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A B S T R A C T   

Lipid nanocapsules (LNCs) were prepared with a novel cyclic GMP analogue, DF003, intended for the treatment 
of neurodegenerative retinal degenerations. LNCs loaded with DF003 were prepared by a phase inversion 
method and characterized for particle size, polydispersity index, drug loading, entrapment efficiency, stability, 
and in vitro drug release. Particle size, PdI and zeta potential of selected optimized formulation were 76 ± 1.2 nm, 
0.16 ± 0.02, and − 11.6 ± 0.4 mV, respectively, with an entrapment efficiency of 69 ± 0.5%. The selected 
formulation showed a sustained drug release for up to 6 days in phosphate buffer as well as in vitreous com-
ponents. Stability evaluation of LNCs in presence of vitreous components demonstrated structural stability and 
compatibility. Further, the nanoparticle preparation process was upscaled to 1000 times (10 L) of the typical lab 
scale (0.01 L). Product parameters were observed to be unaffected by the upscaling, demonstrating that the LNCs 
were of the same quality as those prepared at lab scale. Additionally, the manufacturing process was adapted and 
assessed for a continuous production of LNCs to leverage it for industrial viability. Overall, these findings reveal 
the remarkable potential of LNCs as drug delivery vehicles and their possibility for clinical translation.   

1. Introduction 

Lipid nanocapsules (LNCs) are nanoparticles prepared by a solvent- 
free, low-energy phase inversion method (Hirsjärvi et al., 2013; 
Huynh et al., 2009; Thomas and Lagarce, 2013; Valcourt et al., 2016), 
and consist of an oily core composed of medium chain triglycerides 
which is enveloped by a layer of hydrophilic and hydrophobic surfac-
tants (Heurtault et al., 2002; Mouzouvi et al., 2017; Valcourt et al., 
2016). The components of LNCs are pharmaceutically acceptable and 
are regarded as generally recognized as safe (i.e. are included in FDA’s 
GRAS list), and pharmacopoeial grades are commercially available. The 
characteristics of these nanoparticles can be adjusted to suit various 
applications with a possibility of loading both hydrophobic and hydro-
philic drugs (Thomas and Lagarce, 2013). Previous studies on LNCs 
demonstrated their potential for loading various actives for drug de-
livery (e.g., ibuprofen, amiodarone, tripentone, paclitaxel, docetaxel, 
tamoxifen, cisplatin, and antimicrobial peptides) (Groo et al., 2018; 

Huynh et al., 2009; Lamprecht et al., 2002; Malzert-Freon et al., 2006; 
Umerska et al., 2016; Zhai et al., 2018) and their suitability for various 
administration routes like oral, dermal, pulmonal and parenteral 
including ocular routes (Abdel-Mottaleb et al., 2011; Formica et al., 
2020, 2021; Hureaux et al., 2009; Sun et al., 2020). The present study 
mainly focused on lab scale development of LNCs loaded with a novel 
cyclic guanosine- 3′,5′-monophosphate (cGMP) analogue (DF003), their 
characterization, and scale-up studies of the manufacturing process. 

A novel class of cGMP analogues (Ekström et al., 2019; Vighi et al., 
2018) were recently developed and have shown to be potentially 
effective in the treatment of retinal degenerations (RD). DF003, in 
particular, was found to inhibit both cyclic nucleotide–gated ion channel 
(CNGC) and cGMP-dependent protein kinase (PKG), and thus proved to 
be effective against photoreceptor cell death. Extensive preclinical ani-
mal studies in three different RD models demonstrated the effectiveness 
of DF003 in functional preservation of both rods and cones (Vighi et al., 
2018). Remarkably, no strong toxicological adversities were noted when 
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administrating DF003 to mice and rats. According to these studies, 
DF003 (Fig. 1) could become a potential molecule for the treatment of 
inherited retinal degeneration. 

Although DF003 has proved to be effective, its delivery to the retinal 
photoreceptors is extremely challenging given the anatomical 
complexity of the eye and the fast clearance from the anterior chamber 
owing to its physicochemical properties. This can be addressed by 
formulating the drug into nanoparticles as they have established effec-
tiveness (Germain et al., 2020; Lombardo et al., 2019; Patra et al., 2018; 
Ventola, 2017) in carrying drug molecules to most complex body tissues 
and organs, thereby reducing the clearance rate and improving the half- 
life and bioavailability of the drugs. Lipid based nanoparticles are 
particularly superior for ocular drug delivery over other kinds of 
nanoparticles due to their ability to increase the bioavailability by 
interacting with biological membranes of the eye. Furthermore, if the 
right lipids are chosen, the particles can have a high biocompatibility 
and biodegradability. Lipid nanoparticles offer high prospects for clin-
ical translation as supported by the vast number of approved drug 
products in the market for different routes of administration including 
the eye (e.g., liposomal doxorubicin, liposomal amphotericin) (Beloqui 
et al., 2016; Gan et al., 2013; Lim et al., 2012). Many different lipid 
systems have been evaluated and developed for the treatment of disor-
ders related with the anterior part of the eye, while modest progress has 
been seen on treating posterior chamber related disorders. However, 
over the recent years there has been a paradigm shift towards devel-
oping treatment options for the posterior part as well. This is augmented 
by an increased need for novel treatment approaches, due to the current 
lack of clinical therapies for many of the posterior segment associated 
anomalies. Successful treatment to the posterior segment of the eye re-
quires a formulation with a sustained release behavior and that is suit-
able for intravitreal administration (Agrahari et al., 2017; Fung, 2010). 

Previous studies on liposomes (Vighi et al., 2018), were shown to be 
effective in delivering DF003 to the retinal photoreceptors after intra-
venous (IV) administration. However, systemic administration may not 
be the ideal route for delivering drugs to retinal tissues due to the barrier 
properties of the blood-retinal barrier and non-specific off-target 
adverse effects (Sahoo et al., 2008). The present investigation addresses 
these issues by looking into the development of LNCs as delivery vehi-
cles for DF003, their physicochemical characterization including sta-
bility in vitreous components to test their suitability for intravitreal 
administration. 

