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Abstract

Aim: To design lympho-targeted nanocarriers for enhancing the activity of associated 

drugs/antigens whose target is within the lymphatic system. Materials & Methods: inulin-

based NCs, negatively charged, and positively charged chitosan NCs were prepared by the 

solvent displacement techniques. The NCs were produced in two sizes: small ( 70 nm) and 

medium (170 – 250 nm). Results: In vitro results indicated that the small NCs interacted more 

with dendritic cells. The study of the NCs biodistribution in mice, using 3D reconstruction of 

the popliteal lymph node, showed the highest accumulation for small inulin NCs. These NCs 

exhibited the greatest interaction with all the subsets of resident immune cells. Conclusion: 

small inulin NCs confirmed their foreseen lympho-targeting properties. 
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1. Introduction

Polysaccharides are excellent biomaterials for the design of antigen/drug delivery carriers [1]. 

Among them, inulin (INU), composed by polyfructose chains with a terminal glucose, has been 

used in the food and pharmaceutical industry as a stabilizing agent and has a GRAS status [2]. 

In vaccination, INU microparticles have shown to enhance humoral and cellular immune 

responses against different antigens [3]. AdvaxTM, composed by delta-INU in microcrystalline 

form, has been tested in combination with different antigens in clinical trials, including HIV and 

influenza (phase I), and hepatitis and allergy (phase II) vaccines [4,5]. The particle size of 

AdvaxTM (1-2 μm) and its low solubility favor a depot effect when injected either 

subcutaneously or intramuscularly. Then, the immune cells engulf the microparticles and 

transport them to secondary lymphoid organs [6]. 

 Considering the ability of macrophages and dendritic cells (DCs) to uptake lymph-

borne antigens and initiate the innate and adaptive immune responses [7], researchers have 

hypothesized that lympho-targeted antigen nanocarriers would be beneficial, as compared to 

the classical depot microparticles, in terms of making more direct and effective their access to 

these immune cells. This increasingly evident hypothesis is changing the paradigm of 

nanovaccine design, with more and more nanosystems being engineered to have an efficient 

drainage to the lymphatics [8–12]. In this context, it is commonly agreed that a value of 100 

nm is the threshold below which nanoparticles (NPs) may drain relatively easily along the 

lymphatic vessels [13–15]. Recent research in this field, specially oriented to cancer vaccines, 

has led to the development of different types of nanocarriers with lympho-targeting 

properties, such as silica [16] and gold NPs [17], micelles [18], poly(propylene sulfide) NPs [19], 

polystyrene NPs [20] and liposomes [21], among others [8]. However, the majority of these 

nanosystems are model NPs and/or have a questionable translational potential. 

Interestingly, despite the long trajectory of INU as a pharmaceutical excipient, as well 

as microparticulated antigen delivery system, its use as a biomaterial in the design of 

nanovaccines has been, so far, barely explored [22].

Therefore, bearing this background information in mind, the first objective of this 

study was to develop INU NCs and to characterize them with regard to their morphology and 

physicochemical properties. 

The second goal of this work was to perform a systematic study of the influence of the 

composition and physicochemical properties of polymeric NCs on their interaction with DCs, 

and also on their biodistribution. Overall, our ultimate goal has been to contribute to the 

rational design of new nanovaccines to maximize their specific drainage to the lymphatic 

system and to elicit a directly controlled immune response.
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2. Materials & Methods

2.1. Materials

DL-α-tocopherol (vitamin E) (Calbiochem®) was obtained from Merck Millipore (Billerica, MA, 

USA) and Pluronic® 127 (Poloxamer 407) from BASF (Ludwigshafen, Germany). Sodium 

glycocholate was bought to Dextra (Reading, UK). Benzethonium chloride was obtained from 

Spectrum Chemical Mgf. Corp. (NJ, US). Ultrapure chitosan (CS) hydrochloride salt (Mw 42.7 

kDa, deacetylation degree of 88%) was purchased from Heppe Medical Chitosan GmbH (Saale, 

Germany). Inutec® SL1 (25% modified inulin suspension in glycerol) was a kind gift from 

CreaChem (Tienen, Belgium). 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine 

perchlorate (DiD) was obtained from Invitrogen (CA, USA) and sucrose was purchased from 

Acofarma (Madrid, Spain)

All other chemicals were of reagent grade or high purity. For in vitro and in vivo 

experiments endotoxin free water and sterile/autoclaved material were used.

2.2. Preparation of the nanosystems

2.2.1. Screening of different ratios inulin:vitamin E and incorporation of co-surfactants 

NCs were prepared by the solvent displacement technique [23]. Briefly, 60 mg of vitamin E 

dissolved in 2 mL of ethanol were poured over 4 mL of an aqueous solution of Inutec® SL1 (60 

mg, 30 mg and 15 mg, for a ratio Inutec®:vitamin E of 1:1, 0.5:1 and 0.25:1, respectively). The 

addition was performed under stirring that was kept for 10 minutes before characterization of 

the nanosystems. In the case of NCs containing a co-surfactant, sodium glycocholate or 

benzethonium chloride, this was added in the ethanolic phase as an aqueous solution (50 μL of 

sodium glycocholate 200 mg/mL or 100 μL of benzethonium chloride 20 mg/mL).

2.2.2. Preparation of medium (M) and small (S) size chitosan and inulin nanocapsules 

The NCs were prepared following a similar protocol than the one described in section 2.2.1. 

The vitamin E was dissolved in ethanol (Table 1) and the glycocholate was added to this phase 

as a 200 mg/mL aqueous solution. The polymers (CS or INU) were added to the aqueous 

phase. For CS NCs poloxamer 407 was used as surfactant in the aqueous phase. The different 

amounts of compounds and solvents are shown in Table 1. To obtain the S NCs the organic 

phase was injected into the aqueous phase through a needle (100 Sterican®, Ø 0.60 x 60 mm, 

23G x 23/8”, Braun, Melsungen, Germany) applying high manual pressure (approximately, a 

flow of 2 mL/s). In both cases, the aqueous phase was maintained under stirring during the 
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addition. After 10 minutes of incubation, the excess of ethanol was removed under vacuum 

using a rotary evaporator (Büchi, Switzerland), and the volume adjusted with ultrapure water. 

Table 1. Different composition and preparation parameters of the nanosystems developed in this study.

2.2.3. Labeled nanocapsules

For in vitro and in vivo studies, the NCs were labeled with the fluorescent marker DiD. For that 

purpose, DiD-loaded NCs were obtained by replacing the same amount of ethanol with the 

required amount of an ethanolic solution of DiD 2.5 mg/mL. The theoretical final concentration 

of DiD went from 10 to 100 μg/mL, depending on the experiment.

2.3. Physicochemical characterization

Particle size, polydispersity index, and zeta-potential were measured by photon correlation 

spectroscopy using a Zetasizer Nano-S (Malvern Instruments; Malvern, UK). The S NCs were 

diluted 1:10 and M NCs 1:20 in water prior to their measurement. Analyses were performed at 

25 ºC with a detection angle of 173 º in distilled water. 

The pH of the formulations was determined with a Sartorius Docu-pH Benchtop Meter 

(Thermo Fisher Scientific, Waltham, MA, USA).

2.3.1. Electron microscopy studies

The morphology of the NCs was examined by different electron microscopy techniques:

- Transmission electron microscopy (TEM)

INU NCs S INU NCs M CS NCs S CS NCs M

Vitamin E (mg) 30 60 30 60

Sodium glycocholate (mg) 5 10 5 10

Ethanol (mL) 2.5 2 2.5 3

Poloxamer 407 (mg) - - 5 10

Chitosan (mg) - - 5 10

Inutec® SL1 (mg) 15 30 - -

Water (mL) 10 4 10 4

Stirring speed (rpm) 900 500 900 500

Addition High pressure 

(injecting)

Low pressure 

(pouring)

High pressure 

(injecting)

Low pressure 

(pouring)

Final volume (mL) 5 10 5 10

Final concentration (mg/mL) 10 10 9 9
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For the negative staining a 4 μL drop of each sample was left to dry for 15 min on a 

200-mesh copper grid covered with a formvar-carbon film. Then, the excess liquid was 

removed with a filter paper, serially washed with three drops of ultrapure water, followed by 

incubation during 30 s with a drop of 1% uranyl acetate solution. Afterwards, the excess of 

uranyl solution was removed with a filter paper and the grids were left to dry before observing 

them in the microscope (Thermo-Fisher (MA, USA) Tecnai G2 20 Twin) operating at 120 kV.

