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Abstract
In the last few decades, nanotechnology has emerged as an important tool aimed at enhancing the immune response against 
modern antigens. Nanocarriers designed specifically for this purpose have been shown to provide protection, stability, and 
controlled release properties to proteins, peptides, and polynucleotide-based antigens. Polysaccharides are particularly inter-
esting biomaterials for the construction of these nanocarriers given their wide distribution among pathogens, which facilitates 
their recognition by antigen-presenting cells (APCs). In this work, we focused on an immunostimulant beta-glucan derivative, 
carboxymethyl-β-glucan, to prepare a novel nanocarrier in combination with chitosan. The resulting carboxymethyl-β-glucan/
chitosan nanoparticles exhibited adequate physicochemical properties and an important protein association efficiency, with 
ovalbumin as a model compound. Moreover, thermostability was achieved through the optimization of a lyophilized form of 
the antigen-loaded nanoparticles, which remained stable for up to 1 month at 40 ºC. Biodistribution studies in mice showed 
an efficient drainage of the nanoparticles to the nearest lymph node following subcutaneous injection, and a significant co-
localization with dendritic cells. Additionally, subcutaneous immunization of mice with a single dose of the ovalbumin-loaded 
nanoparticles led to induced T cell proliferation and antibody responses, comparable to those achieved with alum-adsorbed 
ovalbumin. These results illustrate the potential of these novel nanocarriers in vaccination.
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Introduction

In the last decades, vaccine research has been mainly focused 
in developing safer antigens and designing more efficient adju-
vants. The first ones, including purified proteins and synthetic 
peptides, are expected to show reduced side effects, but are 
also likely to be less immunogenic [1, 2]. Similarly, DNA 
and RNA vaccines including the ones most recently under 
development for SARS-CoV-2 require delivery systems to 
enable efficient presentation of the antigenic genetic material 
to the appropriate immune cells [3]. For this reason, adju-
vant research has been one of the leading paths to efficient 
modern vaccines. Currently, marketed vaccine formulations 
incorporate either aluminium salts (also known as alum) or 
lipid-based adjuvants, including squalene emulsions (e.g., 
AS03 and MF59), liposome formulations (AS01), as well as 
a combination of alum and an immunostimulatory lipid, com-
mercially available as AS04 [4]. Particulate-based adjuvants 
are gaining increasing attention in the field, with formulations 
containing polymeric and lipid-based micro- and nanoparticles 
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currently under clinical development [4–6]. These carriers are 
very suitable for antigen delivery, providing protection against 
degradation, controlled delivery and favoring recognition by 
antigen-presenting cells (APCs). Additionally, particulate car-
riers can also be designed to incorporate molecular adjuvants 
in their structure, to enhance the immune response achieved 
[7, 8].

Since the development of the first polymeric antigen car-
riers in the 70s [9], many authors have contributed to the 
expansion of this research field. Polysaccharides are particu-
larly attractive in this scope, with structural patterns similar to 
those of bacteria and virus, which facilitate their recognition 
by the immune cells [10, 11]. Among these, chitosan (CS) has 
played a significant role in this field. For example, our group 
has shown the potential of CS-based nanocarriers for antigen 
delivery, generating high and long-lasting immune responses 
in animal models against encapsulated antigens such as tetanus 
toxoid, rHBsAg, and a candidate vaccine against HIV [12–17].

On the other hand, beta glucans are a class of polysaccha-
rides usually found in the cell wall of several microorganisms, 
and have emerged as promising immunostimulants [18–20]. 
More specifically, these polymers have been described to 
interact with immune cells through the complement receptor 
3 (CR3) and the Dectin-1 receptor [21, 22]. Based on these 
properties, some authors proposed the use of hollow beta glu-
can natural microparticles, obtained from emptying the cell 
content of Saccharomyces cerevisae, as antigen delivery carri-
ers [23–27]. Despite the interest of this approach, these natural 
particles do intrinsically exhibit a variability in their physico-
chemical properties and, possibly, in their interaction with the 
immune cells [28, 29]. Other authors have preferred the use 
of isolated natural or synthetic beta glucans as starting materi-
als for the preparation of nanoparticles loaded with antigens 
and immunostimulants [30, 31]. However, this technological 
approach is still in an early stage.

Based on this information, our objective of this work was 
the development of carboxymethyl-β-glucan (CMβG) nano-
particles in combination with CS. To evaluate the potential 
of these nanocarriers for antigen delivery, we used ovalbumin 
(OVA) as a model antigen associated to the nanoparticles. 
We performed in vivo biodistribution studies upon subcuta-
neous administration of the OVA-loaded carriers in order to 
study their specific interaction with immune cells. Finally, we 
analyzed the immune response elicited by the antigen-loaded 
polysaccharide-based nanoparticles in a mice model.

Materials and methods

Materials

Pharmaceutical grade chitosan hydrochloride, with a molec-
ular weight of 47 kDa and an 80–95% deacetylation degree, 

was acquired from Heppe Medical Chitosan GmbH (Halle, 
Germany). Carboxymethyl-β-glucan, obtained from Sac-
charomyces cerevisae and modified with carboxymethyl 
groups at an 85% substitution degree, was a kind donation 
from Mibelle AG Biochemistry (Buchs, Switzerland). Oval-
bumin, in the form of complete protein with a molecular 
weight of 45 kDa, was provided by Invivogen (Toulouse, 
France). 5-Carboxytetramethyl-rhodamine succinimidyl 
ester (5-TAMRA SE) was acquired from emp Biotech 
GmbH (Berlin, Germany). Sucrose dilaureate  (Surfhope® 
D1216) was obtained from Mitsubishi-Chemical Foods 
Corporation (Tokyo, Japan). Sucrose was bought from 
Acofarma (Madrid, Spain) and trehalose (pharmaceutical 
grade) from Pfanstiehl (Waukegan (IL), USA). Polyvinyl  
pyrrolidone (PVP,  Kollidon® 25) was purchased from 
BASF (Ludwigshafen, Germany). Squalene was acquired 
from Merck Millipore (Darmstadt, Germany). Sorbitan 
monooleate  (Span® 80), bovine serum albumine, and gly-
cine were obtained from Sigma-Aldrich (Saint Louis, USA). 
All solvents were of HPLC grade, supplied by Thermo 
Fisher Scientific (Waltham, USA) or Scharlab SL (Barce-
lona, Spain).