Alongside the lab scale evaluation of LNCs, a pilot manufacturing 
process was developed to facilitate their clinical translation. Treatment 
of many diseases is just not possible not because of absence of drug 
molecules but due to the complexity of delivering them to the target 
tissues, here nanoparticles can show significant advantages. Over the 
decades, a large number of nanoparticulate systems have been devel-
oped for a variety of drug delivery applications, yet few made their way 
to market (Ventola, 2017). Many nanoparticulate systems are restricted 
to research purpose with limited industrial scope because of numerous 
underlying complexities. Scale-up difficulties such as batch to batch 
reproducibility, sterility/bioburden, long-term stability and stringent 
regulatory requirements, make it complicated for these systems to get 
market access (Thomas and Lagarce, 2013). Unfortunately, the lab scale 

process is not always suitable for large scale production and poses a 
multitude of predicaments for higher manufacturing scales. This ne-
cessitates the development of suitable manufacturing methods. The 
present investigation attempts to bridge this gap from lab to production 
scale by manufacturing the LNCs at 1000 times the lab scale volumes. 
Furthermore, the feasibility of a continuous manufacturing process and 
a process suitable for sterile manufacturing was evaluated. The upscaled 
batches of LNCs were tested for stability, microbial purity and all the 
quality parameters similar to lab scale. 

2. Materials 

The drug candidate (DF003: β-Phenyl-1,N2-etheno-8-bromoguano-
sine-3ʹ,5ʹ-cyclic monophosphorothioate, sometimes referred to as CN03 
in previous publications) was internally synthesized within RISE 
Research Institutes of Sweden (Södertälje, Sweden) as part of the 
transMed project (H2020-MSCA-765441). Labrafac™ lipophile WL 
1349, medium chain triglycerides (Ph. Eur. Grade, Gattefossé, France), 
Kolliphor® HS 15 i.e. Polyethylene glycol (15)-hydroxystearate (Ph. 
Eur. Grade, BASF), Phospholipids namely Phospholipon® 90 H (hy-
drogenated phosphatidylcholine ≥ 90%), Phospholipon® 80 H (hydro-
genated phosphatidylcholine ≥ 70%), Lipoid S 75 (phosphatidylcholine 
approx. 70% with predominantly unsaturated fatty acids) and Lipoid S 
PC-3 (hydrogenated phosphatidylcholine ≥ 98%) from Lipoid GmbH, 
Germany, were used to prepare LNCs. Sodium phosphate dibasic dihy-
drate (Na2HPO4⋅2H2O), sodium dihydrogen phosphate (NaH2PO4), 
ammonium acetate, sodium chloride, 100 kD Float-A-Lyzer® G2 Dial-
ysis Device (Spectrum Labs), 50 kD Amicon Ultra-0.5 Centrifugal Filter 
Units (Millipore®) were from Sigma-Aldrich Sweden AB (Stockholm, 
Sweden). Ultrapure milli-Q water (ELGA, Purelab Prima) made in-house 
was utilized for all experiments. All excipients and reagents were of 
analytical grade, unless specifically mentioned otherwise. 

3. Methods 

3.1. Lab scale development and characterization of LNCs 

3.1.1. Solubility measurement of DF003 
The solubility of DF003 in water, 0.1 N HCl (pH 1.5), Phosphate 

buffer (pH 7.2–7.4), Labrafac™ lipophile WL 1349, Kolliphor® HS 15 
was studied. Approximately 5–6 mg of DF003 was weighed into separate 
glass vials and 0.5 mL of aqueous buffer media was added. In case of 
Labrafac™ and liquified Kolliphor® HS 15, 0.5 g was weighed and 
added to the individual vials. The vials were kept on a mixing board and 
observed at 15 min intervals for two hours for the presence of particles. 
Excess DF003 was added to the vials that showed no visible particles. 
The vials with aqueous buffers were then left on a mixing board for 48 h 
at 25℃ to reach the saturation point. In case of Labrafac™ and Kolli-
phor® HS 15, vials were maintained at 37◦C for 3 h and 6 h respectively. 
At the end of stated time points, the experiment was stopped, and the 
vials were centrifuged at 14000g for 30 min to remove undissolved 
particles. Clear supernatant was collected and diluted with acetonitrile: 
water (30:70) or ethanol (in case of Labrafac™ and Kolliphor® HS 15) 
and the solubility of DF003 was quantified by UPLC-UV using the pa-
rameters stated in section 3.1.3. 

3.1.2. Formulation development and optimization of LNCs 
LNCs were prepared by a phase inversion method as described by 

Valcourt et al. (Valcourt et al., 2016) (Fig. 2). Briefly, Labrafac™, 
DF003, Kolliphor® HS 15, phospholipid, sodium chloride, and milli-Q 
water (17%) were weighed into a glass vial. The mixture was heated 
under stirring until the components were dissolved, and a clear solution 
was formed. Thereafter, the solution was subjected to three successive 
heat cool cycles, above and below the phase inversion temperature, from 
90◦C to 60◦C, whilst stirring. During the last cooling cycle, when the 
solution was close to phase inversion, excess cold water (2–8◦C) was Fig. 1. Molecular structure of DF003.  
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added. This mixture was kept under stirring for 5 min to stabilize the 
LNCs. Formulation was optimized by varying the proportions of Labra-
fac™ lipophile WL 1349, Kolliphor® HS 15, and phospholipids 
(Table 1). Moreover, blank LNCs without drug were prepared using 
different phospholipids (Phospholipon® 90 H, Lipoid S 75, Phospholi-
pon® 80 H, and Lipoid S PC-3) to check their impact on the formulation 
behavior. Initially, formulations were visually inspected for phase sep-
aration as an indication of physical instability. Formulations with no 
observable signs of phase separation were characterized for particle size, 
particle size distribution, zeta potential, entrapment efficiency, and drug 
loading. 

3.1.3. UPLC-UV method to quantify the drug concentration 
DF003 was quantified using UPLC system (ACQUITY UPLC, Waters 

Corporation) which was comprised of an autosampler, a pump for mo-
bile phases/solvents, column oven, a UV detector, and a column (Acq-
uity BEH shield RP18, 2.1 mm internal diameter, particle size 1.7 µm). 
Mobile phases consisted of 5 mM ammonium acetate (A) and acetoni-
trile (B), and elution was carried out in a gradient manner from 100% A 
to 100% B over 10 min. 2 µL of sample was injected and eluted at 0.5 
mL/min at 40◦C. Detection was performed at 256 nm at a peak retention 
time of ~ 3.5 min. A standard curve was generated between 20 and 100 
µg/mL by dissolving DF003 in acetonitrile:water (30:70). Test solutions 
were prepared and quantified in the same way as standard samples, 
either undiluted or diluted with acetonitrile:water (30:70). Data analysis 
was carried out using Chromeleon software (Dionex Corporation). 