- Sample vitrification and Cryo-TEM

For Cryo-TEM visualization, samples were vitrified putting 4 μL of the NCs solution over 

a previously glow-discharged Quantifoil R2/2 200-mesh copper grid and using a Vitrobot Mark 

IV (Thermo-Fisher (MA, USA)). Grids were observed in the TEM under cryo-conditions, 

mounting the grids on a GATAN 626 cryo-holder, and operating at 120 kV under low-dose 

conditions.

- Field emission scanning electron microscopy (FESEM)

For FESEM studies (ZEISS FESEM ULTRA Plus, Germany) the NCs were diluted in water 1:1000 

and mixed with the same volume of 2% (w/v) phosphotungstic acid solution. 1 μL of this 

mixture was placed on copper grids with carbon films. The grids were left to dry in the open air 

and then washed drop-by-drop with 1 mL of water. Once the grids were dried they were 

observed in the microscope using both STEM and InLens detectors.

2.3.2. Nanoparticle tracking Analysis

Nanoparticle tracking analysis (NTA) is a method to measure the particle size of NPs based on 

imaging. The light scattered for individual NPs is captured by a camera. The software (v3.3) 

uses the Stokes-Einstein equation to transform the Brownian movement into a particle size. 

The experiments were conducted after diluting the NCs (1:2000) in ultrapure water (MilliQ®) 

using a NanoSight NS3000 equipment (Malvern Panalytical Ldt, UK). Five videos of each sample 

were captured over 90 s, maintaining the temperature stable at 25 ºC. All measurements were 

performed in triplicate.

2.4. Freeze-drying studies

NCs were freeze-dried in the presence of sucrose as cryoprotectant at different final 

concentrations (10 and 15% (w/v)). NCs and sugar solution were mixed 1:1 (v/v) to 1 mL in a 5 

mL freeze-drying glass vials. Vials were quickly frozen at -80 ºC and then transferred to the 

freeze-drier Genesis 25 ES, VirTis Model-Wizard 2.0 (SP Industries, USA). The primary drying 

lasted for 35 h with temperatures increasing from -40 to -20 ºC. In the secondary drying step, 

the temperature of the samples was raised gradually up to +20 ºC.
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2.5. Colloidal stability

2.5.1. Stability at storage conditions

Suspensions of the different NCs were stored at 4 ºC for 1 month. At fixed time points their 

size, PDI, and zeta-potential were determined, as described in section 2.4.  

2.5.2 Stability in cell culture media

The stability of the NCs diluted 1:10 in cell culture medium (RPMI supplemented with 10% 

fetal bovine serum (FBS)) at 37 ºC was followed for up to 24 h, and the evolution of particle 

size and PDI was carefully monitored.

2.6. Human Dendritic Cell generation

Human peripheral blood mononuclear cells (PBMCs) were obtained by anonymous donors. 

Studies were approved by the ethical committee of the Xunta de Galicia (register code 

2014/543). PBMCs were isolated by Ficoll centrifugation. Adherent monocytes were isolated 

by incubation of PBMCs in culture plates (2 h, 37 ºC) in R2 culture media (RPMI-1640 

completed with 2% of FBS). After the incubation period, non-adherent cells were washed three 

times with R2 media and adherent monocytes were cultured for 6 days in R10 media (RPMI-

1640 completed with 10% FBS) containing GM-CSF and IL-4 (both at 100 ng/mL), renewing half 

of the media after 3 days. With this protocol, immature DCs (iDCs) were obtained. Non-

adherent cells (peripheral blood lymphocytes, PBLs) were washed with PBS and stored in liquid 

nitrogen until use in allogenic stimulation experiments (see below). 

Mature DCs (mDCs) were obtained by incubation of iDCs with bacterial 

lypopolysacharide (LPS) (10 ng/mL) and interferon- (IFN-) (100 U/mL) for 48 h. Tolerogenic 

DCs (tolDCs) were obtained using the same conditions indicated for mDCs but also adding 

1,25-dihidroxyvitamin D3 (50 nM) to the culture media.

2.7. Nanocapsules toxicity on immature DCs 

iDCs were incubated for 24 h with the different NCs at increasing final concentrations (25, 50, 

100, 200, 400 and 900 g/mL). After the incubation period, cells were harvested, washed twice 

with PBS and stained with optimal quantities of vital marker eFluor™660 for 30 min (4 ºC). 

After washing 3 times with PBS containing bovine serum albumin (BSA) at 2 %, cells were 

analyzed by flow cytometry in a BD FACSCaliburTM cytometer. Data were analyzed using the 

Flowing software (Cell Imaging Core, Turku Centre for Biotechnology, Finland). Data were 

normalized considering the dead cells obtained after iDC incubation in culture media alone.   
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2.8. Interaction of the nanocapsules with DCs 

To evaluate the percentage of the nanosystems that interact with the cells by flow cytometry, 

5x105 hDCs were plated into a 24-well plate with 0.5 mL of RPMI 10% FBS. Immediately, DiD-

labeled nanosystems were added at a concentration of 100 µg/mL. After 1h of incubation, cells 

were washed with PBS and fixed in a flow cytometry tube with 200 µL of PBS containing 1% 

paraformaldehyde (PFA). For acquisition, samples were diluted with 500 µL of PBS and the 

suspension was analyzed by flow cytometry (Accuri Cytometers, Ann Arbor, MI, USA).

2.9. Human DCs phenotype analysis 

To analyze the phenotype of iDCs after incubation with the different NCs, iDCs were incubated 

with the different nanosystems at a final concentration of 200 g/mL for either 2 or 24 h. After 

the activation period, cells were washed twice to eliminate the NCs and incubated up to a total 

period of 48 h. To determine the iDC phenotype, cells were washed twice with PBS containing 

BSA (0.1%) and stained with optimal amounts of different antibodies for 30 min, at 4 ºC, in the 

dark). Levels of maturation markers HLA class II, CD80 and CD83 were quantified by flow 

cytometry. CD1a was included as a DC marker to verify the correct monocyte differentiation. 

Cell viability was determined using the vital marker eFluor™660. After washing 3 times with 

PBS containing BSA at 2%, cells were analyzed by flow cytometry in a BD FACSCaliburTM 

cytometer. Data were analyzed using the Flowing software (Cell Imaging Core, Turku Centre 

for Biotechnology, Finland). Data are shown as the ratio between the mean fluorescent 

intensity (MFI) of the corresponding marker in iDCs incubated with the different NCs and the 

MFI of iDC incubated in culture media alone.

2.10. Indoleamine 2,3-dioxygenase (IDO) activity in iDCs 

IDO activity was determined by quantification of kinurenin in culture media obtained from 

different DCs (section 2.9) using described methods [24]. Briefly, 4 h before the end of the 

culture period, L-tryptophan (100 M) was added to the medium. Culture medium (100 L) 

was mixed with 30% trifluoroacetic acid (TFA) (50 L) to precipitate proteins and cell debris by 

centrifugation (10.000 g, 5 min, room temperature). Supernatant (75 L) was mixed with an 

identical volume of the Ehrlich Reagent and absorbance at 490 nm was determined using a 

BioRad 680 ELISA reader.         