Preparation and characterization of CS:CMβG 
nanoparticles

Nanoparticles were prepared at three different chitosan: 
carboxymethyl-β-glucan (CS:CMβG) mass ratios (2:1, 4:1, 
and 1:2), after addition of an aqueous solution of CMβG in 
ultrapure water (2 mg/mL, 1 mL) over an aqueous solution 
of CS in acetate buffer 10 mM, pH 5.5 (4 mg/mL, 1 mL), 
under magnetic stirring for 5 min at room temperature (RT).

Particle size, surface charge, and polydispersity index

The main physicochemical characteristics of the nano-
particles, particle size, surface charge, and polydispersity 
index (PdI), were determined at RT, after proper dilution in 
ultrapure water or aqueous solution of KCl (1 mM) (for zeta 
potential). Particle size and PdI were determined by pho-
ton correlation spectroscopy (PCS), and zeta potential was 
measured by laser Doppler anemometry (LDA) (Zetasizer 
 NanoZS®, Malvern Instruments; Malvern, UK).

Yield of production and elemental analysis

Nanoparticles were isolated by centrifugation at 15,000×g 
for 30 min at 15 °C (Hettich Universal 32 R; Tuttlingen, 
Germany). The pellets obtained after separation were freeze-
dried (Genesis SQ freeze-drier; Virtis, USA) and weighed 
after this process. Production yield was determined accord-
ing to the following equation (Eq. 1):
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For elemental analysis, nanoparticles before and after 
isolation by centrifugation were freeze-dried and analyzed 
for their content in carbon, oxygen, and nitrogen (Finnigan 
FLASH EA 1112; Thermo Scientific, Waltham (MA), USA), 
with the nitrogen being specific for CS and therefore allow-
ing differentiation between both polymers. Solutions of the 
starting polymers, CS and CMβG, were also freeze-dried 
and analyzed as controls.

Preparation of fluorescent CS:CMβG nanoparticles

For the preparation of fluorescently labelled nanopar- 
ticles, CS was previously conjugated with the marker 
5-carboxytetramethylrhodamine NHS ester, single isomer 
(5-TAMRA-SE). For this purpose, 100 µL of a 10 mg/mL 
solution of TAMRA in DMSO were added to 1 mL of a solu-
tion of CS at 10 mg/mL in acetate buffer 10 mM (pH 5.5), 
under magnetic stirring. The reaction was kept at RT in dark 
for 1 h. The resultant solution was dialyzed for 24 h against 
sodium chloride (50 mM) and then for 24 h against ultrapure 
water. Finally, the labelled CS solution was recovered from 
the dialysis membrane and set to a final CS concentration of 
5 mg/mL. Fluorescent particles were prepared as described 
in the “Preparation and characterization of CS:CMβG nano-
particles” section, using for this purpose a physical mixture 
of plain CS and TAMRA-labelled CS (3:1 mass ratio).

Association of OVA

Encapsulation of ovalbumin (OVA) was achieved by mix- 
ing 40 µL of an aqueous solution of the protein (10 mg/mL) 
with 1 mL of the anionic solution of CMβG (2 mg/mL), and 
subsequent addition of this phase to 1 mL of CS solution 
(4 mg/mL) under magnetic stirring for 5 min. Nanoparti-
cles were isolated and characterized as described previously 
(“Particle size, surface charge, and polydispersity index”  
section). Fluorescent OVA-loaded nanoparticles were  
also prepared using this procedure.

To determine the association efficiency of the model 
antigen, OVA-loaded CS:CMβG nanoparticles (OVA-NP) 
were centrifuged for 30 min at 15,000×g (Hettich Uni-
versal 32 R; Tuttlingen, Germany) at 15 ºC on a glycerol 
bed. Supernatants were collected and free ovalbumin was 
quantified through linearized Bradford protein assay [32], 
against a calibration curve prepared with the supernatant 
of blank nanoparticles. Protein absorbance was measured 
at 620 nm and 450 nm  (Multiskan™ FC Microplate Pho-
tometer, Thermo Fisher Scientific; Waltham (MA), USA) 
and the ratio between those values was used to calculate 
the concentration in the samples. The loading capacity of 

(1)Yield(%) =
Freeze − dried nanoparticle weight

Theoretical total solids weight
× 100

the OVA-NP was also calculated according to the following 
equation (Eq. 2):

The stability of the antigen after its inclusion in the nano-
particles was further assessed by fluorescence Western blot. 
Briefly, OVA-NPs were incubated with a reducing sample 
buffer containing β-mercaptoethanol for 5 min at 95 °C. 
Then, samples were loaded on a 10% SDS-PAGE gel and 
proteins were separated by electrophoresis at room tempera-
ture (RT) for 1 h. Proteins were then transferred to a PVDF 
membrane (Immobilon-FL®, Merck Millipore; Darmstadt, 
Germany) for 90 min, and the membranes were subsequently 
blocked with SEA BLOCK blocking buffer (Thermo Fisher 
Scientific; Waltham (MA), USA) for 2 h at RT. Finally, the 
membranes were incubated overnight at 4 °C with a primary  
rabbit polyclonal anti-ovalbumin antibody (abcam; Cam-
bridge, UK) (dilution 1:2000), washed extensively and then 
1 h at RT with a secondary donkey anti-rabbit IgG antibody, 
labelled with Alexa  Fluor® 680 (abcam; Cambridge, UK) 
(dilution 1:10,000). Detection of protein fluorescence was 
performed with an Odyssey Infrared Imaging System (LI-
COR, Lincoln (NE), USA).