3.1.4. Characterization of LNCs 

3.1.4.1. Physicochemical properties. The mean hydrodynamic diameter 
and Polydispersity Index (PdI) of the prepared LNCs (with or without 
drug) were measured by dynamic light scattering (DLS) at 25◦C with a 
detection angle of 173◦. Samples for particle size, zeta potential (ZP), 
and derived count rate (DCR) were measured undiluted or diluted to 60 
times with milli-Q water before the measurement. Both size and zeta 
potential were measured using Malvern Zetasizer Nano ZS (Malvern 
Instruments, UK). 

3.1.4.2. Entrapment efficiency and drug loading. Entrapment efficiency 
(% EE) calculates the fraction of drug that is associated, or entrapped, in 
the nanoparticles. In the present study, entrapment efficiency was 
quantified by an indirect method wherein the formulations were 
centrifuged in Amicon Ultra-0.5 centrifugal filter units with 50 kD mo-
lecular weight cut-off membrane for 5 min at 10000g. Clear filtrate 
which is devoid of LNCs was collected and analyzed for unentrapped 
drug using UPLC-UV. Absence of nanoparticles in the clear filtrate was 
confirmed by particle size measurements. Entrapment efficiency (% EE) 
was calculated by 

% EE = (Wt-Wo)/Wt x 100 (1)  

where Wt and Wo corresponds to the total and unentrapped drug, 
respectively. Drug loading of LNCs was calculated by 

Fig. 2. Schematic representation of lipid nanocapsules (LNCs) preparation by a phase inversion method.  

Table 1 
Optimization of LNCs with varied compositions.  

Formulation Labrafac™ WL 1349 
(% w/v) 

Kolliphor® HS 15 
(% w/v) 

Phospholipid 
(% w/v) 

NaCl 
(% w/v) 

Drug: lipid ratio Type of phospholipid 

F1  6.2  4.8 0  0.5 1:32 – 
F2  6.2  4.8 0.4  0.5 – Lipoid S 75 
F3  6.2  4.8 0.4  0.5 – Phospholipon® 80 H 
F4  6.2  4.8 0.4  0.5 – Lipoid S PC-3 
F5  6.2  4.8 0.4  0.5 – Phospholipon® 90 H 
F6  6.2  4.8 0.4  0.5 1:32 Phospholipon® 90 H 
F7  6.2  7.2 0.4  0.5 1:32 Phospholipon® 90 H 
F8  6.2  9.6 0.4  0.5 1:32 Phospholipon® 90 H 
F9  9.3  7.2 0.4  0.5 1:32 Phospholipon® 90 H 
F10  6.2  4.8 0.4  0.5 1:64 Phospholipon® 90 H  
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Drug loading (mg/mL) =
Amount of entrapped drug in LNCs (mg)

volume of LNCs (mL)
(2)  

3.1.4.3. Cryogenic transmission electron microscopy. Samples were 
analyzed by cryogenic transmission electron microscopy (cryo-TEM) as 
described by Almgren et al. (Almgren et al., 2000). Initially, samples 
were equilibrated at 25◦C and high relative humidity (> 90%) within a 
climate chamber. A small drop (< 1 μL) of each sample was deposited on 
a carbon-sputtered copper grid precovered with perforated polymer -
film. Excess liquid was thereafter removed by blotting with a filter 
paper, leaving a thin film of the solution on the grid. Subsequently, the 
sample was vitrified in liquid ethane and transferred to the microscope. 
Samples were kept below –160◦C and protected against atmospheric 
conditions during both transfer and examination. Analyses were per-
formed with a Zeiss Libra 120 Transmission Electron Microscope (Carl 
Zeiss AG, Oberkochen, Germany) operating at 80 kV and in zero-loss 
bright-field mode. Digital images were recorded under low-dose condi-
tions with a BioVision Pro-SM Slow Scan CCD camera (Proscan elek-
tronische Systeme GmbH, Scheuring, Germany). 

3.1.4.4. In vitro drug release. In the present study, release testing was 
carried out in a dialysis setup. A Float-A-Lyzer® G2 dialysis device fitted 
with 100 kD molecular weight cut-off membrane was selected and pre- 
treated with 10% ethanol and purified water as per the standard in-
struction provided by the supplier. Thereafter, 1 mL of formulation was 
added to the individual devices and kept in the release buffer (phosphate 
buffer pH 7.2–7.4 or hyaluronic acid ~375 µg/mL), at 37◦C. The ratio of 
formulation to release buffer volume was kept constant at 1 mL to 18 
mL. Samples were collected and the buffer was replaced completely with 
fresh buffer at predetermined time intervals to maintain sink conditions. 
Samples were quantified for released drug using UPLC. 

3.1.4.5. Stability testing 
3.1.4.5.1. Colloidal stability. Drug loaded formulations in their 

native state were evaluated for colloidal stability by storing them at 
2–8◦C and 25◦C for one month. Additionally, LNCs manufactured at 
higher volumes were also studied for stability by storing them at 2–8◦C 
for up to 6 months. Samples were collected and investigated for any 
possible changes in physical appearance, particle size, particle size dis-
tribution, zeta potential, % entrapment efficiency. 

3.1.4.5.2. Stability in simulated vitreous fluid. A solution of hyal-
uronic acid (2.4 million Da; ~375 µg/mL) was used as a simulated vit-
reous fluid (del Amo et al., 2017). Nanoparticles were diluted 20 times 
with the simulated vitreous fluid and incubated at 37◦C for seven days. 
Samples were tested for changes in particle size and particle size dis-
tribution, as an indication of aggregation or degradation. 

3.2. Large-scale manufacturing of LNCs 

LNCs without drug loading were prepared by a phase inversion 
method at two different manufacturing volumes, 1 L and 10 L scales 
which are 100 and 1000 times the lab scale volumes, respectively. 
Additionally, different manufacturing processes were also evaluated. 
Samples were collected and characterized for particle size, zeta poten-
tial, and derived count rate. Temperature and conductivity values were 
continuously monitored during the whole process. Detailed composition 
of LNCs used for large-scale production is given in Table 2. 

3.2.1. Manufacturing of LNCs with batch and continuous processes 
The same phase inversion method as for lab scale was used when 

scaling up the procedure from lab scale to a volume of 1 L and 10 L. In 
brief, Labrafac™ lipophile WL 1349, Kolliphor® HS 15, Phospholipon® 
90 H, Sodium chloride, milli-Q water (17%) were mixed and heated to 
obtain a clear solution which was then transferred directly into a double 

jacketed reaction vessel. A mechanical stirrer was mounted into the 
reaction vessel and a water bath with a mix of 50/50 ethylene glycol/ 
water was attached to the setup to maintain the required temperature in 
the reaction vessel. Three heating–cooling cycles (90–60◦C) were per-
formed to the component mixture and during the last cooling cycle, at 
around 80◦C, the solution was transferred into a flask with cold (~4◦C) 
quenching water (and with a magnetic stirring bar) directly, followed by 
stirring in an ice-bath for at least five minutes. Two batches at 1 L scale 
were manufactured to check the repeatability and reproducibility of the 
process. 

