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Vaccination is a promising strategy to trigger and boost immune responses against cancer or infectious disease.
We have designed, synthesized and characterized aliphatic-polyester (poly(lactic-co-glycolic acid) (PLGA)
nanoparticles (NP) to investigate how the nature of protein association (adsorbed versus entrapped) and
polymer/surfactant concentrations impact on the generation and modulation of antigen-speciﬁc immune
responses.
The ability of the NP formulations to target dendritic cells (DC), be internalized and activate the T cells was
characterized and optimized in vitro and in vivo using markers of DC activation and co-stimulatory molecules.
Ovalbumin (OVA) was used as a model antigen in combination with the engraftment of CD4+ and CD8+ T cells,
carrying a transgenic OVA-responding T cell receptor (TCR), to trace and characterize the activation of antigenspeciﬁc CD4+ and CD8+ lymph node T cells upon NP vaccination. Accordingly, the phenotype and frequency of
immune cell stimulation induced by the NP loaded with OVA, isolated or in combination with synthetic
unmethylated cytosine-phosphate-guanine (CpG) oligodeoxynucleotide (ODN) motifs, were characterized.
DC-NP interactions increased with incubation time, presenting internalization values between 50 and 60%
and 30–40%, in vitro and in vivo, respectively. Interestingly, animal immunization with antigen-adsorbed NP upregulated major histocompatibility complex (MHC) class II (MHCII), while NP entrapping the antigen upregulated MHCI, suggesting a more eﬃcient cross-presentation. On the other hand, rather surprisingly, the
surfactant used in the NP formulation had a major impact on the activation of antigen presenting cells (APC). In
fact, DC collected from lymph nodes of animals immunized with NP prepared using poly(vinil alcohol) (PVA), as
a surfactant, expressed signiﬁcantly higher levels of CD86, MHCI and MHCII. In addition, those NP prepared
with PVA and co-entrapping OVA and the toll-like receptor (TLR) ligand CpG, induced the most profound
antigen-speciﬁc T cell response, by both CD4+ and CD8+ T cells, in vivo.
Overall, our data reveal the impact of NP composition and surface properties on the type and extension of
induced immune responses. Deeper understanding on the NP-immune cell crosstalk can guide the rational
development of nano-immunotherapeutic systems with improved and speciﬁc therapeutic eﬃcacy and avoiding
oﬀ-target eﬀects.

1. Introduction
The induction of eﬀective immune responses results from a complex
interplay between the innate (antigen-nonspeciﬁc) and adaptive (anti-
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gen-speciﬁc) immune cell compartments. Dendritic cells (DC) are the
most potent antigen presenting cells (APC), which makes them one of
the key players in the crosstalk between innate and adaptive immunity.
Given their capacity to capture and process internalized antigens, DC
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The Roswell Park Memorial Institute medium (RPMI 1640), heat
inactivated fetal bovine serum (FBS), L-glutamine 200 mM, 0.25% (w/
v) Trypsin/0.53 mM ethylenediamine tetracetic acid (Trypsin-EDTA)
solution
Penicillin/Streptomycin
(Pen-Strep)
10,000 Unit/mL/
10000 μg/mL and AlamarBlue® were purchased from Life
Technologies (Carlsbad, CA, USA).
Granulocyte-macrophage colony stimulating factor (GM-CSF) and
interleukine-4 (IL-4) were purchased from PeproTech Inc. (Rocky Hill,
NJ, USA).
Fixation/Permeabilization Kit (BD Cytoﬁx/Cytoperm™ Cat:
554,714) was purchased from BD Bioscience, San Diego, CA, USA.
The CpG ODN 1826 Vaccigrade™ (TCCATGACGTTCCTGACGTT)
was purchased from the InvivoGen (San Diego, CA, USA).
Antibodies anti-mouse CD11c (clone: N418), CD11b (clone: M1/
70), CD4 (clone: CK1.5), CD8α (clone: 53-6.7), I-Ab (MHCII; clone:
AF6-120.1), H-2Kb (MHCI; clone: AF6-88.5), CD45.1 (clone: A20),
TCRβ (clone: H57-597), TCRVα2 (clone: B20.1), CD45R/B220 (clone:
RA3-6B2), and Carboxyﬂuorescein diacetate succinimidyl ester (CFSE)
were purchased from BioLegend (San Diego, CA, USA). Antibodies antimouse IL-12p40 (clone: C17.8) and IL-1β (clone: NJTEN3) were
purchased from eBioscience.

eﬃciently prime naive T cells against foreign antigens and polarize
them towards distinct eﬀector fates [1–3]. Moreover, the activation
mode of speciﬁc DC subsets through antigen engulfment determines
whether clinically relevant responses are dominated by the eﬀect of
cytotoxic CD8+ T cells or helper CD4+ T cells [4].
Vaccination protocols that target DC are promising strategies for the
initiation and enhancement of immune responses for cancer treatment
[5,6], as well as viral and microbial infections [7–9]. Speciﬁcally, the
concept of immunotherapy aims to harness the patient's own immune
system to selectively target malignant or infected cells by activating in
vivo immune eﬀectors against tumor-associated antigens (TAA) or
microbes [5,10].
Nanoparticle (NP)-based delivery systems hold great promise as
immunotherapeutic platforms towards an eﬀective in vivo targeting of
immune cells. The use of nanotechnology in immunotherapy has indeed
distinct advantages over the systemic delivery of the immunotherapeutic agents in solution, especially due to NP larger size and consequent
altered biodistribution proﬁle. NP can improve antigen stability, besides enabling a high loading capacity, as the result of their high surface
to volume ratios. Polymeric NP can be biocompatible and biodegradable, with tunable sub-cellular size and controlled release properties
[11,12]. These carriers can therefore extend antigen exposure to
immune cells, facilitate antigen uptake by DC and modulate antigen
presentation pathways within these cells, thus enhancing T cellmediated eﬀector immune responses. However, there is a limited
knowledge about the speciﬁc mechanisms of interaction between the
NP and immune cells.
Herein we describe the rational development of diﬀerent poly
(lactic-co-glycolic acid) (PLGA)-based nanosystems, characterized by
speciﬁc physico-chemical parameters suitable for optimal delivery of
antigens and adjuvants. The composition of these nanoparticulate
carriers was optimized by using Chitosan (CS) and distinct surfactants,
such as Poly(vinil alcohol) (PVA) and Pluronic® F127 (PF127) in order
to attain the successful entrapment of multiple antigens and the most
adequate parameters for their recognition and capture by DC. These NP
were deeply characterized in order to assess their size and size
distribution, surface charge, nature of protein-polymer interaction
and physical state of polymers. The developed NP successfully entrapped multiple bioactive molecules (antigens and adjuvants) and
showed physicochemical properties adequate for DC targeting, with an
average size below 200 nm and a neutral surface charge. DC extensively
captured these polymeric NP, both in vitro and in vivo, successfully
inducing the proliferation of T cells. Our data provide important
insights into the correlation between the composition, method of
antigen association and physico-chemical properties of NP with immune cell modulation, namely DC activation and T cell priming.

