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Abstract 

The phase inversion temperature method is one of the formulation processes to elaborate 

nanomedicine based on lipid nanoparticles. This process was used in numerous studies in 

literature, changing the nature of the ingredients to ensure good encapsulation efficiencies of 

various drugs. While the product quality attributes to develop various nanomedicines were 

largely explored, the process parameters remained unchanged from the first lipid 

nanoparticles designed with this process 25 years ago. It is always composed of 3 temperature 

cycles and a fast addition of cold water, creating an “irreversible shock” to obtain the lipid 

nanoparticle in suspensions. To date, the exact roles of these 2 steps remain unclear.  We 

decided to explore their impact by changing the number of temperature cycles and by 

modifying the final addition of water (temperature, salinity, with or without). Using these 

various conditions, the size distribution and stability, the capacity of encapsulation and the 

cytotoxic property of the lipid nanoparticles were compared. It demonstrated the 

indispensableness of these parameters: at least 1 temperature cycle and rapid cooling and 

dilution of the mixture, to obtain the most performant nano-systems.  



1. Introduction 

Lipid nanoparticles (LNP), one of the nanovectors used for many years in attempts to develop 

nanomedicine, have seen renewed interest with the COVID-19 pandemic and the successful 

clinical development of mRNA vaccines [1]. Numerous manufacturing processes are reported 

in the literature, both batch processes such as the self-nanoemulsifying drug delivery systems 

[2], and continuous processes using microfluidic systems [3]. 

One of the batch formulation processes used to develop LNP is based on the phase-inversion 

temperature (PIT) method first described in the late sixties by Shinoda et al. [4]. Heurtault et 

al. adapted this concept to develop LNP based on an oily core surrounded by a mixed layer of 

lecithins and a pegylated surfactant, and patented the process [5-7]. Basically, under magnetic 

stirring, three cycles of progressive heating and cooling are performed, between 65 and 95°C, 

on the mixture of three main components: oil (initially Labrafac® WL1349), non-ionic 

surfactants (initially Lipoid® S75-3 and Kolliphor® HS-15), and salted water. High conductivity 

values were obtained at low temperature corresponding to an aqueous continuous phase: an 

oil-in-water (o/w) emulsion while at high temperature, low conductivity values (close to 0 

mS/cm) were obtained meaning that the continuous phase is the oil, so a water-in-oil (w/o) 

emulsion. This phase inversion was defined in a temperature range, a phase inversion zone 

(PIZ), corresponding to a micro-emulsion state, where no dispersed and continuous phase can 

be observed [5]. During the last cooling, in the PIZ (about 75°C using the initial components), 

a rapid addition of cold (4°C) pure water is operated. In the patent and the first publications 

regarding the LNP formulation process, the role the water addition is confused. The authors 

defined the operation as a dilution process that breaks off the microemulsion state, leading 

to an irreversible shock and the LNP formation [5-7]. Depending on the proportion of oil and 

non-ionic surfactants, the LNP size can be controlled (hydrodynamic diameter range from 25 

to 100 nm), with a very narrow size distribution. These LNP characteristics are very well 

controlled with this solvent-free, soft-energy method, and a good stability profile in an 

aqueous environment for up to 18 months was maintained [5-7].  

Over the past two decades, the LNP were extensively used as nanomedicines for various pre-

clinical applications: cancer (liver, lung, brain), inner ear therapies, drug oral administration, 

etc. The surfactant monolayer structure and the oily core of LNP allowed amphiphilic and 

lipophilic drugs, respectively, to be easily incorporated inside the nanocarriers. So a large 



variety of drugs have been loaded in LNP such as amiodarone [8], ibuprofen [9], indinavir [10], 

etoposide [11], paclitaxel [12-16], tripentone [17], Sn38 [18], Rhenium complex [19, 20], 

derivatives of 4-hydroxy tamoxifen combined with ferrocene [21-24], cannabidiol [25], 

albendazole [26], amphiphilic-modified 5-FU [27], amphiphilic modified gemcitabine [28-30]. 

Moreover, iron oxide [31], fluorinated molecules [32], or electron paramagnetic resonance 

probes [33], were encapsulated in LNP to visualize their distribution or assess oxygenation 

after in vivo administration. Finally, biological systems were loaded or adsorbed in the core or 

at the surface, respectively, of LNP such as targeting peptides [34,35], antimicrobial peptides 

[36,37], DNA [38,39], and siRNA [40-43].    

For this purpose, the formulation was modified in terms of components to perform these 

drug-loaded LNP depending on the drug properties such as the solubility in the oil core and 

the capacity to be adsorbed at the LNP surface. For example, Labrafac® WL1349 was replaced 

by Captex® 8000 to ensure a better paclitaxel or albendazole encapsulation rate [12-16, 26], 

or by Ethyl Oleate® leading to higher loading of iron oxide [31]. Using the classical 

components, Cholesterol, Span® 80, glycerol monolaurate or a mixture of 1,2‐dioleoyl‐sn‐

glycero‐3‐phosphoethanolamine (DOPE) / 1,2‐dioleoyl‐3‐trimethylammoniumpropane 

(DOTAP) was added to improve the encapsulation rate of idinavir [10], amphiphilic modified 

gemcitabine and 5-FU [27-30], antimicrobial peptides [36,37], or nucleic acid materials [24, 

38, 39, 42]. Complexes of DNA were encapsulated in LNP using an additional surfactant: oleic 

plurol® with Kolliphor® HS-15 and permitted an incorporation of DNA complex inside LNP at 

moderate temperature, without affecting the biological effect [38,39]. In addition, Béduneau 

et al. replaced Kolliphor® HS-15 with DUB SPEG 30S®: a surfactant with a longer PEG chain, to 

improve their furtivity in the systemic circulation [44]. To load Sn38, Roger et al. totally 

modified the formulation components with the use of Transcutol® HP as surfactant and 

Labrafil® M 1944 CS as oil since the drug is not soluble in Labrafac® WL1349 [18].  

The only common features of this non-exhaustive list of drug-loaded LNP are the formulation 

steps when using the phase inversion process. Whatever the component modifications, the 

protocol always consisted of temperature cycles (usually 3 cycles, although some studies have 

modified this number [45]) around the microemulsion state, followed by the irreversible shock 

by the rapid dilution with an aqueous phase (containing additives or not) at the ZIP 

temperature usually.  