Morphological characterization

The morphology of OVA-NP was evaluated by transmis-
sion electron microscopy (TEM). Nanoparticles were placed 
on Formvar-coated copper grids and stained with 2% (w/v) 
phosphotungstic acid (Sigma-Aldrich; Saint Louis, USA). 
Following an overnight drying step, at room temperature, the 
samples were observed with a JEM-2010 TEM equipment 
(JEOL; Peabody (MA), USA).

Stability studies

The stability of the nanoparticles in storage (4 °C) was 
evaluated through the control of the colloidal properties 
of the nanoparticles during time. For this purpose, at the 
determined time points, samples of the isolated nanopar-
ticles were collected to measure particle size and PdI, as 
described in the “Particle size, surface charge, and polydis-
persity index” section.

Freeze‑drying of OVA‑loaded CS:CMβG 
nanoparticles

A powder form of OVA-NP was obtained through freeze-
drying in the presence of cryoprotectant. A screening com-
paring different cryoprotectants (5% sucrose, 5% trehalose, 
5% polyvinyl pyrrolidone (PVP) and a mixture of 0.24% 

(2)
Loading capacity (%) =

(Association efficiency) × (Theoretical OVA weight)

(Yield) × (Total polymers weight)
× 100
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glycine + 1.2% sucrose) and initial nanoparticle concentra-
tions (1.5 and 3 mg/mL) was performed. The NP were frozen 
overnight at −20 °C and lyophilized in a VirTis Genesis 
25L equipment (Model SQ EL-85, SP Scientific; Warmin-
ster (PA), USA). Initial freezing temperature was −30 °C, 
and the drying process lasted a total of 46 h, divided in two 
steps. The samples were then recovered to initial nanopar-
ticle concentration adding ultrapure water and vortex agi-
tation until complete resuspension. Characterization of the 
nanoparticle suspensions after freeze-drying was performed 
as described in the “Particle size, surface charge, and poly-
dispersity index” section. The integrity of the antigen after 
this process was also evaluated by Western blot, as described 
in the “Association of OVA” section.

Stability of freeze‑dried formulations

Freeze-dried samples of the formulations described in the 
previous section were kept in controlled temperature and 
humidity conditions, namely at 25 °C/60% humidity and at 
40 ºC/75% humidity in accordance with the guidelines for 
accelerated stability testing of drug delivery formulations 
[33]. At pre-determined time-points, the formulations were 
resuspended to the initial concentration with ultrapure water 
and vortex agitation. Following, the formulations were char-
acterized as described in the “Particle size, surface charge, 
and polydispersity index” and “Association of OVA” sec-
tions for their physicochemical properties and for antigen 
integrity, respectively.

In vivo evaluation of the lymphatic biodistribution 
and immune response generated by CS:CMβG 
nanoparticles

C57/BL6 female 6–8-week-old mice, bred in-house or 
acquired from Janvier labs (Le Genest-Saint-Isle, France), 
were used for in vivo experiments. Separate groups of ani-
mals were used for biodistribution and immunization stud-
ies. Animals were kept in specific pathogen-free facilities 
at Institute for Research in Biomedicine (Bellinzona, Swit-
zerland) with food and water ad libitum. All experiments 
complied with the Swiss Federal Veterinary Office guide-
lines and the veterinarian local authorities approved animal 
protocols.

Biodistribution in the lymphatic system

Administration schedule Five microliters of blank or OVA-
NP (2  µg of OVA), were diluted with 7.5 µL of PBS and 
administered to mice through a single-dose injection in the 
footpad. Fifteen to 20 min after this injection, 0.5  µg of 
CD169-Alexa  Fluor® 647 and CD21/35-Pacific Blue, were 
also injected in both footpads in a final volume of PBS of 5 

µL, to adequately label different cell types. Polystyrene nano-
particles of 200 nm labelled in green  (Firefli™ Fluorescent 
Green) were co-injected with the nanoparticles, to normalize 
the results.

Ex vivo lymph node imaging Popliteal and lumbar lymph 
nodes (LN) of the injected mice were harvested at 12 h post-
injection and kept in PBS at 4 °C. As a control, one axillary 
lymph node was also collected at the same time point. Imag-
ing was performed with a customized two-photon platform 
(TrimScope, LaVision BioTec GmbH; Bielefeld, Germany). 
Two-photon excitation of the fluorescent markers and tissue 
second harmonic generation (SHG) were acquired using two 
tunable Ti:Sapphire lasers (Chamaleon Ultra I, Chamaleon 
Ultra II, Coherent Inc.; Santa Clara (CA), USA) with an 
output wavelength in the range of 690–1080 nm. Addition-
ally, an optical parametric oscillator emitting in the range 
of 1010 to 1340 nm (Chamaleon Compact OPO, Coherent 
Inc.; Santa Clara (CA), USA) was also used as part of the 
system. 3D reconstruction of the LN was performed with a 
Nikon Plan Apo λ 10X/0.45 objective, with a mosaic of up 
to 4 × 3 adjacent field-of-view image acquisitions.