2.11. Lymphocyte activation capacity of iDCs pre-incubated with different NCs 
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The capacity of iDCs pre-incubated with the different NCs to activate CD8+ T lymphocytes in an 

allogeneic culture was determined by flow cytometry. Briefly, after incubation of iDCs with the 

different NCs for 24 h (200 g/mL), cells were harvested, washed with PBS and plated with 

allogeneic T cells (non-adherent PBLs obtained after washing adherent monocytes, see above) 

at a 1:10 ratio (DC:T) for 7-10 days. After the activation and proliferation period, cells were 

harvested, washed and stained with optimal quantities of CD8 and CD28 antibodies and 

analyzed by flow cytometry, as indicated above. 

2.12. Cytokine secretion by iDCs incubated with different NCs

We used personalized MILLIPLEX®MAP kits containing microparticles to capture IFN-, IL-10, IL-

12p70, IL-15, IL-1, IL-2, IL-4, IL-23, IL-27, TNF-, TNF-, IL-5 and IL-8 present in culture media, 

previously stored at -80 ºC. The assay was performed according to the manufacturer 

instructions (Millipore). Plates were read in a MAGPIX® analyzer (Merk Chemicals & Life 

Sciences). Cytokines concentration was determined using calibration curves (variable ranges 

for the different cytokines) and calculated as pg/mL with the exception of IL-4, IL-23, IL-27 and 

TNF-calculated as ng/mL. Final data were expressed as the ratio between cytokine secreted 

by iDCs after treatment with NCs and cytokine secreted by iDCs incubated in media alone (-: 

ratio ≤ 1; +: ratio 1-2; ++: ratio 2-3; +++: ratio > 3).

2.13. In vivo studies

2.13.1. Animals

CX3CR1
+/gfp [25] heterozygous mice were obtained from Jackson Laboratories and bred in-

house. C57BL/6JRj were obtained from Janvier Laboratories. Mice were housed in the specific 

pathogen-free animal facility of the Institute for Research in Biomedicine (Bellinzona), in 

individually ventilated cages and were used between 8 and 12 weeks of age. Animal protocols 

were approved by the cantonal veterinarian local authorities under the protocol ID: TI28/17, 

and the experiments were performed in accordance with the Swiss Federal Veterinary Office 

guidelines and with the EU Directive 2010/63/EU. Quality assessment of the experimental in 

vivo studies was performed following the Animal Research Reporting In vivo experiments 

(ARRIVE).

2.13.2. Footpad injection model
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Mice were anesthetized with a mixture of ketamine (100 mg/kg bodyweight, Parke Davis) and 

xylazine (10 mg/kg bodyweight, Bayer). 15 μL of nanosystems were subcutaneously injected 12 

hours before sample collection.

2.13.3. Two-Photon Microscopy

For follicular DCs and subcapsular sinus macrophages labeling, CX3CR1
+/gfp mice were injected 

in the footpad with 0.5 μg of αCD21/35-Pacific Blue (Biolegend) and αCD169-PE (Biolegend) 

respectively 2 h before sample collection. PLNs were then collected and mounted on a slide 

with PBS. Images were acquired with a LaVision Trimscope II upright two-photon microscope 

(LaVision Biotec) with a 10x (Plan Apo lambda NA 0.45, Nikon) dry objective. Excitation was 

performed with two Chameleon Vision Ti:Sa lasers (Coherent) tuned at 830 nm and 925 nm 

respectively. Images were z-stacks or mosaic reconstructions acquired with a pixel size of 1.07 

μm and z-step of 3 μm, for a total imaging depth of around 350 μm. Mosaic reconstructions 

and image analysis were conducted with Fiji-Imagej (ImageJ) and Image Stitching plugin.

2.13.4. Flow Cytometry

A single cell suspension of PLNs from NP-injected C57BL/6JRj was obtained by digestion for 10 

minutes at 37°C with an enzyme mix of DNase I (0.28 mg/mL, Amresco), dispase (1 U/mL, 

Corning), and collagenase P (0.5 mg/ml, Roche) in calcium- and magnesium-free PBS (PBS -/-) 

followed by a stop solution composed of 2 mM EDTA (Sigma-Aldrich) and 2% heat-inactivated 

filter-sterilized fetal calf serum (Thermo Fisher Scientific) in PBS -/- (Sigma-Aldrich). Fc 

receptors were blocked (αCD16/32, BioLegend) followed by surface staining with αMHC II-

Pacific Blue, αCD11b-Brilliant Violet 785, αCD11c-Brilliant Violet 711, αF4/80-Alexa 488, 

αCD169-Brilliant Violet 605 (Biolegend) and analyzed by flow cytometry on an LSRFortessa (BD 

Biosciences). Cells were gated as follows: CD11b+ DCs, MHC II+ CD11c+ CD11b+; CD11b- DCs, 

MHC II+ CD11c+ CD11b-; SSM, MHC II+ CD11c intlow CD11b+ CD169+ F4/80-; MM, MHC II+ 

CD11c intlow CD11b+ CD169+ F4/80+. Data were analyzed using FlowJo software (TriStar).

2.14. Statistical analysis

Unless otherwise indicated, all the experiments were repeated at least 3 times. Results are 

presented as mean ± standard deviation. The differences were considered significant for * p < 

0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. All statistical analyses were carried out 

with Graph- Pad Prism Version 7.0 software. 
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3. Results 

3.1. Development and characterization of inulin-based nanosystems

During the first step in the development of INU NCs, we evaluated different ratios of vitamin 

E:INU and their impact on the particle size and polydispersity of the resulting nanosystems 

(Fig. S1A). The tested ratios, from 4:1 to 1:1 (vitamin E:INU, w/w), rendered low polydisperse 

nanometric size particles with an almost neutral zeta potential. 

The use of a neutral polysaccharide, such as INU, allowed us to specifically modulate 

the charge of the nanosystem using ionic co-surfactants. Thus, the use of sodium glycocholate, 

which is negatively charged, led to INU NCs with a negative charge of approximately – 40 mV 

(Fig. S1B and S1C). On the other hand, by using positively charged benzethonium chloride as a 

co-surfactant, we obtained NCs with a highly positive surface charge of approximately + 40 

mV. After this exploratory study, we selected sodium glycocholate as the co-surfactant for 

further studies, because negatively charged NCs tend to be less toxic than positive ones, and 

to have better dissemination capacity in the organism [8]. The resulting INU NCs had a particle 

size of approximately 250 nm and a negative surface charge (Table 2, INU NCs M). 

Different electron microscopy techniques were used to characterize these new NCs. 

The Cryo-TEM technique (Fig. 1A), which retains the conformation of the nanosystem in the 

liquid state after its vitrification, revealed round-shape structures with particle sizes between 

150 and 300 nm, in agreement with the values obtained by dynamic light scattering (DLS). 

Using conventional TEM (Fig. 1B), it was possible to confirm the globular structure of the NCs. 

A B 

200 nm

200 nm

200 nm

200 nm

Figure 1. Electron microscopy images of inulin nanocapsules. Different transmission electron 

microscopy techniques were used to visualize the size and shape of the nanocapsules: Cryo-TEM (A) 
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and TEM with a negative staining (B).

A second step in the development of lympho-targeted INU NCs involved the reduction 

of their size below 100 nm. A reduction in the particle size, without a modification of the final 

concentration of each component, was accomplished by following a modification of the 

solvent displacement technique, as previously described [26]. Based on our own experience 

[27,28], CS NCs, with a vitamin E and glycocholate core, were produced also with two different 

particle sizes (S and M) and adopted as a reference of positively charged NCs (Fig. 2A). 

Different techniques were used to rigorously characterize the particle size of the four 

nanosystems, such as the NTA technique (Fig. 2B) and DLS (Table 2). The results showed that 

the particle size of NCs S obtained by these techniques was similar (between 70 and 80 nm, 

approximately). Larger differences were found for INU NCs M, with a particle size of 246 ± 16 

nm by DLS and 197 ± 74 nm by NTA. 

