fresh 82.90 0.146 

Sediment 107.4 0.194 

Supernatant 64.53 0.053 

Vortexed 84.35 0.174 
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Figure SI 2. Visual aspect of a NICL10-50 stored 

overnight at 4 °C (upper left) and after being 

shortly vortexed (upper middle) and Size and PDI 

values for the sediment, supernatant, and vor-

texed sample, compared to the fresh one (upper 

right). Size distribution by intensity of a fresh 

NICL10-100, its sediment, its supernatant, and af-

ter vortexing it (bottom). 

The peak temperature between heating 

and cooling events on DSC was noticeably 

different for NICL100. At the same time, the 

profile is clear and narrow (Figure SI 3). 

 
Figure SI 3. Heating (above) and cooling (below) 

phases of the thermogram for NICL-100 on DSC. 
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The DLS results suggest that the CTSLs 

coalesce at high pH values, as there is the 

simultaneous formation of populations with 

larger and smaller sizes (Figure SI 4). 

Stressing that the distribution is by intensity, 

larger populations might be overestimated. 
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Figure SI 4. Formation of smaller and larger 

peaks on DLS for different NICL10-100 sample at 

pH 10 and 11, suggesting coalescence as the 

mechanism of particle size increase. 

ATSL pKa could not be determined by 

zeta-titration because it is beyond the range 

of the buffers (Figure SI 5). 

 

Figure SI 5. ZP (above), Size, and PDI (below) of 

ATSLs during zeta-titration. 

The upper plateau could not be probed. 

Nonetheless, an opposite behavior as 

compared to CTSLs was observed. Its ZP 

oscillates between -25 and -30 mV from pH 

11 down to pH 4. At pH 3, it starts to increase 

above this range while clear aggregation is 

observed at pH 2 only. 