In addition, the batch manufacturing process was assessed and 
modified for its suitability to convert into a continuous process. For this 
purpose, LNCs were manufactured to a 1 L volume scale. Firstly, a ver-
tical oscillatory reactor fitted with baffles was employed instead of a 
normal jacketed reaction vessel (Fig. 10a and Fig. 10c). This medium 
scale oscillatory reactor typically simulates the flow patterns observed 
with continuous oscillatory baffled reactors for which better process 
control, as compared to standard batch processes, is possible. Two water 
baths were connected to the reactor to control the temperature as 
opposed to one bath in the batch manufacturing process. These water 
baths were maintained at temperatures of 20◦C and 95◦C and the con-
nections to the oscillatory reactor were switched for cooling and heating 
of the reaction mixture during the preparation of LNCs. Clear excipient 
mixture was transferred into the oscillatory reactor and subjected to 
heating and cooling cycles, followed by transferring into the quenching 
water, in the same manner as described for the batch process. 

3.2.2. Sterile manufacturing of LNCs at 1L scale 
The individual components listed in Table 2, except Phospholipon® 

90 H and water for quenching, were melted and sterile filtered using a 
0.2 µm syringe filter (Supor® EKV Membrane) into a heat sterilized glass 
bottle. Phospholipon® 90 H was added to the glass bottle and the so-
lution was heated until a clear solution was formed. The complete 
mixture was heat sterilized at 121◦C for 15 min with ~2 bar pressure. 
This sterile solution was subsequently subjected to heat-cool cycles and 
transferred into sterilized cold quenching water to obtain LNCs as 
described in Section 3.2.1. Finally, these nanocapsules were filtered 
through a 0.2 µm syringe filter (Supor® EKV Membrane) into sterile 
containers under a pre-sanitized laminar air-flow chamber. Samples 
were tested for bioburden as described in Section 3.2.3. 

3.2.3. Testing of LNCs for microbial purity 
Testing of microbial purity of the formulations prepared in Section 

3.2.2 was performed using the membrane filtration method described in 
the European Pharmacopoeia (Ph. Eur. 10.0, 2020). In short, Staphy-
lococcus aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC 9027), 
Bacillus subtilis (ATCC 6633), Candida albicans (ATCC 10231), Asper-
gillus brasiliensis (ATCC 16404) were used as challenge microorganisms 
(reference strains) for the determination of Total Aerobic Microbial 
Count (TAMC) as an indication of microbial purity. These test organisms 
were prepared from freeze-dried and ready-to-use pellets. Method suit-
ability was carried out by filtering (a) 10–100 CFU of challenge 

Table 2 
Composition of LNCs for large-scale manufacturing.  

Excipient Composition 
(% w/v) 

Weight of 
excipients (g) for 
1 L scale 

Weight of excipients 
(g) for 10 L scale 

Labrafac™ lipophile 
WL 1349 

6.2 62 620 

Kolliphor® HS 15 4.8 48 480 
Phospholipon® 90 H 0.4 4 40 
Sodium chloride 0.5 5 50 
milli-Q water 17 170 1700 
milli-Q water for 

quenching 
71.1 711 7110  
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microorganisms in 100 mL of peptone water (positive controls) and (b) 
test samples spiked with 10–100 CFU of challenge microorganisms, 
using Milliflex filtration system pre-fitted with 0.2 µm membrane. After 
the filtration, membranes were separated and incubated in Milliflex 
cassettes containing prefilled tryptic soy agar (TSA) for three days at 30- 
35℃. Percentage recovery of microbial count was calculated using 
Equation (3)and the acceptance criteria was set from 50% to 200%. Test 
samples were prepared by mixing 1 mL of formulations in 100 mL 
peptone water and examined for the microbial purity using the same 
method as described above. TAMC of the samples was compared against 
the limits mentioned in the European Pharmacopoeia.   

3.3. Statistical analysis 

The statistical analysis of generated data was performed using 
GraphPad Prism version 8.2.1, GraphPad Software, San Diego, Califor-
nia USA. Data is represented as mean ± standard deviation (SD). 

4. Results and discussion 

4.1. Lab scale formulation development of DF003 loaded LNCs 

4.1.1. Solubility of DF003 
DF003 is a small molecule with calculated log P and pKa of 1.9 and 

1.4, respectively (MarvinSketch 19.3). The first step in the formulation 
development for DF003 was to determine the solubility of DF003 in 
various aqueous buffers and formulation components. Solubility of 
DF003 in water was found to be 1.4 mg/mL. DF003 showed lower sol-
ubility in 0.1 N HCl buffer pH 1.5 (0.3 mg/mL) than in phosphate buffer 
pH 7.2–7.4 (3.6 mg/mL). Labrafac™ oil, which forms the core of the 
LNCs, showed lower solubility of DF003 (0.4 mg/g) as compared to the 
solubility in pure water. On the other hand, Kolliphor® HS 15, which 
makes up the shell of the LNCs, showed the highest solubility of more 
than 25 mg/g. Interestingly, for Kolliphor® HS 15, DF003 dissolved 
quickly, and saturation was not reached at the highest concentration 
tested of 25 mg/g. 

4.1.2. Formulation development, optimization, and characterization of 
LNCs 

The DF003 nanoformulations were prepared and optimized using a 
phase inversion method with various combinations of excipients (Val-
court et al., 2016). LNCs consists of an oil, Labrafac™ lipophile WL 1349 
which forms the core of the nanocapsules, surrounded and stabilized by 
a mixture of hydrophilic (Kolliphor® HS 15) and hydrophobic (phos-
pholipids) surfactants. LNCs prepared without phospholipids showed 
signs of immediate phase separation as shown for formulation F1 in 
Table 3. This suggests an important role of phospholipids in preserving 
the formulation stability which was previously also been shown by by 
Minkov et al. and Vonarbourg et al. (Minkov et al., 2005a; 2005b;; 
Vonarbourg et al., 2005). This led to studying the impact of different 
phospholipids on the stability and properties of the LNC formulations 
(F2, F3, F4, F5) prepared without drug loading. The use of different 
phospholipids (Phospholipon® 90 H, Lipoid S 75, Phospholipon® 80 H, 
and Lipoid S PC-3) did not affect the stability of the formulations as all 
the formulations were found to be stable. The different phospholipids 
vary in the fraction of phosphatidylcholine and the ratio of the different 

phospholipids in the excipient (phosphatidylcholine and phosphatidyl-
ethanolamine) and different ratios of fatty acids (palmitic acid, stearic 
acid, and other unsaturated fatty acids). The particle size was not 
dependent on the choice of phospholipid preparation and the PdI 
remained low in all cases, demonstrating a narrow size distribution 
(Fig. 3, Table 3). In addition, all tested phospholipid preparations 
resulted in physically stable negatively charged particles as shown by 
the zeta potential (Fig. 3, Table 3). The zeta potential is more negative 
for LNCs prepared with Lipoid S 75 (F2) and Phospholipon® 80 H (F3) as 
compared to LNCs with Lipoid S PC-3 (F4) and Phospholipon® 90 H 
(F5). Although the zeta potential was larger for formulations containing 

