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Thibault Massias a,b, Suênia de Paiva Lacerda a, Jacqueline Resende de Azevedo b, 
Jean-Jacques Letourneau a, Philomène Dos Santos a, Marie-Alexandrine Bolzinger b, 
Fabienne Espitalier a,* 

a Centre RAPSODEE, IMT Mines-Albi, UMR CNRS 5302, Université de Toulouse, Albi, France 
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A B S T R A C T

The development of innovative drug delivery systems is currently under intense consideration to overcome 
bioavailability issues of poorly water-soluble drugs. Among the many existing delivery systems, self-assembled 
drug delivery systems (SADDS) are of great interest. Solid Lipid Nanoparticles (SLN), which are part of 
SADDS, have been widely studied in the pharmaceutical field since they are biodegradables and biocompatibles. 
However, stability of SLN suspension over time is limited and quick drug released were frequently observed. The 
development of solid SADDS (S- SADDS), to produce an on-demand delivery system, through a one-step pro-
duction process has been designed to overcome these issues. The coupling of both Supercritical Carbon Dioxide 
(scCO2) assisted RESS and SAS processes (RESS/SAS) have been proposed as a proof-of-concept. This study was 
carried out in three steps: (i) the development and adjustment of operating conditions to produce SLN suspension 
using solvent injection process, (ii) the optimization of the formulation to produce SLN with a mean particle size 
diameter close to 100 nm and stable at least 24 h, (iii) the transposition of the SLN formulation composition into 
the RESS/SAS coupled process for the production of S-SADDS. SLN composed of stearic acid, PVP K30, phos-
phatidylcholine and nifedipine, with an average size under 100 nm and a zeta potential about −35 mV were 
obtained from the preliminary study. These results allowed the transposition of the optimal formulation into 
RESS/SAS crystallization process. The developed RESS/SAS scCO2-assisted processes demonstrate the simulta-
neous crystallization of a self-assembled formulation in a one step process. A control of operating conditions was 
also demonstrated through the generation of S- SADDS containing desired amount of nifedipine. The proof-of- 
concept process studied, seems to be very promising tool for the generation of complex solids, intermediate 
products or for the development of innovative drug delivery systems.   

1. Introduction

The development of innovative drug delivery systems is currently
under intense consideration to overcome bioavailability issues of poorly 
water-soluble active ingredients. Among the many existing delivery 
systems, self-assembled drug delivery systems (SADDS) are probably the 
most studied [1,2]. Solid lipid nanoparticles (SLN), which are part of 

SADDS, are of great interest in the pharmaceutical field since they are 
biodegradable and biocompatible [3,4]. In addition, their composition 
associated with surfactants often allows the generation of particle size 
below 100 nm. It is regularly described as the optimal size for which 
nanoparticles are able to interact with cells and reach the therapeutic 
target more efficiently [5,6]. These specific interactions allowed rapid 
cellular uptakes through transcytosis pathway from oral administration 
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2. Materials and methods

2.1. Materials

Nifedipine (dimethyl 2,6-dimethyl-4-(2-nitrophenyl)-1,4-dihydro-
pyridine-3,5-dicarboxylate) (99.9 wt% purity, CAS: 21829–25-4) was 
purchased from LEAP Chem (China). Stearic acid (98 wt% purity, CAS: 
57–11-4) was purchased from Alfa Aesar (USA). Polymers such as pol-
yvinylpyrrolidone vinyl acetate (PVP-VA, CAS: 25086–89-9), poly-
vinylpyrrolidone K30 (PVP K30, CAS: 9003–39-8), poly(ethylene 
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 
(Poloxamer 188, CAS: 9003–11-6) and polyvinyl caprolactampolyvinyl 
acetate-polyethyleneglycol graft co-polymer (Soluplus®, CAS: 
402932–23-4) were purchased from BASF (Germany). Phosphatidyl-
choline (PC, CAS: 8002–43-5) was purchased from Sigma Aldrich 
(France). Absolute ethanol (EtOH, CAS: 64–17-5) was purchased from 
VWR (France). UHPLC grade methanol and acetonitrile for HPLC anal-
ysis were purchased from Fischer Scientific (Illkirch, France). CO2 (⩾ 
99.7% purity) was provided from Linde (France). 

