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A B S T R A C T   

The parameters currently used for characterization of nanoparticles, such as size and zeta potential, were not 
able to reflect the performance of a nanocarrier in the biological environment. Therefore, more thorough in vitro 
characterization is required to predict their behavior in vivo, where nanoparticles acquire a new biological 
identity due to interactions with biomolecules. In this present study, we performed in vitro characterization in 
biological fluids for lipid nanocapsules (LNCs) with varying means sizes (50 nm and 100 nm), different electrical 
surface charges and different Poly Ethylene Glycol (PEG) compositions. Then, different methods were applied to 
show the impact of the protein corona formation on LNCs. Even if all formulations attached to plasmatic proteins, 
a higher thickness of corona and highest protein binding was observed for certain LNC50 formulations. A better 
knowledge of the phenomenon of protein adsorption over NPs in the plasmatic media is a cornerstone of clinical 
translation. In fact, after short blood circulation time, it is not the initially designed nanoparticle but the complex 
nanoparticle bearing its protein corona which circulates to reach its target.   

1. Introduction 

Organic or inorganic nanoparticles (NPs) have been used for the last 
few decades to improve drug delivery (Tran et al., 2017; Park et al., 
2022). However, if some successful medical applications have been 
implemented in the domain of cancer therapy or more recently in in-
fectious diseases with SARS-COV-2 vaccines (Nanomedicine, 2020; 
Machhi et al., 2021), there is a need for a better knowledge about NP 
interactions with biological fluids (Lynch and Dawson, 2008). A basic 
understanding of the link between physicochemical properties of NPs 
and the impact on protein adsorption seem essential in order to improve 
the design and development of well-characterised NPs for the future 
(Sharifi et al., 2020; Bertrand et al., 2017). NPs are immediately sur-
rounded by proteins after contact with biological fluids and eventually 
change their synthetic identity to a new biological one (Caracciolo, 
2015; Pareek et al., 2018). Interactions between NPs and proteins have 
been described since the 70 s, Tyrell et al. found for the first time al-
bumin, alpha- and beta-globulin interaction with liposomes and studied 
the effect on this interaction on their uptake by cells (Tyrrell et al., 
1977). The intensive study of the consequences of this aggregation 

phenomenon has started around 2007, when Dawson et al. described 
protein coating and gave it the name of “protein corona” (Lynch and 
Dawson, 2008; Cedervall et al., 2007; Lundqvist et al., 2008). Nowa-
days, it was widely recognised that NPs and biomolecules establish 
different interactions, were several factors are known to affect the pro-
tein corona composition, which includes morphological and chemical 
NP characteristics (Caracciolo, 2015; Palchetti et al., 2016; Park, 2020; 
Ke et al., 2017). The protein corona is complex and variable because 
biological fluids such as plasma contain as many as 3700 proteins 
(Lynch and Dawson, 2008; Cedervall et al., 2007; Lynch et al., 2007) and 
it has been estimated that approximately 50 to 150 proteins can interact 
with NPs (Tenzer et al., 2011; Treuel et al., 2015). In a general pattern, 
corona is constituted by a “hard-corona” based on strong NP/proteins 
links and a “soft corona” resulting from weak binding, allowing dynamic 
protein exchanges on the NP surface (Kristensen et al., 2019; Vilanova 
et al., 2016; Kari et al., 2020). In addition some components of the 
protein corona called opsonins enhance uptake by the specialised cells of 
the reticuloendothelial system (RES) leading to an increased and faster 
elimination (Fang et al., 2019; Gustafson et al., 2015; Mcgoron et al., 
2019). Understanding this phenomenon is an important milestone of the 
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NP’s development because the entire impact of the protein corona on the 
fate of NPs and thus on drug delivery patterns remains partially un-
known. Indeed, if there are a lot of data concerning inorganic NPs, 
studies on soft particles remain poor concerning protein corona espe-
cially on Lipid Nanocapsules (LNCs) such as those that have been 
developed by our team since 2000 (Heurtault et al., 2002). These 
nanocapsules have been used to encapsulate many molecules in their 
lipid core (Peltier et al., 2006; Roger et al., 2011; Morille et al., 2010; 
Saliou et al., 2013). Among the huge number of organic NPs, the main 
advantage of LNCs lies in their formulation with modifying their 
composition only (water/oil ratio, surfactant concentrations), their 
formulation enables a good control of their physico-chemical charac-
teristics mainly the surface characteristics (Mouzouvi et al., 2017; Per-
rier et al., 2010; Hirsjärvi et al., 2013; Huynh et al., 2009). This is why it 
is particularly relevant to study the influence of the size, the surface 
charge and the interfacial properties on protein coating in the case of 
LNCs to obtain optimised formulations. On previous studies which were 
conducted by our team, Groo et al., have demonstred that post-inserting 
PEG to LNCs enables an increase of the blood circulation time of pacli-
taxel b (Groo et al., 2015). Nevertheless, we recenty published a study 
about LNCs with pre-mixing PEG which on the onse side highlights an 
increase time of blood circulation of LNCs 85 nm, but on the other side a 
sharp decrease blood time residence of LNCs 50 nm (Lebreton et al., 
2022). The aim of the present work is to demonstrate how protein 
corona can modify the synthetic identity of LNCs for different protein 
corona by using different pegylated surfactants at the first steps of the 
LNC formulation. In this paper, we offer an analysis of the effects of LNCs 
(different sizes and different interfacial molecular conformation) on the 
protein corona formation by using the soft particles analysis described 
by Ohshima. This electrokinetic method is able to quantify the electrical 
charge density in the accessible ionic layer inside the LNCs shell 
(Ohshima, 2009; Ohshima, 2006). 