In this study, the role and the importance of the number of temperature cycles as well as the 

rapid cold dilution with pure water were shown and a simplified PIT method was defined. 

Using the standard compounds: Labrafac® WL1349, Lipoid® S75-3 and Kolliphor® HS-15, four 

LNP sizes with hydrodynamic diameters of 25, 50, 75 and 100 nm were studied. The various 

batches of LNP performed with classic and simplified formulation protocols were compared in 

terms of size distribution, stability, capacity for the encapsulation of model molecules, 

cytotoxic behavior and the presence of nano-impurities (such as surfactant micelles). All these 

experiments led to new advances in the comprehension about the phase inversion 

temperature method and the importance of the irreversible shock. 

 

2. Material and Methods 

2.1. LNP formulation 

The amounts of Labrafac® WL 1349 (Lab) (triglycerides of caprylic and capric acids) (Gattefossé 

S.A., Saint-Priest, France) (oil phase); water (Milli-Q plus® system, Millipore, Billerica, MA, 

USA) and NaCl (Sigma–Aldrich, Saint-Quentin-Fallavier, France) (aqueous phase); and 

Kolliphor® HS 15 (Kol) (mixture of free polyethylene glycol 660 and polyethylene glycol 660 

hydroxystearate) (BASF, Ludwigshafen, Germany) and Lipoïd® S75-3 (Lip) (soybean lecithin: 

mainly phosphatidylcholine (69%) and phosphatidylethanolamine (10%)) (Lipoïd GmbH, 

Ludwigshafen, Germany) (surfactants) were precisely weighted ( 2 mg).  

i) For 25-nm diameter LNP (LNP25): mLab = 0.568 g, mKol = 1.299 g, mLip = 0.050 g, 

mWater = 3.022 g and mNaCl = 0.089 g;  

ii) for 50-nm diameter LNP (LNP50): mLab = 1.028 g, mKol = 0.846 g, mLip = 0.075 g, 

mWater = 2.962 g and mNaCl = 0.089 g;  

iii) for 75-nm diameter LNP (LNP75): mLab = 1.150 g, mKol = 0.730 g, mLip = 0.075 g, 

mWater = 2.956 g and mNaCl = 0.089 g; and  

iv) for 100-nm diameter LNP (LNP100): mLab = 1.209 g, mKol = 0.484 g, mLip = 0.075 g, 

mWater = 3.143 g and mNaCl = 0.089 g.  

For the standard formulation process, the mixtures were heated to 90°C (about 3°C/min) 

under stirring followed by cooling at the same rate to 50°C. For the standard process, three 



successive cycles were performed and during the last cooling, when the temperature of the 

mixture was in the PIZ (about 75°C), 10 mL of cold (4°C) water was added under stirring.  

Other formulation processes were also performed for the LNP50-based mixture. One or 2 

successive temperature cycles were performed under stirring, followed by the addition of 10-

mL, cold water in the PIZ during the last cooling. Also, 3 successive temperature cycles were 

performed under stirring, followed by the addition of 10-mL, cold (4°C) water during the last 

cooling when the temperature of the mixture was at 90, 50 or 20°C. Finally, 3 successive 

temperature cycles were performed under stirring followed by the addition of 10-mL, hot 

(90°C) or cold and salted (4°C and NaCl 30 mg/mL) or hot and salted (90°C and NaCl 30 mg/mL) 

water, in the PIZ during the last cooling. 

Finally, a simplified formulation process was performed using LNP25, LNP50, LNP75 and 

LNP100-based mixtures. It consisted of only one temperature cycle from room temperature 

to 90°C, at about 3°C/min under stirring, followed to the return to room temperature, without 

addition of the final water in the PIZ. Ten mL of water were added at the end of the simplified 

process to have the same LNP concentration as the other LNP suspensions obtained with the 

standard and the modified processes. 

The LNP suspensions (LNPX Std. and LNPX Smp. for the standard and the simplified processes, 

respectively, with X = 25, 50, 75 and 100; and all the LNP50 obtained with the modified 

processes) were only purified using filtration through a 0.45-μm Merck Millex™ filter (Thermo 

Fisher Scientific) and stored at 4°C before use. 

 

2.2. Conductivity measurements  

The conductivity of the mixtures was studied during the last temperature cooling, under 

stirring, using a conductimeter Consort C561 (Consort nv, Turnhout, Belgium) equipped with 

a conductivity cell K10/Pt1000 (Thermo Fisher Scientific) for the standard process, and the 

process with the addition of hot and salted (90°C and NaCl 30 mg/mL) water, for the LNP50-

based formulation. Moreover, after these 2 processes, the conductivity of the LNP50 

suspensions was measured again increasing the temperature. 

 



2.3. Study of LNP batches mixtures 

LNP25, LNP50 and LNP100 suspensions obtained with the standard process were mixed with 

a ratio LNP25/LNP50 of 10/1 (v/v) and LNP25/LNP100 of 20/1 (v/v). NaCl was added in each 

mixture to reach a concentration of 30 mg/mL, and one temperature cycle was performed 

until 90°C, at about 3°C/min under stirring, followed to the return to room temperature. 

Moreover, 2 mixtures were prepared, precisely weighting all the ingredients.  

i) For Mix1, mLab = 0.609 g, mKol = 1.256 g, mLip = 0.052 g, mWater = 12.994 g and       

mNaCl = 0.045 g.  

ii) For Mix2, mLab = 0.598 g, mKol = 1.258 g, mLip = 0.051 g, mWater = 13.005 g and       

mNaCl = 0.45 g.  

Mix1 and Mix2 corresponded to all the ingredients of the mixtures LNP25/LNP50 10/1 (v/v) 

and LNP25/LNP100 20/1 (v/v), respectively, before formulation. One temperature cycle (from 

room temperature to 90°C, at about 3°C/min under stirring, followed to the return to room 

temperature), without addition of the final water in the PIZ, was done for Mix1 and Mix2. 

 

2.4. Size distribution measurements 

The hydrodynamic diameter (Z-ave and intensity size distribution), the polydispersity index 

(PdI) and the derived count rate (DCR) for the LNP batches or LNP mixtures (see part 2.3.) were 

determined at 25°C using a Zetasizer® Nano ZS (Malvern Panalytical Ltd., Worcestershire, UK). 

