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A B S T R A C T   

One of the critical quality attributes of nanoparticle formulations is drug release. Their release properties should 
therefore be well characterized with predictive and discriminative methods. However, there is presently still no 
standard method for the release testing of extended release nanoformulations. Dialysis techniques are widely 
used in the literature but suffer from severe drawbacks. Burst release of formulations can be masked by slow 
permeation kinetics of the free drug through the dialysis membrane, saturation in the membrane, and absence of 
agitation in the membrane. In this study, the release profile of poly(lactic co-glycolic) (PLGA) nanocapsules 
loaded with all-trans retinoic acid was characterized using an innovative sample and separate set-up, the 
NanoDis System, and compared to the release profile measured with a dialysis technique. The NanoDis System 
showed clear superiority over the dialysis method and was able to accurately characterize the burst release from 
the capsules and furthermore discriminate between different all-trans retinoic acid nanoparticle formulations.   

1. Introduction 

Polyester nanoparticles, and more specifically poly(lactic acid) (PLA) 
and poly(lactic co-glycolic acid) (PLGA) nanoparticles, have been used 
abundantly in research during the last few decades due to their good 
biocompatibility properties (Makadia et al., 2011). These polymeric 
nanoparticles have been reported to have controlled and extended 
release properties thanks to their slow degradation kinetic. However, 
such nanoparticle formulations often suffer from burst release, wherein 
a large amount of the encapsulated drug is released within the first hours 
due to leakage of the API (Active Pharmaceutical Ingredient) located 
close to the particle surface (Rodrigues de Azevedo et al., 2017; Yoo and 
Won, 2020). A high burst release can lead to a toxic effect if the drug 
concentration exceeds the therapeutic window and must therefore be 
well characterized. 

Until now there have been no standardized techniques for release 
testing of extended release nanoparticle systems. Current dissolution 
methodologies suffer from the inefficient separation of nanoparticles 
from the dissolution medium, independent of the equipment used for the 
dissolution studies. 

Dialysis is one of the methods used in drug release testing of 
extended release nanoparticle formulations, ensuring the physical sep
aration of the nanoparticles from the sampling compartment (Yang 
et al., 2016; Dinesh Kumar et al., 2015; Sant et al., 2005; Wang et al., 
2011). The nanoparticles are dispersed in release medium and filled into 
a dialysis bag or tube, which acts as the donor compartment. The bag is 
stirred in a large volume of release medium —referred to as the acceptor 
compartment— which allows the diffusion of the released drug from the 
donor to the acceptor compartment due to the concentration difference. 
The released drug can then be measured by sampling from the acceptor 
compartment. Despite being widely used, dialysis techniques suffer from 
severe drawbacks such as the permeation kinetic of the free drug 
through the dialysis membrane, which often limits the measured release 
of the API (Modi and Anderson, 2013; Zambito et al., 2012). If the 
permeation kinetic of the free drug is slower than the release rate of the 
drug, the amount of API found in the acceptor compartment will not 
reflect the real release profile of the drug at this time point (D’Souza, 
2014; Nothnagel and Wacker, 2018). The limited permeation of the drug 
through the membrane can also lead to non-sink conditions inside of the 
dialysis bag, thus impacting the release profile. The so-called sink 
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conditions refer to experimental in vitro conditions where the maximum 
drug concentration in the bulk fluid should not exceed about 20–30% of 
the drug’s saturation concentration in the respective medium (Siepmann 
and Siepmann, 2020). In these conditions, the release from the particles 
is not limited by the concentration gradient or by saturation. If free drug 
accumulates inside the dialysis bag due to low permeation kinetics, 
saturation can be reached, leading to recrystallization and precipitation 
of the drug, thereby forming a new drug depot inside the bag instead of 
free API diffusing towards the acceptor compartment. Furthermore, due 
to the lack of agitation inside the bag, adsorption of excipients or pre
cipitates of drug can easily occur on the membrane, further reducing the 
effective surface area for medium exchange and thus impacting the 
permeation kinetic and the measured release even more (Nothnagel and 
Wacker, 2018). Based on the aforementioned reasons, the measured 
release profile, and especially the profile of the burst release, are often 
underestimated when using dialysis techniques. 