Image analysis Mosaic images obtained by two-photon 
microscopy were reconstructed using FIJI software [37], 
with an automated image processing custom-developed 
script. The hyperstacks were then loaded on Imaris 7.7.2 
(Bitplane; Zurich, Switzerland) software to obtain the 3D 
rendering of the LN. Throughout each experiment, fluo-
rescence intensity obtained for each channel was fixed in 
a range and quantified using the Imaris software to create 
individualized surfaces, corresponding roughly to particles 
or agglomerates.

Flow cytometry The LN, previously collected for imag-
ing, were disrupted with tweezers and digested for 10 min 
at 37 °C in an enzyme mix containing: DNase I [0.28 mg/
ml] (Amresco; Solon (OH), USA); dispase [1 U/ml] 
(Corning; New York City (NY), USA) and collagenase P 
[0.5 mg/ml] (Roche; Basel, Switzerland) in calcium- and 
magnesium-free PBS (PBS-) (Sigma-Aldrich; Saint Louis 
(MO), USA). Subsequently, the reaction was stopped with 
a solution of 2  mM EDTA (Sigma-Aldrich; Saint Louis 
(MO), USA) and 2% heat-inactivated filter-sterilized 
Fetal Bovine Serum (Thermo Fisher Scientific; Waltham 
(MA), USA) in PBS-. Different cell populations were 
stained using labelled antibodies [αMHCII (M5/114.15.2), 
αCD11c (N418), αCD11b (M1/70), αCD80 (16-10A1), 
αCD86 (GL-1)] (BioLegend, San Diego (CA), USA) and  
the samples were analyzed by flow cytometry on  LSRF 
ortessa™ (BD Biosciences; San Jose (CA), USA). Data 
were analyzed with  FlowJo® software (FlowJo, LLC;  
Ashland (OR), USA).

1692 Drug Delivery and Translational Research (2021) 11:1689–1702



1 3

Immune response T‑cell priming To understand the out-
come of the developed nanocarriers in antigen delivery and 
effective immune system triggering, we designed an in vivo 
T-cell priming assay. For this purpose, the spleen from an 
OT-II HZ mouse was collected and processed to obtain a 
single cell suspension.  CD4+ T cells were subsequently 
isolated using a specific  EasySep™ isolation kit, according 
to manufacturer’s instructions (STEMCELL Technologies; 
Vancouver, Canada). Approximately 4.8 ×  106 cells were 
obtained and stained with CFSE  (Invitrogen™, Thermo 
Fisher Scientific; Waltham (MA), USA) at 0.5 µM in 2 mL 
PBS-, through incubation for 20 min at 37 ºC. After stain-
ing, excess dye was removed by an additional incubation 
with FBS-supplemented PBS for 5  min. Finally,  CD4+ T 
cells were washed and resuspended in PBS- in a total vol-
ume of 600 µL.

Approximately 8 ×  105 CFSE-labelled CD45.1 OTII 
transgenic T cells were intravenously injected to two C57/
BL6 recipient mice in a total volume of 100 µL (in PBS-). 
Twenty-four hours later, these mice received 15 µL of OVA-
NP (20 µg of OVA) or alum-adsorbed OVA (10 µg of OVA) 
subcutaneously in each footpad. For alum-adsorbed OVA, 
10 µL endotoxin-free OVA  (Endograde™ OVA 1 mg/mL; 
Profos AG; Regensburg, Germany) were mixed with 5 µL of 
alum (10 µg/mL; Thermo Fisher Scientific; Waltham (MA), 
USA). After three days, popliteal lymph nodes were har-
vested, and single cell suspensions were obtained. Finally, 
cells were stained with the priming panel (0.1 µg CD45.1 
PerCP Cy5.5 and 0.2 µg CD4 APC/Cy7) (BioLegend; San 
Diego (CA), USA) for 30 min on ice, for further cytometry 
analysis.

Antibody and  antibody‑secreting cell quantification C57/
BL6 mice were divided into three treatment groups (n = 3 
each), receiving either 20  µg of OVA loaded in OVA-NP 
or the appropriate controls (OVA in solution and alum-
adsorbed OVA) by subcutaneous injection. Serum levels of 
IgG antibodies generated following immunization of these 
mice were determined using an ELISA method. For this pur- 
pose, blood from immunized mice was collected at day 10 
post-immunization, allowed to clot at 4 °C for 30 min and 
centrifuged at 2000×g for 10 min at 4 °C to obtain serum. 
These samples were stored at 4 °C until assayed. Accord-
ing to the technique, 96-well flat-bottom  Nunc™ micro-
plates (Thermo Fisher Scientific; Waltham (MA), USA) 
were coated overnight with ovalbumin (1 mg/mL) at 4 °C 
and the wells were subsequently blocked with 1% bovine 
serum albumin (BSA) in PBS for 1  h at RT. Then, serial 
dilutions of the sera samples in 1% BSA were added to each 
well and incubated for 1 h at RT. After washing, the plates 
were incubated with a biotin-conjugated α-IgG antibody 
(SouthernBiotech; Birmingham (AL), USA) for 1 h at RT. 
After washing the primary antibody, the plate was incubated  

with streptavidin-conjugated horseradish peroxidase (HRP) 
(Sigma-Aldrich; Saint Louis, USA) for 30 min at RT. The 
assay was developed using 3,3′,5,5′-tetramethylbenzidine 
(TMB) substrate (Merck Millipore, Burlington (MA), 
USA). Antibody titers were calculated from the absorbance 
measured at 450  nm for the chromogen produced in this 
reaction, using a microplate reader (BioTek PowerWave HT 
340; BioTek, Winooski (VT), USA).

