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Abstract: Vaccination through the upper respiratory tract
is a promising strategy, and particulate antigens, such as
antigens associated with nanoparticles, triggered a stronger
immune response than the sole antigens. Cationic maltodex-
trin-based nanoparticles loaded with phosphatidylglycerol
(NPPG) are e� cient for intranasal vaccination but non-spe-
ci� c to trigger immune cells. Here we focused on phospha-
tidylserine (PS) receptors, speci� cally expressed by immune
cells including macrophages, to improve nanoparticle targeting
through an e� erocytosis-like mechanism. Consequently, the
lipids associated with NPPG have been substituted by PS to
generate cationic maltodextrin-based nanoparticles with
dipalmitoyl-phosphatidylserine (NPPS). Both NPPS and NPPG
exhibited similar physical characteristics and intracellular dis-
tribution in THP-1 macrophages. NPPS cell entry was faster and
higher (two times more) than NPPG. Surprisingly, competition
of PS receptors with phospho-L-serine did not alter NPPS cell
entry and annexin V did not preferentially interact with NPPS.
Although the protein association is similar, NPPS delivered
more proteins than NPPG in cells. On the contrary, the propor-
tion of mobile nanoparticles (50%), the movement speed of

nanoparticles (3 µm/5 min), and protein degradation kinetics
in THP-1 were not a� ected by lipid substitution. Together, the
results indicate that NPPS enter cells and deliver protein
better than NPPG, suggesting that modi� cation of the lipids
of cationic maltodextrin-based nanoparticles may be a
useful strategy to enhance nanoparticle e� cacy for
mucosal vaccination.

Keywords: nanoparticle, vaccine, phospholipids, e� erocy-
tosis, targeting

Abbreviations

DPPS dipalmitoyl-phosphatidylserine
NP+ Cationic maltodextrin-based nanoparticles
NPPS NP+ with DPPS
NPPG NP+ with dipalmitoyl-phosphatidylglycerol
PS phosphatidylserine
L-pSer phospho-L-serine

Introduction

Intranasal vaccination is an interesting alternative strategy
to intramuscular administration because it better mimics
infection at the mucosal surfaces through which most of
the pathogens enter the body [1]. However, the lack of
e� ective mucosal adjuvant, mucosal enhancer, or mucosal
immune booster may limit the e� cacy of vaccine through
upper respiratory tract. In this regard, nanocarriers, which
are able to associate with, protect, and deliver antigens
through the mucosal barrier, are promising [2,3]. Since
cationic maltodextrin-based nanoparticles (NP+) have been
successfully used through intranasal instillation, they are
now considered as mucosal enhancer of antigenic protein
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delivery [4]. As a result of the synthesis process, NP+ are
porous nanoparticles with a homogeneous cationic charge
distribution along the maltodextrin matrix. When anionic
phospholipids such as dipalmitoyl-phosphatidylglycerol
(DPPG) are loaded to NP+, NPPGs (formerly called NPL,
DGNP, or DG70) with higher molecular weight and similar
size and zeta potential [5,6] are generated, proving that
lipids are not associated with the nanoparticles’ surface.
Furthermore, NPPGs show weaker interactions with mucus
than NP+, suggesting that the lipids associated with the NP+

matrix can interact with the surrounding mucins [7]. In
another experiment, proteins associated with NPPG did not
decrease the zeta potential and continued to be accessible by
biological compounds like enzymes [5,6]. This suggests that
the porous nature of NP+ and NPPG allows interactions of the
surrounding environment with the core of the particles,
either the matrix or the associated lipids.

NPPGs were able to associate and deliver a wide variety
of proteins into epithelia [6,8–10] and trigger an immune
response when associated with antigens and administered
into nasal cavity [9,11,12]. Nevertheless, the detailed mechanism
from antigen delivery to the nanoparticle-assisted immune
response remains a matter of debate. Previous works have
shown that NPPGs increase the nasal residence time of asso-
ciated antigens [13], but do not cross the nasal epithelial
barrier as they were being collected by the mucociliary
system and eliminated through the digestive tract [8,14].
However, these studies focused mainly on epithelial cells,
while immune cells should be considered, as demonstrated
by the interaction between NPPG and immune cells, including
macrophages and dendritic cellsin vitro [10,13] or splenocytes
ex vivo[9,15].

Phosphatidylserine (PS) is aeat-me signal allowing
phagocytes to engulf apoptotic cells in a process called
e� erocytosis [16]. In addition, macrophages exhibited a
large diversity of membrane receptors involved in e� ero-
cytosis presenting an a� nity for PS. In particular, four
members of T-cell immunoglobulin and mucin domain
(TIM) receptor family that directly bind with PS [17] are
expressed by epithelial macrophages [18,19]. Within the
Tyro3-Axl-Mer (TAM) tyrosine kinase receptor family, Axl
and Mer also have a� nity for PS and have been detected in
macrophages [20]. Other receptors, including brain-speci� c
angiogenesis inhibitor 1, CD300, PS receptor (PSR) (JMJD6),
or receptor for advanced glycosylation end products, are
likewise proposed receptors for PS-mediated e� erocytosis
[20]. Alternatively, PS receptors may also be hijacked by
viruses [21,22] and parasites [23,24] to enter cells or evade
from immune vigilance. PS may consequently represent
a prime target for immune cells and more speci� cally
for phagocytic antigen-presenting cells that can also be

strategically used for NP+ that behave like synthetic viruses
or parasites [12,14].