2.2. SLN formulation by solvent injection method and studied operating 
conditions 

The experimental set-up consisted of using a jacketed reactor con-
taining the dispersion solvent (purified water) under magnetic stirring 
(500 rpm) (Fig. 1, A). Two thermostatically controlled baths were used 
in order to set the operating temperature conditions. The first one was 
set for the injection temperature (Fig. 1, B), and the second one was a 
cooler to allow a rapid and reproducible cooling of the colloidal sus-
pension (Fig. 1, C). SLN components were firstly dissolved in absolute 
ethanol using a stirred hotplate (70 ◦C). The resulting organic solution 
was then injected by the use of a syringe pump with controlled flow rate 
to evaluate the impact of injection rate (Fig. 1, D), through a needle 
(0.45 × 13 mm; Fig. 1, E), into the dispersion solvent (aqueous phase) at 
45 ◦C or 70 ◦C. SLN suspension cooling temperatures at 3 ◦C and 25 ◦C 
(room temperature) were also evaluated. 3 mL of organic solution were 
injected into 150 mL of deionized water for optimization parameters 
assays. Variations of injection volumes were applied (from 1.17 mL 
(final lipid concentration = 0.5 mg/g) to 9.0 mL (final lipid concentra-
tion = 5 mg/g)) to minimize changes of lipid concentration in organic 
solution. 

All formulations prepared by solvent injection method are presented 
in Table 1 and 2. The optimization of solvent process, Table 1, was 
achieved using a simple SLN formulation containing a solid lipid (stearic 
acid) and a polymeric surface stabilizer (PVP-VA). The investigation of 
the formulation composition, Table 2, was done by substituting or 
adding ingredients. PVP-VA was replaced by another polymeric surface 
stabilizer (PVP K30) or by amphiphilic copolymers (Poloxamer 188 or 
Soluplus®). The use of a co-surfactant agent (PC) was also investigated. 

2.3. SLN characterization 

2.3.1. Particle size, polydispersity index and zeta potential 
Particle size, polydispersity index (PDI) and zeta potential were 

determined by Dynamic Light Scattering (DLS) using a Zetasizer Nano- 
ZS (Malvern Panalytical, UK). Particle size and PDI were measured 
using a 173◦ incident beam and zeta potential determination was done 
using folder capillary zeta cell. Before analysis, each sample was diluted 
in deionized water to reach a SLN suspension concentration of 1 mg.g−1 

to ensure that the light scattering intensity was within the instrument’s 
sensitivity range. All measurements were carried out in triplicate at 
20 ◦C and results were expressed as particle size average, PDI and zeta 
potential ± standard deviation (SD) of these 3 measurements. 

2.3.2. Monitoring SLN stability upon storage 
SLN were stored at 4 ◦C for one week and SLN z-average diameter, 

[7], an improvement of dermal and transdermal delivery [8] and of-
fering a strategy for innovative cancers treatments or vaccines through 
functionalized nanoparticles leading to targeted therapies [9]. A com-
mon aspect of all cited area of application are the bioavailability 
improvement of the active and sides effect reduction. Considerable ef-
forts are made to achieve the reproducible size and narrow distribution 
of the particles, which are decisive for the final efficiency. To produce 
these ultrafine nanoparticles with narrowed particle size distributions 
the choice of the composition and the generation process of SLN is 
therefore crucial. The most common method is the solvent injection 
method, which consists of injecting a water-miscible organic solution 
containing the lipid and surfactants into an aqueous medium through an 
injection needle [10]. On a pilot scale, the high-pressure homogeniza-
tion process is the most widely used for reproducibility [11,12]. How-
ever, regardless of the generation method used, stability of SLN is 
limited. Indeed, a quick release of the active ingredient in aqueous 
media, due to a change in the polymorph of the solid lipid over time, is 
frequently reported [13]. 

To address this low stability, SADDS, like SLN, are commonly put in 
solid dosage form after the self-assembled process using spray-drying or 
freeze-drying processes [12,14,15]. These systems offer a longer storage 
due to the resulting solid formulation. They can be re-suspended upon 
request, and they may encapsulate drugs into nanoparticles for efficient 
and control delivery. 

However, SADDS production is a multi-step process, and it could be 
highly valued in a single step process. Therefore, the development of 
solid SADDS (S-SADDS) through a one-step production process has been 
proposed with promising results using spray drying for self-assembled 
SLN [16]. The use of an energy-intensive drying process may make 
this alternative less attractive from the standpoint of research into more 
environmentally friendly production processes. Hence, green process, 
such as supercritical CO2 processes (scCO2) [17,18], could be explored. 

ScCO2 processes have been used for the production of SLN in aqueous 
media [19], by antisolvent processes (Supercritical AntiSolvent (SAS), 
Supercritical Assisted Injection in a Liquid Antisolvent (SAILA)) [20,21], 
by Particle from Gas Saturated Solution (PGSS) [22] or by Rapid 
Expansion of Supercritical Solution (RESS) [23]. All these processes 
have advantages and disadvantages for SLN production. In the SAS 
process, an organic solution containing lipid(s) and active ingredient(s) 
is injected into a pressurized autoclave, scCO2 acting as an antisolvent. 
Nevertheless, limited lipid supersaturations are generated for the crys-
tallization due to their relatively low solubility in organic solvents and 
high solubility in scCO2. This could lead in a significant loss of materials 
at the end of the process. More generally, lipids have high solubility in 
scCO2 due to their non-polar nature as well as CO2 [24]. Polar com-
pounds, in turn, such as most pharmaceutical actives, are only slightly 
soluble in scCO2 for the same reason [25]. RESS process, therefore, 
seems unsuitable for the vast majority of drugs since they must be dis-
solved in high quantities in scCO2. However, RESS process is suitable for 
lipid crystallization, whereas SAS process is suitable for the crystalli-
zation of active ingredients [26,27]. Consequently, a new approach 
could be developed to process both RESS and SAS and thus, allowing the 
simultaneous co-crystallization of S-SADDS. 