Table 2. Physicochemical properties of the developed nanosystems. Particle size and PDI were obtained 

by dynamic light scattering. INU: inulin; CS: chitosan; NCs: nanocapsules; S: small size; M: medium size 

(n ≥ 10).

Nanosystem
Particle size 

(nm)
PDI Z-potential (mV) pH

INU NCs S 69 ± 6 0.18 - 33 ± 8 6.3 ± 0.2

INU NCs M 246 ± 16 0.12 - 25 ± 11 6.4 ± 0.2

CS NCs S 72 ± 5 0.16 + 37 ± 4 4.5 ± 0.1

CS NCs M 172 ± 11 0.11 + 34 ± 4 4.5 ± 0.1

FESEM images, using STEM and InLens detectors, corroborated the differences in the 

particle size of S and M NCs (Fig. 2B).
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Figure 2. Polymeric nanocapsules (NCs) developed in this work. (A) Illustration of inulin 

nanocapsules (INU NCs) and chitosan nanocapsules (CS NCs) of two different particle sizes, small (S,  

70 nm) and medium (M, 170 - 250 nm) size. The structure of modified inulin is also showed in the 

figure. The size scale between the prototypes was maintained in the draw. (B) Field emission 

scanning electron microscopy (FESEM), using STEM (first row) and InLens (second row) detectors. All 

scale bars = 200 nm. In the third row, a representative image of the particle size distribution obtained 
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for each system by nanoparticle tracking analysis (NTA) is shown. The mean particle size with the 

standard deviation and the mode (between brackets) are indicated in the figure (n=3).

When developing a new nanosystem, apart from obtaining the adequate 

physicochemical properties, a minimum stability, for operational purposes, has to be 

guaranteed. For this purpose, the colloidal stability of the nanosystems at 4 ºC was monitored 

over time. The results showed that the NCs were stable for, at least, 1 month (Fig. S2). On the 

other hand, to guarantee long-term stability, a freeze-drying process was developed. The use 

of sucrose [27] at a concentration of a 15% allowed the preservation of the particle size after 

the freeze-drying process (Fig. S3A). 

3.2. Study of the interaction of NCs with primary human DCs 

In this section, we describe the toxicity of the different nanosystems and their capacity to 

induce activation of human-derived DCs. Before performing these experiments, the stability of 

the nanosystems in cell culture media was assessed (Fig. S2B). 

3.2.1. Cytotoxicity

Primary human iDCs were differentiated from monocytes as described in section 2.6. Cells 

were incubated with different concentrations of either CS or INU NCs for 24 h and stained with 

a vital label to be analyzed by flow cytometry. As depicted in Fig. 3, INU NCs were less toxic 

compared to CS NCs, being INU NCs M the ones showing the lowest toxicity. Regarding the 

influence of the size, at the highest tested concentration, S NCs showed a tendency to be more 

toxic than M NCs. 
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Figure 3. Chitosan (CS) and inulin (INU) nanocapsules (NCs) cytotoxicity on immature dendritic cells 

(iDCs). iDCs were incubated with either CS (green lines) or INU (red lines) NCs at different 

concentrations during 24 h. Small (S,  70 nm) (dashed lines)  and medium (M, 170 - 250 

nm)(continuous lines) size NCs were tested. After the incubation period, cells were harvested, washed 

and stained with a vital label. Results were normalized with the percentage of dead iDCs incubated in 

culture media alone. Each point represents the mean of four different donors. For the statistical 

analysis the area under the curve for each nanosystem was calculated and the differences between the 

particles size (S vs M) and the polymer shell (CS vs INU) analyzed using a One-way ANOVA followed by a 

Tukey test. Significance levels * p < 0.05 and **** p < 0.0001.

3.2.2. Interaction cell-nanosystems

After establishing a non-toxic dose, NCs were labeled with DiD to evaluate their interaction 

with iDCs, at 100 µg/mL. The incorporation of the fluorophore did not alter the particle size of 

the NCs (Fig. S4). The analysis by flow cytometry (Fig. 4A-C) showed a size-dependent effect, in 

particular for INU NCs, where S particles (70 nm) were found to interact with iDCs in a higher 

extent than the M size ones (250 nm) (Fig. 4A and C). However, no significant differences were 

observed between CS NCs S (70 nm) and CS NCs M (170 nm) and their interaction with iDCs 

was similar to the one of INU NCs S. On the other hand, with regard to the influence of the 

polymer shell, we observed a higher interaction for positive NCs for the M sizes, but not for 

the S ones. In terms of mean fluorescence per cell, INU NCs S showed the highest mean 

fluorescence intensity value (MFI) (Fig. 4B). 
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Figure 4. Interaction of the different labeled nanosystems with iDCs. After incubation of iDCs with the 

different NCs, the percentage of positive cells (A) and mean fluorescence intensity (B) were analyzed. 

Representative flow cytometry histograms showing the interaction of the four nanosystems at 100 

μg/mL after 1 h incubation with iDCs is shown in C. In grey non-treated cells are represented. Inulin-

based nanocapsules (INU NCs) and chitosan nanocapsules (CS NCs) of two different sizes, small (S,  70 

nm) and medium (M, 170 – 250 nm) were tested. Statistical analysis was done using a one-way ANOVA 

followed by a Tukey test. Significance levels * p < 0.05 and *** p < 0.001.

3.2.3. Change in iDCs phenotype  
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To evaluate the effect that NCs have on iDC phenotype, different cell markers were analyzed 

by flow cytometry after incubation with the four NCs at 200 µg/mL. After 2 h incubation, both, 

S and M, CS NCs (Fig. 5A) showed a higher capacity of DC activation compared to INU NCs (Fig. 

5B) causing a greater increase in the expression of CD80 and CD83 maturation markers. After 

24 h, DCs incubated with CS NCs still showed a tendency of up-regulation of CD80 and CD83 

activation markers but without reaching statistical significance (Fig. 5C). In the case of INU NCs, 

only the small particles showed a significant slight increase in the upregulation of CD83 (Fig. 

5D). Regarding the particle size, similar values were found for S and M NCs.   
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Figure 5. Dendritic cell (DC) phenotype induced by incubation with chitosan (CS) and inulin (INU) 

nanocapsules (NCs). Immature DCs (iDCs) were incubated with either CS (A, C) or INU (B, D) NCs at 200 

μg/mL. Incubation was performed for 2 or 24 h. Small (S,  70 nm) and medium (M, 170 – 250 nm) size 

NCs were tested. After the incubation period, cells were stained with different antibodies and analyzed 

by flow cytometry. Results are shown as the ratio between the iDCs incubated with NCs vs iDCs 

incubated in culture media. *: ratio significantly higher than 1 (p<0.05; Student´s T Test). No significant 

differences were found between the capacity of the four NCs to modify the expression of the different 

markers (one-way ANOVA). n.d. Not determined.
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The fact that INU NCs hardly showed a capacity of DCs activation in vitro, led us to 

speculate about their potential to induce a tolerogenic phenotype on iDCs. To evaluate this 

hypothesis we quantified the 2,3-Indoleamine dioxigenase (IDO) enzymatic activity (Fig. 6A). 

IDO activity in iDCs treated with the four different NCs was similar to that observed in both 

immature and mature DCs (Fig. 6A, iDCs and mDCs respectively) and significantly lower to that 

observed in DCs incubated with vitamin D3 (Fig. 6A, tolDCs), an agent known to induce IDO 

expression. 