For the quantification of antibody-secreting cells (ASC) 
levels elicited by these immunization approaches, we used 
an enzyme-linked immunospot assay (ELISPOT). On day 10 
post-immunization, popliteal LN were aseptically removed 
from the mice, disrupted, and passed through a 40-mm cell 
strainer. Cells (4 ×  105) were plated on OVA-coated (1 mg/
mL) filter plates  (MultiScreen® HTS) (Merck Millipore; 
Burlington (MA), USA) and incubated for 16 h at 37 °C. 
For detection, a biotin-conjugated α-IgG or α-IgM antibody 
(SouthernBiotech; Birmingham (AL), USA) was used, fol-
lowed by streptavidin-conjugated HRP (Sigma-Aldrich; 
Saint Louis, USA). A developing solution consisting of 
200 mL 3-amino-9-ethylcarbazole (AEC) solution (Sigma-
Aldrich; Saint Louis, USA) in 9 mL sodium acetate buffer 
containing 4 mL 30%  H2O2 was subsequently added. Spots 
were visualized on a CTL ELISPOT reader using Immuno-
Spot 5.1 software (Cellular Technology Limited; Cleveland 
(OH), USA).

Statistical analysis

Statistical analysis, as well as data graphs, were obtained 
using Prism 7 (GraphPad Software; La Jolla (CA), USA). 
Unpaired t test with Welch’s correction was used to ana-
lyze the biodistribution results, while Kruskal–Wallis test 
with Dunn’s multiple comparisons test was applied in the 
immune response data. In both cases, statistical significance 
was defined as * (p < 0.05), ** (p < 0.01), *** (p < 0.001), 
and **** (p < 0.0001).

Results and discussion

In this work, we selected beta glucans as biomaterials for 
the design of new antigen carriers based on their reported 
immunomodulatory properties [10, 11, 21, 22]. Some groups 
focused on the use of hollow glucan particles, obtained from 
chemical treatment of the yeast particles and loaded with 
different antigens [23–27]. However, these particles, being 
directly derived from nature, are intrinsically variable and 
this variability may be translated into their interaction with 
the immune system. Other authors have chosen a synthetic 
approach to prepare glucan micro and nanoparticles contain-
ing antigens in addition to CpG oligonucleotides (adjuvant) 
[30, 31, 34–36]. The results obtained in vivo have shown 
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their capacity to stimulate an immune response against sev-
eral antigens.

Considering these previous results, we aimed to develop 
a new nanocarrier prototype combining CMβG, of ani-
onic nature with the cationic polysaccharide chitosan. The 
selected beta glucan derivative was recently evaluated by our 
group as a coating in polymeric nanocapsules, which have 
shown promising biodistribution to the lymphatic system 
and high accumulation in lymph nodes following subcutane-
ous administration to mice [37]. On the other hand, the adju-
vant potential of chitosan, particularly when used in the form 
of nanoparticles, was first demonstrated by our group in the 
late 90s [38] and has been since explored in the group for 
immunization against various infectious agents [12, 14–17]. 
Using OVA as a model antigen, we studied the interaction of 
antigen-loaded nanoparticles with immune cells, their access 
to the lymph nodes after subcutaneous injection to mice, and 
their efficacy in delivering OVA to the immune cells and in 
eliciting an immune response after a single-dose subcutane-
ous administration.

Development and optimization of CS:CMβG 
nanoparticles

Preparation of blank nanoparticles

Nanoparticles were formed by electrostatic interaction 
between the anionic CMβG and the cationic CS, as previ-
ously reported for the preparation of other polysaccharide-
based nanoparticles [39–41]. The pH of the CS solution 
was adjusted to 5.5 with acetate buffer 10 mM, and the pH 
of the CMβG solution was kept unchanged, at around pH 
7. Different polymer mass ratios, namely CS:CMβG 4:1, 
2:1, and 0.5:1, were tested using solutions of both polymers 
at different concentrations, while keeping the volume ratio 
constant (1:1). Figure 1 shows that the amount of CS has a 
major influence in particle size, polydispersity index, and 

zeta potential. In this case, only nanoparticles with an excess 
of CS (CS:CMβG 4.1 and 2:1) had PdI < 0.2, small size, and  
positive surface charges. These results are in accordance with  
those reported by other authors, concerning polyelectrolyte-
based nanoparticles [42–44].

To complete the characterization, we determined the real 
proportion of both components by elemental analysis (sup-
plementary Fig. 1), observing it was very similar to the theo-
retical mass ratio. The yield of production was determined 
to be 85%, which indicates that both polysaccharides were 
efficiently incorporated into the nanoparticles, with less than 
15% of the total content remaining free in solution.

Association of the model antigen ovalbumin

Given the particle size, polydispersity index and cationic 
surface charge obtained for blank nanoparticles, we selected 
the formulation with a CS:CMβG 2:1 mass ratio for sub-
sequent OVA association. OVA was included in the aque-
ous solution of the anionic CMβG, with a pH of 7.0, where 
it was negatively charged (isoelectric point of 4.5). Three 
different theoretical loadings were tested with respect to 
the total amount of polymers in the formulation, namely 
1, 3, and 6.7% (w/w). The results showed that, irrespective 
of the theoretical loading, OVA-loaded NP had a particle 
size between 160 and 170 nm and a positive zeta-potential  
(+ 30 mV) (supplementary Table 1). For this reason, the 
nanoparticles with highest OVA loading (6.7%) were 
selected for further evaluation.