The instrument is equipped with a 4 mW Helium–Neon laser, with an output wavelength of 

633 nm, and a scatter angle fixed at 173°. The LNP suspensions after the various formation 

processes were diluted by a factor of 60 (v/v) with pure water, and the correlation functions 

were fitted using an exponential fit (Cumulant approach) for Z-ave and PdI determinations. 

Moreover, the DCR measurements were performed to confirm the presence of LNP in 

suspensions before and after centrifugation (see part 2.5.). Regarding the mixtures of LNP 

suspensions, LNP25/LNP50 and LNP25/LNP100 were diluted by a factor 10 and 6 (v/v) with 

pure water, respectively, before the measurements, and the correlation functions for the LNP 

batches mixtures were fitted using the CONTIN model to evaluate the intensity size 

distributions.  



 

2.5. Encapsulation stability assay of model molecules 

Fluorescent dyes were used as model molecules. To obtain fluorescent-labeled LNP, the 

various dyes were dissolved in Lab, at concentration of 1 mg/g for both Nile Red (NR) (Sigma–

Aldrich) and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) 

(Thermo Fisher Scientific, Illkirch-Graffenstaden, France), prior to perform the standard or 

simplified formulation process for the LNP25, LNP50 and LNP75-based mixtures. The LNP 

suspensions were mixed with Lab as a lipophilic external compartment (EC), with the ratio Lab 

in EC / Lab in LNP of 2 and 5 (w/w). The mixtures were vortexed during 15 sec at room 

temperature, then centrifuged (1,500 g, 30 min). Once complete separation was obtained, the 

DCR values of the aqueous LNP suspension phase were measured (see part 2.4.). Moreover, 

the fluorescence intensities were measured on both LNP suspensions and EC phases, using a 

microplate reader CLARIOstar Plus (BMG Labtech SARL, Champigny-sur-Marne, France), with 

adequate excitation and emission wavelength couples (λex–λem), i.e. 515-590 and 544-590 

nm for NR and DiI, respectively. Titration curves with dye-loaded LNP and dye solubilized in 

EC (determination coefficient higher than 0.99) were performed before evaluating the 

concentration of dyes in each phase after the encapsulation stability assay. 

 

2.6. F98 and GL261 glioblastoma cell line cultures and viability assays 

The F98 and GL261 glioblastoma cell lines (ATCC, Manasas, VA, USA) were grown in Dulbecco's 

Modified Eagle's medium (DMEM) high glucose (Sigma-Aldrich) supplemented with 10 % fetal 

bovine serum (Biowest, Nuaillé, France), 1 % antibiotics (10 units of penicillin, 10 mg of 

streptomycin, Biowest). Cell lines were cultured according to ATCC protocol and maintained 

at 37°C in a humidified atmosphere with 5% CO2. 

Glioblastoma cells were seeded onto 96-well plates at a density of 5 x 104 cells/well and pre-

cultured overnight. The cells were treated with LNP suspensions (LNP25, LNP50 or LNP75 

obtained with standard or simplified processes) at concentrations ranging from 0.03 to 30 

mg/mL for 24 h. After removing the LNP, the viability assays were performed using resazurin 

(Sigma-Aldrich). Briefly, 100 µL of medium and 20 µL of the resazurin solution (0.15 mg/mL in 

water) were added in each well and the plates were incubated à 37°C for 3.5 h, in a humidified 



atmosphere with 5% CO2. Then the fluorescence intensities of the wells were measured using 

a microplate reader CLARIOstar Plus, with an adequate excitation and emission wavelength 

couple (λex–λem), i.e. 560-590 nm. The cell viability percentage was calculated as followed:  

Cell viability (%) =
ILNP−treated cells − Iwithout cell 

Inon−treated cells − Iwithout cell
× 100 

with ILNP-treated cells the fluorescence intensity of the LNP-treated cells, Inon-treated cells the 

fluorescence intensity of the non-treated cells and Iwithout cells the fluorescence of empty wells. 

 

 2.7. Diffusometry by Nuclear Magnetic Resonance (NMR) spectroscopy 

Deuterated water (D2O) (Sigma–Aldrich) was added in non-loaded or NR-loaded or DiI-loaded 

LNP50 Std. and LNP50 Smp. suspensions with a ratio 1/9 (v/v) for frequency locking purpose. 

1H NMR pulsed field gradient acquisition, also called diffusion-ordered spectroscopy (DOSY), 

was performed at 25°C with a 500 MHz AVANCE III HD spectrometer (Bruker, Wissembourg, 

France) equipped with a 5 mm-Broadband Observe probe at the ASTRAL NMR core facility 

from Angers University. Diffusion experiments were performed using the stimulated echo 

sequence with longitudinal Eddy current delay (LED), ledgp2s. A series of spectra was acquired 

with increasing diffusion weighting created by two diffusion magnetic field gradient pulses 

with increasing intensities, inducing a signal attenuation that depends upon the diffusion 

coefficients D of the different species that contribute to the signal). When several diffusing 

species are present, this decay is described by an multiexponential equation of the form: S(b) 

= f(D)  exp(-Db)  dD where b is called the diffusion-weighted factor and f(D) the distribution 

function. b is expressed as:  b = 2  g2  2  (-/3), with  the gyromagnetic ratio, g the gradient 

intensity,  the gradient duration and  the separation between the two gradient lobes 

corresponding to the diffusion observation time. The acquisition parameters were chosen as 

already described to optimally evaluate diffusion coefficients of all the species present in the 

mixture while minimizing the relaxation times impact on contribution quantification [46]. The 

diffusion time  was 400 ms, the diffusion gradient duration  was 20 ms 

(bmax=1178309s/mm²), the gradient shape ramp was linear with 128 steps and the number of 

averages was 8. The gradient magnitude ranged from 2 to 95% of the maximum gradient 

intensity (50 G/cm). The whole dataset signal was analyzed using the multivariate SCORE 



algorithm from the DOSYToolbox to decompose it into a set of component spectra with 

associated apparent diffusion coefficients and contributions of each component to the total 

signal [47, 48].  

 

2.9. Statistical analysis 

The statistical analysis of the data was performed using non-parametric tests Mann-Whitney 

(2 groups) or Kruskal-Wallis followed by Dunn's post-hoc test for pairwise comparisons when 

necessary (more than 2 groups). Significant differences were considered for p-value lower 

than 0.05.  