2. Materials and methods 

2.1. Materials 

Dulbecco’s Phosphate Buffered Saline (PBS), octadecylamine 
(stearylamine), Bovine Serum Albumin (BSA), sodium chloride and 
potassium chloride were supplied by Sigma-Aldrich (Saint-Quentin- 
Fallavier, France). Kolliphor® HS-15 (PEG 660 and polyethylene glycol 
660 hydroxystearate mixture) was purchased from BASF (Ludwigshafen, 
Germany). Lipoid® S75–3 (phosphatidylcholine and phosphatidyletha-
nolamine mixture) were purchased from Lipoid GmbH (Steinhausen, 
Switzerland). Captex® 8000 (glyceryl tricaprylate) was kindly provided 
by Abitec Corporation (Columbus, OH, USA). DSPE-mPEG-2000 (1,2- 
distearoyl-sn‑glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)− 2000] (ammonium salt)) was purchased Avanti Polar 
Lipids (Alabaster, AL, USA). Ultrapure water was obtained from a Milli- 
Q® Advantage A10 System (Merck Millipore, Darmstadt, Germany). 
Fetal Bovine serum (FBS) was purchased from Biowest (Nuaillé, France). 

Fresh rat plasma was obtained directly after intracardiac blood 
puncture on Sprague Dawley male rat (Janvier labs, Saint-Genis-Laval, 
France) on EDTA K2 tube (BD Vacutainer®, Franklin Lakes, USA). 

2.2. Formulation of lipid nanocapsules (LNCs) 

LNCs were formulated using a phase inversion process that was 
previously established (Heurtault et al., 2002). For the different for-
mulations, the compounds were precisely weighed as mentioned in the 
supplementary Table S1. For positively and negatively charged LNCs, 
1.4 mg of stearylamine (SA) or 7.0 mg of DSPE-mPEG-2000 (PEG) were 
added, respectively in the starting premix with all other compounds. The 
mixture was briefly stirred at 200 rpm agitation speed at room tem-
perature to obtain an oil/water emulsion. Then, four cycles of heated 
and cooled phases from 60 to 90 ◦C were performed to detect the 

inverted phase close to 70 ◦C. On the last run, of this inversion phase, 
LNCs were formed after quenching with 625 mg of cold water and 
stirring for 30 min. LNC suspensions were filtered through a 0.22 μm 
filter before use. Were finally obtained, six formulations of LNCs with 
two sizes: 50 nm (LNC-50) and 100 nm (LNC-100), surface modifica-
tions: DSPE-mPEG-2000 (PEG) (LNC-50-PEG; LNC-100-PEG) and 
stearylamine (SA) (LNC-50-SA; LNC-100-SA). 