2.2. Mice
Female OT-I (C57BL/6) TCR transgenic mice harbouring OVAspeciﬁc CD8 T cells [13] and OT-II (C57BL/6) TCR transgenic mice
harbouring OVA-speciﬁc CD4 T cells [14] were in-house bred at the
Weizmann Institute of Science (Rehovot, Israel), under conventional,
speciﬁc pathogen-free (SPF) conditions. Female C57BL/6 mice
(6–8 weeks old) were purchased from the Envigo RMS LTD (Jerusalem,
Israel). All animals were handled according to protocols approved by
the Weizmann Institute Animal Care Committee (IACUC) as per
international guidelines.
2.3. Preparation of nanoparticles
Polymeric NP were aseptically prepared by the double emulsion (w/
o/w) solvent evaporation method [15]. Brieﬂy, the single emulsion (o/
w) was formed by dispersing an organic phase, composed by the
polymer dissolved in dichloromethane (DCM), into an aqueous solution
using an ultrasonic processor (Soniﬁer Vibracell VC 375, Sonics &
Materials Inc., USA), under continuous conditions for 15 s at 70 W,
in an ice bath. Fluorescent NP were formulated by replacing one tenth
of the polymer mass by Rhodamine-PLGA, synthesized in-house as
previously described [16], or by replacing 50 μL of the organic polymer
solution with (2 mg/mL) Rhodamine G6 (Sigma-Aldrich) solution in
DCM. A 2% (w/v) PVA solution was added to the o/w primary emulsion
and a second sonication was performed under the previously described
conditions. The double emulsion (w/o/w) was added dropwise to an
external aqueous phase, composed by a 0.3% (w/v) PVA or PF127
surfactant solution. The solvent evaporation was carried out by a gentle
magnetic stirring at 37 °C during 1 h, thus enabling the formation of
NP. The polymeric NP were harvested by centrifugation (22,000 ×g,
45 min, 4 °C; Beckman Coulter, lnc, Avanti® J-E Centrifuge JA-20, USA)
and rinsed with ultrapure water, three times to remove excess of
surfactant and non-associated antigen. NP were re-suspended in PBS
pH 7.4 and kept at 4 °C, until further analysis. Two diﬀerent strategies
were followed to achieve the association of antigens to NP: i) antigen
dissolution in the internal aqueous phase, leading to its dispersion
within NP matrix (Entrapped (Entrap) protein NP); and ii) adsorption of
protein through the incubation of 10 mg/mL protein solution (100 μL)
with plain NP for 1 h, at room temperature (Adsorbed (Ads) protein
NP). Protein-adsorbed NP were washed with ultrapure water and
centrifuged at 22000 × g for 20 min at 4 °C. When CpG ODN was used
as adjuvant, it was dissolved in the internal phase, despite the method
used for antigen association to NP. It is important to note that AdsNP

2. Materials and methods
2.1. Materials
Poly(lactic-co-glycolic acid) (PLGA) conjugated with polyethylene
glycol (PEG), i.e. PLGA-PEG (5050 DLG mPEG 5000, 10 wt% PEG,
molecular weight (MW) = 17 kDa), Resomer® RG 502 Poly(lactic-coglycolic acid) PLGA (MW = 7–17 kDa), Alpha-lactalbumin (LALBA,
average MW = 14 kDa), Ovalbumin (OVA, average MW = 45 kDa),
Poly(vinil alcohol) (PVA, MW = 13–23 kDa) and hydrolyzation
87–89%, Pluronic® F127 (PF127, MW = 12.6 kDa), Glycol Chitosan
(CS), Sucrose and Dichloromethane (DCM) were purchased from SigmaAldrich (St. Louis, MO, USA). Double distilled water was used after
ﬁltration in a Millipore® (Millipore, Billerica, MA) system. All other
chemicals and reagents used in the study were of analytical grade.
MW markers for sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) (Thermo Fisher Scientiﬁc, PageRuler™
Prestained Protein Ladder 10–180 kDa #SM0671) were purchased from
Thermo Fisher Scientiﬁc (MA, USA).
183
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2.8. Freeze-drying of NP

thus presented the antigen adsorbed onto the surface of NP, while the
CpG was dispersed within the carrier matrix. On the other hand,
EntrapNP presented both antigen and adjuvant co-entrapped within
the polymeric matrix.

NP were freeze-dried in the presence of the 0.05% (w/v) sucrose,
which was used as a cryoprotectant. Prior to lyophilization, all samples
were placed into glass vials and frozen at −80 °C. On the following day,
samples were freeze-dried for 24 h at − 45 °C, 0.2 mbar in a VirTis
BenchTop L freeze-drier (SP Scientiﬁc, NY, US). Lyophilized NP were
only used for Fourier transform infrared spectroscopy (FTIR) and
thermal characterization.

2.4. Size and surface charge analysis of PLGA-PEG-based NP
NP size (Z-Average) and polydispersity index (PdI) were determined
by Dynamic Light Scattering (DLS), using the Malvern Nano S (Malvern
Instruments, UK). Brieﬂy, the ﬁnal 20 mg/mL NP suspension was resuspended in PBS pH 7.4 to prepare 1 mg/mL NP suspensions. The
conditions were kept constant to have comparable results. Readings
were obtained based on the scattering of laser light within the
equipment by the Brownian motion of NP. Each analysis was carried
out in triplicates, at 25 °C. NP surface charge was inferred by their zeta
potential, assessed by Laser Doppler Velocimetry (LDV) with Malvern
Nano Z (Malvern Instruments, UK). Since zeta potential is highly
dependent on measurement conditions, NP concentration and pH/ionic
strength of the dispersant were maintained constant. All measurements
were performed at 25 °C in triplicates.

2.9. Integrity of the NP-entrapped protein
The assessment of protein integrity was performed by SDS-PAGE.
LALBA standard solution (250 μg/mL) and NP suspension (20 mg/mL)
were mixed with SDS-containing loading buﬀer and digested at 95 °C
for 20 min. Samples were loaded at room temperature onto a 10% (w/
w) polyacrilamide mini-gel (20 μL for samples and 5 μL for MW markers
(Thermo Fisher Scientiﬁc, 10–180 kDa)) and electrophoresis was
performed at a constant voltage of 170 V for 50 min, using a Bio-Rad
300 power pack (Bio-Rad, Hercules, CA, USA). Gels were further
stained with 0.025% (w/v) Coomassie Brilliant Blue G-250 (Thermo
Fisher Scientiﬁc, MA, USA) to reveal protein bands [17].

2.5. Study of PLGA-PEG NP morphology by atomic force microscopy
2.10. FTIR characterization of NP
The morphology of NP was investigated by Tapping mode atomic
force microscopy (AFM) (Nanoscope IIIa Mulimode AFM, Digital
Instruments, Veeco), using silicon tips (circa 300 kHz) at a scan rate
of ca. 1.6 Hz. Samples were diluted in puriﬁed water (10 mg/mL), a
drop was placed onto freshly cleaved mica for 20 min and dried with N2
prior to analysis.

Each sample was mixed with KBr at a concentration of 0.5% w/w.
The mixtures (200 mg) were compressed into a tablet of 12 mm
diameter. The infrared spectra were measured at the absorption mode
(IR Aﬃnity-1 Shimadzu spectrophotometer, Japan) with 64 scans, with
a resolution of 2 cm− 1.

2.6. Quantiﬁcation of protein loading

2.11. Thermal characterization of NP

The entrapment eﬃciency (EE, %) and the loading capacity (LC, μg/
mg) of proteins were quantiﬁed indirectly by a reverse-phase highperformance liquid chromatography (HPLC) (RP-HPLC), using
Beckman System Gold, with a UV–Vis detector (Beckman 166) at
220 nm, Beckman 126 solvent module and a Midas autosampler.
Samples (20 μL) of the supernatants obtained from NP centrifugation
were injected onto a Shodex Protein KW-803 series column (8.0 mm
ID × 300 mm, 5 μm particle size, 300 Å pore size) and eluted with
50 mM sodium phosphate buﬀer (pH 7.0) plus 0.3 M NaCl at 1 mL/min,
for 16 min at room temperature. Plain NP were used as controls and all
measurements were performed in triplicates. The amount of protein
present in each sample was calculated using a linear standard curve
generated in the range of 0.5–5.0 mg/mL, r2 = 0.9987. The EE (%) and
the LC (μg/mg) of protein were calculated as indicated in Eqs. (1) and
(2).