Lipoid S 75, Phospholipon® 80 H, this did not result in differences in 
particle size and polydispersity. Phospholipon® 90 H was selected for 
further formulation development due to its suitability for parenteral 
administration, whereas Phospholipon® 80 H is not approved for 
parenteral use and Lipoid S 75, the surfactant used in the original 
method as described by Valcourt et al. (Valcourt et al., 2016), was dis-
continued by the supplier. Overall, the use of different phospholipids 
exhibited similar formulation characteristics. 

In Table 3, the particle size and PdI of all the studied combinations 
with and without drug loading are summarized. Particle size and PdI of 
all the combinations were less than 100 nm and 0.25, respectively. It is 
apparent from the results in Table 3 that an increased amount of Lab-
rafac™ (6.2% w/v in F7 and 9.3% w/v in F9), which forms the core of 
LNCs, results in an increased size of the nanoparticles. On the other 
hand, an increased amount of Kolliphor® HS 15 results in a decreased 
particle size of LNCs (F6, F7 and F8). Apparently, the ratio between 
Labrafac™ and surfactant (Kolliphor® HS 15) is important for the size of 
nanoparticles. The more surfactant the better stabilization of smaller 
nanoparticles, and this can be achieved due to reduced interfacial ten-
sion during their formation. An increased oil proportion reduces the 
surfactant to oil ratio and thus results in particles with larger diameter. 
This behavior is in line with previous findings by Anton and Saulnier 
(Anton and Saulnier, 2013) and Aparicio-Blanco et al. (Aparicio-Blanco 

Table 3 
Optimization and characterization data of LNCs.  

Formulation Particle 
size (d.nm) 

PdI % EE Drug 
loading 

(mg/mL) 

Zeta 
potential 

(mV) 

F1 Immediate signs of phase separation 
F2 55 ± 0.4 0.06 ±

0.00  
– – − 12.8 ± 0.2 

F3 57 ± 0.1 0.07 ±
0.01  

– – − 12.6 ± 0.6 

F4 58 ± 0.9 0.07 ±
0.02  

– – − 1.3 ± 0.3 

F5 57 ± 0.6 0.05 ±
0.01  

– – − 2.7 ± 1.5 

F6 76 ± 1.2 0.16 ±
0.02  

69 ± 0.5 1.4 ± 0.07 − 11.6 ± 0.4 

F7 51 ± 0.0 0.16 ±
0.00  

82 ± 2.2 1.6 ± 0.05 − 7.7 ± 0.5 

F8 54 ± 2.9 0.25 ±
0.04  

89 ± 0.5 1.8 ± 0.02 − 7.4 ± 0.4 

F9 91 ± 8.7 0.21 ±
0.03  

84 ± 2.1 1.6 ± 0.00 − 12.5 ± 0.1 

F10 68 ± 1.4 0.12 ±
0.03  

82 ± 6.3 0.8 ± 0.11 − 8.2 ± 0.2 

Values are expressed as mean ± SD (n = 3) 

% Recovery =
Count on TSA cassette of samples spiked with challenge organisms

Count on TSA cassette of positive control
x 100 (3)   
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et al., 2019). Drug loaded LNCs in formulations F6 to F10 showed 
polydispersity values of 0.25 or smaller. A polydispersity of less than 
0.25 is indicative of a narrow distribution of particles sizes of the lipid 
vehicles. Unloaded particles appear to show lower polydispersity index 
compared to the LNCs prepared without drug (F2 to F5 compared to F6 
to F10, Table 3). This may indicate an even narrower size distribution 
for unloaded particles. The difference may however also be due to 
experimental differences as the unloaded particles were diluted 60 times 
with water prior to measurement. Dilution of the LNCs did not affect 
particle size and zeta potential but decreased PdI (data not shown). 

Drug loaded LNCs showed higher surface charge (more negative zeta 
potential compared to the formulations prepared without drug (F6 to F9 
vs F2 to F5; Table 3) indicating that incorporation of the drug in the 
particles increases the surface charge and that the resulting LNCs are 
more stable than the unloaded LNCs. For the drug loaded formulations, 
the zeta potential showed less variability between varying compositions 
than between loaded and unloaded LNCs. In formulations F6, F7, and F8 
at a fixed concentration of Labrafac™ 6.2% w/v, and drug to lipid ratio 
of 1:32, a zeta potential of − 11.6 was evident with F6 having 4.8% w/v 
of Kolliphor® HS 15, whereas in F7 and F8, slightly less negative zeta 
potentials of − 7.7 mV and − 7.4 mV, respectively, were observed. The 
higher amount of non-ionic surfactant (Kolliphor® HS 15) in F7 and F8 
compared to F6, may hide the overall charge on the particle surface. 
Further, the zeta potential of F6 and F9 was similar as the surfactant to 
oil ratio and lipid to drug ratio remains the same. Formulations F6 and 
F10 have similar composition except that F10 has a lower drug ratio, 
resulting in lower surface charge for F10. Overall, the zeta potential of 
LNCs is mainly related to the drug loading and the amount of Kolliphor® 
HS 15. 