 

3. Results and discussion 

3.1. Size distribution of LNP in suspension obtained with standard process vs modified and 

simplified ones 

To design LNP in suspension, the formulation protocol based on a PIT method is particularly 

appealing because considered as a free organic solvent, soft-energy method [5, 6]. Referring 

to Heuthault’s patent [7], the standard process consisted of 3 temperature cycles from 50 to 

90°C operated on the initial mixture of all the components (surfactants: Kol and Lip, oil: Lab 

and aqueous phases: NaCl and Water) (Figure 1A). These temperature cycles allow to pass 

from an oil-in-water emulsion at low temperature to a water-in-oil emulsion at high 

temperature, with an intermediate PIZ, as illustrated with the conductivity profile with high 

conductivity values (about 20mS/cm) and conductivity values close to 0 mS/cm at low and 

high temperatures, respectively (Figure 1B), as already described [5]. This phase inversion is 

possible thanks to Kol, a hydrophilic PEGylated non-ionic surfactant, whose HLB value 

decreases when both temperature and salinity are increased [49], with the cloud point in 

aqueous solution also observed for other PEGylated surfactants [50]. The cycles are followed 

by a rapid addition of cold deionized water during the last cooling at the PIZ temperature 

(about 75°C). After this step considered as a “shock and irreversible” action as described in 

the patent [7], the suspensions quickly reach a conductivity value close to 5 mS/cm, with the 

disappearance of the phase inversion phenomenon since the conductivity profile no longer 



changes with increasing temperature. This “shock and irreversible” action is also a dilution 

step and the NaCl concentration is too low (about 7 mg/mL) to allow the phase inversion (PIZ 

occurs at temperature higher than 100°C) [5]. This process was then considered irreversible 

and led to LNP suspensions with controlled hydrodynamic diameter with a very narrow size 

distribution (usually PdI values lower than 0.1). LNP50 suspensions can be obtained after the 

standard formation process with Z-Ave and PdI values of 54  1 nm and 0.05  0.02 (Figure 

1C). Nevertheless, various formulation parameters can be controlled during this process: the 

number of temperature cycles, the temperature of the suspension when the “shock” step was 

operated, and the nature of the water added during this “shock and irreversible” step.   

The role of the number of temperature cycles was scarcely studied in the literature. The 

standard formation process was modified by reducing the number of temperature cycles to 2 

and 1, and maintaining constant the other formulation parameters (Figure 1A). Considering 

conductivity profiles as representative of the formulation pathway, the latter is not 

fundamentally altered by the number of cycles. As expected, alternating high and low 

conductivities are observed during the temperature cycles, separated by the PIZ transition. 

Upon the “shock” step, whatever the number of cycles, a rapid change of conductivity profile 

curves was observed between 75°C and room temperature, with a PIZ shifted towards higher 

temperatures (Figure 1B). After the cycles-modified formulation processes, LNP suspensions 

were also obtained with Z-Ave and PdI values of 55  3 nm and 0.06  0.02 for 2 temperature 

cycles and 55  2 nm and 0.06  0.02 for 1 temperature cycle, respectively, without significant 

difference compared to the LNP suspension characteristics obtained with the standard 

process (Figure 1C). 

 



 

Figure 1. Effect of the number of temperature cycles during the formulation process on 
the LNP suspension characteristics. A) Diagram of the LNP suspension formulation process 
and formulation pathways according to the number of temperature cycles considered: blue, 
green and red lines for 3, 2 and 1 temperature cycles, respectively (PIZ: phase inversion 
zone). B) Representative conductivity profiles versus temperature during the temperature 
cycles and after the addition of cold deionized water, with the formulation pathways: blue, 
green and red arrows, corresponding to the number of temperature cycles. C) Size 
distributions: Z-ave and PdI values of LNP in suspension, obtained with the standard 
formulation process (3 temperature cycles) and the modified ones (1 and 2 temperature 

cycles) (n = 10; mean  SD). 
 

 

In addition, the role of the temperature of the mixture when cold deionized water is added 

was studied, and the standard formation process was modified focusing on 3 temperatures: 

90, 50 or 20°C, without modifying the other formulation steps (Figure 2A). The formulation 

pathway is not fundamentally modified when water is added at 90°C. There is a rapid change 

of conductivity profile curves from 90°C to room temperature and a rapid crossing of the PIZ 

since it is moved towards higher temperatures (Figure 2B). When cold water was added at 

90°C, a temperature outside and higher than the standard PIZ one (about 75°C), LNP 

suspensions were obtained with a size distribution comparable to LNP obtained with the 

standard process: Z-Ave and PdI values of 54  1 nm and 0.06  0.02, respectively (Figure 2C). 

For the other temperatures: 50 and 20°C, the formulation pathway is now totally different: 



the rapid change of conductivity profile curves is done after the PIZ is slowly crossed during 

the last temperature cycle (Figure 2B). When cold water was added outside the PIZ but at 

temperature lower than the standard PIZ one, LNP suspensions were also obtained with a 

slight but significant increase in size distribution (both for Z-Ave and PdI values). Z-Ave and PdI 

values were 68  4 nm (p < 0.0001) and 0.10  0.01 (p < 0.0001) (“shock and irreversible” step 

at 50°C), and 64  3 nm (p = 0.0025) and 0.08  0.02 (p = 0.0017) (“shock and irreversible” 

step at 20°C), respectively (Figure 2C). So, the change in the formulation pathway appears to 

impact the size distribution of the LNP in suspension. 

 

 

Figure 2. Effect of the temperature of the mixture when the “shock and irreversible” step 
was operated during the formulation process on the LNP suspension characteristics. A) 
Diagram of the LNP suspension formulation process and formulation pathways according to 
the considered temperature of the suspension when the “shock” step was operated: green, 
blue, red and purple lines for 90, 75, 50 and 20°C, respectively (PIZ: phase inversion zone). 
B) Representative conductivity profiles versus temperature during the temperature cycles 
and after the addition of cold deionized water, with the formulation pathways: green, blue, 
red and purple arrows, corresponding to the temperature of the mixture when the “shock” 
step was operated. C) Size distributions: Z-ave and PdI values of LNP in suspension, obtained 
with the standard formulation process in blue (cold deionized water added at 75°C) and the 
modified ones (cold deionized water added at 90, 50 and 20°C in green, red and purple 

respectively) (n = 10; mean  SD; Z-ave comparison:  p < 0.05; PdI comparison: $ p < 0.05). 
 