The thermal properties of the samples were determined by diﬀerential scanning calorimetry (DSC; TA instruments, Q200, USA) after
calibration with indium (TA instruments, USA; Tfus = 156.55 °C,
ΔfusH = 28. 51 J/g). Dry N2(g) was used as the purge gas (Air Liquide,
50 mL/min). Prior to the experiment, all samples were kept in dry
atmosphere, with 11% of humidity (Lithium chloride supersaturated
solution), for one week. The samples (2–3 mg) were placed into
hermetic crucibles and heated up at 5 °C/min, from 0 °C to 100 °C.
An empty crucible was used as reference.
2.12. Stability of NP
Aseptically prepared polymeric NP were dispersed in PBS pH 7.4
and kept at 4 °C. After predetermined periods of time, samples were
collected over 3 months and the particle size, PdI and zeta potential
were evaluated.

EE% = (total amount of protein − amount of protein in supernatant)
(total amount of protein) × 100

2.13. In vitro evaluation of bone marrow derived dendritic cell (BMDC)
viability in the presence of NP

(1)

LC μg mg = (total amount of protein − amount of protein in supernatant)
(total amount of polymers)

DC were derived from bone marrow cells isolated from femura and
tibiae of C57BL/6 mice, and cultured in RPMI medium 1640 supplemented with GM-CSF (50 ng/mL) and IL-4 (50 ng/mL) at 37 °C, 5%
CO2. After 7 days, immature BMDC were harvested, washed and used
for the in vitro experiments. Cell viability of BMDC was quantitatively
evaluated by measuring the metabolic activity of mitochondrial dehydrogenase by AlamarBlue®. DC (5000 cells/100 μL/well) were incubated with increasing concentrations of diﬀerent NP-based systems
(100, 125, 150, 200, 250, 500, 1000 μL/mL), in 96-well plates (Nunc®,
Roshilda, Denmark), for 21 h at 37 °C with 5% CO2. Cells in culture
medium were used as a negative control, while the positive control was
obtained after the treatment of cells with a 0.5% (v/v) Triton X-100
(Gibco®) solution. After NP incubation, 10 μL of AlamarBlue® reagent

(2)

2.7. PVA assay
To determine the residual amount of PVA at NP, this surfactant was
indirectly quantiﬁed by HPLC using Beckman System Gold: UV–Vis
detector (Beckman 166), Beckman 126 solvent module, Midas autosampler, and Shodex Protein KW-803 column (8.0 mm ID × 300 mm,
5 μm particle size, 300 Å pore size). The surfactant washing eﬃciency
was calculated as the percentage of PVA quantiﬁed in the supernatants
compared to the total amount used for NP formulation.
184
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cytokine staining was performed using the Cytoﬁx/Cytoperm plus kit
(BD Bioscience). Brieﬂy, single cell suspensions of lymph nodes were
washed with PBS. Extracellular antigens (CD11c, Ab-I, TCRβ and
CD45R/B220) were stained prior to cell ﬁxation and permeabilization
with 250 μL Cytoﬁx/Cytoperm solution for 20 min. The staining for
intracellular cytokine was performed with anti-cytokine ﬂuorescent
antibody conjugates to detect accumulated IL-12p40 and IL-1β cytokines. Cells were washed with the permealization/washing solution and
resuspended in 400 μL of FACS buﬀer prior to ﬂow cytometry analysis
(LSR II Fortessa, BD Bisociences). All samples were analyzed by FlowJo
software (TreeStar, San Carlos, CA, USA).

were added to each well and incubated for additional 3 h. After this
total incubation period of 24 h, the absorbance of AlamarBlue® was
determined with a Fluostar Omega microplate reader (BMG LAbtech,
Ortenberg, Germany) at 570 nm, using 600 nm as a reference wavelength.
2.14. Internalization of antigen-loaded NP by BMDC
BMDC were seeded in 24-well plate (1.5 × 105 cells/well), 24 h
prior administration of ﬂuorescent NP (250 μg/mL) to cells. After
incubation with OVA-loaded NP for 3, 6, 16 or 24 h, cells were
harvested, rinsed three times with PBS and stained with anti-mouse
CD11c and CD11b antibodies, as well as, with DAPI for dead cells
exclusion.
Cells were analyzed by multispectral imaging ﬂow cytometry
(ImageStreamX markII ﬂow cytometer; Amnis Corp, part of EMD
millipore, Seattle, WA). A 60× magniﬁcation was used for all samples.
At least 30,000 cells were collected for each sample and data were
analyzed using a dedicated image analysis software (IDEAS 6.2; Amnis
Corp). Images were compensated for ﬂuorescent dye overlap by using
single-stain controls. Cells were gated for single cells using the area and
aspect ratio features, and for focused cells using the Gradient RMS
feature [18]. Cells were further gated using a bivariate plot for
circularity (the degree of the mask's deviation from a circle) based on
the object mask (a segmentation mask that creates a tight ﬁt on the cell
morphology) and the intensity of the side scatter channel (illuminated
by the 785 nm laser and collected in channel 12).
Particle internalization was calculated by the internalization feature, i.e. the ratio of the intensity inside the cell to the intensity of the
entire cell, mapped to a log scale. To deﬁne the internal mask for the
cell, the object mask of the bright ﬁeld image was eroded by 5 pixels.

2.17. Analysis of in vivo T cell activation after NP immunization
Eight-weeks-old female C57BL/6 mice (n = 6 mice/group) were
intravenously (i.v.) engrafted with CD8+ OT-I and CD4+ OT-II cells
isolated by MACS from spleens and lymph nodes of the respective TCR
transgenic mice. Prior to the transfer, both T cell populations were
labeled with 5 mM CFSE, for tracking in vivo proliferation [19]. On the
following day, animals were injected s.c. (hock immunization) into the
right ﬂank with 50 μL of NP suspension (20 mg/mL): EntrapOVA(PVA),
EntrapOVA-CpG(PVA), AdsOVA(PVA) and AdsOVA-CpG(PVA). Noninjected left ﬂank served as a negative control. Three days postimmunization with NP, inguinal and popliteal lymph nodes were
isolated. Single cell suspension was stained with CD4, CD8α, TCRβ,
TCRVα2, and CD45.1 antibodies and analyzed by ﬂow cytometry.
2.18. Statistics
All results are presented as mean ± standard deviation (SD). Oneway ANOVA analysis, following by a Tukey-Kramer test was applied to
demonstrate statistical diﬀerences (p < 0.001 (***), p < 0.01 (**),
p < 0.05 (*)). For direct comparison between two groups of data, tstudent test was applied. All tests were performed in GraphPad Prism 5®
(GraphPad Software, Inc., La Jolla, CA) with a statistical signiﬁcance
level of 0.05 and 0.001 considered very signiﬁcant.

2.15. In vivo study of activation markers and co-stimulatory molecules
expressed on DC in draining lymph nodes
Female C57BL/6 mice, 8-weeks-old (n = 3/group) were injected
into the right ﬂank by subcutaneous (s.c.) hock immunization with
50 μL of one of the following ﬂuorescent Rhodamine G6-labeled NP
formulations (20 mg/mL): EntrapOVA(PVA), EntrapOVA(PF127),
AdsOVA(PVA), and AdsOVA(PF127). Non-injected left ﬂank served as
a negative control. After 16 h post-immunization (p.i.), popliteal and
inguinal lymph nodes were harvested and homogenized in a single cell
suspension. Cells were stained with ﬂuorescent-labeled anti-mouse
antibodies against CD11c, MHCII (I-Ab), MHCI (H-2Kb), CD80 and
CD86, for 20 min at 4 °C. Samples were acquired with an LSR II Fortessa
ﬂow cytometer (BD Bioscience) and analyzed with FlowJo software
(Treestar).