In the present work, a proof-of-concept study coupling RESS and SAS 
processes (RESS/SAS) was carried out using nifedipine (NIF) as drug 
model for the production of S-SADDS. Nifedipine (NIF) is a class II 
compound of the biopharmaceutical classification system (i.e. poorly 
water-soluble) [28]. A low oral bioavailability is associated to its low 
solubility and dissolution rate [29]. The development of NIF included in 
S-SADDS might overcome this issue. This study was conducted in three 
steps:(i) the development and adjustment of operating conditions to 
produce SLN suspension using solvent injection process, (ii) the opti-
mization of the formulation to produce SLN with a mean particle size 
diameter close to 100 nm and stable at least 24 h, (iii) the transposition 
of the SLN formulation composition into the RESS/SAS coupled process 
for the production of S-SADDS.



polydispersity index and zeta potential were measured immediately 
after preparation and also at 24 h and 48 h to follow nanoparticles 
stability over time. A low storage temperature was set to reduce stearic 
acid polymorphic changes [30]. 

2.3.3. Qualitative encapsulation efficiency 
NIF qualitative encapsulation was conducted under optical micro-

scopy. NIF SLN suspensions were observed through optical microscope 
(Leica© S9i) using polarized light to observe NIF expulsion over time. 
NIF SLN suspension were observed at 0 h, 24 h and 48 h. Images were 
acquired using Leica© KL300 LED camera. 

2.4. S-SADDS production by scCO2 RESS/SAS coupled processes 

The crystallization apparatus process was purchased from Separex 
(France) (Fig. 2). In the first autoclave (Fig. 2, A), CO2 was cooled in the 
liquid phase, pressurized over the critical pressure via a pump (Fig. 2, P) 

and, heated above the critical temperature to obtain scCO2 (Fig. 2, HE). 
RESS process comprises a thermostatically controlled dissolution auto-
clave able to achieve pressures up to 3 MPa (Fig. 2, B). The scCO2 passed 
through this autoclave and dissolved stearic acid before reaching the 
atomization nozzle (Fig. 2, N) of the crystallization autoclave (Fig. 2, C). 
Simultaneously, an ethanolic solution containing the dissolved NIF, with 
or without additives (Fig. 2, D), was injected via an HPLC pump into the 
atomization nozzle (Fig. 2, N), which refers to the SAS process. The 
RESS/SAS coupled process was configured to mix components at the 
spray nozzle, as previously described in literature [31]. The antisolvent 
effect took place in the crystallization autoclave (Fig. 2, C), where the 
pressure was maintained above the critical pressure of the ethanol/ 
scCO2 mixture using a back pressure regulator (BPR). It ensures a single- 
phase fluid for the anti-solvent effect. During the process, to guarantee a 
significant supersaturation of the lipid and its crystallization, the pres-
sure drop was around 7 MPa between the dissolution (B) and the crys-
tallization autoclave (C). 

Fig. 1. Schematic representation of the solvent injection process. A, jacketed reactor; B, hot thermostatic bath; C, cold thermostatic bath; D, syringe pump; E, in-
jection needle. 

Table 1 
Conditions applied for SLN suspension formulation and studied process parameters.   

Process parameters 
Injection rate (mL. 
min−1) 

Stirring time after 
injection (min) 

Aqueous phase 
temperature (◦C) 

Dispersion cooling 
temperature (◦C) 

Particle 
size  
(nm) 

PDI Zeta potential (mV)  

1 10 23 0 10 20 30 45 70 25 3 

F1 X    X   X  X  202.9 ± 7.0 0.169 ± 0.025 −29.0 ± 1.20 
F2  X   X   X  X  185.1 ± 4.7 0.147 ± 0.023 −28.4 ± 1.69 
F3   X  X   X  X  142.0 ± 3.8 0.173 ± 0.011 −27.1 ± 0.29 
F4   X X    X  X  288.8 ± 4.8 0.079 ± 0.027 –23.6 ± 1.65 
F5   X  X   X  X  288.3 ± 6.9 0.078 ± 0.018 −20.3 ± 0.15 
F6   X   X  X  X  348.8 ± 1.0 0.096 ± 0.024 −25.6 ± 0.82 
F7   X    X X  X  443.0 ± 3.4 0.155 ± 0.029 −24.3 ± 0.64 
F8   X  X    X  X 156.3 ± 3.8 0.106 ± 0.009 −34.9 ± 2.26  

Table 2 
Composition of SLN suspensions for formulation screening.  