2.3. Size and zeta potential: Measurements before and after incubation 

All nanoparticles were characterised in terms of size, and zeta po-
tential (ZP) using a Malvern Zetasizer Nano ZS setup (Malvern Pan-
alytical, Worcestershire, UK). Size was determined by a dynamic light 
scattering method with a 173◦ backscattering detection measurement 
angle, after 3 measurements, each constituting at least 10 runs. Each 
measurement was performed in triplicate at 25 ◦C. A 1:100 dilution of 
nanoparticle suspension in ultrapure water was achieved in order to 
ensure a convenient scattering intensity on the detector. On similar 
conditions of dilution, ZP was also estimated by 3 measurements with 
automatic selection of the number of runs (from 10 to 100) through 
determination of the electrophoretic mobility in a folded capillary cell 
and after applying the Smoluchowski equation.. Were briefly diluted 
LNCs suspensions in ultrapure water by a factor ranging from 5×105 to 
1×106 and then slowly injected into the sample chamber using a 1 mL 
syringe pump with ta flow rate of 3–4 µL per second. The video se-
quences of the nanoparticles were captured over 60 s (5 replicates) and 
then analysed by the NTA analytical software version 3.2. Finally, NTA 
provided the particle distribution width parameters, which was calcu-
lated following the equation: Span = (D90 − D10)/D50 where D10, D50, 
and D90 represent the diameter (nm) at the 10th, 50th (median), and 
90th percentiles of the distribution histogram, respectively. All experi-
ments were carried out at 25 ◦C and similar conductivity values. After 
incubation in FBS or rat plasma, the average hydrodynamic diameter 
and polydispersity index of LNCs were measured using the same method 
as the initial measurement but without the dilution before analysis to 
avoid modifications of the protein corona around LNCs. In the same 
conditions, ZP was determined after 3 measurements of each sample 
without dilution., the conductivity of each sample was measured to 
enable a suitable comparison between ZP. 

2.4. Incubation with proteins to study the protein corona formation 

2.4.1. Fetal bovine serum (FBS) 
As a first step, in order to study the evolution of ZP and size after 

protein contact, it was decided to perform the experimentation with LNC 
50 nm. LNCs 50 nm were incubated with different proportions (v:v) of 
FBS medium equivalent to 0 to 16 g/L of BSA with a final fixed solution 
of LNCs suspension (1:100) (supplementary on Table S2). To keep 
similar conductivity, PBS dilution medium was considered as the best 
choice. All mix combinations were performed on Ultra High Recovery 
Microcentrifuge Tubes (STARLAB International GmbH, Hamburg, Ger-
many) to minimize protein binding to the plastic surface. The LNCs were 
incubated for 1 h at 37 ◦C in lab oven (Memmert, Schwabach, Germany). 

2.4.2. Rat plasma 
In order to assess protein-corona formation, the second step con-

sisted in the incubation of the six different LNC formulations with fresh 
rat plasma for 1 h at 37 ◦C in the previously described conditions. For 
plasma preparation, EDTA was chosen as an appropriate anticoagulant 
since it does not alter the protein corona composition (Berrecoso et al., 
2020; Lundqvist et al., 2017). In order to make accurate comparisons 
between the six formulations, the ratio of nanoparticles surface area to 
the volume of plasma was established thanks to in vivo relevant LNCs 
plasma-particle concentrations. After intravenous injections of each LNC 
suspension (fixed dose 2.1014 part/ 100 g of rat), the initial concentra-
tions (Cinit) were close to 5.0 × 1013 part/mL (Lebreton et al., 2022). As 
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the surface area of LNC 50 nm (ALNC50) was considered as the reference, 
the surface area (Eq. (2)) of the formulation was calculated and the 
result for one particle (7850 nm2) was considered as the target. Then, to 
estimate the surface area of the formulation in blood compartment after 
injection, ALNC50 was multiplied by the Cinit to obtain the required 
standardised surface area, 3.925×1017 nm2/ml for each 
experimentation. 

The volume of LNC suspension added to plasma was calculated for 
each formulation according to the following formula: 

VLNC =
3.925 × 1017

ALNC × CLNC
(1)  

where ALNC is the surface area of a LNC (in nm2), and CLNC is the con-
centration of LNC (in particles/ml). Since LNC have a spherical shape, 
ALNC was calculated as follows: 

ALNC = 4πr2 (2) 

After incubation, nanoparticle size and ZP were measured using the 
Zetasizer Nano and compared to the initial parameters of the 
formulation. 

2.5. Isolation of LNCs-Corona and free proteins with size exclusion 
chromatography 

In order to separate LNCs bearing protein corona from free proteins 
present in plasma, size exclusion chromatography (SEC) was performed 
using Waters 600 HPLC system (Waters, Saint-Quentin-en-Yvelines, 
France) equipped with protein KW-803 column (Shodex, New York, 
NY, USA) (Gazaille et al., 2021). Detection was performed using a UV (λ 
= 280 nm) and a refractive index detector. PBS was used as a mobile 
phase at a flow rate of 0.75 mL/min, sample injection volume consti-
tuted 100 µL. Chromatographic profiles were obtained for rat plasma, 
LNCs formulations, and mixtures of LNC with plasma incubated during 
1 h at 37 ◦C. 