As an alternative to the dialysis set-up, sample and separate tech
niques can be used. In these methods, the nanoparticles are diluted in 
sink conditions in release medium. Samples are taken at various time 
points and separation techniques are used to isolate the free drug from 
the nanoparticles. To achieve separation, centrifugation, filtration 
techniques, or centrifugal ultrafiltration devices can be employed 
(Budhian et al., 2008; Hasan et al., 2007; Nimesh et al., 2006). When 
using centrifugation, the high centrifugal speed necessary to pellet the 
nanoparticles can disrupt sheer-sensitive particles and lead to forced 
release of the drug (D’Souza, 2014). As release can also continue during 
the centrifugation time, this technique is not applicable for early time 
points (D’Souza, 2014; Nothnagel and Wacker, 2018). Filtration tech
niques using syringe filters are fast and easy to set up, but must use low 
pore size filters to avoid permeation of nanoparticles through the 
membranes. Filter clogging or breakage can occur, and the sheer stress 
of this technique can also disrupt some fragile particles (Nothnagel and 
Wacker, 2018). When using centrifugal ultrafiltration devices, lower 
rotation speed can be used when compared with classical centrifugation, 
however the same issue of filter clogging and breakage can still occur 
together with the length of time needed for the ultrafiltration where the 
dissolution still occurs in the ultrafiltration device (Nothnagel and 
Wacker, 2018). The use of tangential flow filtration (TFF), also referred 
to as cross-flow filtration, can reduce clogging of the membranes. The 
nanoparticle dispersion feed is streamed parallel to the membrane face 
with one portion passing through the membrane (filtrate or permeate), 
whereas the remainder (retentate or concentrate) is circulated back to 
the feed reservoir (Dalwadi et al., 2005). The cross-flow prevents par
ticle from clogging the membrane and reduces the sheer force on the 
nanoparticles. TFF is an efficient technique for the purification of 
nanoparticles and can also be employed for the separation of released 
drug from nanoparticles. 

Recently, alternative techniques for dissolution test of nanoparticles 
have been developed, like in-situ techniques, measurements using Dif
ferential Scanning calorimetry (DSC), or automated sample and separate 
technique. In-situ techniques allow the dosage of the free API directly in 
the vessels, thus avoiding the need for sampling and loss of material. As 
the detection is done directly in the vessel, the free API needs to be 
detected independently of the API still encapsulated in the nano
particles, and with minimum interference due to the nanoparticles or 
excipients present in the medium. A new device has been reported to be 
able to measure UV absorbance of the released drug in-situ without 
separation from the nanoparticles, the Sirius® inForm apparatus. This 
device can make adjustments for the amount of UV light lost by the 
scattering of the nanoparticles, using the Tyndall-Rayleigh scattering 
theory, and correct the absorbance measurement accordingly. However, 
this device remains sensitive to turbidity (Balzus et al., 2016). Potenti
ometric sensors or differential pulse polarography (DPP) have both been 
used for the in-situ measurements of nanoformulations. Potentiometric 
sensors provide accurate, reproducible, fast and selective determination 
of various ionic species, in a non-destructive manner and are thus only 

available for ionizable API (Kakhki, 2013). DPP is an electrochemical 
method and thus is only available for electroactive drugs, with a suitable 
redox potential (Kontoyannis and Douroumis, 2001; Charalampopoulos 
et al., 2003; Rosenblatt et al., 2007). DSC has also been used for the 
release testing of a variety of API loaded in lipid nanoparticles, as the 
crystallization temperature increased proportionally with the release of 
the loaded API (Roese and Bunjes, 2017). Finally, an innovative device 
for dissolution test of nanoparticles has been developed based on a 
sample and separate technique using TFF with hollow fiber membranes: 
the NanoDis System. 

The NanoDis System is coupled with a USP II dissolution apparatus 
(paddle) and an autosampler. In the NanoDis System, the dissolution 
medium containing nanoparticles is pumped through TFF filters while 
the filtrate, free from particles, is collected with an autosampler. With 
the NanoDis System, nanoparticles are separated from dissolved API 
within minutes and independent from particle size since the molecular 
weight cut-off of the filters is selected accordingly to ensure the com
plete separation of nanoparticles from the dissolution medium. 