The drug entrapment efficiency and drug loading are also shown in 
Table 3. Drug entrapment efficiency and drug loading are high for all 
compositions tested. Entrapment efficiency of DF003 is comparable to 
earlier data by Lamprecht at al. and Malzert-Fréon et al. for more lipo-
philic drugs like amiodarone and tripentone (Lamprecht et al., 2002; 
Malzert-Freon et al., 2006). It shows that LNCs may be good drug car-
riers also for more hydrophilic drugs such as DF003. As can be seen from 
Table 3, drug entrapment efficiency and drug loading are not dependent 
on the amount of oil (F7 and F9). The solubility of DF003 in Labrafac™ 
(0.4 mg/g) is poor and a larger amount of oil does not increase the 
entrapment efficiency and drug loading in the LNCs. In contrast, the 
solubility of DF003 is very high in Kolliphor® HS 15 (> 25 mg/g) and an 
increased entrapment efficiency is evident for higher proportions of 
Kolliphor® HS 15. An entrapment efficiency of 70% was found with 
4.8% w/v of Kolliphor® HS 15 (F6) while, F7 and F8 with 7.2% and 
9.6% of Kolliphor® HS 15 resulted in LNCs with an entrapment effi-
ciency of 82% and 89%, respectively. At higher drug to lipid ratio of 
1:32 (F6), compared to 1:64 in F10, a lower entrapment efficiency was 
observed but with an overall increase in drug loading (Table 3). 
Although LNCs at each composition showed good characteristics, F6 was 
chosen for further characterization. 

4.1.2.1. Morphology by cryogenic transmission electron microscopy. For-
mulations without and with DF003 (F5 and F6 respectively) were 
analyzed by cryo-TEM and the micrographs are presented in Fig. 4. It 
can be seen from the micrographs that the employed phase inversion 
process resulted in the formation of LNCs. The LNCs are of spherical 
shape and look similar for both unloaded and drug loaded LNCs, sug-
gesting that drug loading does not alter the structure of the formed 

Fig. 3. Particle size (a), polydispersity index (b) and zeta potential (c) of LNCs prepared with Lipoid S 75 (Table 1: F2) ( ), Phospholipon® 80 H (Table 1: F3) ( ), 
Lipoid S PC-3 (Table 1: F4) ( ) and Phospholipon® 90 H (Table 1: F5) ( ) (mean ± SD; n = 3). 

(a) (b)

Fig. 4. Cryogenic transmission electron micrographs of (a) unloaded, and (b) drug loaded LNCs.  
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nanoparticles. Moreover, the size distribution of LNCs from cryo-TEM 
analysis is in accordance with the size distribution profile obtained 
with DLS for lab scale process (Fig. 11). 

4.1.3. In vitro drug release testing of LNCs formulations 
Drug release testing serves as a performance indicator for the sus-

tained release behavior of the formulation. Additionally, it can 
demonstrate how strongly the drug is entrapped in the nanoparticles. In 
the present investigation, drug release testing from LNCs was done by 
measuring the drug diffusion across a 100 kD dialysis membrane. Sink 
conditions were maintained by keeping small donor and large acceptor 
volumes in the experimental setup. Concentrations of DF003 at the re-
ceptor site of the membrane did not exceed 17% of donor concentration. 
Additionally, gentle stirring was applied in the acceptor side to ensure 
uniform mixing of released drug. As can be seen in Fig. 5, the drug 
diffusion across the dialysis membrane was much slower for drug loaded 
LNCs compared to free drug. The diffusion of free DF003 was fast and >
80% of the drug was diffused within 4 h. Interestingly, DF003 loaded 
LNCs showed a much longer release profile with a duration of 6 days 
with an initial burst release phase. Previous studies on LNCs loaded with 
more hydrophobic drugs like amiodarone and tripentone showed sus-
tained release behavior of 10 days (approximately 60% drug release) 
and 14 days, respectively (Lamprecht et al., 2002; Malzert-Freon et al., 
2006). For more hydrophilic molecules like DF003, the main challenge 
of nanolipid formulations like LNCs is encapsulating the drug with a 
significant encapsulation yield and at the same time controlling the 
release induced by diffusion of the hydrophilic drug to the aqueous bulk 
phase. In a study by Vrigneaud et al. using hydrophilic doxorubicin 
hydrochloride, sustained release was achieved when the doxorubicin 
was loaded in a reverse micellar form in the oily core of the LNCs 
(Vrignaud et al., 2011). Although DF003 also is a hydrophilic drug, 
substantial loading was achieved and the obtained drug release profile 
was similar to that of some lipophilic drugs like amiodarone and tri-
pentone, with extended release up to 6 days. Several attempts were 
made to load DF003 also in a reversed micellar form into the LNCs, but 
these were unsuccessful (data not shown). The data suggests that DF003 
interacts strongly with Kolliphor® HS 15 resulting in sustained drug 
release to the aqueous environment. 

Additionally, drug release was studied in an aqueous buffer con-
taining hyaluronic acid. Hyaluronic acid (HA) is a major component of 
the vitreous that forms the largest anatomical region in the eye. The 
vitreous body is mainly composed of water, proteins and HA. Along with 
collagen, HA is responsible for maintaining the integrity of the eye 
structure. Drugs administered by the intravitreal route will be exposed 
to vitreous components and an interaction is possible. For example, 
nanoparticles could interact with the negatively charged HA which 

could lead to nanoparticle destabilization. The drug release profile in 
hyaluronic acid was found to be similar to the release profile in phos-
phate buffer and no significant differences were evident (p > 0.05, two- 
tailed paired t-test) (Fig. 5). 

4.1.4. Stability testing of formulations 

4.1.4.1. Colloidal stability evaluation of LNCs. Nanoparticle prepara-
tions, especially dispersion systems, often encounter various stability 
challenges. LNCs, like any other emulsion systems, could potentially 
show particle aggregation or creaming phenomena that leads to phase 
separation and instability. Thus, it is crucial that the formulations are 
stable until their use, and for this reason, formulated lipid nanocapsules 
were tested for their physical stability by storing them at room tem-
perature (25◦C) and at refrigerated conditions (2–8◦C). Firstly, samples 
were studied for their physical appearance and none of the formulations 
showed any signs of a phase separation during storage for one month at 
25◦C or 2–8◦C. This is further supported by minimal changes in both 
particle size and particle size distribution as indicated by the low PdI 
values (Fig. 6). Additionally, the zeta potential values remain un-
changed, further demonstrating a good physical stability of the LNCs. A 
slight decrease (< 10% of drug load) in the amount of drug associated to 
the particles was observed during storage as expressed by the entrap-
ment efficiency. Overall, it can be concluded that the drug loaded for-
mulations are physicochemically stable during storage for at least one 
month. (p > 0.05 for all parameters between both storage conditions, 
paired t-test). 

4.1.4.2. Stability of LNCs in vitreous components by direct incubation in 
hyaluronic acid sodium. Stability of LNCs was studied in presence of 
hyaluronic acid to simulate vitreous fluid for seven days. The data 
demonstrate that neither the particle size nor the polydispersity index 
changed significantly during a seven-day study period at 37◦C (p > 0.05, 
one-way ANOVA, Tukey’s multiple comparison test) (Fig. 7). The 
negative surface charge of both HA and LNCs may prohibit interactions 
between the polymer and the particles, thereby preventing effects on the 
physical stability. This study along with the drug release testing in hy-
aluronic acid concludes that the LNC particles are compatible with HA at 
the concentrations found in the eye. 