Since lipids associated with the NP+ core could interact
with the surrounding environment [5–7], we thus hypothe-
sise that substituting DPPG in NPPG by dipalmitoyl-phos-
phatidylserine (DPPS), leading to the formation of NPPS,
could target the nanoparticles to PS receptor-expressing
cells like macrophages. As a model to investigate the
mechanism of nanoparticle-immune cell interactions, we
used macrophage-like THP-1 cells, a well-described mono-
cyte cell line that can easily di� erentiate into macrophages
expressing numerous PS receptors [25]. Consequently, after
validating that macrophage-like THP-1 cells were compe-
tent for e� erocytosis, we compared the ability of NPPG vs
NPPS to enter, associate with, and deliver proteins in these
cells. Finally, we also characterised nanoparticle intracel-
lular routes and processing through cell imaging and� ow
cytometry analyses.

Material and methods

Synthesis, labelling and lipidation
of nanoparticles

The nanoparticles were synthesised as described previously
[26]. The maltodextrin (Glucidex 6, Roquette, France) was
dissolved in a Eq/L sodium hydroxide solution with magnetic
stirring at room temperature, then epichlorohydrin and gly-
cidyl trimethyl ammonium chloride (Sigma-Aldrich, France)
were added, leading to the formation of a cationic hydrogel.
The gel was then neutralised with acetic acid and crushed
by a high-pressure homogeniser (LM20-30 micro� uidizer,
Micro� uidics, France). The nanoparticles were puri� ed
from oligosaccharides, low-molecular weight reagents,
and salts by tangential� ow ultra-� ltration (Akta Flux6,
GE Healthcare, France) using a 300 kDa cut-o� hollow
� ber. The resulting puri� ed cationic particles, called NP+,
were the common intermediate for obtaining NPPG and
NPPS. NPPGs are cationic and porous nanoparticles loaded
with 1,2-dipalmitoyl-sn-glycero-3-PG (DPPG, Bertin biorea-
gent, France) while NPPS are loaded with 1,2-dipalmitoyl-
sn-glycero-3-PS (DPPS, Bertin bioreagent, France). Whenever
necessary, NP+ were labelled by � uorescein isothiocyanate
(FITC, Thermo Fisher Scienti� c, France) according to Dombu
et al. [5]. In a 0.1 M bicarbonate bu� er with pH = 8.3, NP+

were labelled by 1% (w:w) of FITC for 12 h. Labelled NP+

were further puri � ed by gel permeation chromatography
on a PD-10 Sephadex desalting column (Sigma Aldrich,

2 � Clément Brinkhuizenet al.



France). NP+ (or NP+-FITC) was loaded with 70% (w:w) of
phospholipids (DPPG or DPPS) as previously described [26].
Phospholipids were dissolved in a 17% (w:v) aqueous solu-
tion of solutol HS15 (Sigma Aldrich, France), then mixed at
80°C with nanoparticles until complete incorporation. The
resulting NPPGs or NPPSs were� ltered through 0.2 µm poly-
ethersulfone membrane.

Characterization of nanoparticles

The size and zeta potential of the nanoparticles were deter-
mined as previously described [26]. The hydrodynamic dia-
meter (number) of the nanoparticles was measured by
dynamic light scattering (Zetasizer nano ZS, Malvern UK)
at 25°C, using 1 mg/mL nanoparticles in an aqueous solu-
tion of 15 mM NaCl. The zeta potential of the nanoparticles
was measured by electrophoretic light scattering (Zetasizer
nano ZS) at 25°C, using nanoparticles at 1 mg/mL in ultra-
pure water.

Cell culture

THP-1 cell (ATCC #TIB-202) is a monocyte isolated from
peripheral blood from an acute monocytic leukaemia patient.
Mycoplasma-free cells were maintained in Roswell Park
Memorial Institute-1640 (RPMI-1640; Thermo Fisher Scienti� c)
medium supplemented with 2 mM ofL-glutamine, 10% heat-
inactivated fetal bovine serum, 100 U/mL penicillin, and 100
� g/mL streptomycin (Thermo Fisher Scienti� c). Cells were incu-
bated at 37°C in a humidi� ed atmosphere with 5% CO2. For
cytometry analyses, THP-1 cells were seeded at a density of
2.0× 105 cells per well (1.9 cm2) in 24-well plates. For live-cell
imaging, THP-1 cells were plated at a density of 0.4× 104 cells
per cm2 on 35 mm glass bottom microwell dishes (MatTek
Corporation, Ashland, MA, USA). The cells were then di� eren-
tiated into macrophages (macrophage-like THP-1 cells) with
40 ng/mL of phorbol 12-myristate 13-acetate (PMA, Sigma-
Aldrich, France) for 48 h followed by a recovery period of
24 h without PMA.

E� erocytosis assay

The ability of macrophage-like THP-1 cells to phagocytose
apoptotic cells was assessed using the E� erocytosis assay kit
(Bertin bioreagent, France) according to the manufacturer’s

instructions. Jurkat cells, an immortalised line of human T
lymphocyte, were used as bait and were cultured using the
same conditions as THP-1 cells. Brie� y, THP-1 cells were
labelled with CytoTell Blue™and di� erentiated into macro-
phages. Then, Jurkat cells were labelled with carboxy� uores-
cein succinimidyl ester (CFSE) and treated with staurosporine
for 6 h to induce apoptosis. Afterwards, apoptotic Jurkat cells
were co-cultured for 18 h with macrophage-like THP-1 cells
(cellular ratio 1:1) and cells were collected for� ow cytometry
analysis (Attune NxT, Thermo Fisher Scienti� c, France). A
minimum of 5,000 cells were� rst selected based on their
size and internal complexity (FSC/SSC), then the� uorescence
intensities related to the cellular labels were determined
using the following excitation/emission wavelengths (nm):
CytoTell Blue: 405/450, CFSE: 488/525.