Formulation Components and concentration in SLN suspensions (mg.g−1)* 

Stearic acid PVPVA Soluplus® Poloxamer 188 PVP K30 Phosphatidylcholine NIF 

F9  0.5  1.0  –  –  –  –  – 
F10  1.0  2.0  –  –  –  –  – 
F11  1.5  3.0  –  –  –  –  – 
F12  2.0  4.0  –  –  –  –  – 
F13  5.0  10.0  –  –  –  –  – 
F14  2.0  – 4.0 –  –  –  – 
F15  2.0  –  –  4.0  –  –  – 
F16  2.0  –  –  –  4.0  –  – 
F17  2.0  –  –  –  4.0  1.0  – 
F18  2.0  –  –  4.0  –  2.0  – 
F19  2.0  –  –  4.0  –  2.0  0.2 
F20  2.0  –  –  –  4.0  1.0  0.2  

* Conditions used for the formulation of SLN suspension: stirring time after injection of 10 min, injection rate of 23 mL.min−1, aqueous phase temperature at 70 ◦C
and dispersion cooling temperature at 3 ◦C. 



2.5. S-SADDS characterization 

2.5.1. NIF assay 
The concentration of NIF in the synthesized powders was quantified 

by high-pressure liquid chromatography (HPLC). Waters Acquity Arc 
(France) apparatus composed of a UV detector (2298 PDA detector) at 
238 nm. A C18 column (Symmetry C18, 3.5 µm, 4.6 × 75 mm) was used 
for the identification of NIF with a mobile phase composition of water/ 
methanol/acetonitrile (50/45/5; v/v/v). The mobile phase flow rate 
was set at 0.7 mL.min−1 with a NIF retention time of 10.3 min and an 
injection volume of 5 µL. Samples were dissolved in methanol prior the 
analysis and quantified using a NIF calibration curve in this same 
solvent. 

2.5.2. X-Ray powder diffraction analysis (XRPD) 
XRPD analysis of the processed and commercial drug powders was 

performed using X’ PERT PRO MDP, Philips PANalytical (USA) appa-
ratus with CuKα radiation. Powders were stack into a sample holder and 
diffractogram patterns were obtained at 45 kV, 40 mA at 2θ in a range of 
5-50◦ using a scanning rate of 1.228 min−1.

2.5.3. Differential Scanning calorimetry analysis (DSC)
Differential Scanning Calorimetry (DSC) analysis of commercial NIF 

and processed samples was performed using a DSC Q200 (TA Instru-
ment, USA). Samples were placed in a non-hermetically closed 
aluminum pan. The analysis was carried out in a temperature range of 
20 to 210 ◦C (293.15 to 483.15 K) at a heating rate of 5 ◦C.min−1 under a 
dry nitrogen flow rate of 50 mL.min−1. 

2.5.4. Fourier transform Infra-Red spectrometry (FTIR) 
FTIR spectra were acquired using a Nicolet iS50 spectrometer 

(Thermo Scientific, France) apparatus in Attenuated Total Reflectance 
(ATR) mode. Samples were recorded between 4000 and 400 cm−1 with a 
spectral resolution of 4 cm−1. 

2.5.5. Scanning electron microscopy (SEM) 
Scanning electron microscope (MT-3000, Hitachi, Tokyo, Japan) was 

used to observe the morphological shape of processed materials. Before 
analysis, samples were fixed on a SEM stub through a double-sided ad-
hesive tape and finally plated with platinum for 100 s at 2 kV. 

3. Results and discussion

3.1. SLN dispersion obtained by solvent injection method

The development of SLN suspension was performed in two different 
steps. In the first one, the impact of solvent injection process parameters 
was investigated with a simple formulation (without NIF) to choose the 
suitable settings and achieve low particles size, low PDI and high zeta 
potential. In the second step, SLN formulation screening was conducted 
by evaluating the influence of the lipid concentration, polymer type and 
the addition of a co-surfactant, with or without NIF, using selected 
process parameters. The best SLN composition that allows suitable 
physicochemical properties was selected for RESS/SAS transposition. 