 

Finally, the role of the nature of the water added during the “shock and irreversible” step, also 

never studied in literature to our knowledge, was checked. The standard formation process 

was modified using deionized water at 90°C, salted water (NaCl 30 mg/mL) at 4°C or 90°C, 

maintaining unchanged the other formulation parameters (Figure 3C). The formulation 

pathway does not seem fundamentally altered when deionized water at 90°C is added during 

the PIZ. There is a rapid crossing of the PIZ since it is moved towards higher temperatures and 

so a rapid change of conductivity profile curves before to progressively return to room 

temperature (Figure 3B). After this modified process, LNP suspensions were also obtained but 

with a slight and significant increase in size distribution. Z-Ave and PdI values were 66  4 nm 

(p < 0.0001) and 0.07  0.01 (p = 0.0184) (Figure 3C). When NaCl 30 mg/mL solution is added 

during the PIZ (corresponding to the NaCl concentration of the initial mixture), there is a new 

conductivity profile with a slight shift of PIZ to higher temperature due to higher NaCl 

concentration in the final suspension (Figure 3B). The formulation pathway appears to be 

different depending on the temperature of the salted solution. When cold NaCl 30 mg/mL 

solution is added during the PIZ, there is a rapid change of conductivity towards room 

temperature, accompanied with a slight move of PIZ to higher temperature. When hot NaCl 

30 mg/mL solution is added during the PIZ, as the conductivity profile curves is changed, a 

slow crossing this new PIZ is observed during the progressive return to room temperature 

(Figure 3B). The results in LNP size distribution are totally different depending on these 2 last 

modified processes. When cold NaCl 30 mg/mL was added, LNP suspensions were obtained 

with Z-Ave and PdI values of 55  2 nm and 0.05  0.01, without significant difference 

comparing to the LNP suspension characteristics obtained with the standard process. But 

when hot NaCl 30 mg/mL was added, the size distribution of LNP in suspension was slightly 

but significantly increased:  Z-Ave and PdI values of 60  1 nm (p = 0.0025) and 0.07  0.01 (p 

= 0.0017), respectively (Figure 3C). 

 

 

 

 

 

 



 

Figure 3. Effect of the nature of the water added during the “shock and irreversible” step 
during the formulation process on the LNP suspension characteristics. A) Diagram of the 
LNP suspension formulation process and formulation pathways according to the nature of 
the water added during the “shock” step: blue, green, red and purple lines for deionized 
water at 4°C, NaCl 30 mg/mL at 4°C, deionized water at 90°C, and NaCl 30 mg/mL at 90°C, 
respectively (PIZ: phase inversion zone). B) Representative conductivity profiles versus 
temperature during the temperature cycles, after the addition of cold or hot deionized 
water, and after the addition of cold or hot NaCl 30 mg/mL, with the formulation pathways: 
blue, green, and purple arrows, corresponding to the nature of the water added during the 
“shock” step. C) Size distribution: Z-ave and PdI values of LNP in suspension, obtained with 
the standard formulation process (deionized water: w/o NaCl at 4°C) and the modified ones 
(deionized water: w/o NaCl at 90°C, and NaCl 30 mg/mL: w/ NaCl at 4°C or 90°C) (n = 10; 

mean  SD; Z-ave comparison:  p < 0.05; PdI comparison: $ p < 0.05). 
 

 

Some comments and discussions on the formulation process to design LNP in suspension can 

already be validated before going any further. First, the number of temperature cycles has no 

effect on size distribution, and only 1 temperature cycle is needed (Figure 1C). Anton et al. 

explored the outer part of the feasibility diagram originally defined for these LNP ingredients 

by Heurtault et al. [6], investigating other oil-, water- and surfactant-phase compositions [45]. 

They showed that the number of temperature cycles had a direct impact on the final size 

distribution of the LNP when the compositions were outside the initial feasibility diagram. 

Nevertheless, within the feasibility diagram, they also showed that only one single 



temperature cycle seems sufficient and would only serve to blend ingredients perfectly. It 

could also explain why a simple microfluidic device, used at room temperature, based on a oil-

in-water mixture process can be used to design these LNP [51]. Nevertheless, batch processes 

are not totally abandoned [52]. In addition, regarding the results for the modified processes, 

it appears that the combination of both i) a fast return to room temperature, using cold 

aqueous phase for the “shock and irreversible” step, and ii) a fast crossing of PIZ whatever the 

NaCl concentration: 0 or 30mg/mL, leads to LNP suspensions with similar size distribution to 

that of obtained with the standard process (Figure 1C: green, blue and red distributions; 

Figure 2C: green distribution, and Figure 3C: green distribution). The fast return to room 

temperature alone (Figure 2C: red and purple distribution) or the fast crossing of PIZ alone 

(Figure 3C: red distribution) leads to slight but significant increase in Z-ave and PdI values.  

Because the differences in size distribution were not so large considering all the modified 

protocol we studied: less than 15nm in terms of hydrodynamic diameter, with PdI doubled 

but still below 0.1, we decided to simplify the formulation protocol as much as possible. We 

compared the standard protocol: 3 temperature cycles between 50 and 90°C, followed by the 

“shock and irreversible” step with the rapid addition of cold deionized water during the PIZ, 

with the simplified one: 1 temperature cycle between of 50 and 90°C, and no “shock and 

irreversible” step (Figure 4A). To respect the concentration, once at room temperature, the 

LNP suspensions made with the simplified protocol were diluted with the same volume added 

for the “shock and irreversible” step of the standard protocol. Three other LNP size 

distributions were targeted: 25, 75 and 100 mn (LNP25, LNP75 and LNP100, respectively), in 

addition to the previous one: 50 nm (LNP50). Whatever the process used, no major difference 

was observed for the smallest size distributions. For LNP25 and LNP75, no significant 

difference was observed between Z-ave values: 27  1 versus 27  1 nm and 77  3 versus 78 

 3 nm for standard versus simplified process, respectively. For LNP50, a significant but slight 

increase in Z-ave was observed: 54  1 versus 61  2 nm (p < 0.0001) for standard versus 

simplified process, respectively. For these various size distributions, the PdI values were lower 

than 0.1. A large difference between the 2 processes can be observed regarding the LNP100. 