In this study, the NanoDis System was used for determining the 
release profile of PLGA nanocapsules loaded with all-trans retinoic acid 
(RA). RA, a derivative of vitamin A, has proven to be an interesting 
molecule for stimulating the differentiation of neural stem cells (NSCs) 
in new neuronal cells, both in vitro and in vivo (Maia et al., 2011; Santos 
et al., 2012). Because NSCs can differentiate into new neural cells, 
including neurons, the regulation of their proliferation, differentiation 
and migration represents a promising regenerative and therapeutic 
strategy for central nervous system (CNS) diseases, like strokes or 
neurodegenerative diseases, such as Alzheimer’s disease. Loading 
nanoparticles with RA could increase RA cell uptake by NSCs and thus 
prove valuable in therapeutic applications. 

To reach NSCs, nanoparticles should be able to cross the blood–brain 
barrier (BBB), a selective barrier surrounding the brain formed by the 
endothelial cells of the cerebral microvessels (Abbott et al., 2006; 
Sweeney et al., 2018). It was shown that coating polymeric nano
particles with specific surfactants, like polysorbate 80 or poloxamer 188, 
increased their BBB crossing ability (Kreuter et al., 1995; Kreuter et al., 
1997; Gelperina et al., 2010; Petri et al., 2007). Surfactant-coated 
nanoparticles can adsorb apolipoproteins in the blood on their surface 
and then cross the BBB through receptor-mediated transcytosis (Petri 
et al., 2007; Kreuter et al., 2002). However, for these formulations to be 
efficient, their cargo should not be released before the formulations have 
crossed the BBB. Their burst release should therefore be limited. 

To summarize, there is still an unmet need for the development of an 
appropriate release testing technique for the accurate in vitro evaluation 
of release kinetics of nanoparticles. The innovative release testing 
technique should be capable of separating the free drug from the 
nanoparticles efficiently without imposing much stress on the particles 
during separation and should not be limited by permeation kinetics. In 
this work, the release from PLGA nanocapsules loaded with all-trans 
retinoic acid was studied using dialysis and the NanoDis System, to 
compare the ability of both methods to measure their release kinetic 
accurately. 

2. Material and methods 

2.1. Materials 

PLGA Resomer® RG502H, was obtained from Evonik (Essen, Ger
many) and all-trans retinoic acid from Acros Organics (Waltham, USA). 
Tween® 80 (polysorbate 80) was purchased from Merck (Darmstadt, 
Germany), Kolliphor® P188 (poloxamer P188) and chitosan (50–190 
kDa) from Sigma-Aldrich (Saint-Louis, USA), Kolliphor® SLS (sodium 
lauryl sulfate/sodium dodecyl sulfate) from BASF (Ludwigshafen, Ger
many), Span 80 (sorbitan monooleate) from Guangdong Runhua 
Chemistry Co. (Guangdong, China), and oleic acid from PanReac 
AppliChem (Darmstadt, Germany). 
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2.2. Nanocapsules production 

The nanocapsules (NC) were produced with a continuous nano
precipitation method in a confined chamber. Two formulations, P188 
benchtop and PS80 benchtop, were produced benchtop by simply add
ing the solvent solutions in the non-solvent solutions under stirring. 
PLGA, oleic acid, retinoic acid and Span 80 dissolved in acetone were 
used as solvent solution (Table 1). Polysorbate 80 (PS80) or poloxamer 
188 (P188) were dissolved in water to form the non-solvent solution. A 
solvent:non-solvent ratio of 1:2 was used for the production of the NC. 
To produce NC coated with chitosan, the same technique was used but 
chitosan was added in the non-solvent solution, dissolved in water with 
1% v/v of acetic acid. The NC produced with this extra-layer of chitosan 
were labelled P188-C and PS80-C for NC coated with P188 and PS80 
respectively. One formulation coated with chitosan and PS80 was pre
pared with higher amount of PLGA and oil and was labelled PS80-C 
high. The NC were purified by TFF using a 300 kD mPES Spectrum® 
MicroKros hollow fiber filter from Repligen (Waltham, USA) at 15 psi 
(~1 bar), with 6 volumes of water, or acetic acid 1% v/v in water for 
chitosan-coated NC. NC size and zeta potential were measured by dy
namic light scattering (DLS) with a Zetasizer NanoZS 90 from Malvern 
Instruments (Malvern, UK). 