3. Results
3.1. Physicochemical characterization of NP
In this study, we focused on the development of stable colloidal
suspensions for the delivery of protein antigen to DC, the key APC that
trigger responses of naive T cells. NP composition, size distribution,
surface charge, shape and hydrophobicity are key parameters for
successful targeting of immune response.
Four diﬀerent NP delivery systems (Table 1) with distinct chemical
compositions and diﬀerent types of Alpha-lactalbumin (LALBA) protein
association (entrapped versus adsorbed) were developed and optimized.
The biodegradable aliphatic polyester copolymers PLGA-PEG or PLGA,
together with CS, were the main components of the NP matrix, and two
diﬀerent non-ionic surfactants (PVA or PF127) were used to ensure NP
size below 200 nm with narrow distribution, PdI lower than 0.2, zeta
potential close to neutrality, high loading eﬃciency and a minimum
surfactant residue, particularly important to guarantee NP safety and
biocompatibility. The three independent batches of each NP revealed to

2.16. Cytokines proﬁle of DC upon NP immunization
Female C57BL/6 mice, 8-weeks-old (n = 4/group) were immunized
by subcutaneous (s.c.) hock immunization with 50 μL of NP suspension
(20 mg/mL): EntrapOVA(PVA), EntrapOVA-CpG(PVA), AdsOVA(PVA)
and AdsOVA-CpG(PVA). Non-immunized mice served as a negative
control. At 16 h p.i. the inguinal and popliteal lymph nodes were
harvested, homogenized in a single cell suspension and intracellular
Table 1
Composition of polymeric NP formulations.
Formulation

Matrix polymer

Aqueous phase composition

Surfactant internal phase

Surfactant external phase

Protein adsorption

EntrapPROTEIN(PVA)
EntrapPROTEIN(PF127)
AdsPROTEIN(PVA)
AdsPROTEIN(PF127)

PLGA-PEG

10% (w/v) PVA, CS, protein

2% (w/v) PVA

−

PLGA

10% (w/v) PVA, CS

0.3%
0.3%
0.3%
0.3%

185

(w/v)
(w/v)
(w/v)
(w/v)

PVA
PF127
PVA
PF127

+
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Table 2
Physico-chemical characterization of polymeric NP by DLS and LDV.
Formulation

EntrapLALAB(PVA)
EntrapLALBA(PF127)
AdsLALBA(PVA)
AdsLALBA(PF127)

Size (nm)

171
185
188
195

±
±
±
±

3
4
11
10

PdI

0.15
0.17
0.18
0.20

Zeta potential (mV)

±
±
±
±

0.02
0.05
0.08
0.09

0.51 ± 0.1
0.37 ± 0.4
−1.89 ± 0.5
−1.42 ± 0.2

Protein loading (μg/mg)
Loading capacity

Surface adsorption

19.56
16.96
–
–

–
–
19.72
25.10

which can explain smaller NP sizes. However, there were no considerable diﬀerences between the formulations EntrapLALBA(PVA) (Fig. 1A)
and EntrapLALBA(PF127) (Fig. 1B). Hence, the diﬀerent surfactants
present in the external phase did not greatly inﬂuence size or
morphology of NP. On the other side, PLGA NP with adsorbed antigen
demonstrated a wider particle size distribution, with an average
diameter closer to the one determine by DLS. Also, no diﬀerences were
found between the AdsLALBA(PVA) (Fig. 1C) and AdsLALBA(PF127)
NP (Fig. 1D), despite the use of diﬀerent surfactants in the external
phase. However, AFM images showed a clear distinction between
PEGylated and non-PEGylated PLGA NP. Formulations containing
PLGA-PEG (EntrapLALBA(PVA) and EntrapLALBA(PF127)) showed
regular spherical NP forming clusters due to the presence of hydrophilic
PEG chains at NP surface, which tend to accommodate water molecules,
precluding a sharp imaging of particles boundaries. This latter eﬀect
was not observed when PLGA polymer (AdsLALBA(PVA) and AdsLALBA(PF127)) was used for NP formulation. These PLGA NP presented
spherical shaped NP with well-deﬁned contours.

be highly consistent and reproducible (Table 2).
EntrapLALBA(PVA) and EntrapLALBA(PF127) NP displayed an
average size of 171 and 185 nm, respectively. On the other hand, the
size of NP with adsorbed LALBA protein, AdsLALBA(PVA) and
AdsLALBA(PF127), was 188 nm and 195 nm, respectively. All formulated NP batches presented surface charges close to neutrality, independently of the surfactant used in the external phase (PVA or PF127).
This can be explained by the presence of the PEG–chains on the surface
of the EntrapLALBA(PVA) and EntrapLALBA(PF127) NP. The best EE
was obtained for the EntrapLALBA(PVA) formulation, presenting nearly
80% of the initial protein solution entrapped within PLGA-PEG NP.
When PF127 was used at external phase (EntrapLALBA(PF127)), the EE
was close to 70%. However, it is important to highlight that despite the
surfactant used to ensure NP stability, overall EE were considerably
higher than those reported by other recently published studies [16,20].
The same trend of results was obtained for the LC. Moreover, the
adsorption eﬃciency of AdsLALBA(PVA) and AdsLALBA(PF127) NP
was considerably close to 40% or 50%, respectively. The branched
chemical structure of PF127 enabled a more eﬃcient and stable protein
adsorption by AdsLALBA(PF127) NP than NP prepared with PVA
polymer. In all preparations, the percentage of surfactant washing
eﬃciency was higher than 96%, promoting NP safety and biocompatibility.

3.3. FTIR and DSC studies on lyophilized NP
FTIR spectroscopy allows the rapid and eﬃcient identiﬁcation of
protein and polymer integrity in lyophilized NP. Diﬀerences related
with the presence of the LALBA antigen entrapped into the polymeric
matrix or adsorbed onto the surface of NP were also evaluated by FTIR
(Fig. 2A). All NP and both polymer (PLGA, PLGA-PEG) powders
presented a strong stretching absorption at 1720 cm− 1 (§) which
corresponds to C]O bond, indicating the presence of a carboxylic
acid. The band at 2950 cm− 1 (ф) indicated the presence of CeH bonds
(ethylene glycol) [21] that was clearly more pronounced in Entrapblank(PVA) and Entrapblank(PF127) NP, when PLGA-PEG was used
as a matrix polymer. From the LALBA spectrum, one can see two
speciﬁc absorption bands at approximately 1600 cm− 1. One at

3.2. NP morphology by AFM
The size and surface morphology of NP were also assessed by AFM
(Fig. 1). All NP presented smooth surfaces and spherical topography.
The section analyses of PLGA-PEG NP with entrapped antigen showed
uniform size distributions, which correlated with the data obtained by
DLS analyzer. The average NP diameter was 30 nm smaller than the
hydrodynamic diameter obtained by DLS. As the NP were dried prior to
AFM analysis, PEG chains could not form a corona around the NP,

Fig. 1. Size and morphology characterization of formulated NP by AFM. Section analysis of NP EntrapLALBA(PVA) (A) and EntrapLALBA(PF127) (B) with the matrix polymer PLGA-PEG
and with entrapped antigen; AdsLALBA(PVA) (C) and AdsLALBA(PF127) (D) with PLGA polymer and adsorbed LALBA protein.
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Fig. 2. FTIR and DSC studies on lyophilized NP. (A) FTIR spectrographs of NP and the components used for their formulations. The symbols on the top of the graph correspond to the
speciﬁc band. Peak at 1720 cm− 1 (§) is a speciﬁc band for C]O bond; 1662 cm− 1 (*) is speciﬁc for primary amides; peak at 1562 cm− 1 (Ϫ) corresponds to vibration of -NH2 groups;
2950 cm− 1 (Ф) indicates the presence of CeH bond; 3400 cm− 1 (‡) correlates to the hydroxyl and amine groups overlapping. (B) DSC specters of formulated NP and the components
used for their formulations.