While the standard process led to the expected LNP size distribution: Z-Ave value of 101  5 

nm and PdI value of 0.06  0.01, a large and significant increase in size distribution was 

obtained with the simplified process: Z-Ave value of 138  11 nm (p < 0.0001) and PdI value 



of 0.16  0.07 (p < 0.0001) (Figure 4B). With this last composition, we are at the limit of the 

feasibility diagram described by Heurtault et al. [6]. Design of LNP with monomodal and 

monodisperse size distributions, using lower surfactant compositions or higher oil 

proportions, is impossible using the standard protocol. The number of temperature cycles 

must be increased to improve the size distribution [45], explaining the failure of the simplified 

process for the LNP100-based mixture. But although the size distributions of LNP25, LNP50 

and LNP75 appear similar whatever the formulation process, are there any differences in the 

behavior of these LNP?   

 

 

Figure 4. Effect of the simplified formulation process on the LNP suspension 
characteristics. A) Diagram of the LNP suspension formulation process and formulation 
pathways for the standard process and the simplified one (PIZ: phase inversion zone). B) 
Size distributions: Z-ave and PdI values of LNP in suspension, with various expected 
hydrodynamic diameters: 25, 50, 75 and 100 nm, obtained with the standard formulation 
process (LNP25 or 50 or 75 or 100 Std.) or the simplified one (LNP25 or 50 or 75 or 100 Smp.) 

(n = 10; mean  SD; Z-ave comparison:  p < 0.05; PdI comparison: $ p < 0.05). 
 

 



3.2. Cytotoxicity of LNP obtained with standard process vs simplified one 

The cell viabilities of glioblastoma cells: GL261 and F98 cell lines, were evaluated after 24-h 

treatment with the LNP in suspension. Whatever the size distribution of the LNP: 25, 50 and 

75 nm, and whatever the process for the formulation: the standard or the simplified one, the 

mean of IC50 values were comprised between 1 and 3 mg/mL for GL261 cell line (Figure 5A) 

and between 0.8 and 2 mg/mL for F98 cell lines (Figure 5B). Comparable IC50 values 

characterized by different assays are commonly found for various cell lines, regardless of LNP 

size [53]. Even if significant differences for IC50 values were observed: 2.4  0.4 versus 1.5  

0.6 mg/mL (p = 0.0011) for LNP50 Std. versus LNP50 Smp., and 2.7  0.4 versus 1.9  0.4 mg/mL 

(p = 0.0007) for LNP75 Std. versus LNP75 Smp., both for GL261 cell line; 1.3  0.5 versus 0.9  

0.3 mg/mL (p = 0.0355) for LNP25 Std. versus LNP25 Smp., for F98 cell line, the slight increases 

of toxicity regarding the LNP made with the simplified method is really very weak, and could 

be neglected when cytotoxic drugs will be loaded in LNP. 

 

 

Figure 5. Effect of the formulation process on cell viability. IC50 values (resazurin assay) 
for LNP in suspension, with various expected hydrodynamic diameters: 25, 50 and 75 nm, 
obtained with the standard formulation process (LNP25 or 50 or 75 Std.) or the simplified 
one (LNP25 or 50 or 75 Smp.), after 24-h treatment with glioblastoma cells: A) GL261 and 

B) F98 cell lines (n = 10; mean  SD;  p < 0.05).  
 

 

 



3.3. Encapsulation stability assay of model molecules in LNP obtained with standard process 

vs simplified one 

Two model molecules usually used to tag the LNP: NR and DiI, were loaded in LNP25, LNP50 

and LNP75, implemented with the standard or the simplified process. LNP100 were excluded 

from the stability assay due to the failure of the simplified process for the LNP100-based 

mixture. NR and Dil model molecules have intrinsic lipophilic and amphiphilic properties, 

respectively, that influence their position in the LNP, and therefore their encapsulation 

stabilities [54]. First of all, for each model molecule, the same encapsulation rate was 

considered whatever the process because comparable fluorescence intensities were 

measured (data not shown).  

On the other hand, the size distributions of LNP were modified by the formulation processes. 

A general increase in mean Z-ave values was observed when the simplified method was 

implemented, with a loss of monodispersity of the size distributions. These effects are also 

more pronounced when NR was loaded in LNP in comparison to the other model molecule 

(Figure 6). For instance, the loading of NR in LNP25-based mixture led to an increase of few 

nm of the mean of Z-ave values when using the standard process while there were significant 

increases of the means of both Z-ave (1.4-fold, p < 0.0001) and PdI (2.5-fold, p < 0.0001) values, 

when using the simplified one (Figure 6A).  

  



 

Figure 6. Effect of the formulation process on the model molecule-loaded LNP suspension 
size distributions. Size distributions: Z-ave and PdI values of non-loaded and NR or DiI-
loaded LNP in suspension, with various expected hydrodynamic diameters: 25 (A), 50 (B), 
and 75 nm (C), obtained with the standard formulation process (LNP25 or 50 or 75 Std.) or 

the simplified one (LNP25 or 50 or 75 Smp.) (n = 10; mean  SD; Z-ave comparison:  p < 
0.05; PdI comparison: $ p < 0.05). 



 

Moreover, the loading of NR or DiI in LNP75-based mixture also led to an increase of few nm 

of the mean of Z-ave values when using the standard process while there were significant 

increases of the means of both Z-ave (1.5-fold, p < 0.0001; and 1.3-fold, p = 0.0332) and PdI 

(1.8-fold, p = 0.0003; and 1.6-fold, p = 0.0287) values, when using the simplified one, for NR 

and DiI loadings, respectively (Figure 6C). The same observations were made with the NR and 

DiI loadings in the LNP50-based mixture (Figure 6B).    

As Heurtault et al. describe with their empirical model, these increases in LNP size could be 

due to a partial participation of surfactants in the LNP structure [6]. Indeed, some of these 

surfactants could be mobilized to enable solubilization of lipophilic model molecules within 

process residual micelles in the aqueous phase, and this consequence would be more 

pronounced in the simplified process.  

The stability of loading was studied using a transfer assay already described for these 2 

molecules [54], using an external lipophilic compartment able to create a partition for the 

lipophilic molecules between itself and LNP. As already described, we observed the NR 

proportion in LNP decreased, signing an increased release of NR from LNP to the external 

lipophilic compartment as the volume of the external lipophilic compartment increases 

whatever the formulation process (Figure 7A and C). No difference for NR proportions was 

observed after the transfer assay for LNP25 and LNP50, depending on the formulation process. 