3.1.1. Influence of operating parameters 
Formulations were prepared in two blocks according to the tested 

parameter: i) injection rate (Table 1, F1 to F3); ii) stirring time after 
injection, aqueous phase temperature and dispersion cooling tempera-
ture impact (Table 1, F4 to F8). Results showed that a rapid injection 
rate (23 mL.min−1) leads to smaller SLN size (142.0 ± 3.8 nm) 
compared to a lower injection rate. A stirring time after injection above 
10 min seems to increase particle size (from ~ 288 nm at 10 min to ~ 
443 nm at 30 min) and PDI (from ~ 0.078 at 10 min to ~ 0.155 at 30 
min). Using the best previous conditions (10 min and 23 mL.min−1), a 
combined high aqueous dispersion temperature at 70 ◦C and rapid 
dispersion cooling temperature at 3 ◦C after injection yields the best 
results (SLN particle size of 156.3 nm ± 3.8, PDI of 0.106 ± 0.009 and 
zeta potential of −34.9 mV), compared to aqueous phase temperature at 
45 ◦C and dispersion cooling temperature at 25 ◦C (See F5 and F8, 
Table 1). The formation of SLNs occurs when stearic acid crystallizes due 
to high supersaturation generated by antisolvent effect combined with 
temperature effect [32]. Cooling the aqueous phase at 3 ◦C favors a more 
rapid crystallization of stearic acid compared to cooling aqueous phase 
at 25 ◦C. Based on these results, an injection rate of 23 mL.min−1, a 
stirring time after injection of 10 min and a dispersion cooling tem-
perature of 3 ◦C were set as process parameters for the evaluation of SLN 
composition (Table 2). 

3.1.2. Formulation screening and SLN storage stability 
According to Fig. 3, a slight decrease of the size was observed 

through an increase concentration of stearic acid and PVP-VA (Table 2, 
F9-F13). However, at a final concentration of 5 mg.g−1 stearic acid and 

Fig. 2. Schematic representation of the coupled RESS/SAS process. A, liquid CO2 reservoir; B, RESS dissolution vessel; C, crystallization vessel; D, solvent injection 
system; CE, cold exchanger; P, pump; HE, heat exchanger; BPR, back pressure regulator; SR, solvent recovery system; N, nozzle; SC, scCO2 flux from B; AS, anti- 
solvent flux from D. 



10 mg.g−1 PVP-VA (F13), a phase separation occurs, characterized by a 
creaming phenomenon. Taking into account these results, final con-
centrations of 2 mg.g−1 lipid and 4 mg.g−1 of polymer were selected for 
the next step. This choice was justified because any physical unstability 
was observed in this SLN suspension which presented particle size of 
222.0 ± 1.0 nm, a PDI of 0.120 ± 0.005 and a zeta potential of –23.6 mV 
at generation. In addition, higher lipid concentration allows a higher 
amount of encapsulated drug. 

The impact of polymer type was examined by replacing the PVP-VA 
with PVP K30, Poloxamer188 or Soluplus® to reduce the size of SLN 
suspension (Table 2). The formulation obtained with Soluplus® 
exhibited larger particle sizes than those obtained with PVP-VA (Fig. 4, 
a, F14). Using Poloxamer188, SLN particle size was the smallest ob-
tained, despite low stability over time (Fig. 4, a, F15). In contrast, PVP 
K30 allowed lower particle size average and demonstrated a high ability 
to maintain the SLN particle size for 48 h (Fig. 4, a, F16). Besides, PVP 
K30 allowed less viscous aqueous phase, which improved the formula-
tion dispersion ability. PVP K30 and Poloxamer 188 were the two 
polymers retained in the SLN suspension composition. 

To further reduce SLN size, phosphatidylcholine (PC) was added as a 
co-surfactant to the formulation. As shown in the Fig. 4 (F17 and F18), 
the presence of PC induced an important reduction in SLN particle size, 
an increased PDI and a decrease of zeta potential from −30 up to −40 
mV (Fig. 4, b). Thus, SLN suspension containing PC resulted in a particle 
size average under 100 nm. Moreover, a sufficient 24 h stable SLN 
suspension was obtained as SADDS are used as an on-demand drug de-
livery. It is important to highlight that the addition of NIF in placebo 
formulation did not change the particle size average, PDI and zeta po-
tential (Fig. 4, a and b, F19-F20). 

3.1.3. SLN qualitative encapsulation efficiency 
A qualitative evaluation of the NIF encapsulation efficiency (EE) was 

determined. Visual NIF expulsion phenomenon from lipid matrix over 
time, was evaluated. Fig. 5 illustrates the microscopic images obtained 
from the F19 and F20, immediately after SLN formation, and then at 24 
h and 48 h. The formulation containing Poloxamer 188 presented bright 
yellow spikes since production (Fig. 5, F19). These yellow spikes 
correspond to NIF crystals expulsed from SLN, which are growing over 
time. Using PVP-K30, no yellow spikes were observed up to 24 h by 
optical microscopy (Fig. 5, F20). However, agglomerated NIF crystals 
characterized by yellow spots were observed at 48 h. From literature, a 
rapid released of active ingredients is regularly described from SLN, 
followed by a prolonged released [33]. This rapid release of the active 
ingredient can be restrictive for storage and seems to be observed in the 
qualitative release of formulations F19 and F20. As optical microscopy 
images of F20 showed a reduced release of NIF compared to F19, this 
formulation containing PVP-30 was chosen for further S-SADDS pro-
duction using scCO2 technology. Furthermore, the RESS/SAS process 
needs to maintain crystallization autoclave temperature (Fig. 2, C) close 
to the melting point of Poloxamer 188 (52 ◦C), which could be a limi-
tation linked to powder crystallization. 