Fig. 3. SDS–PAGE (12% separating gel) of protein LALBA before and after entrapment in NP. Lanes: (1) standard molecular weight (MW) markers, wide range 10–180 kDa; (2) LALBA
standard solution at 2 μg; (3) 4 μg; (4) 8 μg; (5) 16 μg all LALBA's bands may be seen at the 14 kDa; (6) Entrapblank(PVA); (7) EntrapLALBA(PVA); (8) Entrapblank(PF127); (9)
EntrapLALBA(PF127); (10) Adsblank(PVA); (11) AdsLALBA(PVA); (12) Adsblank(PF127). (13) AdsLALBA(PF127); A representative image of 3 independent experiments is presented.

1662 cm− 1 (*), speciﬁc for primary amides, while the peak at
1562 cm− 1 (Ϫ) was distinctive for -NH2 groups. Both of these bands
were also identiﬁed on the FTIR of the AdsLALBA(PVA) and AdsLALBA(PF127) samples, where LALBA was adsorbed onto the NP surface.
The slight shift to the higher wave numbers indicated changes on the
hydrogen bonding strength between the protein and the polymer. The
broad and strong band at 3400 cm− 1 (‡) was related to the overlapping
of hydroxyl and amine groups [22]. Also these bands were more
pronounced for NP with adsorbed LALBA. The absence of these bands
in the spectrum of EntrapLALBA(PVA) and EntrapLALBA(PF127)
suggested that, when entrapped, the protein was well protected within
the matrix of the polymer.

DSC studies were performed with lyophilized NP at a rate of 5 °C/
min from 0 °C to 100 °C. This thermo-analytical technique provided
information on the thermal transformations of biodegradable polymers
and the LALBA protein in NP (Fig. 2B). Analysis of PLGA and PLGA-PEG
demonstrated the presence of an endothermic event between
40 °C–50 °C. This endothermic band resulted from the glass transition
of the polymers followed by an endothermic relaxation peak. The glass
temperature (Tg) of polymers depends strongly on their composition
and MW. Results show that the Tg values of biodegradable PLGA
copolymer were lower than those obtained for PLGA-PEG, due to the
higher MW of PLGA–PEG. This ﬁnding was already previously reported
[23]. When empty and LALBA-entrapped NP were evaluated, Tg were
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ity, with a shift from slightly positive (0.3 mV) to negative (−1.2 mV).
However, following 2 months, a drastic increase in size and PdI was
detected, while zeta potential was decreased. These data suggest a
possible degradation of polymeric PLGA-PEG matrix through solvent
penetration and bulk erosion due to hydrolytic cleavage of polymer
backbone, which is in accordance with the characteristics of these
aliphatic polyesters [28]. In fact, NP polymeric fragments are released
from the NP matrix and not only from its surface, as this polyester is a
bulk eroding polymer [29,30], and therefore even the steric and
hydrated barrier enabled by PEG could not avoid the aggregation of
EntrapLALBA(PVA) and EntrapLALBA(PF127) NP.
On the other hand, the formulations AdsLALBA(PVA) and
AdsLALBA(PF127) with adsorbed protein onto the surface of PLGA
matrix, showed an increase in size of 80 and 40 nm, respectively, after
day 30, suggesting a faster polymer degradation. This was further
supported by an increased PdI (> 0.35) that occurred 20 days after NP
storage in suspension at 4 °C. It appears that the PF127 amphiphilic
character and branched chemical structure led to the NP
(AdsLALBA(PF127)) suspensions with higher stability over time and
increased protein association aﬃnity.

in the same range as Tg of PLGA and PLGA-PEG, revealing that the
formulation process did not aﬀect the polymer structure. Moreover, no
speciﬁc interactions between the polymers and proteins were detected.
From the LALBA thermogram there was no melting peak visible
between 50 °C–70 °C, in contrast to what has been previously reported
in the literature [24,25]. This suggests that the protein was in an
amorphous phase (which was conﬁrmed by XRPD analysis, data not
shown). Also, no melting peak of native LALBA was detected in all NP
with entrapped protein, suggesting that the LALBA protein is in a
disordered phase within the polymer matrix of NP [23].
3.4. Formulation procedures did not aﬀect protein integrity
A SDS-PAGE was performed to verify if the protein MW was altered
during the NP formulation process (Fig. 3). Protein band patterns of
migration obtained for LALBA standard solution and those extracted
from loaded NP (EntrapLALBA(PVA), EntrapLALBA(PF127), AdsLALBA(PVA), and AdsLALBA(PF127)) were identical to the ones obtained
for LALBA standard solutions (14 kDa), suggesting that the MW of the
protein was not aﬀected by the NP formulation process. These
observations are corroborated by the absence of those bands next to
14 kDa of the gel, in lanes 6, 8, 11 and 13. Moreover, no other bands
were detected at diﬀerent MW in the solution extracted from loaded
NP, supporting the absence of protein fragmentation or aggregation.

3.6. NP did not change the viability of immature BMDC and were
extensively internalized by these APC
We focused on the development of a NP-based vaccine for antigen
and adjuvant delivery to DC, and therefore, it was crucial to guarantee
that these carriers did not impair the viability of functional APC.
The viability of BMDC was not aﬀected by any of the developed NP,
in a concentration up to 1000 μg/mL (Fig. 5).
Subsequently, NP-exposed BMDC were analyzed with high throughput and spatial resolution using imaging stream ﬂow cytometry
(ImageStream™) [31] to study the interaction and uptake of OVAloaded carriers by these APC (Fig. 6, Suppl. Fig. S1).
These in vitro studies demonstrated that the DC-NP interactions, in
particular for EntrapOVA(PVA) and AdsOVA(PVA) NP (Fig. 6A), increased signiﬁcantly after 16 h, thus presenting higher total ﬂuorescence, max pixel and median pixel intensities.
Percentages of DC with internalized NP ranged from 50%–60%, and
NP persisted for 1 day inside these DC (Fig. 6B). The interaction

3.5. NP stability over 3 months
Average size, PdI and zeta potential of polymeric NP were measured
over a 3 months period, when dispersed in PBS pH 7.4 and stored at
4 °C. The main challenge of colloidal suspensions is to ensure their
stability over time.
As it can be seen in Fig. 4, the EntrapLALBA(PVA) and EntrapLALBA(PF127) formulations showed high stability over a period of 60 days.
Thus, there were no signiﬁcant changes and deviations in size or PdI of
NP over that period. This stability in suspension can be explained by
steric hindrance and repulsion of hydrophilic PEG chains [26,27]. The
size of the NP was decreased slightly from 182 to 170 nm for the
formulation EntrapLALBA(PVA), and 192 to 175 nm for EntrapLALBA(PF127), respectively. The zeta potential was kept close to neutral-