Only for LNP75, the proportion of NR still loaded in LNP after the transfer assay was 

significantly higher when the standard process was used in comparison to the simplified one:  

87  4 % vs 66  2 % (p < 0.0001), respectively, using the lowest volume for the external 

lipophilic compartment (Figure 7A) and 52  3 % vs 37  2 % (p < 0.0001), respectively, using 

the highest volume for the external lipophilic compartment (Figure 7C). Regarding DiI, it 

remained totally loaded in the LNP thanks to its amphiphilic property, whatever the 

formulation process and whatever the volume of the external lipophilic compartment 

involved during the transfer assay (Figure 7B and D), as already reported [52]. 

 

 

 

 



 

Figure 7. Effect of the formulation process on the loading stability of the model molecules 
loaded in LNP. Proportions of NR (A/C) and DiI (B/D) still loaded in LNP with various 
expected hydrodynamic diameters: 25, 50, and 75 nm, obtained with the standard 
formulation process (LNP25 or 50 or 75 Std.) or the simplified one (LNP25 or 50 or 75 Smp.), 
after the loading stability assay, using Lab as external lipophilic compartment (EC) with the 

ratio Lab in EC / Lab in LNP of 2 (A/B) and 5 (w/w) (C/D) (n = 10; mean  SD;  p < 0.05). 
 

 

3.4. Residual micelles in LNP suspensions obtained with standard process vs simplified one 

1H NMR diffusometry, was done to check the presence of residual micelles after the 

formulation processes, with LNP50 Std. and LNP50 Smp., but also with the NR and DiI-loaded 

ones. As already reported for a different LNP [55], three different diffusing species were also 

observed in all the LNP suspensions: i) a fast diffusing one at about 2.4  10-4 mm2/s, 

corresponding to free PEG in the suspension and coming from free PEG in commercial Kol; ii) 

a mild diffusing one at about 0.15  10-4 mm2/s, corresponding to PEG hydroxystearate (Kol) 

residual micelles in the suspension; and iii) a low diffusing one at about 0.04  10-4 mm2/s, 

corresponding to LNP.  



No difference can be observed for the proportion of apparent 1H NMR signal corresponding 

to the free PEG (fast diffusion species) as calculated using multivariate SCORE algorithm, 

whatever the formulation. It corresponds to the free PEG proportion in each formulation, 

soluble in the aqueous phase, consistent with the same proportion of Kol in each LNP 

formulation. For the other apparent 1H NMR signal distributions (mild and slow diffusion 

species), significant differences can be observed (Figure 8). For the non-loaded LNP50, the 

simplified process led to a significantly higher apparent 1H NMR signal proportion of 15.5  

0.9 % vs 11.6  1.1 % (p < 0.0324) of residual micelles in the suspension compared to the 

standard process. This increase is correlated with the decrease of apparent 1H NMR signal 

proportion in the LNP: 58.4  1.6 % in the simplified process vs 62.4  1.9 % in the standard 

process. This effect was also observed with the dye-loaded LNP50 and was more pronounced 

for NR than DiI. Indeed, for the NR-LNP50, the simplified process led to a significant higher 

proportion: 19.8  1.5 % vs 13.3  1.3 % (p < 0.0022) of residual micelles in the suspension, 

correlated with a significant decrease  proportion in the LNP: 53.3  2.1 % vs 61.1  2.1 % (p < 

0.0144); and for the DiI-LNP50, the simplified process led to a significant higher proportion: 

16.8  0.8 % vs 12.4  1.9 % (p < 0.0092) of residual micelles in the suspension, correlated with 

a decrease of  proportion in the LNP: 57.3  1.1 % vs 62.2  3.1 % (p < 0.0144); in comparison 

to the standard one (Figure 8). The lower proportion of Kol in the dye-loaded LNP done with 

simplified process already suggested regarding their size distribution (Figure 6) appears to be 

confirmed with the diffusometry experiments, even if size modifications induced relaxometry 

impact on species signal proportion cannot completely be excluded. 

 

 



 

Figure 8. Effect of the formulation process on the presence of residual micelles in LNP 
suspension. Apparent 1H NMR signal distribution with diffusion coefficient values for 
diffusing species in non-loaded LNP, NR and DiI-loaded LNP, with expected hydrodynamic 
diameters of 50 nm, obtained with the standard formulation process (LNP50 or NR-LNP50 
or DiI-LNP50 Std.) or the simplified one (LNP50 or NR-LNP50 or DiI-LNP50 Smp.) (n = 3; mean 

 SD; slow diffusing species comparison:  p < 0.05; mild diffusing species comparison: $ p 
< 0.05). 

 

 

3.5. Size distribution stability for LNP obtained with standard process vs simplified one 

Considering the stability of the size distributions of the LNP suspensions (stored at 4°C), 

another difference between the 2 processes was observed. A slight but not significant increase 

in size for LNP25, LNP50 and LNP75 was observed with the standard process up to 6 months. 

On the other hand, a significant increase in Z-ave was observed at 6 months with the simplified 

process: about 110 nm (p < 0.0001) for the LNP75, about 10 nm (p < 0.0001) for the LNP50, 

but not for the LNP25 (Table 1). Using the simplified process, LNP instability over time seems 

to depend on the size of the nano-objects: the larger the LNP, the faster they will destabilize. 

This could explain why such size differences are observed for LNP100 using the standard 

process and the simplified process at the end of the formulation process (Table 1 and Figure 

4). 

 

 

 

 



Table 1. Effect of the formulation process on the size distribution stability for LNP 
suspension. Size distribution: Z-Ave and PdI evolution of LNP25, LNP50 and LNP75 obtained 
after standard (Std.) and simplified (Smp.) processes, stored at 4°C until 6 months (n = 10; 

mean  SD;  p < 0.05; PdI comparison: $ p < 0.05). 