3.2.4. Stimulation of CD8+ T lymphocytes

Next, we evaluated the capacity of iDCs pre-incubated with the NCs, at 200 g/mL, to activate 

allogeneic CD8+ T lymphocytes in vitro (Fig. 6B). The results showed that pre-incubation of 

iDCs with the NCs significantly increased the percentage of activated CD8+ T lymphocytes 

(determined as CD28+ cells). Both, size and composition were found to influence this 

response. CS NCs S showed the highest level of CD8+ T lymphocyte responses. 
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Figure 6. 2,3-Indoleamine dioxigenase (IDO) activity and T cell activation capacity by immature 

dendritic cells (iDCs) incubated with different nanocapsules (NCs). (A) iDCs from four different donors 

were incubated with either chitosan (CS) or inulin (INU) NCs at 100 μg/mL for 2 h. Small (S,  70 nm) and 

medium (M, 170 – 250 nm) size NCs were tested. The IDO enzymatic activity was determined by the 

quantification of kinurenin in culture media [24]. Data are shown as the absorbance at 490 nm. Addition 

of vitamin D3 to iDCs was used to induce a tolerogenic phenotype (tolDCs). iDCs and mature DCs (mDCs) 

were used as controls. (B) The capacity of the treated iDCs to activate allogeneic CD8+ T lymphocytes 

was determined by flow cytometry quantifying the up-regulation of CD28. Results are shown as the ratio 

between the percentage of CD8+CD28+ T cells using iDCs incubated with NC vs percentage of 

CD8+CD28+ T cells using iDCs incubated in culture media. With the only exception of INU NCs M (p=1.0, 

one-way ANOVA, Bonferroni post hoc) all the NCs significantly increased the percentage of activated 

CD8+ T lymphocytes compared to non-treated iDCs (NCs CS S, p=0.0001; NCs CS M, p=0.006; NCs INU S, 
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p=0.012; one-way ANOVA, Bonferroni post hoc)(data not shown in the graph). From the four NCs 

evaluated, CS NCs S showed the higher capacity of CD8 T lymphocyte stimulation (one-way ANOVA, 

Bonferroni post hoc). The differences were considered significant for * p < 0.05, ** p < 0.01, *** p < 

0.001 and **** p < 0.0001.

3.2.5. Cytokine secretion 

To deeper analyze the kind of activation that the different nanosystems induce on iDCs, we 

quantified the amount of cytokines secreted to the culture media by iDCs incubated with the 

different NCs for 24 h. A summary of the results, in Table 3, indicates that CS NCs induced a 

higher cytokine secretion (ratios >1) by iDCs compared to INU NCs, with the exceptions of IL-8 

where similar secretion for both types of prototypes was observed. No effect of the particle 

size in the secretion of the cytokines was noted. 

Table 3. Cytokine secretion by iDCs after incubation with different nanocapsules (NCs).

Cytokine* CS NCs S CS NCs M INU NCs S INU NCs M
IFN-γ + + - -
IL-10 + ++ - -
IL-12p70 - - - -
IL-5 +++ +++ - -
IL-8 + + + +
TNF-α - - - -
TNF-β +++ +++ + +

* Data are expressed as the ratio between cytokine secreted by iDCs after treatment with NCs and 

cytokine secreted by iDCs incubated in media alone. Symbols: -: ratio ≤ 1; +: ratio 1-2; ++: ratio 2-3; +++: 

ratio > 3.

3.3. Lymphatic drainage of inulin and chitosan NCs in mice

DiD-labeled NCs were injected into the footpad of mice and the accumulation of the 

nanostructures in the PLN (Fig. 7A and 7B) was evaluated using two different techniques, flow 

cytometry (Fig. 7C) and 2PM (Fig. 7D). 

The results in Fig. 7 indicate that at 12 h post-injection the four nanosystems were 

capable of reaching the PLN, independently of their size and charge. However, using both, flow 

cytometry and the 2PM studies, we observed that INU NCs S reached the PLN in a significantly 

higher extent than the rest of the prototypes. 

On the other hand, with regard to the biodistribution inside the LN, the accumulation 

of the NCs mainly occurred in the medullar region (Fig. 7). The images of the excised PLNs also 
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showed this distribution (Fig. 7E): DiD-labeled NCs are shown in white and the follicles can be 

discerned by the presence of subcapsular sinus macrophages (SSM) (red cells) covering these 

areas. In the green channel, cells of myeloid origin expressing CX3CR1 were visualized. 
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Figure 7. Accumulation of the different nanosystems in the popliteal lymph nodes (PLNs). (A) 

Schematic drawing representing the anatomical position of the major phagocytic populations in the LN. 

Subcapsular sinus macrophages (SSM) are located in the sub capsular sinus area (SSA) in close proximity 

to the B cell follicles (Fo), while Medullary Macrophages (MM) are mainly located in the medullary 

area  (MA) as well as the interfollicular region (IFA). This schematic drawing has been modified from the 

original work provided by Servier Medical Art (https://smart.servier.com/). (B) 2-photon micrograph 
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showing the phagocytic populations of the lymph node based of the expression of the markers CD169 

(red) and CX3R1 (green), SSM (CD169+, CX3CR1+), DC(CD169-, CX3CR1+), MM(CD169+, CX3CR1-). (C) 

Chitosan (CS) and inulin (INU) DiD-labeled NCs of two different sizes (S,  70 nm and M, 170 – 250 nm) 

were injected in the footpad of CX3CR1
+/gfp and C57BL/6JRj mice (5 animals per group). After 12 hours, 

the PLNs from C57BL/6JRj were digested and the mean fluorescence intensity (MFI) evaluated by flow 

cytometry. (D) PLNs from CX3CR1
+/gfp mice were evaluated using 2-photon microscopy (2PM). With this 

technique the MFI of each nanosytem in the medullar (Med) and the follicular (Fol) region was 

quantified. In E, a representative image of the PLNs. Upper row shows a maximum intensity projection 

of the whole z-stack of the lymph node, while lower row shows a slice with the different regions 

highlighted. SSM (CD169+) are shown in red, nanocapsules (NCs) in white, in blue the follicular DCs 

(CD21/35+) and in green cells of myeloid origin expressing CX3CR1 receptor. One-way ANOVA, Brown-

Forsythe test. To simplify the interpretation, the comparisons were made only between the groups 

injected with NCs. The differences were considered significant for * p < 0.05, ** p < 0.01, *** p < 0.001 

and **** p < 0.0001.

3.3.1. NCs capture by different subsets of immune cells

The results of the percentage of positive cells and mean fluorescence intensity (MFI) 

associated to the uptake of the DiD-loaded NCs by the different cell populations are shown in 

Fig. 8A-D. It can be noted that the majority of SSM, MM and CD11b+ DCs were positive for 

DiD, this meaning that they captured and/or interacted with the NCs, whereas lower 

percentages were detected in CD11b- DCs. However, MM showed a higher MFI than SSM, also 

observed in the reconstruction of the PLNs (Fig. 7E). Regarding DCs, CD11b+ DCs interacted 

with more NCs than CD11b-.

Among the different NCs, INU NCs S were the ones captured to a higher extent by all 

the cell subtypes confirming the results showed in Fig. 7. On the other hand, CS NCs S showed 

higher counts (similar to INU NCs S) of positive CD11b+ DCs although the MFI was still higher 

for INU NCs S (Fig. 8C). 
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Figure 8. Interaction of the nanocapsules (NCs) the different subsets of immune cells in the popliteal 

lymph node (PLN). Chitosan (CS) and inulin (INU) NCs of two different sizes (S,  70 nm and M, 170 – 

250 nm) were injected in the footpad of B6 mice (5 animals per group). After 12 hours the PLNs were 

collected, enzymatically digested and stained with an antibody panel specific to, macrophages (MHC II+, 

CD11b+, CD11c intlow, CD169+, and F4/80 positive in medullary macrophages, MM, and negative in 

subcapsular sinus macrophages, SSM) and dendritic cells (DC, MHC II+, CD11c+, CD11b positive or 

negative population). Percentage of DiD+ cells and the mean fluorescence intensity (MFI) are 

represented for each subset of immune cells. Analysis: all statistical analyses were performed assessing 

normal distribution of samples (Saphiro-Wilk test) and applying a one-way ANOVA test. * p < 0.05, ** p 

< 0.01, *** p < 0.001, **** p < 0.0001.

4. Discussion

INU microparticles have reached phase 2 in clinical trials as an adjuvant for vaccination [3–5]. 