The morphology of OVA-NP was determined by trans-
mission and scanning electron microscopy (Fig. 2). Electron 
microscopy images evidence the presence of sphere-shaped 
structures, corresponding to the common architecture of this 
type of polysaccharide nanoparticles [12, 45].

OVA-NPs were further characterized to confirm the asso-
ciation of the model protein. For this purpose, the unbound 

Fig. 1  Particle size distribution and zeta potential of blank CS:CMβG 
nanoparticles prepared at different polymer mass ratios. Results show 
mean ± SD of particle size (bars on left graph), polydispersity index 

(symbols on left graph), and zeta potential measurements (bars on 
right graph) of at least three independent replicates. CS chitosan, 
CMβG carboxymethyl-beta-glucan
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OVA remaining in the supernatant following centrifuga-
tion of the nanoparticles was quantified by Bradford pro-
tein assay. With the highest theoretical loading of 6.7% 
(w/w), results showed an association efficiency close to 50% 
(46 ± 19%). Considering the theoretical OVA loading, its 
association efficiency and the production yield of the blank 
nanoparticles, the final loading capacity of the OVA-loaded 
nanoparticles would be of 3.6% (w/w).

Finally, the integrity of the antigen following associa-
tion to the nanoparticles, was assessed in a Western blot 
assay, using a specific anti-OVA primary antibody and a 
secondary fluorescent antibody. As shown in supplementary 
Fig. 2, the protein band intensity corresponding to ovalbu-
min associated to CS:CMβG nanoparticles was similar to 
the one corresponding to the control (ovalbumin solution at 
the same concentration). This leads to the conclusion that 
antigen integrity was not affected by the association to the 
NPs, therefore potentially maintaining its immunological 
properties.

Stability of OVA‑loaded CS:CMβG nanoparticles 
and freeze‑drying process

One of the most important challenges in the development 
of antigen nanocarriers is ensuring their stability in storage 
conditions. In this regard, we monitored changes in the col-
loidal properties of OVA-NP when stored at 4 °C for up to 2 
months. Results showed the particle size and polydispersity 
index of the formulations was maintained in these conditions 
(supplementary Fig. 3), in accordance with previous works 
from our group showing that, when formulated in optimal 
conditions, polymeric antigen nanocarriers can be stable for 
long periods of time [14, 17, 46, 47].

Developing a dry powder vaccine formulation that could 
avoid cold chain of storage and resist extreme climate 

conditions is one of the biggest challenges in the field 
[48–50]. Hence, our objective was to convert the nanopar-
ticles suspension into a thermostable freeze-dried powder. 
Based on the experience from our group in the freeze- 
drying of colloidal suspensions [48, 51, 52], we screened 
different cryoprotectants commonly used in this process. 
Figure 3 a shows that all conditions allowed the successful 
lyophilization of the nanoparticles, which could be resus-
pended to the initial concentration maintaining their colloi-
dal properties, independently of the type and concentration 
of cryoprotectant used.

Considering this, we selected sucrose and trehalose for 
further studies, given their common availability and use in 
lyophilization. To evaluate the impact of freeze-drying in  
the overall stability of the nanoparticles, we kept freeze-
dried samples in controlled temperature and humidity  
conditions, in accordance with the guidelines for acceler-
ated stability testing of drug delivery formulations. The 
results showed that formulations containing 15% treha-
lose remained stable for at least 28-day storage at 40 °C, as 
depicted in Fig. 3b.

The integrity of the antigen after freeze-drying was 
also assessed. Western blot images showed similar bands 
for OVA in the freeze-dried nanoparticles and in solu-
tion, at the same concentration, irrespective of the tested  
conditions (Fig. 3c). The absence of lower molecular 
weight bands in these gels, as well as the presence of  
a clear protein band at the same molecular weight of  
OVA control, at all storage conditions, led us to con-
clude that the antigen was not visually degraded after 
freeze-drying and storage at 40 °C and 75% humidity for 
28 days. Therefore, considering these results, we believe 
that this prototype holds promising characteristics for 
antigen delivery. Nevertheless, further studies concern-
ing the biological efficacy of the developed freeze-dried 
prototype are still required.

Fig. 2  Transmission electron 
microscopy images of OVA-
loaded CS:CMβG (2:1 mass 
ratio, 6.7% theoretical OVA 
loading) nanoparticles (scale 
indicated in the figures)
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Biodistribution of CS:CMβG nanoparticles in the lymphatic 
system

Targeting of the lymphatic system by antigen delivery  
systems is commonly seen as an advantage for immunization,  
given the abundant presence of APCs in these tissues [53]. 
In fact, the capture and processing of particulate antigens by 
LN resident macrophages and dendritic cells (DCs) usually 
trigger the development of adequate cellular and humoral 
immune responses [54]. This targeting approach may be 
passive, when the physicochemical characteristics of the 
nanosystems determine their draining to the LN, or active, 
if the surface of the nanoparticles is decorated with ligands 
for specific cell recognition [55]. In this work, we hypoth-
esized that both approaches could intervene, as CMβG can 

be recognized by pattern recognition receptors such as Dec-
tin-1, expressed by different APCs including DCs, and the 
relatively small size of the particles could also contribute to 
their facilitated lymphatic drainage.

To validate our hypothesis, we performed a biodistribu-
tion assay of CS:CMβG nanoparticles, upon subcutaneous 
administration to the footpad of mice using imaging proto-
cols, such as two-photon microscopy and flow cytometry. 
Fluorescent nanoparticles were prepared upon labelling CS 
with 5-TAMRA, as previously described in our group for 
other polymers [52, 56]. In this case, the TAMRA-labelled 
polymer replaced 25% of the total amount of CS used in 
the formulation, to avoid modifying the physicochemical 
properties of the nanoparticles.