2.3. Cryo-TEM imaging 

Cryo-TEM imaging of the P188 NC was conducted by placing a 3 µl 
droplet of the aqueous solution on a S147-4 holey carbon film (Plano, 
Germany) before blotting the liquid droplet to a thin film for 2 s and 
plunging into undercooled liquid ethane at T = 108 K using a Gatan 
(Pleasonton, USA) CP3 cryo plunger. The vitrified samples were trans
ferred under liquid nitrogen to a Gatan model 914 cryo-TEM holder and 
imaged at T = 100 K using a JEOL (Akishima, Japan) JEM-2100 LaB6 
TEM operating at an accelerating voltage of 200 kV under low-dose 
conditions. TEM micrographs were obtained using a Gatan Orius 
SC1000 CCD camera and an acquisition time of 4 s. 

2.4. Encapsulation efficiency 

NC were centrifuged for 5 min at 1,000 g through Nanosep® Cen
trifugal devices with Omega™ membrane (mPES) 300 kD from Pall 

Laboratory purchased from VWR (Darmstadt, Germany). The filtrates 
were measured with a spectrophotometer UV-1600PC from VWR 
(Darmstadt, Germany) at 345 nm. No RA could be measured in the 
filtrate, so the encapsulation efficiency (EE) was estimated based on the 
detection limit of RA in water with 1% w/v PS80 (0.1 µg/ml) using 
Equation (1). 

EE > 100 −
0.1

total RA concentration [μg/ml]
× 100 (1)  

2.5. RA solubility in release media 

To measure RA solubility, 1 mg of RA was stirred in 2 ml of release 
medium for 24 h at 20 ◦C. Samples were taken at 3 and 24 h. The sample 
suspensions were centrifuged for 15 min at 16,000 g and the superna
tants were measured with a UV spectrophotometer at 345 nm for PBS- 
PS80 media and 355 nm for PBS-SDS media. RA concentration was 
calculated from calibration curves in either PBS-PS80 or PBS-SDS. 

2.6. Release testing 

2.6.1. NanoDis method 
To measure the NC release profile, a USP II dissolution apparatus 

708-DS coupled with a NanoDis System and an 850-DS Sampling Station 
from Agilent (Santa Clara, USA) was used. The nanoparticles were 
diluted to reach 5 µg/ml of retinoic acid in the vessel and reach sink 
conditions in 750 ml of PBS-PS80 or PBS-SDS. The NanoDis System was 
fitted with 500 kD mPES Spectrum® MicroKros hollow fiber filters from 
Repligen. The NC were stirred at 50 rpm at 37 ◦C. At chosen time points, 
the suspension was automatically filtered through the filters by TFF. The 
filtrates were collected and the retentates were circulated back into the 
vessels (Fig. 1). Control of the lag time of filtration and permeation of the 
dissolved API were done with RA dissolved in release medium to check 
the permeation of free RA through the filters. The filtrates were 
measured with a UV spectrophotometer at 345 nm for PBS-PS80 and 
355 nm for PBS-SDS. RA concentration was calculated from calibration 
curves in either PBS-PS80 or PBS-SDS. The release percentage was 
calculated using Equation (2) . 

NanoDis release percentage =
RA concentration in the filtrate

Total RA concentration in the medium
× 100

(2)  

2.6.2. Dialysis method 
The NC P188-span were diluted to reach 20 µg/ml of RA in release 

medium, either PBS-PS80 or PBS-SDS, to ensure sink conditions. 10 ml 
of the suspension was placed inside a 10 ml 300 kD cellulose ester Float- 
A-Lyzer® from Repligen. The tubes were stirred at 150 rpm in 150 ml of 
release medium at 37 ◦C in a drying oven. At chosen time points, 300 µl 
of medium from the acceptor compartment was sampled and replaced 
with 300 µl of fresh medium. At 6, 24 and 30 h, the complete medium 
from the acceptor compartment was replaced with fresh medium. The 
samples were measured with a UV spectrophotometer at 345 nm for 
PBS-PS80 and 355 nm for PBS-SDS. RA concentration was calculated 
from calibration curves in either PBS-PS80 or PBS-SDS. The release 
percentage was calculated using Equation (3).   