3.2. Production of S-SADDS by scCO2 assisted processes 

Once the formulation parameters achieved to obtain a stable 
formulation for at least 24 h with a particle size below 100 nm, coupled 
RESS/SAS processes were designed. Owing to the high quantities of 
stearic acid required in the final formulations and their low solubility in 
ethanol, it was necessary to crystallize them via the RESS process. 
Conversely, the other ingredients (PVP K30, PC and NIF) are poorly 
soluble in scCO2, which allows their crystallization using SAS process. 

Fig. 3. Particle size average, PDI and zeta potential of formulations F9 to F13 
containing stearic acid and PVP-VA at increasing concentration (from respec-
tively 0.5:1 to 5:10). Bar graphs represent the size and triangles the PDI. Error 
bars = SD. 

Fig. 4. Particle size, PDI (a) and zeta potential (b) of formulations 12 to 20 at 0 h, 24 h and 48 h after the solvent injection process. Bar graphs represent the average 
particle size and zeta potential of three measurements at 0 h (light gray), 24 h (gray), 48 h (dark). PDI is represented as dots on right y axis (0 h), triangle (24 h) and 
square (48 h). Errors bars = SD, SA = stearic acid. F14 = SA + Soluplus®, F15 = SA + Poloxamer 188, F16 = SA + PVPK30; F17 = F16 + PC; F18 = F15 + PC; F19 =
F18 + NIF; F20 = F17 + NIF. 



Thus, a co-injection of a scCO2-stearic acid mixture in RESS and an 
ethanolic solution containing the other ingredients in SAS was per-
formed for their simultaneous co-crystallization. 

3.2.1. Operating parameters for crystallization by supercritical CO2 process 
A stepwise experimental plan was developed to adjust parameters of 

RESS/SAS processes for S-SADDS generation (Table 3). For that, NIF 
crystallization by SAS process was first carried out to define pressure and 
temperature operating conditions to obtain high-rate efficiency. Based 
on this preliminary study, coupled RESS/SAS processes experiments 
were performed to produce S-SADDS. The operating conditions for SAS 
process were set in order to have 2% (wEtOH/wCO2 ) of EtOH injected into 
the crystallization autoclave (Table 3, F21). In order to ensure process 
feasibility, dissolved NIF in ethanol at a concentration of 52 mg.g−1 at 
60 ◦C (experimental equilibrium concentration 55.5 mg.g−1 at 45 ◦C, 
data not shown) was atomized through a 0.3 mm diameter nozzle. The 

pressure inside the crystallization vessel was maintained above the 
critical point of the scCO2/EtOH at 2% (over 9 MPa). This step was able 
to ensure a high yield efficiency of 98.1 % by SAS process (Table 3, F21- 
SAS process). 

The coupled RESS/SAS processes for co-crystallization of stearic acid 
and NIF was then performed first with the desired ratio of 9 % 
(wNIF/wsolid) (Table 3, F22). Crystallization through the RESS process 
consists by dissolving raw stearic acid in a dedicated autoclave under 
high pressure and temperature (Fig. 2, B). The scCO2 passing through 
the autoclave dissolves the compound. This stearic acid/CO2 mixture is 
then expanded in another autoclave (Fig. 2, C), inducing supersaturation 
and crystallization of stearic acid. The pressure and temperature in the 
crystallization autoclave were previously set from SAS process (F21). 
Operating conditions of dissolution autoclave must then be determined 
for the RESS process. To determine RESS operating parameters, equi-
librium solubilities in scCO2 of stearic acid were extracted from litera-
ture [24,34]. ScCO2 flow rate was set considering not only mass fraction 
extraction of stearic acid at the exit of the cell (Fig. 2, B) but also the 
amount of non-crystallizable mass fraction in the crystallization auto-
clave (Fig. 2, C) due to a high pressure and co-solvent mixture (Eq.1). 
The extraction rate, temperatures, and pressures were determined to 
theoretically and simultaneously crystallize at the desired ratio (Table 3, 
F22). 

ẇSAC

ẇNIFC

=
ẇSAE (T;P)

− ẇSANC(T;P;%EtOH)

ẇNIFI − ẇNIFNC(T;P;%EtOH)

= 10# (1) 

where ẇSAC corresponds to the crystallization mass flow of stearic 
acid, ẇNIFC the crystallization mass flow of NIF, ẇSAE(T;P)

the extraction 
mass flow in the B vessel, ẇSANC(T;P;%EtOH)

the non-crystallizable mass flow of 
stearic acid in the C vessel, ẇNIFI the injection mass flow of NIF and 
ẇNIFNC(T;P;%EtOH)

the non-crystallizable mass flow NIF in the C vessel (esti-
mated zero from NIF-SAS experiment). 