Yet, despite this achievement and the extensive use of INU in pharmaceutical industry, this 

neutral polysaccharide has barely been explored as antigen delivery nanocarrier [22]. The 

objective of this work was to build a new delivery vehicle based on a non-ionic INU-based 

polymeric surfactant and to explore its use for the targeting towards specific phagocytic 

populations in the lymphatic system. The delivery carrier was selected based on the 

knowledge generated by our group on polymeric NCs consisting of an oily core and a polymeric 

shell [27,29,30]. As an oil for the NC’s core, we selected vitamin E, based on its reported 
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immunoregulatory properties [31]. In a first step, a screening of different ratios of vitamin 

E:INU led to the formation of NCs with a neutral zeta potential and a particle size of 250 nm. 

The inclusion of an anionic co-surfactant allowed the preparation of negatively charged INU 

NCs. A second step in the development of lympho-targeted INU NCs involved the reduction of 

their size below 100 nm, using a technology developed by our own group [26]. The rationale 

behind this step is that 100 nm is considered the threshold for an adequate access of 

nanoparticulated materials through the interstitial channels to the lymphatics [15,32,33]. In 

that way, two different particle sizes INU NCs were developed: S, 70 nm and M, 250 nm. 

Taking into consideration that CS NCs have been widely explored to enhance the 

immunogenicity of specific antigens [27,34,35], for comparative purposes, we developed CS 

NCs, with a similar core composition and particle sizes than those of INU NCs. 

The characterization of the panel of NCs was performed using complementary 

techniques. The NTA, which correlates the Brownian motion of individual particles recorded 

with a camera with their particle size, supplemented the measurements done by DLS, where 

an average of the fluctuations in the scattered light is related with that size. The results 

showed that the particle size of NCs S obtained by these techniques was similar (between 70 

and 80 nm, approximately). However, the particle size of NCs M was 246 ± 16 nm by DLS and 

197 ± 74 nm by NTA, for INU NCs. This difference could be related to the size polydispersion 

observed by the last technique. Besides, the different electron microscopy techniques 

confirmed the differences between the S and M NCs. The round-shape structure of CS and INU 

NCs was similar, independently of the nature of the polysaccharide shell (Fig. 2B).

One of the critical aspects when developing antigen nanocarriers is their interaction 

with the immune cells. DCs are the main antigen presenting cells (APCs) in our immune 

system. After antigen capture, DCs mature and go to LNs where they process and present the 

antigen to T cells generating an immune response [36]. Thus, the understanding of the 

interaction of the NCs with DCs is important in order to assess their potential as antigen 

carriers. The results of toxicity in primary human DCs showed a lower toxicity for INU NCs than 

for CS NCs. Regarding the particle size, at least for high concentrations, the M NCs showed a 

tendency to be less toxic than S NCs. These results correlated with the fact that the S NCs 

interacted in a higher degree with the DCs (Fig. 4A), and are in agreement with the majority of 

the research regarding NPs uptake by DCs, showing a preference for small particle sizes [37–

39]. On the other hand, with regard to the influence of the polymer shell of the NCs in their 

interaction with DCs, based on the literature, we could presume that positive particles would 

interact in a higher degree compared to the negative ones [38,40]. This was the case for NCs 

M, but not for the S ones. Surprisingly, in terms of mean fluorescence per cell, INU NCs S 
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showed the highest mean fluorescence intensity value (MFI) (Fig. 4B). Despite the low level of 

significance of this difference, the higher interaction of INU NCs S as compared to CS NCs S 

highlights the fact that the surface charge is not the only factor -in addition to the size- 

influencing the interaction, and that the composition may ultimately drive particle-cell 

interaction.

CS NCs (Fig. 5A) showed a higher capacity of DC activation compared to INU NCs (Fig. 

5B) causing a greater increase in the expression of CD80 and CD83 maturation markers. These 

results agree with previous studies that have shown the activation of these two markers in DCs 

by different CS NPs [41,42]. In the case of INU NCs, only the small particles showed a slight 

increase in the upregulation of CD83 (Fig. 5D). The activation of DCs by INU NCs has hardly 

been reported. Only one study has disclosed the capacity of OVA-loaded INU acetate NPs to 

upregulate CD80 [22]. The higher upregulation of activation markers caused by CS NCs as 

compared to INU NCs could be partially related to their higher toxicity, as shown in Fig. 3. 

Despite the limited activation that we found, none of the evaluated NCs induced a tolerogenic 

DC phenotype as shown in the IDO enzymatic activity assay (Fig. 6A). IDO activity has been 

linked to suppression of both innate and adaptive immunity promoting immune tolerance 

through the catabolism of tryptophan and other indole compounds [43].   

CD8+ T cells are pivotal elements for the defense of intracellular pathogens and for 

tumor surveillance and they are considered critical targets in the development of vaccines 

against cancer and chronic infectious diseases, such as HIV [44,45]. In this study, CS NCs S 

showed the highest level of CD8+ T lymphocyte responses (Fig. 6). This is in agreement with 

the theory that indicates that small NPs, due to their resemblance with the size of a virus, are 

processed like them, following similar endocytic routes, leading to a strong CD8+ T-cell 

responses [46]. Indeed, this was previously observed for OVA-conjugated polystyrene NPs [47] 

and OVA-loaded silica NPs [48].

To deeper analyze the kind of activation that the different nanosystems induce on 

iDCs, we quantified the amount of cytokines secreted to the culture media by iDCs incubated 

with the different NCs for 24 h. The results, in Table 3, indicate that, in general, CS NCs 

induced a higher cytokine secretion (ratios >1) by iDCs. The induction of cytokines secretion by 

CS formulations has been previously reported [49,50], although in the case of highly purified 

CS the level of cytokines has generally been low [42]. Similarly, the capacity of INU to promote 

cytokines secretion has been reported to be low [51].

In summary, the in vitro data suggest a clear difference between the CS and INU NCs in 

terms of DCs activation. Compared with INU NCs, CS NCs caused a higher up-regulation of 

different activation markers, stimulated the secretion of higher levels of cytokines and 
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demonstrate a higher capacity of CD8+ T cell activation. The mechanism of action is supposed 

to be related with the activation of the cGAS-STING pathway and the NLRP3 inflammasome by 

CS [52]. These data reinforce the idea that CS NCs triggered a more prominent immune 

activation in vitro compared to INU NCs, although this activation could be partially attributed 

to their higher toxicity. However, this does not necessarily mean that INU NCs cannot have and 

adjuvant effect in vivo. In contrast with other compounds, INU microparticles, with proven 

adjuvant capacity, have not shown the capacity to activate innate immune receptors such as 

Dectin-1, TLRs or the inflammasome. Instead, they were recently found to modulate directly 

the DCs function, resulting in an improved antigen presentation to T and B cells in vivo through 

a non-inflammatory mechanism [53–55], despite the lack of DCs activation in vitro [54], and 

this could be also the case for INU NCs. In fact, these data corroborate the previous statement 

that adjuvant carriers with the capacity to reach the lymphatic system do not need to induce 

an inflammation to attract peripheral DCs to the injection site, avoiding in that way an 

important cause of toxicity [56]. 

As discussed above, recent data support the hypothesis that free drainage of 

nanosystems to the LNs can improve the efficacy of vaccines [8]. These nanostructures, usually 

with particles sizes less than 100 nm, have shown to favor cross-presentation when interacting 

with the resident DCs in the LNs, triggering an important cellular response [14,15]. Besides, the 

direct interaction with B-cells can also improve the humoral branch of the immune response 

[57]. Based on this information and previous studies showing the faster lymphatic drainage of 

small CS NCs (90 nm) as compared to the medium size ones (240 nm) [58], we performed a 

systematic study of the influence of the particle size and the polymeric shell of the NCs on 

their drainage towards the LNs and accumulation in different subsets of resident immune cells 

using 2PM. This is an emerging technique in the nanotechnology field that enables a high-

resolution visualization of the interactions of nanomaterials with cells [59,60]. Apart of 2PM, 

the results were validated by flow cytometry. With both techniques, we observed that INU NCs 

S reached the PLN in a higher extent than the rest of the prototypes. The small size of INU NCs 

S (70 nm) might explain the difference in their drainage with respect to INU NCs M (250 nm). 