Confocal microscopy

An inverted confocal laser scanning microscope (STELLA-
RIS 8, Leica Microsystems, Nanterre, France) equipped
with a white light laser (440–790 nm), an 86X objective
(NA = 1.20, water immersion, WD= 300� m) were used in
this study. Fluorescence signal was detected (500–550 nm)
in photon counting mode through new generation Power
HyD detectors (Power HyD-S, Silicon Multi-Pixel Photon
Counter). Confocal imaging of nanoparticle-labelled living
macrophage-like THP-1 cells was performed with 488 nm
WLL line (2% AOTF) for FITC excitation. A full bold line
Okolab chamber (Ottaviano, Italy) installed on the inverted
microscope stand was used to keep the temperature at 37°C
during image acquisition.Z-stack was obtained at a step of
300 nm with a total thickness of 14.1� m. Bright-� eld image
was acquired through activationof transmitted light detector.
Images were processed through ImageJ for maximum projec-
tion and overlay.

TIRF microscopy

For live-cell imaging, macrophage-like THP-1 cells were
exposed to 5 µg/mL of NPPS or NPPG for 0.5 or 2 h in
RPMI-1640 medium. Afterward, cells were washed three
times with the medium for 2 min each and kept in culture
medium for observation. Total internal re� ection � uores-
cence (TIRF) imaging (Leica Microsystems) of nanoparticle-
internalised living macrophage-like THP-1 cells was
performed with 488 nm line (25% AOTF) for FITC excitation
and sCMOS camera (Hamamatsu, Massy, France) for� uorescence
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collection through 100× (NA = 1.46, oil immersion, WD=
0.17 µm) objective and GFP� lter (excitation/bandwidth:
475/40 nm; dichroic cut: 495 nm; emission/bandwidth:
530/50 nm). TIRF microscopy was performed with a
depth penetration of 150 nm and a single focus plane
was acquired. Time-lapse was obtained at a frequency
of one image every 2 s during 5 min. A full bold line
Okolab chamber (PeCon, Erbach, Germany) installed on the
inverted microscope stand was used to keep the temperature
at 37°C during image acquisition. Images were processed
through ImageJ for contrast adjustment and through Imaris
(version 9.0.2, Oxford Instruments, Zurich, Switzerland) for
nanoparticle counting and tracking. In particular, nanoparti-
cles were automatically detected as single spherical spots
through application of segmentation algorithm and thresh-
olding to � uorescence signal while cell surface area was
determined through a cell mask. Consequently, densities
of nanoparticles were obtained as a ratio of nanoparticle
number to cell surface (mm2).

Determination of nanoparticles cell entry by
� ow cytometry

Macrophage-like THP-1 cells were exposed to 10 µg/mL of
FITC-labelled nanoparticles for 0.5, 1, 2, 4, or 6 h and col-
lected using trypsin before� ow cytometry analysis (Attune
NxT, Thermo Fisher Scienti� c, France) using the following
excitation/emission wavelengths (nm): FITC: 488/525. A
minimum of 5,000 cells were� rst selected according to their
size and internal complexity (FSC/SSC), then the� uorescence
intensity related to the cellular content was determined. To
compete with the PS receptors, cells were pretreated for
30 min with 2 mM phospho-L-serine (L-pSer) as previously
described [27].

DPPS accessibility

To assess the accessibility of DPPS from the surrounding
environment of the NPPS, annexin V, a PS binding protein,
was used. FITC-labelled nanoparticles (5 µg) was mixed
with 0.25, 1.25, or 2.5 µg of annexin V-AF647 (640943,
Biolegend, France) in a calcium-containing bu� er (10 mM
HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH = 7.4) for 30 min at
room temperature. The binding of annexin V to the nano-
particles was evaluated by� ow cytometry (CytoFlex, Beckman
Coulter, France). A minimum of 450,000 nanoparticles were
� rst selected with FITC� uorescence intensity (excitation/
emission (bandwidth) wavelengths: 488 nm/525(40) nm) in

comparison with the unlabelled nanoparticles. The annexin
V-AF647 (excitation/emission (bandwidth) wavelengths:
638 nm/660(10) nm) was analysed in the FITC positive
nanoparticle region.

Association of proteins with nanoparticles

Bovine serum albumin (BSA, Sigma Aldrich, France) was
used as a model protein. The loading of BSA in nanoparti-
cles was performed by mixing both components in an aqu-
eous solution at room temperature for 1 h. Di� erent ratios
(w:w) of nanoparticles/BSA were used from 1/0 to 1/5. The
size and zeta potential were determined as described for
the characterisation of the nanoparticles. The association
of BSA with the nanoparticles was analysed by non-dena-
turing PAGE as previously described [10]. Gels were scanned
and quanti� ed using the ImageJ software, setting the 0% of
association over the BSA alone input while 100% of associa-
tion was set to the blank protein lane (NPPS or NPPG alone).

Intracellular delivery of proteins

BSA labelled with FITC (BSA-FITC, Sigma Aldrich, France)
was associated with nanoparticles at a ratio (w:w) nano-
particle/protein of 3/1. Then, macrophage-like THP-1 cells
were exposed to 10 µg/mL of the formulations for 0.5, 1, 2, 4
or 6 h and collected using trypsin before� ow cytometry
analysis (Attune NxT, Thermo Fisher Scienti� c) using the
following excitation/emission wavelengths (nm): FITC: 488/
525. A minimum of 5,000 cells were� rst selected according
to their size and internal complexity (FSC/SSC) then the
� uorescence intensity related to the BSA-FITC cellular con-
tent was determined.