 
 

 

3.6. Irreversibility for the phase inversion process 

The patent and the first publications describing the design of LNP using the phase inversion 

process also report the concept of irreversibility [5-7]. The final step consisting of the addition 

of water was considered to lead to an irreversible shock to form the LNP in suspension. Indeed, 

when the LNP were formulated using the standard process, i.e. 4 °C deionized water added 

into the PIZ, the conductivity dropped and the profile remained constant whatever the 

temperature of the sample (Figure 1B), so there is no possible change in LNP size with 

temperature variation after the cold dilution. Indeed, as reported previously, the phase 

inversion temperature depends on NaCl concentration and at this dilution, the PIZ moves to 

temperature higher than 100 °C [5]. This concept of irreversibility is true in this case, 

confirming the LNP stability over temperature and no possibility to reach once again a phase 

inversion with temperature. On the other hand, the nature of the aqueous phase added during 

the PIZ is important for this concept. When the LNP are formulated with the addition of water 

containing NaCl 30 mg/mL into the PIZ, the NaCl concentration doesn’t change in comparison 



to the initial mixture and PIZ is always present (Figure 3B). Therefore, modification possibilities 

of the LNP with temperature variation should persist. 

To test this hypothesis, LNP25 and LNP50, obtained with the standard protocol, were mixed 

at a ratio 10/1 (v/v). The resulting size distribution profile presented a monomodal large 

distribution, combining both individual ones, the sizes of the LNP being too close to be isolated 

by dynamic light scattering technique. (Figure 9A). The same experiment was done mixing 

LNP25 and LNP100, obtained with the standard protocol, at a ratio 20/1 (v/v). The resulting 

size distribution profile also combined both individual ones, but more visible in this case 

thanks to the bimodal size distribution (Figure 9C). NaCl was added in each mixture at a final 

concentration of 30 mg/mL and one temperature cycle was performed. The resulting size 

distribution of the LNP obtained after the temperature cycle was totally different from the 

initial mixture (Figure 9B and 9D). For the mixture LNP25 and LNP100, a monomodal 

distribution was observed (Figure 9D). For the LNP25 and LNP50 mixture, the already 

monomodal distribution became narrower (Figure 9B). After the NaCl addition and the 

temperature cycle for the LNP mixtures, the 2 LNP crossed a phase transition to be in a water-

in-oil emulsion at high temperature, leading to the fusion of the 2 oil phases. Crossing back 

the phase transition during the temperature decrease, the mixtures of LNP were not 

maintained resulting to a unique LNP with monomodal size distribution. To control the 

assumption, all the chemicals used to prepare the mixtures LNP25/LNP50 at a ratio 10/1 (v/v) 

or LNP25/LNP100 at a ratio 20/1 (v/v) were individually weighted, and one temperature cycle 

was applied. The size distributions were the same as the one measured after heating the 

mixtures (Figures 9B and 9D) confirming the fusion between the LNP, and so the limit of the 

concept of irreversibility when pure water is not used.  

 

 



 

Figure 9. The limit of the concept of irreversibility for the phase inversion process. Size 
distribution in intensity for A) LNP25 and LNP50 in suspension, obtained with the standard 
protocol, and the mixture LNP25/LNP50 10/1 (v/v); for B) the mixture LNP25/LNP50 10/1 
(v/v) before and after 1 temperature cycle (red size distribution), and all the individually 
weighted ingredients corresponding to the same mixture after 1 temperature cycle (blue 
distribution); for C) the LNP25 and LNP100 in suspension, obtained with the standard 
protocol, and the mixture LNP25/LNP100 20/1 (v/v); and for D) the mixture LNP25/LNP100 
20/1 (v/v) before and after 1 temperature cycle (red distribution), and all the individually 
weighted ingredients corresponding to the same mixture after 1 temperature cycle (blue 
distribution). 

 

 

4. Conclusion 

The phase inversion method to elaborate LNP requires 2 essential steps. First, a temperature 

cycle is needed to allow the solubilization of the hydrophilic surfactant: Kol, in the oil phase 

and the simultaneous release of the molecules at the oil-water interface during the cooling 

step. However, we have shown that only one cycle is sufficient, as long as the hydrophilic 

surfactant is effectively solubilized in the oil phase, and the 3 cycles described in the literature 

offer no additional advantage. Second, the rapid addition of cold pure water in the PIZ is also 

needed and its absence can affect the LNP properties. In terms of significance, we can highlight 

that the absence of this last step: i) alters the stability of the LNP size distribution; ii) increases 

the LNP size distribution when encapsulating drug mimicking molecules, iii) increases the 

presence of residual surfactant not participating in the formulation, iv) alters the stability of 



the encapsulation of drug mimicking molecules, and v) increases cytotoxicity. We can 

hypothesize that the absence of the rapid addition of cold water, replaced by a slow cooling 

step, provokes a progressive release of surfactants from the oil to the oil-water interface and 

promotes their escape toward the water phase as we observed more free residual surfactant 

in the LNP suspensions. When cold water was added, the return to room temperature was 

faster, provoking an instantaneous release of surfactants to the oil-water interface, blocking 

them and decreasing their escape from the LNP structure. We also proved that the 

irreversibility described for this last step is due to the drop in salinity which makes the 

impossibility to reach again the PIZ rather than a thermal shock by the cold-water addition, 

even though the dilution is essential for the long-term stability of LNP. Of course, the change 

in process parameters was only studied for the LNP designed with Kol. Other surfactants with 

similar properties as Kol could also be tested to generalize our hypothesis. In addition, we 

studied these parameters only in vitro. Because the LNP are used as a platform to elaborate 

nanomedical strategies, an in vivo comparison of the future of the LNP done with the standard 

and the simplified process, such as pharmacokinetic and biodistribution studies, should be 

also indicative of the real differences between the 2 nano-systems. In the case of an industrial 

application in batch, reducing the number of temperature cycles could be a significant factor 

in scale-up, since it could generate significant energy savings, as well as savings in formulation 

time. Nevertheless, the batch processes are more and more replaced by continuous ones for 

the elaboration of that kind of nano-objects, such as microfluidic systems. The processes are 

no longer based on temperature phase inversion, but on composition phase inversion or 

spontaneous nano-emulsification, simply mixing at a microscopic scale an oil phase with an 

aqueous phase. These processes do not propose a rapid cold dilution, the importance of which 

we have shown for a batch process with temperature phase inversion. It could be interesting 

to explore the similarities and the differences in the physico-chemical properties and the 

biological evaluations of the nano-objects obtained by the different methods, to optimize the 

processes in line with the therapeutic objectives envisaged for the nanomedicines to be 

developed. 
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