Fig. 4. Variation of the average size (A and B), polydispersity index (PdI) (C), and zeta potential (D) of polymeric NP measured over a 3 month period when dispersed in PBS pH 7.4 and
stored at 4 °C. Circles (●) present formulation EntrapLALBA(PVA), squares (■) EntrapLALBA(PF127), triangles (▲) AdsLALBA(PVA) and diamonds (▼) AdsLALBA(PF127) F4·All results
are expressed as mean ± SD (n > 3).
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incubation. These images show CD11c+ cells in the absence of NP
(Fig. 6C.a), NP onto the surface of the CD11c+ cells (Fig. 6C.b) and
CD11c+ with various NP entering the cytoplasm (Fig. 6C.c & d). Of
note, the star-shape of CD11c+ cells in the Fig. 6C.e indicates the
characteristic morphology change observed upon DC maturation.
3.7. In vivo impact of NP on DC in draining lymph nodes of challenged
animals
The in vitro experiments showed that all NP formulations were
eﬃciently internalized by BMDC in culture. To test if this also holds for
a physiological setting, we immunized C57BL/6 mice into a ﬂank with
NP and used the non-immunized contralateral ﬂank as control.
Rhodamine-labeled NP allowed the distinction and comparison of
subpopulations of DC with and without internalized NP. First, we
tested the expression of MHCI, MHCII, and the co-stimulatory molecules CD80 and CD86 on all DC (gated as CD11c+, MHCII+; gating
strategy presented on Fig. 7A).
As shown in Fig. 7B, the lymph nodes collected from mice
immunized with antigen-loaded NP did not present a signiﬁcant
increase on the percentage of CD80+ CD11c+ MHCII+ cells. However,
there was a signiﬁcant increase on the median ﬂuorescence intensity
(MFI; Fig. 7C) of those cells obtained from mice treated with EntrapOVA(PVA) and AdsOVA(PVA) NP (p < 0.001 (***)), indicating an
increased expression of these co-stimulatory molecules on the cell

Fig. 5. Eﬀect of NP on the viability of BMDC was studied in vitro using the AlamarBlue®
assay. We incubated bone marrow derived DC with increasing concentrations
(100–1000 μg/mL) of NP for 24 h. Culture medium (0) and triton 0.5% (w/v) were used
as negative and positive controls, respectively (mean ± SD; n = 6).

between BMDC and NP containing the adsorbed antigen (AdsOVA(PVA)
and AdsOVA(PF127)) was lower than the one obtained for proteinentrapped NP (Fig. 6B).
Moreover, the distinct chemical composition of developed NP
inﬂuenced their internalization proﬁle by BMDC. NP formulations
prepared with PF127 emulsiﬁer in the external phase demonstrated a
constant DC-NP interaction of ~60% for EntrapOVA(PF127) and
~ 40% for AdsOVA(PF127) (Fig. 6A & B).
Fig. 6C shows diﬀerent internalization states of green-ﬂuorescent
AdsOVA(PVA) NP by red-labeled CD11c+ cells following 16 h of

Fig. 6. In vitro NP internalization by BMDC. ImageStream analysis was performed to detect PLGA-Rhodamine labeled NP in BMDC, 3, 6, 16 and 24 h after the incubation in vitro.
Distribution of at least 30,000 cells was calculated by Amnis IDEAS software and presented with the histograms showing the percentages of CD11c+ cells interacting with NP (A) and of
CD11c+ cells with internalized NP (B). Examples of representative images captured by the Amnis ImageStreamX Flow Cytometer of DC incubated for 16 h at 37 °C with AdsOVA(PVA)
(C). First column shows brightﬁeld (BF) images of the cells, second column shows images of PLGA-Rhodamine labeled NP (NP), third column shows APC-labeled CD11c+ DC (CD11c),
fourth column shows merged images of the precedent ﬁelds (BF/NP/CD11c) and ﬁfth column shows DAPI signal for dead cells. (C.a) CD11c+ without NP. (C.b) NP onto the surface of the
CD11c+ cell. (C.c) Various NP entering the cytoplasm of CD11c+ cell. (C.d) DC with various NP. (C.e) DC with star morphology, indicator of the DC maturation process. Results are
mean ± SD, normalized to that of control non-labeled cells, representative of three independent experiments (n = 3). Scale bar, 7 μm.
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Fig. 7. In vivo activation of DC in immunized and non-immunized female C57BL/6 mice 16 h upon immunization. (A) Gating strategies for CD11c+/MHCII+/NP+ or NP-DC. Histograms
of expressed activation markers on DC, with and without NP, after hock immunization. (B) Percentages and (C) median ﬂorescence intensity (MFI) of activated DC 16 h after
immunization with diﬀerent formulations of NP. (D) Expression of surface activation markers on DC, with and without internalized NP, in the same lymph nodes, 16 h after immunization
with diﬀerent NP formulations. *p < 0.05; **p < 0.01; ***p < 0.001.
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CFSE label of adoptively transferred OVA-speciﬁc T cells, in response to
the challenge with the diﬀerent NP formulations (Suppl. Fig. S3). CD4+
OT-II and CD8+ OT-I T cells extensively proliferated after immunization with EntrapOVA(PVA), as peaks of the divided daughter cells were
detected up to eight generations (Fig. 9). The immunization with
EntrapOVA(PVA) resulted, in fact, in a balanced expansion and
proliferation of those CD4+ OT-II and CD8+ OT-I T cells. The
EntrapOVA-CpG(PVA) formulation showed the most profound and
fastest antigen-speciﬁc response, presenting percentages of 81,4% and
85.2%, when CD4+ OT-II and CD8+ OT-I T cells, respectively, were
approaching auto-ﬂuorescence of unlabeled lymphocytes in the recipient animal. The percentage of proliferating CFSE-labeled OT-II CD4+
(16.8%) and OT-I CD8+ (14.7%) T cells was indeed lower for
EntrapOVA-CpG(PVA) NP, when compared to those obtained for
animals immunized with the other NP formulations (EntrapOVA(PVA),
AdsOVA(PVA), and AdsOVA-CpG(PVA)).

surface. Upon immunization with EntrapOVA(PVA) and AdsOVA(PVA)
NP, DC also expressed signiﬁcantly higher levels of the co-stimulatory
molecule CD86 (Fig. 7B & C), when compared with those exposed to NP
prepared with PF127(p < 0.001 (***)). MHCI was signiﬁcantly increased after immunization with EntrapOVA(PVA), EntrapOVA(PF127)
and AdsOVA(PVA) (p < 0.001(**)) (Fig. 7B). Surface MHCII expression was increased only in animals immunized with AdsOVA(PVA),
compared to control (p < 0.05 (*)). When presented as MFI (Fig. 7C)
the same trend was observed without reaching a statistical signiﬁcance.
On the other side, vehicles (empty NP) served as a control and
inherently did not induce an eﬀect on DC (Fig. 7A & D), as lymph
nodes of animals immunized with empty NP (without antigen) were
similar to the ones obtained from non-immunized mice.
Next, we wanted to distinguish the diﬀerences between DC with and
without internalized Rhodamine-labeled NP in a single lymph node
(Fig. 7D). Statistical analysis showed a signiﬁcantly higher percent of
surface expression for CD86, MHCI, MHCII (p < 0.001 (***)) and
CD80 (p < 0.01 (**)) by DC with internalized NP. DC expressed
signiﬁcantly higher CD86 and MHCII levels after vaccination with
AdsOVA(PVA) NP, than those entrapping AdsOVA(PF127) (p < 0.01
(**)). Moreover, MHCI (p < 0.001 (***)) and MHCII (p < 0.01 (**))
expression, following immunization with EntrapOVA(PVA) NP was
higher than the one induced by EntrapOVA(PF127) NP. Furthermore,
a signiﬁcant diﬀerence in the MHCI and MHCII activation markers
(p < 0.05 (*)) was observed for the EntrapOVA(PVA) and AdsOVA(PVA) formulations. In fact, internalized EntrapOVA(PVA) NP preferentially led to the up-regulation of MHCI on DC (Fig. 7D), driving the
antigen processing and presentation pathway towards the activation of
a cytotoxic phenotype of CD8+ T cells [32–34], which is essential for
the control of tumor and infectious diseases.