Intracellular degradation of proteins

BSA-DQ (DQ™-green BSA, Sigma Aldrich, France) is a Bodipy-FL
over-labelled protein used as a reporter of protein degrada-
tion. BSA-DQ was associated with nanoparticles at a nano-
particle/protein ratio (w:w) of 3/1. Then, macrophage-like
THP-1 cells were exposed to 10 µg/mL of the formulations
for 0.5, 1, 2, 4, or 6 h and collected using trypsin before� ow
cytometry analysis (Attune NxT, Thermo Fisher Scienti� c)
using the following excitation/emission wavelengths (nm):
488/525. A minimum of 5,000 cells were� rst selected based
on their size and internal complexity (FSC/SSC), then the
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� uorescence intensity related to the cellular content of
Bodipy-FL-labelled peptides released by the degradation of
BSA-DQ was determined. To assess the involvement of acid
endosomes (i.e. lysosomes) in the process of BSA degrada-
tion delivered by nanoparticles, macrophage-like THP-1 cells
were pretreated for 15 min with 50 mM of chloroquine
diphosphate salt (Thermo Fisher Scienti� c), then exposed
for 30 min to the BSA-DQ formulations before� ow cyto-
metry analysis. For longer time of exposure, a pH-sensitive� uor-
ophore was used. BSA was labelled with pHrodo (pHrodo™Red,
SE, Thermo Fisher Scienti� c) according to the manufacturer’s
instructions using 1% (w:w) of label. BSA-pHrodo was further
puri � ed by gel permeation chromatography on a PD-10
Sephadex desalting column (Sigma Aldrich, France) and
the protein content was determined by the microBCA method
(microBCA assay kit, Thermo Fisher Scienti� c). BSA-pHrodo
was associated with nanoparticles at a nanoparticle/protein
ratio (w:w) of 3/1. Then, macrophage-like THP-1 cells were
exposed to 10 µg/mL of the formulations for 0.5, 1, 2, 4, or
6 h and collected using trypsin before� ow cytometry analysis
(Attune NxT, Thermo Fisher Scienti� c) using the following
excitation/emission wavelengths (nm): 560/585. A minimum
of 5,000 cells were� rst selected based on their size and
internal complexity (FSC/SSC), then the� uorescence intensity
related to the cellular content of low pH-activated BSA-
pHrodo was determined.

Statistics

All experiments were done at least three times. The distri-
bution of the quantitative variables was assessed by the
Shapiro–Wilk test completed by the calculation of the resi-
duals and the coe� cients of Skewness and Kurtosis. Student’s
tests and ANOVA with Tukey-Kramer correction were used to
compare quantitative values. For kinetic analyses, multi-
variate regression with repeated measurements was used.
All tests were performed with a risk alpha of 5% using the
SAS Software (version 9.04.01M6P11072018). Only statistically
signi� cant di� erences are indicated in the� gures.

Results

Characterisation of the cationic maltodextrin
nanoparticles and macrophage-like
THP-1 cells

NPPSs and NPPGs are NP+ containing DPPS and DPPG,
respectively. To strictly compare the e� ect of lipids on
cell entry and protein delivery, a common batch of NP+

was used, which was� lled with either DPPS or DPPG.
The characterisation of nanoparticles using light scattering
approaches revealed that NPPS and NPPG had similar (i)
median hydrodynamic diameter (number size), (ii) inter-
quartile range (from 0.178 to 0.269) of the polydispersity
index (PDI), and (iii) zeta potential values (Table 1).

Since the polysaccharide matrix, the size, and the zeta
potential of NPPS and NPPG were identical, the di� erential
cellular e� ects could only be attributed to the associated
lipid composition. The colloidal stability of nanoparticles
was then determined weekly by measuring the size of the
NPPS and NPPG stored in water at room temperature. No
signi� cant variations in the nanoparticle size could be
detected during 28 weeks (Figure 1) demonstrating a robust
colloidal stability of NPPS and NPPG over time in aqueous
medium. Then, the ability of macrophage-like THP-1 cells to
phagocyte apoptotic Jurkat cells via a PS-dependent e� er-
ocytosis mechanism was assessed through� ow cytometry.
Derived from monocytes, THP-1 cells were di� erentiated
into macrophages after stimulation with PMA and labelled
with CytoTell Blue. In parallel, immortalised human T lym-
phocyte Jurkat cells were labelled with CFSE and treated
with staurosporine to induce apoptosis and exposure of the
PSeat mesignal on the outer plasma membrane. Both cell
types were then co-cultured for 18 h and� ow cytometry
analyses revealed that more than 20% of Jurkat cells were
engulfed by macrophage-like THP-1 cells (Figure 2). These
data show that phagocytic macrophage-like THP-1 cells are
competent for e� erocytosis and expressed the relevant PS-
receptors that can potentially be targeted by PS-containing
nanoparticles.

Table 1:Size and zeta potential of NPPS and NPPG

Number size (nm) PDI Zeta potential (mV)

NPPS 35.00 (30.00; 38.75) 0.195 (0.178; 0.269) 26 (26; 28)
NPPG 36.50 (25.50; 38.25) 0.254 (0.178; 0.261) 27 (26; 29)

Note: The median and interquartile of the hydrodynamic diameter (expressed as number size), polydispersity index (PDI), and zeta potential are
indicated in the above table.
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E� ect of associated lipid composition on cell
entry e� cacy