The percentage of EtOH-CO2 in the crystallization vessel was finally 
set at 3.96%. An increased EtOH percentage in the final mixture was 
fixed, compared to F21, with the risk of slightly reduced NIF crystalli-
zation yield. Conversely, the pressure of the crystallization autoclave 
was set lower in order to maximize the supersaturation of stearic acid 

Fig. 5. SLN dispersion under optical microscope with polarized light at 0 h, 24 h and 48 h.  

Table 3 
Studied operating parameters for SAS and coupled RESS/SAS processes.   

SAS 
process 

Coupled RESS/SAS processes 

Formulation F21 F22 F23 F24 F25 

Theoretical NIF (wt. 
%) 

100.0 9.0 9.0 6.3  5.9 

Stearic acid (wt. %) / 89.0 89.0 62.3  58.8 
PC (wt. %) / / / 31.4  29.4 
PVP K30 (wt. %) / / / /  5.9 
EtOH-CO2 ratio (%) 2.00 3.96 0.36 0.36  0.36 
CO2 flux (kg/h) 10.0 8.5 15.9 16.0  15.0 
EtOH flux (kg/h) 0.20 0.31 0.06 0.06  0.06 
CNIF (mg/gEtOH) 52.20 56.37 56.03 58.77  55.51 
NIF injected (g) 1.00 1.03 0.51 1.07  1.01 
B vessel (MPa; ◦C) / 16.5; 

65 
16.0; 
62 

14.5; 
62  

14.2; 61 

C vessel (MPa; ◦C) 12.3; 44 7.7; 35 9.8; 39 7.9; 37  10.1; 39 
Extracted stearic acid 

(g) 
/ 2.16 8.05 6.37  10.42 

Crystallized weight 
(g) 

0.98 3.09 6.93 7.7  13.52 

Measured NIF (wt. %) 98.10 39.5 4.4 5.8  5.6  



wStearicacid =
wextractedStearicacid

(
QwCO2 × texp

)
+ wextractedStearicacid

## (2) 

Where wstearicacid correspond to the mass fraction equilibrium of 
stearic acid in scCO2 at defined temperature and pressure, QwCO2 

correspond to the flow rate of CO2 expressed in kg.h−1 and texp the time 
of experiment in hours. 

From the adjustment, the new 0.36% EtOH-CO2 ratio was fixed to 
theoretically crystallized NIF and stearic acid at the desire ratio. The 

Fig. 6. Powder characterizations of unprocessed and processed samples from FTIR (top), DSC (left) and XRPD (right) analysis. Letters correspond to: (a) Raw NIF, (b) 
Raw stearic acid, (c) PVP K30, (d) F21 (NIF-SAS process), (e) F22 (NIF/Stearic acid), (f) F23 (NIF/Stearic acid_2), (g) F24 (NIF/Stearic acid/PC), (h) F25 (NIF/Stearic 
acid/PC/PVP K30). Arrows represent significative peaks of NIF and stearic acid. 

and improve the yield of NIF. This first RESS/SAS experiment resulted in 
a powder composed of 39.4 %wt of NIF while the theoretical percent of 
NIF should be 9.0 %wt. This finding can probably be assigned to the non- 
saturation of stearic acid in scCO2 at the exit of the dissolution vessel 
(Fig. 2, B). To correct the desired ratios, extracted mass fraction of 
stearic acid in scCO2 was calculated from F22 to adjust injection rates of 
scCO2 and EtOH (Eq.2). 



sensitive to detect the presence of NIF. 
The addition of PC to crystallized F24 made the powder character-

ization more difficult. Conforming to sample analysis no stearic acid 
polymorphic change was observed. In contrast, it was difficult to 
distinguish PC from FTIR, XRPD or DSC analysis (Fig. 6, f). Two specific 
bands of PC seem to appear in FTIR analysis at 1065 cm−1, which could 
correspond to inorganic phosphate vibration [37], and at 1733 cm−1 (C 
= O stretch). These findings could not be confirmed using XRPD or DSC 
analysis as PC is not a crystalline compound. 

Similar difficulties were observed for the formulation analysis con-
taining PVP K30 (Table 3, F25). FTIR analysis could not specifically 
identify PVP K30 or PC because theoretical vibrations of these two 
molecules were too closed. However, F25 DSC analysis suggested an 
evaporation endotherm around 70 ◦C due to naturally present moisture 
(Fig. 6, h), as previously described for formulation containing PVP K30 
[38].. For this kind of innovate system, specific characterization 
methods should be developed for each S-SADDS compound to determine 
their exact concentration and to identify drug or excipient potential 
polymorphs. 