2.6. Protein quantification of corona with micro bicinchoninic acid 
(micro-BCA) assay 

The micro-BCA assay was used to quantify the amount of protein 
absorbed onto the LNC surface after incubation in plasma. The assay was 
performed using the Thermo Scientific™ Micro BCA™ Protein Assay Kit 
(Thermo Fisher Scientific, Rockford, IL, USA) according to the manu-
facturer’s instructions. Were briefly mixed, 150 µL of protein-containing 
samples with 150 µL of working reagent in a microplate well, incubated 
at 37 ◦C for 2 h, and the absorbance was measured at 562 nm on a 
SpectraMax M2 microplate reader (Molecular Devices, San Jose, CA, 
USA). Additionally, a set of protein standards with varying mass con-
centration of bovine serum albumin between 0 and 200 μg/mL was 
tested in order to build a standard curve, from which the protein con-
centration in the samples was estimated. The obtained protein concen-
tration was corrected with dilution factor introduced during SEC and the 
quantity of coeluted plasma proteins was subtracted. In order to make 
comparisons between different formulations, the quantity of absorbed 
protein was expressed as the density of protein on the LNC surface in µg/ 
nm2. 

2.7. Semi qualitative analysis: SDS-PolyAcrylamide gel electrophoresis 
(PAGE) 

The separation step from SEC of interesting harvested fractions and 
after the protein quantification step with micro-BCA, the aliquots were 
diluted to reach a maximum of 20 µg of proteins per samples in 
maximum volume of 40 µL. These samples were treated with a buffer 
Laemmli (previously mixed with 2-mercaptoethanol) (BioRad, Hercules, 
California, USA), heated at 100 ◦C for 5 min. Then, each aliquot was 

electrophoresed in separated lanes to 4–20% acrylamide denaturing 
SDS-polyacrylamide gel, a mini-protean® TGX™ precast gel (BioRad, 
Hercules, California, USA). The first lane was attributed to the molecular 
weights 10–190 kDa, Precision Plus Protein™ standard (BioRad, Her-
cules, California, USA), the electrophoresis cell was filled with a buffer 
Tris-Glycine-SDS (BioRad, Hercules, California, USA), and electropho-
resis conditions have been fixed to 100 V for 90 min. After that, the gels 
were washed with water and stained with Coomassie brilliant blue G- 
250 (BioRad, Hercules, California, USA) during 30 min and destained in 
a water acetic acid solution. Finally, the gels were read with gel imager 
apparatus (Axygen, San Fransisco, California, USA). 

2.8. Electrokinetic measurements 

In order to determine the pseudo-charge density (ZN) and the 
accessibility layer to ions or proteins (1/λ), the electrophoretic mobility 
of LNCs according to Ohshima, who thoroughly described the soft- 
particle theory (Ohshima, 2009). Thus, it was decided to perform an 
electrophoretic mobility measurement with NanoZS of our different 
LNCs formulations (LNC-50, LNC-50-PEG, LNC-100, LNC-100-PEG for 
different KCl concentrations. The four formulations were diluted into a 
potassium chloride solution with variable concentrations ranging from 
0 to 0.15 mol/L. The average and standard deviation values were esti-
mated from 3 measurements of each sample. Experimental values were 
fitted by using the following equation: 

μ =
εrε0

η
(ψ0/κm) + (1/λ)ψDON

(1/κm) + (1/λ)
+

ρfix

η

(
1
λ

)2

(3)  

where ψ0 is the surface potential and ψ DON is the Donnan potential in 
the polyelectrolyte layer (Fig. 1). 

Both parameters (ψ0 and ψ DON) are calculated according to Eqs. (4) 
and (5). 

ψ0 = ψDON +
2nκT
ρfix

{

1 −

[( ρfix

2zne

)2

+ 1

]1/2 }

(4) 

Fig. 1. (A) Schematic representation of ion distribution (upper) with 1/λ (nm) 
the thickness of ion-penetrable layer and ZN (C/m3) the pseudo-electrical 
charge of this accessible layer. (B) Representation of the potential distribu-
tion ψ(x) (lower) across an ion-penetrable surface 
charge layer. (Adapted from Ohshima (Ohshima, 2009)). 
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ψDON =
κT
ze

ln

{
ρfix

2zn
+

[( ρfix

2zne

)2

+ 1

]1/2 }

(5)  

κm is given the following Eq. (6) 

κm = κ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

( ρfix

2zne

)2
4

√

(6)  

with κ, the Debye length is calculated using 

κ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1z2
i e2ni

εrε0κT

√

(7)  

where the physical constants were defined as ε0: electric permittivity of 
free space; εr: electric permittivity of water; T: temperature; zi: charge 
number of ion species i; z: charge number of electrolytes (supposed to be 
symmetrical); e: elemental charge; κ: Boltzmann’s constant; n: bulk 
electrolyte molar concentration; ni: bulk ion i molar concentration; N: 
charge unit molar concentration in the LNC shell. ρfix: pseudo-charge 
density in the accessible layer; λ− 1 : depth of the accessible layer. 