To study the impact of the lipid composition on the nano-
particle ability to penetrate macrophage-like THP-1 cells,
two complementary strategies were used. Nanoparticle cell
entry was � rst investigated in isolated living macrophage-
like THP-1 cells with FITC-labelled NPPS and NPPG (5 µg/mL)
through confocal and TIRF microscopies. On the cover
glass, adherent macrophage-like THP-1 cells mainly showed
rounded “fried egg”-like morphology with variable-sized basal
lamellipodia (Figure 3a, white arrows). Confocal imaging

revealed the presence of NPPS and NPPG in both lamelli-
podia and cytoplasm surrounding the nucleus (Figure 3a)
suggesting that there is no speci� c site for nanoparticle
entry in macrophage-like THP-1 cells. However, TIRF experi-
ments indicated that NPPS and NPPG were mainly motion-
less in the lamellipodia in contrary to the upper cytoplasm.
Consequently, for time resolution and standardisation pur-
poses, images were only acquired at the cell body mid-plane
and considered as a cell index for NPPS and NPPG TIRF
evaluation. In this con� guration, NPPS and NPPG were
mainly distributed in the periphery of the cells after 0.5 h
exposure and more widely found within the entire cyto-
plasm after 2 h of cell contact (Figure 3b and c). In particular,
the density of NPPS and NPPG within the focus plan signi� -
cantly increased over time of exposure (Figure 3d). In addi-
tion, NPPS density was slightly higher than NPPG (565± 47 vs
459± 45 particles/mm2) after 0.5 h-exposure, suggesting that
NPPS may have entered the macrophage-like THP-1 cells
faster than NPPG. Then, nanoparticle cell entry was studied
in living cell population through � ow cytometry. In micro-
plates, macrophage-like THP-1 cells were exposed to 10
µg/mL of FITC-labelled nanoparticles up to 6 h and the
overall cellular content of � uorescent nanoparticles was
detected. Macrophage-like THP-1 cells loaded with NPPG
showed a constant increase (linear slope) in intracellular
NPPG content from 0.5 to 6 h (Figure 4). In contrast, NPPS
cell entry displayed a strong initial start within the � rst 2 h
followed by a progressive increase during the next 4 h
(Figure 4). Although NPPG and NPPS loading exhibited
parallel increase in slope from 2 to 6 h, the NPPS inten-
sity signal is about two times higher than NPPG one.

Figure 1:Colloidal stability of NPPS and NPPG. The nanoparticles are
stored for 28 weeks at room temperature in water. The hydrodynamic
diameter of NPPS and NPPG are monitored by dynamic light scattering
after sterile sampling of the nanoparticles. The graph represents the
median and the interquartile of at least 6 samples. No signi� cant dif-
ference is observed between NPPS and NPPG.

Figure 2:Macrophage-like THP-1 cells carry out e� erocytosis. THP-1 are labelled with CytoTell Blue® (left) while apoptotic Jurkat cells are labelled with
CFSE (middle) as revealed by cytometry. THP-1 are co-cultured with apoptotic Jurkat (ratio 1:1) for 18 h (right), then cytometry analyses show that more
than 20% of THP-1 cells have done e� erocytosis. Grey: unlabelled cells, blue: CytoTell Blue®-positive THP-1 cells, green: CFSE-positive Jurkat cells, red:
CytoTell Blue®-CFSE double positive THP-1 cells having captured apoptotic Jurkat cells.
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These data demonstrate that cell entry was faster and
higher for NPPS than for NPPG as shown by the early
boosted penetration of NPPS in macrophage-like THP-1 cells.

Mechanism of nanoparticle cell entry

Since PS-receptors expressing phagocytic THP-1 macro-
phages can preferentially target DPPS-� lled nanoparticles,
the mechanism of nanoparticle cell entry was studied in
more detail. First, L-pSer was used to compete the interac-
tions between PS (associated with nanoparticles) and PS
receptors (expressed by macrophages). Cells were pre-
treated for 30 min with 2 mM L-pSer followed by NPPS or
NPPG exposure for 0.5 or 2 h. L-pSer had no e� ect on NPPG
or NPPS cell entry whatever the duration of exposure was
(Figure 5). These data suggest that the early boost of NPPS
cell loading may not be related to PS saturable receptors.
Second, annexin V that displays high a� nity for PS was
selected to get more insight into NPPS/PS receptor interac-
tions. Therefore, a� ow cytometry-based analysis was devel-
oped to monitor nanoparticle–protein interactions in various
ratio of NPPS and annexin V, and NPPG was used as a control.
Consequently, NP+ were � rst labelled with FITC and then
� lled with either DPPS or DPPG to produce FITC-labelled

NPPG or NPPS, respectively. Nanoparticles were incubated
for 30 min with Alexa Fluor 647-labelled annexin V before
� ow cytometry analysis. The nanoparticles were successively
gated according to (i) size and structure (more than 450,000
events), (ii) FITC� uorescence, and (iii) Alexa Fluor 647� uor-
escence. Di� erent ratios of NPPS/annexin V and NPPG/
annexin V (mass ratio: 1/0, 20/1, 4/1, and 2/1) were examined.
With a 20/1 ratio, about 60% of NPPS or NPPG were asso-
ciated with annexin V. With a 4/1 ratio, 95% of NPPS or NPPG

Figure 3: Internalised nanoparticle imaging in living macrophage-like THP-1 cells. (a) Macrophage-like THP-1 cells were exposed to 5 µg/mL of NPPS
for 30 min and imaged by confocal microscopy (Green, FITC-labelled nanoparticles, maximum projection; Grey, bright� eld, white arrows indicated
lamellipodia edges). Scale bar: 10 µm. (b and c) Macrophage-like THP-1 cells were exposed to 5 µg/mL of NPPS for 30 min (b) or 2 h (c) and imaged in
a single focal plan at the mid-cell body level by TIRF microscopy. Scale bar: 10 µm. (d) Density of nanoparticles within a single focus plane of
macrophage-like THP-1 cells through TIRF microscopy are represented as histograms expressing the mean value (±SEM) of a minimum of 7 cells.
*p < 0.05; **p < 0.01.