On the other hand, the higher lymphatic drainage with respect to that of CS NC, regardless of 

the size, could be related to the positive charge of the latest ones, which might favor the 

retention at the injection site. Overall, we could conclude that both, small size together with 

negative charge where determinant factors of the improved lymphatic drainage of S INU NCs. 

Our data agree with those previously reported by other authors showing the capacity of model 

and biodegradable particles below 100 nm to freely drain to LNs [20,61,62].
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On the other hand, with regard to the biodistribution inside the LN, the accumulation 

of the NCs mainly occurred in the medullar region (Fig. 7). This was probably associated with 

the presence of different population of highly phagocytic cells such as medullary macrophages 

(MM) and different subtypes of LN resident DCs [63]. The images of the excised PLNs also 

showed this distribution (Fig. 7E): DiD-labeled NCs are shown in white and the follicles can be 

discerned by the presence of subcapsular sinus macrophages (SSM) (red cells) covering these 

areas. In the green channel, cells of myeloid origin expressing CX3CR1 were visualized. These 

results are in accordance with previous experiments performed by us [58] and other groups 

[20], showing the accumulation of the nanosystems in the medulla of the LN. The time point 

selected for the analysis, 12 h, appropriate to evaluate the initial accumulation of the NCs in 

the PLNs, explains the absence of NCs in the B follicles. At this early time, the machinery of the 

adaptive immune system has not started to operate yet. The dynamics of the NCs – immune 

cells interaction at larger time points and the implications on the generated immune response 

will be the subject of future studies.

The immune response induced by NPs upon their interactions with different cell 

subsets maybe different, not only in intensity but also on the type of immune response 

(cellular vs humoral, activation vs tolerogenic, etc.) [64,65]. The results of the percentage of 

positive cells and mean fluorescence intensity (MFI) associated to the uptake of the DiD-

loaded NCs by the different cell populations are shown in Fig. 8A-D. It can be noted that the 

majority of SSM, MM and CD11b+ DCs were positive for DiD, this meaning that they captured 

and/or interacted with the NCs, whereas lower percentages were detected in CD11b- DCs. 

However, MM showed a higher MFI than SSM, also observed in the reconstruction of the PLNs 

(Fig. 7E), something expected due to the higher avidity of MM to capture lymph-borne 

particulates when compared with SSM, that are less phagocytic [63,66]. SSM are strategically 

positioned at the entrance of the LN and they are the first cells encountering and 

phagocytizing material carried by the afferent lymphatics. Due to their location, SSM can 

present antigens straight to the B-cells in the underlying follicles [67,68]. The NCs interaction 

with this type of macrophages might initiate the primary antibody response when using 

antigen-loaded NCs.

Regarding DCs, CD11b+ DCs interacted with more NCs than CD11b-, probably due to 

their activation state caused by resident macrophages [69]. A specialized population of 

CD11b+ have been shown to present associated antigens to T lymphocytes, inducing T cell 

responses much sooner than and independently of migratory DCs [70]. These results support 

our hypothesis that the lymphatic targeting of antigen-loaded nanocarriers could contribute to 
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a more effective host defense. Besides, CD11b+ DCs not only appear to be particularly efficient 

in the activation of antigen-specific CD4 T cells but can also interact with CD8 T cells [71].

Among the different NCs, INU NCs S were the ones captured to a higher extent by all 

the cell subtypes confirming the results showed in Fig. 7. On the other hand, CS NCs S showed 

higher counts (similar to INU NCs S) of positive CD11b+ DCs although the MFI was still higher 

for INU NCs S (Fig. 8C). Similarly to these findings, Gerner et al. found that CD11b+ 

preferentially captured positively charged 40 nm beads [70]. On the other hand, the influence 

of the particle size in this subset of cells is similar to our in vitro findings, with small particles 

having a higher interaction than medium size ones. Probably, in these cells, a combined 

influence of the particle size and the surface charge in the uptake is more emphasized than in 

the others. 

5. Conclusions

Achieving an effective lymphatic accumulation of NPs could be of capital importance for 

designing modern vaccines. It is well known that the particle size of the nanosystems 

influences their uptake by the immune cells and the lymphatic drainage. However, the 

concomitant influence of the particle size and other factors, such as the surface charge 

inherent to the particle composition, makes it very difficult to withdraw general assertions. An 

overall conclusion from this work is that, irrespective of their composition (CS NCs vs. INU 

NCs), small NCs favored both, cell uptake and biodistribution. INU NCs showed less toxicity 

than their CS counterparts, despite, in the case of small sizes, presenting a higher interaction 

with dendritic cells. The lymphatic drainage after subcutaneous administration showed that 

small INU NCs accumulated in a higher extent in the LNs as compared with the rest of the 

prototypes. This, together with the recent evidence that INU may operate by a non-

inflammatory mechanism, explaining its low reactogenicity, convert INU NCs S in an interesting 

prototype to develop new nanovaccines with lympho-targeting properties.

Summary points 

- Modified inulin is a biomaterial that allows engineering polymeric nanocapsules.

- Inulin nanocapsules can be prepared with a tunable surface charge and particle size, in 

the 70 – 250 nm range.
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- Small nanocapsule size facilitates interaction with phagocytes.

- Inulin nanocapsules are less toxic than chitosan nanocapsules to dendritic cells.

- Chitosan nanocapsules cause a higher activation of dendritic cells than inulin 

nanocapsules.

- All the tested nanocapsules accumulate in the popliteal lymph nodes but to a different 

extent.

- Inulin nanocapsules of 70 nm shows the highest accumulation in the lymph nodes.

- Nanocapsules show preferential accumulation by different subsets of immune cells.

 Figure legends

Figure 1. Electron microscopy images of inulin nanocapsules. Different transmission electron 

microscopy techniques were used to visualize the size and shape of the nanocapsules: Cryo-TEM (A) and 

TEM with a negative staining (B).

Figure 2. Polymeric nanocapsules (NCs) developed in this work. (A) Illustration of inulin nanocapsules 

(INU NCs) and chitosan nanocapsules (CS NCs) of two different particle sizes, small (S,  70 nm) and 

medium (M, 170 - 250 nm) size. The structure of modified inulin is also showed in the figure. The size 

scale between the prototypes was maintained in the draw. (B) Field emission scanning electron 

microscopy (FESEM), using STEM (first row) and InLens (second row) detectors. All scale bars = 200 nm. 

In the third row, a representative image of the particle size distribution obtained for each system by 

nanoparticle tracking analysis (NTA) is shown. The mean particle size with the standard deviation and 

the mode (between brackets) are indicated in the figure (n=3).

Figure 3. Chitosan (CS) and inulin (INU) nanocapsules (NCs) cytotoxicity on immature dendritic cells 

(iDCs). iDCs were incubated with either CS (green lines) or INU (red lines) NCs at different 

concentrations during 24 h. Small (S,  70 nm) (dashed lines)  and medium (M, 170 - 250 

nm)(continuous lines) size NCs were tested. After the incubation period, cells were harvested, washed 

and stained with a vital label. Results were normalized with the percentage of dead iDCs incubated in 

culture media alone. Each point represents the mean of four different donors. For the statistical analysis 

the area under the curve for each nanosystem was calculated and the differences between the particles 

size (S vs M) and the polymer shell (CS vs INU) analyzed using a One-way ANOVA followed by a Tukey 

test. Significance levels * p < 0.05 and **** p < 0.0001.

Figure 4. Interaction of the different labeled nanosystems with iDCs. After incubation of iDCs with the 

different NCs, the percentage of positive cells (A) and mean fluorescence intensity (B) were analyzed. 