On Fig. 1, the particle with a core radius is surrounded by a PEG layer 
and 1/λ represents the depth accessible to ions (K+, Cl− ) Fig. 1A is 
adapted from Ohshima (Ohshima, 2006). Fig. 1B presents the Donnan 
potential (ψ DON) in the polyelectrolyte layer and the potential (ψ0) at 
the surface. 

2.9. Statistical analysis 

All data are presented as a mean ± standard deviation, based on the 
data from experiments performed in triplicates unless stated otherwise. 
Statistical significance was determined by means of a t-test between 
control and experiment values, or analysis of variance with Tukey test 
post hoc test, using GraphPad Prism 9.3.0 software (GraphPad Software 
Inc., La Jolla, CA, USA). Differences were considered statistically sig-
nificant at p < 0.05. 

Multiple comparisons for more than two groups were performed by 
using a one-way analysis of variance (ANOVA) followed by Fisher’s test 
to determine the significance of difference among all paired combina-
tions. p-values lower than 0.05 were considered to be statistically 
significant. 

3. Results and discussion 

3.1. Zeta potential and size of LNCs after FBS contact 

This work started with a study on classical LNC 50 to understand and 
check if the methods were available to detect the presence of protein on 
the different NPs. LNC 50 were formulated with ZP around − 4.3 ± 0.2 
mV. Because after 1 h of incubation, the size and ZP were stable (data 
not shown), all the measurements were performed after 1 h of incuba-
tion with proteins. After incubation in different FBS solutions (concen-
trations reported as equivalent BSA concentration), ZP started to 
decrease and then increased significantly when the concentration of BSA 
reached 4 g/L (Fig. 2). This phenomenon could be attributed to the 
saturation of the NPs surface with strong negative charged proteins 
binding (“hard corona”) and then the formation of the “soft corona” with 
proteins less negatively charged or neutrally charged. A control group 
without LNCs, containing FBS only, allowed to ensure that the mea-
surement was related to the complex LNC-protein ZP evolution and not 
to the protein alone. 

Adding to that, as shown in Fig. 3, the distribution profile of LNCs 
with FBS in aqueous solution presented two peaks where the first can be 
attributed to albumin (the main protein of FBS). Indeed, with regard to 
the special size measurement of pure BSA solution shown on supple-
mentary data (Fig. S3), a hydrodynamic diameter around 5 nm (PDI 
<0.3) was measured. In our case, it was previously demonstrated that 
albumin and NPs can be significantly distinguished in size measurement 
(Filipe et al., 2010; Gupta and Roy, 2020). Even if there is an important 
difference of hydrodynamic sizes between albumin (5 nm) and LNC (50 
nm), these two elements seem well separated even if the intensity of the 
scattered light is proportional to the sixth power of the particle diameter 
making this technique very sensitive to the presence of large particles 
(Demeester et al., 2005). 

In order to obtain more accurate results on corona formation and to 
evaluate the effect of surface modification of LNC on the protein corona 
formation, the FBS was replaced by plasma and six different formula-
tions were tested (Berrecoso et al., 2020; Gupta and Roy, 2020). 