Figure 4:Endocytosis of NPPS and NPPG by macrophage-like THP-1 cells.
THP-1 cells are exposed to FITC-labelled-NPPS or -NPPG for 30 min to 6 h
then analysed by cytometry to determine the cellular contents of the
nanoparticles. The graph represents the mean values (±SEM) of at least
three experiments. **p < 0.01.
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were associated with annexin V, while all nanoparticles
interacted with annexin V with a 2/1 ratio (Figure 6). These
data indicate a clear interaction between nanoparticle and
annexin V which do not depend on lipid composition.

Study of protein delivery by nanoparticles

Since NPPS had better properties for macrophage-like THP-1
entry compared to NPPG, which are surprisingly not directly
related to PS receptors, functional aspects of intracellular
protein delivery by nanoparticles have been evaluated. For
this, FITC-labelled BSA was incorporated into NPPS or NPPG,
and protein association, size, and zeta potential were deter-
mined. Di� erent mass ratios for nanoparticles/BSA (1/0, 5/1,
3/1, 1/1, 1/2, 1/3, 1/4, 1/5, and 0/1) were produced and formula-
tions were run on non-denaturing PAGE. Under these con-
ditions, nanoparticle-associated BSA could not migrate and
gel analyses revealed only unassociated proteins. No unas-
sociated BSA was observed for 5/1 or 3/1 ratios with NPPG or
NPPS. At the ratio of 1/1, 98% of BSA was associated with
NPPS and 83% with NPPG (Figure 7a and b). For further
experiments, the 3/1 nanoparticles/BSA mass ratio, leading

to a complete BSA association, was selected to compare the
NPPS and NPPG formulations. For this ratio, BSA-NPPS and
BSA-NPPG did not exhibit any signi� cant change in size and
zeta potentials compare to NPPS and NPPG (Figure 7c and d).
The results demonstrate a similar association of BSA to NPPS
and NPPG and suggest that BSA is integrated within the
nanoparticles rather than on the surface. The capacity of
NPPS and NPPG to deliver BSA into macrophage-like THP-1
cells was then investigated. Macrophage-like THP-1 cells
were exposed to FITC-labelled BSA-NPPS or FITC-labelled
BSA-NPPG from 0.5 to 6 h and cellular delivery of FITC-
labelled BSA was analysed by cytometry. At the early time
points (0.5 and 1 h), NPPS and NPPG delivered BSA in a
similar manner. In contrast, from 2 to 6 h of exposure,
NPPS delivered more BSA compared to NPPG (Figure 8).
These data indicate that, in addition to cell entry properties,
NPPS also presents enhanced capacity to deliver proteins in
phagocytic cells compared to NPPG.

Characterisation of nanoparticle
intracellular routes and protein processing

After nanoparticles are internalized by macrophage-like
THP-1 cells, next is the intracellular routes that NPPS and
NPPG follow which determine their destination within cel-
lular compartments. As previously described, speed move-
ments of nanoparticles were investigated in a single TIRF
focal plan at the mid-cell body level. 5 min time-lapses
through TIRF microscopy revealed that half of NPPS and
NPPG were mobile irrespective of the duration of exposure
i.e. 0.5 h or 2 h (Figure 9a). The average distance around

Figure 5: Inhibition of nanoparticle endocytosis by competition of PS
receptors using L-pSer in macrophage-like THP-1 cells. THP-1 cells are
treated for 30 min with 2 mM of L-pSer and exposed to FITC-labelled-
NPPS or -NPPG for 30 min (top) or 2 h (bottom), then analysed by cyto-
metry to determine the cellular contents of the nanoparticles. The graph
represents the mean value (±SEM) of at least three experiments. No
statistically signi� cant inhibition is observed using the L-pSer.

Figure 6: Accessibility of lipids associated with nanoparticles. Di� erent
mass ratios of FITC-labelled NP/annexin V-AF647 (Alexa Fluor 647) are
formulated for 30 min and analysed by cytometry. Nanoparticles are� rst
selected on their FITC� uorescence and then on the annexin V-AF647
content. No statistically signi� cant di� erence is observed between NPPS
and NPPG.
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3 µm covered by mobile NPPS and NPPG in 5 min was not
di� erent between particles irrespective of the duration of
exposure (Figure 9b and c). Interestingly, half of NPPS and
NPPG were motionless regardless of the duration of expo-
sure i.e. 0.5 h or 2 h. Therefore, the results indicate that
there is no di� erence between NPPS and NPPG, as well
on the static as on the dynamic pro� les in a 5 min time-
lapse experiment. Along the intracellular routes, proteins
(i.e. antigens) are processed to induce or stimulate an
immune response, and the� rst step generally involves pro-
tein degradation by two complementary means: enzymatic
and pH-decrease-dependent degradation in acid endosomes
and/or lysosomes. Whether NPPS better directs proteins
to vesicular degradation compared to NPPG is a main ques-
tion and two approaches have been developed to test this
hypothesis. First, BSA-DQ, which� uoresces when degraded
by vesicular enzymes, was associated with NPPS and NPPG.
Degradation of BSA-DQ in macrophage-like THP-1 cells was
quanti� ed by � ow cytometry after 0.5–6 h of exposure. No
di� erence in BSA-DQ enzymatic degradation was observed

between NPPS and NPPG at any time of the experiment
(Figure 10a). Second, the potential role of lipids in pH-induced
vesicular protein degradation was studied (i) through a

Figure 7:Association of protein by NPPS and NPPG. BSAs are used as a model protein. Di� erent mass ratio of NPPS/BSA (a) or NPPG/BSA (b) are
formulated for 30 min and run on non-denaturing polyacrylamide gel electrophoresis. Gels were imaged and quanti� ed setting the 0% of association
over the BSA input. Numbers on the gels represents the percentage of association of each formulation. The mass ratio nanoparticle/BSA: 3/1 is chosen
since no free protein are detectable following silver nitrate staining of the gels. The relative size (c) and the relative zeta potential (d) of at least three
formulations NPPS/BSA and NPPG/BSA (3/1) are represented on the graphs with the NPPS values set to 100%. No statistically signi� cant di� erence is
observed between NPPS and NPPG, with or without BSA.