Fig. 3  Freeze-drying (FD) of OVA-loaded CS:CMβG nanoparticles. 
a Screening of freeze-drying conditions. b Stability of formulations 
freeze-dried with 15% trehalose (w/w) (particle size–bars–and poly-
dispersity index–symbols) upon storage at 25 ºC/60% humidity and 
40 ºC/75% humidity. c Antigen integrity following freeze-drying with 
15% of trehalose: lane 1, molecular weight marker (20–120  kDa); 

lanes 2 and 6, ovalbumin control (5 µg/mL); lanes 3–5, three repli-
cates of freeze-dried ovalbumin-loaded nanoparticles immediately 
after resuspension; lanes 7–10, ovalbumin-loaded nanoparticles after 
freeze-drying and storage at 40 °C/75% humidity (resuspension done 
at 7, 14, 21, and 28 days after storage, respectively)
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After subcutaneous administration of the nanoparticles and  
control polystyrene beads to the footpad of mice, we analyzed  
the ex vivo images of the draining LN. Control beads were 
used for normalization of the results and to minimize the vari- 
ability associated to the injection process. We compared the 
behavior of blank nanoparticles and OVA-NP to determine 
their biodistribution, assessing if the antigen itself could 
have an effect in that process. Popliteal LN were collected 
12 h post-administration. It is worth mentioning that at this 
time point phagocytes are the first cells to encounter the 
antigen transported by the lymph, so, in line with previous 
results obtained in our group [57], we expected the main 
interaction of the particles to be with APCs and not with 
follicular B cells.

The results in Fig. 4 show that both blank and OVA-
loaded nanoparticles reached the LN, and were efficiently 
taken-up by dendritic cells. Figure 4a shows a representative 
image of one LN, in which the accumulation of the OVA-
NP (in red), is visible in the medullary and interfollicular 
regions. Some degree of co-localization with the control pol-
ystyrene beads is visible in yellow regions (overlapping of 
green and red labelling). The quantification of fluorescence 
intensity, as measured by flow cytometry, confirmed there 
was no influence of the antigen in the lymphatic accumula-
tion of the nanoparticles (Fig. 4b). As previously mentioned, 
the size and surface charge of the nanoparticles [29, 53, 57], 
as well as the ability of CMβG to interact with complement 

Fig. 4  Distribution of CS:CMβG nanoparticles (blank or loaded 
with ovalbumin, OVA-NP) in popliteal LN, after subcutaneous injec-
tion. Ex vivo, 2-photon microscopy images a show the accumulation 
of OVA-loaded nanoparticles in the medullary (left) and follicular 
(right) areas of popliteal LN. A detail of the medullary region, with 
a follicle in the back, is seen in the middle image. Macrophages are 
shown in white (CD169-AF 647), follicles in blue (CD21/35-PB), 
nanoparticles in red (TAMRA) and control polystyrene beads in 

green  (Firefli™ Fluorescent Green). Images of the separate channels 
for each of the images (medullary and follicular views) can be seen in 
Fig. S4 (supplementary materials). Fluorescence intensity was quanti-
fied by flow cytometry, in the total number of cells of the LN b and 
in two cell populations, macrophages and dendritic cells c. Results 
were normalized using the signal obtained for fluorescent polysty-
rene beads co-administered with the nanosystems (dot line represents 
equal accumulation of nanocapsules and beads). **p < 0.01
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receptor 3 (CR3) and Dectin-1 receptor present in APCs 
[20–22], could explain this positive biodistribution profile.

To further understand the specific biodistribution of 
OVA-NP, we quantified the fluorescence intensity in popu-
lations of macrophages and DCs from the popliteal LN. The 
results, shown in Fig. 4c, suggest a preferential interaction 
of both types of nanoparticles with DCs. This is in accord-
ance with our recent study with polymeric nanocapsules sub-
cutaneously administered to mice, in which we observed a 
similar trend of preferential interaction with DCs [57]. This 
preferential interaction was particularly striking in the case 
of OVA-NP, which may be related to the specialized ability 

of DCs to recognize different types of antigens. Supporting 
this, DCs have previously shown an efficient uptake of OVA-
conjugated yeast glucan microparticles, upon subcutaneous 
administration to mice. In this study, this uptake has then 
translated into an efficient antigen presentation and immune 
response in an anticancer therapeutic approach [58]. Simi-
larly, nanoparticles prepared with an aminated beta glucan, 
CpG oligodeoxynucleotide, and OVA were described by Jin 
et al. as capable of activating DCs and inducing cytokine 
secretion in vitro to a higher degree than free OVA [31]. 
Potentially, the combination of CMβG, which is recognized 
by DCs through Dectin-1, and OVA, which is recognized 

Fig. 5  Proliferation of OVA-specific  CD4+ T cells collected from 
mice popliteal LN at day 2 after subcutaneous administration of oval-
bumin in solution (OVA), alum-adsorbed OVA (OVA + Alum), or 
OVA-loaded CS:CMβG nanoparticles (OVA-NP). a Example prolif-
eration histograms of transferred  CD4+ T cells in the popliteal LN of 

mice immunized with the developed nanoparticles or with the posi-
tive control (alum-adsorbed OVA). b Frequency (left) and median flu-
orescence intensity (right) plots for CFSE- populations in each treated 
group. No significant differences were observed between any of the 
groups studied
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by DCs as an antigen, may be responsible for the observed 
increased interaction between OVA-NP and these cells.

Overall, our results show an accumulation of the nano-
particles in the LN and an efficient uptake of these carriers 
by dendritic cells. Therefore, we considered this prototype 
as interesting for further studies concerning its adjuvant 
potential.