3.2. Modifications of the protein corona formation following the surface 
of LNCs after plasma contact 

3.2.1. Physical characteristics modifications 
Whole plasma was chosen as the most adequate medium for protein 

corona experiments because media like serum do not include 

Fig. 2. Zeta potential (mV) evolution of LNC 50 nm after incubation in a solution of Fetal Bovine Serum (FBS) expressed in equivalent bovine serum albumin 
concentration (g/L). Paired t-test** p< 0.001; *p<0.05. 
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coagulation proteins that may constitute a part of protein corona (Ber-
recoso et al., 2020). In Fig. 4A, it was observed that the increase in size 
after contact with rat plasma proteins was similar among 50 and 100 nm 
formulations, with the exception of LNC 50 nm PEG (negatively 
charged) that displayed a larger increase in size. As for the change in ZP 
(Fig. 4B), regardless of initial surface charge, all the formulations 
reached a similar value around − 5 mV. Similar results have been 
recently described by Hierro-Oliva et al. where three different titanium 
inorganic NPs had similar ZP after protein adsorption (Hierro-Oliva 
et al., 2021). It can be noted that the thickness of protein corona on LNC 
50 nm PEG is considerably higher than in other formulations. Using the 
analysis of variance (ANOVA) method, it was found that particle surface 
charge has a significant influence on protein corona thickness (p < 0.05), 
while Tukey post hoc test has showed that the difference lies between 
50 nm SA and 50 nm PEG formulations. This result concerning 
LNC-50-PEG seems different than the usual previous results obtained 
with pegylated NPs where the PEG post-insertion reduced the protein 
adsorption (Pelaz et al., 2015; Walkey et al., 2012; Gref et al., 2000). 
Moreover, in previous cited studies such as Pelaz et al. (2015), the 
additionnal PEG layer was more homogeneous because it was located in 
the external part of the NP interface after the final step. In our case, the 
DSPE-mPEG 2000 is mixed at the starting of the formulation with Kol-
liphor® HS-15 (hydroxystearate of PEG 600). One can suppose an 
interfacial demixion of both molecules during the formulation leading to 
inhomogeneous zones at the LNC surface.Thus the conformation of PEG 
chains at the surface of NPs is modified and different compared to most 
cases with usual graft pegylation technique (Cieślak et al., 2017, Allen 
et al., 2002; Mare et al., 2018). Otherwise, this phenomenon would 
partly explain the increased clearance was observed after intravenous 
injection on rats (Lebreton et al., 2022). 

3.3. Separation of LNC with protein corona from free plasma proteins 

Then, the separation of LNC with protein corona from plasma was 
performed using size exclusion SEC, in order to separate LNC from free 
proteins and to perform a protein analysis. Firstly, chromatographic 
profiles for rat plasma and blank LNC formulations were obtained and 
used as controls. The retention times for these compounds were estab-
lished. Then, the mixtures of LNC with plasma incubated for 1 h at 37 ◦C 
were separated (Fig. 5). Peak of interest, F1 corresponds to the peak that 
has the same retention time as blank LNC with possible LNC covered by 
protein corona. 

3.4. Quantification and semi-qualitative approach of protein corona 
surrounding LNCs 

After separation, the protein amount bound to each LNC formulation 
was quantified using a micro BCA protein assay. Since interference of 
lipids with BCA assay was reported in the literature (Partikel et al., 
2019), blank LNC formulations without incubation in plasma were also 
included in the assay. No contribution was detected from these samples. 
Fig. 6A demonstrates that the quantity of protein bound to LNC, 
expressed as the density of protein on the LNC surface in µg/nm2 is 
similar for all formulations except LNC 50 nm PEG, which has signifi-
cantly higher (approximately 3-fold) quantity of protein per unit of the 
surface area of nanoparticles. 

Thus, after the quantification step, we evaluated if the composition 
of the protein corona formed on LNCs after exposition to rat plasma was 
also linked to their physicochemical properties. Indeed, following 
removal of the unbound and loosely bound proteins, the protein con-
stituents of the protein corona were qualitatively analysed by SDS-PAGE 
performed under reducing conditions (Fig. 6B). The protein profiles 
were fairly similar, but the intensities of the bands differed. The 

Fig. 3. Distribution of size (nm) LNC 50 nm after with Fetal Bovin Serum (FBS). (NanoZetaSizer; Malvern Panalytical).  

Fig. 4. (A) Hydrodynamic diameter (nm) for six different LNCs formulations after 1 h incubation in rat plasma. (B) Zeta potential (mV) of six different LNCs 
formulations after 1 h incubation in rat plasma. Paired t-test **p < 0.01, *** p < 0.001 compared to initial measurement. 
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remaining bands represent the plasma proteins that bound to the LNCs 
during the incubation with rat plasma. The image of gel on Fig. 6B shows 
the results of the fraction 1 given after the SEC step. Two main bands 
probably correspond to albumin (65 kDa) and one other glycoprotein 
like a coagulation factor (150 kDa) (Palchetti et al., 2016). The most 
intense plasma protein bands (identified by black stars) correspond to 
the corona protein around LNC-50-PEG that seem in total accordance 
with the previous results of the protein quantification. These higher 
intensity bands (60 and 150 kDa) were also found on the rat plasma 
proteins profile. These results highlighted the fact that the main proteins 
present in the rat plasma had a high affinity for LNCs especially for LNC 
50-PEG. 