Figure 8: Protein delivery by NPPS and NPPG in macrophage-like THP-1
cells. FITC-labelled BSA is formulated (mass ratio 3/1) with NPPS or NPPG
and THP-1 cells are then exposed to the formulations before cytometry
analyses of the cellular BSA-FITC content. The graph represents the median
� uorescence intensity (±interquartile) of three experiments. *p < 0.05.
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30 min pretreatment with chloroquine, which is described as
an inhibitor of endosome acidi� cation, or (ii) by using BSA-
pHrodo, which is a pH-sensitive labelled protein that� uor-
esce at lower pH. No di� erence in protein degradation within
chloroquine-pretreated macrophage-like THP-1 cells was
observed when BSA was delivered by NPPS or NPPG (data
not shown). BSA-pHrodo was formulated with NPPS and
NPPG, exposed to macrophage-like THP-1 cells for 0.5–6 h
and the acidi� cation of BSA was then analysed by� ow
cytometry. Similarly, there was no di� erence in the kinetics
of acidi� cation when BSA was carried by NPPS or NPPG
(Figure 10b). This suggests that, contrary to protein uptake
and delivery, protein degradation through enzymatic or
acidi� cation processes was not dependent on the lipid com-
position of nanoparticles.

Discussion

Previous studies have underlined that (i) adjuvants and/or
excipients were required for mucosal vaccines and (ii) par-
ticulate antigens such as antigens associated with nanopar-
ticles triggered a stronger immune response than the sole
antigens [28–30]. In addition, the use of vaccines assisted
by cationic maltodextrin-basednanoparticles are particularly
well documented [4,9,11,12,31] including comparison of NP+

(without lipid) and NPPG bene� ts [5,6]. However, the role of
lipid composition on the e� cacy of NP+ has never been explored
so far. Here two di� erent nanoparticles with DPPG (NPPG) and
DPPS (NPPS) were developed and combined with di� erentiated
macrophage-like THP-1 cells to investigate how PS could modu-
late the phagocytic cell targeting by the nanoparticles.

In the context of nasal vaccination and NP+, lipids asso-
ciated with NP+ may have a direct impact on nanoparticle–

cell interactions. Since the loading of NP+ with di � erent
lipids has not changed the size and zeta potential character-
istics (NPPS vs NPPG), this suggests that varying the lipid
composition of NP+ may generate a large family of

Figure 9: Characteristics of nanoparticle movement in living macrophage-like THP-1 cells through TIRF microscopy. (a) Histograms indicating the
proportion of mobile nanoparticles in a single focus plane after 30 min and 2 h of exposition. No statistically signi� cant di� erence is observed. (b)
Illustration of NPPS tracking in a single focus plane after 30 min of exposition and using a 5 min time-lapse acquisition. Scale bar = 10 µm. Rainbow
scale revealed time window of NPPS movements during time-lapse (blue, beginning; red, end). (c) Histograms indicating the average distance
travelled by mobile nanoparticles within the cell. Each value represents the mean value (±SEM) of minimum� ve cells. No statistically signi� cant
di� erence is observed.

Figure 10:Characterization of nanoparticle-assisted protein degradation
in macrophage-like THP-1 cells. NPPS or NPPG are formulated (mass ratio
3/1) with BSA-DQ (a) or with BSA-pH-rodo (b) to monitor the enzymatic or
the pH-dependent degradation of proteins, respectively. THP-1 cells are
exposed for 30 min to 6 h to the formulations and the cellular content of
degraded BSA is measured by cytometry. The graphs represent the
median� uorescence intensity (±interquartile) of three experiments. No
statistically signi� cant di� erence is observed between NPPG and NPPS.
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nanocarriers with speci� c features and cellular interaction
abilities. For example, in another procedure, a mixture of
dipalmitoyl-phosphatidylcholine and glycerol was associated
at the surface of NP+, giving rise to the production of supra-
molecular biovectors™[32,33]. Such a mixture could now be
used to� ll the NP+ to simulate the behaviour of low-density
lipoproteins [34,35].

In our working model, we hypothesized that the lipids
associated with nanoparticles are of main importance
and may be accessible to the surrounding environment.
Moreover, previous works show that lipids are not asso-
ciated with the nanoparticle’s surface [6] while they modify
the nanoparticle’s interactions with the biological environ-
ment [5,6]. In particular, NPPG had the advantage of moving
more freely than NP+ in the arti � cially reconstituted mucin
mixture, which is the main component of mucus [7]. This
interesting NPPG property could be explained either by lim-
ited interactions between the anionic lipids and the anionic
mucins [7] or by limited nanoparticle–protein interactions
caused by the steric hindrance of the loaded lipids [6]. It
could be of interest to describe a lipid composition that
cumulate enhanced mucin permeation, enhanced antigen
presenting cell targeting, and enhanced cell penetration
and protein delivery. This will lead to better nasal vaccines
with reduced antigen amounts.