4.2. Manufacture of LNCs at large scale 

The phase inversion process is highly energy efficient as this process 
uses internal chemical energy, arising from the changes in surfactant 
behavior, to form the nanoparticles and does not require a high-energy 
equipment like high pressure homogenizer or microfluidizer (Solans and 
Solé, 2012). Moreover, organic solvents are not needed to produce LNCs, 
making this process environmental friendly and viable for commercial 
applications. In the present paper, the scalability of the LNCs 
manufacturing process has been studied. Here, the volume scale of the 
process was increased from a lab scale of a few mL to the volumes of 10 L 
to understand the impact of scale on the LNCs production and their 
quality parameters. Initially two batches of LNCs at 1 L volume were 
manufactured using a similar process as for lab scale to check the 
reproducibility and robustness of the process. The resultant LNCs were 
characterized for particle size and size distribution which did not differ 
between these two batches (Table 4). Furthermore, particle concentra-
tion as expressed by the derived count rate values obtained from DLS did 
not vary between the batches indicating the consistency in product 
characteristics between these two batches, demonstrating that the pro-
cess is reproducible. Manufacturing of LNCs even at a higher scale of 10 
L using the same batch wise process resulted in nanocapsules with 
comparable characteristics as for lab scale and 1 L scale-up, as demon-
strated in Table 4. Thus, the process can be scaled up to higher volumes 
with little impact on product quality parameters such as particle size, 

Fig. 5. In vitro release testing of free drug in phosphate buffer ( ), free drug in 
hyaluronic acid ( ), drug loaded LNCs (F6) in phosphate buffer ( ) and drug 
loaded LNCs (F6) in hyaluronic acid ( ). (Mean ± SD, n = 3). 
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polydispersity, and particle concentration. 
Phase inversion methodology employed in this investigation to 

produce LNCs is governed by a temperature dependent changes in the 
surfactant behavior. At low temperatures, surfactant is in a hydrated 
state with a positive curvature that favors the formation of an O/W 
emulsion. With increase in temperature, the surfactant loses its ability to 
form hydrogen bonds with water and undergoes dehydration with a 
negative curvature that prefers the formation of a W/O emulsion. This 
whole process can be characterized by a higher conductivity at lower 
temperature and vice versa. In Fig. 8, the conductivity as a function of 
the dispersion temperature for the last cycle (60◦C to 90◦C) during 1 L 
scale-up with the batch manufacturing process is visualized. High con-
ductivity values can be seen at lower temperatures and a lower con-
ductivity is visible at higher temperatures which is similar to the 
previous findings by Heurtault et al. (Heurtault et al., 2002). This phe-
nomenon is an indication of a phase inversion from O/W to W/O 
emulsion with increase in temperature, and the conductivity measure-
ments offer a possibility of monitoring the LNCs preparation process and 
can thus be used as an in-process control. The conductivity changes over 
the three temperature cycles follow the same pattern for both 1 L and 10 
L scale-up (Fig. 9). However, from Fig. 9, it can also be seen that the 
heating and cooling cycles are scale dependent. It obviously takes longer 
time to heat and cool at larger scale and this will increase the 
manufacturing time. 

In the above-mentioned batch manufacturing process, only a single 
water bath was used for both heating and cooling the excipient mixture 
and there was a significant time consumption to obtain the desired 
temperature. This will result in long manufacturing time scales, espe-
cially at high manufacturing volumes. To reduce the impact of scale on 
the process time for heating and cooling cycles, the batch process was 
modified to be suitable for a continuous operation. For this purpose, a 
medium scale of a vertical oscillatory baffled reactor vessel (Fig. 10c) 
was tested. The vertical reactor was connected to two water baths for 

Fig. 6. Colloidal stability evaluation of drug loaded LNCs (F6) stored at room temperature ( ) and at 2–8◦C ( ). (Mean ± SD, n = 3).  

Fig. 7. Stability of LNCs (F6) in presence of Hyaluronic acid sodium: (a) 
changes in particle size, (b) changes in polydispersity Index. (Mean ± SD, n 
= 3). 

Table 4 
Characterization of upscaled LNCs manufactured with batch and continuous 
manufacturing processes.  

Batch/ 
(volume) 

Type of 
process 

Particle 
size (d.nm) 

PdI Zeta 
Potential 

(mV) 

DCR 
(kcps) 

Lab scale/ 
(0.01 L)# 

Batch 58 ± 0.7 0.06 
± 0.01 

− 2.0 ± 1.0 122273 
± 6990 

Scale-up/(1 
L)* 

Batch 57 ± 0.0 0.06 
± 0.01 

− 1.6 ± 0.2 115002 
± 1317 

Scale-up/(1 
L)** 

Continuous 59 0.08 – 117012 

Scale-up/ 
(10 L)** 

Batch 59 0.01 − 1.8 113505 

#n = 3, *n = 2 (data represented as mean ± SD), **n = 1. 

Fig. 8. Conductivity as a function of the dispersion temperature for the last 
heating cycle when the temperature is raised from 60◦C to 90 C, for 1 L with 
batch process. (Mean ± SD, n = 2). 

Fig. 9. Dispersion temperature and conductivity as a function of time during 
the LNCs manufacturing process. (a) scale-up at 1 L volume (b) scale-up at 10 L 
volume, both with batch process. 
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heating and cooling the excipient mixture to reduce the process time. 
This oscillatory reactor setup generates liquid flow patterns that are 
similar to the patterns achieved with a large scale continuous oscillatory 
baffled reactor. Agitation in the utilized baffled reactor is caused by 
oscillating baffles to achieve improved heat transfer and better mixing of 
the excipient mixture (Abbott et al., 2013; Bianchi et al., 2020) thereby 
increasing the process efficiency and reducing the process times. This 
manufacturing process resulted in particles with a size around 59 nm, a 
size that correlates well with the batch method. Moreover, both the PdI 
and the derived count rate are in the same range as for the batch method 
(Table 4). Upscaling of this medium scale process to manufacture large 
volumes of particles can simply be achieved by connecting several 
oscillatory baffled reactors into a continuous oscillatory baffled reactor 
without changing the flow properties of the liquid and thereby pro-
ducing LNCs with the same quality. 