These results confirmed the NP evolution during plasmatic incuba-
tion. The LNC 50 nm with PEG addition has showed their higher 
diameter increasing due to protein adsorbed and thus a larger quantity 
of protein on their surface. As previously discussed, understanding PEG 
conformation on the NPs surface can explain these results because that 
did not correspond to an usual pegylation process (Allen et al., 2002; 
Mare et al., 2018). Adding to that, we can also focus on the PEG surface 

density because the quantity of added PEG was equal between LNC 50 
and 100 nm (Supplementary Table S1). That lead to a higher PEG 
density for the LNC 50 as compared to the LNC 100 which can decrease 
the roughness and increase the protein corona formation (Bilardo et al., 
2022). Walkey et al. (2012), have demonstrated on the one hand that 
increasing PEG density may further reduce serum protein adsorption on 
gold NPs. On the other hand, when the PEG density was fixed, the 
decrease of NP size lead to an increase of the total protein adsorption 
(Walkey et al., 2012). Even if we have modified simultaneously size and 
surface density of PEG, it seemed clear that the protein quantity 
adsorbed was a consequence of the NPs surface curvature with steric 
interactions between neighbouring PEGs. Finally, this confirmed that 
adsorption of proteins was probably stronger when PEG chains had more 
freedom on lower curvature surface. These findings also confirm that 
increasing PEG density on smaller NP will enhance the protein adsorp-
tion. As previously described, PEG mushroom-like conformations could 
be less efficient than PEG brush-like ones for protein adsorption. To 
complete these results, the last step of this study consists in the appli-
cation of the soft particle theory of Ohshima (Ohshima, 2009; Ohshima, 

Fig. 5. Overlayed chromatograms for rat plasma, blank LNC (50 nm), and LNC-plasma mixture incubated for 1 h at 37◦C. Arrows indicate fraction 1 (F1) and fraction 
2 (F2), which were used for further experiments. 

Fig. 6. (A) Protein quantity bound to different LNC formulations per unit of surface area (BCA assay). Data is expressed as mean ± standard deviation (measurement 
performed in duplicate). **p ≤ 0.01. (B) SDS-PAGE gel of LNC exposed to the protein of rat plasma, with framed sections representing the main intense bands (150 
kDa, and 65 kDa) with black stars the higher bands level of intensity of the rat plasma exposed LNCs and red stars the higher bans level intensity of the rat plasma. 
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2001). 

3.4.1. Electrokinetics analysis of LNCs, a link between corona protein and 
soft particles 

To understand the previous results on the corona protein formation, 
an electrokinetic study was performed using the Ohshima method 
(Ohshima, 2009). The goal of this study was to characterize the available 
thickness at the NP interface where proteins could interact with the 
interfacial compounds (mainly of PEG hydroxystearate mixture) and 
thus assess the influence of the interfacial molecular conformation. 

The Table 1 shows estimated values of pseudo-charge density (ZN) 
and the accessibility layer to ions or proteins (1/λ), with specific 
calculation models based on Ohshima method. After calculation, this 
method enable to find a concordance between theoretical and experi-
mental values by determining the best ZN and 1/λ values. The different 
values were presented in Table 1 as a function of LNCs type. It was 
decided to exclude NPs with electropositive charge related to stearyl-
amine present in LNC-50-SA and LNC-100- SA formulations because the 
probe Cl− was not well validated to use for Ohshima’s method. 

The usual LNC 50 and 100 nm without specific coatings displayed a 
negative pseudo-charge density and a very low ion penetration acces-
sibility layer. For LNCs with PEG addition, the results presented in 
Table 1 showed little negative pseudo-charge density and high ion 
penetration accessibility layer. The decrease of pseudo-charge density of 
LNCs with PEG was linked to the addition of PEG, which lead to a steric 
hindrance layer in contrast to classical LNC formulations. Proteins, with 
mainly negative charges, seemed more in interaction with LNC-50-PEG 
with lower apparent negatively pseudo-charge compared to LNC-50. 
The similar phenomenon was observed for LNC-100-PEG versus LNC- 
100. Adding to that, the ion penetration layer which was higher for 
LNC-50-PEG than other LNCs confirmed our previous obtained results 
(protein quantification) with higher adsorbed protein surface density 
(Fig. 6A) and an increased hydrodynamic diameter (Fig. 4A). 