Morphologies of self-assembled powders, obtained by SEM images 
were homogeneous (Fig. 7). A characteristic plate-like crystallization of 
stearic acid was observed [36]. The use of other lipids, usually used for 
SLN production, or even other solvents could change this morphology 
[20]. No traces of NIF crystals classically produced by SAS process were 
observed, while their presence was previously confirmed through 
characterization studies. SEM images of S-SADDS F23, F24 and F25 
showed a similar powder facies, however, F24 and F25 appeared to have 
a waxier appearance similar to PC texture. Although, generated solids 
were composed of agglomerated plate-like crystals. Redispersion of this 
type of agglomerated particles may need energy input. Preliminary 
redispersion study of F24 were easily achieved by the use of ultrasounds 
(13 W, 10 min) with the obtention of two distribution particle size of 
52.2 nm (33% v/v) and 732.4 nm (66% v/v) (data not shown). Distri-
bution of the large particles could be assigned to particle agglomeration 
as previously described in literature [16]. The production of different 
morphological shape may limit the formation of agglomerates. Various 
morphological solid production have been already demonstrated using 
the SAS process [21,39,40]. Mechanisms controlling the morphology of 
powders from SAS process were also modeled and validated [41–43]. 
Process parameters for the coupled RESS/SAS processes could therefore 

Fig. 7. Scanning electron microscopy of obtained processed samples from RESS/SAS (F23, F24 and F25) compared to raw NIF and NIF/SAS (F21). Scale bar = 50 µm; 
magnification: x1 500. 

modification of operating conditions resulting to a closer ratio between 
NIF and stearic acid with 4.4%wt of NIF (9.0%wt theoretically) in the 
resulting S-SADDS (Table 3, F23). These defined operating conditions 
were kept for F24 and F25 production. Similar result was obtained in 
presence of PC in the injected organic solution (F24). The entire SLN 
optimized formulation was crystallized with adjusted parameters to 
finally produce S-SADDS containing 5.6%wt of NIF (5.9%wt theoreti-
cally) (F25). 

3.2.2. Powder characterizations and morphological evaluation 
In order to verify the presence of all the components introduced in 

the process, DSC, XRPD and FTIR characterization methods were carried 
out (Fig. 6). Physicochemical characterizations of processed raw NIF 
using SAS process (F21) showed specific vibration bands identified at 
1225 cm− 1 (C–O stretch), 1678 cm− 1 (C = O stretch) and 3327 cm− 1 

(N–H stretch) (Fig. 6, a and d). DSC thermogram highlighted melting 
points of 171 ◦C for raw and processed NIF suggesting the same poly-
morphic structure of both compounds (Fig. 6, a and d). According to 
XRPD analysis, NIF exhibited its most stable form, polymorph A, as most 
intense peaks were found at 2θ degree of 8.1◦, 11.7◦ and 16.2◦ [35]. 

Analysis of F22 from RESS/SAS process showed the presence of NIF 
and stearic acid (Fig. 6, e). FTIR spectra from this sample showed spe-
cific bands of stearic acid at 943 cm− 1 (–OH bend from carboxylic acid), 
1702 cm− 1 (C = O stretch) and 2848/2915 cm− 1 (C–H stretch). The 
crystallinity of F22 was confirmed through DSC thermograms which 
highlighted the melting point of stearic acid at 69 ◦C, similar to raw 
stearic acid (Fig. 6, b and e), and the melting point of NIF at 163 ◦C. The 
reduction of NIF melting point could correspond to the specific poly-
morph B [35] or the formation of an eutectic mixture between NIF and 
stearic acid. Interestingly, stearic acid XRPD analysis showed a mixture 
of polymorphic forms C and B which are characterized by most intense 
Bragg peaks at 5.7◦ and 6.6◦ 2θ degree, respectively (Fig. 6, a, b and e) 
[36]. 

Fitting ratios to produced F23 showed in XRPD analysis the presence 
of commercial stearic acid polymorph after crystallization (Fig. 6, b and 
f). This result suggests that polymorphic control of stearic acid could be 
achieved by varying operating crystallization conditions of coupled 
RESS/SAS processes. Intensity reduction of NIF characteristic Bragg 
peaks was observed maybe due to the reduced percentage in the 
formulation. Moreover, FTIR and DSC analysis were not enough 



4. Conclusion

Proof-of-concept development of S-SADDS from the innovative
coupled RESS/SAS process was designed to provide one-step on-demand 
drug delivery system. Preliminary optimization of solvent injection 
process and formulation of SLN was achieved, which allowed the pro-
duction of particle size close to 100 nm up to 24 h after the production. 
The SLN formulation had been successfully transposed into the eco- 
friendly RESS/SAS scCO2-assisted process, allowing a simultaneous 
crystallization of solid self-assembled formulation in a one step process. 
The continuous high yield production RESS/SAS process demonstrates a 
great potential to generate complex solid with high control of operating 
conditions. Finally, RESS/SAS process innovation seems to be very 
promising for the generation of complex solids, intermediate products or 
for the development of innovative S-SADDS. 
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