Representative flow cytometry histograms showing the interaction of the four nanosystems at 100 
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μg/mL after 1 h incubation with iDCs is shown in C. In grey non-treated cells are represented. Inulin-

based nanocapsules (INU NCs) and chitosan nanocapsules (CS NCs) of two different sizes, small (S,  70 

nm) and medium (M, 170 – 250 nm) were tested. Statistical analysis was done using a one-way ANOVA 

followed by a Tukey test. Significance levels * p < 0.05 and *** p < 0.001.

Figure 5. Dendritic cell (DC) phenotype induced by incubation with chitosan (CS) and inulin (INU) 

nanocapsules (NCs). Immature DCs (iDCs) were incubated with either CS (A, C) or INU (B, D) NCs at 200 

μg/mL. Incubation was performed for 2 or 24 h. Small (S,  70 nm) and medium (M, 170 – 250 nm) size 

NCs were tested. After the incubation period, cells were stained with different antibodies and analyzed 

by flow cytometry. Results are shown as the ratio between the iDCs incubated with NCs vs iDCs 

incubated in culture media. *: ratio significantly higher than 1 (p<0.05; Student´s T Test). No significant 

differences were found between the capacity of the four NCs to modify the expression of the different 

markers (one-way ANOVA). n.d. Not determined.

Figure 6. 2,3-Indoleamine dioxigenase (IDO) activity and T cell activation capacity by immature 

dendritic cells (iDCs) incubated with different nanocapsules (NCs). (A) iDCs from four different donors 

were incubated with either chitosan (CS) or inulin (INU) NCs at 100 μg/mL for 2 h. Small (S,  70 nm) and 

medium (M, 170 – 250 nm) size NCs were tested. The IDO enzymatic activity was determined by the 

quantification of kinurenin in culture media [24]. Data are shown as the absorbance at 490 nm. Addition 

of vitamin D3 to iDCs was used to induce a tolerogenic phenotype (tolDCs). iDCs and mature DCs (mDCs) 

were used as controls. (B) The capacity of the treated iDCs to activate allogeneic CD8+ T lymphocytes 

was determined by flow cytometry quantifying the up-regulation of CD28. Results are shown as the ratio 

between the percentage of CD8+CD28+ T cells using iDCs incubated with NC vs percentage of 

CD8+CD28+ T cells using iDCs incubated in culture media. With the only exception of INU NCs M (p=1.0, 

one-way ANOVA, Bonferroni post hoc) all the NCs significantly increased the percentage of activated 

CD8+ T lymphocytes compared to non-treated iDCs (NCs CS S, p=0.0001; NCs CS M, p=0.006; NCs INU S, 

p=0.012; one-way ANOVA, Bonferroni post hoc)(data not shown in the graph). From the four NCs 

evaluated, CS NCs S showed the higher capacity of CD8 T lymphocyte stimulation (one-way ANOVA, 

Bonferroni post hoc). The differences were considered significant for * p < 0.05, ** p < 0.01, *** p < 

0.001 and **** p < 0.0001. 

Figure 7. Accumulation of the different nanosystems in the popliteal lymph nodes (PLNs). (A) 

Schematic drawing representing the anatomical position of the major phagocytic populations in the LN. 

Subcapsular sinus macrophages (SSM) are located in the sub capsular sinus area (SSA) in close proximity 

to the B cell follicles (Fo), while Medullary Macrophages (MM) are mainly located in the medullary 

area  (MA) as well as the interfollicular region (IFA). This schematic drawing has been modified from the 

original work provided by Servier Medical Art (https://smart.servier.com/). (B) 2-photon micrograph 

showing the phagocytic populations of the lymph node based of the expression of the markers CD169 
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(red) and CX3R1 (green), SSM (CD169+, CX3CR1+), DC(CD169-, CX3CR1+), MM(CD169+, CX3CR1-). (C) 

Chitosan (CS) and inulin (INU) DiD-labeled NCs of two different sizes (S,  70 nm and M, 170 – 250 nm) 

were injected in the footpad of CX3CR1
+/gfp and C57BL/6JRj mice (5 animals per group). After 12 hours, 

the PLNs from C57BL/6JRj were digested and the mean fluorescence intensity (MFI) evaluated by flow 

cytometry. (D) PLNs from CX3CR1
+/gfp mice were evaluated using 2-photon microscopy (2PM). With this 

technique the MFI of each nanosytem in the medullar (Med) and the follicular (Fol) region was 

quantified. In E, a representative image of the PLNs. Upper row shows a maximum intensity projection 

of the whole z-stack of the lymph node, while lower row shows a slice with the different regions 

highlighted. SSM (CD169+) are shown in red, nanocapsules (NCs) in white, in blue the follicular DCs 

(CD21/35+) and in green cells of myeloid origin expressing CX3CR1 receptor. One-way ANOVA, Brown-

Forsythe test. To simplify the interpretation, the comparisons were made only between the groups 

injected with NCs. The differences were considered significant for * p < 0.05, ** p < 0.01, *** p < 0.001 

and **** p < 0.0001.

Figure 8. Interaction of the nanocapsules (NCs) the different subsets of immune cells in the popliteal 

lymph node (PLN). Chitosan (CS) and inulin (INU) NCs of two different sizes (S,  70 nm and M, 170 – 

250 nm) were injected in the footpad of B6 mice (5 animals per group). After 12 hours the PLNs were 

collected, enzymatically digested and stained with an antibody panel specific to, macrophages (MHC II+, 

CD11b+, CD11c intlow, CD169+, and F4/80 positive in medullary macrophages, MM, and negative in 

subcapsular sinus macrophages, SSM) and dendritic cells (DC, MHC II+, CD11c+, CD11b positive or 

negative population). Percentage of DiD+ cells and the mean fluorescence intensity (MFI) are 

represented for each subset of immune cells. Analysis: all statistical analyses were performed assessing 

normal distribution of samples (Saphiro-Wilk test) and applying a one-way ANOVA test. * p < 0.05, ** p 

< 0.01, *** p < 0.001, **** p < 0.0001.

 Table Legends

Table 1. Different composition and preparation parameters of the nanosystems developed in this study.

Table 2. Physicochemical properties of the developed nanosystems. Particle size and PDI were obtained 

by dynamic light scattering. INU: inulin; CS: chitosan; NCs: nanocapsules; S: small size; M: medium size 

(n ≥ 10).

Table 3. Cytokine secretion by iDCs after incubation with different nanocapsules (NCs).

 Reference annotations: authors should highlight 6–8 references that are of particular significance 
to the subject under discussion as “* of interest” or “** of considerable interest”, and provide a 
brief (1–2 line) synopsis.
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Supplementary information

Figure S1. Influence of the ratio Inutec®:vitamin E (w/w) in the particle size of the resulting 

nanocapsules (A). The addition of a co-surfactant, such us sodium glycocholate or benzethonium 

chloride, rendered nanocapsules of similar particle size (B) but very different surface charge (C).
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Figure S2. Stability of the nanosystems regarding their particle size in storage conditions at 4 ºC (A) and 

in cell culture medium at 37 ºC (B). Inulin-based nanocapsules (INU NCs) and chitosan nanocapsules 

(CS NCs) of two different sizes, small (S,  70 nm) and medium (M, 170 – 250 nm).
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Figure S3. Stability of the freeze-dried formulations. To assure the long-term stability of the systems a 

freeze-drying process was optimized, using sucrose as cryoprotectant (B). CS: chitosan; INU: inulin; 

S: small size ( 70 nm), M: medium size (170 – 250 nm) nanocapsules; FD: freeze-drying.

INU NCs S INU NCs M CS NCs S CS NCs M
0

100

200

300

Pa
rti

cl
e

si
ze

(n
m

)

0
10
25
75
100

DiD concentration (g/mL)

Figure S4. Influence of the fluorescent marker DiD concentration in the particle size of the different 

nanocapsules (NCs): inulin (INU) and chitosan (CS), small (S,  70 nm) and medium (M, 170 – 150 

nm) size.
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