4.2.1. Manufacturing of sterile LNCs at 1 L scale 
For parenteral applications it is essential that the manufacturing 

process can be adapted for introduction of sterilization steps. Indeed, 
although the manufacturing was not performed under aseptic sterile 
conditions, we tested the critical steps for sterile manufacture. The batch 
process was modified to accommodate the necessary sterilization steps 
to reduce the bioburden during the manufacturing. This method 
included a sterile filtration (0.22 µ) and a subsequent heat sterilization of 
the excipient mixture. Phospholipon® 90 H was added after the filtra-
tion as it caused clogging of the filter used for sterile filtration. Addi-
tionally, a final sterile filtration step was included after the preparation 
of LNCs. These process steps to reduce the bioburden did not affect the 
properties of the LNCs to a large extent. Stable nanosized particles were 
obtained following heat sterilization of the excipient mixture and sterile 
filtration of the final product (Table 5). 

The method suitability test for TAMC by filtration according to Eu-
ropean Pharmacopoeia was established successfully to test the bio-
burden of the formulation. For test formulations, microbial colonies 
were not detected on the surface of TSA cassettes, giving a TAMC value 

Fig. 10. Manufacturing of LNCs at large scale. (a), (b) represents the reaction vessel and predicted liquid flow pattern in a batch operation and (c), (d) indicates the 
oscillatory baffled reactor and its flow pattern. In figure (d), liquid flow is indicated by dashed arrows and the solid arrows outside the drawing indicates the 
movement of baffles (Abbott et al., 2013). 

Table 5 
Characterization of upscaled LNCs prepared with sterile manufacturing process.  

Sample type Particle size (d.nm) PdI Zeta Potential (mV) DCR (kcps) 

Non-filtered 66  0.11 − 1.6 131044 
Sterile filtered 65  0.12 − 1.7 133748  

Fig. 11. Comparison of the particle size data of LNCs manufactured at different 
scales and processes: lab scale ( ), 100 times scale-up with batch process 
( ), 1000 times scale-up with batch process ( ), continuous process ( ), 
sterile manufacturing process ( ). 

Table 6 
Stability data of LNCs prepared at different manufacturing scales.  

Stability 
duration 

Lab 
scale 

100 times 
scale-up 
with 
batch 
process (1 
L) 

1000 
times 
scale-up 
with 
batch 
process 
(10 L) 

Continuous 
process (1 L) 

Sterile 
manufacturing 
process (1 L) 

Particle size (d.nm) 
Initial 57 57 59 59 65 

1 month 62 59 59 60 67 
6 months – – – 64 – 

Polydispersity Index (PdI) 
Initial 0.05 0.07 0.10 0.08 0.12 

1 month 0.03 0.04 0.05 0.05 0.11 
6 months – – – 0.06 – 

Zeta Potential (mV) 
Initial − 2.7 − 1.7 − 1.8 – − 1.7 

1 month − 1.9 − 3.5 − 3.7 – − 2.2  
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of 0 CFU/mL. Overall, the physicochemical properties of nanoparticles 
and subsequent testing of the LNCs formulation for microbial purity 
demonstrated that the inclusion of several sterilization steps led to the 
manufacture of LNCs with very low microbial burden, without affecting 
the nanoparticles to any greater extent. 

Overall, LNCs manufactured at different volume scales using 
different setups resulted in highly monodisperse nanoparticles with 
similar product characteristics (Fig. 11). Further, the LNCs were assessed 
for their stability by storing them at 2–8◦C. Samples were measured for 
changes in particle size, polydispersity index and zeta potential for at 
least one month and the data is presented in Table 6. No significant 
deviations from initial values were seen with respect to all the studied 
parameters for one month. Further, the formulation made with the 
continuous manufacturing process was studied for an extended duration 
of 6 months and it was observed that the studied parameters were un-
changed. These results indicate that the large-scale production processes 
resulted in stable LNCs. 

5. Conclusion 

In the present work, lipid nanocapsules were developed as a lipid 
nano delivery system for the novel drug molecule, DF003 that has 
showed neuroprotective properties in previous studies. Varied compo-
sitions of nanocapsules were prepared with a phase inversion method 
and thoroughly characterized. All the studied compositions resulted in 
stable nanoparticles with high entrapment efficiency and drug loading. 
The selected formulation showed a significantly extended release over a 
6-day time period as compared to the free drug. The interaction of the 
hydrophilic DF003 with the lipid nanoparticles will need to be studied 
further and will be the subject of future investigations. Due to the 
invasive nature of intravitreal administration, the dosing frequency of 
an intravitreal drug should be as low as possible. For DF003, the current 
in vitro release rate of the drug in the LNCs may still be too fast and 
require additional development of the drug delivery system. In vivo 
release studies combined with appropriate knowledge of drug concen-
tration requirements at the target site will set the stage for such devel-
opment. The formulation manufacturing process was developed to 
produce LNCs at high volumes without any noticeable deviation from 
the lab scale data. Additionally, sterilization steps were included to 
reduce the bioburden and to produce sterile nanoparticles. Combining a 
continuous manufacturing method with the sterilization steps could 
become a successful strategy for manufacturing LNCs at higher volume 
scales. Such a manufacturing process will be suitable for technology 
transfer to production lines that is needed for the introduction of new 
drugs to treat patients. 
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Solans, C., Solé, I., 2012. Nano-emulsions: formation by low-energy methods. Curr. Opin. 
Colloid Interface Sci. 17, 246–254. 

Sun, R., Zhang, A., Ge, Y., Gou, J., Yin, T., He, H., Wang, Y., Zhang, G., Kong, J., 
Shang, L., 2020. Ultra-small-size Astragaloside-IV loaded lipid nanocapsules eye 
drops for the effective management of dry age-related macular degeneration. Expert 
Opinion on Drug Delivery 17, 1305–1320. 

Thomas, O., Lagarce, F., 2013. Lipid nanocapsules: a nanocarrier suitable for scale-up 
process. J. Drug Delivery Sci. Technol. 23, 555–559. 

Umerska, A., Matougui, N., Groo, A.-C., Saulnier, P., 2016. Understanding the adsorption 
of salmon calcitonin, antimicrobial peptide AP114 and polymyxin B onto lipid 
nanocapsules. Int. J. Pharm. 506, 191–200. 

Valcourt, C., Saulnier, P., Umerska, A., Zanelli, M., Montagu, A., Rossines, E., Joly- 
Guillou, M.-L., 2016. Synergistic interactions between doxycycline and terpenic 
components of essential oils encapsulated within lipid nanocapsules against gram 
negative bacteria. Int. J. Pharm. 498, 23–31. 

Ventola, C.L., 2017. Progress in nanomedicine: approved and investigational nanodrugs. 
Pharmacy and Therapeutics 42, 742. 
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