3. Results and discussion 

3.1. Nanoparticle production and characterization 

The PLGA NC were produced with a continuous nanoprecipitation 
technique in a confined chamber. Depending on the formulations, NC of 
different sizes were produced. NC of size from 120 to 422 nm were 
produced, with a polydispersity index (PDI) from 0.09 to 0.32 (Table 2). 
NC prepared benchtop had larger sizes than the NC prepared using the 
continuous nanoprecipitation method despite having the same compo
sition, due to differences in mixing properties. When comparing P188- 
NC and PS80-NC, PS80-NC had the smallest size (120.7 nm against 
185.7 nm). As coating the NC with chitosan increased their size, to keep 
size in a comparable range, PLGA and oleic acid concentrations were 
reduced from 1 and 1.5% w/v to produce the chitosan-coated NC with a 
concentration of 0.3 and 0.9% w/v respectively, labelled PS80-C and 
P188-C. Reducing PLGA and oil concentrations allowed the production 
of 254.4 nm for P188-C NC and 137.2 nm for PS80-C NC, respectively. 

Dialysis release percentage =
RA amount in the acceptor compartment

RA amount in the donor compartment at t0
× 100 (3)   
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When keeping the PLGA and oleic acid concentrations at 1 and 1.5% w/ 
v (PS80-C high), the chitosan-coated NC had a large size of over 400 nm. 
The NC had negative zeta potentials around − 40 mV, except when 
coated with chitosan, where their zeta potentials turned positive to 
values between 25 and 30 mV. 

The encapsulation efficiency for all formulations was higher than 
99%. This high encapsulation efficiency was possible due to the oleic 
acid core inside the NC. After several rinse cycles of the nanocapsules by 
TFF, the retinoic concentration of the NC stayed stable, confirming the 
high encapsulation efficiency of the NC. The size, PDI, and count rate of 
the NC were unchanged after TFF purification. 

The P188 NC were imaged by cryo-TEM (Fig. 2). The nanocapsules 
were spherical and seemed to be smaller and have a larger polydispersity 
than what was measured by DLS, with diameters ranging from 20 to 130 
nm. This size difference is to be expected as the hydrodynamic shell is 
not measured here by TEM. 

3.2. Solubility in release media 

Retinoic acid is a very hydrophobic molecule. Due to its poor solu
bility in water (<1 µg/ml), sink conditions for the tested concentrations 
could not be reached in PBS (Phosphate Buffered Saline). Surfactants 
had to be added to increase RA solubility in PBS pH 7.4. To do so, 
polysorbate 80 or SDS were added to PBS at 0.5% w/v. The surfactants 
increased RA solubility after 3 h of stirring, in PBS-PS80 and PBS-SDS to 
92.3 ± 3.6 µg/ml and 84.6 ± 0.4 µg/ml respectively. RA solubility 

stayed constant after 24 h of stirring and was measured at 92.5 ± 2.1 µg/ 
ml and 85.8 ± 2.9 µg/ml in PBS-PS80 and PBS-SDS respectively. 

3.3. Dialysis release 

The release from the NC was tested by dialysis. Free RA dissolved in 
release medium was used as control to assess the permeation kinetic of 
RA through the dialysis membrane. Two release media were compared: 
PBS pH 7.4 supplemented with either polysorbate 80 or SDS. The 
permeation kinetic of RA through the membrane was slow, despite 
testing membranes with different MW cut-offs. A high MWCO dialysis 
membrane of 300 kDa was used, as when a lower MWCO (14 kD) 

Fig. 1. The NanoDis System. The NC are diluted in sink conditions in a USP II dissolution apparatus. At specific time points, the NC suspension is automatically 
filtered by TFF through hollow fiber filters with a peristaltic pump. The filtrate containing the released drug is sampled while the NC suspension is circulated back 
into the vessel. © Agilent Technologies, Inc. 2020. Reproduced with permission, courtesy of Agilent Technologies, Inc. 