As described, NPPGs are non-speci� c nanocarriers and
to date, no evidence suggests a targeting of immune cells.
Instead, studies about NPPG focus on nasal or respiratory
epithelial cells [5,8,9]. Their role as e� erocytosis-competent
[36,37] or accessory immune cells [38,39] is still debated
and cannot be excluded, but phagocytic cells remain the
� rst step for antigen presentation in nasal mucosa [40].
Macrophage-like THP-1 cells that expressed PSR, TIM, and
TAM receptors with a� nity for PS [25] were able to per-
form e� erocytosis. Consequently, comparative study of
NPPS and NPPG were performed in these macrophage-
like THP-1 cells. Confocal and TIRF microscopies provided
direct evidences of nanoparticles uptake within cell body
and lamellipodia of cultured macrophage-like THP-1 cells.
In airway epithelial cells, NPPG and NP+ displayed dif-
ferent intracellular localisation [5], indicating a role of
the lipid association inside the particle and its accessibility
by the environment. Here no di� erence in subcellular locali-
sation could be detected for NPPG and NPPS in macrophage-
like THP-1 cells. However, we showed by� ow cytometry that
cell entry was faster and higher for NPPS than for NPPG as
suggested by the early boosted penetration of NPPS in THP-1
cells.

In cells not expressing PS-receptors, quick and massive
NP+ and NPPG endocytosis is described [5], suggesting that
PS-receptors are not necessary for their cell entry, limiting

the use of PS-receptor negative cells for our study. In
PS-receptor expressing THP-1 cells [25], L-pSer has been
described to compete with PS-dependent cell entry mechan-
isms, as e� ciently as PS-containing liposomes [27,41].
Although a boosted early cell entry is shown for NPPS,
the absence of L-pSer e� ect suggests that (i) the diversity
of receptors with a� nity to PS might not be saturated
by L-pSer or (ii) other unconventional receptors might
be involved. Alternatively, the early boost of NPPS cell
loading may not be related to interaction between DPPS
with saturable macrophage-like THP-1 cell surface recep-
tors. Since NP+ and NPPG have high a� nity to cell surface
and are able to exploit multiple endocytosis pathways in
parallel [13,26], they are very e� cient in cell entry [5,13]
compared to widely used liposomes or poly(lactic-co-glycolic
acid) nanoparticles. Therefore, PS receptors-mediated NPPS
cell entry may only represent a very limited part of the
overall nanoparticle uptake. Similarly, the absence of an
enhanced interaction between NPPS and annexin V sug-
gested that DPPS is not accessible by the surrounding envir-
onment. However, a competition between speci� c annexin
V/DPPS vs non-speci� c annexin V/cationic maltodextrin inter-
actions cannot be excluded since annexin V is a protein that
can freely associate with the nanoparticles [6–10,31]. Although
DPPS accessibility is not clear, the stimulatory e� ect of DPPS
on cell entry and protein delivery in macrophage-like THP-1
cells is well demonstrated.

In addition to cell entry properties, intracellular protein
delivery has been examined. NP+ and derived nanoparticles
have been successfully loaded with a lot of di� erent proteins
like BSA [6], ovalbumin [5,8,10],� u antigen [12,31] and even
complex mixture of proteins originating from parasite
lysates [9,14,15]. The simplest protein, BSA, has been
used to avoid o� -target mechanisms and to focus only
on protein association and cellular delivery by the nano-
particles. Study with antigens inducing protective immune
responses should be conductedin vivo to determine if NPPSs
are advantageous compared to NPPG.

In our experiments, NPPSs present an enhanced capa-
city to deliver proteins in phagocytic cells compared to
NPPG, without favouring protein degradation. The protein
delivery is consistent with the increased NPPS cell entry.
However, once the protein is delivered, the rate of protein
degradation may be slower than that of nanoparticle
uptake, constituting consequently a limiting factor that
explains why there is no di� erence between NPPG and
NPPS. Our TIRF data support that hypothesis since the pro-
portion and travelled distance of mobile nanoparticles were
similar for NPPS and NPPG. Only half of the nanoparticles
were mobile, and the apparent velocity was relatively slow
compared to other nanoparticles. The intracellular velocity
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depends, among others, on the nanoparticle material, their
interactions with the cytoskeleton, the internalisation in
endocytic vesicle, the hindrance in the cell, or obviously
their size. Large clusters of DNA-decorated gold nanoparti-
cles moved at 50 nm/s in average, while the single (70 nm)
exhibited an average velocity of 150 nm/s [42]. Concerning
the interactions with the cytoskeleton and the endosome
tra� cking machinery, a velocity over 150 nm/s is described
[43]. Our data showed a velocity of 10 nm/s, suggesting mul-
tiple interactions with the cellular component and an
extended intracellular resident time, therefore a longer
time for the carried proteins to interact with the cellular
machinery. This could explain why these nanoparticles
are more e� cient than other conventional delivery sys-
tems [10]. In addition, while the loading of phospholipid
improved the lysosome-dependent degradation of carried
protein by NP+ [5], we showed here that such a protein
degradation through enzymatic or acidi� cation processes
is not dependent on the lipid composition. Taken together
these data suggest that when nanoparticles entered cells,
they waited for being processed or addressed to organelles or
exocytosis. However, nanocarriers with enhanced delivery
properties through the mucosal barrier may ultimately
reduce the initial amount of required antigens to trigger
the immune response [44].

In conclusion, macrophage-like THP-1 cells can be con-
sidered as a model to investigate the mechanisms of NP+-
assisted immune response in the context of nasal vaccina-
tion. The nanoparticle can be� lled with lipids whose com-
position drives properties. In particular, cell entry and
protein delivery were higher for NPPS than for NPPG.
Since cell loading may not be related to PS receptors, this
study highlighted a mechanism unrevealed so far. Within
macrophage-like THP-1 cells, half of the nanoparticles were
mobile and protein degradation through enzymatic or acid-
i� cation processes was not dependent on the nanoparticle-
associated lipid composition. Nanoparticles with enhanced
cell entry and delivery properties may reduce the quantity
of antigens and associated cost to trigger an immune
response. Further in vivo nanoparticle-assisted vaccine
studies are required to fully settle the strategy.
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