In vivo immune response

The process of generation of an adaptive response involves 
the recognition of antigens displayed by APCs (particularly 
DCs) by T cells [59]. Adjuvants have an essential role in this 
process, and the stimulation of T cell proliferation following 
immunization can therefore be an indication of the adjuvant 
potential. Considering this, we evaluated the behavior of 
 CD4+ T cells following subcutaneous immunization of mice 
with the developed formulations. These cells are particularly 
relevant in recruiting phagocytes and in helping antibody 
production by B lymphocytes, being critical in the “cell-
mediated” arm of the immune response.

One day before immunization, OVA-specific  CD4+ T 
cells labelled with CFSE were injected into C57/B6 mice. 
CFSE is an intracellular fluorescent dye, and therefore its 
levels within each cell decrease with each cellular division. 
Consequently, a decrease in median fluorescence intensity 
(MFI) and/or in the frequency of  CFSE− cells is commonly 
used to indicate T cell proliferation. The mice were then 

subcutaneously immunized with OVA-NP or the controls 
(i.e., a negative control, OVA in solution, and a positive 
control, alum-adsorbed OVA). At day 2 post-immunization, 
the draining LN were collected to evaluate the degree of 
proliferation of the transferred cells, which is related to an 
adequate antigen presentation by DCs.

As shown in Fig. 5a, the level of proliferation of  CD4+ 
T cells exposed to free OVA, OVA-NP and alum-adsorbed 
OVA was similar, with no significant differences observed. 
This was also corroborated by the median CFSE fluores-
cence intensities values observed for these formulations 
(Fig. 5b). These results indicate that CS:CMβG nanopar-
ticles were able to deliver the model antigen to DCs, the 
results of which was the stimulation of T cells proliferation 
at least to the same level as the standard adjuvant alum. The 
absence of significant differences between all groups suggest 
the ability of the antigen to be recognized by APCs and initi-
ate the immune response is not affected by its association to 
the NPs or alum. In previous work, we have shown the abil-
ity of polysaccharide nanoparticles, prepared with CS and 
dextran, to activate both  CD4+ and  CD8+ T cells in mice, 
following intramuscular immunization with an HIV peptide 
antigen [15]. Similarly, Yang et al. showed enhanced T cell 
proliferation in vivo, following two subcutaneous immuniza-
tions of mice with ovalbumin-loaded glucan particles [60].

To further assess the adjuvant potential of these new 
nanocarriers, we evaluated the antibody and antibody-
secreting cell (ASC) levels generated in mice following 

Fig. 6  Antibody (IgG and 
IgG2a) a and antibody-secreting 
cell (ASC) b levels elicited in 
mice following subcutaneous 
immunization with ovalbumin 
in solution (OVA), alum-
adsorbed OVA (OVA + Alum), 
or OVA-loaded CS:CMβG nan-
oparticles (OVA-NP). The dif-
ferences between OVA + Alum 
and OVA-NP groups were not 
significant. *p < 0.05
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immunization with our prototype. As shown in Fig. 6a, 
the total IgG levels induced by antigen-loaded CS:CMβG 
nanoparticles were similar to those achieved with the alum-
adsorbed antigen, though only the nanoparticles induced a 
significantly higher response in comparison with the anti-
gen in solution. Interestingly, the previously discussed T cell 
proliferation results (Fig. 5) did not show significant differ-
ences between the three groups, a result that may suggest 
that antigen presentation of OVA when associated to NPs is 
mediated by a different mechanism, not associated to  CD4+ 
T cells.

When quantifying the levels of the IgG subtype IgG2a, 
conventionally associated with a cellular response, we  
did not observe any differences between the immuniza-
tion strategies tested. Protein antigens such as ovalbu- 
min are known to mainly induce humoral responses with 
high production of IgG1 [61]; however, higher levels of 
IgG2a could also be related with a recognition of CMβG  
by the immune system, since this antibody is commonly 
responsible for the recognition of bacterial capsular poly-
saccharides [62]. This may be related to the use of a syn-
thetically modified β-glucan instead of the original yeast 
glucan particles previously described in the literature [24, 
26, 27, 35]. Nevertheless, it is encouraging to observe in 
our results an improved immune response against OVA-NP  
in comparison with controls, despite the probable absence  
of recognition of CMβG itself as an antigen. In agreement 
with these antibody results, we observed a significantly 
higher response in terms of ASC levels in the animals  
immunized with OVA-NP, in comparison with the soluble 
antigen (Fig. 6b). These results suggest an early involve-
ment of B cells in the antigen-specific immune response 
generated following immunization.

The promising in vivo results obtained with the devel-
oped nanoparticles open the possibility of their application 
to the delivery of other protein antigens relevant to vari-
ous infectious diseases, though further studies with larger 
cohorts of animals and a more detailed overview of the 
immune response generated would be necessary in future 
development.

Conclusions

Here, we describe a new type of nanoparticles combining 
two polysaccharides with immunomodulatory properties, 
CS and CMβG, and loaded with a model antigen, OVA.  
In preliminary in vivo studies, the nanoparticles showed 
an efficient accumulation in draining lymph nodes upon 
subcutaneous administration to mice, as well as adequate 
interaction with APCs, leading to T cell activation and  
proliferation. This approach also elicited antibody levels  

in mice similar to those achieved with alum-adsorbed 
OVA, 10 days after a single subcutaneous immunization.  
Moreover, these nanoparticles could be transformed into 
a freeze-dried thermostable formulation, which is particu- 
larly relevant considering the critical limitations imposed to 
vaccine production and distribution.
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