Table 2 
Sizes, PDI and zeta potentials of PLGA nanocapsules  

Nanocapsules Size (nm) PDI Zeta potential (mV) 

P188  185.7  0.18 − 42.1 
P188 benchtop  251.7  0.10 − 52.4 
PS80  120.7  0.23 − 38.5 
PS80 benchtop  189.0  0.25 − 49.1 
P188-C  254.4  0.09 25.5 
PS80-C  137.2  0.32 30.4 
PS80-C high  422.8  0.17 28.4  Fig. 2. Cryo-TEM picture of P188 NC.  

Table 1 
Solvent and non-solvent solutions composition for nanocapsules preparation.  

NC Solvent solution Non-solvent solution 

PLGA (% w/v) Oleic acid (% w/v) Span 80 (% w/v) Retinoic acid (% w/v) Surfactant type Surfactant (% w/v) Chitosan (% w/v) 

P188  1.0  1.5 0.5  0.03 Poloxamer 188  1.0 0 
P188 benchtop  1.0  1.5 0.5  0.03 Poloxamer 188  1.0 0 
PS80  1.0  1.5 0.5  0.03 Polysorbate 80  1.0 0 
PS80 benchtop  1.0  1.5 0.5  0.03 Polysorbate 80  1.0 0 
P188-C  0.3  0.9 0  0.03 Poloxamer 188  1.0 0.05 
PS80-C  0.3  0.9 0  0.03 Polysorbate 80  1.0 0.05 
PS80-C high  1.0  1.5 0  0.03 Polysorbate 80  1.0 0.05  
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dialysis membrane was used, dissolved RA was not able to not cross the 
membrane even after 48 h of stirring. It is very likely that the added 
surfactants formed micelles loading RA which prevented permeation of 
RA across the membrane despite the MWCO being, at least theoretically, 
sufficient for the permeation of this small molecule (MwRA = 300.44 g/ 
mol). 

In PBS-SDS and when using RA by itself, release took place over a 
time span of 30 h (Fig. 3). In PBS-PS80 media, only 85% of the full RA 
amount passed the membrane towards the acceptor compartment after 
48 h. The longer release time in PS80 might again be due to the for
mation of PS80-micelles around RA, which inhibited the permeation of 
the RA molecule through membrane. There was no significant difference 
between the release profiles of RA encapsulated in PLGA and RA dis
solved alone in the donor compartment, showing that the kinetic is 
controlled solely by the membrane permeation rather than the carriers. 
The release profile measured was therefore not representative of the 
actual release happening inside the dialysis tube. These results could 
have easily been misinterpreted if not for the control of the permeation 
kinetics of the free drug. 

3.4. NanoDis release 

To determine the filter efficiency and the lag phase between the time 
the API is released and the time the API is found in the filtrate, a control 
sample of RA dissolved in release medium was used (Fig. 4.A). When 
using 500 kD filters, RA dissolved in medium could cross the filters after 
the first time point at a rate of 87% in PBS-PS80 and 82% in PBS-SDS. In 
PBS-PS80, 97% of the initial RA amount was found in the filtrate after 
the third time point (45 min) while in PBS-SDS, the crossing percentage 
remained stable at 80%. RA therefore demonstrated the ability to cross 
the hollow fiber filters in higher amount when dissolved in PBS-PS80 
than in PBS-SDS, probably due to mild interaction between SDS and 
the filters. 

Next, NC-P188 was tested for drug release in the same release media 
in sink conditions. Release profiles using the NanoDis System were 
compared to the ones obtained by dialysis (Fig. 4.B). A high burst release 
of 80% and 60% after 1 h in PBS-PS80 and PBS-SDS respectively was 
observed with the NanoDis System, while only 5% and 15% release were 
measured by the dialysis method. With the NanoDis set-up, release was 
not limited by the permeation kinetic of the dialysis membrane, which Fig. 3. Release profile of P188 nanocapsules (NC) and dissolved retinoic acid 

(RA) in PBS-PS80 and PBS-SDS by dialysis. NC (n = 3) and RA (n = 1). 

Fig. 4. A. Crossing of dissolved RA in PBS-PS80 and PBS-SDS through hollow fiber filters (n = 3); B. Comparison of release profile of P188 NC measured by dialysis or 
using the NanoDis System in PBS-PS80 and PBS-SDS (n = 3). 