4. Discussion
Designing safe and eﬃcacious NP vaccines requires a thorough
understanding of the physical and chemical features of the carrier and
their interaction with biological systems. We focused on the reproducibility and stability of four nanoparticulate delivery systems employing diﬀerent methods for antigen association (entrapped versus adsorbed) for the systemic delivery of protein antigens to DC, the key APC
that trigger T cell immunity. The aim of this study was to develop a
colloidal suspension of NP smaller than 200 nm with narrow size
distribution, PdI below 0.2 and zeta potential close to neutrality, in
order to potentiate NP-APC interaction. Nanosystems were developed
by the double-emulsion solvent evaporation technique, using LALBA as
a model protein, which emerged as a relevant antigen with 67%
overexpression in primary breast carcinomas and 62% in metastatic
cells [38–40]. This work particularly explored the impact of surfactants
on NP physical and chemical properties, stability, and NP-DC interaction in vitro and in vivo.
The PLGA-based NP are promising tools for the modulation of
immune cells' activity. The properties of this aliphatic polyester
polymer can be modiﬁed in order to control antigen release towards
its extensive capture and prolonged presentation, promoting the
expansion of eﬀector T cells [12,41]. The PEG was used to modify
PLGA hydrophobic surface with hydrophilic shielding properties to
increase polymer water-solubility, and thus biocompatibility, and
greatly reduce immunogenicity and toxicity [42].
CS was used in the internal phase of all formulations, due to its
positive charge (+ 30 mV) [43,44] to establish electrostatic interactions with the negatively charged groups of biodegradable polymers,
thus increasing the zeta potential of NP. This was especially important
for PLGA NP AdsLALBA(PVA) and AdsLALBA(PF127) to augment the
electrostatic bonds and therefore aﬃnity of the adsorbed antigen onto
the surface of the polymeric matrix. With an isoelectric point (pI) at 4.2,
LALBA protein exhibits a negative charge under physiological pH (7.4)
and thus may be adsorbed more eﬃciently onto the positive surface
charge of PLGA-CS NP. In the formulations EntrapLALBA(PVA) and
EntrapLALBA(PF127), CS not only contributed to the increase of
particle surface charge, promoting the electrostatic interactions with
the negatively charged protein, but also raised the viscosity of the
internal phase [45,46]. Therefore, both physical and chemical stabilities of the internal phase were increased with CS, which can explain
the higher NP loading capacities.
The stability of the NP was followed for 3 months in PBS at 4 °C.
This study did not show signiﬁcant changes and deviation in size or PdI
of NP, over a period of 2 months. Such robust stability of
EntrapLALBA(PVA) and EntrapLALBA(PF127) NP could be explained
by steric hindrance and repulsion of hydrophilic PEG chains, also
known as a stealth eﬀect [26,27]. However, following 2 months a
drastic increase in size and PdI was detected, while zeta potential was

3.8. In vivo study of DC cytokine proﬁle upon NP immunization
During DC–T cell interaction, the secretion of cytokines is considered the third signal of the synapsis, which activates and imprints naïve
CD4+ T cells towards a speciﬁc T helper (Th) lineage [35]. Therefore,
we evaluated the eﬀect of NP immunization on secretion of cytokines
by DC in vivo. EntrapOVA(PVA) and AdsOVA(PVA) NP, which drove the
most eﬃcient up-regulation and activation of DC in vitro (Fig. 6) and in
vivo (Fig. 7), were tested. The adjuvant CpG ODN, a TLR9 agonist, was
entrapped within the matrix of NP to co-deliver antigen and adjuvant,
therefore mimicking the complete signal for T cell priming. Speciﬁcally,
we developed the following NP: EntrapOVA(PVA), EntrapOVACpG(PVA), AdsOVA(PVA), and AdsOVA-CpG(PVA). Fig. 8 evidences a
slight increase on the expression of IL-12 and IL-1β by DC in the lymph
nodes of animals treated with NP loaded with both the antigen and
CpG. The most signiﬁcant up-regulation of IL-12 was detected for
EntrapOVA-CpG(PVA) (p < 0.001 (***)), while IL-1β presented the
highest values for AdsOVA-CpG(PVA) (p < 0.001 (***)). Formulations
without incorporated adjuvant, EntrapOVA(PVA) and AdsOVA(PVA),
did not signiﬁcantly expressed those cytokines, compared to nonimmunized control.
3.9. Characterization of T cell proliferation induced in vivo by NP
Eﬃcient adaptive immune responses are characterized by the
stimulation of antigen-speciﬁc CD4+ and CD8+ T lymphocytes that
proliferate and diﬀerentiate into eﬀector T cells. It has been demonstrated that the NP uptake by DC, antigen processing and presentation
are essential parameters for the activation and diﬀerentiation of T cells
[36]. Previous studies suggest that the expansion of T cells is also
dictated by the aﬃnity of the TCR for MHC-peptide ligand at DC [37].
We analyzed the proliferation of antigen-speciﬁc CD4+ and CD8+ T
cells in response to EntrapOVA(PVA), EntrapOVA-CpG(PVA),
AdsOVA(PVA), and AdsOVA-CpG(PVA).
Proliferative responses were assessed based on the dilution of the
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Fig. 8. Flow cytometry analysis of IL-12- and IL-1β-secreting DC in vivo. Immunized and non-immunized (NI) female C57BL/6 mice were analyzed 16 h upon immunization. (A)
Histograms of cytokine proﬁles after hock immunization with (red) and without (gray) AdsOVA, AdsOVA-CpG, EntrapOVA or EntrapOVA-CpG NP. (B) Percentages of cytokine-secreting
DC (gated: B220−, TCRβ−, CD11c+, MHCII+) 16 h p.i. with diﬀerent NP formulations. Results are representative of two independent experiments (n = 4/group). *p < 0.05;
**p < 0.01; ***p < 0.001. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

neous vaccine, containing the NP in the lyophilized form and an
adequate buﬀer for NP dispersion previously to administration.
FTIR, DCS and SDS-PAGE were used to verify the stability of
polymers and proteins in the NP formulation. These techniques are
complementary and evidenced that the integrity of LALBA protein and
all the polymers were maintained after NP formulation. Thus, those
antigen-loaded NP were adequate to pursue further in vitro and in vivo
biological studies.
A wide range of concentrations was screened to assess the eﬀect of
NP with diﬀerent chemical compositions on the viability of BMDC. No
morphological diﬀerences or reduction in cell viability were observed
on the targeted cells as a function of NP concentration. This corroborates the polymer biocompatibility and the safety of the residual
amount of surfactants and organic solvent present in the ﬁnal NP-based
products [47].
There is a limited understanding of how the physico-chemical
properties of NP aﬀect their interactions with the biological system.