If we focus on the LNC50-PEG ion penetration accessible layer and 
proteins adsorption, the high attractiveness could be due to a brush-like 
conformation facilitating the protein penetration in contrast to a 
mushroom-like conformation for LNC-100-PEG. This difference of PEG 
surface conformation can be linked to PEG surface density and surface 
curvature difference between 50 to 100 nm. Like it was previously 
described, the protein adsorption seems to be the result of curvature- 
dependent differences in PEG-PEG steric interactions (Walkey et al., 
2012). Even if PEG addition is not similar to usual PEG grafting (Allen 
et al., 2002; Mare et al., 2018), this finding seems to be slightly in 
contrast to main works on this topic in which an increase in the PEG 
density decreases, and does not enhance, protein adsorption (Gref et al., 
2000; Partikel et al., 2019; Rampado et al., 2020). Nowadays, the 
stealthiness of NPs is a concept which is not totally controlled. Some 
works explored deeper the procedure for NPs coating, to understand 
influence of polymers conformation and surface density to achieve the 
optimal stealth effect (Coty et al., 2017; Li et al., 2019). PEG density 
seems to play a major role in the long-circulating NP characteristics 
(Rampado et al., 2020; Park, 2010; Zhou et al., 2018). Interestingly, we 
recently showed an increased blood clearance of those LNCs 50 nm PEG 
compared to the five other LNCs after intravenous administration in rat 
(Lebreton et al., 2022). This observation was assigned to an increased 
instability of the LNCs 50 nm PEG in blood as compared to the other ones 
(Lebreton et al., 2022). Thus, the new data from the present study reveal 
that the difference in the protein corona formation, specifically on the 
LNC 50 nm PEG, is associated with their increased blood instability and 
increased blood clearance observed in vivo. It is now well accepted that 
surface changes in corona formation of organic nanoparticles are 
strongly correlated to biological and pharmacological changes like cell 
uptake and internalization (Sánchez-Moreno et al., 2015), in depth 
pharmacokinetics studies are now needed to decipher the link between 
PEG density, corona formation, the stability in blood and blood 
clearance. 

4. Conclusion 

To sumit up, this study shows that the protein-nanoparticle corona 
formation can be studied by different methods. Whether it is with zeta 
potential and size or protein quantification and even Ohshima method, 
all obtained results confirm protein adsorption on LNCs. Another 
important result is linked to PEG addition during formulation showing 
that it does not necessarily lead to stealth nanoparticles. It seems 
obvious to distinguish per-formulation and post-insertion PEG addition. 
Our method of PEG addition in the starting mixture modified the 
accessible penetration layer for proteins. Even if many studies have tried 
to find the best PEG density and conformation to guarantee a good 
stealthiness, it is now sure that proteins always manage to penetrate and 
adsorb on NPs surface. The current challenge is to improve character-
ization methods to assess the consequence of PEG density and length 
chain on protein corona formation. Moreover, our study confirms that a 
basic understanding of physicochemical properties of NP which impact 
the adsorption of protein is decisive for designing and developing 
nanomedicines. Knowing that, NPs characteristics in blood circulation 
(and trying to reach its targets) can be very different to their initial 
formulation because of protein corona formation. In the future, a deep 
understanding of the in vivo fate of NPs after intravenous administration 
with protein adsorption phenomenon is the first step to improve clinical 
translation. 
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Estimated parameters, with Ohshima’s method, pseudo-charge density ZN (C/ 
m3) and the accessibility layer 1/λ (nm), for different LNCs.   

ZN (C/m3) 1/λ (nm) 

LNC-50 − 4958 0.8 
LNC-100 − 664.9 3.3 
LNC-50-PEG − 17.3 98.9 
LNC-100-PEG − 32.6 55.7  
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Saulnier, P., Lagarce, F., Gattacceca, F., Legeay, S., Roger, E., 2022. 
Pharmacokinetics of intact lipid nanocapsules using new quantitative FRET 
technique. J. Control. Release 351, 681–691. https://doi.org/10.1016/j. 
jconrel.2022.09.057. 

Li, D., Wang, F., Di, H., Liu, X., Zhang, P., Zhou, W., Liu, D., 2019. Cross-linked poly 
(ethylene glycol) shells for nanoparticles: enhanced stealth effect and colloidal 
stability. Langmuir 35, 8799–8805. https://doi.org/10.1021/acs.langmuir.9b01325. 

Lundqvist, M., Stigler, J., Elia, G., Lynch, I., Cedervall, T., Dawson, K.A., 2008. 
Nanoparticle size and surface properties determine the protein corona with possible 
implications for biological impacts. Proc. Natl. Acad. Sci. 105, 14265–14270. 
https://doi.org/10.1073/pnas.0805135105. 

Lundqvist, M., Augustsson, C., Lilja, M., Lundkvist, K., Dahlbäck, B., Linse, S., 
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