Fig. 5. Release profile of PLGA nanocapsules in PBS-PS80 using the NanoDis 
System (n = 3). 
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allowed a much more accurate measurement of the burst release of the 
NC. The burst release of the NC was severely underestimated when using 
dialysis, particularly at short time points. 

The measured release profile in PBS-SDS with the NanoDis System 
reached lower values than in PBS-PS80 at the same time, likely due to 
the interaction of RA micelles in SDS with the filters, as observed with 
the dissolved RA control. After 6 h, the measured dialysis release in PBS- 
SDS became higher than the one measured with the NanoDis. Thus, the 
selection of the release medium and its interaction with the filters should 
be carefully assessed before performing release experiments with the 
NanoDis System, as any interactions of media also impact the measured 
release profile of the NC and lead to an underestimation of the burst 
release, although less drastic than with the dialysis method. 

The release profiles of different NC with or without chitosan were 
measured using PBS-PS80 (Fig. 5) as media. NC prepared with either 
P188 or PS80 had similar release profiles with a high burst release of 
85% after 1 h. When NC were coated with chitosan, burst release was 
markedly reduced to 50% for both NC prepared with PS80 or P188. As 
chitosan is positively charged, ionic interaction with retinoic acid 
—whose carboxylic group is negatively charged at neutral pH (pKa 
4.76)— facilitates the control of the burst release. Increasing the amount 
of PLGA and oil in the chitosan-coated NC formulation decreased the 
burst release to 40% (PS80-C high). Increasing the polymer and oil 
contents resulted in a longer diffusion path for RA, due to the increase in 
size of the particles, and thereby decreased the burst release. Further
more, increasing the PLGA and oil amount in the formulation increased 
the NC size, thus decreasing the surface/volume ratio. With a lower 
amount of RA exposed at the surface of the NC, a lower amount of RA 
could immediately dissolve in the medium, leading to a lower burst 
release. This reduction of burst release was also observed with the 
benchtop nanocapsules. Indeed, the NC prepared benchtop, with similar 
compositions but with larger size than their continuous-prepared 
counterparts, had a slightly lower burst release of 71% and 64% after 
1 h, reaching 79% and 72% after 24 h, for P188 benchtop NC and PS80 
benchtop NC respectively. Thus, diffusion seemed to have a slight 
impact in reducing the burst release. However, simply increasing the NC 
size, to even larger size than the nanocapsules coated with chitosan for 
PS80 NC, did not allow a reduction of the burst release to the same range 
as the NC coated with chitosan. Thus, the coating with chitosan seemed 
to be the driving force of the burst release reduction, rather than pure 
increase of the diffusion path. 

Reduction of the burst release from NC was therefore possible by 
coating them with chitosan. However, this change in surface charges 
might cause change in the protein corona forming around the NC, as the 
protein corona composition has been reported to be sensitive to size and 
charges (del Pino et al., 2014). The particles developed here were coated 
with surfactants to cross the BBB by receptor-mediated transcytosis, 
thanks to their protein corona composition enriched in apolipoproteins. 
Once coated with chitosan, the nanocapsules become positively charge 
and might then cross the BBB by adsorption-mediated transcytosis 
rather than by receptor-mediated transcytosis as initially planned. 
Furthermore, it was possible to further reduce the burst release of 
chitosan-coated NC by increasing their size. Larger NC might have more 
difficulty crossing the BBB by endocytosis. In conclusion, a compromise 
should be found between the parameters of the formulation to reduce 
burst release to a minimum while still conserving the ability of the NC to 
cross the BBB to deliver their cargo to the brain. 

4. Conclusion 

PLGA NC loaded with RA showed high burst release when measured 
using the NanoDis System, while this burst release could not be 
measured using a classic dialysis technique. The NanoDis System 
therefore showed clear superiority over dialysis for the accurate mea
surement of the release profile of nanoparticles. Optimization of the 
parameters of the experiment (membrane/filter type and MWCO, 

medium composition) should be carefully performed using appropriate 
control beforehand, to avoid misinterpretation of results and highly 
underestimate the burst release of the studied nanoformulations. 
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