decreased. These data demonstrate the PLGA-PEG bulk erosion, swelling and degradation of NP, which is in accordance with the physicochemical properties of these aliphatic polyesters [28]. In case of
AdsLALBA(PVA) and AdsLALBA(PF127) NP, PLGA polymer was used
and therefore these NP lack the PEG stealth eﬀect [15]. However,
adsorbed protein on the hydrophobic polymeric matrix may have
formed a protein corona that probably prevented NP aggregation, thus
contributing to their stabilization via steric repulsion. Given the fact
that the adsorption of antigens onto NP is based simply on charge and
hydrophobic interactions, the interaction between NP and antigen is
relatively weak. A size increase was obviously due to the long
incubation time in PBS that resulted in a higher electrostatic repulsion
and therefore inﬂuenced the protein aﬃnity and redistribution. However, clustering and aggregation of AdsLALBA(PVA) and AdsLALBA(PF127) NP detected at day 14 can however perfectly ﬁt the period
relevant for their application as vaccine delivery systems. In fact, the
ﬁnal product most probably would become available as an extempora192
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Fig. 9. T cell proliferation was studied using dilution of CFSE ﬂuorescence of OVA-speciﬁc TCR-transgenic CD4+ OT-II and CD8+ OT-I T cells in vivo, 3 days post-immunization with NP.
The histogram plots show the CFSE proﬁles of viable CD4+ OT-II (A) and CD8+ OT-I T cells (B) after the immunization with diﬀerent NP (dark gray histogram) relative to the generation
zero CFSE proﬁle of viable transferred CD4+ OT-II and CD8+ OT-I T cells, in the absence of OVA-loaded NP (light gray histogram). Representative histogram plots were selected from tree
independent experiments (n = 6).

PEG, but exhibited a higher phagocytic uptake by BMDC after 24 h
incubation. This could be explained by the slightly positive surface
charge of those NP containing the antigen dispersed within the
polymeric matrix EntrapOVA(PVA) and EntrapOVA(PF127), which
may have facilitated the interaction with the negatively charged cell
membrane.
In addition, the chemical composition of NP inﬂuenced their
internalization by BMDC. All of the formulations developed using the
PF127 emulsiﬁer in the external phase presented lower internalization
values, which can be explained not only by the inﬂuence of a more
negative surface charge of those NP, but also by the steric repulsion
eﬀect of PF127 triblock copolymer (PEO-b-PPO-b-PEO). PPO polymer
present the hydrophobic chain that is normally oriented to the matrix of
the NP, while PEO, the two edges of the polymer, is hydrophilic and
thus similar to PEG, being thus usually oriented away from the core of
NP [52,53]. This phenomenon was not observed in NP formulations
EntrapOVA(PVA) and AdsOVA(PVA), when PVA was used in the
external phase. The interaction and internalization of these NP increased by extending the incubation time. However, despite their
diﬀerent surface properties and their divergent tendency to interact
with BMDC, all of the formulated NP were eﬃciently internalized by
these APC.
Physiological activation of DC was examined upon a single immunization with NP injection. DC with internalized NP expressed
signiﬁcantly higher levels of the co-stimulatory molecule CD86, especially after the immunization with the EntrapOVA(PVA) and
AdsOVA(PVA) formulations. Furthermore, there was no signiﬁcant
diﬀerence between the NP with entrapped OVA and those containing
the adsorbed antigen. The formulation of AdsOVA(PVA) NP using PVA
in the external phase induced higher expression of both the costimulatory molecule CD86 and the activation marker MHCII, than
AdsOVA(PF127) NP. On the other side, internalized EntrapOVA(PVA)
NP preferentially led to the up-regulation of MHCI on the DC, driving

In addition, a number of challenges still remain also due to the lack of in
vitro and in vivo models available for a reliable characterization of
antigen-speciﬁc immune responses particularly induced by an immuneadjuvant candidate. Even though, presently in the area of immunotherapy, the OVA-speciﬁc TCR transgenic mouse model [13,14] constitutes
a robust tool to characterize the intrinsic adjuvant activity of novel
vaccine formulations, entrapping the highly immunogenic OVA as a
model antigen. Therefore, OVA was loaded into the four types of NP
developed in this study, to ensure reliable in vitro and in vivo results
related to their ability to induce the activation and maturation of DC in
vivo, with subsequent T cell proliferation [48,49]. All OVA-loaded NP
formulations presented a uniform size distribution, below 200 nm, and
zeta potential close to neutrality. There was no signiﬁcant diﬀerence
between the chemical and physical properties of formulated NP, when
LALBA was replaced with OVA. Despite their diﬀerence in MW, both
proteins possess similar chemical characteristics, such as pI, solubility
(10 mg/mL) and expected amphiphilic properties [50].
The inﬂuence of surface chemistry and charge of NP on BMDC
uptake was then investigated in living cells by image ﬂow cytometry.
Overall, we would expect a faster internalization for antigen-adsorbed
NP, due to its similarity to the pathogens regarding the presence of
antigens on the surface [12]. However, the slightly negative charge of
protein covering the NP surface may have inﬂuenced the endocytosis of
NP [51]. Our in vitro studies demonstrated that the interaction between
the BMDC with NP containing the adsorbed antigen (AdsOVA(PVA) and
AdsOVA(PF127)) was slower, especially for the NP formulation AdsOVA(PVA). After 3 h of incubation, only 55% of CD11c+ cells were
interacting with the AdsOVA(PVA), while this amount almost doubled
after 24 h (~ 90%) of incubation. The uptake of AdsOVA(PF127) NP did
not signiﬁcantly change with the incubation time. These data suggested
that NP with antigen adsorbed on the surface, do not necessarily
emerge with higher interaction and phagocytosis by APC. On the other
hand, NP with entrapped antigen were coated with the hydrophilic
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guidelines, Israel. Procedures with animal subjects have been approved
by Institutional Animal Care and Use Committee (IACUC) at the
Weizmann Institute of Science, Israel.

the antigen processing and presentation pathway towards the activation
of a cytotoxic phenotype of CD8+ T cells, which is essential for the
control of tumor and infectious diseases. However, even if a certain NP
formulation demonstrates to drive a preferential antigen-presentation
pathway, it does not mean the exclusion of the other alternative
pathways for antigen processing. Among all of the developed types of
NP, those without PF127 in their composition were far more eﬃcient,
thus showing the highest activation levels of co-stimulatory molecules
and activation markers. This could be explained by the constant levels
of those DC surface markers obtained for the interaction of both NP
EntrapOVA(PF127) and AdsOVA(PF127) with BMDC across diﬀerent
time points. This low up-regulation of DC activation markers may have
resulted from a slow rate of internalization and degradation of these NP
in BMDC, and therefore from a subsequent lower antigen release.
Our in vitro study and the in vivo experiment on DC activation were
conclusive in showing that minor diﬀerences in the chemical composition and protein aﬃnity (entrapped or adsorbed) in the developed NP
had an extensive impact on their uptake and activation of BMDC.
EntrapOVA(PVA) NP and AdsOVA(PVA) NP, with and without the
immune potentiator CpG, were selected to further study their in vivo
eﬀect on the secretion of cytokines by DC, as these NP showed the best
uptake proﬁles and the most eﬃcient up-regulation of the tested DC
activation markers. Inclusion of CpG in the nanoparticulate systems led
to the up-regulation of both IL-12p40 and IL-1β, particularly IL-12 by
the EntrapOVA-CpG(PVA) NP. IL-12 is one of the major players of the
DC-T cell cross-talk, driving the polarization of T cell towards a Th1
phenotype.
Our data support the evidence that EntrapOVA-CpG(PVA) NP
enhanced both the uptake of antigen and the immune-potentiating
eﬀect of adjuvants on DC and augmented vigorously the nascent
adaptive immune response. Therefore, the incorporation of CpG
adjuvant boosted both CD4+ OT-II and CD8+ OT-I T cells proliferation
and expansion.
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